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Preface

Lung cancer is the leading cause of cancer-related mortality, killing more than the
combined tolls of breast, prostate, and colorectal cancers. In spite of this, the
number of investigators studying this disease and the volume of funding devoted
to lung cancer lag far behind these common solid tumors and other less lethal
diseases. Metastatic lung cancer is responsible for more than 90% of lung cancer-
related deaths. However, relatively little progress has been made in understanding
the process of metastasis. The two main aims of this book are (a) to introduce
clinical concepts to basic scientists and basic molecular and cellular concepts to
clinical investigators, in order to promote collaboration and foster much needed
translational research and (b) to introduce new and emerging concepts and
approaches in metastasis research to the lung cancer research community at large.
To accomplish these goals, this book covers a broad spectrum of subjects ranging
from current trends in the clinical management of metastatic disease to the systems
biology approach for gaining insights into the mechanisms of metastasis. Some of
the subjects covered include defining basic hallmarks of the metastatic process, the
concept of tumor stem cells, epithelial–mesenchymal transitions, evasion of immune
surveillance, tumor–stromal interactions, angiogenesis, molecular imaging, and
biomarker discovery. Authors who are actively involved in lung cancer research
or lung cancer patient care and have made original contributions in their area of
expertise have written the chapters of this book. While seeking contributions, we
realized how little we know about the various aspects that are covered, re-
emphasizing the need for a book like this. We hope that this book will stimulate
others to take up the investigation of lung cancer metastasis. In writing and editing
the chapters, we have put forth our best effort to make the material accessible to
graduate students, postdoctoral fellows, and clinical fellows who are at the
beginning of their careers, while maintaining utility for the more seasoned
investigator. We hope that this book will provide a stimulating overview for both
clinical and basic science investigators in the field of lung cancer research. Finally,
we thank all the authors for their outstanding contributions in preparing this book.

Ann Arbor, Michigan Venkateshwar G. Keshamouni
Douglas A. Arenberg

Gregory P. Kalemkerian
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Lung Cancer: Overview

Shirish M. Gadgeel and Gregory P. Kalemkerian

Abstract Lung cancer is the leading cause of cancer-related death in the world
and 90%of all cases are caused by tobacco smoking. Lung cancer is divided into
two major histologic subtypes, non-small cell (NSCLC) and small cell (SCLC),
with distinct biological behavior, genetic alterations, and therapy. Thus far,
screening for lung cancer has not been proven effective since no modality has
been shown to decrease mortality. Most patients with both SCLC and NSCLC
present with symptoms of either locally advanced or metastatic disease, with
only about 25% of patients with NSCLC having early-stage, resectable disease.
For patients with stage I or II NSCLC, surgical resection is the treatment of
choice and results in long-term survival in 60–80% or 40–50% of patients,
respectively. For patients with stage III, locally advanced NSCLC or limited-
stage SCLC, aggressive chemotherapy plus radiotherapy can offer a cure in
20–25%of patients. Stage IV, or metastatic, NSCLC and extensive-stage SCLC
are incurable diseases in which chemotherapy can prolong survival and palliate
symptoms. Recent advances in our understanding of the molecular biology of
lung cancer have led to novel therapeutic strategies targeting relevant pathways
that regulate the proliferation and/or progression of lung cancer. Several of
these molecularly targeted therapies have now demonstrated significant clinical
benefits in subsets of patients with lung cancer.

Introduction

Lung cancer is the most common cancer in the United States and the leading
cause of cancer-related death in both men and women, accounting for more
deaths annually than breast, colon, prostate, and pancreatic cancer combined
[1]. By gender, lung cancer is the secondmost common cancer in bothmen (after
prostate cancer) and women (after breast cancer). In 2009, there will be an

G.P. Kalemkerian (*)
Division of Hematology/Oncology, Department of Internal Medicine, University
of Michigan, Ann Arbor, MI 48109-5848, USA
e-mail: kalemker@umich.edu

V. Keshamouni et al. (eds.), Lung Cancer Metastasis,
DOI 10.1007/978-1-4419-0772-1_1, � Springer ScienceþBusiness Media, LLC 2009
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estimated 219,440 new cases and 159,390 deaths due to lung cancer in the
United States [1]. Worldwide, lung cancer is also the leading cause of cancer-
related death, killing an estimated 1.5 million people annually [2].

Epidemiology

At the beginning of the 20th century, lung cancer was a relatively rare disease,
but by the end of the century it had become the major cancer-related public
health problem in the world [3, 4]. As early as the 1930s it was noted that the
incidence of lung cancer was rising at an alarming rate, and astute clinicians
suspected that the increasing prevalence of tobacco smoking was to blame. In
the 1950s, case–control studies firmly established the association between
smoking and lung cancer [5, 6]. Although tobacco had been widely smoked
for several centuries, the rise of lung cancer over the past 100 years has been
attributed to the introduction of mass-produced cigarettes with enhanced
addictive potential and milder smoke, which resulted in lower cost, increased
daily usage, and sustained exposure of the lungs to inhaled carcinogens [7]. The
distribution of free, mass-produced cigarettes to millions of troops during
World War I also led to a rapid rise in smoking prevalence.

The incidence of lung cancer began to rise in American men in the 1930s and
peaked in the mid-1980s [3, 4, 8]. Since then, the incidence rate has declined in
proportion to the decreasing prevalence of smoking. In women, the incidence of
lung cancer began to rise sharply in the 1960s following the drastic increase in
the prevalence of tobacco use by women during World War II. The peak
incidence in women occurred in the early part of this decade with only a slight
downward trend noted in more recent years (Fig. 1). From 2000 to 2004, the US
Surveillance Epidemiology and End Results (SEER) database reported lung
cancer incidence and mortality rates of 81.2/100,000 and 73.4/100,000 in men
and 52.3/100,000 and 41.1/100,000 in women, respectively [8].

Lung cancer incidence rates in the United States vary based on race as well as
gender [9, 10]. Interestingly, racial differences are gender specific, with a greater
incidence in black men than white men, but no significant difference between
black women and white women. From 2000 to 2004, the SEER database
reported that the incidence rates of lung cancer in black and white men were
109.2/100,000 and 88.3/100,000, respectively [8]. Though the precise reasons for
this racial disparity are unclear, differences in lifestyle, smoking habits, and
socioeconomic class, as well as potential genetic influences, have all been
implicated in various epidemiological studies.

Socioeconomic status, as measured by income and level of education, is
inversely correlated with the risk of lung cancer, even after adjustment for the
prevalence of smoking [11–14]. Socioeconomic status is closely associated with
several other determinants of lung cancer, including the prevalence of tobacco
use, diet, and exposure to carcinogens in the home and workplace. Lower

2 S.M. Gadgeel and G.P. Kalemkerian



socioeconomic status is also associated with the diagnosis of lung cancer at a

more advanced stage of disease.
The median age of patients with lung cancer in the United States is now 70

years and is expected to continue to rise with aging of the population [15].

Elderly patients often have comorbidities and age-related changes in organ

function that can confound efforts to provide optimal anticancer therapy. In

addition, elderly patients are significantly underrepresented in clinical trials,

limiting the applicability of study data to their clinical care.
Survival after the diagnosis of lung cancer has changed little over the past 20

years, with overall 5-year survival rates increasing from 12.7% in 1975–1977 to

15.1% in 1996–2003 (http://seer.cancer.gov/csr/1975_2004). Survival also var-

ies based on gender and race. The 5-year survival rates are 13.2% for white men,

10.3% for black men, 17.8% for white women, and 14.7% for black women.

Regardless of race or gender, the primary reason for these dismal overall

survival rates is that 75% of patients with lung cancer already have locally

advanced or metastatic disease at the time of initial diagnosis.

Etiologic Factors

Smoking

Nearly 90% of all cases of lung cancer are caused by chronic exposure of the

bronchial mucosa to carcinogens found in cigarette smoke. Case–control

Fig. 1 Age-adjusted, gender-specific incidence rates of lung cancer, 1975–1999 (adapted from
[117])

Lung Cancer: Overview 3



studies published in the 1950s byWynder and Graham in the United States and

Doll and Hill in England provided the first strong scientific link between lung

cancer and tobacco use [5, 6]. Subsequently, many other prospective epidemio-

logic studies have confirmed this causal, dose–response relationship. In 2004,

the prevalence of smoking among adults in theUnited States was 20.9% (23.2%

in men, 19.2% in women) [16]. Cigarette smoking is directly responsible for

85–90% of lung cancers [17]. The strongest determinants of lung cancer in

smokers are the duration of tobacco use and the number of cigarettes smoked.

Thus, the risk of lung cancer is 60- to 70-fold higher in a person who smoked 2

packs (40 cigarettes) a day for 20 years (40 pack-years) than in a lifelong never-

smoker. Lung cancer risk is increased to a lesser degree in cigar and pipe

smokers. Further support for the causal role of smoking comes from data

demonstrating that the risk of lung cancer decreases steadily over time in

those who quit smoking [17]. While early epidemiologic studies focused on

male smokers, similar risks of lung cancer have been reported in females [18].

Passive, or secondhand, exposure to cigarette smoke can increase the risk of

lung cancer by up to 25% [19].
Lifelong non-smokers account for 10–15% of patients with lung cancer [20].

Some have had exposure to secondhand cigarette smoke or another known

carcinogen, but in many, no specific carcinogen exposure can be identified

[21–24]. The incidence of lung cancer is higher in female than male never-

smokers. However, it is unclear if this gender disparity is due to increased

susceptibility to lung cancer in women or to a greater likelihood of exposure

to secondhand cigarette smoke.
The biology of lung cancer differs between smokers and never-smokers.

Nearly all lung cancers occurring in non-smokers are adenocarcinomas, fre-

quently well-differentiated tumors with bronchioloalveolar features, and they

have an improved survival compared to smokers [20, 25, 26]. Recent data have

shown that lung cancers in never-smokers are much more responsive to epider-

mal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) and that

this tumor susceptibility is due to a greater likelihood of somatic mutation in the

kinase domain of the EGFR gene [27–29]. In addition, K-ras mutations, which

predict a poor response to therapy and shorter survival, are found frequently in

smokers, but less so in non-smokers [30, 31].

Other Causes

Numerous environmental exposures, both occupational and non-occupational,

have been associated with an increased risk of lung cancer, including radon,

asbestos, air pollution, chromium, nickel, polycyclic aromatic hydrocarbons,

and arsenic [17]. Each of these may account for a percentage of lung cancers in

non-smokers, but more commonly, exposure to these agents appears to act
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synergistically with tobacco carcinogens to increase the risk of lung cancer in

smokers.
Asbestos is an independent lung carcinogen. In a retrospective cohort study

published in 1955, Doll noted a 10-fold increased risk of lung cancer in asbestos

textile workers [32]. Radon exposure in underground miners was connected to

lung cancer risk in the early 1900s. More recently, residential, indoor radon

exposure has been implicated as a risk factor for lung cancer, though the relative

risk is much lower than that noted for miners [33]. However, it is estimated that

indoor radon exposure may account for up to 15,000 lung cancer deaths per

year in the United States.
Certain lung diseases are associated with an increased risk of lung cancer

even after adjustment for tobacco use. The clearest association is with chronic

obstructive pulmonary disease (COPD) [34, 35]. Both COPD and lung cancer

are so highly related to cigarette use that statistical adjustments may not

completely eliminate the confounding effect of smoking on the causal link

between COPD and lung cancer. Interstitial lung disease and systemic sclerosis

have also been reported as risk factors for lung cancer, possibly due to the

presence of chronic lung inflammation which may lead to genetic changes in

bronchial epithelial and stromal cells [36].
Epidemiologic studies have implicated various dietary factors in the risk of

lung cancer. Diets rich in fruits and vegetables are associated with a lower

incidence of lung cancer, and higher dietary intake and blood levels of b-
carotene and total carotenoids correlate with a 30–80% lower risk of lung

cancer, even after adjusting for smoking, age, and gender [37, 38]. However,

two large, randomized, interventional trials demonstrated that b-carotene sup-
plementation actually resulted in a significant increase in lung cancer risk in

active smokers [39, 40]. One possible explanation for this finding is that b-
carotene has an oxidative, mitogenic effect in the high oxygen tension environ-

ment present in the lungs of smokers [41–43]. These results do not contradict the

protective effect of diets rich in fruits and vegetables since such diets contain

many other micronutrients, such as folic acid, flavones, and isoflavonoids,

which may reduce the risk of lung cancer.
Although the vast majority of lung cancer is caused by tobacco use, only

10–15% of all smokers develop lung cancer. This raises the question of indivi-

dual susceptibility, possibly due to genetic variations that affect carcinogen

activation or catabolism. Familial aggregation of lung cancer was first reported

over 40 years ago [44]. Since then, studies have demonstrated a familial aggre-

gation of lung cancer even after adjustment for exposure to tobacco smoke

[45–47]. Some of these studies suggest that the pattern is consistent with Men-

delian inheritance of a rare major gene, particularly when there is early onset of

disease [48]. However, a study in twins did not support a genetic basis for lung

cancer [49]. Despite reports of lung cancer in some patients with Li–Fraumeni

syndrome, which is due to inherited mutations in p53, few known cancer

susceptibility syndromes have been linked to lung cancer [50].
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A specific ‘‘lung cancer gene’’ has not been identified. Candidate suscept-
ibility genes include those associated with carcinogen metabolism and DNA
repair. CYP1A1 is a P450 enzyme involved in metabolizing several potential
carcinogens, and two specific polymorphisms of the CYP1A1 gene have been
linked to increased lung cancer risk, although other studies have found no such
association [51]. Similarly, relative deficiency ofGSTM1, an enzyme involved in
detoxifying metabolites of constituents in cigarette smoke, has been associated
with lung cancer risk [52]. Inherited variability in DNA repair capacity may also
contribute to inherited susceptibility to lung cancer by allowing the accumula-
tion of genetic changes [53]. Additional large-scale studies are needed to better
define the gene–gene and gene–environment interactions that drive susceptibil-
ity to lung cancer in an effort to identify those at highest risk.

Pathology

The term lung cancer comprises all malignant neoplasms arising from the
bronchial, bronchiolar, or alveolar epithelium. Lung cancers are categorized
by histologic characteristics defined by light microscopy with four major histo-
logic types: adenocarcinoma, squamous cell carcinoma, large cell carcinoma,
and small cell carcinoma (Table 1) [54]. Lung cancers are commonly divided
into non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC).
NSCLC includes adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma. These tumors are grouped due to similarities in their prognosis
and management. Clear definition of the specific histologic subtype of

Table 1 WHO classification of malignant epithelial lung tumors

Squamous cell carcinoma

Variants: papillary, clear cell, small cell, basaloid

Small cell carcinoma

Variants: combined small cell lung carcinoma

Adenocarcinoma

Variants: acinar, papillary, bronchioloalveolar, solid adenocarcinoma with mucin,

adenocarcinoma with mixed subtypes, fetal, mucinous, signet ring, clear cell
Large cell carcinoma

Variants: large cell neuroendocrine carcinoma, basaloid, lymphoepithelioma-like,

clear cell, rhabdoid phenotype
Adenosquamous carcinoma

Sarcomatoid carcinoma

Variants: pleomorphic, spindle cell, giant cell, carcinosarcoma, pulmonary blastoma

Carcinoid tumors

Variants: typical, atypical

Carcinomas of the salivary gland type

Variants: mucoepidermoid, adenoid cystic, epithelial–myothelial

Adapted from Beasley MB et al. [54].
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NSCLC can be difficult in patients who are diagnosed by cytology or in those
with very poorly differentiated tumors, leading to the designation of ‘‘non-small
cell lung cancer, not otherwise specified (NOS).’’ SCLC is a poorly differen-
tiated neuroendocrine tumor characterized by aggressive tumor growth and
early lymphatic and hematogenousmetastases. The clinical course andmanage-
ment of patients with SCLC differ in several important ways from those with
NSCLC.

Bronchioloalveolar carcinoma (BAC) is a subtype of adenocarcinoma.
According to theWorld Health Organization, BAC is characterized by ‘‘growth
of neoplastic cells along pre-existing alveolar structures, without evidence of
stromal, vascular or pleural invasion’’ [54]. Patients with tumors that have focal
areas of BAC but evidence of invasion or metastasis are considered to have
‘‘adenocarcinoma with BAC features.’’

Over the past 25 years, notable shifts have occurred in the incidence rates of
the various histologic subtypes of lung cancer [55, 56]. Prior to the mid-1980s,
squamous cell carcinoma was the most common histologic type of lung cancer
in the United States and SCLC accounted for 20% of all lung cancers. Since
then, adenocarcinoma has become the most common histologic type, while the
incidences of squamous cell carcinoma and SCLC have declined. The precise
reasons for these histologic shifts remain unclear, although it has been proposed
that changes in cigarettes, such as the introduction of filters, may have resulted
in the decreased inhalation of particulate matter which deposits in the proximal
airway where squamous cell carcinoma and SCLC primarily form and the
increased carcinogen exposure in the distal airway where adenocarcinoma
predominates [57]. Currently, in the United States, adenocarcinoma accounts
for 40% of lung cancers, squamous cell carcinoma 30%, large cell carcinoma
15%, and SCLC 15%.

Pathogenesis

The specific events that trigger the malignant transformation of bronchial
epithelial cells are not well defined [58]. The genetic theory of carcinogenesis
assumes that exposure to carcinogens induces genetic alterations that result in
the malignant phenotype. These carcinogens or their metabolites may directly
cause genetic damage in epithelial cells or they may induce an inflammatory
response that ultimately leads to epigenetic or genetic alterations in epithelial
and stromal cells. Some individuals appear to have an increased susceptibility to
acquire these genetic mutations, perhaps due to inherited genetic variations in
metabolic enzymes.

The accumulation of genetic mutations by bronchial epithelial cells results in
the activation of protooncogenes and the inactivation of tumor suppressor
genes. Loss of specific regions of chromosomes 9p (involving p16) and 3p has
been recognized as an early event in premalignant lung lesions and normal
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appearing bronchial epithelial cells in smokers [59, 60]. Inactivating point
mutations of the p53 tumor suppressor gene have also been noted in normal
appearing epithelial cells in smokers [61]. However, 17p deletions involving the
p53 locus have only been observed in carcinoma in situ. Other common genetic
and epigenetic changes observed in lung cancer cells include overexpression of
Notch-3 due to a translocation of chromosomes 15 and 19, K-ras mutation, and
promoter methylation which inhibits the expression of tumor suppressor genes
[62]. It is clear that lung cancers display an astonishing range of molecular
heterogeneity, both between and within individual patients. Chronic exposure
to tobacco carcinogens results in a multitude of genetic derangements in each
individual patient, leading to a level of molecular complexity that is likely
responsible for the severe limitation in our ability to treat advanced disease.
Some of these molecular changes reverse after smoking cessation, but others
have been found to persist in the bronchial epithelial cells in former smokers for
decades after their last cigarette. Lung cancers that arise in never-smokers tend
to have fewer accumulated molecular abnormalities, a finding that probably
explains the improved survival and response to targeted therapy in this patient
population [63, 64].

The histologic progression of premalignant lesions appears to differ for each
histologic subtype of lung cancer, and this process has been presumptively
delineated for adenocarcinoma and squamous cell carcinoma [65, 66]. Prema-
lignant events have been better defined in squamous cell carcinoma since these
cancers tend to occur in the central airways where they are more amenable to
bronchoscopic evaluation. The pathogenesis of squamous cell carcinoma pro-
ceeds from basal cell hyperplasia to squamous metaplasia to dysplasia to
carcinoma in situ to invasive carcinoma. The precursor lesions of adenocarci-
noma remain more elusive due to the primarily peripheral site of origin of these
tumors. However, atypical adenomatous hyperplasia (AAH), a focal prolifera-
tion of alveolar cells, is often found in association with adenocarcinoma and
bronchioloalveolar carcinoma, suggesting that AAHmay be a precursor lesion.
Although diffuse idiopathic neuroendocrine cell hyperplasia (DIPNECH),
which occurs in response to lung injury and impaired gas exchange, has been
associated with the development of bronchial carcinoid, it does not appear to be
associated with SCLC [67].

Chemoprevention

Chemoprevention is based on the concept that carcinogenesis is a multistep
process that can be reversed through clinical intervention prior to the
development of the full malignant phenotype. Smoking cessation is the
most important step that a smoker can take to reduce their risk of lung
cancer. The normalization of histologic and molecular precancerous defects
has been well documented after sustained smoking cessation [68]. Although
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the risk of lung cancer in a former smoker will never return to that of a

never-smoker, after 10 years of smoking cessation, lung cancer incidence is

reduced by about 50% [69].
Amajor focus of chemoprevention for lung cancer has been the evaluation of

various nutritional supplements. This approach is primarily based on observa-

tions that populations and individuals with high intake of fruits and vegetables

have a lower risk of lung cancer. Based on such epidemiologic data, two large

studies evaluated the role of b-carotene in lung cancer prevention, but both

trials reported a higher incidence of lung cancer in active smokers who took

supplemental b-carotene [39, 40]. Studies of vitamin E and vitamin A (retinol)

have also failed to demonstrate a reduction in lung cancer risk [70]. A large US

trial evaluated the potential for isotretinoin (13-cis-retinoic acid) to reduce the

risk of second primary lung cancers in patients who had undergone resection of

stage I NSCLC [71]. As was noted in the b-carotene trials, isotretinoin increased
mortality in current smokers and failed to reduce the incidence of second

primary lung cancer.
Chronic inflammation is believed to play a crucial role in the formation of

many cancers, including lung cancer [72]. Arachidonic acid metabolites are

major mediators of inflammation and are known to induce procarcinogenic

effects, such as cellular proliferation, inhibition of apoptosis, and angiogenesis.

Aspirin inhibits the activity of COX-2, an inducible cyclooxygenase enzyme

that metabolizes arachidonic acid into prostaglandins and is overexpressed in

many premalignant and malignant lesions. In two studies, aspirin resulted in a

non-significant reduction in the risk of lung cancer [73, 74]. The chemopreven-

tive potential of selective COX-2 inhibitors, such as celecoxib, is currently being

evaluated in clinical trials [75].
Epidemiological studies have noted an inverse association between serum

selenium levels and lung cancer risk, possibly due to alterations of gene

expression, modification of oxidative stress pathways, or inhibition of

cyclooxygenase and lipooxygenase pathways. In a trial evaluating the poten-

tial role of selenium in skin cancer prevention, a secondary analysis revealed

a 26% reduction in the risk of lung cancer [76]. A large US intergroup trial

is currently underway to evaluate the role of selenium in reducing the risk of

second primary lung cancers in patients who have undergone surgery for

stage I NSCLC.
Chemopreventive trials traditionally require the accrual of a large number of

subjects who need to be followed for long periods of time. The great expense

and logistical challenges of such studies have resulted in a recent focus on the

development of surrogate biological endpoints that will facilitate the

assessment of many agents over a shorter time period. Examples of such

surrogate endpoints that may be useful in lung cancer chemoprevention studies

include bronchial dysplasia, expression of proteins such as Ki-67 and p53, and

genomic or proteomic assays. Although promising, none of these markers has

been prospectively validated in clinical trials.
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Screening

The goal of cancer screening is to detect disease at an early stage when curative

interventions can improve the overall mortality of the disease. The potential

impact of screening is greater if a high-risk population can be identified. This is

clearly the case in lung cancer where tobacco use accounts for the vast majority

of cases. In addition, the poor overall survival in lung cancer is primarily due to

the fact that 75% of patients present with either locally advanced disease, in

which the potential for cure is relatively low, or metastatic disease, in which cure

is virtually non-existent. Prognosis is much better in patients with earlier stages

of disease in which complete surgical resection is possible. Therefore, the early

detection of disease through screening offers the best, and most realistic,

opportunity to significantly improve the overall outcome of people with lung

cancer.
In the 1970s and 1980s, several randomized studies evaluated the utility

of chest X-ray and sputum cytology for lung cancer screening in high-risk

populations of smokers [77–79]. These studies found that even though these

techniques could detect lung cancer at an earlier stage, they did not improve

lung cancer-specific or overall mortality. One explanation for this apparent

paradox is that screening may detect small, slow-growing, non-aggressive

cancers that may have a similar outcome even if they are detected when they

become symptomatic, while aggressive cancers that cause the majority of

deaths develop and progress beyond curability during the interval between

screening exams.
Recently, a great deal of interest has been focused on computed tomography

(CT) as a screening tool for the early detection of lung cancer. Uncontrolled

studies have shown that CT can detect four times as many cancers as plain chest

X-rays and that most screen-detected cancers are found at an early stage. One of

the largest uncontrolled studies of screening CT is the International Early Lung

Cancer Action Program (I-ELCAP), which screened 31,567 individuals at high-

risk for lung cancer due to a history of smoking, secondhand smoke exposure,

or occupational carcinogen exposure [80]. Lung cancer was diagnosed in 484

subjects and 85% of them had stage I disease with an estimated 10-year survival

rate of 80–88%. However, the lack of a control group makes it impossible to

determine if CT improved lung cancer mortality. Two large, randomized trials

of CT screening are on-going in order to address this important question. Thus

far, the potential benefits and risks of CT for lung cancer screening have not

been adequately defined and, thus, CT screening is not recommended.
A wide variety of blood and sputum biomarkers have been identified in

patients with lung cancer. However, their utility as screening tools has yet to

be validated in prospective cohorts of high-risk individuals. Nevertheless, the

use of high-yield imaging modalities in a high-risk population that has been

enriched through the use of blood or sputum biomarkers holds great promise

for the early detection of lung cancer.
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Clinical Presentation

The primary reason that most patients with lung cancer present with advanced
stage disease is that early-stage disease does not usually cause significant
symptoms, especially when arising in the periphery of the lung. Overall, only
5–10% of lung cancer patients are asymptomatic at the time of diagnosis [81,
82]. Most of these asymptomatic cancers are detected during the evaluation of
an unrelated medical problem. The absence of symptoms, physical signs, and
abnormal laboratory tests in these patients is associated with a lower incidence
of metastatic disease, and patients who are asymptomatic have a much better
prognosis than those who are symptomatic. Most of the presenting symptoms
of lung cancer are due to the direct effects of locally advanced or metastatic
disease. In addition, constitutional symptoms, such as anorexia, fatigue, and
weight loss, are very common in patients with lung cancer [83].

Symptoms of Local Disease

Cough is the most common symptom in patients with lung cancer, occurring in
at least 50% of patients at presentation and eventually developing in most who
are not cured of the disease [84]. Cough may be due to airway obstruction,
postobstructive pneumonia, excessive mucus production, parenchymal metas-
tases, or pleural effusion and can lead to significant functional debility and
impairment of quality of life. Many patients have a chronic ‘‘smokers’ cough,’’
leading them to ignore the gradual change brought on by a developing lung
tumor. Tumor-directed therapy and opiates are the most successful approaches
for relieving lung cancer-related cough, but in many cases, cough persists
despite appropriate therapy [85].

Hemoptysis due to a friable endobronchial tumor frequently results in the
production of blood-streaked sputum. As with cough, many patients presenting
with hemoptysis are initially treated with antibiotics, delaying the diagnosis of
lung cancer. Massive hemoptysis, most commonly due to a tumor-induced
fistula between a pulmonary artery and the airway, is a relatively uncommon,
but usually fatal, complication of lung cancer. The management of hemoptysis
depends on its severity. Mild to moderate hemoptysis requires only cancer-
directed therapy, such as radiation, and antitussive medications. Severe hemop-
tysis may call for emergent lung resection, selective arterial embolization,
endobronchial vasoconstrictors, or balloon tamponade [86, 87].

Dyspnea occurs in most patients with lung cancer during the course of their
disease due to a wide variety of causes, including direct impingement of the
airway, underlying chronic lung disease, radiation- or chemotherapy-induced
pneumonitis, infection, pleural effusion, or pulmonary embolism.Management
of dyspnea requires treatment of the underlying etiology, with recognition that
the tumor is not always the primary cause. Symptomatic therapy includes
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supplemental oxygen, opioids, anxiolytics, and sedatives [88, 89]. Dyspnea is an
extremely distressing symptom for both patients and their families, so optimal
and aggressive management of dyspnea must be a primary goal of lung cancer
therapy.

Chest pain is a common symptom that may occur even in early-stage lung
cancer without frank evidence of invasion of the pleura, chest wall, or medias-
tinum. The origin of such pain is unclear since the lung parenchyma is not
supplied with pain receptors. Retrosternal pain may arise from hilar or med-
iastinal lymphadenopathy, direct invasion of the mediastinum, or involvement
of the pericardium. Chest wall pain is typically due to invasion of the parietal
pleura or ribs or to rib metastases. Analgesics, including narcotics, should be
used to optimally control pain along with appropriate anticancer therapy.

Symptoms of Locally Advanced Disease

Superior vena cava (SVC) syndrome is characterized by cough, dyspnea, and
facial, neck, and upper extremity edema and venous distention. It is usually due
to obstruction of the SVC by massive right paratracheal lymphadenopathy or
by direct extension of a primary right upper lobe tumor into the mediastinum.
The severity of symptoms depends on how rapidly the obstruction progresses
and on the development of collateral circulation. Rarely, SVC obstruction can
result in potentially fatal cerebral or laryngeal edema. In theUnited States, 80%
of patients with SVC syndrome have an underlying lung cancer. Once consid-
ered a medical emergency, current practice is to ensure that a tissue diagnosis is
obtained expeditiously prior to the initiation of therapy [90]. Due to relative
chemoresistance, radiotherapy is the preferred treatment for patients with
NSCLC. Stenting of the SVC can be useful as part of the initial therapy or in
patients who have not responded to other treatments.

Approximately 15% of lung cancer patients present with pleural effusion.
Although most effusions are ultimately found to be malignant, about half are
cytologically negative on initial thoracentesis. It is important to determine if an
effusion is due to pleural involvement since this finding indicates incurable
disease. In patients with a good performance status and reasonable life expec-
tancy, aggressive interventions such as thoracoscopic talc pleurodesis can
usually relieve symptoms by preventing the reaccumulation of fluid [83].
Patients with more advanced disease may be better served by placement of a
flexible, indwelling, small-bore catheter. However, patients whose lung cannot
re-expand due to extensive parenchymal or pleural disease will not benefit from
drainage of pleural fluid.

Pancoast tumors are lung cancers that involve the apex of the lung and
invade into adjacent structures, such as the upper ribs and lower brachial
plexus, causing pain, Horner’s syndrome, brachial plexopathy, and reflex
sympathetic dystrophy. Unfortunately, diagnosis is frequently delayed in
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such patients by evaluation of musculoskeletal causes of pain. For patients
without mediastinal lymph node involvement, treatment consists of che-
motherapy and radiation followed by surgical resection, while those with
mediastinal lymph node involvement are treated with definitive chemora-
diotherapy [91]. Pain can be difficult to control, often requiring large doses
of narcotics and neurolytic medications as well as nerve blocks.

Symptoms of Metastatic Disease

Both NSCLC and SCLC are highly invasive diseases with high metastatic
potential. The commonest sites of hematogenous metastases are contralateral
lung, brain, liver, bone, adrenal gland, and extrathoracic lymph nodes. How-
ever, lung cancer can spread to any site in the body, including skin, soft tissues,
pancreas, bowel, ovary, and thyroid.

Lung cancer is the most common cause of brain metastases [92]. Up to 60%
of patients with SCLC and 33% with NSCLC develop symptomatic brain
metastases during the course of their disease [92, 93]. Improved control of
intrathoracic disease in patients with locally advanced NSCLC has led to an
increase in the incidence of brain metastases in these patients [94]. The
symptoms of brain metastases vary depending on the location of the lesion
and the degree of associated edema or hemorrhage and include headache,
nausea, vomiting, focal weakness, seizures, confusion, ataxia, and visual dis-
turbances. Leptomeningeal carcinomatosis may present as headache and
cranial nerve palsies without structural abnormalities on brain imaging. On
initial lumbar puncture, cytology is positive in only 50–70% of patients with
leptomeningeal disease, requiring repeated evaluation for diagnosis [95]. Mag-
netic resonance imaging (MRI) is more sensitive than CT for the identification
of parenchymal and leptomeningeal metastases [96]. The initial management of
brain metastases consists of corticosteroids to control edema followed by whole
brain radiation, stereotactic radiosurgery, or surgical resection depending on
the size, number, and location of the lesions as well as the extent of extracranial
disease and the general condition of the patient. Leptomeningeal carcinomato-
sis is poorly responsive to therapy, particularly in patients with NSCLC, and is
usually associated with progressive systemic disease and very short survival. In
patients with SCLC, intrathecal chemotherapy can be beneficial, but prognosis
remains extremely poor.

Although lung cancer can metastasize to any bone, the axial skeleton and
proximal long bones are most commonly involved. Pain due to bone metastases
is present in up to 25% of patients at initial diagnosis. Radiation can relieve
pain in 60–70% of patients with symptomatic bone metastases. In selected
patients with lytic metastases in weight-bearing bones, surgery should be con-
sidered to minimize fracture potential and optimize function. Non-steroidal
anti-inflammatory drugs can be useful adjuncts to narcotics in patients with
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painful bone metastases. Zoledronic acid, a bisphosphonate, can significantly
decrease the incidence of skeletal-related adverse events in lung cancer patients
with bone metastases.

Liver metastases are common in patients with lung cancer, resulting in fatigue,
weight loss, abdominal pain, and refractory nausea, which can lead to significant
debility and a poor prognosis. Adrenal metastases are usually asymptomatic and
are frequently detected on staging CT scans. Large adrenal metastases can cause
abdominal or back pain, but adrenal insufficiency is rare. Surgical resection of
solitary adrenal metastases has been associated with long-term survival in small
series and case reports, but this approach remains controversial [97].

Constitutional Symptoms

Constitutional symptoms, such as depression, fatigue, anxiety, insomnia,
anorexia, and cachexia, cause significant debility in patients with lung cancer.
Depression and psychological distress are very common, but are infrequently
recognized and treated [98]. Fatigue, which is the commonest symptom in
patients with lung cancer, is usually due to multiple factors, including anemia,
dyspnea, anorexia, cachexia, pain, and therapy. Appropriate assessment and
management of these symptoms can substantially improve quality of life, parti-
cularly in patients with advanced disease where the benefits of anticancer therapy
are limited.

Paraneoplastic Syndromes

Paraneoplastic syndromes are effects of cancer that occur systemically or at
sites distant from tumor and, as such, are not related to direct anatomic
involvement by tumor. They are usually caused by either an aberrant autoim-
mune response to tumor antigens or an ectopic cytokine or hormone produc-
tion by tumor cells. Paraneoplastic syndromes are most commonly seen in
patients with SCLC due to the neuroendocrine nature of these cells. Syndromes
associated with SCLC include subacute cerebellar degeneration, Lambert–-
Eaton myasthenia, inappropriate secretion of antidiuretic hormone, and Cush-
ing’s syndrome. Paraneoplastic syndromes more commonly seen in patients
with NSCLC include clubbing, hypertrophic pulmonary osteoarthropathy,
humoral hypercalcemia, and migratory thrombosis (Trousseau’s syndrome).

Staging

Stage is the most important prognostic factor in patients with lung cancer.
After adiagnosisof lung cancer ismade, avarietyof examinationsand tests are
performed to delineate the anatomic extent, or stage, of disease. For most
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cancers, including NSCLC, the TNM system is used for staging based on the

evaluation of three factors: tumor (T), lymph nodes (N), and metastases (M).

From the scoring of these three factors, the numerical stage of disease (stage I

through stage IV) can be determined. The current TNM staging criteria for

lung cancer are presented inTable 2; however, a newly revised systemhas been

proposed and is likely to be adopted in 2009 (Table 3) [99, 100]. Although the

TNM system can be used for SCLC, the two-stage Veterans Administration

system is usually used: limited-stage, disease confined to one hemithorax that

Table 2 Current AJCC TNM staging system for lung cancer

Primary tumor (T)

T1 – Tumor �3 cm diameter without invasion more proximal than lobar bronchus

T2 – Tumor >3 cm diameter or tumor of any size with any of the following:

Invades visceral pleura

Atelectasis or obstructive pneumonitis involving less than the entire lung

Proximal extent �2 cm from carina

T3 – Tumor of any size with any of the following:

Invasion of chest wall, diaphragm, mediastinal pleura, or parietal pericardium

Atelectasis or obstructive pneumonitis involving the entire lung

Proximal extent <2 cm of carina

T4 – Tumor of any size with any of the following:

Invasion of mediastinum, heart, great vessels, trachea, esophagus, vertebral body, or

carina
Malignant pleural or pericardial effusion

Satellite tumor nodule(s) within same lobe as primary tumor

Nodal involvement (N)

N0 – No regional node involvement

N1 – Metastasis to ipsilateral peribronchial and/or ipsilateral hilar lymph nodes

N2 – Metastasis to ipsilateral mediastinal and/or subcarinal nodes

N3 – Metastasis to contralateral mediastinal, contralateral hilar nodes, ipsilateral or

contralateral scalene, or supraclavicular nodes
Metastasis (M)

M0 – No distant metastasis

M1 –Distant metastasis (includes tumor nodules in a different lobe from the primary tumor)

Stage groupings of TNM subsets

Stage IA T1 N0 M0

Stage IB T2 N0 M0

Stage IIA T1 N1 M0

Stage IIB T2 N1 M0

T3 N0 M0

Stage IIIA T3 N1 M0

T1-3 N2 M0

Stage IIIB Any T N3 M0

T4 Any N M0

Stage IV Any T Any N M1

Adapted from Mountain CF [99].
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Table 3 Proposed revised TNM staging system for lung cancer

Primary tumor (T)

T1 – Tumor �3 cm diameter without invasion more proximal than the lobar bronchus

T1a – Tumor �2 cm diameter

T1b – Tumor >2 cm but �3 cm diameter

T2 – Tumor >3 cm but �7 cm diameter or tumor with any of the following:

Invasion of visceral pleura

Atelectasis or obstructive pneumonitis involving less than the entire lung

Proximal extent �2 cm from carina

T2a – Tumor >3 cm but �5 cm diameter

T2b – Tumor >5 cm but �7 cm diameter

T3 – Tumor >7 cm diameter or tumor with any of the following:

Invasion of chest wall, diaphragm, phrenic nerve, mediastinal pleura, or parietal

pericardium
Atelectasis or obstructive pneumonitis involving the entire lung

Proximal extent <2 cm of carina

Separate tumor nodule(s) in the same lobe

T4 – Tumor of any size with any of the following:

Invasion of mediastinum, heart, great vessels, trachea, esophagus, recurrent laryngeal

nerve, vertebral body, or carina
Separate tumor nodule(s) in a different ipsilateral lobe

Nodal involvement (N)

N0 – No regional node involvement

N1 – Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes

N2 – Metastasis in ipsilateral mediastinal and/or subcarinal lymph nodes

N3 – Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral

scalene, or supraclavicular nodes
Metastasis (M)

M0 – No distant metastasis

M1 – Distant metastasis

M1a – Separate tumor nodule(s) in a contralateral lobe; pleural nodules or malignant

pleural or pericardial effusion
M1b – Distant metastasis

Stage groupings of TNM subsets

Stage IA T1a–T1b N0 M0

Stage IB T2a N0 M0

Stage IIA T2b N0 M0

T1a–T2a N1 M0

Stage IIB T2b N1 M0

T3 N0 M0

Stage IIIA T1a–T3 N2 M0

T3 N1 M0

T4 N0-1 M0

Stage IIIB T4 N2 M0

Any T N3 M0

Stage IV Any T Any N M1a–M1b

Adapted from Goldstraw P et al. [100].
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can be safely encompassed in one radiation field; and extensive-stage, any-
thing beyond limited-stage, including contralateral lung lesions, malignant
pleural effusion, or hematogenous metastases [101]. Staging not only defines
the extent of disease but also serves as the basis for treatment decisionmaking
and prognostication.

Staging Procedures

A detailed history and physical examination is the most important first step in
planning appropriate management. The presence of specific symptoms or phy-
sical findings may help direct further staging studies. The presence of constitu-
tional symptoms, such as weight loss, fatigue, or poor performance status,
greatly increases the likelihood of metastatic disease. The primary purpose of
laboratory tests is to detect abnormalities in organ function, particularly of the
liver and kidneys, which may affect tolerance to various therapeutic
interventions.

CT scan of the chest, preferably with intravenous contrast to delineate
mediastinal structures, is performed in all patients with lung cancer unless
they are so debilitated that no specific therapy is being considered. CT scans
should extend into the upper abdomen to include the liver and adrenal glands,
which are common sites of metastatic spread. CT provides initial information
on the potential involvement of mediastinal lymph nodes based on size criteria,
while also assessing for hematogenous metastases. The accuracy of CT for
mediastinal lymph node involvement is limited, with sensitivity of 50–60%
and specificity of 85% [102].

Positron emission tomography (PET) is based on the concept that the
uptake of glucose and the rate of glycolysis are greater in cancer cells than
in normal cells. During PET, patients receive an intravenous injection of
radiolabeled 18F-2-deoxy-D-glucose (FDG), which is taken up by cancers at
an increased rate relative to normal tissues. The anatomic accumulation of
FDG is then detected by a positron-sensitive camera. PET provides infor-
mation on the differential metabolic function of tissues, while CT provides
high-resolution anatomic details. In patients with lung cancer, PET can be
helpful in detecting mediastinal lymph node involvement and distant metas-
tases. However, FDG avidity on PET is not a definitive sign of malignancy
since benign inflammatory lesions may also yield an FDG-avid signal.
Conversely, small or indolent tumors, such as well-differentiated adenocar-
cinoma or bronchioloalveolar carcinoma, may not be FDG avid. The sensi-
tivity and the specificity of PET for the detection of mediastinal lymph node
involvement are 74% and 85%, respectively [102]. PET scans can also detect
distant metastases in 10% of patients with presumed early-stage disease
based on traditional staging modalities. As a general rule, FDG-avid
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mediastinal lymph nodes or distant foci that will alter treatment if they truly
reflect metastatic disease need to be biopsied to confirm or refute involve-
ment with tumor.

The brain is an important metastatic site in patients with both NSCLC and
SCLC. In patients with early-stage NSCLC who do not have neurologic symp-
toms, the utility of routine brain imaging has a relatively low yield and is not
recommended. However, once mediastinal lymph node involvement has been
documented, the risk of brain metastasis rises, particularly in patients with
adenocarcinoma, increasing the utility of brain imaging. In patients with
SCLC, brain imaging is recommended for all patients due to the high incidence
of brain metastases.

Prognostic Factors

Prognostic factors are patient- and tumor-related characteristics that impact
on outcome independent of therapy [99, 103, 104]. Stage at diagnosis is the
most important determinant of an individual patient’s prognosis. For exam-
ple, the 5-year survival rate of patients with stage I NSCLC is 70%, while
that of patients with stage IV disease is 1%. Performance status (PS), a
physician’s assessment of a patient’s ability to perform routine physical
activity, is the second most important clinical prognostic factor. PS repre-
sents the impact of tumor-related symptoms, comorbidities, and complica-
tions of medical interventions on the patient. Other important clinical and
pathologic prognostic factors include age, gender (women have a better
prognosis than men), and histologic subtype.

The expression or mutation status of numerous tumor-associated gene
products has also been found to have varying degrees of prognostic sig-
nificance. Such biomarkers include bcl-2, p53, Ki-67, COX-2, vascular
endothelial growth factor (VEGF), and K-ras. Genomic analyses of lung
cancers have been conducted to define genetic profiles that can identify
good or poor prognostic groups of patients. None of these biomarkers are
currently being utilized for routine clinical assessment due to the retro-
spective and univariate nature of most analyses and the need for prospective
validation in larger cohorts of patients. It is likely that some of these
biomarkers will complement known clinical prognostic factors and will be
of significant utility in the not-too-distant future. In addition, early studies
have begun to identify molecular factors that appear to be predictive for
response or resistance to specific therapeutic agents, such as ERCC1 expres-
sion for platinum sensitivity and EGFR mutation for sensitivity to EGFR
tyrosine kinase inhibitors. Such predictive factors hold great promise for
achieving individualized therapy tailored to each patient’s own host- or
tumor-associated characteristics.
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Management of Lung Cancer

The primary objectives of lung cancer management are to maximize patient
survival while optimizing quality of life. Many clinical factors need to be
considered in determining a rational care plan for an individual patient, includ-
ing the stage and histology of the disease and the symptoms, performance
status, and comorbid conditions of the patient. In general, all of the subtypes
of NSCLC are managed in a similar manner, but there are significant differ-
ences in the management of NSCLC and SCLC.

Management of NSCLC

The ultimate goal of therapy for patients with NSCLC is dependent on stage:
cure for patients with stage I–III disease and palliation for those with stage IV
disease. Basically, three questions regarding the extent of disease drive thera-
peutic decision making: (1) Is the primary tumor confined to the lung? (stage I/
II); (2) Has the cancer metastasized to the mediastinal lymph nodes? (stage III);
and (3) Are there distant metastases? (stage IV).

NSCLC Confined to the Lung

In 25% of patients, NSCLC is confined to the lung (T1-2) with or without
metastases to hilar or peribronchial (N1) lymph nodes (stages I/II). The goal
of therapy in these patients is cure, which is achievable in 60–80% of
patients with stage I disease and 40–50% of patients with stage II disease.
The primary, curative modality is surgical resection by lobectomy or pneu-
monectomy [105]. Although lesser resections (wedge resection or segmen-
tectomy) have been associated with increased recurrence rates and decreased
survival in prior studies, these lung-sparing procedures are being re-evalu-
ated in light of the recent trend toward presentation with smaller, more
peripheral tumors due to the increased use of lung imaging and the rising
incidence of adenocarcinoma. Distant relapse is the primary cause of death
in patients who die within 5 years of a complete surgical resection. Thus,
even when the cancer appears to be limited to the lung, undetected micro-
metastases remain a common problem. Recently, randomized clinical trials
have demonstrated a 5–15% improvement in the 5-year survival rate for
patients with stage II and III NSCLC who receive adjuvant chemotherapy
after complete surgical resection. However, there is no clear benefit for
adjuvant chemotherapy in patients with stage I disease [106]. Due to the
high rate of cigarette use in patients with lung cancer, many patients are
unable to tolerate adequate lung resections because of coexisting chronic
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lung or cardiovascular disease. In such patients, alternative therapies, such

as external beam radiation, stereotactic body radiotherapy, and radiofre-

quency ablation, are available, although the long-term disease-control rates

and survivals associated with these modalities appear substantially lower

than those with surgical resection.

Mediastinal Involvement Without Distant Metastases

In 35% of patients with NSCLC, the primary tumor has directly invaded local

structures or the cancer has spread to the mediastinal lymph nodes (stage III).

These locally advanced tumors are generally not amenable to primary surgical

resection, though advances in surgical techniques and the increasing use of

combined modality therapy have led to a re-examination of the role of surgery

in stage III disease. Patients with mediastinal involvement have a high incidence

of hematogenous micrometastatic disease that frequently results in distant

relapse and a relatively high mortality rate. Nevertheless, the goal of therapy

remains cure, with about 20% of patients with stage III disease remaining

disease-free 5 or more years after initial definitive therapy. Historically, radio-

therapy and surgical resection were the primary treatments for locally advanced

NSCLC, yielding 5-year survival rates of 5% or less. Subsequently, the use of

systemic chemotherapy along with thoracic radiotherapy has led to significant

improvements in survival by increasing local control and decreasing distant

relapse [107, 108]. Sequential chemotherapy followed by radiotherapy initially

raised 5-year survival rates to 10–15%. Concurrent chemotherapy and radio-

therapy have now further improved long-term survival rates to 20–25%,

although median survival remains only 18–21 months. Standard chemotherapy

regimens used in this setting incorporate cisplatin or carboplatin along with a

second agent, usually etoposide, a taxane, or a vinca alkaloid, while definitive

radiotherapy is given over 6–7 weeks to a total dose of 60–70Gy [107, 108]. As is

usually the case in oncology, increases in survival are mirrored by increases in

toxicity, in this case, primarily esophagitis and pneumonitis. Many patients

with locally advanced NSCLC are not able to tolerate concurrent

chemotherapy and radiation due to poor performance status or comorbid

conditions. In such patients, the treatment plan needs to be individualized to

allow control of symptoms and disease without inducing excessive treatment-

related complications.
Several studies have evaluated ‘‘trimodality’’ therapy, utilizing induction

chemotherapy or chemoradiotherapy prior to surgical resection with further

chemotherapy or radiotherapy after surgery, in patients who are relatively fit

and who have relatively low-bulk mediastinal disease. Thus far, these studies

have failed to demonstrate a clear survival benefit of this approach over standard,

definitive chemoradiotherapy for patients with stage III NSCLC [109].
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Distant Metastases

Approximately 40% of patients with NSCLC already have distant, hemato-
genous metastases (stage IV) or a malignant pleural effusion at the time of
diagnosis. Patients with such advanced disease are incurable and almost all will
die from the disease. The objectives of therapy in such patients are to control the
cancer, prolong survival, palliate symptoms, and optimize quality of life. The
primary initial treatment for patients with advanced NSCLC is chemotherapy,
usually with one of several ‘‘standard’’ two-drug combinations of cytotoxic
agents. The expected outcomes from any of these regimens are similar, with
20–25% of patients exhibiting an objective response (significant tumor shrink-
age) and another 30–40% having stability or control of disease [109, 110].
However, each of the available treatment regimens induces its own particular
set of toxicities which usually influence the choice of a particular regimen in
each individual patient. Recently, a large clinical trial has demonstrated that the
addition of the antiangiogenic, anti-VEGF (vascular endothelial growth factor)
antibody, bevacizumab, to standard chemotherapy can improve survival in
some patients with advanced NSCLC [111]. Unfortunately, the benefits of
chemotherapy have been demonstrated only in patients with good performance
status. Therefore, supportive care with attention to symptom relief is the most
reasonable management option for those with significant physical debility.

Treatment options for patients who progress on first-line chemotherapy or
experience tumor regrowth after initial response include single-agent cytotoxic
chemotherapy or molecularly targeted therapy with an epidermal growth factor
receptor (EGFR) inhibitor, such as erlotinib [27, 112]. These treatments carry
the potential for tumor control in approximately half of patients. Even with
state-of-the-art therapy, the overall prognosis of patients with advanced
NSCLC remains poor, with median survival of 8–10 months, 1-year survival
of 30–40%, and 2-year survival of 10–20%. In light of these dire statistics,
enrollment on investigational clinical trials remains an excellent option for
patients with this disease. A more detailed discussion of the management of
advanced NSCLC is provided in Chapter 20 (Ramalingam and Schneider).

Management of SCLC

The principles of management of patients with SCLC are predicated upon two
observations: (1) SCLC is a highly aggressive disease that leads to early hema-
togenous metastases and (2) SCLC is highly sensitive to initial chemotherapy
and radiotherapy. For these reasons, systemic chemotherapy is always included
in the management of SCLC, regardless of the stage of disease. Surgery is rarely
used for treatment of SCLC since over 95% of patients have mediastinal lymph
node involvement at diagnosis. If surgery is performed for early-stage SCLC,
it should be followed by adjuvant cisplatin-based chemotherapy. For the
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one-third of patients with limited-stage disease, standard treatment consists of

concurrent chemotherapy plus thoracic radiotherapy delivered with curative

intent [113]. Four cycles of cisplatin plus etoposide remain the optimal che-
motherapy regimen. Radiotherapy can be delivered once a day to a total dose of

60–70 Gy or twice a day to a total dose of 45 Gy, although the twice-a-day
regimen given early during the course of chemotherapy in appropriate patients

significantly improves overall survival, albeit with increased acute toxicity [114].

With concurrent chemoradiotherapy, nearly 90% of patients with limited-stage
SCLC will have an objective response and 20–40% will have a complete

response, resulting in a median survival of 18 months and a 5-year survival
rate of 20–25%.

Unfortunately, 70% of patients with SCLC have distant metastases at the

time of diagnosis. Despite high initial response rates to standard chemotherapy,

extensive-stage SCLC is an incurable disease with a median survival of 9
months and a 2-year survival rate of <5%. Up to 60% of patients with SCLC

will develop brain metastases during the course of their disease. Recent clinical
trials have demonstrated that prophylactic brain radiation provides a signifi-

cant improvement in survival for patients with both limited- and extensive-stage
disease who have responded favorably to initial therapy [115, 116]. Further

information on the management of patients with extensive-stage SCLC is

provided in Chapter 20 (Ramalingam and Schneider).
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Hallmarks of Metastasis

M. Roshni Ray and David M. Jablons

Abstract Metastasis is rarely due to accidental sloughing off of cancerous cells

from a nonmalignant tumor and colonizing elsewhere; on the contrary, it is an

active process requiring genetic and/or epigenetic mechanisms leading to the

formation of a cell capable of responding to certain chemotactic signals that

direct motility, interacting with other cells to be co-translocated, implanting in

foreign locations, avoiding immune response, being refractory to growth inhi-

bitory signals, and proliferating independently of growth factors for sustained

cell division. The complexity of these processes necessitates a detailed under-

standing of the molecular and cellular mechanisms behind each of these steps.

In this chapter, we will discuss hallmarks of metastatic process, along with

theories proposed, genes involved, techniques to monitor, and therapeutic

implications.

Introduction

Cancer is a general term describing hundreds of diseases in which cells aggres-

sively proliferate without regard for normal growth limits of the original tissue

or organ site and then invade surrounding and adjoining tissues. Most cancers

are diseases of the epithelial tissue [1], where in late stages the cancerous cells

invade the mesoderm and the endodermal layers. Metastasis, the subsequent

spread of these invasive cells throughout the body to other organs, accounts for

90% of human cancer deaths [2]. Interestingly, 5-year survival of stage IV

patients is a dismal 3%. By contrast, 5-year survival of early-stage cancers is

49% [3]. Thus, in addition to early detection efforts, understanding themechan-

isms of metastasis and halting its course are imperative to the treatment of

cancer.
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Traditionally, metastasis has been characterized as a late-stage phenomenon
in cancer. Pathologic staging describes first the size and local invasion of a
primary tumor, then metastasis to lymph nodes, and finally distal metastases.
Gene expression profiling studies [4] suggest that metastatic potential is intrin-
sic to all tumor cells and that metastatic spread could be an early event in
tumorigenesis. However, there is some evidence for the existence of a small
population of cells within a tumor, which exclusively are capable of metastasis –
the so-called cancer stem cells.

Regardless of which cells are capable of metastasizing, metastasis is an
extremely complex process and, thankfully, highly inefficient as only a small
fraction of tumor cells are actually able to fully metastasize. The process
involves migration of a cancerous cell out of the original location, overcoming
barriers to implantation in a foreign location, subsequently dividing uncon-
trolled, and/or metastasizing further. Whereas in most cancers the cell cycle
checkpoint arrest is overcome by at least one transformative event early in
cancer development in the traditional model of metastasis, a second genetic or
epigenetic event is usually necessary for transition of a non-metastatic tumor to
metastatic. Metastasis is rarely due to accidental sloughing off of cancerous
cells from a nonmalignant tumor and colonizing elsewhere; on the contrary, it is
an active process requiring genetic and/or epigenetic mechanisms leading to the
formation of a cell capable of responding to certain chemotactic signals that
direct motility, interacting with other cells to be co-translocated, implanting in
foreign locations, avoiding immune response, being refractory to growth inhi-
bitory signals, and proliferating independently of growth factors for sustained
cell division. The complexity of these processes necessitates a detailed under-
standing of the molecular and cellular mechanisms behind each of these steps.

The Metastatic Process

Cancer metastasis involves several interrelated steps, each of which can be rate
limiting in that failure to achieve any state can shut down the entire metastatic
process. Moreover, only certain cells within a heterogeneous tumor population
are capable of achieving these steps. Metastasis consists of (1) detachment of
epithelial cells from the extracellular matrix (ECM), (2) survival within the
bloodstream, and (3) growth at the metastatic site (Fig. 1).

As metastasis tends to be the lethal aspect of cancer, dissecting its biological
basis is of utmost importance in pinpointing therapeutic targets to prevent and
cure it. The existence of lymph node metastases in a cancer is a strong indicator
of survival in patients as well as a prognosticator of whether other distal
metastases will develop. In some cancers, lymph node metastases are better
indicators of distant metastasis than in other cancers. In head and neck cancer,
for example, the correlation is strong – the presence of lymph node metastases
in the neck halves the survival rate in patients [5]. Moreover, only 7% of
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patients whose necks are free of lymph node metastases develop distant metas-

tases. This strong correlation seems to indicate that metastasis somehow

involves infiltrating the lymphatic system and using it to migrate through the

body. In other cancers such as breast cancer, however, 20–30% of patients

whose axillary lymph nodes are free of disease still develop distant metastases.

Thus, there seems to be another distinct pathway of metastatic cell dissemina-

tion that is independent of the lymphatic system. This second pathway has been

shown to utilize hematogenous routes in the vascular system. Even so, the

presence of axillary lymph node metastasis continues to serve as a good indi-

cator of whether the disease will spread [6].
All cells have the default fate of apoptosis or programmed cell death. Most

cells depend on extracellular signals to keep the trigger for apoptotic cascade of

proteolysis at bay. Cancer cells, in general, are refractory to apoptotic signals,

or their mitotic division is independent of stimulation by growth factors. As the

potential for developing a tumor is directly correlated with resistance to

Fig. 1 Stages of metastasis. (A) Tumor; (B) detachment of tumor cells from the ECM;
(C) intravasation of tumor cells into the bloodstream; (D) transport of tumor cells through
the bloodstream; (E) extravasation of tumor cells at distal site; and (F) growth of metastatic
lesion
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apoptosis, so is resistance to apoptosis correlated with the metastatic potential

of a tumor. The reason behind this correlation is somewhat unclear. It is

possible that certain rare cells having the ability to undergo mitosis indepen-

dently of growth factors preferentially become metastatic; alternatively, the

same molecular events that give rise to metastatic transformation of a tumor

cell cause it to be resistant to apoptosis. Therefore, anoikis (cell death by

disruption of cell adhesion and cell–ECM interactions) and amorphosis (cell

death by loss of cytoskeletal structure) are vital to preventing metastasis.

Normally anoikis and amorphosis are triggered by detachment of usually

adherent cells from the ECM and through disruption of the actin cytoskeleton

[7], which is consistent with the general observation that specific cell–cell and/or

cell–matrix contact and ligand-mediated signaling are necessary to keep the

apoptotic cascade from being activated. Abrogation of the need for signaling

through contact for suppressing apoptosis might, therefore, lead to both

immortalization and cell detachment. Alternatively, the two processes might

be unrelated.

Theories of Metastasis

It is currently unclear whether any given cell within a tumor once transformed

into the metastatic stage can migrate and form a secondary tumor or whether a

special group of cells within a solid tumor, cancer stem cells, a rare tumor cell

type with indefinite self-renewal capability, is the only cell type capable of

migrating and colonizing secondary tissues and organs. In the traditional

model of cancer metastasis, every malignant tumor cell supposedly possesses

metastatic potential. A normal cell accumulates random mutations eventually

leading to cancer, and these neoplastic cells continue to accrue mutations until

some become metastatic by chance. Nevertheless, small populations of cells in

many malignant tumors, including acute myeloblastic leukemia (AML) [8],

glioblastoma [9], small cell lung cancer [10], non-small cell lung cancer [11],

malignantmelanoma [12], and breast cancer [13], display properties reminiscent

of stem cells, the cell group that indefinitely retains the property of self-renewal

by mitosis [14]. It is conceivable that migration of these cells could in principle

lead to metastasis and successful colonization at a distant site, and this may

explain why successful primary metastasis is a relatively rare event. Strong

evidence implicating these ‘‘cancer stem cells’’ (see Chapter 3) in metastasis is

provided by the observation of overlap between the genes and signaling path-

ways necessary for normal stem cell motility and those for metastatic cancer

cells [15]. Invasive metastasis appears, for a number of cancer types, to be a

property of a subpopulation of tumor cells which appear to have stem cell-like

properties. Since differentiated cells rarely reenter the somatic stem cell state,

progeny of previously differentiated cells should rarely metastasize.
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Dissemination from the Primary Tumor

The first stage of cancer metastasis is signaled by the detachment of cancer cells
from the ECM before entering into the bloodstream. Changes in cell motility
are major factors in enabling separation from the primary tumor, and changes
in cell fate associated with cytoskeletal reorganization are needed for transition
to the invading cell type. Cells display two major types of morphogenesis
correlated with early metastatic ability. In the more common version – epithe-
lial–mesenchymal transition (EMT) – the cell elongates, secretes extracellular
enzymes to locally degrade the ECM, and migrates out (see Chapter 4 for
discussion on EMT). While TGFb in cooperation with the Ras-GTPase signal-
ing pathways can induce EMT, it is unclear whether cells that are so trans-
formed indeed constitute metastatic cells [16]. The other, more aggressive, type
of motility is amoeboid transcription: the elongated cells take on a spherical
morphology, and these spheroidal cells deform through pre-existing gaps in the
ECM to disseminate into the bloodstream (Fig. 2). There is also a third, rarer,
form of cellular motility called collective migration that involves simultaneous
mesenchymal motion of a cluster of cells.

Fig. 2 (A) Amoeboid motility. (1) Epithelial tumor cells in the ECM. (2) Deformation
through pre-existing gaps in the ECM. (3) Amoeboid migration through cracks in the
ECM. (B) Mesenchymal motility. (1) Epithelial tumor cells in the ECM. (2) Elongation
of tumor cell and degradation of ECM. (3) Degradation of ECM and mesenchymal
migration
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Intra- and intercellular signaling mechanisms enable these morphogenetic

processes, and cell–cell cooperation is likely involved in controlling swarm-like

behavior of rare metastasizing cells. Cells, however, appear to be capable of

switching between different forms of motility, which renders therapeutics that

target genes or proteins associated with distinct aspects of mobility somewhat

refractory [17]. There is, nonetheless, evidence suggesting that certain transcrip-

tional regulators may control entire sets of motility genes. For example, AP-1

transcription factor activity is correlated with expression of cell motility genes

[18]. Twist, Six-1, and BRMS1, all transcriptional regulators, have also been

implicated. Other genes involved in cell–cell signaling such as ErbB1, encoding

epidermal growth factor receptor (EGFR), are implicated in cancer cell motility

but not necessarily in growth of the primary tumor. Genes or proteins that are

specifically implicated in cell motility in metastatic transformation are potential

drug targets.
The significance of EMT lies in that disseminating metastatic cells must be

able to survive without normal matrix components and evade anoikis. This

survival is important in metastasis because intra/extravasating tumor cells

either do not adhere to a matrix at all or encounter foreign matrices along the

way [19]. Overexpression of BCL2 increases the metastatic potential of breast

cancer epithelial cells by inhibiting matrix-degradation-induced apoptosis but

does not affect primary tumor growth or cell motility [20, 21].
The developmental signaling pathways Wnt, Notch, and Hedgehog have

also been linked to EMT [19]. Wnt signaling is of particular interest as it has

been associated with collective migration and is aberrantly activated in lung

cancers [22].With regard tometastasis, loss of signaling byWnt1, the first of the

Wnt proteins to be discovered, has been shown to reduce the size of lung

metastases in mice [23].
As stated earlier, most motile cells normally move mesenchymally (Fig. 2).

After tumor cells undergo EMT, they migrate by polarizing and extending

pseudopodia-like projections (lamellipods) on their anterior ends, binding spe-

cific cell surface or extracellular matrix ligands, pushing themselves forward

through actin-based contractions of the cell body, and then releasing the

adhesive bonds at the rear. Adhesion to the ECM substrate is mediated through

interactions of beta-integrins, a major group of cell surface receptor ligands.

Subsequently, signaling by the integrins, as well as integrins themselves, coop-

erate with and recruit cell surface proteases (such as matrix metalloproteinases,

MMPs) to locally degrade the ECM. MMPs break down collagen in the ECM

(collagenolysis). Mesenchymal motion is proteolytic and path generating: gaps

in the ECM through which the cell ultimately passes are created by the cell itself

[24]. Actin filaments are the dominant structural component of lamellipods [25].

H-, N-, and K-Ras are small GTPases that promote mesenchymal lamellipod

extension by regulating PtdIns(3,4,5)P3 levels. Cdc42 and Rac1 are also small

GTPases that promote formation of actin-rich protrusions. Unfortunately for

patients, near-total inhibition of cell surface proteases by protease inhibitor
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treatment induces conversion of mesenchymal cells to spherical morphology
and virtually no change in migration rates [24].

Amoeboid motion – where spherically shaped cells deform and slip through
pre-existing cracks in the ECM – is protease independent and path finding (in
contrast to the proteolytic path-generating nature of mesenchymal locomotion)
(Fig. 2). RhoA (a small GTPase) activates the ROCK protein, which phosphor-
ylates MLC2, a myosin light chain protein, which in turn activates a signaling
cascade implicated in the development of spheroid structure and induction of
cellular locomotion. The Smurf1 protein, an ubiquitin ligase, is responsible for
targeting RhoA for degradation. When Smurf1 is activated, RhoA activity is
depleted due to ubiquitin-mediated proteolysis, possibly involving the protea-
some, and cells form lamellipods that aid in mesenchymal cell movement. On
the other hand, when Smurf1 activity is downregulated, the RhoA cascade is
activated and induces amoeboid cell invasion, which is actually more aggressive
than mesenchymal motion [26].

The signaling cascades leading to different types of motion ultimately influ-
ence cytoskeletal elements to reorganize and the molecular motors to generate
force that leads to cellular motion. Altered MLC organization is related to the
amoeboid tumor cells’ ability to generate sufficient mechanical force to deform
the extracellular mesh of collagen fibers and to enable the cell to push through
the ECM [27]. ROCK regulates MLC phosphorylation, and inhibition of
ROCK (but not of MMPs) reduces in vivo cancer cell motility. The protein
ezrin is localized in the direction of cell movement in amoeboid cells [28]. Ezrin
provides a functional link between the plasma membrane and the cortical actin
cytoskeleton of the cell. Forced ezrin expression induces a highly metastatic
state in certain poorly metastatic tumor cell lines [27]. Combined blockade of
extracellular proteases andROCKprevents tumor cells from switching between
types of motility and also blocks cell invasion.

In a study to identify a gene expression signature associated with the pro-
pensity for metastasis, invasive breast cancer tumor cells were collected in vitro
by virtue of their chemotactic ability (migration toward a source of EGF), and
their mRNA expression levels were assayed in relation to their less invasive
counterparts [17]. Genes associated with motility were most strikingly differen-
tially regulated in invasive cells compared to those in non-invasive cells. For
example, cofilin, Arp2/3 complex, and capping protein, all involved in lamelli-
pod protrusion, extension, and tail retraction, were coordinately upregulated in
the invasive cells. Genes encoding Rho and ROCK were significantly upregu-
lated. Upregulation of cofilin, Arp2/3, and capping protein results in increased
protrusion velocities of up to 10-fold higher than those in cells with lower levels
of expression of these proteins. By contrast, the ZBP1 gene is strongly down-
regulated in invasive breast carcinoma cells. ZBP1 binds to beta-actin mRNA
and localizes the mRNA to the leading edge of cells. Beta-actin is the most
common form of actin which is polymerized as filaments within the lamellipod
and is acted on by cofilin, capping protein, and the Arp2/3 pathways. The site of
sub-cellular localization of the ZBP1 protein likely determines, by controlling
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localization of the beta-actin mRNA (thus its site of translation), the site at
which these pathways converge. Downregulation of ZBP1-mediated beta-actin
mRNA targeting, which is associated with inhibition of lamellipod formation in
mesenchymal cells, results in the formation of highly invasive amoeboid cells
and increased chemotaxis [4].

Vascular Transport of Metastatic Cells

Even though both mesenchymal and amoeboid cells can migrate toward and
intravasate into blood vessels, amoeboid cells are better suited to survive within
the vascular system. A mesenchymal to amoeboid transformation is important
during entry into blood vessels because elongated mesenchymal cells tend to
shatter, or undergo amorphosis, in response to the force of blood flow
(hemodynamic shearing). The spheroid morphology characteristic of amoeboid
cells can better withstand high shear stress and hence these cells survive better in
the bloodstream [29]. Thus, solitary cancer cells in circulation are sensitive to
apoptosis, particularly to that induced by mechanical stress and immune-
mediated destruction. Potentially metastatic cells that have entered the
bloodstream are destroyed either by mechanical stress or, supposedly, by
immune-directed cell death.

Once disseminated into the bloodstream, tumor cells are able to circulate
throughout the body. Oftentimes cancer patients have significant quantities of
these cells both in blood and in bone marrow long after removal of the primary
tumor and before any sign of metastasis occurs [30]. Are each of these dormant
cells capable of producing their own clonal metastases or do only a fraction
possess the pluripotency to form the seed of metastatic malignancy? To answer
this question, a distinction between the tumor cells circulating in peripheral
blood (circulating tumor cells – CTCs) as opposed to those aggregated in the
bone marrow (disseminated tumor cells – DTCs) must be established.

DTCs have been documented in the bonemarrow for most types of epithelial
cancers [30]. While a number of studies have revealed correlation between the
presence of DTCs and postoperative metastatic relapse, viable use of DTCs as
prognosticators of recurrence has yet to be unequivocally demonstrated. A
point of interest is that presence of DTCs is associated not only with bone
metastases but also with distal tumor development in lung, brain, and liver;
thus, it is likely that DTCs accumulating in the bone marrow eventually reenter
the vasculature to travel throughout the body [31]. Incidentally, the processes
by which tumor cells disseminate appear to vary by cancer. In early-stage breast
cancer, DTCs are heterogeneous and do not possess the same changes as the
tumor; however, in late stages the DTC genotypes are largely homogeneous.
This observation seems to indicate that dissemination of DTCs is an early event
after which the cells accumulate other mutations, some of which eventually
overwhelmingly favor metastasis. In prostate cancer, however, CTCs appear
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genotypically homogeneous and similar to cells in the primary tumor. This
observation suggests that as the tumor develops, cells with metastatic potential
eventually arise directly from the primary tumor and spread forth throughout
the body [30].

At present, only limited data exist correlatingDTCswith concurrentCTCs, and
the significance of CTCs in peripheral blood is as yet unclear [30]. In most cancers,
patients appear to present with a higher fraction of DTCs than CTCs, suggesting
that bone marrow may provide better conditions for tumor cell homing and
survival [30]. Another hypothesis of note is the speculation as to whether surgery
itself can dislodge tumor cells from the primarymalignancy, thereby allowing these
cells to become CTCs. Bone marrow possibly forms a pre-metastatic niche and
that it offers a site for dormancy is evidenced by the presence ofDTCs in colorectal
carcinomas, a cancer in which bone metastases are rare [31].

It is usually assumed that invasive tumor cells entering blood vessels and
foreign tissues will be recognized and targeted by the immune system. Thomas
and Burnet [32, 33] suggested that immunosurveillance was responsible for the
targeted elimination of cancerous cells, particularly in that immune response is
often associated with advanced carcinogenesis (for discussion on immunesur-
veilance and tumor progression see Chapter 6). Indeed, immune surveillance
may contribute to dormancy in DTCs. The nature of dormancy is variable in
that in some cases it is characterized by a balance between apoptosis and
proliferation whereas in other cases it describes either non- or slowly proliferat-
ing cells. It has been shown inmurine models that upon depletion of CD4+ and
CD8+ leukocytes, progressive growth is initiated in previously dormant tumor
cells [30]. In lung cancer, increased presence of CD8+ cytotoxic lymphocytes
has been observed, but this escalation in immune response does not appear to
correlate with outcome. Tumor cells appear to evade the immune system
because, as native cells, they are poorly immunogenic. Moreover, tumor cells
also downregulate antigens by interfering with antigen-presenting cells and
secrete cytokines that may aid in both immune tolerance and suppression.
Tumor cells are often also resistant to cytotoxic T-lymphocytes as evidenced
by the cells’ failure to undergo apoptosis upon attack. Nonetheless, reduction of
malignant tumor has been observed alongside bacterial infection, leading to
hope of an anti-tumor vaccine created from dead bacteria. Although no con-
clusively successful anti-tumor vaccines have yet been reported, a number of
such vaccines have entered clinical trials [34].

All this being said, our understanding of the role immunosurveillance plays
in maintaining dormancy is murky, at best. In most cases, tumor development
appears to be similar in normal and in immunocompromised animal models,
and any systematic correlation between immune deficiency and human cancer
has yet to be demonstrated. Thus, it is unlikely that immune surveillance offers
much protection against anything but pathogen-associated cancers [35].

What then of the heightened immune cell activity at primary tumor and
metastatic sites? Macrophages have been observed to produce matrix metallo-
proteinases that promote tumor cell mobility by degrading the ECM. These
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tumor-associated macrophages (TAMs) express EGF and promote EGFR-
dependent cell invasion (for more detailed discussion of TAMs and other
immune cells see Chapter 11). TAMs tend to aggregate along blood vessels
and tumor margins and create an EGF gradient responsible for directing
chemotaxis. This gradient likely promotes intra- and extravasation. In fact,
prior to extravasation, leukocytes are recruited when tumor cells attach to
blood vessel walls, and the leukocytes are thought to extravasate ahead of the
cancer cells, in essence by ushering them out [36].

Proliferative Ability at Site of Metastasis

Metastasis has been directly correlated, on a single animal basis, with the blood
burden of tumor cells. A high concentration of CTCs in the bloodstream is
related to a higher likelihood of metastasis [17]. Nevertheless, most cells die
rapidly after extravasation [37, 38], which is likely why DTCs seem to correlate
better with prognosis than CTCs. In as far back as 1889, Stephen Paget posited
the ‘‘seed and soil’’ hypothesis [39] – that metastatic ability was dependent upon
cross-communication between specific tumorigenic cells (seeds) and the distal
organ microenvironment (soil). The more tumor ‘‘seeds’’ that are available in
distal organs, the more likely it is that some will take root and metastasize. The
actual site of metastasis is, incidentally, not directly linked to blood profusion
through that specific organ. This is because certain markers at the secondary
tumor site genetically predispose tumor cells to attach and develop into micro-
metastases – the importance of "soil."

Organs with dense capillary beds (bone, liver, and lung) are common meta-
static sites probably because CTCs aremechanically arrested in small vessels [7].
That being said, certain cancers are predisposed tometastasize to certain organs
and there is no systematic correlation between blood burden and metastasis on
an organ level. Instead, organs with high metastatic potential in a specific
instance tend to exhibit predisposition toward angiogenesis. For example,
cells of these tissues express high levels of growth factors such as VEGF,
HGF, FGF, and EGF. These growth factors stimulate macrophages to produce
MMPs that locally degrade the ECM and allow tumor cells to take root and
proliferate. CD44 has been implicated in tumor cell adhesion and is important
for endowing the expressing cells with the ability to form micrometastases at
distal site. Disruption of the CD44–ECM interaction tends to induce apoptosis
and prevent metastasis [40].

Without a blood supply, tumor cells adhered at a secondary site constitute
foci of dormant micrometastases, and although they may remain dormant for
years, they undergo rapid proliferation once angiogenesis occurs. While dor-
mant, these cells are largely quiescent or, in some cases, proliferate at extremely
slow rates. Once growth factor-induced angiogenesis takes place, however, the
cells begin to rapidly divide. Blood supply provides oxygen, growth factors, and
nutrients vital to the proliferation of metastatic cells. Angiogenesis is triggered
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when angiogenic inducers (mainly growth factors) are favored over inhibitors
(for further discussion on angiogenic diversity see Chapters 7 and 8). The
inhibitors tend to be ECM proteins or protein fragments such as thrombos-
pondin and endostatin [31]. Inhibition of angiogenesis appears to stymie meta-
static spread and has thus received much attention of late with regard to
targeted therapeutics.

Genes Involved in Metastasis

Are metastatic cancer cells genetically different from non-metastatic cancer
cells? The genetic variability usually associated with most solid tumor cells
provides a window into the mechanism of metastatic spread. The spectrum of
genetic variability among secondary tumors of diverse locations resemblesmore
closely those present in cells of the primary tumors in the same individual than
either is to the same cancer type from different individuals [41]. These results are
consistent with the idea that metastatic cells are clonally derived from primary
tumor cells but do not necessarily signify that metastatic tumors, or tumors in
general from different individuals, are genetically heterogeneous. On the con-
trary, the question of whether the same or similar genetic or epigenetic changes
are necessary for all metastatic cells remains open.

Given the complexity of themetastatic process, genetic mechanisms behind it
are likely to be complex. The motivations for studying genes involved in
metastasis are 2-fold: understanding the biological basis of the process and
finding a molecular signature of metastasis for better diagnosis, prognosis, and
therapeutic intervention to restrict it. Both motivations are well served by
studies that aim to identify the predominant genetic factors correlated with
metastasis. A groundbreaking step in understanding the genetic basis of metas-
tasis was taken by Ramaswamy et al. [42] when the authors measured genome-
wide gene expression profiles of 12 samples of confirmed metastatic adenocar-
cinomas of diverse origins (breast, lung, prostate, uterine, and ovarian cancers)
and compared them with those obtained from 64 confirmed non-metastasizing
cancers of the same types. The comparison yielded a best descriptor transcript
set of 128 genes, of which 64 were overexpressed and 64 were underexpressed in
the metastatic cancer samples. The descriptor gene set did not provide any
obvious set of genes with related function. In fact, some genes that are under-
expressed are unexpected (e.g.,MLC2) and others that are overexpressed are of
unknown significance for metastasis (e.g., glucose phosphate isomerase). From
this larger gene set, the authors derived a core gene expression signature with a
refined set of 17 metastasis markers (8 overexpressed and 9 underexpressed).
These 17 genes performed well as predictors of metastasis on other unrelated
tumors with or without metastasis. This refined core set of genes also included
several genes whose expression signatures defy simple logical expectations: e.g.,
actin gamma 2, myosin heavy chain 11, and myosin light chain kinase genes
are underexpressed, whereas lamin B and type 1 collagens a1 and a2 are

Hallmarks of Metastasis 39



overexpressed. Thus, despite the obvious utility of this core set of gene expres-
sion signature markers for more accurate prognosis, a biological understanding
of their basis was not forthcoming.

The results of Ramaswamy et al. [42] can in principle be interpreted to mean
that a majority of cells in solid tumors, which carry a signature set of gene
expression values defining potential for metastasis, are able to metastasize. This
conclusion could be drawn because a minority contribution of rare metastatic
cells to the overall mRNA levels would have gone undetected in their experi-
ments and could give credence to the traditional theory of metastatic progres-
sion. Alternatively, it might also mean that a small population of cancer stem
cells in these tumors are actually capable of metastasis, yet by cell division, they
give rise to two cell types: one along the linear stem cell line that maintains a
constant cell number and the another that proliferates to differentiate into non-
stem cell character but retains the epigenetic signature of the original metastatic
stem cells. The reason for not detecting this core gene expression signature in
non-metastatic tumors might just be that the stem cell populations in these
tumors are below a critical number or that there is a reversal of epigenetic
signatures among some of their progeny.

A biologically insightful understanding of metastasis has come from identi-
fying genes that suppress tumor metastasis using several different in vivo
metastasis assays [43]. Metastasis suppressor genes, or MSGs, are a special
class of genes that are turned off in metastatic cells but, when re-expressed,
inhibit metastasis without affecting tumorigenicity. At least 12 suppressor genes
have been identified to date, beginning with the discovery of NM23 in 1988 [44].
Other MSGs include NME1 – a member of the nucleoside diphosphate kinase
family of proteins implicated in cell cycle regulation, KISS1 – a regulator of
metalloproteases and a ligand of a G-protein-coupled receptor [45], a mitogen-
activated protein kinase gene (MKK4), and BRMS1 which functions in gap
junctions and reduces motility. Each of these genes provides interesting anchor
to the spectrum of events thought to be responsible for distinct cellular stages of
metastasis. In lung cancer, the invasion suppressor CRMP1 (collapsin
response-mediator protein 1) has been identified as an invasion suppressor,
but its efficacy as anMSG has only been demonstrated in vitro and thus has yet
to be validated as a true MSG [44]. More work is needed in this direction to
understand the detailed molecular pathways that integrate functions of MSGs
in gene regulatory and signaling networks.

Techniques for Monitoring Metastasis

Because only a small fraction of malignant cells eventually metastasize, and
these are difficult to identify early in a heterogeneous tumor cell population,
studying metastasis has proven difficult until only recently. With the advent of
refined optical imaging techniques, on both a whole-body and microscopic
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scale, and by the identification of cellular and molecular markers to define the
metastatic stage, a better understanding of metastasis is now possible. Whole-
body imaging allows non-invasive study of the tumorigenic and metastatic
processes and their development within a single organism. Microscopic techni-
ques allow morphological analysis on a cellular and sub-cellular level [46].
Currently, most in vivo techniques for studying metastasis are usable only in
animal models.

Goodale et al. developed a flow cytometry method to quantify CTCs in mice
and further adapted this technique along with laser scanning cytometry meth-
ods to study both bone marrow and lymph node dissemination of tumor cells
[47]. Essentially, mice were injected with metastatic human breast cancer cells
and at progressive time points, the animals were sacrificed for harvest of
peripheral blood, lymph nodes, and bone marrow. These samples were then
fluorescently labeled and studied using cytometric techniques. Unfortunately,
since this method requires sacrifice of the animal model, it is not translatable to
human research.

Multiphoton confocal microscopy has also been used to study metastatic
cells in vivo by tagging these cells with green fluorescent protein and tracking
their motion but again, this technology is not approved for use in clinic patients
[46]. Sipkins and colleagues have used dynamic intravital confocal imaging to
demonstrate unique regions within bone marrow to which metastatic leukemia
cells may home [48]. A group at the University of Pennsylvania employed GFP
tagging to study apoptosis in potentially metastatic melanomas and found that
propensity to apoptose after arrest in pulmonary vasculature was a distinguish-
ing factor between metastatic and non-metastatic cells [49].

Most human models of metastasis involve ex vivo analysis of cells purified
from either blood or surgically resected samples [46]. Such methodology, how-
ever, limits the insight gained regarding the initial process of metastasis away
from the original tumor. In terms of monitoring metastases in patients, PET
and CT scans are used to regularly check cancer patients for new lesions and
pathologists use traditional observation and staining methods to determine
whether these lesions are new primary cancers or secondary or tertiary
metastases.

Therapeutics and Future Directions

Since, as mentioned earlier, metastasis accounts for nearly 90% of cancer-
related deaths, recognizing and preemptively treating carcinomas with high
metastatic potential is vital to reducing disease mortality. Identifying and
targeting the so-called cancer stem cells is a key step in such early treatment.
However, to do so requires definite identification of such cancer stem cells as
well as therapeutic regimens that demonstrably target only cancer stem cells but
not normal stem cells [50].
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Apoptosis resistance has been shown to be a key feature both in tumorigen-

esis and inmetastatic spread but the direct correlation withmetastasis has yet to

be illuminated due to limited models [7]. Moreover, a cell’s intrinsic survival

properties likely play a role in its ability to survive in a distal microenvironment,

and these properties must be elucidated to better target highly metastatic cells.
Total blood and bone marrow burdens of disseminated cells seem to play a

role in the likelihood of cancer recurrence, so early detection of these dissemi-

nated tumor cells could perhaps determine whether patients should undergo

systemic therapies adjuvant to surgical resection. Although all such therapies

do target disease relapse, there is currently little selection in place to determine

which patients are at greater statistical relapse than others, leading to toxic and

unpleasant overtreatment of patients [51]. For example, currently less than 25%

of breast cancer patients lacking overt lymph node metastases suffer from

relapse within 10 years after operation, but greater than 90% receive che-

motherapy [52]. In non-small cell lung cancer (NSCLC), patients presenting

with early-stage disease generally forgo adjuvant therapy post-resection, but

some of these patients, those who suffer relapse within 5 years of operation,

need to be selectively identified for therapies complementing surgery [53].
Inhibition of cellular motility is also an important target, particularly in

managing early-stage disease [17]. As early detection becomes more common-

place, targeted therapies limiting dissemination of cancers that have not yet

undergone micrometastases become more important. Unfortunately, evaluat-

ing the effectiveness of therapies based on limiting invasiveness of tumor cells

has proven difficult because cellular motility cannot be assessed in patients and

histological analysis has thus far proven unreliable. In fact, this difficulty in

assessing the efficacy of motility-targeting therapeutics was a likely cause for

the failure of clinical trials using MMP inhibitors [54].
A major area of current study on therapeutic directions focuses upon the

targeting of angiogenesis. Without its own blood supply, a distal micrometas-

tasis is unable to continue proliferation. Angiogenesis appears to be closely

linked to the presence of a variety of growth factors and their receptors, in

particular basic fibroblast growth factor (bFGF), vascular endothelial growth

factor (VEGF) [55], and epidermal growth factor receptor (EGFR) [56]. These

factors have been shown to be of importance for tumor growth and invasive-

ness. A majority of lifetime non-smoking NSCLC patients, females of Cauca-

sian and Asian descent in particular, present with an EGFRmutation treatable

by the targeted small molecule EGFR inhibitor erlotinib (Tarceva) [57]. In

recent years, various solid tumors have been treated with a reasonable degree

of success by targeted monoclonal antibodies (MAbs) against EGFR and

VEGF. Such therapies include cetuximab, panitumumab, and bevacizumab

[56]. The two former antibodies target EGFR whereas bevacizumab is a huma-

nized IgG1-type MAb directed against soluble VEGF. Bevacizumab, in parti-

cular, has become part of the standard first-line chemotherapy regimen for

NSCLC patients [57].
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In conclusion, the metastatic cascade is grossly implicated in the lethality of
cancer, lung cancer included, and dissecting the process is essential to treating
the disease. Medical scientists are faced with a number of key questions in
metastasis to tackle: Is metastatic spread a capability intrinsic to all cells or to
only a select few cancer stem cells? Which are the genes responsible for EMT?
What genes control all subtypes of cellular locomotion? Are cell detachment
from the ECM and the bypass of apoptosis separate or linked processes? How
do DTCs and CTCs relate to each other, and what are their prognostic and
mechanistic roles with regard to metastasis? What role does immunosurveil-
lance play in the spread of cancer? What factors cause metastatic cells to
‘‘home’’ in on specific organs? How do dormant disseminated cancer cells
begin to rapidly proliferate? By what biology do metastatic prognosticator
genes actually aid and abet metastasis? How canMSGs be better characterized,
and how can they be reactivated in later stage cancers? Although the processes
leading up to cellular metastasis are still poorly understood, a great deal has
been learned in recent years. As the chain of events leading to metastasis is
better elucidated, our ability to medically target various parts of the process will
in turn be enhanced.
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Tumor Stem Cells and Metastasis

Jaclyn Y. Hung

Abstract The last decade has seen the emergence of a shift in paradigm in the

therapeutic strategies to target cancer. This is based on the existence of a small

reservoir of cells within the tumor mass that exhibits the capacity for

self-renewal, as well as undergo differentiation to give rise to phenotypically

heterogeneous progeny with limited proliferative potential. These stem-like

cells likely drive the continued growth of the tumor mass and are capable of

disseminating and are subsequently metastasized. Relapse is probably orche-

strated by the post-therapy residual drug-resistant ‘‘cancer stem cells’’ that

escape treatment. Therefore, the selective targeting of cancer stem cells is

supposed to offer radical advances in the treatment and diagnosis of lung

cancer. This chapter will discuss the emerging data supporting the validity of

this notion and consider the growing evidence that cancer stem cells may

contribute to tumor progression, drug resistance, metastasis, and speculates

about how taking these cells into consideration may affect the way we treat lung

cancer in the future.

Introduction

Despite the advances in diagnosis and the treatment of cancer, lung cancers

remain nearly uniformly fatal; 85% of the people who are diagnosed with lung

cancer die of the disease within 5 years [1]. This is because at the time of

diagnosis, majority of the patients are already beyond cure by surgery or

radiotherapy, and a large percentage of those diagnosed with resectable early-

stage disease eventually experience recurrence of metastatic disease. While

aggressive, treatment-intense protocols do prolong median survival; the overall

impact has been mainly on palliation rather than reduction in mortality, with
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total cure remaining elusive. Besides, the treatment regimes have a non-specific
toxicity profile that exceeds its therapeutic profile.

A key emerging trend in the treatment of patients with cancer is the concept of
‘‘Personalized Medicine’’ consisting of individualized diagnosis and prognosis in
combination with targeted therapies – as emphasized by the report from the
American Society of Clinical Oncology [2]. The last decade has also seen the
emergence of a shift in paradigm in the therapeutic strategies to target cancer.
This is based on the existence of ‘‘cancer stem cells’’ (also called cancer-initiating
cells) – a conceptual revolution in cancer biology [3–7]. However, the ideas behind
the ‘‘cancer stem cell hypothesis’’ are not new and have evolved over the last 150
years. Nonetheless, the recent work of several laboratories prospectively isolating
cells with stem cell-like properties has led to these concepts being re-examinedmore
widely. These recent results support the notion that within the tumors, only a small
reservoir of cells (termed ‘‘cancer stem cells’’) exhibits the capacity for self-renewal,
as well as undergo differentiation to give rise to phenotypically heterogeneous
progeny with limited proliferative potential. These cells likely drive the continued
growth of the mass and are capable of disseminating and are subsequently metas-
tasized. Relapse is probably orchestrated by the post-therapy residual drug-resis-
tant ‘‘cancer stem cells’’ that escape treatment. It is plausible that existing therapies
commonly targeting the bulk mass do not eliminate cancer stem cells. Although a
dramatic initial response can often be achieved, if the cancer stem cells are not also
effectively eliminated they can eventually regenerate the tumor [8]. Therefore, the
selective targeting of ‘‘cancer stem cells’’ is believed tomay offer radical advances in
the diagnosis and treatment of lung cancer, by attacking the disease at its source.

This chapter will discuss the emerging data supporting the validity of this
notion and consider the growing evidence that cancer stem cells may contribute
to tumor progression, drug resistance, metastasis and speculates about how
taking these cells into consideration may affect the way we treat lung cancer in
the future. The amount of data that had been directly derived from studies of lung
cancer is as yet quite limited; however, the general paradigms and aspects of
cancer stem cells drawn from studies of other cancers provide an adequate review
of the role of these cells in lung cancer. Further the implication of this model for
drug development and eventually of clinical management of patients will be
discussed. The targeted elimination of these cancer stem cells will also be
addressed in this chapter. Before proceeding, however, it is important to take
into consideration that various aspects of the role of cancer stem cells in solid
cancer development and progression are still controversial [9–11].

Cancer Stem Cells

Normal stem cells are defined by their dual capacity to regenerate themselves
(self-renewal) and to produce mature cells through differentiation [12]. The
‘‘cancer stem cell’’ hypothesis posits functional heterogeneity within a cancer
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and the existence of a distinct group of cancer stem cells reminiscent of somatic

stem cells. The ‘‘cancer stem cell model’’ proposes that a tumor is similarly

sustained by a subpopulation of ‘‘cancer stem cells,’’ with a similar ability to

perpetuate themselves and the production of progeny for the continued growth

of the mass. Three key observations support the existence of a stem-like cell

population in a tumor [13]. First, in both hematopoietic malignancies and solid

cancers, only a small fraction of tumor mass has the capacity to regenerate a

new tumor, operationally demonstrable upon serial transplantation into reci-

pient immunodeficient mice. Second, these cells are characterized by a distinc-

tive profile of surface markers and can be enriched and prospectively isolated

through an experimental strategy that sorts the cells based on the expression of

surface markers, or lack thereof, or on the efflux of the fluorescent dye Hoechst

33342 (for side population phenotype). Third, secondary or tertiary tumors

regenerated by these cells containedmixed populations of tumorigenic and non-

tumorigenic cancer cells, thus recapitulating the heterogeneity of the original

parent tumor.
The cancer stem cell model is first and best developed in hematopoietic

malignancies. A study by Jacob Furth and Morton Kahn in 1937 discovered

that a single leukemic cell is able to transfer the systemic disease when trans-

planted by inoculation into a mouse and thus established the first quantitative

assay to determine the frequency of malignant cells within the hematopoietic

tumor [14]. Later, in the 1960s, Robert Bruce andHugo van der Gaag develop a

quantitative method to measure the number of murine lymphoma cells capable

of proliferating in vivo using a spleen colony-forming assay [15]. They show that

only a small subset of primary tissue is able to proliferate in vivo. Another study

conducted in 1977 by Anne Hamburger and Sydney Salmon reports that only 1

in 1,000 to 1 in 5,000 cancer cells formed colonies in soft agar assay and

establish that not every cancerous cell is capable of tumor initiation [16].

However, the true measures of cancer stem cells are their capacity for self-

renewal and exact recapitulation of the original tumor; these studies, rather,

measure in vitro proliferation. It is, however, in the initial landmark paper by

John Dick and colleagues who provide the first direct evidence for the cancer

stem cell model. They described a primitive leukemic cell they termed SCID

leukemia-initiating cell that can initiate human acute myeloid leukemia (AML)

in a non-obese diabetic (NOD) – severe-combined immunodeficient (SCID)

mouse model. These leukemia-initiating cells in AML share a cell-surface

(CD34+/CD38�) phenotype with normal hematopoietic stem cells. They

showed that this fraction is highly enriched for leukemia initiation activity in

transplanted recipient (0.2–100 stem cells in 106 blast cells). By contrast, the

CD34+/CD38+ cells and the majority of the CD34� cells, which comprised the

bulk of the cancers, could not initiate AML. The engrafted AML could be

serially purified and transplanted into secondary recipients to generate hier-

archical clones of differentiating cells and formAML that is a phenocopy of the

original tumor, providing functional evidence for self-renewal [17].
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Using similar approaches (xeno-transplantation followed by serial trans-
plantation) cancer stem cells have subsequently been identified and prospec-
tively isolated from breast and brain cancers, providing the first evidence for
cancer stem cells in solid cancers. Clarke and colleagues are the first to provide
evidence for the existence of breast cancer stem cells [18]. This work identifies a
putative breast cancer stem-like population that is defined by the expression of
four cell surface markers (adhesion molecules CD44 and CD24, epithelial-
specific antigen, ESA, and a breast/ovarian cancer-specific marker B38.1) and
their potential to form tumors after transplantation in the mammary fad-pad of
NOD/SCIDmice. As few as 200 CD44+ CD24+/– ESA+ lineage marker (Lin)–

cells are able to generate tumors that are histologically similar to those of the
primary breast tumors when injected into NOD/SCID mice models, whereas
injection of thousands of cells that have the other phenotype did not form
tumors. The tumorigenic subset represented only 2% of the unfractionated
bulk breast cancer cells. These tumorigenic cells behave like cancer stem cells
in that they can be serially passage from one mouse to another, giving rise to
cancer cells with the same phenotype (CD44+ CD24+/– ESA+ Lin–) and the
phenotypically diverse mixed population of non-tumorigenic breast cancer
cells. These findings indicate that, like AML, breast cancer cells retain a
remnant of stem cells that have the ability of self-renewal to maintain the
stem cell pool and can also differentiate into a variety of other cancer cell
types [19].

Similar results for cancers of the central nervous system (CNS) show that a
subset of cells expressing the neural stem cell marker CD133 initiates brain
cancers [20–22]. Transplantation of these putative neural cancer stem cells into
the forebrains of NOD-SCID mice consistently yields tumors and moreover,
when injected into mice, only CD133+ cells have the ability to generate hetero-
geneous tumors phenotypically identical to the tumors from which the stem
cells are isolated. Furthermore, these tumors can be serially transplanted. In
contrast, cells with the CD133– phenotype do not form tumors in NOD-SCID.
On the basis of this work, cells having the CD133+ phenotype are confirmed as
cancer stem cells for CNS tumors [22].

Side Population Phenotype

Subsequently the purification and characterization of cancer stem cells have
been reported in many other cancers [23–30]. These cancer-initiating cells have
been enriched on the basis of the expression of their unique cell surface markers.
However, in human lung cancer, the purification of cancer stem cells has been
hampered by the lack of definitive cell surface marker(s). An alternative
approach to surface antigens is to use the side population (SP) phenotype
[31]. Recent studies have demonstrated that somatic stem cells can be enriched
by a ‘‘side population’’ (SP) phenotype [32]. Cells subject to Hoechst 33342 dye
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staining and fluorescence-activated cell sorting (FACS) analysis can give a

profile such that those cells that actively efflux the dye appear as a distinct

population of cells on the side of the dual-color emission spectra (blue versus

red) FACS profile on a density plot; hence the name ‘‘side population’’ (SP) has

been given to these cells. The Hoechst staining profile is a continuum, with no

clear-cut separation line between the SP and the non-SP. Therefore, the SP is

defined, according to convention, by depletion using Hoechst transporter inhi-

bitors reserpine or verapamil.
This SP phenotype is attributed partly to the activity of various members of

the adenosine triphosphate (ATP)-binding cassette (ABC) transporters family

such as ABCB1 and ABCG2 that are expressed in normal stem cells [33] and

most cancer stem cells. ABCB1 and ABCG2 belong to a family of at least 49

ABC transporters involved in a variety of cellular transport processes. By using

the energy ofATP hydrolysis, these transporters actively efflux drugs from cells,

thus protecting them from cytotoxic agents. Interestingly, hematopoietic stem

cells express high levels of ABCG2, but the gene is turned off in most committed

progenitor and mature blood cells.
Goodell et al. first use this method to isolate murine hematopoietic stem cells

[34]. In the bone marrow, these SP cells are enriched approximately 1000-fold in

hematopoietic stem cell activity in repopulation experiments, which can protect

murine recipients from lethal irradiation at low cell doses, thus establishing

their functional capacity as hematopoietic stem cells. In addition, SP cells also

contribute to both myeloid and lymphoid lineages in the transplant recipients.

The SP population is present in bone marrow at a low level (0.02–0.08%) and

expresses the murine cell surface markers characteristic (Sca-1+/lin–/low) of

hematopoietic stem cells. The subsequent isolation of rhesus monkey SP cells

demonstrated that a hematopoietic SP is conserved across species. ABCG2 has

been identified as a molecular determinant for bone marrow stem cells and

proposed as a universal marker for stem cells, although not all reports agree

[35, 35a]. In Abcg2-knockout mice, the SP is lost, but the mice still have bone

marrow stem cells, suggesting that the SP phenotype is a characteristic of the

stem cell, but is not crucial for its function. Therefore, the SP phenotype might

be a way to identify stem cell populations from various sources independently

of cell-type-specific markers, making it an important tool in stem cell charac-

terization and research.
Since its initial application in murine bone marrow hematopoietic stem cells,

this Hoechst 33342 dye efflux SP phenotype has been used to sort out pre-

sumptive stem cells and progenitors in a diverse range of normal tissues across

species including the pancreas [36], prostate [37], lung [38, 39], mammary glands

[40, 41], arteries [42], and embryonic stem cells. In many of these studies, it is

reported that the SP cells are enriched for stem cell markers and in some studies

the SP cells can behave as clonogenic stem cells. These SPs are rare and

heterogeneous, varying with tissue type, stage of development, and method of

preparation.
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Concurrent studies have demonstrated SP cells in human cancer cell

lines and primary cancers of different origins, including acute myeloid

leukemia [43, 44], neuroblastoma [45], glioma [46], retinoblastoma [47],

prostate [48], head and neck [49], liver [50], ovarian [51], thyroid [52],

and gastrointestinal [53] cancers. We have recently published that the

Hoechst 33342 dye efflux assay can be adapted for the isolation of SP

cells from various human lung cancer cell lines and lung tissues from

surgical resection [54]. The SP fraction comprise of 0.023–1.08% of cells

from human lung cancer tissues and 1.5–6.1% of cells from cell lines and

majority of these cells are either in G0 or in G1 of the cell cycle. The

nature of these SP cells is defined by preferential expression of ‘‘stemness’’

genes BMI-1 and NOTCH1 (unpublished data), hTERT, and elevated

expression of ABC transporters associated with multi-drug resistance.

Functional characterization of the SP and non-SP was investigated both

in vitro and in vivo. The SP cells are more resistant than non-SP against a

number of chemotherapeutic drugs, a number of which, notably cisplatin,

gemcitabine, and vinorelbine, are commonly used as first-line therapy for

lung cancer. When injected into NOD-SCID mice, SP cells are found to be

more tumorigenic than non-SP, thus indicating a significant enrichment of

cancer-initiating cells in this small population. Even though the non-SP

forms the majority of cells, the tumors initiated from SP cells are larger,

very vascular, and required much fewer cells for initiation of the tumor.

Hence, the functional importance of the SP is two-fold: they are more

significantly enriched in tumorigenicity and are also more resistant to

existing chemotherapeutic agents, possibly due to heightened expression

of a range of drug resistance transporters. This suggests that the SP will

have survival advantage under chemotherapy and can regenerate a tumor

leading to refractory/relapsed disease and is likely an important target for

more effective therapy.
The propagation of serially passage spheres from primary lung cancer is

recently reported [55]. By applying the same conditions that are used for the

isolation of human neural stem cells [56], a putative cancer stem-like cell is

identified from human lung cancer tissues. These cells express CD133 and have

the ability to grow indefinitely as spheres in a serum-free medium containing

growth factors, thus having the key characteristics of self-renewal. These lung

cancer spheres are also tumorigenic and resistant to chemotherapeutic drugs.
However, both of these studies have limitations. Lung cancer stem cells have

not yet been identified directly, although they can be enriched for and propa-

gated in vitro. Nevertheless, for now, the distinct SP phenotype and lung cancer

stem cell sphere culture provide an attractive testing model for studying lung

cancer-initiating cell biology and a framework for testing potential lung cancer

stem cell markers. As well, these models are important tools for developing

selective therapies targeting lung cancer stem cells and as predictor of response

to treatment.
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Origin of Cancer Stem Cells

The existence of cancer stem cells raises an important question regarding the cell

of origin for cancer stem cells. However, the origin of cancer stem cell is yet to be

resolved [57]. They may originate from the transformation of normal tissue-

specific somatic stem cells. The concept that a rare population of tissue stem

cells may be the cellular origin of cancer is first proposed by pathologists such as

Virchow and Cohnheim about 150 years ago [58, 59]. They observed histologi-

cal similarities between the embryonic tissue and certain types of cancer such as

teratocarcinomas with respect to their enormous capacity for both proliferation

and differentiation, albeit aberrant differentiation in the case of tumors. Their

observations led to the hypothesis that cancer results from the activation of

dormant embryonic tissue remnants – the ‘‘embryonal rest hypothesis.’’ Van R.

Potter and Barry Pierce revisited these ideas and described cancer as ‘‘matura-

tion arrest of tissue-determined stem cells’’ or ‘‘blocked ontogeny’’ [60]. Somatic

stem cells are defined functionally by their dual abilities to self-renew (i.e.,

divide and produce undifferentiated transit-amplifying daughter cells at an

average of >1/division) in addition to generating the initial precursors of the

specialized end cells characteristics of the tissue, which the stem cell population

maintains. Because of its extensive and lifelong turnover, stem cells serve as a

tissue reservoir for the slow accumulation of oncogenic mutations and aberrant

epigenetic changes that perturb intrinsic mechanisms regulating normal cell

proliferation and differentiation leading ultimately to the acquisition of a full-

blown malignant phenotype.
Experimental models have identified several types of resident stem cells in the

normal lung with proliferative and regenerative potential [61–67]. Although

controversial, the stem (or progenitor) cell population of the human lung likely

includes the basal cells of the bronchi and bronchioles, Clara cells of the

bronchioles, and the type II pneumocytes of the alveoli. The cell types that

are exposed to and in which metabolic activation of tobacco-derived carcino-

gens takes place in the respiratory tract are likely the target cells for DNA

damage, tumor initiation, and subsequent development of lung cancer. It is

noteworthy that both Clara cells and type II alveolar pneumocytes are the

primary sites of xenobiotic metabolism involving the P450 cytochrome enzyme

activity in the respiratory epithelium. Implicitly, all known carcinogens in

tobacco smoke require metabolic activation for binding to DNA to cause

mutations.
Studies suggest that slowly renewing somatic stem cells are located within

specific microenvironments (niches) in tissue. The stem cell niche under normal

circumstances is a protective environment, but as we age the somatic stem cells

of this environment unavoidably suffer cumulative numbers of damaging

mutations to their DNA, leading them over the edge to tumorigenesis. Chronic

irritation and mucosal injury caused by exposure to cigarette smoke might

facilitate trapping of ‘‘stem cells’’ in a state of perpetual activation in an attempt
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to repair tissue damage, and subsequent genetic changes in the cells or the
inability to return to a quiescent period may result in the stem cell progressing
to a cancer stem cell [68, 69]. Several stem cell niches that are key in maintaining
the epithelial lining of lung tissues have been identified in the proximal and
distal airways of mice [70]. Recent studies from a transgenic mouse model
that conditionally expresses K-ras implicate a population of cells at the
region of the bronchiolar-alveolar duct junction that exhibits self-renewal
and differentiation, properties characteristics of stem cells as a putative
origin of lung adenocarcinomas [71].

Alternatively, cancer stem cells could be the result of transformation
events that involve the more mature differentiated cancer cells that acquired
stem cell-like functions through a process of de-differentiation [72–75].
Recent findings suggest that cancer stem cells may arise from a rare fusion
event [76]. Irrespective of the origin of cancer stem cells, these malignant
cells displays stem cell properties, notably the ability to self-renew and to
differentiate into a functional hierarchy of tumorigenic and non-tumorigenic
cells.

Cancer Stem Cells and Metastasis

Interestingly, the lung cancer SP cells are more invasive than non-SP,
suggesting that ‘‘stemness’’ may be related to invasiveness. These stem-like
cancer cells are more likely to metastasize, since they are more invasive and
angiogenic. The notion of migrating cancer stem cells has many important
implications. If cancer stem cells are key players in the metastatic process,
then the importance of targeting and neutralizing these cells is even greater.
The final stage in malignancy is the metastasis and is the main cause of
death for cancer patients. It is known that one of the crucial events to
malignancy that occurs before metastasis is the gain of migratory phenotype
at the expense of epithelial cell properties. This is referred as the epithelial
to mesenchymal transition (see Chapter 4). The EMT is a reprogramming of
the epithelial cells that results in the modulation to a mesenchymal pheno-
type [77, 78]. It has been speculated that cancer stem cells might undergo
EMT and thereby gain migratory and other properties that promote metas-
tasis [79]. This concept is proposed as a two-phase process in which ‘‘sta-
tionary’’ epithelial cancer stem cells acquire mesenchymal characteristics and
become migrating cancer stem cells. The combination of migratory and
‘‘stemness’’ properties integrates both tumor metastasis and initiation con-
cepts into one cell and potentially provides an explanation to the tumori-
genic progress. Since the putative cancer stem cell is more tumorigenic than
other cancer cells, their added increase in mobility enables them to initiate
tumors at distant sites from the primary tumor and adds to the importance
of developing cancer therapies that target these cells. The EMT is a
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reversible process; the migratory cancer stem cells with mesenchymal char-
acteristics can revert to an epithelial state at the site of metastasis for the
onset of proliferation and secondary tumor formation [80]. Furthermore,
invasiveness may also be associated with the interaction between cancer
stem cells and their niche [81, 82]. The niche consists of the supporting cells
surrounding the cancer stem cells. Notably, studies have shown that EMT
and the mesenchymal to epithelial (MET) programs can be triggered through
signals from the microenvironment [83].

Kaplan et al. investigated the relationship of niche formation andmetastasis
[84] and they observed that the initiation of a niche for metastasis was asso-
ciated with VEGFR1þ hematopoietic progenitor cells derived from bone mar-
row. Secreted factors from different types of primary tumor cells (melanoma
and lung cancer) into conditioned media mobilized these hematopoietic pro-
genitor cells toward future preferred sites of metastasis to form fibronectin-rich
cellular clusters. This remodeled themicroenvironment of the preferred site into
a more favorable, pre-metastatic niche before tumor cells were injected. Block-
ing the fibronectin-rich clusters by VEGFR1þ antibodies significantly inhibits
metastasis. This study suggests that communication between cancer stem cells
and target tissue microenvironment at distant sites occurs even before the
cancer cells even arrived at its target [79, 85, 86]. The tumor is sustained by
the initial pool of cancer stem cells and eventually secrete factors that form the
pre-metastatic niche at distinct sites. The metastatic cancer stem cells are
directed toward the pre-metastatic niche through chemo-attractants and other
homing factors. They then either proliferate into a metastatic lesion or enter a
quiescent period until reactivated to promote expansion into a secondary
tumor.

Implications for Treatments

While the concept of a ‘‘cancer stem cell’’ is gaining wide acceptance, an
alternative stochastic model has been proposed. This model predicts that
every cell within the tumor has the intrinsic ability to proliferate extensively,
but entry into the cell cycle is a stochastic event with low probability. The
model predicts that the tumor is relatively homogeneous, that every cell
within the tumor has equal ability to extensively proliferate, metastasize,
and regenerate a tumor, and that the stochastic events will cause these
cancer-initiating cells to be found in any two sorted cell fractions with
equal probability. Existing therapeutic approaches have been based largely
on the stochastic model, but the failure of these therapies to cure most solid
cancers suggests that the hierarchy or cancer stem cell model may better
explain treatment failure. For example, current lung cancer chemotherapy
regimens include a platinum compound in combination with taxane analo-
gues, gemcitabine, or vinorelbine. However, most of the patients that
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respond will relapse, with a median survival of 8–11 months [87]. The

current view is that relapse or progression is the result of clonal expansion

of drug-resistant malignant stem cells in the original heterogeneous tumor

cell population. Whether or not such resistant clones are present de novo or

are induced by chemotherapy is not known. However, the Goldie–Coldman

hypothesis, proposed more than 20 years ago, suggests that a small percen-

tage of cells in a tumor harbor intrinsic characteristics that make them

resistant to treatment [88].
The cancer stem cell hypothesis supports this premise by suggesting that

targeting differentiated cells will not achieve long-term remission or cure unless

the cancer stem cell phenotype is also targeted. In support of this, it has been

reported that humanAMLCD34+/CD38– progenitor cells are significantly less

sensitive to daunorubicin with respect to decreasing proliferation and the

induction of apoptosis when compared with the more committed CD34+/

CD38+ cells [89, 89a]. If the drug-resistant clones are indeed orchestrated by

the post-therapy residual ‘‘cancer stem cells’’ that escape treatment, then stra-

tegies to identify the ‘‘drug-resistant clones’’ may provide the experimental tool

to investigate the molecular properties of the clinically relevant malignant cell

population. This may in turn result in approaches to devise new molecular

targets or combination therapy. By targeting the cancer stem cell, the non-

specific therapeutic toxicity seen with conventional chemotherapy and the

cancer recurrences, which may arise from drug resistance within the cancer

stem cell, may be avoided. Cancer stem cells are more resistant to chemotherapy

drugs than the bulk tumor mass due in part to the elevated expression of members

of the ABC transporters [90, 91]. Therefore, in non-targeted therapies such as

chemotherapy, the co-administration of chemotherapeutics and inhibitors to ABC

transporters to sensitize cancer stem cells could be employed as a good defensive

measure to multi-drug resistance.
This new model for cancer will also likely impact our understanding of the

mechanism of radioresistance [92]. In fact, recent studies have proposed that

cancer stem cells can be more resistant to gamma irradiation and also exhibit a

difference in apoptotic response. Pharmacological inhibition of c-src tyrosine

kinase homologous kinase (CHK), an enzyme involved in the activation of

ataxia telangiectasia mutated (ATM) DNA repair pathway, renders the glio-

blastoma stem cells sensitive to radiation [93].
Cancer stem cells are likely defined by how they act in context [81] and

angiogenesis, the formation of new blood vessel is critical in providing the

blood supply of the cancer stem cells to support tumor growth [94]. For

example, the lung SP cells form larger and more vascular tumors than do

non-SP [54]. In glioblastoma, the cancer stem cells produce high levels of

VEGF than do other glioma cells [95]. Recent data suggest that glioblastoma

and various brain cancers exist and are maintained in aberrant rich vasculature

stem cell niches [96]. Therefore, therapies designed to inhibit the formation of

blood vessels could prove to be effective [97]. Anti-angiogenic drugs such as
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Bevacizumab (Avastin) and Cediranib (AZD2171) are already used in clinical
trial for lung cancer [98–101] and glioblastomas [102, 103].

In the era of tailored therapies, the cancer stem cell hypothesis suggests new
or altered avenues for drug development. Effective eradication of cancers may
require the targeting of cancer stem cells and eliminating the cancer stem cells
may be the new measure for all future cancer treatments. Thus, cell signaling
pathways required for the maintenance of cancer stem cells are candidate
‘‘druggability’’ targets for successful molecular therapy of cancer. There is
evidence that activated Notch, Wnt, Hedgehog, and Bmi-1 may be important
players in certain types of lung cancer. Studies have shown that these genes are
involved in the regulation of stem cells and may also play a role in cancer stem
cells. To suppress or eliminate cancer stem cells, these are potential targets to be
explored. These targets may synergize with preclinical agents such as gamma-
secretase and cyclopamine to increase efficacy.

Telomerase is upregulated in cancer stem cells [104] and SP of lung cancer
[54]. Emerging data suggest that normal stem cells may have longer telomeres
compared with cancer stem cell [105]; thus there may be a window of opportu-
nity to potentially target both lung cancer stem cells and more mature cancer
cells using telomerase-based therapies, hopefully sparing the normal stem cell
[105–107].

Finally, the cancer stem cell model has significant implications for the
design of future studies for early detection, risk assessment for metastasis,
and improving prognostic information. A recent study showed that a 186
‘‘invasive’’ gene signature obtained from gene expression profiling of breast
cancer stem cells was associated with a poor prognosis and with increased risk
of metastasis that has been reported not only in breast cancer but also in
several tumor types, including lung cancer [108]. These studies support the
view that the identification of cancer stem cell markers may provide valuable
predictive and prognostic information and of clinical relevance. The gene
signature associated with cancer stem cells could be validated for clinical
use, for example, stratifying patients into good and poor prognostics group.
Thus, lung cancer patients with poor prognosis could be targeted for more
aggressive chemotherapy and novel targeted therapy strategies, while those
patients with relatively favorable prognosis are spared from the non-specific
therapeutic toxicities.

In conclusion, the ability to isolate enriched cancer stem cell populations is a
major step forward, which could open the door to future studies where mechan-
isms involved in cancer stem cells can be investigated, which hopefully will yield
new diagnostic markers and targets, which will ultimately help in the treatment
of lung and other cancer. Implementation of the cancer stem cell concept should
offer a real possibility of long-term cure rather than current palliative therapy
for this challenging disease.
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Epithelial–Mesenchymal Transition

as a Mechanism of Metastasis

Katia Savary, Stefan Termén, Sylvie Thuault, Venkateshwar Keshamouni,

and Aristidis Moustakas

Abstract Mammalian embryonic cells form adhering cell sheets intercon-

nected via various intercellular junctional complexes. Gastrulation and

later stages of histo- and organogenesis depend on changes in develop-

mental stage, such as epithelial–mesenchymal transition (EMT), whereby

adherent cells disintegrate their intercellular contacts, organize their moti-

lity apparatus, and move to new locations in the developing body. EMT

generates transitory mesenchymal cells, which can differentiate into myofi-

broblasts or pericytes (in the case of endothelial–mesenchymal transition

(EndMT)), or feed the progenitor pools of cell lineages (e.g., blood,

muscle, bone, adipose, and neuronal). EMT is guided by cues from extra-

cellular signaling factors including mitogens, transforming growth factor b,
Notch, and Wnt. The signaling molecules can cooperate or act sequentially

to initiate transcriptional programs that involve many transcriptional reg-

ulators. Changes in gene expression lead to a reprogramming of epithelial

protein components and the generation of the mesenchymal progenitor

stage. EMT can also contribute to the progression of cancer, when the

same growth factor pathways reawaken embryonic transcriptional pro-

grams otherwise silenced in adult life. Induction of cancer cell EMT

generates rare transitory mesenchymal cells that support tumor growth,

remodel the tumor microenvironment, and facilitate tissue invasiveness and

metastasis. In that sense, cancer cells undergoing EMT have some of the

capacities that one would expect from the so-called ‘‘tumor-initiating

cells.’’ This makes EMT an attractive problem for medical research with

new therapeutic implications.
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General and Embryonic Aspects of EMT

Cell polarization in epithelial tissues is responsible for the organization of stable

adherens and tight junctions, desmosomes, and gap junctions. Such junctions

segregate the apical and basolateral parts of the cell and also define the routes of

intercellular communication. This architecture is dynamic. The process of

epithelial-to-mesenchymal transition (EMT) disintegrates or reorganizes the

adhesion complexes, favoring more labile cell–cell adhesion and communica-

tion with the extracellular matrix via focal adhesions [1–3]. The general features

of EMT include the downregulation/disorganization of the epithelial proteins

in adherens junctions, tight junctions or the cytokeratin filament network,

and the upregulation of mesenchymal proteins such as fibronectin, fibroblast-

specific protein 1, a-smooth muscle actin, vimentin, and N-cadherin. EMT

proceeds by establishing a mesenchymal proteome inside and outside the chan-

ging cell, thus aiding its capacity to migrate and penetrate through organized

tissues. In addition to embryonic development, EMT plays critical roles during

the pathogenesis of disease, such as metastatic cancer and fibrosis of the lung,

kidney, and liver [2–5].
EMT is a transitory state of cell differentiation which prepares cells for

further developmental remodeling. Accordingly, EMT can be reversed so that

mesenchymal progenitor cells differentiate into epithelial cells, especially after

migration and homing into new sites within an embryo or an adult organism.

Such a process is called mesenchymal–epithelial transition (MET) and occurs

during embryogenesis, tumor progression, and healing of fibrotic tissue [3, 4].

Finally, processes functionally similar to EMT take place during vascular

remodeling and are called endothelial–mesenchymal transitions (EndMT) [6].

Similar processes also affect the survival and differentiation of embryonic and

adult stem cells as we discuss later.
EMT, MET, and EndMT are differentiation programs operating under the

control of common and developmentally important signaling pathways [7, 8]

(Fig. 1). These include the receptor tyrosine kinase (RTK) pathways initiated by

mitogens like hepatocyte growth factor (HGF), fibroblast growth factor (FGF),

and vascular endothelial growth factor (VEGF); the receptor serine/threonine

kinase (RS/TK) pathways initiated by transforming growth factor b (TGFb)
family members; the Notch receptor; and furthermore the Wnt and Sonic hedge-

hog (Shh) family pathways. The main role of all such signaling mechanisms is to

regulate gene expression and establish a group of transcription factors, which in

turn elicit the phenotypic change outlined as EMT. Known transcriptional

mediators of EMT include the zinc finger factors Snail1 and Snail2; the ZEB

family factors ZEB1 and ZEB2; and the basic helix-loop-helix (bHLH) factors

E47, E2-2, andTwist together with the inhibitors of differentiation/DNAbinding

(Id) [9] (Fig. 1). In this chapter, we summarize the current view on the signaling

pathways and the transcription factor programs that regulate EMT.Wehighlight

the role of EMT in tumor progression and metastasis.
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During embryogenesis, EMT enables cells to populate and establish tissues
in distant embryonic regions, while during malignant tumor progression EMT
empowers cancer cells with metastatic potential. In vivo evidence of EMT has
been extensively documented during embryogenesis. Here, we summarize the
requirement of EMT at different stages and locations of the developing embryo
with the aim to compare these physiological EMTprocesses to those involved in
the pathogenesis of fibrosis or cancer in the adult.

EMT Induces Mesoderm Formation During Gastrulation

Early-stage embryos are composed of two major cell layers, the ectoderm (or
epiblast) and the primitive endoderm (or hypoblast). Following gastrulation, a
third intermediate cell layer, the mesoderm, is formed. While gastrulation in

Fig. 1 Overview of the major
actors involved in the process
of EMT. TGFb, Notch,
Wnt, HGF, and FGF
signaling pathways induce
EMT. Each ligand uses a
specific plasma membrane
receptor (shown in ovals) and
intracellular transducer.
These signaling pathways
regulate a set of transcription
factors such as members of
the Snail zinc finger family,
the ZEB family, the bHLH
family members Twist, and
E47/E12 (shown in a
rectangle). These factors then
repress expression of
epithelial markers such as
E-cadherin and induce
expression of mesenchymal
markers such as vimentin
(described in the table;
arrows indicate how gene
expression is regulated),
leading to changes in cell
morphology and migratory-
invasive capacities. The
cuboidal, polarized epithelial
cells generate via EMT
elongated or star-like
mesenchymal cells with an
increased capacity to invade
through the matrix

EMT in Lung Cancer 67



amphibians and fish involves movements of epithelial cell sheets, in birds and
mammals it involves the convergence of epiblast cells at the midline of the
embryonic disc and their ingression through the primitive streak to form the
underlyingmesoderm and the definitive endoderm [10]. This ingression is highly
dependent on EMT since it requires that single epiblastic cells delaminate and
migrate through the epiblast layer. FGF promotes this EMT process by binding
to its tyrosine kinase receptor. Indeed, embryos with mutated FGF8 and its
receptor FGFR1 display gastrulation defects in which the mesoderm fails to
form or migrate away from the primitive streak [11–13]. Snail1, Snail2, and
ZEB2 mediate the effects of FGF on EMT during gastrulation by directly
repressing the expression of E-cadherin and inducing N-cadherin [14–17].
This crucial developmental role for Snail family members is also highlighted
by the Snail1 mouse knockout, which is embryonic lethal due to mesodermal
defects during gastrulation [18]. Another potent inducer of EMT during gas-
trulation is Wnt, as targeted null mutation of Wnt3a impairs the formation of
paraxial mesoderm in the gastrulating mouse embryo [19]. Wnt3a signals via
b-catenin and its nuclear partner LEF-1 to maintain the expression of the
mesodermal marker brachyury during gastrulation [20].

EMT Induces Formation of Neural Crest Cells

Neural crest cells show multipotency, are capable of some self-renewing deci-
sions, and are often considered as stem cells (21a). They constitute an important
transitory tissue, characteristic of vertebrate embryos, and derive from the
ectoderm at the end of the neurulation stage [21]. These cells arise from the
dorsal region of the neural tube or ‘‘neural plate’’ about the site and period of its
closure and delaminate from the neuroepithelium consecutively to an EMT
process [22]. During this EMT some of the neuroepithelial cells change shape
and properties acquiring a highly motile mesenchymal phenotype crucial for
their subsequent series of migrations throughout the embryonic body [23]. They
give rise to an amazing array of ectoderm-derived cell types, comprising almost
all of the peripheral neurons and glial cells, the melanocytes, vascular smooth
muscle and cranial cells, depending on the signals they receive during their
migration and their final location in the body. Moreover, the ability of neural
crest cells to respond to their microenvironment is easily reactivated in their
descendants during post-natal life, leading to the development of highly inva-
sive tumors such as melanomas or gliomas. In this context, understanding the
signaling pathways that control early neural crest cell development, especially
EMT, may help to understand similar processes involved in tumor metastasis
and possibly in cancer stem cell biology.

The EMT signals that control neural crest formation have been studied pri-
marily in avian and Xenopus models. Among these signals, bone morphogenetic
protein (BMP), Wnt, and FGF signaling pathways play critical roles in inducing
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neural crest cell specification and delamination from the neural tube [21, 22].

These morphogenetic factors regulate early expression of Snail family transcrip-

tion factors, cell adhesion molecules, cytoskeletal regulators, and extracellular

matrix components implicated in the delamination and early migration events of

the neural crest cells [24]. The current model of neural crest formation proposes

that a precise gradient of BMP spatially restricted to the border of the neural plate

operates together with active Notch signaling. Afterward the anterior neural folds

receive FGF, Wnt, and retinoic acid signals, resulting in delamination of neural

crest cells.

EMT in Palate Formation

The development of the palate during the 6th–9th week of human gestation

starts with the formation of two palatal shelves on the maxillary prominences.

The elevated palatal shelves fuse together to form one continuous structure

with the medial edge epithelium, which results in the formation of the roof of

the mouth or ‘‘hard palate.’’ This fusion requires a specialized EMT process

which is mainly attributed to the action of TGFb3, since mice lacking the

Tgfb3 gene exhibit a failure of secondary palate development known as the

‘‘cleft palate phenotype.’’ TGFb3 mediates mouse palatal EMT via the Smad

pathway, which leads to upregulation of the transcription factor LEF1, a

protein best known for mediating Wnt signaling pathways in different tissue

contexts [25]. A recent analysis of the functions of Snai11 and Snail2 genes

during mouse development showed that approximately 50% of Snail2–/– mice

present a cleft palate phenotype at birth, and the penetrance of this phenotype

increases to 100% when crossed to a Snai11 heterozygous background

[26]. These findings emphasize again the importance of Snail genes during

palatal EMT.

EMT in Heart Morphogenesis

In chicken and mouse, the heart valve and septa form after a prominent

EMT process in which intracardial cells respond in a sequential manner to

Notch signaling. Notch induces TGFb2 expression, which then further

induces Snail1 expression and subsequent repression of E-cadherin (reviewed

in [27]). In epithelial cell models in vitro, TGFb1 induces transcription of

Notch family ligands like Jagged1 and Delta-like4, which then activate Notch

signaling [28, 29]. The coordinate action of TGFb and Notch is therefore

required for the establishment of EMT and of cell cycle arrest in epithelial

cells of the epidermis.

EMT in Lung Cancer 69



Epithelial and Mesenchymal Reciprocal Interactions in Embryonic

Lung Morphogenesis

Reciprocal interactions between epithelial cells (derived from the foregut endo-
derm) and surrounding mesenchyme (derived from the splanchnic mesoderm)
are essential in different aspects of lung development (morphogenesis, vasculo-
genesis, and maturation) [30]. During lung morphogenesis, these interactions
lead to patterning of the respiratory tree through a process of tubular branching
similar to the one observed during kidney morphogenesis, which includes
epithelial extension, epiboly, sheet closure, and EMT. As suggested initially
by grafting experiments [31], and then by gene mutations in the mouse
(reviewed in [32]), mesenchymal cells deliver paracrine factors that modify
epithelial cell movements, proliferation, and differentiation during lung mor-
phogenesis. Some of these factors are also implicated in the development of
pathologies such as lung carcinoma or fibrosis of the adult organ.

These factors include members of the FGF, TGFb, Shh, epidermal growth
factor (EGF), and platelet-derived growth factor (PDGF) families. As a general
rule, FGF, EGF, or PDGF signaling through RTK receptors tends to promote
proliferation and differentiation, whereas TGFb or BMP signaling throughRS/
TK receptors tends to oppose these effects [30]. Glucocorticoids and retinoids,
hormones that increase cyclic AMP formation, also play important roles in
branching morphogenesis, alveolar development, and cellular differentiation
but will not be further discussed here.

Factors Secreted by the Mesenchyme

Among the key mediators of these mesenchymal–epithelial interactions are
FGF family members. Particularly, the importance of FGF10 in lung morpho-
genesis has been revealed by the absence of bronchi and lungs inmouse embryos
homozygous for a deletion in the Fgf10 gene [33, 34]. FGF10 produced by the
mesenchyme surrounding the lung buds binds to FGFR2 that is uniformly
expressed in the endoderm and increases epithelial cell motility and prolifera-
tion, thus promoting lung bud extension (outgrowth of the epithelium) [35].
Another member of the FGF family, FGF7, or keratinocyte growth factor,
KGF, is produced by the mesenchyme early in lung development and binds to
the same FGFR2 receptor. FGF7 appears to be important in lung development
by acting as a proliferation factor for the lung epithelium [36].

Factors Secreted by the Epithelium

Various members of the TGFb superfamily play different roles during lung
morphogenesis. Tgfb3 knockout mice display abnormal lung development [37],
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and exposure of lung primordia to exogenous TGFb1 decreases branching
morphogenesis and formation of saccular buds in vitro and in vivo [38, 39].
This inhibitory effect of TGFb ligands on lung branching morphogenesis is a
consequence of activation of the TGFb receptor TGFbRII and its downstream
signaling effectors, Smad2, Smad3, and Smad4, since abrogation of signaling by
these proteins results in increased embryonic lung branching morphogenesis in
vitro [40, 41].

BMP4, another member of the TGFb superfamily, is highly expressed in the
lung bud epithelium and to a lesser extent in the mesenchyme [42]. BMP4
inhibits epithelial cell proliferation and induces differentiation at the tips of
the end buds that facilitates branching [43]. As BMP4 is secreted in response to
FGF10, it partially counteracts the effects of FGF10 on epithelial cell motility
and proliferation both spatially and temporally.

Sonic hedgehog is secreted by the foregut endoderm and at high levels in the
epithelial regions where branching occurs [42, 44]. Shh signals via the
patched-smoothened receptor complex located at the mesenchyme [45], where
it stimulates mesenchyme proliferation and decreases FGF10 production [46,
47]. An inappropriate expression of Shh in the lung epithelium results in
increased epithelial and mesenchymal proliferation and a lack of functional
alveoli in transgenic mice [48]. Moreover, Shh–/– mutant mouse embryos lack
the dorsoventral separation of the esophagus and trachea and display abnormal
lungs due to an absence of branching morphogenesis and reducedmesenchymal
proliferation. Downstream of the patched-smoothened receptor complex, Shh
effects are mediated by Gli transcription factors. Indeed, all three transcription
factors (Gli1, Gli2, and Gli3) are expressed in the lung mesenchyme in different
spatiotemporal patterns during lung development and play essential roles in the
development of the trachea, esophagus, and lungs [49]. Moreover, the simila-
rities in the tracheal/esophageal phenotypes of the Gli2�/�, Gli2�/�/Gli3+/�

double-knockout and Shh�/�mouse embryos suggest that transcription factors
Gli2 and Gli3 mediate the effects of Shh on the development of these structures
[49, 50]. Transgenic mouse studies also suggest that Gli1 may mediate Shh
regulation of patched expression [50]. Finally, it is also interesting to note that
the defects in lung morphogenesis and tracheal/esophageal separation in
Shh�/� and in Gli2�/�/Gli3+/� double-knockout embryos are highly similar
to those observed in the double-knockout mice for retinoic acid receptors
(Rara1�/�/Rarb2�/�), suggesting an interrelationship of Shh, Gli, and RA
signaling pathways in lung development.

Factors Secreted by the Mesenchyme and the Epithelium

EGF is produced by epithelial and mesenchymal cells in the developing lung.
Targeted deletion of the gene encoding the EGF receptor (EGFR) in mice was
found to have highly variable effects on lung morphogenesis depending on the
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genetic background, and the mice died either at an embryonic stage or soon
after birth, due to a general growth retardation [51]. However, neonatal
EGFR–/– mice often show evidence of lung immaturity which results in visible
respiratory distress. The lungs of these mutant mice have impaired branching
and deficient alveolization and septation [52].

Similarly, PDGF-A, which is produced by the developing lung epithelium
and binds to the PDGFaR in the mesenchyme, plays a critical role in alveolo-
genesis by regulating proliferation and migration of smooth muscle cells sur-
rounding developing alveoli [53]. Indeed, whereas the targeted deletion of the
PDGF-B gene in mice had no apparent effects on lung development, mice
homozygous for targeted deletion of the PDGF-A gene have some defects due
to abnormal septation [53].

To conclude, it is apparent that major signaling pathways involving several
RTKs, Notch, Wnt, and TGFb family members provide primary input to
various embryonic EMT events that are critical during the patterning of
many organs and tissues.

EMT in the Context of Cancer Progression

One of the earliest changes in the transformation of epithelial cells toward a
carcinoma phenotype is the loss of cell–cell adhesions and cell polarity, which
also constitutes the first step in the EMT program (Fig. 2).

Receptor Tyrosine Kinase Signaling in the Establishment of EMT

The oncogenic pathways involving RTK signaling are involved in regulating
those cell–cell interactions formed by tight junctions and adherens junctions,
which are critical for the stability and function of epithelial sheets [54]. It has
been suggested that RTK activation participates in the EMT program by
rendering the tight junction leaky and thus allowing access of TGFb to its
receptor, one subunit of which would otherwise remain segregated in the tight
junction [55]. This reflects the current idea of an integrated action by various
signaling proteins that control the EMT process. In fact, growth factors that
activate RTK receptors were the first extracellular molecules that were identi-
fied as promoters of EMT through activation of the extracellular-regulated
kinase (Erk) members of theMAPK signaling cascade. For instance, HGF that
signals via the RTK c-Met initiates a complex signaling cascade that involves
the recruitment of several adaptor proteins and the activation of signal trans-
ducers including the Erk MAP kinases. HGF signaling results in important
modifications of the extracellular matrix (ECM) through induction of several
ECM proteins and MMPs, which change cell–ECM and cell–cell interactions
through regulation of integrin and cadherin expression and function [56].
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Constitutive Erk activation was shown to be essential for complete EMT in

both in vitro and in vivo models of epithelial tumor metastasis [57–61]. Recent

data suggest that HGF also activates EMT through regulation of the transcrip-

tion factor Snail1 [62]. Similarly, FGFmediates EMT via activation of its RTK

receptor [63] and possibly by enhancing TGFb signaling. Indeed, recent work in
Xenopus embryos showed that FGF signaling promotes mesodermal differen-

tiation by enhancing embryonic TGFb/nodal signaling [64]. In this case, FGF

binding to its receptor leads to activation of FGFR/MAPK signaling that

Fig. 2 Phase-contrast and immunofluorescence microscopy of human lung adenocarcinoma
A549 cells. Epithelial cell clusters become mesenchymal, elongated, and migratory cells in
response to TGFb1 for 72 h. The adherens junction marker E-cadherin decorates the polar-
ized lung epithelial cells, while the mesenchymal intermediate filament marker vimentin
decorates the migratory elongated cells. Nuclei are counterstained using 40,60-diamidino-2-
phenylindole (DAPI)
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induces p53 N-terminal phosphorylation, enabling the interaction of p53 with
the TGFb-activated Smads in the nucleus. Critical gene targets of this
regulatory cascade that mediate the EMT response remain to be elucidated.

In addition to Erk MAPKs, phosphatidylinositol-30-kinase (PI3K) is also a
key inducer of EMT downstream of RTK receptors. However, PI3K is
activated not only by growth factors but also by integrin receptors and small
GTPases of the Rho family that control cytoskeletal organization, and thus it
integrates various extracellular signals [65, 66]. Finally, RTKs stimulate the p38
MAPK, whose implication in EMT during embryogenesis was recently high-
lighted. During gastrulation, FGF/Snail1 and p38/p38-interacting protein
(p38IP) pathways act independently but eventually converge to downregulate
E-cadherin expression leading to EMT, the former at the mRNA and the latter
at the protein level [67]. In this example, both pathways play important roles
since disruption of either FGF/Snail1 or p38/p38IP in the mouse results in
defective gastrulation.

TGFb as a Central Regulator of EMT

Whereas the above-mentioned oncogenic pathways involving RTKs playmajor
roles at the early stages of EMT, additional signals were shown to be necessary
for the establishment of a full EMT program that results in the mesenchymal
and migratory phenotype characteristic of invasive carcinoma cells (Fig. 1).
Critical evidence that EMT induced by oncogenic stimuli depends on TGFb
signaling comes from the observation that TGFb inhibitors are capable of
blocking EMT induced by oncogenes like ras or raf in various models of
carcinoma. Interestingly, TGFb inhibitors also block invasiveness and metas-
tasis [59, 60, 68–70]. TGFb1 has been described as a potent inducer of EMT in
various epithelial cells derived from normal breast, proximal tubules of the
kidney, lens, and more recently lung alveoli [71–73]. Moreover, TGFb
establishes a link between the cell cycle and the EMT program, although this
link seems to be cell type dependent. In vitro, TGFb arrests the epithelial cell
cycle at the early G1 phase, while inducing EMT [72]. In vivo, carcinomas
secrete abnormally high amounts of TGFb, which acts on the surrounding
stromal cells, and thus provokes loss of growth suppressive and pro-apoptotic
responses to TGFb via the action of stromal-derived cytokines, which can also
induce EMT [74]. Mechanistically, the ability of TGFb to induce cytostasis and
apoptosis or survival and EMT was shown to depend on the stage of the cell
cycle of the responding epithelial cell [75]. In other words, EMT was associated
with the G1/S transition whereas apoptosis with the G2/M transition, an
interesting scenario worth examining in vivo during cancer progression.
Using novel fluorescent probes that mark the cell cycle stage in culture and in
live animals, it has once again been confirmed that migratory and invasive cells
that undergo EMT are arrested in the G1 phase of the cell cycle and thus it is
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definitively established that carcinoma cell migration and EMT do not involve
concomitant cell proliferation [76].

TGFb signals through type I and type II RS/TK receptors and via a so-called
canonical intracellular pathway that involves the Smad effectors, which regu-
late transcription of many genes that play critical roles in the control of cell
proliferation, apoptosis, differentiation, EMT, and cell migration [77]. The role
of Smad proteins during TGFb-induced EMT has been amply demonstrated.
We have shown that EMT could be induced by signaling pathways of the
TGFb/activin branch that activate Smad2/Smad3, whereas pathways of the
BMP branch that activate Smad1/Smad5/Smad8 have opposite effects on EMT
in normal mammary and lens epithelial cells [72, 78, 79]. In mouse models
expressing either mutant Smad proteins that block endogenous Smad signaling,
Smad-specific RNA interference (RNAi), tissue-specific Smad knockouts or a
mutant TGFb type I receptor that retains kinase activity but cannot activate
Smad2 or Smad3, TGFb-induced EMT was effectively blocked (reviewed in
[80]). For example, Smad4 is indispensable for the transcriptional mechanism
that downregulates E-cadherin expression in response to TGFb [81]. RNAi
experiments targeting Smad4 in cultured cell models and tissue-specific knock-
out of Smad4 in the mammary gland and the pancreas have all confirmed an
important role of Smad4 in the EMT of these epithelial tissue types [82–84]. On
the other hand, Smad2 and Smad3 are thought to play different roles depending
on the developmental context. For example, mouse liver-specific inactivation of
Smad2 and Smad3 confirmed that Smad3 but not Smad2 was required for EMT
in hepatocytes [85]. In contrast, Smad2 seemed to counteract the EMT
response, preventing hepatocyte de-differentiation. In another model of
human kidney tubular epithelial cells, the decrease in E-cadherin was Smad3-
dependent, whereas the increase in MMP2 was Smad2-dependent, and the
induction of a-smooth muscle actin (a-SMA) was dependent on both Smad2
and Smad3 [86]. In addition, Smad signaling induces ligands of the Notch and
Wnt pathways, which are further required for the establishment of EMT [87].

Besides the canonical Smad pathway, TGFb activates Erk and p38MAPKs,
PI3K, and small GTPases of the Ras and Rho family that contribute to both
gene regulation and cytoplasmic signaling involved in cell motility, apoptosis,
and EMT [88]. Some selected examples include the serine/threonine protein
kinase A (PKA), which is required for TGFb1-induced apoptosis and EMT
together with STAT3 [89]. Furthermore, some of the non-Smad signaling path-
ways establish cross talks with the canonical Smad pathway. For instance, there
is evidence for cross talk between the integrin receptors and the TGFb for the
activation of the p38 MAPK, which in turn contributes to EMT [90, 91].
Integrin-linked kinase (ILK) gene expression can be induced by Smad signaling
[92] and ILK contributes to TGFb-induced EMT [93]. This is also the case for
NF-kB activation, which cooperates functionally with Smad signaling during
EMT [94]. In conclusion, non-Smad and Smad signals activated by TGFb
participate in the establishment of the EMT program that generates the
mesenchymal phenotype characteristic of invasive carcinoma cells.
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Downstream of these TGFb signaling pathways a plethora of genes are
involved in EMT as shown in vitro by genome-wide expression analyses and
in vivo using models of invasive carcinoma [72, 95–99]. Among these down-
stream genes, we can distinguish the direct targets of TGFb, which encode
transcription factors that control the EMT differentiation switch, from the
genes that define the phenotypic changes associated with EMT.

A Transcriptional Program Governing EMT

In most cell types, it is accepted that TGFb induces expression of the transcrip-
tion factors Snail1, Snail2, Twist, and other bHLH proteins, which are potent
repressors of all genes that contribute to the epithelial phenotype, and particu-
larly of genes implicated in cell–cell interactions such as E-cadherin, claudins,
connexins, occludin, and ZO-family genes [100]. Moreover, microarray screens
have identified regulators of actin dynamics downstream of TGFb, such as the
guanine exchange factor NET1, which leads to sustained activation of Rho
GTPases and thus supports actin reorganization, and various tropomyosin
genes [101, 102].

Snail1 expression is induced by TGFb via both Smad3-dependent and Erk
MAPK-dependent signaling [103, 104]. Downstream of the TGFb/Smad
signaling pathway, our group identified the high mobility group factor
HMGA2 as a new regulator of EMT in mammary epithelial cells [105]. Inter-
estingly, this regulator of mesenchymal differentiation is also highly expressed
in a number of tumors. HMGA2 also induces expression of the transcriptional
regulators Snail1, Snail2, Twist, and represses expression of Id2. Id proteins
bind to bHLH transcription factors and prevent them from binding to DNA.
Ids have been shown to inhibit EMT and to be repressed by the TGFb/Smads
pathway [79, 106]. For example, Id2 repression by TGFb allows the bHLH
factors E12/E47 to bind to and repress the E-cadherin promoter at its E-box
motif [79, 106]. On the other hand, the BMP/Smad pathway strongly induces
and stabilizes the Id proteins and consequently preserves epithelial differentia-
tion [79, 107]. In agreement with this molecular model, BMP induces MET in a
dominant fashion relative to TGFb, which mediates EMT [4, 79, 108, 109].
These opposite effects of BMP and TGFb seem to rely mainly on the levels of
Ids in epithelial cells.

In addition to the above-mentioned transcription factors, the two-handed
zinc finger/homeodomain proteins ZEB1 and ZEB2 interact with Smads to
form repressor complexes on the E-box region of the E-cadherin gene but also
on other genes [110–112]. Finally, the bHLH proteins E12/E47 and Twist and
high-mobility group box-containing proteins (e.g., LEF-1) become involved in
the EMT response to TGFb, which as described above, often involves the
intimate cross talk with other pathways such as PDGF and Wnt [9, 25, 99,
113, 114].
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As previously mentioned, EMT is a multistep program and the loss of
epithelial adhesion molecules does not necessarily lead to a complete EMT.
Downregulation of epithelial markers should be accompanied by an upregula-
tion of mesenchymal markers such as a-SMA, fibronectin, vimentin, and
MMP. This again involves Smad- and non-Smad pathways of TGFb activa-
tion. Interestingly, some of the transcription factors that are responsible for
downregulation of the epithelial markers seem to be required for the induction
of the mesenchymal phenotype. For example, Snail1 induces expression of
fibronectin or vitronectin [100]. This is, however, not the case for Id2 which
represses E-cadherin but fails to induce a-SMA, fibronectin, or MMP2 when
overexpressed [115]. Possibly the two most clear demonstrations of transcrip-
tion factors that mediate the mesenchymal program of differentiation during
EMT known so far are the forkhead family protein FoxC2, whose expression
can be induced by TGFb, albeit in an indirect manner that involves long time
periods [116], and the fibroblast-specific protein (FSP1) that is transcriptionally
induced by other factors such as CArG box-binding factor-A (CBF-A) and
KRAB-associated protein 1 (KAP-1) [117]. Further dissection of the mesench-
ymal differentiation program during EMT is therefore amply warranted.

EMT and Lung Cancer

Lung cancer is the leading cause of cancer death in the United States, with 80%
of patients dying of this disease [118]. Sadly, this is virtually unchanged over the
past 20 years [119]. Lung cancer is difficult to cure because it has an ability to
metastasize early in the lungs and to distant organs, and similarly to most other
cancers, the vast majority of lung cancer-related mortality is due to metastatic
disease. It follows that there is a great need to understand the process of
metastasis in lung cancer in detail.

In order to metastasize, lung cancer cells must change from an epithelial to a
mesenchymal phenotype, because mesenchymal cells are empowered with
migratory and invasive capacities. The role of EMT during lung cancer pro-
gression, unlike many other types of advanced solid tumors, is not yet fully
established, despite some prominent emerging cases that we discuss here. Lung
tumor cells often secrete TGFb in an autocrine fashion, which could serve as a
driving force toward EMT. The general hypothesis states that lung tumors
should gain this ability usually in later stages of cancer development, so there
is a chance that lung cancer EMT is discovered in time to effectively treat the
patient with EMT inhibitors. But in order to achieve that, we need to under-
stand the process of EMT in lung tumors better. Facts have now started to
emerge in the literature.

In A549 lung adenocarcinoma cells that retain characteristics of alveolar
type II epithelial cells, TGFb1 induced EMT by downregulating E-cadherin
and upregulating fibronectin, MMP-2, connective tissue growth factor (CTGF)
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and collagens, decreasing cell-to-cell contact, and causing elongation [120].
Smad2 siRNA knockdown diminished the EMT process as expected. Using
the same A549 cell model and a quantitative differential proteomic analysis to
compare TGFb-treated and untreated cells, for the first time it was shown that
TGFb treatment enhanced the migratory and invasive abilities of these cells
[121] (Fig. 2). Hallmark EMT markers were up- or downregulated as expected
and elongation and cell scattering were observed. Although not identified in the
screen itself, p53 is proposed as a node in the network of proteins that orches-
trate the EMT response. p53 is known to be involved in TGFb signaling [122],
but its role in EMT has not been investigated.

In a final study of lung A549 adenocarcinomas, among several growth
factors investigated, TGFb1 induced cell elongation the most, while EGF
induced the most extensive cell scattering [123], the latter being in agreement
with a previous study [124]. In addition and similar to breast and pancreatic
cells, plating A549 cells on collagen I induced EMT, which was dependent on
Smad signaling. Monitoring TGFb production revealed that expression of
TGFb1 and TGFb2 was unchanged, while TGFb3 was upregulated and
secreted by A549 cells in an autocrine fashion. Inhibitor studies identified
PI3K and ERK pathways to be activated in the TGFb3 induction by collagen
I, and the same was true for TGFb3 induction by EGF. The major conclusion
from these studies is that interaction of cells with collagen I and with growth
factors in the ECM activates both RTK and integrin receptor pathways. These
pathways converge on downstream PI3K and ERK signaling pathways to
induce autocrine secretion of TGFb3 which activates the TGFb receptors to
induce EMT via Smads. Similar to adenocarcinoma cells in vitro, immortalized
normal epithelial cells (HPL1) isolated from human lung have also been shown
to undergo a robust EMT phenotypic response after exposure to various TGFb
and activin isoforms, which occurs concomitantly to the growth arrest response
of these cells [72, 125]. However, to this date, no specific signaling pathways or
transcriptional regulators have been analyzed in such more normal lung epithe-
lial cell models.

Signs of EMT during lung cancer progression have been described in an in
vivo rat model of silica-induced carcinogenesis [126]. In this model, the devel-
opment of tumors and their protein expression over time could be followed. In
the adenocarcinomas and squamous cell carcinomas developed by the host
animals, expression of adherens junction components E-cadherin, a-, and b-
catenin was significantly reduced compared to the normal and hyperplastic
bronchiolar epithelium, but type II pneumocytes, expressed very low levels of
these proteins in the normal state. Expression of tight junction protein ZO-1
also went down in this model comparing normal and diseased states of epithelial
cells. Mesenchymal markers N-cadherin and the class III intermediate filament
vimentin, not normally expressed in lung epithelial cells, were expressed in one
third of the tumors studied and were always co-expressed with epithelial mar-
kers. Interestingly, these mesenchymal markers were not expressed in preneo-
plastic lesions, thus appearing at a rather late stage of tumor development.
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These reports have begun to address the important issue of EMT in lung
cancer and hold some very promising results. However, more studies are
needed, especially using animal models of lung cancer that focus either on
primary tumor growth or on lung cancer metastasis. Such future studies may
allow us to better address the signaling pathways that need to be targeted
specifically in the lung in order to prevent this dangerous tumor cell fate.

EMT and Tumor–Stromal Interactions

Since the very early days of cancer research pathologists described a common
morphological pattern between the tumor stroma and stromal reactions known
to occur during wound healing and inflammatory disorders [127]. It therefore
becomes increasingly accepted that a comparison between wound healing,
inflammation, and cancer has a direct impact on the understanding of the
complex biology of tumor stroma [128]. Fibroblast-like cells enriched in the
tumor stroma resemble smooth muscle cells and thus have common phenotypic
features, including contractile properties, with the specialized fibroblasts in the
granulation tissue generated during the wound healing process. The intermedi-
ate phenotype of such cells that is between smooth muscle cells and fibroblasts
coined their name ‘‘myofibroblasts,’’ whose biology is better understood in the
context of inflammatory processes [127]. Such activated myofibroblasts do not
only participate in pathological processes, but seem to contribute to the normal
physiology of diverse adult tissues. Since not all fibroblast-like cells abundant in
the tumor stroma are myofibroblasts, i.e., express a-SMA, a more inclusive
term for all fibroblasts within a tumor is cancer-associated fibroblasts (CAFs),
irrespective of their origin and phenotype. TGFb is a key mediator of myofi-
broblast differentiation in vitro and in vivo and is therefore considered to play a
central role in tumor stroma formation [74]. While TGFb acting in a paracrine
manner is best known for its tumor-promoting effects (see above), two recent
studies provide evidence for the opposite. Namely, when the TGFb type II
receptor was specifically knocked out from fibroblasts, the otherwise phenoty-
pically inconspicuous mice developed neoplastic lesions in the prostate and the
forestomach after a few weeks, suggesting that paracrine TGFb could indirectly
suppress tumorigenesis [129]. Furthermore, in TGFb receptor-negative fibro-
blasts from such mice, when co-injected with mammary carcinoma cells into
nude mice, the resulting tumors exhibited enhanced growth due to more rapid
angiogenesis, increased cell proliferation, and decreased apoptosis [130]. Thus,
TGFb seems to act in a manner that it remodels the tumor environment,
possibly based on the central action of CAFs. The cellular mechanism by
which CAFs influence tumor progression via the TGFb pathway remains not
yet fully understood.

HGF is known to be secreted from stromal cells of various tumors, while the
HGF receptor, c-Met, is expressed by carcinoma cells [131, 132]. HGF and c-Met
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are well-known markers of advanced cancer that exhibits poor prognosis [133,
134]. TGFb and PDGF are primary upstream regulators of HGF secretion by
tumor mesenchymal cells. A two-way paracrine mechanism between fibroblasts
and carcinoma cells seems to link the actions of TGFb and HGF [135]. In these
experiments, TGFb or conditioned medium from cancer cell lines can induce
differentiation of primary fibroblasts to myofibroblasts, leading to enhanced
HGF secretion. HGF then acted on the squamous carcinoma cells enhancing
their invasiveness. On the other hand, a more established role of TGFb is to
suppress HGF secretion [136]. These examples underline the complexity of para-
crine actions taking place within the tumor microenvironment. Despite that, the
commonalities between signaling events in the tumor stroma and in tissues
suffering from chronic inflammation are remarkable.

Histologically, tissue fibrosis is defined by the overgrowth, hardening, and/or
scarring of various tissues and is attributed to excess deposition of extracellular
matrix components including collagen, as a result of tissue injury or a variety of
stress stimuli including persistent infections, autoimmune reactions, allergic
responses, chemical insults, or radiation. Although therapeutic treatments typi-
cally target the inflammatory response, the mechanisms driving fibrogenesis are
likely to be distinct from those regulating inflammation and some studies have
even suggested that ongoing inflammation is needed to reverse established and
progressive fibrosis. Numerous molecules have been identified as important
regulators of fibrosis and are being investigated as potential targets of antifibrotic
drugs, including cytokines, chemokines, angiogenic factors, growth factors,
peroxisome proliferator-activated receptors, acute phase proteins, caspases, and
components of the renin–angiotensin–aldosterone system [137]. Increasing
evidence supports the idea that EMT is also an important process that promotes
fibrosis in various adult tissues, including the lungs [138–141]. It is therefore
possible that EMT represents one of the common biological mechanisms that
link cancer progression to chronic inflammation and fibrosis [5].

The myofibroblast is believed to play a central role during the pathogenesis
of lung fibrosis. Once activated, myofibroblasts acquire a spindle or stellate
morphology with intracytoplasmic stress fibers, a contractile phenotype, and
express mesenchymal markers such as a-SMA and collagen and become major
contributors to the secreted extracellular matrix [142]. Myofibroblasts also
participate in the structural remodeling and the destruction of alveocapillary
units associated with the development of lung fibrosis [143]. Various different
mechanisms can activate these myofibroblasts such as paracrine signals derived
from lymphocytes and macrophages and pathogen-associated molecular pat-
terns derived from pathogenic organisms that interact with pattern recognition
receptors (i.e., Toll-like receptors).

These myofibroblasts can be generated from various cell types. The most
obvious source of myofibroblasts is resident lung fibroblasts [144]. These locally
produced myofibroblasts were originally believed to be the primary producers of
ECM components following injury. Now we know that fibroblasts can originate
from multiple tissues besides the lung. They differentiate from circulating bone
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marrow-derived progenitors, also called ‘‘fibrocytes’’ due to their fibroblast/
myofibroblast-like phenotype (they express CD34, CD45, and type I collagen)
[144–148]. They may also derive from alveolar epithelial cells that have under-
gone EMT [148–150]. Recently it was even demonstrated that endothelial–me-
senchymal transition (EndMT) can generate myofibroblasts from endothelial
cells in both fibrotic and tumor-associated tissues [6, 150]. In this context, block-
ade of all sources of myofibroblast production, including EMT, appears crucial
for efficient treatment of lung fibrosis. However, this is a difficult task as
myofibroblasts are derived from so many different cell types.

In vitro evidence clearly demonstrates that TGFb easily induces EMT in
cultured epithelial cells of kidney, liver, and lung. In addition, TGFb1 is
typically expressed at sites of epithelial degeneration and adjacent fibrogenesis
in vivo, and inhibition of TGFb signaling (e.g., Smad3 knockout) typically
preserves tissues and prevents scarring [151]. Therefore, it is logical to think that
TGFb-induced EMT is important during fibrosis, even if this concept needs
more experimental support. Finally, the connections between chronic inflam-
matory conditions and tumor progression may strongly rely on the regulatory
processes that control EMT and its reverse phase, MET.

EMT and Cancer Stem Cell Biology

Embryonic stem cells (ESC) are pluripotent cells derived from the inner cell mass/
epiblast of preimplantation embryos [152, 153]. ESCs can differentiate into the
three primary germ layers. Similar towhat has been described inmouse embryonic
stem cells [154], recent data have demonstrated that human embryonic stem cell
can also undergo EMT [155]. This EMT is associated with a membranous E- to
N-cadherin switch concurrent with an upregulation of the E-cadherin repressor
proteins Snail1, Snail2, andZEB2 and of thematrixmetalloproteasesMMP-2 and
MMP-9. As MMPs regulate cell surface E- cadherin protein levels by proteolytic
cleavage [156], MMP upregulation constitutes an alternative, non-transcriptional
way to downregulate the adherens junction. Notably, in addition to repressing
E-cadherin expression, Snail1 may also play a role in survival of stem cells
(reviewed by [100]).

While ESCs are capable of undergoing EMT, recent work raises the exciting
possibility that EMT may affect the process of generation of breast cancer stem
cells or alternatively their survival [157]. The importance of cancer stem cells in
supporting late stages of cancer progression and also providing malignant cell
populations that resist to the therapeutic effects of radiation or chemotherapy is
becoming increasingly established (see Chapter 3). Despite this, the origin of
cancer stem cells remains largely unknown [158]. Breast epithelial cells stably
expressing the transcriptional regulators of EMT, Snail1, and Twist provide
populations that are enriched in stem cells, and when primed to develop tumors
in mice, such EMT-prone cells establish more aggressive tumors with productive
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metastases [157]. This is consistent with the recent finding that co-cultures of
mesenchymal stem cells with tumor cells promote dramatically tumor progres-
sion and the process of metastasis [159, 160]. It is therefore possible that the
mesenchymal stem cells that empower associated tumor cells with metastatic
potential are themselves derived from epithelial precursors via EMT. However,
whether such cells represent real stem cells remains unclear. The fact that the
breast epithelial cells derived from the stable overexpression of Snail1 and Twist
proliferate efficiently and give rise to tumors [157] suggests that EMT might
enrich for a transit-amplifying population of progenitor cells rather than gener-
ating true stem cells. The ability of mesenchymal cells produced via EMT to fully
differentiate to various cell lineages, the hallmark of stem cell biology, remains
currently unexplored. In any case, this new exciting link betweenEMTand tumor
stem cell survival provides fresh ideas to the problem of how tumor stroma
regulates cancer progression and possibly raises the process of EMT as a central
generator of cancer cell types that possess the most dangerous characteristics of
malignancy.

How Relevant Is EMT to Cancer Progression and Metastasis?

In recent years it has become increasingly clear that during cancer progression,
tumor cells make the choice of reactivating some of their embryonic develop-
mental potential. EMT is a central element of this reawakened developmental
program and serves the need of spatial expansion of tumor cells as they over-
proliferate and colonize new tissues in the body [1, 7, 161]. The mechanisms of
origin of the tumor cells that are capable of undergoing EMT remain largely
elusive. However, connections between the so-called cancer stem cells and the
EMT phenotype have been made [157, 162, 163]. If this is true, EMT in the
tumor context essentially represents mesenchymal differentiation from tumor
epithelial stem cells. This idea is compatible with studies of embryonic stem cells
that are capable of undergoing EMT in vitro [164]. In fact, a recent report on a
mouse model of hepatocellular carcinoma progression and metastasis suggests
that sequential signal transduction from TGFb, which induces PDGF secretion
and PDGF receptor activation, cooperates with b-catenin signaling to produce
a small population of carcinoma cells that seem to act as cancer stem cells [165].

The hypothesis that EMTduring cancer progressionmay primarily affect the
rare cancer stem cells is compatible with the low-frequency observation of
transitory mesenchymal cells within or near the mass of a growing tumor that
becomes invasive and metastatic. Based on the difficulty to observe such rare
cell types using classical histochemical techniques, many oncologists and tumor
pathologists have disputed the relevance of EMT in cancer [166]. A more
objective view of the role of EMT during advanced tumor progression and
metastasis has considered the fact that EMT can be transient and reversible and
that it represents only one of the steps required by carcinomas to establish
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productive expansion via invasiveness and intravasation to the neighboring
vasculature [167]. This is also compatible with the ability of epithelial cell sheets
to migrate without the need for disseminating single migratory cells [168].
However, mechanisms such as epithelial sheet migration do not exclude the
presence or significance of EMT as discussed here. Despite the apparent diffi-
culties in studying tumor-related EMT in human tumor biopsies, recent
advances in imaging technology and transgenic mouse models have clearly
demonstrated that EMT does occur in vivo during cancer progression [169],
and thus it cannot be disregarded by oncologists and tumor pathologists
anymore.

Conclusions

Over the past few years, the understanding of the molecular and cellular biology
of the EMT process has increased significantly. Extracellular protein factors,
signaling pathways, and transcriptional regulators are now appreciated for
their contribution to EMT. A future challenge remains in the understanding
of complex signaling networks operating during EMT in vivo. Additional
important regulators of EMT are also expected to be discovered in the years
to come. The possible connection between EMT and the role of cancer stem
cells in cancer progression will require long-term investigation. Especially, these
processes deserve special attention in the context of lung tumorigenesis and
progression, as this important and specific field of cancer research lags behind
on the EMT front. Finally, EMT-focused studies also promise the generation of
new anti-cancer and anti-fibrosis drugs, a major task of modern cancer
research.
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Mechanisms of Tumor Cell Migration

and Invasion in Lung Cancer Metastasis

Charles Kumar Thodeti and Kaustabh Ghosh

Abstract Cancer metastasis is a multistep process that involves tumor cell
migration and invasion through tumor stroma, intravasation into and extra-
vasation out of the blood vessels, and accumulation at a distant organ site.
These events arise from concomitant alterations in the genetic, chemical, and
physical state of tumor cells and its microenvironment. This chapter will,
however, focus on the molecular determinants of tumor cell migration and
invasion, with special emphasis on the cross talk between extracellular matrix,
integrin receptors, matrix metalloproteases, and Rho GTPases, all of which
undergo dynamic regulation to ultimately modulate cell shape and tension and,
thereby, their migratory and invasive behavior. Elucidating these molecular
mechanisms will likely identify key players in the metastatic process, which can
be exploited to develop novel therapeutic strategies for the treatment for lung
cancer.

Introduction

To metastasize, a tumor cell has to degrade the basement membrane (BM),
invade the stromal extracellular matrix (ECM) through simultaneous degrada-
tion and synthesis of ECM components, intravasate into the neovessels, and
finally extravasate from the blood stream at a remote organ site. Acquisition of
an invasive phenotype is essential for tumor cells to successfully navigate
through the multistep process of metastasis. Invasive phenotype is character-
ized by both the loss of cell–cell interactions and increased cellular migration.
Effective cell migration requires the seamless integration of localized signaling
events with global cellular architecture. Cell migration is a complex, cyclical
physiochemical process that involves (a) protrusion of leading edge-forming
lamellipodium due to the changes in the membrane tension and actin
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polymerization; (b) cell attachment to the extracellular matrix and formation of
focal adhesions at cell front; (c) detachment of trailing edge by disassembly of
focal adhesion; and finally (d) contraction of actin cytoskeleton leading to the
forward movement of cell body [1, 2].Migration requires the concerted effort of
a number of molecules such as integrins, ion channels, cell adhesion molecules,
soluble cytokines and growth factors, matrix-degrading proteases, and Rho
GTPases that converge onto the activation of several cytoskeletal proteins
[1–5]. This chapter will cover molecular determinants and mechanisms that
coordinately orchestrate a robust actin cytoskeletal reorganization in a way
that promotes cancer cell migration and invasion, leading to metastasis.

Basement Membrane

The tumor epithelial cells are separated from the stroma by basement mem-
brane (BM), an amorphous, thick sheet-like structure that binds these tumor
cells [6, 7]. BM is mainly composed of type IV collagen, laminin, heparan sulfate
proteoglycans, and enactin [8–11], which together form a highly cross-linked
network through disulfide and nondisulfide bridges. The BM not only supports
adhesion of epithelial cells but also conveys signals to promote their growth,
differentiation, and motility. Although the BM appears similar in different
tissues, their molecular composition is often tissue specific. In tumors, BM is
less cross-linked compared to normal tissue, which makes it more susceptible to
proteolysis [12, 13], with the cleaved BM fragments further promoting tumor
cell invasion. For example, laminin-5 in the tumor BM, but not in normal
quiescent BM, undergoes degradation to expose a cryptic pro-migratory site
that stimulates tumor cell migration [14].

Tumor Extracellular Matrix

Extracellular matrix (ECM) is the molecular network outside the cells that
supports cell adhesion and function, in addition to providing a structural support
to the tissue. The major components of ECM are collagen, fibronectin, laminin,
perlecan, decorin, hyaluronan, and syndecan [3]. These ECM molecules have
specific recognition sites for cell adhesion receptors (such as integrins), and
binding to these receptors promotes cell adhesion, growth, differentiation, and
apoptosis. For example, integrins a5b1 bind specifically to the RGD (Arg-Gly-
Asp) sequence in the 10th domain of the FN III repeat [15, 16] and support key
cell functions. Notably, the ECM not only supports cell adhesion through the
binding of integrin receptors but also transmits external forces into the cells and
resists internally generated contractile (tensile) forces. This force balance between
cell tension and ECM resistance, which can be altered through changes in ECM
stiffness, regulates cell spreading and migration [17–19].
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In contrast to normal ECM, tumor ECM is stiffer and consists of a dense
cross-linked fibrin matrix, in addition to the regular ECM components such as
fibronectin, collagens (predominantly type I), and proteoglycans [20]. The
stiffness of tumor ECM increases as a result of continuous remodeling of matrix
components by stromal fibroblasts, which alters the type of and increases the
cross-linking between different ECM components. Because of its higher stiff-
ness, the tumor ECM can resist the increase in mechanical forces that results
from an expanding tumor mass. Extravasation of plasma components from
leaky blood vessels and formation of perivascular fibrin gels further raises
interstitial pressure, and thus ECM stiffness, which may feed back to enhance
integrin-mediated Rho/ROCK (Rho-associated kinase) activities or contracti-
lity in tumor cells [21]. In addition to regulating cell spreading and proliferation,
ECM rigidity also influences cell migration. In a seminal study, stiffer ECMwas
shown to reduce migration speed through an increase in cell adhesion strength,
while cell migration was significantly increased on compliant ECM [22]. Thus,
the physicality of the tumor ECM plays a critical role in regulating cell migra-
tion and cancer metastasis.

Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of 21 multidomain, multifunc-
tional proteins that can cleave ECM components to alter the overall ECM
structure and mechanics and promote cell migration [3, 23–25]. In general,
MMPs are covalently bound to the plasma membrane, but some can also be
secreted into the extracellular space (such as MMP-2, MMP-7, and MMP-9),
which then associate with cell surface receptors such as integrins [26] and CD44
[27–29]. MMPs are secreted as inactive zymogens and can be activated by
proteinases either inside the cells through a furin-like serine protease or outside
the cell by a multimeric protein complex comprised of other MMPs or serine
proteases [25]. Some integrins can activate MMPs by recruiting them to the
leading edge of an invading cell [26]. MMPs are also known to cleave cell
adhesion receptors like E-cadherin and CD44, which allow epithelial–mesench-
ymal transition and cell migration by breaking the cell–cell or cell–ECM con-
tacts, respectively [30, 31]. However, the MMP activity is held in check by
endogenous inhibitors such as tissue inhibitors of metalloproteases (TIMPs)
or a2-macroglobulin, which prevent excessive ECM degradation and tissue
instability [3, 25, 32–34].

Evidence for the role of MMPs in cancer progression came from both
knockout and transgenic mice of MMPs. Compared to wild-type mice, coloni-
zation of tumor cells into lung tissue is reduced inMMP-2 orMMP-9 knockout
mice, while overexpression of MMP-1, MMP-3, and MMP-9 enhanced cancer
susceptibility and progression [31, 35–38]. Expression of a number of MMPs
was reported in various human cancers, and levels of MMPs are well correlated
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with increases in tumor metastasis of tumor [3, 25]. MMP-9 is highly expressed
in NSCLC and implicated in tumor angiogenesis and metastasis [39], while
MMP-1 expression was shown to be associated with the early onset of lung
cancer [40]. Zhu et al. [41] further showed that a single polymorphism inMMP-
1 was sufficient to enhance susceptibility to lung cancer [41]. Another interest-
ing study showed that gaseous nitric oxide increased human lung cancer cell
migration, invasion, and metastasis through the activation of MMP-2 [42].

More detailed studies have revealed that MMPs in human cancers are
secreted by both tumor cells and surrounding stromal cells [3, 25]. Irrespective
of their source of origin, MMPs cleave a number of ECM substrates and
increase tumor cell invasion. In fact, MMP-dependent proteolysis of ECM
presents new substrate for tumor cell adhesion and migration, the first steps
in metastasis. For example, MMP-2-dependent cleavage of laminin-5 produces
a fragment that increased tumor cell motility through the exposure of a cryptic
pro-migratory site [14, 43]. To invade, tumor cells must form invadopodia, and
MMP-2 and MMP-9 were shown to be involved in this process through their
recruitment to the site of invadopodia formation via binding to avb3 integrin or
CD44, respectively [26–29]. MMP-9 was also reported to be localized with
CD44 at the rear end of migrating cells, where it presumably helps CD44
detachment that is required for effective cell migration [27].

Cleavage byMMPs changes not only the ECM composition but also its local
physical properties. As cells can sense and respond to alterations in its micro-
scale mechanostructural environment by adjusting the level of intracellular
tension (contractility) and adhesion strength (to obtain a new force equili-
brium), variations in the physicality of tumor ECM can cause tumor cells to
modulate the levels of integrin and Rho GTPase activity, the primary mechan-
osensing elements of a cell [21, 44–46]. However, integrins and Rho are also
critically involved in cell migration, thus suggesting that MMP activity can
influence tumor cell invasion and metastasis through regulation of cellular
mechanotransduction [19, 45].

Integrins

Tumor cells adhere to their surrounding ECM through integrin receptors, the
cell surface glycoproteins that exist as heterodimers of noncovalently linked a
and b subunits. There are 18 a subunits and 8 b subunits of integrins that
together form almost 25 different integrin receptors, each exhibiting distinct
ligand specificity. Structurally, each integrin subunit consists of an extracellular
domain, a transmembrane domain, and a short cytoplasmic domain. Integrins
exist in an inactive closed conformation, and when bound to specific amino acid
sequences found within ECM molecules (e.g., RGD) during the initial steps of
cell–ECM adhesion, it undergoes conformational changes that permit it to
activate intracellular signaling pathways, a process known as ‘‘integrin
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activation’’ [47, 48]. Integrins do not have intrinsic kinase activity; however,

integrin activation via its binding to ECM ligands induces recruitment of

cytoskeletal adaptor proteins to the cytoplasmic tail of integrin, which facil-

itates formation of focal adhesions that, in turn, activate downstream kinases

such as FAK, PKC, AKT, and Rho family GTPases [49–51]. Integrins, how-

ever, also can be activated by ‘‘inside-out signaling’’ involving activation of

cytoplasmic signalingmolecules, such as protein kinase C [52, 53], rap-1 [54, 55],

and R-Ras [56, 57], which produce activating conformational changes in integ-

rins from inside the cell.
Notably, integrins also act as bidirectional force transducers, i.e., they sense

and transduce external ECM-generated mechanical forces into intracellular

biochemical signals and simultaneously transmit intracellularly generated ten-

sile (contractile) forces onto the ECM [18, 19, 46, 58, 59]. The balance between

the cell-based (internal) and ECM-based (external) mechanical forces regulates

cell shape distortion, which can independently dictate whether a cell will

undergo growth, differentiation, death, or migration [18, 60, 61]. Integrins

transduce these mechanical signals into intracellular biochemistry (in a process

called ‘‘mechanotransduction’’) via focal adhesions, macromolecular complexes

arising from integrin activation and clustering [18, 19]. These focal adhesions

are further strengthened by the intracellular contractile forces generated by the

actomyosin machinery (Fig. 1) [62, 63]. Focal adhesions can contain more than

50 cytoskeletal adaptor and signaling proteins, whose dynamics regulates cell

adhesion and migration [64, 65]. A recent interesting work shows that the shape

and size of focal adhesions can influence directed cell migration by precisely

regulating where new cell membrane protrusions would occur [66].

Fig. 1 The structural framework of a motile cancer cell. A549 lung cancer cells were cultured
on 2D substrates and stained with phalloidin and a monoclonal antibody against vinculin to
visualize actin (red) and focal adhesions (green), respectively. The image shows a typical
motile cell with clearly visible lamellipodium-like structures (dashed line) at the leading edge
(L), actin-rich stress fibers spanning the length of the cell, and distinct focal adhesions at both
leading and trailing (T) edges
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Importantly, integrins not only relay mechanical forces across the cell mem-
brane and activate other signaling molecules but also respond to forces by
causing rapid activation of additional integrins. For instance, flow-induced
shear stress activates aVb3 integrins in endothelial cells through a signaling
complex consisting of vascular endothelial growth factor (VEGF), VE-cad-
herin, and platelet endothelial cell adhesion molecule (PECAM) [67]. Sepa-
rately, cyclic strain has been found to activate b1 integrins through a mechan-
osensitive calcium channel TRPV4 [132]. Although the two mechanisms of
integrin activation utilize distinct signaling pathways, they converge at the
level of PI3-kinase (phosphoinositide-3 kinase) activation, which is required
for both shear stress- and cyclic strain-induced integrin activation. Further-
more, ECM stiffness can also influence integrin expression and activation and
thereby cell adhesion and migration [68–70]. In this regard, Paszek et al. [21]
demonstrated that matrix rigidity can alone cause hyperactivation and cluster-
ing of integrins in mammary epithelial cells, leading to high cellular tension and
disruption of normal tissue morphogenesis before progressing to malignancy
[21]. Indeed, past reports have shown that integrin expression and activation are
altered in various stiff tumors [71]. Specifically, in squamous cell lung carci-
noma, a2b1 and a1b1 integrins levels have been shown to be highly elevated,
which correlate with an increased tendency to metastasize [72].

The activated integrins can regulate cell migration and invasion through
various mechanisms such as regulation of focal adhesions dynamics, activa-
tion of intracellular kinases (viz., FAK and PI3 kinases) [65, 71], and recruit-
ment of proteases to the sites of cellular attachment [26]. Indeed, invasive
tumors exhibit high levels of FAK activity compared to benign tumors [73,
74]. PI3 kinase activity has also been shown to play a critical role in promoting
tumor cell invasiveness through the activation of specific Rho GTPases, viz.,
Rac and Cdc42 [75]. Furthermore, integrins are known to interact withMMPs
within a multimeric complex and localize their proteolytic activity to the
leading edge of invasive tumor cells [26, 76]. Thus, integrins can influence
tumor cell migration and invasion through their binding to tumor ECM as
well as by regulating ECM stiffness throughMMP-mediated remodeling. The
integrin-dependent regulation of cell behavior is mediated through specific
intracellular signaling pathways that ultimately lead to the increase in Rho
GTPase activation.

E-Cadherins and Connexins

In addition to binding to ECM via integrins, epithelial cells also associate with
one another via adherens junctions (AJ) and tight junctions, which are impor-
tant for overall stability and polarity of the epithelial layer. E-cadherins are the
major components of AJs that stabilize the epithelium through homophilic
interactions in the extracellular space and cytoskeletal linkage, which involves
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actin binding to the b-catenin/a-catenin/p120 catenin complex, via the cytoplas-
mic tail [77]. Furthermore, maintenance of epithelial integrity by the E-cadherin/
catenin complex has been shown to involve repression of Rho activity via the
activation of Rac and Cdc42 [78–80]. Consequently, downregulation or loss of
E-cadherin, as demonstrated in a number of epithelial cancers, results in the loss
of epithelial stability and polarity, thereby leading to epithelial–mesenchymal
transition (EMT) and invasion of cancer cells (see Chapter 4) [77, 81].

Intercellular communications are also mediated by the intercellular channels
called gap junctions that directly connect the cytoplasm of adjacent cells. Gap
junctions are composed of two connexons, which in turn are made up of proteins
called connexins [82]. Incidentally, upregulation of connexins has been shown to
be implicated in increased invasion of breast, prostate, and skin cancers [83–86],
although the exact correlation between connexin function and expression in
metastasis has not been clearly identified. In contrast, downregulation of con-
nexin32 is correlated with lung cancer metastasis [87], further highlighting the
vital, albeit complex, role connexins play in cancer cell metastasis.

Rho GTPases

Rho GTPases belong to Ras family of oncogenes and are implicated as pivotal
regulators of several signaling networks that are activated by a wide variety of
receptors, including integrins. These GTPases affect many aspects of cell beha-
vior, including cell tension and migration [88]. Rho GTPase family mainly
includes Cdc42, Rac, and Rho that are widely known to control the formation
of filopodia, lamellipodia, and stress fibers (Fig. 1), respectively, which are
required for cell migration [89]. Interestingly, Rho GTPases, which lack intrin-
sic GTPase activity, are activated upon association with guanine nucleotide
exchange factors (GEFs) that substitute the bound GDP with GTP, whereas
they can be inactivated by GTPase activating proteins (GAPs) that restore the
GDP-bound state [88]. Importantly, the activation of Rho family members
results in their translocation from the cytosol to the plasma membrane and
subsequent interaction with target molecules called effectors. For example,
Cdc42 and Rac induce membrane protrusions through the activation of one
of their effectors, p21-activated kinase(PAK), that, in turn, activates actin
polymerization by modulating LIM kinase/cofilin pathways [88]. Rho, on the
other hand, activates ROCK and promotes myosin light-chain phosphoryla-
tion, which is required for increased stress fiber formation, cell contractility,
and cell migration [89].

RhoGTPases are activated by both soluble factors secreted by tumor stroma
as well as by physical forces applied through tumor ECM [88]. For example,
lysophosphatidic acid (LPA) mediates signaling to Rho through a seven
transmembrane G-protein coupled receptor (GPCR), which activates Ga12/13

subunits and recruits RGS domain containing RhoGEFs to activate Rho at the
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cell membrane. Notably, different factors may activate Rho GTPases through
distinct signaling pathways. For instance, growth factors such as EGF and
PDGF activate Rho GTPases (Rac) through PI3-kinase-dependent production
of phosphatidylinositol-3,4,5-trisphosphate (PIP3), which recruits Rac GEFs
to the cell membrane to promote membrane protrusions necessary for cell
migration [89]. Integrin binding to the ECM, on the other hand, results in the
activation of a number of kinases and adaptor proteins at focal adhesions, such
as FAK, Src, and p130 CAS, which further activate GEFs associated with Rac,
Rho, and Cdc42, leading to activation of Rho GTPases [89, 90]. Importantly,
matrix stiffness can also promote integrin activation and concomitant FA
assembly that, in turn, enhances Rho activity [21]. In addition to matrix stiff-
ness, application of exogenous force (such as flow-induced shear stress and
cyclic stress) can also activate Rho through the activation and clustering of
integrins [21, 91] (Thodeti, unpublished results). Upon activation, Rho causes
an increase in cell contractility and tension [44], which further clusters integrins
[62], thus creating a self-sustaining mechanical feedback loop of Rho activation
and cell tension that ultimately regulates cells shape and migration [19, 21, 44].

Although mutations in Rho GTPases have not been reported in tumors
(except for RhoH), they play a crucial role in tumorigenesis likely through
alterations in its activity and/or expression [5]. Reports suggest the elevation
of Rho activity and expression in lung, breast, colon, pancreas tumors as well as
head and neck squamous cell carcinoma [92–94]. Furthermore, elevated levels
of ROCK activity, a downstream effector of Rho, have been correlated with
high incidence of metastasis and poor prognosis of patients with inflammatory
breast cancer [95]. In another study, detailed genomic analysis has revealed an
essential role for RhoC in tumor invasion and metastasis [96]. Furthermore,
Rho/ROCK-dependent MLCK (myosin light-chain kinase) activity has been
shown to be critical for E1AF/PEA3 (an ETS family transcription factor
frequently overexpressed in NSCLCs)-induced increase in lung tumor cell
invasion [97]. The influence of Rho GTPases in tumor cell invasion was further
highlighted from studies where lung carcinoma cells expressing a tumor sup-
pressor gene, the fragile histidine triad (FHIT), exhibited a dramatic inhibition
in cell migration and invasion via the downregulation of RhoC expression [98].
Furthermore, expression of dominant negative mutants of Rho and Rac inhib-
ited migration and invasion of both human and mouse lung tumor cells [99].

Mechanistically, Rho GTPases promote tumor cell metastasis by (a) dis-
rupting cell–cell contacts and polarity of epithelial cells, (b) enhancing matrix
degradation and remodeling, and (c) increasing cell motility [5]. For example,
Rac1 controls cell polarity through its association with par6 (polarity pro-
tein6) and inhibition of Rac1 activity leads to loss of polarity [88]. The CdC42-
PAK pathway is also implicated in the regulation of lung tumor cell polarity
through the action of tumor suppressor LKB1, which is mutated in almost
30% of NSCLCs [100]. Furthermore, Rho and ROCK also promote TGF-b-
induced loss of adherence junctions that is required for the invasive behavior,
while Rac is shown to be required for Ras-induced loss of cell–cell
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contacts [101]. ROCK is also known to induce redistribution of proteins such
as ezrin (a cytoskeleton linker protein) as well as adherens junction and ECM-
binding proteins, thus enabling cell invasion [102]. Rho, on the other hand,
stimulates human osteocarcinoma cell invasion through activation of MMP-2,
which degrades the ECM [103]. Importantly, siRNA knockdown of RhoC or a
ROCK inhibitor (Y-27632) reduces MMP-9 expression and tumor cell invasion
and metastasis [104]. In a separate study, knockdown of Rac1 expression,
together with downregulation of Par6alpha and PKC (protein kinase C) iota,
inhibited MMP-10 expression and invasion of NSCLC cells [105].

Rho GTPases can also promote tumor cell migration by mediating cytoske-
letal linkage with cell surface ECM receptors. For example, RhoA can facilitate
increased association of adaptor protein ezrin with CD44 receptors through
ROCK-mediated phosphorylation [106]. Rac1, on the other hand, increases the
association of ezrin and CD44 by inhibiting the antagonist of ezrin, NF2
(neurofibromin 2) [107]. Interestingly, the expression of both ezrin and CD44
was shown to be increased in metastatic tumor cells [108, 109]. Thus, Rho
GTPases regulate tumor cell migration and invasion not only via MMP-
mediated ECM degradation but also by facilitating physical changes between
andwithin tumor cells, as manifested by the breakdown of cell–cell contacts and
association of cytoskeletal proteins with cell surface receptors. Through such
mechanism, Rho GTPases successfully integrate physical cues from tumor
ECM (stiffness and exogenous forces) and transduce them into intracellular
biochemical signaling via the integrin-containing focal adhesion complexes,
thus leading to increased cell contractility and migration.

Actin-Binding Proteins

Cell motility is dependent on the polymerization of actin cytoskeleton and
actomyosin contraction that are mediated by a number of actin-binding mole-
cules including cofilin and filamin, and kinases and phosphatases that regulate
myosin phosphorylation [110]. Of these molecules, cofilin has recently assumed
greater significance with regard to its role in cancer cell motility and invasion
[111]. Cofilin is an actin-severing protein whose expression is typically asso-
ciated with highly invasive and migratory phenotype seen in a number of
cancers [111]. For example, cofilin1 expression was shown to be upregulated
in TGF-b-induced epithelial–mesenchymal transition (EMT) of lung cancer
A549 cells, thus implicating a role of cofilin1 in invasive phenotype of cancer
cells [112, 113]. Further analyses revealed an increase in cofilin mRNA stability
in response to TGF-b, which was shown to contribute toward the observed
increase in mRNA and protein expression. Importantly, cofilin must be
expressed at an optimal level to promote cell motility; too high or too low levels
can, in fact, inhibit the migratory phenotype [111]. In addition to its overall
expression levels, the spatiotemporal regulation of cofilin activity also
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influences directed cancer cell migration in response to growth factors such as
EGF [114, 115].

Filamin is another actin-binding protein whose expression appears to be
altered in cancers and correlated with invasiveness. For example, downregula-
tion of filamin A has been shown to increase prostate cancer cell motility [116].
In contrast, filamin A expression was shown to be increased during TGF-b-
induced EMT of A549 lung cancer cells, although the functional role of filamin
A in EMT is yet to be ascertained [113]. Notably, the calpain-mediated cleavage
of filamin A plays a key role in the migratory phenotype, as evidenced by more
recent studies where nuclear translocation of a 90 kDa filamin A fragment was
shown to be inversely correlated with prostate cancer metastasis [117, 118].

Methods to Study Cancer Cell Invasion and Metastasis

Given the critical role of tumor cell invasion and metastasis in cancer develop-
ment and progression, it becomes imperative that we devise appropriate meth-
ods to delineate the processes underlying these key cellular phenotypes. To
address this, several approaches have been adopted, including the two-dimen-
sional (2D) Boyden Chamber/Transwell assay [119, 120]. Despite being the
most widely used in vitro technique [42, 86, 99, 121–123], this assay is limited
by its inability to truly mimic the more complex 3D tissue microenvironment
that cancer cells in vivo must interact with en route to blood vessel intravasa-
tion. To overcome this problem, 3D collagen gel assays have been developed
wherein cells are embedded in collagen gels and their invasion observed through
acquisition of multiplanar time lapse confocal images [124, 125]. Furthermore,
to mimic the in vivo extravasation of metastatic tumor cells at a remote organ
site, the 3D collagen gel assay has been subsequently modified through addition
of an endothelial cell layer [126]. Importantly, greater advancements in optical
imaging techniques, such as the establishment of ‘‘intravital imaging,’’ have led
to direct observations of cancer cell metastasis in vivo. These imaging techni-
ques include noninvasive tissue-/whole body-level measurements using fluores-
cence reflectance imaging, bioluminescence, and Raman spectroscopy or inva-
sive techniques that employ confocal or epifluorescence imaging [127].

Conclusions and Clinical Perspective

There is increasing evidence now suggesting that in addition to the genetic and
chemical composition of the tumor cells and the stroma, the physical environ-
ment of tumor ECM also has a significant effect on tumor metastasis. This
arises from force-induced regulation of integrins and Rho and their cross talk
with matrix-degrading MMPs that, together, influence cell migration and inva-
sion. Importantly, such mechanical signaling can also cross talk with the
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canonical biochemical signaling pathways, resulting in the creation of a self-

sustaining feedback mechanism that continuously alters ECM mechanostruc-

tural properties in favor of cell invasion. Thus, development of pharmacologi-

cal inhibitors that specifically target the mechanical signaling via integrins,

MMPs, and Rho could potentially inhibit lung cancer metastasis by normal-

izing the abnormal mechanotransduction induced by tumor ECM. Preclinical

evaluation and development of antagonists of several such inhibitory molecules

are currently undergoing, and a few of them have even entered into clinical

trials. For example, preliminary results from phase III trials of MMP inhibitors

such as BAY 12-9566 and prinomastat did not show beneficial effects against

lung cancer [3]. This can be explained, at least in part, by the fact that MMP

activity is required for the generation of endogenous anti-angiogenic substrates

such as endostatin and tumstatin which inhibit tumor progression [128, 129],

and therefore blocking MMP activity could inhibit the production of these

molecules allowing tumor growth. However, integrin antagonists volociximab

and cilengitide showed encouraging safety profiles in phase I trials and are now

under evaluation in phase II trials for lung cancer [130, 131]. It will be interest-

ing to see which one of these molecules is effective in keeping tumor metastasis

in check. The efficacy of these anticancer molecules may be further enhanced

using nanotechnological methods that promote targeted delivery of these

selected molecules specifically to the tumor site. More recently, a novel bioma-

terial-based approach for cancer therapy has been suggested that proposes to

employ injectable biomimetic materials that can target metastatic tumor site,

self-assemble into scaffolds, and provide an optimal mechanostructural envir-

onment that can normalize tumor cell mechanosensing and, thus, prevent

metastasis [45].
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Abstract Progression andmetastasis of cancer proceeds in the context of a host
response that includes interactions with immune cells that can both attenuate
and paradoxically promote the process of metastasis. Growing evidence
demonstrating the role of the inflammatory response in carcinogenesis is shed-
ding light on a functional relationship between the host immune system and the
malignant neoplasm. The interaction between neoplasm and the immune sys-
tem can be described with the concepts of (1) cancer immunosurveillance,
(2) cancer immunoediting, (3) complicity of the host cellular networks in lung
tumorigenesis, and (4) tumor-mediated immunosuppression. Understanding
the molecular mechanisms involved in inflammation and lung carcinogenesis
provides insight for new drug development that target reversible, non-muta-
tional events in the chemoprevention and treatment of lung cancer.

Introduction

The acquisition of genetic mutations facilitates cancer development and the
malignant phenotype and is critically linked to acquiring cellular properties
associated with the malignant phenotype and metastatic spread. While genetic
changes are important in cellular transformation into neoplastic cells, the
inflammatory response in the tumor microenvironment is a significant contri-
butor to tumor progression. This complex interaction between the neoplastic
epithelial cells and the stromal inflammatory response is essential in malignant
progression to metastasis. The functional relationship between inflammation,
host immune system, and cancer is a more widely accepted concept due to the
growing evidence that demonstrates the role of inflammatory response of
immune cells in carcinogenesis [1–3]. The interaction between neoplasm and
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inflammation/immune system can be described with the concepts of (1) cancer
immunosurveillance, (2) cancer immunoediting, (3) complicity of the host
cellular networks in lung tumorigenesis, and (4) tumor-mediated immunosup-
pression. The understanding of molecular mechanisms involved in inflamma-
tion and lung carcinogenesis provides insight for new drug development that
target reversible, non-mutational events in the chemoprevention and treatment
of lung cancer.

Cancer Immunosurveillance

Paul Ehrlich first proposed the concept of the immune system-mediated sup-
pression of tumor growth of cancer cells nearly 100 years ago [4], and Frank
Macfarlane Burnet is credited with formulating the idea of cancer immunosur-
veillance with the introduction of the ‘‘clonal selection theory’’ in 1957 [5–7].
This concept suggested that the immune system recognized and destroyed
clones of transformed cells before growth into clinically evident tumors [8]. A
critical cornerstone of the cancer immunosurveillance hypothesis was subse-
quently demonstrated when mice were immunized against syngeneic tumor
transplants that had been induced by chemical carcinogens or viruses [9].
Subsequent introduction of live tumor cells into the immunized mouse resulted
in rejection of the tumor transplant. These studies were the initial findings that
implied the existence of tumor-specific antigens. This hypothesis was eventually
validated in a variety of more modern murine models in which immune defi-
ciencies were noted to be associated with an increase in spontaneous as well as
induced neoplasms [10]. The evidence that cancer immunosurveillance may be
operative in humans is exemplified in studies that document an increase in
cancer incidence among immunosuppressed organ transplant recipients [9, 11,
12]. In a study of heart transplant recipients, Pham and colleagues reported a
prevalence of lung cancer that was 25-fold higher than the general population
[11]. Dickson et al. reported a 6.9% incidence of de novo primary lung cancer in
the native lung in single-lung transplant recipients, which was characterized by
an aggressive and frequently fatal course, and the history of tobacco-related
lung disease significantly increased the risk of developing bronchogenic cancer
after transplantation [12]. These results demonstrated that single lung trans-
plant patients had a significantly greater risk for developing lung cancer than
the general non-transplanted population and double-lung transplant recipients
[12]. In addition, histopathologic evidence demonstrating the presence of
inflammatory infiltrates in areas surrounding tumors and the finding of lym-
phocytic proliferation in tumor draining lymph nodes further support the
existence of cancer immunosurveillance.

More recently, Dieu-Nosjean et al. reported the existence of tumor-induced
bronchus-associated lymphoid tissue withinNSCLC tumors [13]. These tertiary
lymphoid structures are composed of mature dendritic cell (DC) clusters
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adjacent to B-cell follicles and exhibit features of an ongoing immune response.
The authors found that increased density of these intratumoral mature DCs
correlated with better outcome. In murine tumor models, DCs transduced to
secrete CCL21, a protein involved in leukocyte chemotaxis and activation, have
been shown to result in the generation of tumor-specific T cells and tumor
regression [14]. These studies suggest that manipulation of such natural immu-
nologic mechanisms of tumor rejection have great potential for therapy. A
phase I trial to assess the intratumoral administration of CCL21-secreting
human DCs to treat advanced lung cancer is already underway at UCLA [15].

Cancer Immunoediting

Although the hypothesis of cancer immunosurveillance is supported by a
wealth of compelling evidence from murine and human studies [6, 8–12], the
process of cancer immunosurveillance has evolved into a more current concept
termed ‘‘immunoediting’’ by Schreiber and colleagues [6, 8–10]. Given that
immunocompetent individuals still develop malignancies despite the presence
of an intact immune system and certain cancers are capable of escaping immune
recognition and destruction, a complex interaction between the cancer cells and
the host immune system may result in changing tumor immunogenicity. This is
the fundamental basis of cancer immunoediting [6].

Prior to the detection of a clinically apparent lung cancer, there is an
extensive interaction between the transformed cells and the host immune and
inflammatory responses that may select for cancerous cells with the ability to
survive in a competent immune environment. The ability of cancer cells to evade
immune recognition may occur with acquisition of genetic mutations that
facilitate the development of the malignant phenotype and subsequent tumor
formation. These mutations may be critically linked to acquiring cellular prop-
erties associated with carcinogenesis, such as apoptosis resistance, unregulated
proliferation, invasion, metastasis, and angiogenesis. Although both humoral
(antibody) and cell-mediated immune (T lymphocyte) responses to the tumor
have been demonstrated, the anti-tumor immune response has traditionally
been understood as a cell-mediated process involving the presentation of
tumor-associated antigens by antigen presenting cells (APC) to the T lympho-
cytes, resulting in the generation of immune effector cells with the ability to
destroy cancerous cells [16]. Although anti-tumor humoral responses have been
shown to exist in tumor-bearing hosts, protection of the host from tumor
progression has not been convincing [16]. As APC take up tumor antigens,
the adaptive immune systemmay be alerted as the tumor antigen is presented to
T cells. Investigators have detected tumor-specific humoral and cellular
responses in patients with lung cancer indicating that the host immune system
has recognized the tumor [17, 18]. This immune recognition process through
both humoral and cell-mediated mechanisms may result in the destruction of
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immunogenic tumor cells expressing a specific tumor antigen and result in the
selection of immune-resistant and less immunogenic cancer cells. These remain-
ing cells may possess properties to evade the immune system that include
(1) failure to express major histocompatibility complex (MHC) which is
required for immune effector cells to recognize processed tumor antigens and
mediate cancer cell killing, (2) expression of poorly immunogenic antigen
epitopes, or (3) production of immunosuppressive cytokines that suppress the
anti-tumor immune responses. Thus, cancer immunoediting involves immuno-
surveillance via a immune-mediated tumor cell selection process that leads to
alterations in the immunogenicity of the cancer, and this incomplete tumor
destruction results in a population of cancer cells with the ability to evade
immune recognition and eradication [10]. Ultimately, these selected tumor
cells resist immune and inflammatory responses, demonstrate the ability for
progressive tumor growth, and result in a clinically detectable lung cancer.

Complicity of Host Cellular Networks in Lung Tumorigenesis

Although the ability of tumor cells to escape the immune effector contributes to
cancer development, the pulmonary environment presents a unique milieu in
which lung carcinogenesis proceeds in complicity with the host cellular net-
work. Because inflammation appears to play an important role in the patho-
genesis of lung cancer, a thorough understanding of lung cancer pathogenesis
requires consideration of the tumor microenvironment (TME) and the inflam-
matory pathways operative in carcinogenesis [19].

The tobacco-induced pulmonary cellular network presents a unique envir-
onment in which carcinogenesis proceeds in complicity with surrounding lung
inflammatory, structural, and stromal cells. The commonalities in smoking,
COPD, and lung cancer begin with the profound alterations induced by cigar-
ette smoke, which contains known carcinogens as well as high levels of reactive
oxygen species (ROS). The ready induction of ROS following tobacco smoke
exposure leads to impairment of epithelial and endothelial cell function as well
as inflammation. The ongoing inflammatory processes in COPD may be per-
sistent even following smoking cessation and have been quantified and related
to disease progression [20]. As COPD progresses, the percentage of the airways
that contain macrophages, neutrophils, T cells, B cells, and lymphoid aggre-
gates containing follicles increases [20].

The pulmonary diseases that are associated with the greatest risk for lung
cancer are characterized by abundant and deregulated inflammation [21–23].
Among the cytokines, growth factors, and mediators released in these lung
diseases and the developing TME, IL-1b, PGE2, and TGF-b have been found
to have deleterious properties that simultaneously pave the way for both
destruction of specific host cell-mediated immune responses against tumor
antigens and epithelial mesenchymal transition (EMT) [24–28].
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EMT is the developmental shift from a polarized, epithelial phenotype to a
highly motile mesenchymal phenotype (see Chapter 4) [29]. While this process is
essential in embryogenesis and organ development, EMT is also critically involved
in much adult pathology, including cancer, chronic inflammation, and fibrosis
[29, 30]. Although EMT is a tightly regulated phenomenon during embryonic
development [31], in cancer progression this process is unregulated with selective
elements of the process amplified and other aspects circumvented [32].

The connection between inflammation and EMT progression in lung cancer
development and resistance to therapy has recently been emphasized [24, 33].
For example, IL-1b and PGE2 have the capacity to decrease E-cadherin expres-
sion and promote EMT. These inflammatory mediators have the capacity to
upregulate the zinc-finger E-box-binding transcriptional repressors of E-cad-
herin including Zeb1, Snail, and Slug, thus leading to EMT progression [24, 34].
Recent work fromRobert Weinberg’s laboratory suggests a direct link between
EMT and gain of epithelial stem cell properties [35]. Thus, inflammation may
impact stem cell properties via EMT-dependent events in the pathogenesis of
lung cancer. While EMT-induced alterations have been widely implicated in the
epithelial malignancy metastatic process, the work of Mani et al. [35] suggests
that the EMT genetic programmay also regulate early events in carcinogenesis,
therefore implicating the inflammatory pulmonary environment in both lung
cancer initiation and progression. The fact that tobacco and tobacco-specific
carcinogens may be involved by directly or indirectly promoting EMT adds
additional importance to these relationships. For example, Yoshino et al. [36]
found that benzo[a]pyrene induced EMT-related genes in lung cancer cells;
while fibronectin and Twist were induced, E-cadherin expression was
decreased. In support of these findings, and in the context of another
tobacco-induced malignancy, Fondrevelle et al. [37] found that the expression
of Twist was influenced by smoking status in bladder cancer patients. Tobacco-
specific carcinogen 4-(n-methyl-n-nitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) has also been found to promote EMT via induction of E-cadherin
transcriptional repressors in human bronchial epithelial cells [38].

Thus lung cancer develops in a host environment in which the deregulated
inflammatory response promotes tumor progression.

Tumor-Mediated Immunosuppression

It was originally hypothesized more than 30 years ago that specialized T cell
subpopulations existed to suppress immune responses [39]. North and others
pursued this avenue of investigation within the context of tumor immunity
[40–43]. However, these early studies in the field of suppressor T cells were
stymied by an inability to characterize the cellular and molecular mechanisms
responsible for the observed suppressive phenomena. There has been a renewed
interest in the study of T-cell-mediated suppression of immunity that has been
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accompanied by the identification of regulatory T cells. Although a variety of
T regulatory cells have been described [44], much attention has focused on the
specific activities of those that have been referred to as ‘‘naturally occurring’’
CD4+CD25high T regulatory cells [45, 46] and hereafter will be referred to as
CD4+CD25+ T reg cells. Although investigators had pursued this topic for
many years, the groundbreaking studies of Sakaguchi et al. [47] have been
viewed as initiating a renaissance in T reg cell research; these, as well as more
recent results, have led to the characterization of the CD4+CD25+ T cell
population as ‘‘professional suppressor cells’’ [45]. These studies revealed that
transfer of CD25-depleted CD4 cells to nude mice recipients resulted in the
spontaneous development of autoimmune disease [47]. Reconstitution of
CD4+CD25+ cells within a limited period after transfer of CD4+CD25–
cells prevented the autoimmune disease in a dose-dependent fashion. These
initial studies indicated that CD4+CD25+ cells contribute to the maintenance
of self-tolerance by downregulating immune response to self and non-self-
antigens; elimination or reduction of CD4+CD25+ cells ablated this general
suppression, and thereby not only enhanced immune responses to non-self-
antigens but also elicited autoimmune responses to certain self-antigens [47].
Subsequent studies have revealed that these cells are both hyporesponsive and
suppressive and can act through an APC-independent pathway [47–50]. The
CD4+CD25+ cells were found to require TCR-dependent activation for
induction of suppressor activity [50]. The thymic origin of CD4+CD25+ T
reg cells has been documented [51, 52]. As originally hypothesized by Shevach
[53] and subsequently demonstrated by Jordan et al. [54], the derivation of T reg
cells in the thymus appears to occur through a process referred to as ‘‘altered
negative selection.’’ More recently it has been appreciated that T reg cells can
differentiate from activated human PBL CD4+CD25– cells in the periphery
[55, 56]. Although many aspects of this peripheral T reg cell differentiation
pathway have not yet been defined, it may be pivotal in limiting immune
responses to human cancer.

The active immune suppression induced by the tumor has been well docu-
mented in lung cancer and other malignancies [57]. Tumor-reactive T cells have
been shown to accumulate in lung cancer tissues but fail to respond [58, 59]. In
fact, a high proportion of NSCLC tumor-infiltrating lymphocytes (TIL) are
CD4+CD25high T regulatory (T reg) cells [60]. Tumor cells may contribute to
promoting immune suppression by directing surrounding inflammatory cells to
release suppressive cytokines in the tumor milieu, augmenting the trafficking of
suppressor cells to the tumor site, and/or promoting differentiation of effector
lymphocytes to a T reg cell phenotype [61, 62]. Liu et al. recently demonstrated
that tumor cells could directly convert CD4+CD25– T cells to T reg cells
through the production of high levels of TGF-b, suggesting a possible mechan-
ism through which tumor cells evade the immune system [63]. One major
impediment to effective therapy is our inadequate understanding of how lung
cancer cells escape immune surveillance and inhibit anti-tumor immunity [64].
In previous studies an immune suppressive network in NSCLC that is due to
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overexpression of tumor cyclooxygenase 2 (COX-2) has been defined. COX-2
isoenzyme activity is significantly increased in cancerous tissues compared to
their normal counterparts in several malignancies and studies document this
overexpression in human lung cancer [65]. In murine lung cancer models
specific genetic or pharmacological inhibition of COX-2 in vivo led to signifi-
cant tumor regression [66]. Although COX-2 metabolites have been identified
as mediators of immunosuppression, the specific molecular and cellular path-
ways in the COX-2-dependent immune suppressive network are now being
defined. Particular attention has recently focused on defining the pathways
whereby COX-2 and its metabolite prostaglandin E2 (PGE2) inhibit immune
responses in lung cancer by promoting T regulatory cell activity. PGE2 pro-
motes the CD4+CD25+ T regulatory phenotype and increases the expression
of the forkhead transcription factor FOXP3 that is known to program the
development and function of T reg cells. This pivotal relationship is currently
under investigation in the laboratory utilizing human cells in vitro as well as in
patients with lung cancer. Based on the results of pre-clinical murinemodels [67]
and human cells in vitro [26], clinical studies are now evaluating the optimal
biological dose of a COX-2 inhibitor, celecoxib, to decrease FOXP3 and T
regulatory function in patients with lung cancer.

COX-2

Cyclooxygenase (also referred to as prostaglandin endoperoxidase or prosta-
glandin G hydroperoxide synthase) is the rate-limiting enzyme for the produc-
tion of eicosanoids, prostaglandins (PGs) and thromboxanes (TX), from free
arachidonic acid, which is released from the membrane phospholipids by
phospholipase A2 [68]. Cyclooxygenase is bound to the cytosolic side of the
endoplasmic reticulum and cell membrane [69]. It is a bifunctional enzyme, with
fatty acid cyclooxygenase (COX) activity producing PGG2 from arachidonic
acid and two O2 molecules and PG hydroperoxidase (HOX) activity in which
PGG2 undergoes a two-electron reduction to PGH2 [70, 71]. PGH2 is con-
verted to final products by isomerases and individual prostaglandin (PG)
synthases that are often expressed in a cell type-dependent manner. Three
forms of COX have now been described [72–74]. COX-1 is constitutively
expressed in most cells and tissues; its activity appears to depend entirely on
substrate availability. Alternatively, an inducible isoenzyme, COX-2, acts as an
immediate early gene expressed in response to cytokines, growth factors, and
other stimuli. All COX isoforms share the same structural features including a
hydrophobic channel that allows the arachidonic acid bearing a constrained
hairpin configuration to access the COX catalytic site [70, 71].

Thromboxanes and prostacyclins are short-lived molecules with half-lives on
the order of seconds, whereas prostaglandins (PGs) have half-lives within the
range of tens of minutes to hours [75, 76]. Interacting with their cell surface
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G-protein (heterotrimeric GTP-binding protein)-coupled receptors (GPCR),
PGs serve as autocrine and paracrine mediators of "housekeeping" functions,
including the regulation of renal water and sodium metabolism, stomach acid
secretion, parturition, and homeostasis. It has been shown that in certain
experimental settings some PGs, especially PGJ2, are able to bind nuclear
receptors such as PPAR-gamma [77]. At least nine PG receptors have been
identified to date, four of which bind PGE2 and two bind PGD2. There are
individual receptors for PGF2-alpha, PGI2, and TxA2 [69]. Among other PGs,
PGE2 is a major COX-2 metabolite abundantly present in the cancer micro-
environment, and it is an important mediator of immune regulation [78],
epithelial cell growth and invasion [79], as well as epithelial survival [80].

COX-2 and Lung Cancer

Several studies have demonstrated high-level constitutive COX-2 expression in
human NSCLC [65, 81–89]. In the initial report describing COX-2 in human
lung cancer, Huang et al. assessed COX-2 expression in NSCLC and normal
adjacent lung tissue of resected specimens by immunohistochemistry [65]. All of
the 15 tumor specimens (8 adenocarcinomas and 7 squamous cell carcinomas)
showed cytoplasmic staining for COX-2 in tumor cells. In contrast, adjacent
normal lung showed no COX-2 staining in the alveolar lining epithelium, but
demonstrated positive cytoplasmic staining often in alveolar macrophages and
occasionally in bronchiolar epithelium. Wolff et al. showed with immunohis-
tochemistry that COX-2 was expressed in 19 of 21 adenocarcinomas and in all
11 squamous cell carcinomas studied [82]. Hida et al. reported that COX-2
overexpression was seen in approximately 70% of lung adenocarcinomas [87].
The level of staining appeared to be less in squamous cell carcinomas than in the
adenocarcinomas. Hida et al. reported that COX-2 expression was documented
in one-third of atypical adenomatous hyperplasias and carcinomas in situ which
support the role of COX-2 throughout the progression from pre-malignant
lesion to the metastatic phenotype [87]. In addition, the same study demon-
strated a greater proportion of lung cancer cells staining positively in lymph
node metastases compared to the corresponding primary tumor [87]. In the
report from Tsubochi and colleagues, there was a significant association
between COX-2 expression and lymph node metastasis in patients with adeno-
carcinomas, but evaluation of squamous cell carcinomas did not demonstrate
this relationship [86].

Other studies have corroborated and expanded on these initial findings
further documenting the importance of COX-2 in lung cancer [83–85, 88, 89].
Khuri et al. evaluated COX-2 expression in specimens from 160 stage I NSCLC
patients by in situ hybridization and reported that COX-2 overexpression
appears to portend a shorter survival among patients with early-stage
NSCLC [83]. The strength of COX-2 expression was associated with both a
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decreased overall survival rate (p = 0.001) and a diminished disease-free
survival rate (p = 0.022) [83]. Tsubochi et al. showed the relationship between
COX-2 expression and poor prognosis in stage I adenocarcinomas [86]. Other
reports have associated tumor COX-2 overexpression with poor prognosis as
well independent of TNM stage in surgically resected NSCLC [83]. These
reports, together with other studies documenting an increase in COX-2 expres-
sion in precursor lesions [81, 82], a common polymorphism in the COX-2 gene
associated with increased risk of lung cancer [90], and epidemiological studies
that indicate a decreased incidence of lung cancer in patients who regularly take
aspirin [91], all support the involvement of COX-2 in the pathogenesis of lung
cancer.

Mounting evidence indicates that tumor COX-2 activity has a multi-faceted
role in conferring the malignant and metastatic phenotype of lung cancer.
Although multiple genetic alterations are necessary for lung cancer invasion
and metastasis, COX-2 may be a central element in orchestrating this process
[62, 86, 87, 89] and has been implicated in apoptosis resistance [80, 92], angio-
genesis [93, 94], decreased host immunity [26, 66], and enhanced invasion and
metastasis [95, 96]. These newly discoveredmolecular mechanisms in the patho-
genesis of lung cancer provide novel opportunities for targeted therapies in
NSCLC carcinogenesis [97, 98]. COX-2 is one of the targets under investigation
for lung cancer therapy and chemoprevention [99, 100].

COX-2 Downstream Signaling: Prostanoid Receptors

The prostanoid receptors are in the superfamily of G-protein-coupled receptors
(GPCR). PGE2 exerts its multiple effects through four GPCR designated as
EP1, EP2, EP3, and EP4 [74]. Studies of the receptor subtypes have shown that
the EP1 receptor acts via Gq protein and upon activation increases cellular
Ca2+ levels. Studies indicate EP1 receptors can be localized not only on the cell
membrane but also on the nuclear membrane [101]. The EP2 and EP4 receptor
signaling is mediated by Gs G-proteins and leads to activation of adenylate
cyclase and elevated cAMP synthesis. In contrast, EP3 signaling through Gi

inhibits adenylate cyclase and cAMP synthesis [102].
The EP4 receptor is critically involved in inducing the expression of COX-2

and PGE2 synthase [103]. We have previously demonstrated the importance of
PGE2 and its signaling through the EP4 receptor in mediating NSCLC inva-
siveness and shown that genetic inhibition of tumor COX-2 led to diminished
matrix metalloproteinase (MMP)-2, CD44, and EP4 receptor expression and
invasion [96]. These findings indicate that PGE2 regulates COX-2-dependent,
CD44- and MMP-2-mediated invasion in NSCLC via EP receptor signaling
[96]. Yang and colleagues revealed in a murine model that tumor metastasis to
the lung was significantly reduced when treated with a specific EP4 antagonist
or when EP4 receptor expression was knocked down in the tumor cells using
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RNA interference technology [104]. In addition, the host EP4 receptors con-
tribute to tumor metastasis and tumor growth with decreased metastasis and
tumor growth in EP4 receptor knockout animals [104]. Further evidence sup-
porting the role of prostanoid receptors in lung carcinogenesis was shown by
the fibronectin-mediated stimulation of human lung carcinoma cell prolifera-
tion through the PGE2 receptor subtype EP4 [105]. Thus, blocking the COX-2-
dependent PGE2 production or activity by targeting the downstream signaling
pathway of COX-2, such as EP4 receptor, may produce more profound anti-
cancer effects than COX-2 inhibition alone. This could be the basis for new
approaches in chemoprevention or treatment of NSCLC.

Reversal of Epithelial–Mesenchymal Transition

EMT requires alterations in cell morphology, adhesion, and migration [30].
These cellular changes result in variable expression of proteins which serve as
EMTmarkers. Decreased E-cadherin level is a hallmark feature of EMT, which
allows reduction in cell-to-cell adhesion and enhances migratory capacity [30].
We have previously shown a COX-2-dependent transcriptional regulation of E-
cadherin expression and cellular aggregation in NSCLC, and a reciprocal
relationship between COX-2 and E-cadherin, as well as ZEB1 and E-cadherin
[24]. COX-2 and PGE2 expression resulted in significant reduction in E-cad-
herin via a ZEB1 and Snail transcriptional factor-mediated mechanism and
inhibition of COX-2 resulted in rescue of E-cadherin expression [24]. Thus,
therapies targeting the COX pathway may diminish the propensity for tumor
metastasis in NSCLC by blocking the PGE2-mediated induction of E-cadherin
transcriptional repressors. This newly defined pathway for transcriptional reg-
ulation of E-cadherin in NSCLC has important implications for chemopreven-
tion and treatment of NSCLC using COX-2 inhibitors in combination with
other agents. For example, E-cadherin expression in NSCLC has recently been
implicated as a marker of sensitivity to epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKI) [106]. Concordantly, low-serum E-
cadherin levels have also been found to correlate with response to combination
therapy with erlotinib and celecoxib in patients with NSCLC [107]. By enhan-
cing E-cadherin expression, COX-2 inhibitors may therefore augment sensitiv-
ity to EGFR TKI therapy [108].

Histone deacetylase (HDAC) inhibitors may be another strategy to increase
E-cadherin and overcome EGFR inhibitor resistance in patients with lung
cancer. Transcriptional repressor, ZEB1, inhibits E-cadherin expression by
recruiting HDAC. Witta et al. have shown that E-cadherin transfection into a
gefitinib-resistant line increased its sensitivity to gefitinib, and pretreating
resistant cell lines with an HDAC inhibitor induced E-cadherin and EGFR
[109]. This resulted in enhanced growth inhibition and apoptosis effect of
gefitinib similar to that in gefitinib-sensitive NSCLC cell lines [109]. Thus,
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combined HDAC inhibitor and gefitinib treatment may represent a potential
strategy to overcome resistance to EGFR TKI.

Bone morphogenetic protein-7 (BMP-7), also known as osteogenic protein-1,
is a member of the transforming growth factor-b (TGF-b) superfamily
[110–112]. It is expressed during embryonic development and plays an important
role in organogenesis [111, 112]. BMP-7 production is highest in the kidney, and
its genetic deletion in murine studies revealed severe impairment in eye, skeletal,
and kidney development [110]. In the embryonic lung, BMP-5 and BMP-7
expression has been detected in the mesenchyme and endoderm, respectively,
and BMP-4 expression has been restricted to the distal epithelial cells and the
adjacent mesenchyme [113]. TGF-b is a major regulator and inducer of EMT
[30]. Zeisberg et al. have reported that BMP-7 reverses the TGF-b1-induced
EMT by re-induction of E-cadherin through a Smad-dependent mechanism in
renal tubular epithelial cells and mammary ductal epithelial cells [114]. In addi-
tion, administration of BMP-7 led to repair of severely damaged renal tubular
epithelial cells and reversal of chronic renal injury [114]. These results provide
evidence of the complex interaction between BMP-7 and TGF-b1 in the regula-
tion of EMT and imply a potential role of BMP-7 as a therapeutic target in
reversing EMT in carcinogenesis.

Interaction Between COX-2 and EGFR Signaling

Inflammation and receptor tyrosine kinase signaling pathways form complex
networks with multiple overlapping modules that have proven to contribute to
malignant phenotypes [33]. COX-2/PGE2 and EGFR cross-signaling has been
one of the most extensively studied relationships between these pathways. Stu-
dies demonstrating that EGFR and COX-2 can interact to regulate cellular
proliferation, migration, and invasion [79, 115–118] have triggered interest in
evaluating the combination of COX-2 and EGFR inhibition in NSCLC. Coffey
et al. [117] demonstrated that the activation of EGFR by transforming growth
factor alpha stimulates COX-2 production resulting in increased release of PGE2
and increased mitogenesis. They also showed that COX-2 inhibition in a human
colon cancer cell line led to attenuation of TGF-a activity. Another study [118]
evaluated the effects of PGE2 on EGFR activation in a colon cancer cell line.
PGE2 induced increased phosphorylation of EGFR and Erk 1/2, leading to cell
proliferation. Inactivation of EGFR TK with selective inhibitors resulted in
decreased PGE2-related Erk activation, decreased c-fos mRNA production,
and decreased cell proliferation. In addition, EGFR inhibitors have been asso-
ciated with a decrease in the production of angiogenic factors such as IL-8 and
VEGF [119, 120]. This has also been found to be a mechanism of angiogenesis
inhibition by COX-2 inhibitors [121, 122]. When studied in combination in a
familial adenomatous polyposis (FAP) mouse model, treatment with EKB-785
(an EGFR TKI) and sulindac (a COX inhibitor) resulted in a 95–97% reduction
in the incidence of colonic polyps [123]. Consistent with these findings, the
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co-expression of EGFR and COX-2 in human cervical cancer specimens por-
tends a poor prognosis with increased recurrences [124]. Recently, Chen et al.
[125] reported that the combination of an EGFR TKI with celecoxib either
additively or synergistically inhibited growth of squamous cell carcinoma of
the head and neck (SCCHN), significantly induced G1 arrest and apoptosis,
and suppressed capillary formation of endothelium. Furthermore, the combina-
tion showed strong reduction of EGFR, Erk1/2, and Akt phosphorylation in
SCCHN cells as compared with the single agents [125]. Importantly, we have
recently found a novel mechanism of PGE2-induced EGFR TKI resistance in
NSCLCmediated through an EGFR-independent activation of the MAPK/Erk
signaling pathway [79]. In these investigations, we demonstrate that PGE2 is able
to completely overcome the growth inhibitory activity of EGFR TKIs in
approximately 40% of NSCLC cell lines.

COX-2 Clinical Trials

Based on these findings, recent studies have been conducted evaluating com-
bined inhibition of the EGFR and COX-2 pathways in patients with NSCLC.
Gadgeel et al. [126] reported a phase II study of gefitinib and celecoxib in patients
with platinum refractory NSCLC. Patients received gefitinib 250 mg daily and
celecoxib 400 mg twice daily. The response rate to the combination of celecoxib
and gefitinib was similar to that observed with gefitinib alone. O’Byrne [127]
recently reported a phase I/II trial of combination therapy with gefitinib
(250 mg/day) and rofecoxib (50 mg/day) in patients with platinum-pretreated
relapsed NSCLC. Gefitinib combined with rofecoxib was found to provide
disease control rates equivalent to that expected with single-agent gefitinib.
The lack of beneficial effect of combined EGFR TKI and COX-2 inhibitor
therapy from these studies raises the question of whether higher dosage may
have a critical effect on efficacy.

Reckamp et al. conducted a phase I trial evaluating escalating doses of
celecoxib (200–800 mg twice daily) in combination with a fixed dose of erlotinib
(150mg/day) in late-stage NSCLC patients and established an optimal biological
dose (OBD) of 600 mg twice daily, as defined by the maximal decrease in urinary
prostaglandin E-M (PGE-M) [108]. This study revealed an acceptable toxicity
profile with combination therapy and demonstrated a disease control rate above
that expected for erlotinib alone. Based on these results, a phase II trial is
planned to assess combination therapy with celecoxib at 600 mg twice daily
and erlotinib versus single-agent erlotinib. The use of COX-2 inhibitors at the
optimal biological dose may improve efficacy of combination therapy and may
explain the lack of benefit in some trials in which a lower dose of COX-2
inhibitors was used. Although the use of COX-2 inhibitors at the optimal
biological dose may promote responses to combination therapy, there may be
associated toxicities with the use of COX-2 inhibitors. Gridelli et al. [128]
evaluated the addition of rofecoxib (50 mg/day) to cisplatin and gemcitabine in
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stage IV or IIIB NSCLC subjects. The groups receiving rofecoxib were closed
early due to safety issues surrounding the higher frequency of cardiac ischemia in
subjects that received rofecoxib at 50 mg/day [128]. In a cumulative meta-
analysis of 18 randomized controlled trials and 11 observational studies, Juni
et al. reported on the increased risk of myocardial infarction in subjects who
received rofecoxib [129]. Other reports have shown that rofecoxib exhibits a
greater risk of cardiovascular toxicity as compared to celecoxib and may be dose
dependent [130]. Solomon et al. found that rofecoxib was associated with a
greater incidence of cardiovascular toxicity compared to celecoxib and NSAIDS
and that patients taking rofecoxib at >25 mg doses were associated with higher
risk than lower doses [130]. These studies suggest that COX-2 inhibitors may
have differing cardiovascular risk and dose may also determine safety profile. It
is unclear if cardiac ischemia will occur at a higher risk with short-term usage of
COX-2 inhibitors alone or in combination with targeted therapies or conven-
tional chemotherapy.

Several ongoing clinical trials are evaluating COX-2 inhibitors as adjuvants to
chemotherapy in patients with advanced NSCLC. Lilenbaum and colleagues
reported a phase II trial of irinotecan/docetaxel or irinotecan/gemcitabine with
or without celecoxib to determine if COX-2 inhibition may enhance the efficacy
of these chemotherapeutic agents [131]. Patients were randomly assigned to
receive irinotecan 60 mg/m2 and docetaxel 35 mg/m2, or irinotecan 100 mg/m2

and gemcitabine 1,000 mg/m2, with or without celecoxib 400 mg twice daily, for
four cycles [131]. The median survival was 6.31 months for patients treated with
celecoxib and 8.99 months for those treated with chemotherapy alone, and the 1-
year survival rates were 24 and 36%, respectively [131]. COX-2 inhibition did not
appear to enhance efficacy of this chemotherapeutic regimen.

However, critical to the interpretation of these studies and to the design of
future studies is the consideration of patient selection. Chan A et al. [132] com-
pared the use of aspirin on the relative risk of colorectal cancer in relation to the
expression of COX-2 in the tumor. The authors found that the regular use of
aspirin only reduces the risk of colorectal cancers that overexpress COX-2 but not
in those with either weak or absent expression of COX-2. Similarly, a randomized
phase II trial [133] to assess whether there was benefit with dual eicosanoid
inhibition or with either agent (celecoxib or zileuton) alone in addition to che-
motherapy found an advantage only for celecoxib and chemotherapy in patients
with moderate to high tumor expression of COX-2. These studies illustrate the
importance of a more individualized approach to therapy that ideally minimizes
the risk–benefit ratio and improves efficacy in future clinical trials.

Targeted Prevention

Crucial to the development of preventive strategies are the elucidation of the
molecular mechanisms leading to the transformation of normal tissues to cancer
and ways to stratify patients’ risk.
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Inflammatory pathways are believed to play an important role in lung cancer
initiation [134]. CXCR2 and its ligands, which are associated with inflamma-
tory and proangiogenic functions, is one such pathway implicated in the devel-
opment of lung cancer. In a murine model where mice develop lung adenocar-
cinoma due to somatic activation of the KRAS oncogene, vascular endothelial
cells and neutrophils with high expression of CXCR2 and CXCR2 ligands were
found in pre-malignant alveolar lesions. Importantly, CXCR2 inhibition
blocked the expansion of early alveolar neoplastic lesions [135].

Several reports have also documented high constitutive expression of COX-2
in precursor lesions in addition to established lung cancers, leading to studies
that have focused on the potential role of COX-2 inhibitors in chemopreven-
tion. Mao et al. reported on the feasibility of celecoxib as a chemopreventive
agent for lung cancer by administering heavy current smokers with a 6-month
course of oral celecoxib and performing serial bronchoscopies with bronchoal-
veolar lavage and biopsy [136]. Treatment with celecoxib significantly reduced
the Ki-67 labeling index in smokers by 35% (p ¼ 0.016) and increased the
expression of nuclear survivin by 23% (p ¼ 0.036) without significantly chan-
ging that of cytoplasmic survivin [136]. These findings support the hypothesis
that oral administration of celecoxib is capable of modulating Ki-67 labeling
index in the bronchial tissue of active smokers at high risk for developing lung
cancers [136]. Larger randomized, placebo-controlled clinical trials are under-
way to determine efficacy of COX-2 inhibitors in preventing the development of
bronchogenic carcinoma [100, 137].

Another potential pathway linking inflammation and lung cancer progres-
sion is the expression of the transcription factor Snail. Best known as an inducer
of EMT, inflammatory mediators (including TGF-b, IL-1b, and PGE2) have
been shown to upregulate Snail [24, 34, 138]. Elevated levels of Snail exist in
both human lung cancers and pre-malignant lesions, and Snail overexpression
enhances diverse malignant phenotypes in NSCLC cell lines as well as in
immortalized human bronchial epithelial cell lines [139, 140].

Factors such as these that play a pathologic role across the spectrum of
carcinogenesis – from premalignancy to advanced disease – hold unique poten-
tial as targets for therapy. For example, 30% of lung cancer patients after
resection of early disease develop recurrence. In this population, targeting
these factors could potentially treat patients for any remnant of the cancer
they already have while simultaneously preventing the cancer they are at risk of
developing.

Advances in risk assessment play a crucial role in the development of pre-
ventive measures. For example, COPD has long been well established to be
associated with lung cancer risk [141], and recent studies emphasize the integral
role of inflammation as a potential central shared pathway in the pathogenesis
of COPD and lung cancer [134]. This opens an intriguing field of investigation
to assess the capacity of agents that limit inflammation in patients with COPD
to serve as lung cancer chemoprevention. For example, a cohort study has
already suggested that inhaled corticosteroids may have a role in lung cancer
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prevention in patients who have COPD [142]. By studying another high-risk
group for lung cancer – current and ex-smokers – radiographic assessments of
emphysema and spirometric evaluation of airflow obstruction have been corre-
lated to lung cancer risk in this population, providing potential clinical and
imaging parameters for lung cancer risk assessment [143]. Such assessments
direct the appropriate attention and potential chemopreventive measures to the
people who need it most.

Conclusion

Lung carcinogenesis is a complex process involving the acquisition of genetic
mutations that lead to cancer development and themalignant phenotype. These
mutations are critically linked to interrelated steps in tumorigenesis including
apoptosis resistance, unregulated proliferation, invasion, angiogenesis, and
metastasis. While genetic changes are essential in cellular transformation into
neoplastic cells, the stromal inflammatory response in the tumor microenviron-
ment has equally a significant role in cancer progression and metastasis. This
complex interaction between the neoplasm and the host immune system can be
described by the concepts of (1) cancer immunosurveillance, (2) cancer immu-
noediting, (3) complicity of the host cellular networks in lung tumorigenesis,
and (4) tumor-mediated immunosuppression.

Elucidation of the molecular mechanisms involved in these cellular changes
provides opportunities to develop innovative therapies. COX-2 has been impli-
cated in apoptosis resistance, angiogenesis, decreased host immunity, and
enhanced invasion and metastasis and thus has a pivotal role in carcinogenesis.
COX-2 is one of the targets under investigation for lung cancer therapy and
chemoprevention. Furthermore, targeting the downstream signaling pathways
of COX-2 may produce more profound effects than COX-2 inhibition alone,
and thus strategies to antagonize the prostanoid receptors, such as EP4, are
potential candidate targets in cancer prevention and therapy.

EMT in cancer is an unregulated process in a host environment with deregu-
lated inflammatory response that degrades CMI and permits lung cancer
progression. Understanding transcriptional regulation of key features in
EMT, such as the downregulation of E-cadherin, has important implications
for chemoprevention and treatment of NSCLC using COX-2 inhibitors in
combination with other agents. COX-2 inhibition enhances tumor E-cadherin
expression and may therefore augment sensitivity to other anti-tumor agents,
such as EGFR TKI therapy. Based on these observations, several ongoing
clinical trials are currently evaluating COX-2 inhibitors as adjuvants to che-
motherapy in patients with advanced NSCLC and to determine efficacy of
COX-2 inhibitors in prevention of bronchogenic carcinoma. In addition, the
reversal of EMT has been a focus of intense investigation. As further under-
standing of the complex interaction between BMP-7 and TGF-b in the
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regulation of EMT is required, strategies to enhance BMP-7 expression are

potential therapeutic targets to reverse EMT in lung carcinogenesis. Strategies

to inhibit transcriptional repressors such as Snail may also prove to be an

effective method to combat EMT-related malignant phenotypes.
Given the immunosuppressive environment in the tumor, investigators are

attempting to reverse these events by stimulating host immune responses

against tumor antigens in lung cancer. Both TGF-b and PGE2 are among the

mediators that promote the CD4+CD25+ T regulatory phenotype and
increase the expression of the forkhead transcription factor FOXP3 that is

known to program the development and function of T reg cells. These pivotal

relationships are currently under investigation in the laboratory, and clinical

studies are underway currently to evaluate the optimal biological dose of a
COX-2 inhibitor, celecoxib, to decrease FOXP3 and T regulatory function in

patients with lung cancer.
In summary, the elucidation of molecular mechanisms involved in inflam-

mation and lung carcinogenesis, in combination with the appropriate attention
to patient selection and risk assessment, will provide insight for new drug

developments that target the reversible, non-mutational events that contribute

to tumor progression in lung cancer.
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Angiogenesis and Angiogenic Diversity in Lung

Cancer Metastasis

Douglas A. Arenberg

Abstract Angiogenesis is a pervasive biological phenomenon that is at the core
of many physiologic and pathologic processes. To be sustained, the increase in
metabolic activity brought on with tissue proliferationmust be accompanied by
a proportional increase in blood supply. When pre-existing vasculature is
insufficient to meet the demands of the proliferating cell population, signals
for angiogenesis are generated by resident and infiltrating cells. Angiogenesis is
a vital part of tumor biology and occurs in response to a wide range of
molecular signals within the tumor microenvironment, and these signals need
not arise directly from the tumor cell. This has given rise to the notion of
diversity of the angiogenic mechanisms or a unique angiogenic signature of
each tumor’s microenvironment [7, 8]. This chapter will focus on the basic
cellular mechanisms of angiogenesis, followed by a discussion of various factors
that are involved in lung cancer angiogenesis, and the clinical implications of
the diversity of angiogenic pathways in cancer.

Introduction

Of all the malignant cells in a primary tumor, a small fraction is able to
metastasize to a distant organ. In this respect, the process of metastasis can be
thought of as a natural subcloning experiment, which selects for those cells
within the tumor capable of performing all the tasks of the metastatic process.
Fidler summarized the sequential but overlapping steps of the metastatic cas-
cade in the Clowes Memorial Award Lecture in 1990 [1]. While significant
knowledge has been added to the field in the nearly two decades since then,
much of what he said then still applies today. In particular he noted that the
ability to promote angiogenesis is one of several critical tasks of the metastatic
cell.
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Angiogenesis is a vital part of tumor biology, and while it appears to be

essential for metastasis to occur, direct evidence in support of this is difficult to

find. In part this is because most assays for metastasis rely on the development

of large visible tumors, and these require angiogenesis to develop even after the

tumor cell has metastasized. Some evidence suggests that angiogenesis is not, in

fact, required for individual cells to metastasize [2, 3]. On the other hand, there

is good experimental evidence that the onset of angiogenesis in the tumor

microenvironment precedes the invasion of malignant cells into the stroma

[4]. There is strong evidence implying that lymphangiogenesis is required for

the process of lymphatic metastasis [5, 6]. Regardless of the mixed evidence in

this respect, animal studies clearly show that inhibition of angiogenesis can

maintain metastatic tumor deposits in a dormant state [2, 3]. Since metastatic

disease is the primary cause of death in most cases of lung cancer, the discussion

of angiogenesis, its mechanisms, and potential targets is essential in any con-

sideration of lung cancer metastasis.
Angiogenesis is a pervasive biological phenomenon that is at the core of

many physiologic and pathologic processes. To be sustained, the increase in

metabolic activity brought on with tissue proliferationmust be accompanied by

a proportional increase in blood supply. When pre-existing vasculature is

insufficient to meet the demands of the proliferating cell population, signals

for angiogenesis are generated by resident and infiltrating cells. Angiogenesis

occurs in response to a wide range of molecular signals within the tumor

microenvironment, and these signals need not arise directly from the tumor

cell. This has given rise to the notion of diversity of the angiogenic mechanisms

or a unique angiogenic signature of each tumor’s microenvironment [7, 8]. This

chapter will focus on the basic cellular mechanisms of angiogenesis, followed by

a discussion of various factors that are involved in lung cancer angiogenesis,

and the clinical implications of the diversity of angiogenic pathways in cancer.

The Sequence of Events in Physiologic Angiogenesis

The absolute dependence of tissue on adequate blood supply suggests several

characteristics of angiogenesis. First, the vascular system must be able to

rapidly respond to increased tissue needs with increased microvasculature.

Second, because of the high metabolic cost of angiogenesis, under basal condi-

tions, the process must be tightly controlled, occurring only when necessary.

Indeed, endothelial cells are normally quiescent, but during the angiogenic

response, they become activated. The rate of normal capillary endothelial cell

turnover is typically measured in months or years [7, 8]. However, when

microvasculature endothelial cells are stimulated in vivo, they degrade their

basement membrane, migrate directionally, divide, organize into functioning

capillaries, and deposit new basal lamina all within amatter of days. These steps
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are not sequential. Rather, they represent an orchestration of overlapping
events necessary to return injured tissue to homeostasis.

The angiogenic signal. The signal(s) which initiate angiogenesis vary with the
condition which requires angiogenesis andmay be organ specific [9]. During the
wound response, angiogenic factors may be released through platelet degranu-
lation [10] or proteolytic digestion of extracellular matrix [11]. The importance
of these mechanisms may lie in the fact that they do not require new protein
synthesis and may occur rapidly in response to tissue injury [12]. In pathologic
angiogenesis, many different cells may be the source of angiogenic signals,
including tumor cells [13], fibroblasts [14], endothelial cells [15, 16], epithelial
cells [17], or activated macrophages [18–20]. Embryonic angiogenesis is acti-
vated by genes which are transcribed in response to hypoxia and hypoglycemia
[21]. Importantly, the signal for angiogenesis may also be initiated by loss of
inhibitory signals, rather than simply requiring a positive stimulus [22].

Endothelial detachment. For endothelium to invade into the surrounding
matrix, cells must detach from their tight association with neighboring endothe-
lial cells. These cell–cell appositions, called adherens junctions, are composed of
cadherin family proteins. Vascular–endothelial cadherin (VE-cadherin, or cad-
herin 5) is highly specific for endothelial cells [23] and associates with the
cytoskeleton through b-catenin, and plakoglobin [24, 25]. One of the earliest
events in the angiogenic response is alteration of the adherens junction com-
plexes, leading to increased pericellular permeability, and detachment of the
endothelial cell from its neighboring cells [26].

Proteolysis and cell migration. The loss of tight cell–cell adhesion results in
leakage of plasma and deposition of a primordial matrix rich in fibrinogen and
fibrin. In order to form new vessels, the existing basement membrane and
surrounding fibrin matrix must be degraded. Hiraoka et al. used a mouse aortic
ring explants to study the role of proteolytic pathways in vessel invasion into
three-dimensional fibrin gels. This model is characterized by both vessel-tube
formation and perivascular mesenchymal cell invasion. They demonstrated
that matrix metalloprotease (MMP) inhibitors blocked endothelial cell tube
formation without inhibiting invasion of perivascular mesenchymal cells. The
plasminogen activation system was not necessary for endothelial tubes to
invade the fibrin matrix [27]. Expression of membrane-type 1 MMP (MT1-
MMP) was sufficient to confer fibrin-invasive capacity to ‘‘invasion-null’’ cells,
and its expression had to be confined to the cell surface (as opposed to a soluble
form) [27]. These observations were derived from well-defined systems of pure
or nearly pure fibrin gels. Invasion into perivascular matrix in vivomay bemore
complex, requiring other proteolytic enzymes or pathways as well. Proteolytic
activity may also release angiogenic growth factors which are sequestered in the
basement membrane [11, 15].

After proteolysis, angiogenic endothelial cells must migrate through an
extracellular matrix consisting of a variety of components, including fibrin,
fibronectin, vitronectin, and hyaluronan as well as other glycosaminoglycans
[28]. Locomotion through this environment requires cell–matrix adhesion
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which occurs through cell surface-associated integrins. Reversible integrin-
mediated binding to matrix components allows migration along a chemotactic
gradient through the extracellular matrix scaffold. Since endothelial cells must
respond to injury in all organs and tissues of the body, they must be capable of
adherence to a variety of matrix components. The avb3 and avb5 integrins are
important endothelial cell adhesion molecules which display appropriately
promiscuous binding profiles and are both involved in angiogenesis [29, 30].
The importance of this cell–matrix interaction in angiogenesis is demonstrated
by work showing that specific inhibition of integrin binding in angiogenic
endothelium leads to apoptosis of the endothelial cell [29, 30].

Cell proliferation. While DNA synthesis occurs early in the angiogenic
response, vascular sprouting can occur in the absence of endothelial cell pro-
liferation [31]. However, when proliferation is inhibited, the angiogenic
response does not progress beyond this earliest stage of neovascularization
[31].Maintenance of the angiogenic response requires an increase in the number
of endothelial cells to provide adequate capillary perfusion. While some angio-
genic factors are only chemotactic for endothelial cells [32], most are endothelial
cell mitogens also [32, 33]. The signaling pathways which control cell prolifera-
tion are separable from those which lead to other aspects of the angiogenic
response and may be dependent on the degree of cell–matrix adhesion [34]. In
vitro studies demonstrate that endothelial cell proliferation occurs in conditions
of increased cell–matrix adhesiveness, whereas cells plated on poorly adhesive
substrates undergo growth arrest and lose viability. In contrast, intermediate
levels of adhesiveness promoted differentiation into tube-like structures [34].
One might visualize that these in vitro findings have a correlate with wound
repair in vivo. The primordial matrix of an early wound is rich in plasma
proteins which provide an abundant source of extracellular matrix to which
endothelial cells may adhere, thus promoting cell migration and proliferation.
However, as a wound matures, the primordial matrix is altered, and the com-
position of matrix proteins evolves. Fibroblasts deposit type III collagen, and
phagocytic cells remove debris, perhaps leading to reduced adhesiveness of the
matrix and promoting capillary tube formation [12, 35–38].

Tube formation. The integrity of the circulatory system must be maintained
once capillary endothelial cells invade neoplastic tissue. This requires the for-
mation of functioning capillaries with tight cell–cell adhesion. In addition to the
importance of cadherin 5 and the adherens junction, tube formation requires
the function of CD31 (platelet endothelial cell adhesion molecule; PECAM-1)
[39]. CD31 is a membrane glycoprotein and a member of the immunoglobulin
supergene family that can mediate both heterotypic and homotypic adhesion
[40]. Inhibition of in vitro and in vivo angiogenesis by neutralizing antibodies to
CD31 shows the importance of this interaction [41].

Vessel maturation. After the formation of a continuous capillary tube, the
final step in forming a new blood vessel is the deposition of a basement
membrane. Inhibition of collagen biosynthesis prevents in vitro formation of
capillary-like tubes and inhibits an in vivo model of angiogenesis [42]. Once a
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vessel is formed, it is stabilized by the presence of pericytes which reduce
vascular permeability and protect vessels from apoptotic signals [43]. Pericytes
migrate to, and stabilize blood vessels through a mechanism that involves
the angiopoietin-1/Tie-2 ligand receptor interactions as well as the cytokine
platelet-derived growth factor (PDGF-BB) [44]. In many tumors, vessels lack
pericyte coverage [45]. This may reflect the fact that mature, pericyte-coated
vessels are less susceptible to angiogenic signals. However, given that pericytes
are critical in stabilizing blood vessels and that pericyte-coated vessels are
resistant to apoptotic signals, the role of pericytes in tumor angiogenesis is
likely a ‘‘two-edged sword’’ [46–48]. Further research into the role of pericytes in
tumor angiogenesis should clarify their contribution.

A more novel concept recently introduced in the field of tumor angiogenesis
is the discovery of circulating bone marrow-derived endothelial cell precursors
(ECP). These circulating cells are recruited to tumors by a mechanism that
requires both VEGFR1 and VEGFR2 tyrosine kinase receptors [49]. Investi-
gators have related the number of ECPs to the stage and activity of cancer in a
clinical setting [50]. Additionally, an intriguing antiangiogenic strategy directed
at eliminating circulating EPCs involves the use of cytotoxic agents in a con-
tinuous low dose (lower than would be effective against malignant cells) [51].
The basis for this approach is the knowledge that traditional cytotoxic che-
motherapy is effective against angiogenic endothelial cells. The use of inter-
mittent dosing made necessary by dose-limiting toxicities of these drugs results
in endothelial recovery during which time any antiangiogenic effect of cytotoxic
therapy is presumably lost. A low-dose continuous strategy, referred to as
metronomic chemotherapy, has been proven effective as an antiangiogenic
strategy in animal models [52]. However, a small but important study of solid
tumors from patients who had previously received bone marrow transplants
before developing cancer allowed the investigators to determine the source of
endothelial cells in the tumor. This approach demonstrated that only a small
proportion (<5%) of endothelial cells in solid tumors were marrow (donor)
derived [53], suggesting that these cells may not be as critical to human tumor
angiogenesis and antiangiogenic ‘‘metronomic chemotherapy’’ may not have
the same impact on human cancer as is seen in animal models. Studies of this
approach in humans are currently ongoing.

Factors Which Regulate Angiogenesis

The net angiogenic activity in any given tissue reflects the balance of pro- and
antiangiogenic influences within the tissue. There is a plethora of proteins and
other molecular products that can contribute to this balance either directly or
indirectly (Table 1). These include the cytokines, acidic and basic fibroblast
growth factor (aFGF, and bFGF), vascular endothelial cell growth factor
(VEGF), members of the family of chemotactic cytokines known as CXC
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chemokines, and the angiopoietin/TIE ligand–receptor system. Also important

are internal peptide fragments of larger peptides identified as potent angiogen-

esis inhibitors, such as angiostatin and endostatin. Only a fraction of these will

be discussed in detail.

Table 1 A listing of angiogenic (left column) and angiostatic (right column) mediators

Promote angiogenesis Inhibit angiogenesis

12(R)-Hydroxyeicosatrienoic acid (12-
HETE)

Angiopoietin-2

Acidic fibroblast growth factors (aFGF) Angiostatic steroids

Adenosine Angiostatin

Angiogenin

ELR– CXC chemokines

CXCL4
CXCL9
CXCL10
CXCL11

Angiopoietin Endostatin

Angiotensin II Endothelial–monocyte-activating peptide II

(EMAP-II)
Angiotropin

Basic fibroblast growth factors (bFGF) Eosinophil major basic protein

Ceruloplasmin High-molecular-weight hyaluronan

Copper Interferon a, b, and g
ELR+ CXC chemokines

CXCL1
CXCL2
CXCL5
CXCL8

Interleukin-1 (IL-1)

Epidermal growth factor (EGF) Interleukin-4 (IL-4)

Fibrin peptide fragments Interleukin-12 (IL-12)

Fibroblast growth factors

Metalloproteinase and thrombospondin

domain-homologues (METH)-1 and -2
Heparin Nitric oxide

Hepatocyte growth factor (HGF)
Placental RNase inhibitor

Hyaluronan fragments Prostaglandin synthase inhibitor

Interleukin-2 (IL-2) Protamine

Migration inhibitory factor (MIF) Retinoids

Nicotinamide Somatostatin

Platelet-activating factor Thrombospondin-1

Polyamines Tissue inhibitors of metalloproteases
(TIMPs)

Prostaglandin E1, E2 Vasostatin

Soluble E-selectin Vitamin A

Transforming growth factor (TGF-a and -b) Vitreous fluids

Tumor necrosis factor-a (TNF-a)
Vascular endothelial growth factor (VEGF)
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Fibroblast growth factors. The fibroblast growth factor (FGF) gene family
consists of nine members, the prototypes of which are acidic FGF (aFGF) and
basic FGF (bFGF). These two members of the FGF family are distinct in that
they lack a classic signal peptide to direct their processing in the Golgi appara-
tus and eventual secretion [54]. Consequently, little is known of how FGF
becomes secreted into the extracellular space. Members of the FGF family
which do possess the signal peptide sequence were initially discovered as onco-
genic growth factors [55]. Transfection of cells with aFGFmutants containing a
signal peptide leads to cell transformation [56, 57]. Thus, the lack of signal
sequence in aFGF and bFGF may reflect the evolution of a tighter degree of
control over their secretion [56, 57]. FGFs induce endothelial cell migration,
proliferation, and tube formation in vitro [58, 59]. The involvement of FGFs in
pathologic angiogenesis is inferred by studies of tumor-associated angiogenesis.
Basic FGF may influence angiogenesis associated with Kaposi’s sarcoma [60],
breast cancer [61], and lung cancer [62, 63].

FGF receptors. Specific high-affinity FGF receptors have been cloned and
exist in three different isoforms (FGFR-1, -2, and -3) that result from alter-
native splicing of the FGFR gene transcripts. FGFs also bind to glycosamino-
glycans [64], and this low-affinity binding is necessary for FGFs to bind to their
high-affinity cell surface receptors [65]. Each receptor has three immunoglobu-
lin (Ig)-like extracellular domains (except for FGFR-2 which has only two Ig
domains), a transmembrane domain, and an intracellular tyrosine kinase
domain [66]. The alternative extracellular domains confer differing ligand-
binding specificity for members of the FGF family [66], and these splice variants
are distributed in a tissue-specific manner [67].

Vascular endothelial cell growth factor. Also identified as vascular perme-
ability factor (VPF), VEGF is the initial member of a family of proteins with
mitogenic and angiogenic activity [68]. VEGF exists in multiple isoforms
(VEGF-189, -165, and -121) distinguished by the amino acid length of the
primary structure [69] and resulting from alternative splicing of a single gene
product [69]. Additionally, the VEGF family consists of two other closely
relatedmembers, VEGFB [70] andC [71], whichmap to different chromosomes
[72]. VEGF B and C likely play a critical role in the development of the
lymphatic system [73, 74]. VEGF is biologically active as a dimer [75] and
requires downstream activity of nitric-oxide synthase and guanylate cyclase to
induce angiogenesis via its receptors [76]. While VEGF was initially thought to
be an endothelial cell-specific agonist, specific VEGF receptors are also present
on monocytes, and VEGF induces migration of these cells [77].

The strongest data demonstrating a role for VEGF in angiogenesis are
derived from mice with targeted deletion of either the VEGF gene or its
receptors. Heterozygous mice with a single null allele for the VEGF gene
develop abnormal vessels and die at embryonic days 11–12 [78, 79]. Similarly,
targeted inactivation of either of the two known receptors for VEGF results in
embryonic lethality at days 8–9 [80, 81]. VEGF is also expressed in multiple
experimental and ‘‘naturally occurring’’ human tumors including lung cancer
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[62, 82]. In preclinical models, neutralizing antibodies to VEGF are effective in
inhibiting tumor growth in tumor cell lines expressing VEGF [83–85]. This
observation led to the clinical development of a humanized monoclonal anti-
body against VEGF, bevacizumab. A phase III trial of bevacizumab in combi-
nation with standard chemotherapy showed that inhibition of VEGF results in
modest improvements in survival and time to progression [86]. As a result this
antibody is now approved in the United States for use in advanced non-small
cell (nonsquamous) lung cancer.

Among the factors known to regulate expression of VEGF, as well as its
receptors, is hypoxia [87], which induces VEGF from a number of cell types
[87–89]. A major factor responsible for transcriptional activation of VEGF is
the transcription factor HIF-1, which is composed of heterodimers of two
subunits, HIF-1a, and the aryl hydrocarbon-receptor nuclear translocator
(arnt, also known as HIF-1b). Interestingly, embryos from HIF-1a-deficient
cells actually express higher levels of VEGFmRNA than do wild-type embryos,
and it appears that hypoglycemia induces the expression of VEGF via a non-
HIF-1a-dependent mechanism [90]. Murine embryonic stem cells genetically
engineered to lack the arnt/HIF-1b gene fail to augment VEGF expression in
response to hypoxia. Embryos derived from these cells display a developmental
phenotype similar to VEGF ‘‘knockout’’ mice [21]. Arnt/HIF-1b is a required
factor for the hypoxic induction of VEGF gene transcription. Other studies
suggest that hypoxic induction of VEGF expression requires both HIF-1a and
arnt/HIF-1b [91].

VEGF receptors. The two known receptors for VEGF, flk-1/KDR and flt-1,
are tyrosine kinase transmembrane proteins. The receptors probably mediate
different actions of VEGF. For example, studies employing VEGF mutants
which retain binding to only one of the two receptors reveal that flk-1/KDR
mediates VEGF-induced endothelial cell proliferation [92]. In contrast, migra-
tion of monocytes in response to VEGF occurs via the flt-1 VEGF receptor [77].
There are currently several pharmacologic small-molecule inhibitors targeted to
these receptors [93, 94]. The structure of these receptors is sufficiently similar to
other tyrosine kinase family receptors that many of the pharmacologic inhibi-
tors of these receptors under development end up being classified as ‘‘multi-
targeted inhibitors,’’ which is almost certainly more by accident than by prede-
sign. Nevertheless, the ability of some small molecular inhibitors to target
multiple growth factor receptor tyrosine kinases may prove to be of benefit in
the clinical setting [93–95].

Angiostatin and endostatin. These two molecules are potent inhibitors of
angiogenesis [3, 96] discovered while studying an interesting phenomenon: the
inhibition of metastatic tumor growth by primary tumors [3]. Angiostatin was
isolated from the urine of tumor-bearing mice [3]. Mice bearing experimental
Lewis lung carcinoma tumors typically developed extensive metastases only
after removal of the primary tumor. However, in mice which received injections
of purified angiostatin, growth of metastases was inhibited, even after removal
of the primary tumor [3]. Using a similar experimental strategy, the same group
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of investigators also isolated endostatin, a molecule with similar activity in
animal models [96].

While neither angiostatin nor endostatin has shown to be effective in human
disease, they shared an interesting property in that both are internal fragments
of larger peptides with neither angiogenic nor angiostatic properties [3, 96].
Angiostatin is a 38-kDa internal fragment derived from plasminogen, and
endostatin is a 20-kDa internal fragment of collagen XVIII [3, 96]. Subsequent
studies revealed that macrophage metalloelastase is responsible for the proteo-
lytic cleavage of plasminogen to yield angiostatin [97, 98]. Another endogenous
inhibitor of angiogenesis that fits this pattern is PEX, a fragment of matrix
metalloprotease-2 (MMP-2) comprising the C-terminal hemopexin-like
domain [99]. Among the more exciting findings associated with angiostatin
and endostatin is their ability to induce and sustain dormancy of micrometas-
tases via suppression of angiogenesis in animal models of cancer [100].

The angiopoietin/TIE receptor–ligand system. This receptor–ligand system
is important in the development of the vascular system and is strongly impli-
cated in pathologic angiogenesis as well. The Tie receptors (Tie-1 and Tie-2)
are protein-tyrosine kinases that are expressed in the embryonic yolk sac and
in areas of vascular development. Tie-1-deficient animals develop to birth but
die perinatally due to a defect in vascular integrity, with resulting hemorrhage
and generalized edema [101]. In contrast, embryos deficient in Tie-2 (also
known as tek) die at embryonic days 10–11, with the most prominent abnorm-
alities being failure of development of the endothelial lining of the heart and
failure of the early vascular system to progress beyond its earliest stages of
vessel formation [101].

A search for ligands for this receptor system led to the cloning of angiopoietin-1,
which is a specific activating ligand for Tie-2 [102]. Expression of angiopoietin-1 in
developing embryos is localized predominantly to the myocardial tissue sur-
rounding the endocardium and later in mesenchymal tissue surrounding the
developing vasculature [102]. Angiopoietin-1 is not an endothelial cell mitogen,
nor does it induce tube formation in vitro, but it plays a vital role in the
remodeling of the vascular system during development [102, 103], perhaps by
facilitating communication between endothelium and the surrounding
mesenchymal cells. A naturally occurring antagonist for the Tie-2 receptor
exists, termed angiopoietin-2, and is expressed in areas of vascular remodeling
in embryonic and adult tissues [104]. It appears that the ratio of angiopoietin-1
to angiopoietin-2 is critical for determining the maturity of vessels, with
angiopoietin-1 serving as a stabilizing signal and attracting vascular pericytes
to developing blood vessels and angiopoietin-2 destabilizing the vessels and
facilitating the angiogenic response [105].

In general, cancers are characterized by a higher ratio of angiopoietin-2
to angiopoietin-1 [105] than is corresponding normal tissue. Expression of
angiopoietin-2 mRNA is associated with greater vessel density only in tumors
where VEGF mRNA is coexpressed, and coexpression of both factors is
associated with poor survival [106]. Higher serum levels of angiopoietin-2
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protein detected in lung cancer patients were associated with advancing stage
of disease and worse prognosis as well [107]. Interestingly, angiopoietin-2
expression seems to be enhanced by the tumor-associated cytokine IL-10
[108], which is known to be elevated in lung cancer [109–112]. The interactions
between angiopoietin-2, angiopoietin-1, and their receptors pose an interest-
ing potential target for tumor angiogenesis.

CXC chemokines. CXC chemokines are a unique family of cytokines named
for their leukocyte chemotactic activity (chemotactic cytokines). With respect
to angiogenesis, an important aspect of the CXC chemokine family is that it is
composed of many members that display either angiogenic or angiostatic
activity (see Table 1) [113–117]. The role of the chemokines in lung cancer,
and in angiogenesis in particular, is covered in greater detail in Chapter 8.

Many studies have confirmed the central role of angiogenic CXC chemo-
kines in promoting angiogenesis in lung cancer [113, 118–123]. In human lung
cancer tumors, the level of angiogenic CXC chemokine expression in tumor
homogenates correlates strongly with the vessel density of the corresponding
tissue section [124]. This correlation was much stronger than that for either
vascular endothelial cell growth factor (VEGF) or basic fibroblast growth
factor (bFGF) [124]. Notably, higher levels of CXC chemokine expression in
resected tumors are associated with poorer prognosis after surgical resection
[124]. Therefore, it is important to identify mechanisms which increase expres-
sion of angiogenic CXC chemokines in tumors. Unfortunately, despite many
studies implicating the angiogenic CXC chemokines in solid tumor angiogen-
esis [121, 123, 125–135], efforts at developing antiangiogenic cancer therapy
have so far ignored the role of CXC chemokines.

Clinical Implications of Angiogenic Diversity and Angiogenesis

Inhibition in Lung Cancer Metastasis

Antiangiogenic therapy for malignancies is a long sought-after goal of the
medical–scientific community. An effective systemic inhibitor of tumor-derived
angiogenic activity could theoretically prevent further growth of a primary
tumor and halt the development of metastases. A guiding principle in this
approach is that tumor endothelium is not genetically abnormal like the malig-
nant cell and therefore not subject to a high rate of mutation; it is unlikely to
develop ‘‘drug resistance’’ to angiostatic therapy. This assumption has led some
investigators to propose a two-compartment approach to tumor therapy, one
targeted at the malignant cells and the other at the endothelial cells [136].
However, the promise of antiangiogenic therapies suggested by animal models
has borne little fruit in the clinical context. Perhaps one reason is the diversity of
angiogenic mechanisms and the adaptability of the tumor to changes in the
angiogenic microenvironment. Cancer is a disease characterized by clinical,
histologic, and molecular heterogeneity. Therefore, it is not surprising to find
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that the molecular profiles of lung cancer angiogenic factors (or the ‘‘angiogenic
signature’’) of lung cancer display a similar degree of variability from tumor to
tumor [137]. The evidence for this comes from both in vitro and in vivo studies
of lung cancer, as well as in observations of the variable response to single-
target antiangiogenic agents in clinical use.

Many factors contribute to tumor-associated angiogenic activity in lung
cancer including VEGF, bFGF, and the CXC chemokines. There is diversity
not only in the molecular factors which promote angiogenesis (or the ‘‘angio-
genic signature’’) of a tumor [137–141] but also in the mechanisms by which
tumors can induce the production of angiogenic factors. This diversity poses a
potential problem for therapeutic targeting of angiogenesis.

If tumors retain the ability to switch their angiogenic phenotype when one
pathway is blocked by a ‘‘targeted agent,’’ this approach is unlikely to result in
sustained inhibition of tumor growth. There is experimental proof that this is
indeed the case. Mizukami et al. demonstrated that colon cancer cells induce
angiogenic responses through multiple independent pathways [135]. They
employed a colon cancer cell line in which hypoxia-inducible factor (HIF-1)
was stably knocked down (DLD-1HIF-kd). DLD-1HIF-kd cells had predictably
decreased levels of VEGF but increased levels of the angiogenic CXC chemo-
kine CXCL8. In tumor xenografts of DLD-1HIF-kd cells, angiogenesis pro-
ceeded by production of CXCL8 as a compensatory pathway. They further
demonstrated that the mechanism of compensation involved hypoxia-induced
production of hydrogen peroxide (H2O2), which subsequently activated NF-kB
to induce CXCL8 expression [135]. This H2O2-mediated activation of NF-kB
was enhanced by the presence of mutant K-ras. Mizukami et al. concluded that
K-ras mutations favored the expression of the angiogenic factor CXCL8,
particularly in the setting of hypoxia [135].

This is consistent with observations we have made in lung cancer, where
K-rasmutant tumors had lower levels of VEGF and higher levels of angiogenic
CXC chemokines [137]. Work in our lab has suggested that lung cancer tumors
also display angiogenic plasticity [137]. We showed that lung cancer tumors
implanted into mice deficient for CXCR2, the receptor for angiogenic CXC
chemokines, express higher levels of VEGF [137]. On the other hand, tumors
developing in a transgenic mouse with lung-specific overexpression of MIF
showed the expected increase in tumor size, number, and levels of tumor-
associated CXC chemokines but markedly reduced levels of VEGF (unpub-
lished observations). Angiogenic diversity and plasticity is therefore a critical
feature of lung cancer tumors andmust be accounted for in devising therapeutic
strategies aimed at inhibiting angiogenesis. Indeed, a single agent targeted
against VEGF (bevacizumab) has shown measurable but relatively modest
survival benefit in patients with lung cancer [86], falling disappointingly short
of the promise offered by preclinical observations. The data from studies
employing so-called multitargeted agents should provide some additional
insights into this problem in a clinical setting [93–95], as one would expect an
agent targeting multiple angiogenic mediators to prove more effective than a
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single target inhibitor. Drug development efforts recognizing the extensive
array of factors that promote tumor angiogenesis and aimed at broadening
the targets of tumor angiogenesis should also prove to be beneficial.

Summary

Angiogenesis is a complex process that involves the activation of normally
quiescent endothelium. Multiple overlapping cellular functions require coordi-
nated orchestration for angiogenesis to proceed normally, making this an area
ripe for intervention. The complex control of angiogenesis is illustrated by the
ever increasing number of molecules which can affect the response. While
research has primarily focused on the discovery of individual angiogenic fac-
tors, recent studies have highlighted the importance of endogenous angiostatic
factors and on the diversity of angiogenic pathways available to malignant
tumors. Since angiogenesis is intricately associated with metastatic tumor
growth, additional effective antiangiogenic strategies should be developed and
tested for their ability to reduce lung cancer metastasis. There has been remark-
able progress in the knowledge of angiogenesis in the last three decades.
A nuanced understanding of tumor angiogenic diversity and adaptability will
improve our ability to exploit the angiogenic dependence of tumor growth.
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Chemokines in Lung Cancer Metastasis

Borna Mehrad, Ellen C. Keeley, and Robert M. Strieter

Abstract Chemokines were first described for their ability to recruit inflamma-
tory leukocytes, but their biological role has now been recognized inmany other
biological processes, including control of cancer angiogenesis and mediating
homing of metastatic cells. In this chapter, we review the role of chemokines in
angiogenesis and angiostasis and metastasis in the context of lung cancer.

Introduction

Chemokine ligands are a superfamily of structurally homologous cytokine mole-
cules that share four conserved cysteine residues at their amino terminus. Che-
mokines are subdivided into CC, CXC, C, and CX3C families based on the
sequence position of amino acids in relation to the first two cysteine residues.
The CXC family, defined by separation of the first two cysteine residues by a
non-conserved amino acid, is further divided on the basis of presence or absence
of a glutamic acid–leucine–arginine (Glu–Leu–Arg or ELR) sequence immedi-
ately adjacent to the CXCmotif [1–3]. Chemokines were originally described for
their chemotactic properties for leukocytes; they have subsequently been recog-
nized asmediators in diverse biological processes relating to cancer development,
including angiogenesis and homing of cancer cells to sites of metastasis.

Angiogenic Chemokines: The CXCR2 Ligands

In the complex microenvironment of a tumor, formation of new blood vessels is
determined by the complex interplay between angiogenic and angiostatic med-
iators. Unique among mediators of angiogenesis, CXC chemokine family
members that contain the ELR motif are potent promoters of angiogenesis,

R.M. Strieter (*)
Division of Pulmonary and Critical Care Medicine, Department of Medicine,
University of Virginia, Charlottesville, VA 22908, USA
e-mail: strieter@virginia.edu

V. Keshamouni et al. (eds.), Lung Cancer Metastasis,
DOI 10.1007/978-1-4419-0772-1_8, � Springer ScienceþBusiness Media, LLC 2009

155



whereas a subset of the ELR-negative CXC chemokine ligands display angio-

static properties [3]. The angiogenic ELR-containing chemokine ligands include

CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8 (Table 1)
and signal their angiogenic effects via the receptor CXCR2 (CD182) [3, 4].

The angiogenic ELRþ CXC chemokines directly mediate survival, prolif-

eration, and chemotaxis of endothelial cells via autocrine, paracrine, and hor-

monal mechanisms. There is also increasing awareness of cross-talk between

angiogenic mediators of different classes that act in concert to generate the net

angiogenic microenvironment of the tumor. For example, activated neutrophils

release both vascular endothelial cell growth factor (VEGF) and CXCL8 [5].

VEGF-mediated activation of endothelial cells leads to both upregulation of

the anti-apoptotic molecule Bcl-2 and expression of CXCL8 by endothelial

cells. Endothelial cell-derived CXCL8, in turn, is necessary to maintain the

angiogenic phenotype of endothelial cells [6]. Other pathways that promote

CXC chemokine-mediated angiogenesis include the expression of angiogenic

CXC chemokines via NF-kB activation in malignant cells and consequent

enhanced tumor-associated angiogenesis [7–10].

Table 1 Human chemokine family members involved in regulation of angiogenesis

Systematic name Old nomenclature Receptor

Angiogenic

CXCL1 Gro-a CXCR2

CXCL2 Gro-b CXCR2

CXCL3 Gro-g CXCR2

CXCL5 ENA-78 CXCR2

CXCL6 GCP-2 CXCR2

CXCL7 NAP-2 CXCR2

CXCL8 IL-8 CXCR2

CCL2 MCP-1 CCR2

CCL11 Eotaxin-1 CCR3

CCL16 LEC CCR1

Angiostatic

CXCL4 PF-4 CXCR3B*

CXCL4L1 PF-4 variant CXCR3B*

CXCL9 Mig CXCR3B

CXCL10 IP-10 CXCR3B

CXCL11 I-TAC CXCR3B

CXCL14 BRAK ?

CCL21 6Ckine CXCR3**

Metastases

CXCL12 SDF-1 CXCR4, ?CXCR7

* additional receptors may be involved; ? undefined receptor; ** applies only
to the mouse ligand.
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In humans, all ELRþCXC chemokines can bind and signal via CXCR2, and
CXCL6 andCXCL8 additionally bind and signal via another receptor, CXCR1
[11]. While CXCR1 and CXCR2 are both expressed by human endothelial cells
[11–13], CXCR2 is the primary functional chemokine receptor in endothelial
cell chemotaxis [11, 12]. For example, CXCL8 mediates phosphorylation of
extracellular signal-regulated protein kinase (ERK)-1 and ERK-2, rapid stress
fiber assembly, chemotaxis, enhanced proliferation and tube formation in
endothelial cells, effects that are blocked by immunoneutralization of CXCR2
or by inhibition of ERK-1 and ERK-2 [4]. These in vitro and in vivo studies
establish CXCR2 as the critical receptor for ELRþ CXC chemokine-mediated
angiogenesis.

The binding of ELRþ CXC chemokine ligands to CXCR2 and the inter-
nalization of the ligand–receptor complex is an essential step in initiation of
chemotaxis and is also a major mechanism of clearance of ligands [14]. Inter-
estingly, the fate of the CXCR2 receptor is also dependent on the local con-
centration of ligands: in the setting of low concentrations of ligand, internalized
CXCR2 is sequentially targeted to clathrin-coated pits, early endosomes, sort-
ing endosomes, recycling endosomes, and finally to the cell surface [14]. Con-
versely, prolonged or high concentrations of ELRþ CXC chemokines result in
targeting of internalized CXCR2 to late endosome and subsequently to the
lysosome for degradation [14].

Several lines of evidence support the role of CXCR2 and its ligands in
angiogenesis in the context of non-small cell lung carcinoma (NSCLC). In
clinical samples, tumor levels of ELRþ CXC chemokines in patients with
non-small cell lung cancer correlated with patient mortality [15, 16]. In studies
of CXCR2 in a mouse model of syngeneic lung cancer, tumor cells implanted
into CXCR2-deficient mice demonstrated reduced growth, increased tumor-
associated necrosis, inhibited tumor-associated angiogenesis and metastatic
potential, as compared to the same tumors implanted into wild-type animals
[17]. Activating K-ras mutations are common in lung cancer and a recently
published transgenic mouse model with a conditional mutant mouse for K-ras
demonstrated markedly elevated levels of the CXCR2 ligands CXCL1,
CXCL2, and CXCL5 bronchoalveolar lavage fluid [18]. In a related model of
spontaneously developing lung adenocarcinoma in mice with somatic activa-
tion of the oncogene K-ras, tumors were found to produce high levels of ELRþ
CXC chemokines, and neutralization of CXCR2 attenuated the development of
pre-malignant lesions and caused apoptosis of endothelial cells, leading to
reduced tumor-associated angiogenesis within the lesions [19].

CXCL8 is markedly elevated and contributes to the overall angiogenic
activity of non-small cell lung cancer, and NSCLC cell lines that constitutively
express CXCL8 displayed greater tumorigenicity that correlated directly with
angiogenesis in mouse models [20, 21]. Using an in vivo model system of
transplanting human NSCLC in SCID mice, tumor-derived CXCL8 was
shown to correlate directly with tumorigenesis [22]. Depletion of CXCL8 in
the chimeric mice resulted in reduced tumor growth and metastases associated
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with reduced tumor angiogenesis [22]. CXCL5, another ELRþ CXC chemo-
kine that mediated angiogenesis via CXCR2, is also expressed in resected
NSCLC specimens in levels that exceed CXCL8 [23]. CXCL5 does not affect
tumor cell proliferation in vitro, but its neutralization in chimeric mousemodels
of NSCLC results in reduced tumor growth and metastases, reduced tumor
angiogenesis, and increased tumor cell apoptosis [23]. Interestingly, the produc-
tion of both CXCL5 and CXCL8 by NSCLC cell lines appears to be dependent
on tumor expression of COX-2: tumor overexpression of COX-2 results in
increased tumor expression of CXCL5 and CXCL8, and specific COX-2 inhibi-
tion decreased the production of both chemokines and nuclear translocation of
NF-kB [24]. Consistent with this, when COX-2 overexpressing NSCLC tumors
were implanted in SCID mice, enhanced tumor growth was inhibited by neu-
tralization of CXCL5 and CXCL8, but not VEGF [24].

Angiostatic Chemokines: CXCR2-Independent Effects

The Duffy antigens are co-dominant alleles expressed on erythrocytes that are
recognized clinically as blood group antigens and as receptors for one of the
malaria parasites, Plasmodium vivax [25]. The Duffy antigens are also promis-
cuous but are non-signaling chemokine receptors that act as the only decoy
receptors for CXC chemokines [26]. In this context, Duffy antigen receptor of
chemokines (DARC) binds the angiogenic ELRþ CXC chemokine ligands
CXCL1, CXCL5, and CXCL8 [23, 27, 28]. The relevance of DARC in
NSCLC was addressed by overexpressing this protein in A549 human lung
adenocarcinoma cell line [29]. The transfected cells expressed DARC on their
surface and produced similar amounts of mRNA for angiogenic ELRþ CXC
chemokines as control cancer cells. When implanted into SCID animals, the
resulting tumors displayed reduced cellularity, reduced vascularity, and
reduced metastatic potential and paradoxically increased size in vivo [29].
These data suggest that overexpression of DARC in non-small cell tumor cell
lines resulted in tumor binding of ELRþ CXC chemokine ligands, thus render-
ing them unavailable to recruit and stimulate endothelial cells and reduce
tumor-associated angiogenesis.

Most of the literature on chemokine regulation of angiogenesis has centered
on the role of the CXC family. Several members of the CC chemokine family,
including CCL2, CCL11, and CCL16, have also been implicated in angiogen-
esis. CCL11, a CC chemokine ligand that signals via CCR3, has been shown to
mediate chemotaxis of human endothelial cells and blood vessel formation in
chick chorioallantoic membrane andMatrigel plugs in vivo and independent of
its eosinophil recruiting effects [30]. Similarly, CCL16 has been shown to
mediate endothelial chemotaxis in vitro and to promote vessel formation in
chick chorioallantoic membrane [31]. In addition, CCL16 induced the produc-
tion of other angiogenic molecules, including VEGF, CXCL8, and CCL2 from
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endothelial cells, and the effect on endothelial cells were inhibited by antagon-
ism of CCR1 but not blocking CCR8 or CCR2 [31]. To our knowledge, the role
of CCL16 in tumor angiogenesis had not been investigated directly, but the high
expression of this chemokine in the liver may be relevant to hepatic metastases.

The most studied CC chemokine ligand implicated in angiogenesis is CCL2:
endothelial cells express the CCL2 receptor, CCR2, and demonstrate chemo-
taxis and tube formation in response to CCL2 in vitro [32, 33]. In vivo, CCL2-
mediated angiogenesis has been demonstrated in several systems, including
corneal implantation, chick chorioallantoic membrane, Matrigel plug, and
sponge implantation models [34–36] and appears to be independent of its
induction of leukocyte recruitment [35]. The chemotaxis of endothelial cells
by CCL2 is dependent on CCL2-induced overexpression of membrane type 1
metalloproteinase on endothelial cell surfaces [32] and is mediated via the ERK
cascade and the transcription factor Ets-1 [37]. The relevance of CCL2-
mediated angiogenesis has also been examined in the context of the Lewis
lung carcinoma model of non-small cell bronchogenic carcinoma [38]. Implan-
tation of Lewis lung carcinoma cells transduced with IL-1b into syngeneic wild-
type recipients resulted in greater infiltration of COX-2-expressing macro-
phages, greater tumor growth, and tumor-related angiogenesis as compared
to cancer cells transduced with a control vector. This effect was abrogated when
the cancer cells were implanted into CCL2�/� recipients or when COX-2 was
inhibited pharmacologically. Interestingly, the angiogenic effect was also
dependent on local expression of VEGF and ELRþ CXC chemokines and
was partially inhibited with blockade of CXCR2 [38]. In this model system,
the authors concluded that the contribution of CCL2 was to recruit COX-2-
expressing macrophages that, in turn, induced angiogenesis via VEGF and
ELRþ CXC chemokines [38].

Angiostatic Chemokines: The CXCR3 Ligands

The angiostatic CXC chemokines are all ELR-negative ligands and include
CXCL4, CXCL4L1, CXCL9, CXCL10, CXCL11, and CXCL14 [1–3, 39–45]
(Table 1). A subset of these angiostatic chemokines, CXCL9-11, are strongly
induced by both type I and type II interferons (IFN-a/b and IFN-g, respec-
tively) and signal via the main angiostatic chemokine receptor, CXCR3, also
designated CD183. Human CXCR3 exists in at least three variants, designated
CXCR3A, CXCR3B, and CXCR3alt, and generated by alternative splicing of
mRNA of a single gene. CXCR3A is the main variant of CXCR3 that mediates
influx of leukocytes, including Th1 effector T cells, activated B cells, and NK
cells, and its expression is strongly induced by IL-2 [1, 46–51]. Conversely,
CXCR3B is the main angiostatic splice variant of CXCR3 and is expressed
on endothelial cells [13, 52, 53]. The angiostatic signaling cascade of CXCR3B
was recently identified as being dependent on p38 MAP kinase pathway [54].
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The final splice variant, CXCR3alt, was most recently described as the result of
post-transcriptional exon skipping and has an enhanced response to CXCL11
as compared CXCL9 or CXCL10 [55]. The role of CXCR3alt in angiogenesis
and its relationship to CXCR3A and CXCR3B has not been established and
awaits further study.

In addition to binding the CXCR3 variants, the ligand CXCL10 also binds
extracellular glycosaminoglycans. The interaction between CXCL10 (and also
CXCL4) with cell surface heparan sulfate was originally reported to be the
primary mechanism by which they inhibit endothelial cell proliferation [56],
raising the question of whether the angiostatic properties of CXCL10 are
mediated via this mechanism. This issue was addressed when CXCL10 variants
with mutated binding sites for CXCR3 or glycosaminoglycans were transfected
into a human melanoma cell line [57]. Implantation of the vector-transfected
cells into nude mice showed that tumor lines expressing wild-type CXCL10 and
CXCL10 mutants with partial or complete loss of glycosaminoglycans binding
showed remarkable reduction in tumor growth compared to control vector-
transfected tumor cells, whereas tranfectants expressing mutants with loss of
CXCR3 binding did not inhibit tumor growth [57]. This work provides strong
evidence that tumor growth and tumor-associated angiostasis are specifically
dependent on interaction of CXCR3 chemokine ligands with CXCR3, but not
glycosaminoglycans.

A number of studies have examined the role of CXCR3 ligands in
inhibition of tumor-associated angiogenesis. In a SCID mouse model,
CXCL10 production from implanted adenocarcinoma and squamous cell
NSCLC cell lines was inversely correlated with tumor growth and was
most marked in squamous cell tumors [58]. The appearance of sponta-
neous lung metastases in SCID mice bearing adenocarcinoma tumors
occurred after CXCL10 levels from either the primary tumor or the plasma
had reached a nadir [58]. In subsequent experiments, depletion of CXCL10
in squamous cell tumors resulted in an increase in their size [58]. In
contrast, reconstitution of intra-tumor CXCL10 in adenocarcinoma
tumors reduced both their size and their metastatic potential; this was
unrelated to infiltrating neutrophils or mononuclear cells (i.e., macro-
phages or NK cells) and directly attributable to a reduction in tumor-
associated angiogenesis [58]. These findings correlated with data obtained
from human tissue samples: In resected tumors from patients with non-
small cell bronchogenic carcinoma, CXCL10 levels were higher in the
squamous cell carcinoma specimens as compared to adjacent lung tissue
or adenocarcinoma samples [58]. The ex vivo tumor angiostatic activity of
squamous cell carcinoma samples was attributable to tumor CXCL10
levels, since neutralization of CXCL10 resulted in increased tumor-asso-
ciated angiogenic activity. In contrast to CXCL10, CXCL9 levels in
human specimens of non-small cell carcinoma were not significantly dif-
ferent from that found in normal lung tissue [59]. However, overexpression
of CXCL9 resulted in the inhibition of NSCLC tumor growth and
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metastasis via a decrease in tumor-associated angiogenesis [59]. These

findings support the importance of the interferon-inducible ELR-negative

CXC chemokines in inhibiting non-small cell carcinoma growth by

attenuation of tumor-derived angiogenesis.
CXCL4 (previously designated platelet factor-4) was the first described

angiostatic chemokine [60]. CXCL4 inhibits endothelial cell migration, prolif-

eration, and in vivo angiogenesis in response to basic fibroblast growth factor

(bFGF) or VEGF [60, 61]. FITC-labeled CXCL4 injected systemically

selectively binds to the endothelium only in areas of active angiogenesis [62,

63]. Like CXCL10, CXCL4 signals via CXCR3B and also binds cell surface

glycosaminoglycans [64]. The angiostatic activity of CXCL4 is not abrogated in

heparan sulfate-deficient cells, andCXCL4mutants or peptides lacking heparin

affinity are capable of inhibiting angiogenesis [64–66], indicating that interac-

tion with cell surface glycosaminoglycans is not essential for these effects.

CXCL4 nevertheless also can produce angiostatic properties independent of

CXCR3, as discussed later in this chapter. CXCL4 also exists as a non-allelic

variant, designated CXCL4L1 or PF-4var, that was recently isolated from

activated human platelets [41]. CXCL4L1 differs from CXCL4 in only three

amino acids but exhibits a numbers of important differences: CXCL4 is stored

in secretory granules and is released in response to protein kinase-C activation,

whereas CXCL4L1 is not stored [67]. CXCL4L1 is a more potent angiostatic

molecule than CXCL4 in response to angiogenic stimuli, as well as in animal

models of melanoma and non-small cell carcinoma in immunocompromised

and immunocompetent animals [41, 68, 69].
CXCL14 (previous designation BRAK) is also an ELR-negative

angiostatic CXC chemokine ligand [40]. CXCL14 inhibits endothelial cell

chemotaxis and in vivo angiogenesis in response to CXCL8, bFGF, and

VEGF [40]. Consistent with this biology, CXCL14 is downregulated in

many cancers [70–72]. CXCL14 was found to be relatively overexpressed

in and around localized prostate cancers as compared to normal or hyper-

trophic prostate tissue, and transgenic expression of CXCL14 in a prostate

cancer line and implantation into immunodeficient mice resulted in impaired

cancer growth related to impaired angiogenesis [73], suggesting that, at least

in the setting of prostate cancer, CXCL14 might act as an endogenous

tumor suppressor via its angiostatic properties.
Finally, murine CCL21, while a CC and not a CXC chemokine ligand,

binds and signals via mouse CXCR3. Administration of exogenous mouse

CCL21 to SCID mice implanted with A549 lung carcinoma cells resulted in

reduced tumor growth and metastases and tumor vascularity [74].

Importantly, mouse CCL21 expression did not influence the proliferation

of A549 cells nor affect leukocyte influx into the tumor, and human CCL21

(which does not bind human or murine CXCR3) did not affect tumorigeni-

city, providing further proof of concept of the role of CXCR3 as mediating

an anti-angiogenic phenotype.
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CXCR3-Mediated ‘‘Immunoangiostasis’’: Combined Tumor-

Mediated and Anti-tumor Th1 Immunity

The literature suggests that CXCR3 ligands mediate two independent anti-
tumor effects: The first of these is tumor-specific angiostasis, as described
above. The second is recruitment of Th1 polarized leukocytes in the context
of anti-tumor cell-mediated immunity. Importantly, the recruitment of these
effector leukocytes to the tumor and consequent release of interferons in the
tumor microenvironment induces a positive feedback loop engendering further
local expression of CXCL9-11, thereby recruiting CXCR3-expressing cells that
act as a further source of IFN-g that, in turn, induce further production of
CXCL9-10-11 [1, 46–49, 75]. We have dubbed this combined effect of escalating
Th1 immunity and inhibition of angiogenesis ‘‘immunoangiostasis’’ [76, 77].

This paradigm was tested in the context of a mouse model of renal cell
carcinoma [76]. The effectiveness of systemic IL-2 therapy in this system was
found to be dependent on CXCR3 and resulted in upregulation of CXCR3 on
peripheral blood mononuclear cells but, interestingly, downregulation of
CXCR3 ligands in the tumor [76]. The anti-tumor effects of systemic IL-2
were enhanced when it was combined with overexpression of the CXCR3
ligand, CXCL9, within the tumor [76]. Consistent with the immunoangiostasis
hypothesis, the mechanism for inhibition of tumor growth related to local
tumor-associated angiostasis as well as enhanced immunity toward tumor
antigens [76]. These findings are similar to the previously reported study of
IL-12-mediated regression of renal cell carcinoma in a murine model, where the
anti-tumor effect of IL-12 was lost when CXCR3 ligands were depleted [78].

Immunoangiostasis appears to be relevant to non-small cell carcinoma [79,
80]. In models of syngeneic implantation of alveolar cell carcinoma and Lewis
lung carcinoma, intra-tumor injection of a recombinant CC chemokine,
CCL21, abrogated tumor growth in immunocompetent but not CD4 knockout,
CD8 knockout, or SCID recipients, indicating that T-cell-mediated immunity
was required for the anti-tumor effect [80]. This effect was associated with intra-
tumor expression of IFNg and CXCL9-10 [80]. Importantly, immunoneutrali-
zation of CXCL9, CXCL10, or IFNg resulted in reduction of all three cyto-
kines, reduced number of intra-tumor CXCR3-expressing T cells, and reduced
anti-tumor effects [79].

Angiostatic Chemokines: CXCR3-Independent Effects

As noted above, the ability of CXCL4 to bind to extracellular molecules
mediates several of its biological functions. The inhibitory effect of CXCL4
on angiogenesis is, in part, mediated by complex formation with bFGF,
VEGF165, and CXCL8 [65, 81, 82], as well as by binding the receptors for
bFGF and VEGF165 [65, 83–85]. In the case of bFGF, heterodimerization
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with CXCL4 prevents homodimerization of bFGF that is necessary for recep-
tor binding [65, 85]. CXCL4 impairs VEGF165 binding to its receptors on
endothelial cells by a similar mechanism [84]. In contrast to its interaction
with the heparin-binding angiogenic mediators (including bFGF, VEGF165,
and CXCL8), CXCL4 does not bind non-heparin-binding angiogenic peptides,
as exemplified by VEGF121 or its receptor [84, 86, 87].

CXCL12 (previously designated stromal cell-derived factor-1) is an ELR-
negative CXC chemokine ligand that signals via CXCR4 (also designated
CD184). The CXCL12–CXCR4 ligand–receptor pair is important to homing
of many progenitor cells and in cancer metastases [88, 89] and has also impli-
cated by some groups as promoting tumor angiogenesis [90–93]. CXCL12 may
be involved in upregulating levels of VEGF and bFGF and subcutaneous
injection of CXCL12 into mice induces formation of local small blood vessels
[92, 93]. However, it has yet to be demonstrated in an in vivo tumor model
system that endogenous CXCL12 binding to CXCR4 mediates a significant
portion of primary tumor angiogenesis and angiogenesis-dependent tumor
growth. The argument in favor of angiogenesis is weakened by the observation
that, although many tumor cells express CXCR4, CXCL12 is essentially absent
from the tumor environment in breast, non-small cell lung, and renal cell
carcinomas [88, 94, 95] and that, in the context of breast and non-small cell
carcinoma, CXCL12 or CXCR4 neutralization does not affect tumor size or
angiogenesis [88, 94].

Chemokine-Mediated Metastasis

The CXCL12–CXCR4 biological axis is an evolutionarily ancient mechanism
for homeostatic homing of progenitor cells [96–99]. The role of this biological
axis in mediating metastasis was first demonstrated in breast carcinoma:
CXCR4 was found to be highly expressed by the tumor cells at the level of
mRNA and as a functional membrane protein and mediated the chemotaxis to
CXCL12 in vitro [94]. Moreover, neutralization of CXCR4 in vivo inhibited
lung metastases when human breast cancer lines were implanted into SCID
mice [94]. CXCR4 has since been noted to be important to tumor cell survival,
tumor cell proliferation, and metastasis of cancer cells, including human pan-
creatic and prostate tumor cell lines, colorectal cancer, and osteosarcoma
[100–103].

Both primary human NSCLC cells and cancer cell lines A549 and Calu-6
express CXCR4, but not its ligand CXCL12 [88]. In addition, CXCL12
mediated chemotaxis, calcium mobilization, and activation of mitogen-acti-
vated protein kinase p42/44 of A549 cells [88]. As compared to the primary
tumor or blood, CXCL12 was found to have higher expression in the following
organs: lungs, liver, adrenal glands, and bone marrow, organs that are clinically
recognized as sites of metastases [88]. Whereas 65% of tumor cells in the
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primary tumor site expressed CXCR4, tumor cells at metastasis sites were 99%
CXCR4 expressing, suggesting that CXCR4-expressing cells were enriched in
the process of metastasis. Finally, immunoneutralization of CXCL12 in a
heterotropic SCID model resulted in substantially attenuated metastases to
the adrenal glands, liver, lung, and bone marrow but did not result in measur-
able change in tumor-associated angiogenesis or in vivo growth of primary
tumors [88].

Given the importance of CXCR4 in mediating metastases, the mechanism of
regulation of CXCR4 in cancer cells is of great interest. Hypoxia-induced
expression of the transcription factor hypoxia-inducible factor-1a (HIF-1a)
has been found to be critical for expression of CXCR4 [104, 105]. Moreover,
in normoxic conditions, the tumor suppressor von Hippel–Lindau (VHL)
targets HIF-1a for degradation resulting in attenuated expression of CXCR4
[104, 105]. In contrast, under normoxic conditions, TKR-activated PI3 kinase/
AKT/mTor and ERK1/2/MAP kinase pathways can augment the expression of
HIF-1a [106–108]. In this context, the combination of hypoxia and EGFR
activation markedly upregulates the expression of CXCR4 on non-small cell
lung cancer cells via the PI3-K/PTEN/AKT/mTOR pathway activation of
HIF-1a [109]. This link between hypoxia-induced HIF-1a and CXCR4 expres-
sion provides a novel mechanism to reduce metastases in a variety of cancers.

CXCR7 is a newly described CXC chemokine receptor that binds CXCL11
and CXCL12 [110, 111]. CXCR7 is expressed by several tumor lines, including
murine breast and lung carcinoma cell lines and a human breast cancer line,
activated endothelial cells, and tumor vasculature [111, 112]. CXCR7 expres-
sion was also noted in human prostate cancer samples and corresponded with
tumor aggressiveness [113]. In vitro, overexpression of CXCR7 in prostate
cancer cell lines resulted in increased basal proliferation and proliferation in
response to CXCL12, reduced apoptosis rate, increased adherence to endothe-
lial cell layers, and increased ability to invade matrigel, whereas reduced expres-
sion of CXCR7 by siRNA had the opposite effect [113]. CXCR7 appears to
mediate tumor growth in several in vivo models: Blockade of CXCR7 with a
small molecule inhibitor resulted in reduced tumor growth in several cancer
models, including A549 human lung carcinoma xenograft in immunocompro-
mised mice and syngeneic mouse Lewis lung carcinoma models [111], and its
overexpression in a human breast cancer line resulted in formation of larger
tumors in SCID mice, whereas RNAi knockdown of CXCR7 in murine breast
cancer and Lewis lung carcinoma lines resulted in reduced tumor growth in
syngeneic models [112]. Interestingly, CXCR7 overexpression also resulted in a
number of downstream effects, including CXCL8 and VEGF expression by the
tumor cells in vitro and production of larger and more vascular tumors when
implanted into SCID mice [113]. Interestingly, recent data suggest an antago-
nistic relationship between the effects of expression of CXCR4 and CXCR7
[114]. In the context of cancer, overexpressing CXCR4 by transfection in a
prostate cancer cell line resulted in reduced expression of CXCR7; similarly,
reducing the expression of CXCR4 by siRNA caused enhanced expression of
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CXCR7 [113]. In the converse, however, increased or attenuated expression of

CXCR7 did not influence CXCR4 expression [113]. In summary, CXCR7 may

well play an important role in mediating tumorigenesis in human cancers, but

its precise contribution remains to be defined.

Conclusion

The biologic role of chemokines was originally thought to be restricted to

recruitment of subpopulations of leukocytes in the context of inflammation,

but in the context of cancer, these cytokines display pleiotropic effects including

regulation of neovascularization and controlling metastases. These findings

support the notion that inhibition of angiogenic or augmentation of angiostatic

chemokines or targeting mechanisms of metastases can be studied as novel

therapeutic targets in bronchogenic carcinoma.
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Molecular Control of Lymphatic Metastasis

in Lung Cancer

Mark M. Fuster and Judith A. Varner

Abstract Lymph node metastasis in lung cancer is a strong independent pre-
dictor of poor prognosis, and designation of the tumor ‘‘nodal’’ status is a
challenging and central component of the lung carcinoma TNM staging system.
In recent years, genetic studies in mouse models as well as pathologic human
lung cancer studies have revealed a variety of molecules that may critically
regulate thoracic lymph node metastasis. These include important lymphatic
endothelial growth factors such as VEGF-C and VEGF-D as well as the pro-
angiogenic factors VEGF-A and FGF-2 (often overexpressed by lung carci-
noma cells) that stimulate the growth of lymphatic conduit in both the primary
tumor and the downstream lymph nodes. This process of pathologic lymphan-
giogenesis correlates with lymph node metastasis and poor prognosis in lung
cancer. Certain families of chemokines also appear to be critical for driving the
process of tumor–lymphatic invasion, where the cognate chemokine receptors
(e.g., CXCR4 or CCR7) are often overexpressed by carcinoma cells. In addition
to lymphatic growth factors and chemokine effectors, a variety of molecules
may facilitate interactions of lymphatic endothelial cells with growth factors,
chemokines and their receptors, as well as the extracellular matrix. These
include proteoglycans and integrins, and their roles in coordinating tumor-
lymphatic interactions in the lung carcinoma microenvironment may be critical
for lymph node metastasis.

Introduction

The lymphatic system is a low-pressure vascular network of thin-walled blind-
ended sacs, lymphatic capillaries, and collecting vessels coupled with a family of
secondary immune organs that include lymph nodes, the spleen, and several
organ-associated lymphoid patches. The lymphoid organ component of this
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system, which is critical for immune surveillance and acquired immune
responses in local tissues, is positioned in line with the vascular component.
In the interstitium surrounding blood capillaries, lymphatic microvasculature
serves a critical role in fluid and protein homeostasis by returning plasma
ultrafiltrate back to the systemic venous circulation via larger smooth muscle-
lined collecting lymphatic vessels.

While playing a central role in normal circulatory physiology, lymphatic
vasculature also contributes to highly dynamic processes during certain patho-
logic states [1]. Lymphatic endothelial cells lining this vasculature play central
roles in these processes, some of which include sprouting of new lymphatic
vessels from preexisting vessels (lymphangiogenesis), lymphatic intra- and
extravasation of immune cells or tumor cells during inflammation or cancer,
and lymphatic endothelial hyper- or hypoplasia associated with lymphedema
states (see excellent reviews in [2–4]). In lung cancer, two of these pathophysio-
logic events (tumor lymphangiogenesis and invasion of tumor lymphatic vas-
culature) contribute to lymphatic tumor progression, with profound effects on
lymph node metastasis and prognosis. These processes are governed by a
variety of key molecular regulators and biophysical forces that will be discussed
herein. In addition, we include the consideration of molecular families that may
broadly and simultaneously modulate the actions of multiple major lymphatic
endothelial effectors. While the focus of this chapter is on the biology of
lymphatic endothelium during the pathogenesis of nodal metastasis in lung
cancer, the discussion will highlight the importance of understanding the mole-
cular effectors of this process as a prerequisite for future development of
targeted anti-metastasis therapy.

Tumor Lymphangiogenesis in Lung Cancer

Carcinomas utilize the lymphatic circulation as a major portal for metastasis.
As part of normal circulatory physiology and homeostasis, the lymphatic
system serves to return interstitial fluid along with a variety of low-molecular
weight solutes to the blood circulation while playing an essential role in immune
defense [1]. In carcinoma, however, lymphatic vasculature associated with the
tumor microenvironment provides a conduit for tumor cells to disseminate
directly to lymph nodes, a process that strongly correlates with mortality
among solid tumors. It is well established, for example, that the (N)odal status
in the ‘‘TNM’’ staging classification for lung cancer, a leading cause of cancer
death, refers to the extent to which tumor has disseminated to lymph nodes
(LN) and constitutes a major determinant of prognosis [5, 6]. Nodal metastasis
is a major form of metastatic tumor progression for both non-small cell lung
carcinoma (NSCLC) and small cell lung carcinoma (SCLC). Indeed, the overall
5-year survival of surgically treated NSCLC patients drops from 60–80% for
clinical-stage I patients to under 50% for clinical-stage II patients, with the only

174 M.M. Fuster and J.A. Varner



difference between stages being clinical N0 (no LN involvement) versus N1
(peribronchial/hilar LN involvement) disease [6, 7]. Moreover, the TNM sys-
tem is used for defining treatment and prognosis among most solid tumors,
wherein the clinical (or more accurate pathologic-) N-status of the patient often
has major impact on the course of management (e.g., use of surgical resection
versus the sole use or additional use of combination chemotherapy/radiation
treatment). Herein, we review and illustrate the evidence for a variety of
biological determinants of nodal metastasis in cancer, with a special focus on
lung cancer when/where data are available. We aim to highlight both well-
established mechanisms and novel pathways that might represent future targets
for novel anti-metastasis therapy.

For many solid tumors, sprouting of lymphatic vessels in the tumor environ-
ment, a process known as tumor lymphangiogenesis, increases lymphatic con-
duit that promotes the ultimate transit of tumor cells to regional nodes and the
systemic circulation [8–10]. The process most likely results from sprouting of
lymphatic capillaries from preexisting lymphatic vessels in the tumor micro-
environment, particularly at the periphery of the primary tumor [11]. Following
tumor–lymphatic invasion, this conduit may transmit a ‘‘tidal’’ flow of tumor
cells down a pressure gradient directed away from the tumor [9]. Tumor
dissemination may be further facilitated by a variety of tumor–lymphatic
molecular adhesion interactions [8, 12]. Ultimately, investment of tumors with
lymphatic vasculature strongly potentiates lymph node metastasis [13–16], and
several effectors of tumor lymphangiogenesis have recently been identified.
These include the vascular endothelial growth factors VEGF-C and VEGF-D
that interact with the lymphatic endothelial receptor VEGFR-3, a vascular
growth receptor that is strongly expressed on lymphatic endothelia [17, 18].
These factors may also interact with VEGFR-2 in addition to VEGFR-2/3
heterodimers and the neuropilin (Nrp2) semaphorin receptor expressed on
lymphatic capillaries [19–21], with the relative degrees of affinity for the various
receptors dependent on the degree of proteolytic processing [22]. The impor-
tance of these effectors has recently been demonstrated in a variety of animal
models of cancer, wherein overexpression of VEGF-C or VEGF-D by tumor
cells was sufficient to strongly induce lymphangiogenesis and promote lymph
node metastasis. Among these are several mouse models for pathologic lym-
phangiogenesis, with many providing genetic evidence for these important
interactions [23–26]. In addition to tumor cells as a source for such pro-lym-
phangiogenic factors, tumor-infiltrating macrophages derived from circulating
bone marrow precursors may also promote both tumor angiogenesis and
lymphangiogenesis through the secretion of VEGF-A, VEGF-C, basic fibro-
blast growth factor (FGF-2), tumor necrosis factor (TNF)-alpha, and other
pro-angiogenic as well as pro-lymphangiogenic substances [27, 28].

It is only in recent years that analysis of the lymphatic network within tumors
as well as the relationships between carcinoma cells, lymphatic endothelium,
and other stromal components in clinical tumor and lymph node specimens has
been possible. Identification of molecular markers specific for lymphatic

Molecular Control of Lymphatic Metastasis in Lung Cancer 175



endothelial cells, many of which are now commercially available, has allowed
for the application of such analysis tomodels of lymphatic tumor progression in
gene-targeted mice as well as applications to clinical specimens in order to link
patterns of lymphatic vessel behavior with tumor production of specific growth
factors as well as outcome data. Some of these markers include the transcription
factor Prox-1 (expressed early during the process of lymphatic endothelial
differentiation), LYVE-1 (the CD44 homolog lymphatic vessel hyaluronan
receptor-1), and VEGFR-3 (major receptor for VEGF-C and VEGF-D) [18,
29, 30]. The application of these markers to clinical oncology specimens from a
wide number of tumors has revealed a relatively constant pattern that links peri-
and sometimes intra-tumoral lymphatic vessel proliferation with lymph node
metastasis, and a variety of examples are emerging from the clinical lung cancer
literature, as will be reviewed. Beyond this, with such tools in hand, the func-
tional relationships between lymphatic endothelial effectors and lymphatic
vasculature in vivo are now being realized in gene-targeted experimental
systems.

In clinical oncology, several studies have shown that tumor-cell expression of
major pro-lymphangiogenic growth factors such as VEGF-C and VEGF-D
correlates with lymph node metastasis and poor prognosis in carcinomas of the
lung, breast, colon, prostate, stomach, and head/neck, among others (reviewed
in [31]). Specifically in the setting of lung cancer, several studies have demon-
strated significant correlations between tumor expression of these growth fac-
tors and stimulation of lymphatic metastasis as well as poor prognosis, with
direct growth stimulation of tumor lymphatic vasculature as the most probable
mechanism [32–38]. The latter would provide a high level of conduit for initiat-
ing lymphatic tumor spread at the primary tumor site, and it appears to be
consistent with other studies that correlate elevated cognate receptor (i.e.,
VEGFR-3) expression in NSCLC lymphatic vasculature, lymph node metas-
tasis, and/or poor survival [33, 39, 40]. However, this may not be the only tumor
progression mechanism promoted by these growth factors. It also appears that
tumor autocrine/paracrine VEGF-C/VEGFR-3 loops may stimulate growth
signaling among tumor cells in addition to cross talk between tumor cells and
the local lymphatic microvasculature [41, 42]. In addition to this, the major
angiogenic tumor growth factor, VEGF-A, may also play critical roles in lymph
angiogenesis through interaction with VEGF receptors on tumor lymphatic
endothelial cells [8, 43, 44]. Thus, tumor expression of VEGF-A in lung cancer,
which independently correlates with poor outcome [37, 45, 46], may exert its
negative prognostic effects through both the inhibition of blood-angiogenesis
and effects on lymphatic vascular remodeling and proliferation. The latter may
even include VEGF-A-dependent lymph node lymphangiogenesis in the down-
stream/sentinel lymph node before tumor metastasizes to the node [47]. At the
current time, despite strong evidence for prognostic association, the body of
correlative clinical data still makes it difficult to determine the relative degree(s)
to which these various VEGF-dependent pro-lymphangiogenic pathways con-
tribute to lymphatic vessel remodeling and lymph node metastasis in lung
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cancer. This poses challenges upon how such growth factors might be inte-
grated as biomarkers into routine (including array-driven) clinical pathways for
lung cancer treatment and prognosis. In some NSCLCs, for example, complex
tumor-cell VEGF-C/VEGFR-3 (and VEGFR-2) autocrine/paracrine loops
may contribute to lymphangiogenesis, wherein the ratio of VEGF-C to
VEGFR-3 expression may be more predictive of lymph node metastasis than
the absolute level of tumor VEGF-C mRNA expression [41]. Nevertheless, the
weight of clinical evidence points to a strong positive link between degree of
lymphatic vessel proliferation in the primary lung cancer, lymph node metas-
tasis, and poor clinical outcome [9, 13, 14, 37].

What molecular mechanisms might stimulate the lymphatic endothelial
signaling pathways that mediate lymphangiogenesis in lung cancer? Major
stimulation of lymphatic endothelial proliferation during tumor lymphangio-
genesis occurs through the activation of homodimeric receptor tyrosine kinases
VEGFR-2, VEGFR-3, and even VEGFR-2/3 heterodimers on lymphatic
endothelial cells that line lymphatic vasculature predominantly at the periphery
of many solid tumors (reviewed in [22]). This activation occurs primarily
following receptor binding and stimulation by the soluble effectors VEGF-C
and VEGF-D. These major lymphatic endothelial growth factors contain
receptor-binding VEGF-homology domains and amino- as well as carboxy-
terminal propeptides that are proteolytically cleaved, with differential affinities
toward the major lymphatic endothelial receptors VEGFR-3 and VEGFR-2,
depending on the degree of cleavage [19, 48]. The major form of receptor
activation occurs through VEGFR-3. Activation of the receptor tyrosine kinase
leads to major ERK-dependent endothelial proliferation, AKT-dependent
endothelial survival, and stimulation of endothelial cell migration [22]. With
the release of these factors in the parenchyma of lung carcinomas, major
stimulation of lymphangiogenesis and lymph node metastasis may take place.

In addition to growth factor-dependent pathways that stimulate VEGF
receptors, a variety of other molecular mechanisms have now been shown to
contribute to tumor (as well as developmental) lymphangiogenesis, and a
number of these may function either alone or synergistically with VEGF-
dependent signaling to stimulate lymphatic metastasis in lung cancer
(Table 1). For example, tumor expression of FGF-2 in lung carcinoma corre-
lates with poor prognosis [45, 49], and it has recently been shown that FGF-2
stimulates both blood-angiogenesis and lymphangiogenesis [50–52]. It is also
possible that other growth factors that have been established as pro-lymphan-
giogenic effectors, such as platelet-derived growth factor (PDGF), hepatocyte
growth factor (HFG), or members of the insulin-like growth factor (IGF)
family [4, 53, 54], might play important roles in stimulating lymphatic vessel
sprouting in lung carcinomas. The degree to which other effector molecules
involved in the maturation of nascent lymphatic vessels (i.e., the integrin a9b1,
the forkhead transcription factor FOXC2, or the angiopoietin Ang2) [55]
contribute to patterning of lymphangiogenic vasculature in lung cancer is
unknown.
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Combining the body of animal studies showing strong genetic evidence for
tumor lymphangiogenesis as an effector of lymph nodemetastasis with a growing
body of mostly correlative evidence from the lung cancer literature to date, it
appears likely that targeting some (or many) of the molecular pathways high-
lighted in Table 1 may limit lymphatic tumor progression and possibly improve
outcomes in lung cancer. Considerations on how to practically apply such
measurements in the clinical arena are outside the scope of this discussion.
Nevertheless, it is clear from the evidence thus far that significant progress has
been made in understanding the molecular control of tumor lymphangiogenesis,
and that activation of several major pathways is a problem in lung cancer that is
strongly associated with lymph node metastasis and poor outcomes. More work
is needed to eventually translate the inhibition of these pathways toward block-
ade of clinical tumor lymphangiogenesis in lung cancer (e.g., as a dedicated form
of secondary prevention or in combination with surgery and/or chemo/radio-
therapy). Moreover, further research will be necessary to identify the patterns of
lymphangiogenesis-associated biomarkers that may best predict (e.g., when
applied to biopsy material) which lung cancer patients would respond with
inhibition of lymphatic metastasis to interventions that may alter any combina-
tion of these molecular events.

Invasion of Lymphatic Vasculature in Lung Cancer

While lymphangiogenesis contributes to lymphatic invasion (and eventual
lymph node metastasis) in the microenvironment of lung carcinomas, little is
known about the molecular mechanisms that specifically effect tumor migration
into the local tumor lymphatic vasculature. The mechanisms that promote
tumor lymphangiogenesis discussed thus far are critical for establishing a level
of lymphatic endothelial surface area that serves as the first lymphatic entry
point for invading tumor cells that may subsequently seed sentinel or down-
stream hilar/mediastinal lymph nodes. It should be realized, however, that even
the existing lymphatic vasculature around a developing lung carcinoma can
provide sufficient conduit for the entry/uptake of invasive tumor cells, even in
the absence of lymphangiogenesis [62]. Moreover, biophysical forces such as
intra-tumoral hydrostatic pressure and pressure gradients directed outward
from the tumor center in the face of an especially leaky lymphatic vascular
surface area can greatly facilitate a ‘‘downstream’’ movement of motile or
invasive tumor cells into larger collecting lymphatic vessels at the tumor per-
iphery, with subsequent seeding of the nearest nodal regions [63].

In addition to lymphangiogenesis and biophysical (fluid-mechanical) forces
that promote tumor cell entry into lymphatic vessels within the tumor micro-
environment, certain lymphatic endothelial chemokines appear to promote
attraction and/or adhesion of invading tumor cells that express cognate
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chemokine receptors [64, 65]. In particular, recent work shows that such chemo-
kines may work in concert with biophysical factors involved in the establishment
of chemokine gradients across peri-lymphatic extracellular matrix in tumors [66]
to promote themovement of tumor toward and into local lymphatic vessels. Two
important lymphatic endothelial chemokines that may mediate such migration
include secondary lymphoid tissue chemokine (SLC)/CCL21 [67–69] and stromal
cell-derived factor-1 alpha (SDF-1a)/CXCL12 [69–71]. The cited references
describe the importance of these chemokines in promoting lymphatic metastasis
in several carcinomas, including breast, squamous head and neck, melanoma,
and cervical carcinomas. For lung carcinoma, there has also been some recent
investigation on this topic, although most of the work describes critical roles for
such chemokines acting in concert with their cognate receptors on lung cancer
cells in the promotion of lymphatic metastasis using animal models [72]. Among
clinical lung cancer specimens, both small and non-small cell lung carcinomas,
among several other types of carcinomas, have been reported to strongly upre-
gulate CCR7 and CXCR4, the cognate receptors for CCL21 and CXCL12,
respectively [69, 73–77].Moreover, Takanami [73] has shown that overexpression
of CCR7 mRNA in NSCLC correlates with lymph node metastasis. Together,
these findings indicate that CCL21/CCR7 and CXCL12/CXCR4 interactions
may represent some of the most important chemokine/receptor interactions that
drive tumor–lymphatic invasion and eventual lymph node metastasis in both
lung cancer and several other carcinomas.

It is important to balance this discussion with the knowledge that tumor
cells are not the only cells in the tumor microenvironment that express recep-
tors for lymphatic endothelial chemokines. For example, the chemokines
CCL21 and CXCL12, as well as the EBV-induced molecule 1 ligand chemo-
kine CCL19, have been well characterized for their ability to affect lymphatic
trafficking of dendritic cells as well as T cells in normal as well as neoplastic
tissues [78–80]. In the tumor microenvironment, trafficking of such cells across
lymphatic vasculature may mediate immunologic antitumor responses. Thus,
combining these observations with the previous discussion, it appears that the
release of such chemokines by tumor lymphatic vasculature may variably
stimulate events that either promote lymph node metastasis (i.e., lymphatic
vessel invasion by chemokine-responsive tumor cells) or limit lymphatic metas-
tasis (i.e., lymphatic antitumor immune responses). Interestingly, the antitumor
effects of CCL21-responsive immune cells have been exploited in novel immu-
notherapy lung cancer models, wherein dendritic cells transduced with a
CCL21 expressing adenoviral vector delivered to the tumor environment
have been used to drive immune-mediated tumor eradication following further
tumor infiltration by responsive host dendritic cells and activated T cells [81].
However, in the absence of experimental or therapeutic augmentation of
antitumor immune responses by such chemokines, the degree to which host
tumor-infiltrating dendritic cells (or T cells) may counter the invasive effects of
tumor cells responsive to the same chemokines remains to be determined. In
this regard, it is worth noting that the maturation of dendritic cells that
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infiltrate human non-small cell lung carcinomas is often blocked at an imma-
ture stage [82]. Further work may lead to insightful methods to inhibit lym-
phatic vascular invasiveness by chemokine-responsive tumor cells while main-
taining or even enhancing approaches that promote tumor immunization.

Modulation of Tumor Lymphangiogenesis and Lymphatic Invasion

by Integrins and Proteoglycans

Several classes of molecules in the tumor environment may function as critical
modulators that act either in concert with or directly facilitate the processes of
lymphangiogenesis and the trafficking of both tumor cells and immune cells
across tumor lymphatic vessels. Some of these molecules may function in a
‘‘broad’’ manner during lymphatic tumor progression, wherein their ability to
simultaneously modulate the action of several pro-lymphangiogenic factors or
multiple lymphatic vessel chemokines makes them important targets for future
study and possibly therapeutic intervention. The discovery of molecular species
that broadly control discrete steps in lymphatic tumor progression in lung
cancer also introduces a rationale for overcoming redundancy in a system
where the ‘‘magic-bullet’’ targeting of one major growth factor or chemokine,
for example, might result in upregulation of other (non-targeted) factors that
ultimately might contribute to completion, or even acceleration, of a given
pathophysiologic step (e.g., lymphangiogenesis, controlled by multiple growth
factors). Important species of molecules associated with lymphatic endothelium
that may fall into this class include certain subclasses of integrins as well as
proteoglycans. Herein, we highlight a few examples that apply to lung cancer;
however, we also illustrate how growing experimental evidence might be
applied to improve our understanding of how these molecules more generally
affect lymphatic pathophysiology in cancer.

Lymphatic endothelium in the tumor environment may interact with both
tumor cells and important matrix elements through the action of select mem-
bers of the integrin family. Integrins are heterodimeric membrane glycoproteins
that facilitate cell–cell interactions and migration of cells across extracellular
matrix (ECM) through their ability to bind to both important ECM proteins
such as fibronectin and immunoglobulin superfamily adhesion molecules such
as vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion
molecule-1 (ICAM-1). Upon binding to such ligands, integrins co-cluster
intracellular kinases and focal adhesion complex adaptor proteins, resulting
in activation of signaling pathways that mediate cell migration and
proliferation [83].

As a class, it appears likely that integrins expressed by lymphatic endothe-
lium play important roles in modulating some of the critical pathophysiologic
steps in lymph node metastasis that have been discussed, including tumor
lymphangiogenesis and tumor attachment and migration across lymphatic
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vasculature. The roles of specific integrins in each of these processes have not
been fully realized, and we currently have little clinical understanding of their
specific function(s) in lung cancer lymphatic metastasis. However, several
pieces of a puzzle that involves the action of both vascular (blood and lympha-
tic) and tumor-cell integrins are beginning to come together for cancer. For
example, it is now evident that the integrin a9b1 plays an important role in
developmental lymphangiogenesis through both its upregulation by the major
lymphatic transcription factor Prox-1 following growth factor stimulation and
its ability to promote VEGF-C- and VEGF-D-mediated endothelial cell moti-
lity in vivo through direct binding to such factors [84, 85]. The latter may
directly stimulate tumor lymphangiogenesis, although the specific role this
integrin plays in cancer progression is not known. Other integrin members
expressed on lymphatic endothelium appear to play important roles in patho-
logic lymphangiogenesis, including wound lymphangiogenesis (a1b1, a2b1)
[86], corneal inflammatory lymphangiogenesis (a5b1) [87], and tumor lymphan-
giogenesis (a4b1) [88]. The latter appears to be strongly upregulated in lympha-
tic endothelium of experimental Lewis lung carcinoma tumor systems, and
blockade of this integrin with antibodies is sufficient to inhibit tumor lymphan-
giogenesis and metastasis in the same in vivo models (J.A. Varner, unpublished
data). In order to study the expression of certain integrins in clinical tumor-
associated lymphatic vasculature, it may be useful to increase our use of high-
sensitivity methodology such as laser capture microdissection (coupled with
lymphatic-specific immuno-labeling) in clinical cancer specimens.

In lung cancer, a limited amount of clinical data has revealed that tumor
expression of certain integrins correlates with nodal tumor spread. An example
of this is the correlation between expression of a5 and b1 integrins in NSCLC
and lymph node metastasis [89]. It is possible that this might occur as a result of
cross talk between the integrin-expressing tumor cell and cognate ligands
expressed by the tumor lymphatic endothelium; however, the mechanisms
that may mediate such interactions need further study. In squamous cell lung
carcinoma, tumor expression of the integrins a1b1 and a2b1 directly correlates
with metastatic progression [90], although the mechanism(s) whereby such
integrins may promote lymphaticmetastasis needs further study. While further
clinical data are gathered for lung cancer, an important role for antagonists of
specific integrins may also be realized, and experimental as well as clinical
translational research may reveal the ability of such agents to block lymphatic
tumor progression. More work is needed to further map the importance of
specific integrins, including those associated with lymphatic endothelium, dur-
ing nodal metastasis in lung cancer.

Another class of molecules that may modulate the action of several
effectors that promote lymphatic tumor progression in lung cancer is
proteoglycans. Members of this broad and ubiquitous class of glycan
molecules are found at the cell surface and secreted from several mamma-
lian cell types and consist of a core protein that bears one or more
covalently attached glycosaminoglycan chains [91]. These include heparan
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sulfate proteoglycans (HSPGs), chondroitin sulfate proteoglycans
(CSPGs), and other subclasses named after the nature of the repeating
disaccharide unit that makes up the major part of their respective glyco-
saminoglycan chains. A particularly unique feature of HSPGs is the pre-
sence of unique domains along the heparan sulfate chains that bear sul-
fate-modified motifs in clustered regions that confer binding capacity for
several growth factors as well as chemokines that are known to play
important roles in cell growth and migration, including vascular growth
[92–94]. In cancer, it is possible that these properties of HSPGs may
mediate not only blood-vascular progression (i.e., angiogenesis and
tumor vascular invasion) but similar processes in lymphatic vasculature
that promote lymph node metastasis, such as tumor lymphangiogenesis
and lymphatic vessel tumor invasion.

Insights from the laboratory as well as in vivo gene-targeted experimental
models have provided key insights on how HSPGs might facilitate impor-
tant endothelial functions in carcinoma. This includes a consideration of
tumor lymphatic endothelium as well. It is now well recognized that the
interactions of some of the most important endothelial growth factors with
their cognate receptors on vascular endothelium during developmental as
well as pathologic angiogenesis are modulated by the co-receptor functions
of HSPGs [95–97]. In tumor blood vasculature, endothelial cell surface and
secreted HSPGs appear to serve as co-receptors as well as matrix scaffolds
for a variety of soluble growth factors released by tumor cells, including
VEGF-A, FGF-2, PDGF, HGF, heparin-binding epidermal growth factor
(HB-EGF), and several other pro-angiogenic molecules [97–100]. Recent
work shows that the major angiogenic effectors VEGF-A and FGF-2, for
which HS may facilitate binding and signaling via endothelial VEGFR-2
and FGFR-1 receptors, may also stimulate lymphangiogenesis via the same
receptors on lymphatic endothelium [43, 51, 65, 101–103]. The importance
of HSPGs as co-receptors during that process remains to be examined.
Moreover, the role of lymphatic endothelial HSPGs in mediating signaling
by VEGF-C or VEGF-D during interactions with the cognate receptors
VEGFR-3 (or VEGFR-2/3 heterodimers) has yet to be examined [104].
Preliminary data show that lymphatic endothelial cells that bear mutations
in key HSPG biosynthetic enzymes show alterations in binding to such
growth factors, and their ability to signal in response to specific growth
factor stimulation also appears to be altered (M.M. Fuster, unpublished
data). Beyond tumor lymphangiogenesis, the function of HSPGs in mediat-
ing any of the lymphatic chemokine interactions that have been discussed
remains to be determined. For example, the chemokines CXCL12 and
CCL21, which are associated with lymph node metastasis in several carci-
nomas, may be associated with lymphatic heparan sulfate during the estab-
lishment of chemokine gradients along lymphatic endothelium [105–107].
Since the cognate receptors for these chemokines are frequently overex-
pressed in both small cell and non-small cell lung carcinoma [73–75], it is
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possible that lymphatic endothelial HSPGs may serve critical functions in
facilitating chemokine-mediated tumor invasion of lymphatic vasculature in
lung cancer.

Little is known regarding tissue-specific expression of specific proteoglycans
in lung carcinoma, and those specific families of HSPGs that most promote
(blood or lymphatic) vascular progression have yet to be discovered. Some data
suggest that the stroma of human lung cancer specimens shows elevated levels of
certain cell-surface HSPGs that are distinct from those of tumor cells them-
selves and that differential regulation of unique families of HSPGs among
different cell types within the tumor may result in the promotion of tumor
metastasis. For example, while tumor-cell-associated HSPGs often facilitate
growth factor signaling by a variety of tumor growth factors, distinct HSPGs
may play unique roles in tumor differentiation; and in some cases, downregu-
lated expression of a given HSPG (e.g., syndecan-1) by lung tumor cells appears
to be associated with tumor invasiveness, as that particular HSPG may con-
tribute to maintenance of a differentiated epithelial morphology [108]. On the
other hand, recent work using microdissection-based tissue expression analyses
has demonstrated that a distinct upregulation of syndecan-1 that occurs in
stroma-associated cells of lung carcinomas (as well as other clinical tumors)
may positively contribute to metastasis [109]. While much of this expression
may be associated with myofibroblastic cells in the stroma, specific analyses on
endothelial (including lymphatic endothelial) expression are lacking. It is also
interesting to note that increased stromal expression of the CSPG versican in
lung adenocarcinomas correlates with lymphatic metastasis as well as tumor
recurrence [110]. More work is necessary to identify unique lymphatic endothe-
lial proteoglycans that may contribute to tumor lymphatic progression in lung
cancer.

Validation of specific integrins or heparan sulfate proteoglycans as mole-
cular targets in the lymphatic vascular progression of lung cancer may be
especially appealing since these classes of molecules may simultaneously
mediate several lymphatic pathophysiologic processes. Targeting these path-
ways may thus alter the functions of multiple lymphatic growth factors,
interfere with adhesion of blood-vascular and/or lymphatic endothelium
with tumor cells, monocytes, or extracellular matrix, and possibly impair
the trafficking of tumor cells across lymphatic endothelium during lymph
node metastasis. Figure 1 highlights what appear to be the most important
molecular mechanisms that promote tumor lymphangiogenesis and tumor
lymphatic vascular invasion in lung cancer. As a final point with therapeutic
implications, since much of our discussion has been centered on the lym-
phatic endothelium of the host, it should be mentioned that an advantage of
targeting tumor endothelium in general is that it possesses greater genetic
stability than tumor cells, resulting in a lower potential for induction of
drug resistance [111]. As we expand our understanding of lymphatic mole-
cular pathophysiology at the genetic and experimental level, it is hoped that
translation to clinical lung cancer (either alone or in combination with
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Fig. 1 Mechanisms for tumor lymphangiogenesis and lymphatic invasion in lung cancer: A
proliferating primary lung carcinoma requires a blood vasculature, derived from surrounding
host vessels through the process of angiogenesis (red and blue vessels in upper right, inset).
Lymphatic vasculature (green) sprouts from host lymphatic vessels adjacent to the growing
tumor and the molecular interactions between proliferating lymphatic endothelium and tumor
cells (boxed area within the inset) are illustrated in the expanded figure. Tumor lymphangiogen-
esis (expanded view, lower right) is driven by a variety of potent lymphatic endothelial mitogens
produced by tumor cells, including VEGF-C, VEGF-D, and the blood-endothelial growth
factors VEGF-A and FGF-2. The ability of tumor-associated lymphatic vasculature to respond
to these factors depends on the relative expression of the lymphatic receptors VEGFR-3 (that
binds VEGF-C and VEGF-D), VEGFR-2 (that binds VEGF-A in addition to post-proteoly-
tically processed variants of VEGF-C and VEGF-D), FGFR (binding to FGF-2), and even
VEGFR-2/3 heterodimers. Receptor tyrosine kinase activation by these factors allows for
activation of major endothelial proliferative signaling pathways (lymphatic nuclear activation,
center). Lymphatic endothelial co-receptors that may play important roles in facilitating these
interactions include neuropilin-2 (for VEGFR activation) and heparan sulfate proteoglycans
(for FGF-2 and VEGFR activation). Integrins may play critical roles through their ability to
both modulate growth factor interactions during lymphangiogenesis (e.g., integrin 91) and
mediate interactions with extracellular matrix (ECM) components such as fibronectin (FN),
allowing for concomitant lymphatic endothelial cytoskeletal changes that facilitate motility
through matrix. Invasion of lymphatic vasculature by tumor cells in the tumor microenviron-
ment (expanded view, upper left) involves both migration of tumor cells toward lymphatic
vessels and attachment to the lymphatic endothelium. These processes are facilitated by a
number of chemokine interactions, with some of the most important events being chemotaxis
of CCR7-overexpressing carcinoma cells toward CCL21-producing lymphatic endothelial cells
or chemotaxis of CXCR4-overexpressing tumor cells toward CXCL12 released from lymphatic
endothelium. Heparan sulfate proteoglycans may play roles in stabilizing chemokine–receptor
interactions. Following migration, such processes may also facilitate tumor-lymphatic adhe-
sion, with additional stabilization by interactions between integrins and tumor cell adhesion
molecules (CAMs). Legend is shown at the lower left
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current therapy) will lead to promising targeted therapies that may prevent
or inhibit lymphatic tumor progression and lymph node metastasis and
improve patient outcomes.
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Carcinoma-Associated Fibroblasts in Lung Cancer

Roya Navab, Bizhan Bandarchi, and Ming-Sound Tsao

Abstract There isgrowingevidence thatcarcinogenesis is influencedandcontrolled
by the cellular interactions between tumor stroma, ECM, and neoplastic cells.
Therefore, the stromal cells surrounding cancer epithelial cells, rather than being
passive bystanders, appear to have an important role in modifying tumor develop-
mentandprogression.Clinical evidencealsosupports the significant contributionof
stroma to thedevelopmentofawidevarietyof tumors.There is ahigher incidenceof
tumor formation in tissues exhibiting a chronically inflamed stromaaswell as those
undergoing wound healing, in which the stroma plays a central role. The stromal
microenvironmentofhumancancers isalsodifferent fromthatof thecorresponding
normal tissue. Studies have revealed reactive stroma that is characterized by mod-
ifiedECMcomposition, increasedmicrovasculature, inflammatory cells, and fibro-
blasts with ‘‘activated’’ phenotype. These modified fibroblasts are often referred to
as activated fibroblasts, myofibroblasts, tumor-associated fibroblasts, or carci-
noma-associated fibroblasts (CAFs). This chapter will focus its discussion on the
characterization of CAFs, their role in human lung carcinogenesis and malignant
progression, and as potential novel therapeutic targets.

Introduction

Fibroblasts are the predominant stromal cells in connective tissues, particularly
fibrous connective tissue. Fibroblasts in normal tissue are responsible for the
intracellular assembly of various extracellular fibrillary and nonfibrillary struc-
tural proteins such as procollagen and glycosaminoglycans, which form the
ground substance of stromal tissue (1). The main product of fibroblasts is
collagen, predominantly collagen type I, which is the major constituent of
extracellular matrix (ECM). Cancer cells grow in a biologically complex stroma
composed of various types of stromal and inflammatory cells and ECM, creat-
ing a tumor microenvironment [1, 2].
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There is growing evidence that carcinogenesis is influenced and controlled by
the cellular interactions between tumor stroma, ECM, and neoplastic cells.
Therefore, the stromal cells surrounding cancer epithelial cells, rather than
being passive bystanders, appear to have an important role in modifying
tumor development and progression. Clinical evidence also supports the sig-
nificant contribution of stroma to the development of a wide variety of tumors.
There is a higher incidence of tumor formation in tissues exhibiting a chroni-
cally inflamed stroma as well as those undergoing wound healing, in which the
stroma plays a central role [3, 4]. The mouse models of tumorigenesis have also
revealed that stromal cells, notably fibroblasts, endothelial cells, and inflam-
matory cells [5–8], actively support tumor growth by producing growth factors,
cytokines, and chemokines, activating the surrounding ECM and inducing the
selection and gene expression of the neoplastic cells [9, 10]. Earlier studies have
demonstrated that inoculation of dissociated tumor cells might not be tumori-
genic, whereas implantation of fragments of solid tumors containing stroma led
to tumor growth [11].

The stromal microenvironment of human cancers is also different from that
of the corresponding normal tissue. Studies have revealed reactive stroma that
is characterized by modified ECM composition, increased microvasculature,
inflammatory cells, and fibroblasts with ‘‘activated’’ phenotype [12]. These
modified fibroblasts are often referred to as activated fibroblasts, myofibro-
blasts, tumor-associated fibroblasts, or carcinoma-associated fibroblasts
(CAFs). These modified fibroblasts are characterized histologically as large
spindle-shaped cells with indented nuclei [13–15]. They possess contractile
filaments, prominent rough endoplasmic reticulum, intercellular gap junctions,
and well-developed fibronexi (transmembrane complex with intracellular actin,
integrins, and extracellular fibronectin). In contrast, the endoplasmic reticulum
in quiescent adult fibroblasts is less abundant and the nucleus is flattened and
heterochromatic [16]. Other studies have also implicated CAFs as important
‘‘coconspirators’’ in the development of the common carcinomas, such as those
of the colon, lung, breast and prostate. These tumors originate from the
epithelial cells lining the mucosa of intestines and lungs and the ductwork of
mammary and prostate glands. Cunha et al. [7] showed that nonmalignant
prostate epithelial cells cocultured with prostate CAFs acquired the ability to
form tumors when transplanted into mice. They concluded that CAFs had
undergone changes, which resulted in the production of growth factors or
other substances that could transform epithelial cells.

Lung cancer is a highly metastatic tumor.Metastasis represents the final step
of complex biological sequences that include invasion (loss of cell–cell adhesion,
increased cell motility, and basement membrane degradation), vascular intra-
vasation and extravasation, establishment of metastatic niche and angiogenesis.
The role of the tumor microenvironment in human lung cancers has not been
studied extensively. This chapter will focus its discussion on the characteriza-
tion of CAFs, their role in human lung carcinogenesis and malignant progres-
sion, and as potential novel therapeutic targets.
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Cancer Stroma

During the early stages of carcinogenesis, the proliferation of neoplastic epithelial
cells is contained within the boundary of a basement membrane and separated
from the surrounding stromal tissue [17]. This growth that is confined by the
basement membrane is called carcinoma in situ (CIS). During CIS progression to
invasive carcinoma, the tumor cells invade through the basement membrane [18,
19] into the stroma and induce its ‘‘reactive’’ appearances [18, 20]. This is asso-
ciated with the expansion of the tumor stroma by increased proliferation of
activated fibroblasts and deposition of ECM [21], a histological observation
referred as desmoplasia [22]. In fact, activated fibroblasts appear as one of the
key features not only in cancer stroma but also in a variety of inflammatory
conditions including wound healing [13]. The histological term for activated
fibroblasts is myofibroblast, which indicates an intermediate phenotype between
smooth muscle cells and fibroblasts [14, 23]. Myofibroblasts are widely distrib-
uted and easy to culture in vitro. Although pathologists have identified the
presence of myofibroblasts in cancer decades ago, the scientific interest in eval-
uating them remains preliminary. Consequently, our knowledge on myofibro-
blasts and CAFs remains fragmented. It should be noted that myofibroblasts are
not per se a pathological cell type and are present in various tissues under normal
conditions (e.g., lung, brain, prostate, breast, heart) [24].

Markers of Fibroblasts and CAFs

Fibroblast remainspoorlydefined inmolecular terms.A lackof reliable and specific
molecular fibroblast marker(s) is a limiting factor in studying fibroblasts in vivo.
Among all the well-established markers of fibroblasts, fibroblast-specific protein-1
(FSP-1) appears to provide the best specificity in vivo (see Table 1). In addition,
several otherproteins canbe consideredas site-specificmarkers.CAFsarenormally
defined by the expression of a-smooth muscle actin (a-SMA) [18, 23, 25].

Chung et al. [26] showed that fibroblasts in mammals are highly heterogeneous,
and those isolated from different sites show diversity (Table 1). They compared the
genome-wide expression patterns of 50 human cultured fibroblasts isolated from
16 different organs and showed that gene expression patterns from different
anatomical sites are as divergent as the gene expression patterns observed among
distinct lineages of white blood cells [26]. This diversity is evident from the secretion
of specific extracellular matrix (ECM) constituents, growth factors, or differentia-
tion factors. For example, fetal skin fibroblasts express high levels of collagen types
I and V, whereas fetal lung fibroblasts do not but express exclusively the lung-
specific forkhead family transcription factors FOXF1 and FOXP1 [26].

Heterogeneity in human lung CAFs has also been observed. Nazaret et al. [27]
established human lung TAFs which are characterized by the expression of human
FSP-1, Thy-1, a-smooth muscle actin, and fibroblast activation protein (FAP)
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(Table 1) but did not express CD45 and CD11b. These cells produce both soluble
factors [e.g., TGF-b1, IFN-g, IFN-g-inducible protein-10, and monokine induced
by IFN-g (MIG)] and membrane-associated molecules (e.g., B7H1 and B7DC),
whichhavebeen reported toexert immunomodulatory effectsupon lymphocytes.A
coculture experiment using TAFs and tumor-associated T cells (TATs) demon-
strated that in some NSCLC tumors, TAFs enhanced TAT activation even in the
presence of aTGF-b1-mediated suppressive effect. In otherNSCLC tumors, TAFs
suppressed TAT activation, possibly by hyporesponsiveness of TAT in the micro-
environment toTGF-b1producedbyTAF [27].Therefore,TAF inhumanNSCLC
are functionally and phenotypically heterogeneous andmay providemultiple com-
plex regulatory signals in the tumor microenvironment.

Gene Expression Changes in Carcinoma or Senescent-Associated

Fibroblasts

There is an increasing recognition of the importance of defining molecular
mechanisms by which CAFs and stromal factors influence the development of
epithelial cancers. These include cell surface molecules, secreted soluble factors,
and ECMproteins. The identification of individual or combinations of secreted
factors might suggest biomarkers for early detection of cancers or more impor-
tantly, those cancers with the propensity for metastasis.

Micke and Ostman [28] used laser capture microdissection and cDNA
microarray to derive a comprehensive characterization of differences between
CAFs and normal fibroblasts in basal cell carcinoma and normal skin from the
same patients. The analysis revealed 415 upregulated and 458 downregulated
genes. Among these were genes involved in growth regulation (amphiregulin,
SDF-1, IGF-1, TGF-b3), angiogenesis (angiopoietin-2), andmatrix remodeling
(kallikrein-6, -10, -11, MMP-5, -11, TIMP-4). Nakamura et al. [29] used a
cDNA filter array to identify five genes that were upregulated in CAFs from
pulmonary adenocarcinoma compared to fibroblasts isolated from normal
bronchus of the same patients. These upregulated genes were E2F2 (regulatory
transcription factors), MLH1 (tumor suppressor gene), Talin (cell adhesion
protein), TGFbRI (membrane receptors), and TPA (signaling intermediates).

Coculture models of lung fibroblasts and NSCLC cells mimicked the observa-
tion in other cancer types. NSCLC cells induce the secretion of angiogenic factors
(e.g., FGF-2, IL-8) [30] as well as matrix proteases (e.g., MMP-11) in lung fibro-
blasts [31]. Gene expression profiling of normal human lung fibroblasts following
coculture with NSCLC cells revealed alteration in gene expression profiles [32]. In
this coculture model, Fromigue et al. [32] used magnetic cell sorting to separate
fibroblasts from tumor cells. Using the DNA filter assay and cDNAmicroarray, a
set of approximately 30 modulated genes coding for growth and survival factors,
angiogenic factors, proteases and protease inhibitors, transmembrane receptors,
kinases, and transcription regulators were identified (Table 2). These genes can

198 R. Navab et al.



T
a
b
le
2

G
en
e
ex
p
re
ss
io
n
ch
a
n
g
es

in
fi
b
ro
b
la
st
s
co
cu
lt
u
re
d
w
it
h
n
o
n
-s
m
a
ll
ce
ll
lu
n
g
ca
n
ce
r
ce
ll
s
a
n
d
is
o
la
te
d
su
b
se
q
u
en
tl
y
u
si
n
g
m
a
g
n
et
ic
ce
ll
so
rt
in
g

(M
A
C
S
)

C
a
te
g
o
ry

G
en
e

F
u
n
ct
io
n

U
p
o
r
d
o
w
n
in

co
cu
lt
u
re

R
ef
er
en
ce
s

G
ro
w
th

a
n
d
su
rv
iv
a
l

fa
ct
o
rs

IG
F
B
P
(3
,5
)

G
ro
w
th

a
n
d
su
rv
iv
a
l

D
o
w
n

[1
1
1
,
1
1
2
]

L
T
B
P
2

R
eg
u
la
ti
o
n
o
f
T
G
F
-b

D
o
w
n

[1
1
3
]

C
T
G
F

G
ro
w
th

D
o
w
n

[1
1
4
]

In
h
ib
in

b
et
a
A
(I
N
H
B
A
)

P
ro
li
fe
ra
ti
o
n

U
p

[1
1
5
]

A
n
g
io
g
en
es
is

F
G
F
-2

A
n
g
io
g
en
es
is

U
p

[3
1
]

IL
-8

A
n
g
io
g
en
es
is

U
p

[3
0
]

V
E
G
F

A
n
g
io
g
en
es
is

U
p

[1
1
6
]

T
h
ro
m
b
o
sp
o
n
d
in

(T
H
S
B
1
)

In
h
ib
it
io
n
o
f
a
n
g
io
g
en
es
is

D
o
w
n

[1
1
7
]

P
ro
te
a
se
s/
p
ro
te
a
se

in
h
ib
it
o
rs

u
P
A
,
tP
A

M
ig
ra
ti
o
n
,
a
n
g
io
g
en
es
is
,
m
et
a
st
a
si
s,
g
ro
w
th
,
a
n
d

su
rv
iv
a
l

U
p

[1
1
8
]

T
F
P
I-
1
,
-2

In
v
a
si
o
n
a
n
d
m
et
a
st
a
si
s

U
p

[1
1
9
,
1
2
0
]

M
M
P
-1
1

M
ig
ra
ti
o
n
,
a
n
g
io
g
en
es
is
,
m
et
a
st
a
si
s,
g
ro
w
th
,
a
n
d

su
rv
iv
a
l

U
p

[1
2
1
]

M
M
P
-9

M
ig
ra
ti
o
n
,
a
n
g
io
g
en
es
is
,
m
et
a
st
a
si
s,
g
ro
w
th
,
a
n
d

su
rv
iv
a
l

U
p

[1
2
2
]

P
A
I-
1
,
T
IM

P
-3

In
h
ib
it
io
n
o
f
in
v
a
si
o
n
a
n
d
m
et
a
st
a
si
s

D
o
w
n

[1
2
3
,
1
2
4
]

A
b
b
re
vi
a
ti
o
n
s:
IG

F
B
P
,
in
su
li
n
-l
ik
e
g
ro
w
th

fa
ct
o
r-
b
in
d
in
g
p
ro
te
in
;
L
T
B
P
2
,
la
te
n
t
tr
a
n
sf
o
rm

in
g
g
ro
w
th

fa
ct
o
r
b-
b
in
d
in
g
p
ro
te
in

2
;
C
T
G
F
,
co
n
n
ec
ti
v
e

ti
ss
u
e
g
ro
w
th

fa
ct
o
r;
IN

H
B
A
,
in
h
ib
in

b
et
a
A
;
b
F
G
F
,
b
a
si
c
fi
b
ro
b
la
st
g
ro
w
th

fa
ct
o
r;
IL

-8
,
in
te
rl
eu
k
in
-8
;
V
E
G
F
,
v
a
sc
u
la
r
en
d
o
th
el
ia
l
g
ro
w
th

fa
ct
o
r;

T
H
S
B
1
,t
h
ro
m
b
o
sp
o
n
d
in
-1
;u

P
A
,u

ro
k
in
a
se

p
la
sm

in
o
g
en

a
ct
iv
a
to
r;
tP
A
,t
is
su
e
p
la
sm

in
o
g
en

a
ct
iv
a
to
r;
T
F
P
I-
1
,t
is
su
e
fa
ct
o
r
p
a
th
w
a
y
in
h
ib
it
o
r;
P
A
I-
1
,

p
la
sm

in
o
g
en

a
ct
iv
a
to
r
in
h
ib
it
o
r-
1
;
T
IM

P
-3
,
ti
ss
u
e
in
h
ib
it
o
r
o
f
m
et
a
ll
o
p
ro
te
in
a
se
-3
.

Carcinoma-Associated Fibroblasts in Lung Cancer 199



potentially affect the regulation of matrix degradation, angiogenesis, invasion, cell
growth, and survival. A large number of these modulatory genes were secreted
proteins. These findings could be of use to identify new potential markers and
activated signaling pathways. As an example, the upregulation of Notch-3 in
tumor-infiltrating fibroblasts is regulated by epithelial–mesenchymal interactions
during development [33]. It is interesting to compare the consequences of such
interactions in a coculture model using carcinoma-associated fibroblasts.

There is increasing evidence to suggest the contribution of senescent human
fibroblasts to tumor growth by secreting factors such as VEGF that promote
cancer progression [34, 35], a phenomenon that resembles carcinoma-associated
fibroblasts. The ability of senescent fibroblasts to profoundly alter the growth
characteristics of epithelial cells has led to further efforts in the identification of
senescence- or aging-associated changes in gene expression using microarray-
based global mRNA profiling strategies [36]. Table 3 summarizes the gene
expression changes that have been reported in association with prostate fibro-
blast senescence program. These genes encode proteins that play important roles
in autocrine/paracrine cell communication, immune and inflammatory
responses, extracellular matrix structural components, and extracellular

Table 3 Putative senescence-associated markers in prostatic fibroblasts identified by gene-
profiling studies

Marker Functional category

Up or down
in senescent
fibroblasts References

Amphiregulin, hepatoctye growth
factor, bone morphogenic
protein-1, macrophage-inhibitory
cytokine 1, connective tissue
growth factor, VEGF

Autocrine/paracrine
growth factors

Up [125]

IGFBP2, IGFBP3, IGFBP5,
IGFBP6

Insulin-like growth
factor-binding
proteins

Up [126]

CXCL121, CXCL1, CCL1, CCL13,
CCL20, C17, IL6, IL8

Chemokines and
cytokines

Up [127]

Collagen 1a2, collagen III a1,
collagen IV a5, collagen VI a1,
collagen VI a2, collagen VII a1,
collagen XV a1, laminin a4,
laminin a2, integrin a5, integrin
b1, integrin b4, osteonectin
(SPARC), osteocalcin,
osteopontin, syndecan-2,
fibronectin-1

Extracellular matrix
proteins

Up [39, 128]

ADAMTS1, MMP2, MMP3,
MMP9, cathepsin D, cathepsin O,
cystatin S, cystatin B, cystatin C,
TIMP1, TIMP2

Extracellular matrix
proteases and
protease inhibitors

Up [128]

1SDF-1/CXCL12 is the most highly upregulated secreted protein.
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proteases. Among the overexpressed cytokines, CXCL12 (SDF-1), CXCL1, IL-
6, and IL-8 have been shown to enhance epithelial cell proliferation [36], while IL-
8 and C17 as well as vascular endothelial growth factor (VEGF) are angiogenic
factors [37]. Senescent fibroblasts also secrete amphiregulin that may stimulate
the proliferation of prostate epithelial cells [38]. Among the extracellular matrix
proteins, the high expression of osteopontin and osteocalcin was associated with
increased metastasis of prostate carcinoma cell lines [39]. Matrix metalloprotei-
nases may influence the availability of certain factors in the microenvironment.
Matrix metalloproteinases are also involved in the processing of growth factors
and their receptors, cytokines, chemokines, and other precursor proteins.

The invasiveness and metastatic features of prostate cancers appear to be
dependent on the ratios of MMP-2 and MMP-9 to TIMP-1 [39]. The large
number of changes in the expression of microenvironment constituents that
associate with the senescence gene expression program provides challenges in
determining which alteration represents the dominant influence on adjacent cell
types. Nevertheless, the potential benefits of meeting this challenge are great as
well, as identifying the key stromal effects on tumor cell characteristics would
serve to prioritize methods to interfere with the detrimental signals.

CAFs Contribution to Carcinogenesis

CAFs are commonly observed in the stroma of a majority of invasive human
cancers [40]. However, the specific contribution of these cells to tumor progres-
sion remains incompletely understood. CAFs possess greatly increased contrac-
tile ability, promote angiogenesis, and stimulate epithelial cell growth through the
production of ECM and the secretion of growth factors and cytokines (Fig. 1).
Activated fibroblasts secrete increased levels of ECM-degrading proteases such
as matrix metalloproteinase-2 (MMP-2), MMP-3, and MMP-9, facilitating
increased ECM turnover and altered ECM composition [41]. They often secrete
increased amounts of growth factors such as hepatocyte growth factor (HGF),
insulin-like growth factor (IGF), nerve growth factor (NGF), WNT1, EGF, and
FGF-2, which may induce proliferative signals in adjacent epithelial cells [5].
Activated fibroblasts also have an important role as modulators of the immune
response following tissue injury.

Several studies demonstrated a direct involvement of resident fibroblasts in
the initiation of cancer (Table 4). A link between growth factors and CAFs in
tumor initiation was indicated in a series of studies comparing the effect of
normal fibroblasts and of CAFs isolated from the primary tumor site [7, 42].
Kuperwasser et al. [43] demonstrated that overexpression of TGF-b1 and/or
hepatocyte growth factor (HGF) in mouse fibroblasts induced the initiation of
breast cancer within the normal human epithelium. In addition to secreting
growth factors that directly affect cell motility, activated fibroblasts are a
source of ECM-degrading proteases such as the MMPs [44–46]. MMPs can
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directly affect the motility and invasiveness of cancer cells [44, 47] and allow the

latter to cross the tumor–normal tissue boundaries during invasion.
While normal fibroblasts are required to maintain epithelial homeostasis,

CAFs could play an important role in neoplastic initiation and promotion of

epithelial cells. To investigate the importance of stroma during carcinogenesis,

mammary epithelial cells and cleared fat pads of rats were exposed in vitro to

the chemical carcinogen N-nitrosomethylurea (NMU) or vehicle and cross-

implantation was performed. Neoplastic transformation of these mammary

epithelial cells occurred only when vehicle-treated mammary epithelial cells or

NMU-treated mammary epithelial cells were inoculated into the NMU-

Fig. 1 Schematic representation of carcinoma-associated fibroblasts (CAFs)–cancer cell
interaction in tumor stroma. CAFs interact with tumor cell, endothelial cells, and inflamma-
tory cells through the secretion of growth factors and chemokines. CAFs increase deposition
of collagen types I and III, which induce an altered extracellular matrix microenvironment
leading to cancer progression. CAFs interact with the microvasculature by secreting matrix
metalloproteinases (MMPs) and vascular endothelial growth factor (VEGF). CAFs regulate
the inflammatory response by secreting chemokines such as monocyte chemotactic protein-1
(MCP-1) and interleukin-1 (IL-1). CAFs also secrete growth factors such as TGF-b and
hepatocyte growth factor (HGF) to stimulate cancer cell proliferation and invasion.
Abbreviations: TGF-b, transforming growth factor-b; PDGF, platelet-derived growth factor;
bFGF, basic fibroblast growth factor; HGF, hepatocyte growth factor; VEGF, vascular
endothelial growth factor; MMP, matrix metalloproteinase; ET, endothelin; FN, fibronectin;
IGF, insulin-like growth factor; EGF, epidermal growth factor; MCP-1, monocyte chemo-
tactic protein-1; IL-1, interleukin-1
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exposed fat pads. This finding suggests the importance of carcinogen exposure
of stroma during carcinogenesis [48].

Myofibroblast infiltration into implanted ovarian carcinoma spheroids led the
exit of tumors from dormancy and their contribution to vascular stabilization in
ovarian tumors by expression of angiopoietin-1 and angiopoietin-2 [49, 50].
Orimo et al. [42] used RAS-transformed human MCF-7 breast cancer cells and
coinjected these cells subcutaneously into nude mice in suspension with CAFs or
normal fibroblasts. Their results showed that xenografts containing CAFs grew
larger than xenografts containing normal fibroblasts. Such enhanced growth was
associated with increased cancer cell proliferation (but not increased fibroblast
proliferation) and angiogenesis. This finding indicates that CAFs might have
both proliferative and angiogenic effects during tumorigenesis [42]. This study
also demonstrated that CAFs-derived, stromal cell-derived factor-1 (SDF-1)
mediates the recruitment of bone-marrow-derived endothelial cells and directly
increases the proliferation of breast cancer cells (MCF-7-RAS). It remains
unclear which aspect of this SDF-1 activity is the rate-determining step for
tumor growth.

Contributions of CAFs in Metastasis

The presence of activated fibroblasts can promote the proliferation of cancer
cells at the metastatic sites, similar to the effect of CAFs on tumor growth in the
primary sites [51]. These metastasis-associated fibroblasts could represent a
variant of CAFs [52]. Using a new model of human cancer-associated stellate
cells, conditioned medium from human pancreatic stellate cells (HPSCs) stimu-
lated pancreatic tumor cell proliferation, migration, invasion, and anchorage-
independent growth in a dose-dependent manner. Coinjection of stellate cells
increased tumor incidence, growth, and metastasis in an orthotopic model of
pancreatic cancer. Moreover, conditioned media from HPSCs inhibited the
response of tumor cells to chemotherapy and radiation. These observations
indicate that soluble factors are produced by stellate cells and could stimulate
the proliferation and survival of pancreatic cancer cells. Taken together, these
studies indicate that the abundant stroma of pancreatic cancer plays an impor-
tant role in the aggressiveness of this disease. The finding demonstrates that
activated stellate cells might be important in creating a niche for the cancer cells
and initiation of angiogenesis [53].

One of the important communication molecules in tumor–stroma interaction
is transforming growth factor-b (TGF-b), a protein best known as a suppressor
of tumor growth. There is evidence that TGF-b does not have to act directly on
cancer cells to inhibit their growth. In a TGF-b receptor knockout mouse model
in which fibroblasts lack the expression of TGF-b receptor, the animals devel-
oped early signs of prostate cancer and also more advanced invasive carcinomas
of the stomach [54]. In a separate model, mammary carcinoma cells and
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fibroblasts lacking or normal in TGF-b receptor expression were cotransplanted
into the mice. Animals implanted with the TGF-b receptor-deficient fibroblasts
and tumor cells developed more aggressive cancers with greater number of
metastases than when normal fibroblasts were used. The altered fibroblasts
appear to stimulate cancer growth by producing transforming growth factor-a
(TGF-a) and hepatocyte growth factor (HGF), which are mitogenic factors
regulated normally by TGF-b1. Loss of the ability to respond to TGF-b1
might therefore be one of the changes that cause fibroblasts to stimulate cancer
growth [55].

In contrast, other studies have reported that tumor-associated stromal cells
are negative regulators of metastasis [56]. Immunohistochemical studies on
non-small cell lung cancer (NSCLC) from 84 patients, including 51 squamous
cell carcinomas and 33 nonsquamous cell carcinomas, revealed that basic
fibroblast growth factor (FGF-2) and FGFR-1 were present in tumor and in
tumor-associated stromal cells and vessels [56]. While FGFR-1 expression of
tumor cells was directly correlated with tumor stage (p=0.03), bFGF
expression in tumor-associated stromal cells and vessels was inversely
correlated with lymph node metastasis and advanced pathological stage.
These findings suggested that FGF-2 expression might have an inhibitory role
in NSCLC progression. These findings also suggest that tumor-associated
stromal cells are functionally heterogeneous and provide several complex reg-
ulatory signals that have the potential to enhance or suppress tumor progres-
sion and metastasis in the tumor microenvironment.

Factors Expressed by CAF in Lung Cancer

Studies of the role of CAFs in lung carcinogenesis and malignant progres-
sion remain preliminary. However, similar to findings in other solid tumors,
there is evidence that CAFs have similar tumorigenic potential in lung
cancer. In non-small cell lung cancer (NSCLC), the expression of PDGF-
a, -b, and TGF-b1 in tumor epithelial cells suggests their paracrine activities
in the tumor microenvironment [57]. The PDGF-b receptor was expressed
by CAFs in NSCLC but not in tumors that express the ligand PDGF-b [58,
59]. Overexpression of PDGF-b was associated with decreased survival [59],
while TGF-b1 levels correlated with angiogenesis, tumor progression, and
prognosis [60]. In NSCLC, the extensive amount of stroma alone has been
reported to be an independent prognostic factor [61]. In the stroma of
NSCLC, the level of hyaluronan, a polysaccharide synthesized by lung
fibroblasts and an important ECM component, was negatively correlated
with patient prognosis [62]. Increased MMP expression has also been iden-
tified as an independent negative predictor of survival in SCLC [63]. The
growth factor receptor c-Met and its ligand HGF were reported as over-
expressed in myofibroblasts of adenocarcinomas, suggesting an autocrine
growth loop in the stromal compartment [64].
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Integrin a11 as a Stromal Factor in NSCLC

Wang et al. [65] used the representational differences analysis technique to

discover genes that were differentially expressed in lung adenocarcinoma com-

pared to corresponding normal lung tissue. They identified six genes, the over-

expression of which was validated subsequently by reverse transcriptase-quan-

titative polymerase chain reaction (RT-QPCR). Two of these, hyaluronan

binding protein 2 (HABP2) and ceruloplasmin (CP), were secreted proteins.

Three others were putatively stromal proteins: crystalline-mu (CRYM), col-

lagen type XI alpha 1 (COL11A1), and integrin a11 (ITGA11). Interestingly,

HABP2 and CRYM appear to be overexpressed mainly in adenocarcinoma,

while the other three genes are overexpressed in both adenocarcinoma and

squamous cell carcinoma. One gene is novel and remains to be cloned. The

overexpression of these five known genes in high percentages of NSCLC was

confirmed independently by another group of investigators [66].
Zhu et al. [67] confirmed subsequently that the protein product of ITGA11,

referred to as a11, was expressed mainly in the stroma of primary NSCLC.

Integrin a11b1 is one of the receptors for fibrillar collagens [68]. To investigate

the biological role of a11 in the growth of NSCLC cells, immortalized mouse

embryonic fibroblasts (MEF) that were normal or deficient in a11 expression

were coimplanted with three different NSCLC cells. In all instances, fibroblasts

enhanced the growth of these tumor cells, but enhancement was attenuated

when the fibroblasts were deficient in a11 expression. It was subsequently

shown that this growth-enhancing activity of a11 was mediated by IGF2,

whose expression in fibroblasts was regulated by a11. The results of this study
generate a novel paradigm whereby carcinoma–stromal interaction is mediated

indirectly through interaction between matrix collagen and stromal fibroblasts

to stimulate cancer cell growth.

Clinical Implication of CAFs in Targeted Therapy

Tumor stromal factors are potentially attractive targets for therapeutic inter-

vention in cancer and possibly other diseases. The advantage of CAFs/stroma-

targeted therapy has been emphasized on several recent reviews [28, 69, 70].
Stromal cells, in contrast to carcinoma cells, are diploid, exhibit limited

proliferative capacity, and therefore stimulating immune responses against

products of stromal cells could substantially reduce the incidence of immune

evasion [71]. The facts that the stromal cells are genetically stable in contrast to

carcinoma cells and expression of many stromal cell products is ubiquitous (i.e.,

present in almost all organ tissues) suggest that they could be targeted inmost, if

not all, cancer patients [72]. Based on mechanisms involved in tumor–stroma

interaction, several strategies are possible for CAFs-targeted therapy [28].
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The first strategy may focus on targeting signals from CAFs such as HGF,
IGF, and MMPs that are responsible for tumor initiation and promotion,
invasion, and metastasis [28]. ECM proteins (laminin, tenascin, fibronectin)
protect from chemotherapy-induced apoptosis in small cell lung cancer [28].
The role of MMPs in lung cancer and their ability to degrade basement
membrane and ECM have been investigated extensively [73, 74, 75]. Synthetic
MMP inhibitors have been used in a variety of malignancies [73, 76]. However,
in spite of promising preclinical studies with these inhibitors, large randomized
trials in small cell lung carcinoma revealed no clinical benefit for these inhibitors
[76]. The fact that MMPs act mainly during early stages of tumor progression
was one of the explanations offered for the failure of these clinical trials [76].
Tumor-associatedmacrophages and fibroblasts also synthesize proteins such as
VEGF, TGF-b, and IL-10 that contribute to local immunosuppressive envir-
onment and rendered tumor cells more chemoresistant [77–80].

The second strategy may focus on targeting (blocking) cancer cell signals that
are responsible for recruitment of CAFs and their myofibroblastic differentiation
or angiogenesis, such as TGF-b1, PDGF-BB, PDGF-C, andGM-CSF. Inhibitors
against TGF-b1 and PDGF have been developed. Imatinib, a bcr-abl kinase
inhibitor, was initially used on chronic myelogenous leukemia (CML) as a
‘‘magic bullet’’ [81] and later on for treatment of gastrointestinal tumor (GIST)
through its activity against c-kit and PDGF receptor-a [82]. Targeting PDGF
signaling was designed based on the presence of PDGF receptors (PDGFR) on
pericytes and endothelial cells of tumor stroma [81]. Targeting PDGFR on tumor
pericytes putatively would destabilize tumor blood vessels leading to vulnerability
of these blood vessels to anti-VEGF therapies [83]. Pietras et al. [81, 84] offered
evidence that targeting PDGF signaling in TAFs (PDGFR-a and -b) played a
central role in tumor response to PDGFR blockade. Jain et al. [81] have also
proposed that blocking PDGFR-a and -b by imatinib or monoclonal antibody
against these two receptors can repress expression of FGF-2 and controls cervical
cancer in a mouse model.

The last strategy is based on CAFs eradication, hence eliminating signals in
both directions. One of the promising candidates for specifically targeting CAFs is
a serine protease known as fibroblast activation protein (FAP), which is a 97-kDa
cell surface glycoprotein with gelatinase and dipeptidyl peptidase activity
expressed selectively on tumor stromal fibroblasts [85, 86]. Although normal
fibroblasts do not express FAP, it is present transiently in healing wound tissue
[87] or chronic inflammatory conditions such as cirrhosis [88]. These characteristics
make FAP a potential therapeutic target [89]. FAP can function as a tumor
rejection antigen [72]. Using melanoma, carcinoma, and lymphoma models, Lee
et al. [72] have shown tumor growth inhibition inmice vaccinated against FAP that
was similar in magnitude to that seen in mice vaccinated against tumor cell-
expressed antigens. In their study, both subcutaneous implanted tumor and lung
metastaseswere susceptible to anti-FAP immunotherapy. This antitumor response
was further enhanced by the CD4+T-cell arm of the anti-FAP immune response,
achieved by using a lysosomal targeting sequence to redirect the translated FAP
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product into the class II presentation pathway [90] or by covaccination against

FAPand a tumor cell-expressed antigen (tyrosine-related protein-2) [72]. CAFs are

also the primary source of collagen type I, which contributes to decreased che-

motherapeutic drug uptake in tumors [91]. Loeffler et al. [91] studied tumor tissue
of FAP-vaccinated mice and showed markedly decreased collagen type I expres-

sion and up to 70% greater uptake of chemotherapeutic drugs, which led to a

threefold prolongation of life span and a marked suppression of tumor growth.
Most of the therapeutic strategies mentioned have been investigated on

cancers of different organs such as breast and colon, while studies in lung cancer

remain very limited.

Conclusion

There is increasing evidence that CAFs play critical roles in carcinogenesis,

tumor progression, and metastasis. Understanding the complex molecular
interaction and signaling networks among various stromal host cells and

tumor cells would provide important insights into developing novel diagnostic

and therapeutic targets in human cancers.
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The Role of Tumor-Associated Macrophages

and Other Innate Immune Cells in Metastatic

Progression of Lung Cancer

Zvi G. Fridlender, M. Cecilia Crisanti, and Steven M. Albelda

Abstract There is increasing evidence that the immune cells within the tumor
microenvironment play a key role in the ability of tumor cells to proliferate and
spread. Given that macrophages are the most frequent hematopoietic cells
found in the tumor microenvironment, they play an especially important part
in tumor biology. There are numerous mechanisms by which tumor-associated
innate immune cells can influence most aspects of the metastatic process. They
play a role in the epithelial to mesenchymal transformation occurring in the
original tumor cells and enhance basement membrane breakdown by the cancer
cells invading neighboring tissue, lymph nodes, and blood vessels. Tumor-
associated innate immune cells have been shown to have a crucial role in
angiogenesis, in immunosuppression, and eventually in priming distant sites
for the development of metastases. Unfortunately, we still know relatively little
about the roles of these cells in lung cancer. Further work in animal models and
using patient lung cancer samples is very much needed. With this knowledge, a
better understanding of the role that these cells play in the metastatic process
may facilitate development of new therapeutics, as well as the recognition of
new diagnostic and prognostic markers. Modulation of the metastatic pheno-
type through intervention in the host innate immune response remains a pro-
mising future area of cancer therapy.

Introduction

For a cancer to metastasize, a subpopulation of tumor cells must breech normal
tissue barriers (basement membranes), invade the vasculature, survive in the
circulation, bind to and traverse the vascular endothelium and basement mem-
brane, and grow in a secondary and foreign location [1]. Traditionally, research
in metastasis has focused almost exclusively on the properties of the tumor cells
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in this process. Although the intrinsic properties of tumor cells are certainly
important, it has become increasingly well recognized that the other cells within
the tumor microenvironment (i.e., leukocytes, mast cells, endothelial cells, and
stromal cells) play a key role in the ability of tumor cells to proliferate and
spread.

Leukocytes were first described to reside in tumors by Virchow [2]. It is now
recognized that white blood cells are a major population of tumor-associated
cells and can markedly affect the growth and metastasis of the tumor. Both
innate immune cells (i.e., macrophages, neutrophils, natural killer cells, and
mast cells) and those of the acquired immune system (T cells and B cells) have
the potential to affect cancer growth and spread. In this chapter, we will focus
on the role of tumor-associated innate immune cells in the development of lung
metastasis.

Tumor-Associated Innate Immune Cells

Macrophages

It is well established that most of the hematopoietic cells found in the tumor
microenvironment are macrophages [3]. These macrophages are known as
tumor-infiltrating macrophages (TIMs) or tumor-associated macrophages
(TAMs). Lung cancers are highly infiltrated by TAMs (Fig. 1).

Macrophages are derived from immature monocytes released from the bone
marrow that circulate in the bloodstream and eventually migrate into tissues
where they differentiate into specific macrophage phenotypes (i.e., alveolar
macrophages). Several cytokines have been suggested to have a role in the
recruitment of macrophages into tumors, including macrophage colony-stimu-
lating factor (M-CSF) and vascular endothelial growth factor (VEGF) [4].

Fig. 1 A human lung cancer
specimen stained with an
antibody to CD68 shows
intense infiltration with
macrophages
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Monocyte-chemotactic protein-1 (MCP-1) and CCL-5 (RANTES) have been the
most heavily implicated chemokines in monocyte recruitment to human tumors,
and their expression has been shown to positively correlate with TAM numbers
in some types of tumors [5, 6]. However, other CC chemokines may also be
involved in monocyte recruitment to tumors. For example, CCL3, CCL4, CCL8
(monocyte-chemotactic protein-2), and CCL22 (macrophage-derived chemo-
kine), all well-knownmonocyte attractants, have been detected in ovarian tumors
[7]. Some CXC chemokines, particularly CXCL8, are highly expressed in human
tumors and cell lines, but their role in directing the uptake of monocytes by
tumors is not well defined [8]. CXCL12 (stromal-derived factor-1, SDF-1) is
usually identified as a lymphocyte chemoattractant but has also been implicated
in the metastasis of tumor cells expressing CXCR4, the receptor for this chemo-
kine, to specific organs that have elevated CXCL12 levels, including the lungs [9].
Macrophages also express CXCR4 [10]; however, NSCLC do not express sig-
nificant levels of CXCL12 [11], suggesting that this chemokine is unlikely to play
a role in the attraction of macrophages into lung tumors [4].

The effects of macrophages seem dependent on the stage of tumor develop-
ment. Early in the tumor process, TAMs appear to have an inflammatory,
tumoricidal (so-called M1 or ‘‘classically activated’’) phenotype [12]. These
macrophages, which have been studied in vitro by activation with bacterial
products, endotoxin, TH1 cytokines, or other inducers of inflammation, are
generally phagocytic, present antigens well, produce TH1-type inflammatory
cytokines (like TNF-a), and are cytotoxic. Cytotoxicity is due to direct secretion
of toxic substances such as reactive oxygen and nitrogen intermediates [13, 14].
Other agents secreted by TAMswith potential direct antitumoricidal properties
include granulocyte/macrophage colony-stimulating factor (GM-CSF) [15],
TNF-a [13], macrophage migration-inhibitory factor (MIF) [16], and IL-12.
They may also indirectly promote cytotoxicity by activating other cells of the
immune system, such as NK cells and T cells [17], via secretion of factors such as
interferon-g or IL-18 [18]. In addition, it is thought that these early TAMs, by
production ofmutagens (such as reactive oxygen species) and cytokines (such as
MIF, TNF-a, and IL-6), can cause direct tissue damage and DNA mutations
and support cell survival and tumorigenesis [19, 20].

However, as the tumor becomes established, macrophages begin to take on a
phenotype called ‘‘alternative’’ or ‘‘M2 activation.’’ In vitro, the M2 phenotype
can be induced by exposure to IL-4, IL-13, IL-10, or immune complexes [21, 22].
It is not yet entirely clear what factors in the tumor microenvironment drive
incoming monocytes toward the M2-like TAM phenotype, but in addition to
these aforementioned factors, transforming growth factor-beta (TGF-b)has been
implicated in many in vitro studies [22, 23]. This hypothesis is supported by our
own observations showing that TGF-b inhibitors suppress the M2 phenotype.

Polarized M2 macrophages differ fromM1 macrophages in receptor expres-
sion, antigen-presenting ability, function, and cytokine production [21].
Another key feature is the difference in arginine metabolism between the two
phenotypes. Arginine metabolism is dominated by the enzyme arginase in M2
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cells, resulting in the production of ornithine (which may help tumor growth)
and urea. In contrast, M1 macrophages are characterized by high levels of
inducible nitric oxide synthase (iNOS), catalyzing the production of nitric
oxide (NO) from arginine [24]. The differences in cytokine production are
probably another central feature in understanding the protumor effects of
alternatively activated macrophages. Whereas M1 macrophages produce IL-
12 and TNF-a, M2 macrophages produce immunoinhibitory cytokines and
chemokines such as IL-10, TGF-b, IL-1 receptor antagonist (IL-1ra), CCL17,
and CCL22 [21]. These different profiles of cytokines and chemokines appear to
help regulate the generation of Th1 versus Th2 lymphocytes [24, 25]. M1
macrophages skew the microenvironment toward a Th1 milieu, while M2
macrophages, tend to promote a more protumor Th2 microenvironment [21,
23, 24]. M2 TAMs also appear to promote angiogenesis by the production of
vascular endothelial growth factor (VEGF) [26]. As discussed below, these
characteristics tend to favor tumor expansion and metastases.

Neutrophils (PMNs)

PMNs are the predominant circulating leukocyte population in humans,
accounting for 50–70% of circulating leukocytes. They have been seen in vivo
in close association with metastatic tumor cells, at the primary tumor, and
within the vasculature [27]. However, the exact role of PMNs in the tumor
cell microenvironment is a subject of controversy.

Neutrophils play a well-established role in host defense, where they extra-
vasate from the circulation and enter tissues [28]. There, they phagocytose and
kill invading microorganisms such as bacteria and fungi by release of activating
cytokines (i.e., TNF-a, Interferons-, IL-1, IL-8 and others.), defensins, and
through release of toxic substances such as hypochlorous acid and reactive
oxygen species. There is some evidence showing that this same cytotoxic
machinery can be used to kill tumor cells [29]. For example, in animal models,
Ishihara et al. [30, 31] reported that neutrophils from bronchoalveolar lavage
(BAL) and peripheral blood from tumor-bearing animals showed an enhanced
cytotoxicity profile (measured by superoxide anion generation and phagocyto-
sis) and induced a marked decrease in the size and number of metastatic foci in
the lung. Another mechanism of neutrophil-mediated tumor cell killing is anti-
body-dependent, cell-mediated toxicity [29]. Finally, neutrophils have been
shown as important adaptive immune cells that augment acquired antitumor
immune responses [32]. Thus, under some circumstances, tumor-associated
neutrophils (TANs) may be important antitumor effectors.

On the other hand, there are studies suggesting that tumor-associated neutro-
phils might augment the ability of tumor cells to grow, extravasate, and to
metastasize. Proposed mechanisms (discussed in more detail below) include the
ability to augment the capability of tumor cells to extravasate through
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endothelium (EC) [33], the induction of EC damage allowing enhanced adherence
of tumor cells in the lung [34, 35], the secretion of basement membrane-degrading
enzymes [36], the stimulation ofmotility and invasiveness [27, 37], the activation of
an angiogenic switch [38], and the induction of immunosuppression [39, 40].

It is interesting that many patients with advanced cancer show high levels of
neutrophilia [41]. The mechanisms by which neutrophilia is induced by tumors
is still uncertain, although GM-CSF production has been implicated in some
tumor systems, such as lung, melanoma, pancreas, and breast [42]. IL-8 secreted
by the tumor cells may play an important role in attracting neutrophils to the
tumor microenvironment. Importantly, once attracted into a tumor, TANs
could help remodel the extracellular matrix, favoring neovascularization. Neu-
trophils have been implicated in some studies where passive immunization
against IL-8 attenuated tumor growth and angiogenic response in mice with
lung tumors [43, 44]. Neutrophilia is associated with poorer prognosis in
bronchoalveolar carcinoma, metastatic melanoma, and renal carcinoma
although in some tumors (i.e. gastric cancer), a high neutrophil count has
been associated with a favorable prognosis [41, 45].

Natural Killer (NK) Cells

NK cells are lymphocytes of the innate immune system that can induce the
death of allogeneic cells and autologous cells undergoing various forms of
stress, such as upon microbial infection and malignant transformation. In
humans, lymph node NK cells outnumber blood NK cells at a ratio of 10:1.
NK cells express an array of activation and inhibitory receptors, whose engage-
ment allows them to discriminate between target and nontarget cells. The
repertoire of receptors includes scavenger, toll-like (TLR), and nucleotide
oligomerization domain (NOD) receptors. NK cells thus broaden the strategies
for the detection of pathogenic situations where ‘‘danger signals’’ are missing in
vivo, such as in the case of poorly immunogenic tumors [46]. The cytotoxic
properties of these cells have a critical role in suppressing the outgrowth and
metastasis of tumor cells. Mice treated with inhibitors of NK cells reactivity
(anti-NK MoAb, corticosteroids, cyclophosphamide, cigarette smoke) show a
slower cancer cell clearance from the lungs and an increased metastatic rate [47,
48]. High numbers of intratumoral NK cells have been proposed as a prognostic
indicator and correlate with early-stage tumors, less lymphatic invasion and
lymph node metastasis, in colon, gastric, lung, and esophageal cancers [47].

Mast Cells

Mast cells (MCs) are important mediators of angiogenesis and invasiveness via
release of a variety of mediators that do not involve VEGF [49, 50]. Heparin
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and histamine have angiogenic properties and can also increase the permeabil-

ity of newly formed microvessels, increasing the leak of plasma proteins

and deposition of fibrin, which is angiogenic. As shown by Azizkhan et al.

[51], MCs secrete heparin which stimulates capillary endothelial cell migra-

tion. Enzymes, such as metalloproteinases MMP-2 and -9, contribute to

the degradation of collagens IV, V, VII, X, and fibronectin, adding to

invasiveness of the tumor. Tryptase (MCP-6) and chymase (MCP-4)

degrade extracellular matrix components or release matrix-associated

growth factors, as well as activate MMP and plasminogen activators.

MCs also secrete polypeptide growth factors, cytokines, and chemokines

such as FGF-2, VEGF, TGF-b, TNF-a, and IL-8 [49, 52]. All of these

agents have been implicated in normal as well as in tumor-associated

angiogenesis. Accumulation of MCs appears to be related to the release

of factors from the neoplastic cells themselves [49]. Also, MCs seem to

accumulate toward the border region of the tumor, where angiogenesis

plays an active role in tumor progression [53].
MCs have been described in association with several solid tumors, such

as breast cancer, hemangioma and hemangioblastoma, colorectal, uterine,

laryngeal, small cell lung cancer, and melanoma [49].

How Could Tumor-Associated Innate Immune Cells Affect

the Metastatic Process?

There are a number of steps along the pathway to metastasis that could be

affected by the tumor-associated innate immune cells described above (Fig. 2).

Fig. 2 The different actions
and mediators of tumor-
associated innate immune
cells in the complex process
of metastases formation
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Epithelial to Mesenchymal Transformation-Augmented
Migratory Ability

One of the first steps in the metastatic process in lung cancer is the conversion of
cells from highly differentiated, contact-inhibited epithelial cells to a more
invasive, motile cell, a process called epithelial to mesenchymal transformation
[1]. Although this process can involve intrinsic or epigenetic changes, a number
of secreted factors, most notably hepatocyte growth factor and TGF-b, can
induce this process, at least in vitro [54]. TGF-b is actually growth inhibitory to
normal epithelial cells, but as tumorigenesis progresses, cancer cells lose this
response. At this point, TAMs, as well as the tumor cells themselves, often
increase their production of TGF-b [55]. Thus, the high level of TGF-b secre-
tion by TAMs can function to augment the invasiveness of tumor cells and
enhance their ability to move into the stroma and vasculature [56, 57].

In a model of coculture of macrophages with breast or ovarian tumor cells,
Hagemann et al. also showed that the macrophage’s effect on the tumor is
mediated via activation of NF-kB and JNK, leading to increased invasive
capacity of the tumor cells [58]. Wycoff et al. [59] showed the existence of a
paracrine loop between tumor cells and macrophages (involving CSF-1 and
epidermal growth factor) that was required for tumor cell migration in mam-
mary tumors.

Disruption of Basement Membranes and Matrix

An important early step in metastasis is the ability of tumor cell to cross
basement membranes and matrix in order to enter blood vessels or lymphatics.
The necessary remodeling of tissue structures is primarily achieved by pro-
teases. Although tumor cells canmake and activate proteases, tumor-associated
macrophages, neutrophils, and mast cells are now recognized as a major source
of MMPs and other proteases that have the ability to breakdown the basement
membrane around areas of proliferating tumor cells, thereby prompting their
escape into the surrounding healthy stroma for further growth [19]. Several
proteolytic enzymes have been implicated. Cathepsin B was found in macro-
phages present at areas of BM breakdown [60]. TANs secrete high levels of
basement membrane degrading enzymes such as type IV collagenase and
heparanase, as well as elastase [29, 36]. Mast cells make tryptase (MCP-6) and
chymase (MCP-4). TAMs, TANs, and MCs also make MMPs. In addition,
coculturing macrophages with tumor cells enhances their ability to make their
own matrix metalloproteinases [61]. MMP-2 and -9 contribute to the degrada-
tion of collagens IV, V, VII, X, and fibronectin, allowing the disruption of
normal tissue architecture and breakdown of basement membranes, enabling
metastatic spread [61]. MMP9, expressed in lung macrophages and endothelial
cells in response to secretion of VEGF from the primary tumors, was shown to
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promote invasion of lung tissues by tumor cells, promotingmetastases preferably
to the lungs [62–64]. Although most of the actions of MMPs are protumorigenic,
it is important to mention that MMP-12 was shown in a non-small cell lung
cancer line to induce generation of the angiogenesis inhibitor angiostatin [65].

Movement of Tumor Cells to the Bloodstream and Lymph Nodes
(Intravasation)

The ability of innate immune cells to enhance the migratory ability of tumor
cells and break down vascular basement membranes (see above), as well as
augment angiogenesis and lymphangiogenesis (see below), could theoretically
increase the movement of tumor cells into the bloodstream and lymph nodes.
TAMs were shown to have a role both in the shedding of cells from the primary
tumor and in the establishment of distant metastases [19]. The specific role of
macrophages in the intravasation of tumor cells to the bloodstream has also
clearly been demonstrated in murine models of breast cancer. Neutrophils have
also been shown to augment the ability of tumor cells to move through
endothelium (EC) [33].

Angiogenesis

It is thought that angiogenesis and/or lymphangiogenesis are important fea-
tures of tumors that allow metastatic spread [1]. Although tumor cells, them-
selves, can make angiogenic factors, it is becoming apparent that other tumor-
associated innate immune cells also produce angiogenic factors. A number of
investigators have shown correlations between increased TAM numbers and
tumor vascularity in esophagus cancer [66] and in lung cancer [67, 68].

VEGF, the key factor of angiogenesis, has an autocrine loop with TAMs.
VEGF is expressed by TAMs, but also acts as a chemotactic factor to macro-
phages, directing them to avascular parts of the tumor [69]. It was recently
shown in a model of ovarian carcinoma that depletion of macrophages signifi-
cantly decreases the level of peritoneal VEGF and reduces tumor invasiveness
andmetastases [70]. Another TAN-releasedmolecule, oncostatinM, is involved
in VEGF production in breast cancer, resulting in cell detachment and
increased invasiveness [71]. In addition to directly producing VEGF, it has
been shown in animal models that neutrophils can be a major source of
MMP-9 that functionally activates VEGF, leading to activation of an ‘‘angio-
genic switch’’ [38].

Other proangiogenic factors released by tumor-associated innate immune
cells include TNF-a, angiogenin, and cyclooxygenase 2 (COX-2) [19].

Interleukin-8 (IL-8), also known as CXCL-8, and other CXC chemokines
such as GRO-a (CXCL-1) and ENA-78 (CXCL-5) have been shown to play an
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important role in angiogenesis and metastasis, by directly enhancing endothelial
cell proliferation, survival, and MMP expression [72]. Both TAMs and TANs
make relatively large amounts of such chemokines [29, 32]. It has been shown that
macrophages can be induced to secrete higher levels of angiogenic CXC chemo-
kines by coculture with NSCLC cells [73]. This action was found to be dependent
on the secretion of macrophage migration-inhibitory factor (MIF) by the tumor
cells [73]. High levels of tumor-associated CXC chemokines and MIF are asso-
ciated with the risk of recurrence after resection of lung cancer [74].

Interestingly, TAMs were also found to express VEGF-C, the lymphatic
endothelial growth factor, suggesting a role in lymphangiogenesis as a potential
way of tumor dissemination [75].

It has been demonstrated in different tumors that TAMs tend to migrate to
the hypoxic areas formed around the tumor from the rapid disorganized blood
vessel formation and the rapid tumor growth [76]. This migration occurs
following hypoxic induction of several chemoattractants such as VEGF and
endothelin [4, 77]. The macrophages appear to accumulate in these hypoxic
areas, promote angiogenesis and tumor progression, and eventually increase
lymph node involvement and confer poor prognosis [76].

Immunosuppression

Although local immunosuppression does not directly lead to metastasis, it is
certainly a critical factor in allowing tumors to reach sufficient size and aggres-
siveness to ultimately spread. Although T-regulatory cells play an important
role in immune suppression, a number of tumor-associated innate immune cells
also contribute to this process.

As discussed above, several studies have shown that the TAMs, mainly in
well-established tumors, predominately have the M2-type phenotype. These
cells have immunosuppressive and anti-inflammatory activities and have been
shown to promote angiogenesis and tumor metastatic spread through a variety
of mechanisms [12, 21]. These macrophages no longer effectively lyse tumor
cells themselves [78], nor do they efficiently present tumor-associated antigens
and stimulate cytotoxic T cells [21]. The hallmark of that change from immu-
nostimulation to immunosuppression is seen in reduced production of IL-12
and high production of the suppressive cytokines IL-10 and TGF-b [79].

In addition to its effect on tumor invasiveness, TGF-b is extremely immu-
nosuppressive and potently inhibits any endogenous immune response that is
generated against the tumor. As mentioned above, TGF-b has been shown to
modulate tumor-associated macrophages and shift them from a more cytotoxic
M1 phenotype to a more tumor-supportive M2 phenotype [80, 81]. An espe-
cially important consequence of this change may be the ability of TGF-b to
stimulate the production of arginase by M2 macrophages [23, 24]. Arginase
production in the tumor microenvironment by myeloid cells inhibits T-cell
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receptor expression and antigen-specific T-cell responses [82]. TGF-b also
serves to inhibit leukocyte migration into tumors [83]. In addition, there are a
number of direct effects on T cells. TGF-b affects the expression of key tran-
scription factors and cytokines involved in T-cell development, differentiation,
and activation (reviewed in Ref [80]). TGF-b also inhibits antigen presentation
[84], shifts the T-cell repertoire to a primarily TH2 phenotype, and exerts
inhibitory effects on T-cell proliferation by modulating the expression and
signaling function of IL-2 and IL-2R [80]. Suppression of the transcription
factors Tbet and GATA-3 levels by TGF-b hinders CD4 and CD8 T-cell
differentiation. Additionally, TGF-b supports the maintenance of FOXP3
expression and supports the generation of peripheral CD4+CD25+ regula-
tory T cells, including those found in the tumor microenvironment [85, 86].
TGF-b induces apoptosis in activated T cells, attenuates the acquisition and
expression of T-cell effector function and directly acts on cytotoxic T cells to
inhibit the expression of cytolytic gene targets (such as perforin granzymes and
interferon-g) [87–89].

The immunosuppressive role of neutrophils is being increasingly recognized.
Granulocytes obtained from cancer patients are able to inhibit cytotoxic T cells
due to the production of high levels of arginase [40] and/or hydrogen peroxide [39].

Killing of Circulating Metastatic Cells

After entry into the bloodstream, tumor cells must be able to survive several
stresses, including physical damage from shear stresses and immune-mediated
killing [1]. NK cells have shown effective antimetastatic activity with ability to
eliminate circulating tumor cells in animal models and in humans as well.
Several studies have shown that with reduced NK cell function, there is a higher
risk of development of regional and distant metastases, and increased risk of
recurrence after surgery with increased mortality [90]. These data suggest that
NK cells are effective in killing circulating tumor cells on their way to becoming
metastases [47, 90, 91].

Extravasation

Having survived the circulation, metastatic cells must exit at some point,
traverse endothelial cells and migrate into target tissues. In addition to tumor
cell factors (i.e., the expression of chemokine receptors, such as CXCR4), innate
immune cells may also play a role. A study by Wu et al. [33] showed that in a
series of in vitro experiments in breast cancer, PMNs exposed to tumor-condi-
tioned media had an increased ability to adhere to tumor cells and to migrate
through the endothelial barrier. Organ localization and metastasis of circulat-
ing cancer cells can be promoted by neutrophil-mediated microvascular injury.
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Orr et al. [34, 35] have shown that the experimental induction of inflammation
in the lung parenchyma was associated with endothelial lining disruption and
increased lung metastatic foci. The specific extravasation of cells in distant sites
was related to CD11b+ myeloid cells. Primary tumors were shown to influence
lung macrophages prior to the induction of metastases [62, 92]. Chemoattrac-
tants induced by distant primary tumors attract these myeloid cells to the
premetastatic lung via VEGF-A, TNF-a, and TGF-b [93]. These changes in
the distant sites for metastasis could assist specific migration of the tumor cells
to them [93].

Distant Growth

Clinical studies showed that increased numbers of macrophages in lymph node
metastases adjacent to the original tumor correlate with poor prognosis [94],
suggesting that macrophages at the metastatic sites are as important for the
distant growth of tumors as those within the original tumor.

Association Between Tumor-Associated Leukocytes and Lung

Cancer Metastasis

As outlined in detail above, it seems likely that tumor-associated leukocytes
could havemajor effects on the ability of lung cancer tometastasize.Most of the
published work on the role of macrophages in the metastatic process describes
mammary, colon, or melanoma tumors that metastasize to the lung. Only a few
studies have addressed the specific question of the role of TAMs and TANs in
the development of metastases originating from a lung tumor in animal models
and human lung cancer patients. The data derived in these lung cancer studies
are summarized below (see Table 1).

Animal Studies

Animal models with macrophage depletion have shown reduced tumor inva-
siveness. Convincing evidence for the important role of macrophages in the
metastatic process was given by Lin et al. showing that depletion of macro-
phages in CSF-1 knockout mice significantly reduced the formation of lung
metastases [95]. This was recently supported in a model of ovarian cancer,
where local depletion of macrophages significantly reduced metastases [70].

Although a suitable animal model of metastasis of human lung cancer is
required for an understanding of the cellular andmolecular mechanisms of lung
cancer metastasis, metastatic lung cancer models are not well developed. Most
of the work has been done using metastatic clones of murine Lewis lung
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carcinoma (LLC) cells. Although these tumors metastasize, they produce only a

small number of metastases and not to all the sites to which human lung cancer

is known to metastasize. Another model used has been human xenografts

grown in SCID/NK-depleted mice. Although these are human tumors, the

requirement for immunodeficient mice prevents the study of the role of the

acquired immune system [96].
Some of the early studies demonstrating the role of macrophages andmacro-

phage-secreted cytokines on the metastatic process were done during the 1980s

using the LLC model. Tumor-associated macrophages were shown to be sup-

pressive to the immune reaction to cancer [97]. Coculture of tumor cells induced

TAMs to secrete collagenase and other proteases causing BM degradation [98].

In another study, metastatic formation was augmented by inoculation of thio-

glycollate-elicited macrophages, now described as alternatively activated

macrophages similar to TAMs [99]. The tumoricidal activity of alveolar macro-

phages (AMs) has also been evaluated, showing a change during tumor growth.

Although AMs from LLC-bearing mice were cytotoxic, their activity was

suppressed late in tumor growth, in a pattern similar to what has now been

described in M2-like TAMs [100].
A partial validation of the important role of TAMs in NSCLC (and breast

cancer) metastases has been recently done by Luo et al. [101]. This group

showed that a specific reduction of TAMs in the tumor stroma using a vaccine

against legumain, a specific M2 marker, reduced tumor cell proliferation,

vascularization, and metastasis. This was shown to be related to a reduction

in macrophage-released cytokines including VEGF, TNF-a, and TGF-b.
Macrophage-induced angiogenesis was also studied in the LLC lung cancer

model. As previously mentioned, the role of the proangiogenic chemokine IL-8

(CXCL-8) was shown in NSCLC. The interaction between tumor cells and

TAMs was shown to upregulate IL-8, as well as VEGF expression, in a para-

crine manner [102]. On the other hand, a positive role of macrophages in

preventing angiogenesis was also shown in the LLC model; macrophage-

derived MMPs were shown to be an important factor in the secretion of

angiostatin, a potent antiangiogenesis factor [103, 104].
Data about the role of TAMs in other tumors need to be validated in

the lungs. Furthermore, specific questions related to the lung should be

addressed. One example of these questions is the role of alveolar macro-

phages (AMs) in the development of lung tumor and metastases. Do the

TAMs found in lung tumors originate from these local AM cells with a

changed phenotype or are the TAM monocyte-derived cells recruited from

the circulation [105]?
Specific animal studies examining the role of tumor-associated neutrophils in

lung cancer are even more sparse. Protease activity was studied in lung and

breast cancer cells, revealing that the presence of neutrophil elastase activity is

related to a worsening of the prognosis with reduced survival and increased

metastatic foci [106].
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Human Studies

The connection between tumor-associated leukocytes andmetastasis has also been

examined in patients. More than 80% of the published studies found evidence for

an association between the number and/or density of TAMs and the emergence of

metastasis leading to reduced survival. This association has been reported in many

types of tumors, including breast, prostate, ovary, and stomach [107].
Several studies have assessed the association between tumor macrophage

infiltration and invasiveness or prognosis in NSCLC (Table 1); however, no

clear conclusions can be reached. In the evaluation reported by Koukourakis

et al., 141 cases of early-stage NSCLC that were treated with surgery alone were

analyzed. Intense macrophage infiltration was found to be associated with bad

prognosis [68]. Similar results were found in another three studies, which eval-

uated 330 patients [67, 102, 108]. In contrast, three other studies, evaluating 285

patients in total, found no clear correlation between intratumoral infiltration of

macrophages and prognosis [109–111]. We have conducted a small study in 102

early-stage NSCLC patients who had surgery. Our data are similar to these latter

studies in thatwe found no correlation between the numbers of TAMs (as defined

by positive CD68 staining) and the stage of disease or lymph node metastases.
However, the location of the TAMs may be more important than their

numbers. Welsh et al. found in a study of 175 patients that increased tumor

islet macrophage density was a strong favorable independent prognostic factor,

while tumor stromal macrophage density was an independent predictor of

reduced survival [112]. Due to the diverse and multifaceted roles of macro-

phages within tumors, it seems reasonable to assume that the number of

macrophages per se is not a sensitive enough tool to evaluate their influence

on prognosis. It is probable that studying other factors, such as activation and

maturation markers, will be needed in order to fully appreciate the role of TAM

in tumor progression andmetastases. Studies linking the presence of TAMs and

prognosis in lung cancer are summarized in Table 1.
Rather than looking at macrophage numbers, several studies have linked

specific macrophage products with NSCLC progression, development of

metastasis, and prognosis. A clue for the importance of TAMs in the metastatic

process, and specifically M2 phenotypes, arises from a study demonstrating

that the expression of IL-10 by tumor macrophages is a negative prognostic

factor in NSCLC and is associated with lymph node invasiveness, advanced

stage, and lower survival [113]. In a study of 35 patients with NSCLC, the

number of TAMs correlated with IL-8 mRNA and microvessel count and

increases in these factors were inversely correlated with survival, suggesting

that TAMs secrete angiogenic chemokines that have adverse effects [102].

Interestingly, YKL-40, a newly discovered growth factor with possible involve-

ment in tumor cell proliferation and angiogenesis, was found to be secreted

from TAMs and levels of YKL-40 were found to correlate with metastatic

disease and poor prognosis [114].
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Although little data exists related to tumor-associated neutrophils, neutro-

philia is associated with poorer prognosis in bronchoalveolar carcinoma, meta-

static melanoma, and renal carcinoma [41, 45, 115].
Despite their potential ability to augment angiogenesis, MCs have been

implicated in conferring survival advantages in patients with NSCLC. More

specifically, the presence of tumor cell islet MCs was associated with an
improved prognosis, suggesting that they may have a protective effect on

tumor progression [112]. In addition, a study on mediastinal lymph nodes

showed that tumor-free mediastinal lymph nodes carried with them a higher
MC count than did metastatic nodes. MC in the metastatic node were primarily

located in T-cell areas, suggesting a positive relationship between MC and the
T-cell system [52].

Conclusions

There is increasing evidence that the immune cells within the tumor microenvir-

onment play a key role in the ability of tumor cells to proliferate and spread.
Given that macrophages are the most frequent hematopoietic cells found in the

tumor microenvironment, they play an especially important part in tumor

biology. As discussed above, there are numerous mechanisms by which tumor-
associated innate immune cells can influence most aspects of the metastatic

process (Fig. 2). They play a role in the epithelial tomesenchymal transformation
occurring in the original tumor cells and enhance basement membrane break-

down by the cancer cells invading neighboring tissue, lymph nodes, and blood

vessels. Tumor-associated innate immune cells have been shown to have a crucial
role in angiogenesis, in immunosuppression, and eventually in priming distant

sites for the development of metastases. Unfortunately, we still know relatively
little about the roles of these cells in lung cancer. Further work in animal models

and using patient lung cancer samples is very much needed.
With this knowledge, a better understanding of the role that these cells play

in themetastatic process may facilitate development of new therapeutics, as well

as the recognition of new diagnostic and prognostic markers.Modulation of the

metastatic phenotype through intervention in the host innate immune response
remains a promising future area of cancer therapy.
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Experimental Animal Models for Studying

Lung Cancer

Jiang Liu and Michael R. Johnston

Abstract Lung cancer is the leading cause of cancer-related mortality for both
men and women worldwide. The use of animal models of lung cancer is
necessary to improve our understanding of lung tumor biology and facilitate
novel therapies and diagnostics. To this end, animal models should mimic both
the genetic alterations found in human lung tumors and their histological
characteristics. Currently, several types of animal models are widely used for
experimental lung cancer research. These include chemically induced lung
tumors, transgenic mouse models, and human tumor xenografts. A single
model system that faithfully recaptures the entire spectrum of lung cancer
biology is unlikely to exist. Different models that accurately reflect the various
aspects of the disease are necessary to properly investigate such a complex
disease. Tumorigenesis, proliferation, invasion, angiogenesis, metastasis, pre-
vention, and therapy are all areas where specific models are required to ensure
proper experimental design.

The purpose of this chapter is to summarize the various lung cancer model
systems in use today and define both their utility and limitations.We will briefly
describe all of these models and provide a more detailed description of the
orthotopic lung cancer xenograft models.

Introduction

Lung cancer is the leading cause of cancer-related mortality for both men and
womenworldwide. It presents a challenge to basic research to provide new steps
toward therapeutic advances. Most patients die of progressive metastatic dis-
ease despite aggressive local and systemic therapies. The pathogenesis of lung
cancer remains highly elusive due to its aggressive biologic nature and consider-
able heterogeneity, as compared to other cancers [1]. These circumstances
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substantially impede the study of the disease in humans and necessitate the use
of experimental models that can be used under more uniform, controlled
conditions than that achievable in clinical settings. The development of animal
models of lung cancer may aid in our understanding of lung tumor biology and
facilitate the development and testing of novel therapeutic approaches and
methods for early diagnosis. To this end, animal models should mimic both
the genetic alterations found in human lung tumors and their histological
characteristics.

The laboratory murine model has been used extensively in lung cancer
research. Currently, several types of animal models are widely used for experi-
mental lung cancer research. These include chemically induced lung tumors,
transgenic mouse models, and human tumor xenografts.

A single model system that faithfully reflects the whole process of lung cancer
carcinogenesis and progression is unlikely to be developed. Lung cancer models
that accurately reflect the different aspects of the disease are necessary to
properly investigate its myriad complexities. Tumorigenesis, proliferation,
invasion, angiogenesis, metastasis, prevention, and therapy are all areas
where specific models are required to ensure proper experimental design. To
reflect the anticipated biological process being studied, model systems may
require certain deviations from the human disease. Thus, we should interpret
results of studies utilizing model systems with caution and with an appropriate
understanding of their limitations. The purpose of this chapter is to summarize
the various lung cancer model systems in use today and define both their utility
and limitations. As Siemann stated [2], it is best to ‘‘. . . choose the model to
address the question rather than force the question on the tumor model.’’

General Principles

Tumor–host interactions, including immunologic effects, vascular and stromal
effects, and host-related pharmacologic and pharmacokinetic effects, are
poorly modeled in vitro. Animal models to study these areas can be broadly
divided into spontaneous or induced tumors and transplanted tumors. The
former group consists of those induced by some extrinsic chemical or carcino-
gen and animals genetically modified to express genes that lead to lung tumor
development. The latter group includes the widely used heterograft and xeno-
graft models. We will briefly describe all of these models and provide a more
detailed description of the orthotopic lung cancer xenograft models.

In general the spontaneous or chemical-induced tumor models most closely
mimic the clinical situation [3]. The advantage offered by these models is that
they mimic natural events, leading to the development of lung cancer. Several
studies have shown that lung tumors developed in mice or rats are quite similar
in histology, molecular characteristics, and histogenesis to human lung cancer
[4, 5]. Unfortunately, these tumors are usually measurable only late in their
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course, their metastatic pattern is not uniform, and their response to therapy is
generally poor. Because of these limitations, spontaneous and chemical-
induced model systems are usually reserved for studies of carcinogenesis and
cancer prevention [6].

The advent of transgenic technology has significantly improved the ability to
define the role of specific genes in the process of transformation and disease
progression. The mouse is a promising model system, as complex human
genetic traits causal to lung cancer, from inherited polymorphisms to somatic
mutations, can be recapitulated in its genome via genetic manipulation. The
conventional transgenic mouse models for lung cancer constitutively expressed
regulatory genes in the pulmonary epithelium. Subsequent generations of
transgenic mouse models further enhanced the ability to clarify the specific
molecular mechanisms by allowing for cell-specific-regulated expression or
ablation of genes in the lung. These genetically engineered models can be
exploited to define the molecular events that contribute to the pathogenesis
and progression of this disease.

Transplanted animal tumor models and the human tumor xenografts are
widely used in experimental therapeutics. Since malignant cells or tissues are
directly inoculated into the host animal, effects on early events, such as initia-
tion and carcinogenesis, are not well suited for study. Because tumor develop-
ment uniformly follows inoculation with predictable growth and metastatic
pattern, areas amenable for investigation include tumor growth, invasion, and
metastasis. Testing of new therapeutic approaches and screening strategies is
also particularly well suited for these models.

Chemical-Induced Lung Cancer Models

In our daily lives we are constantly exposed to potentially harmful mixtures of
chemical and physical agents. The laboratory environment allows controlled
administration of environmental and other toxins to animals. Chemical or
carcinogen-induced lung tumors have been described in a variety of species,
including dogs, cats, hamsters, mice, and ferrets; however, the mouse is most
widely used. Specific inbred strains of mice susceptible to the development of
spontaneous lung tumors, such asA/J and SWR, are also sensitive to chemically
induced lung tumors [7]. This observation has led to the development of
quantitative carcinogenicity bioassays [8] and screening systems for the efficacy
of chemopreventive agents [9, 10]. If a newborn inbred A/J mouse is given a
single intraperitoneal injection of ethyl carbamate (urethane), it will develop
dozens of benign lung adenomas within a fewmonths [8]. Some of these induced
tumors eventually progress to adenocarcinomas that are histopathologically
indistinguishable from human adenocarcinomas [11].

Strain A mice are also used extensively as a murine lung tumor bioassay to
assess carcinogenic activity of chemicals and environmental agents, including
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urethane, benzopyrene, metals, aflatoxin, and constituents of tobacco smoke
such as polyaromatic hydrocarbons and nitrosamines [8,12]. These agents can
act as initiators and/or promoters of pulmonary tumorigenesis by accelerating
tumor onset and increasing tumor multiplicity. The most common environ-
mental exposure contributing to human lung cancer is tobacco smoke, which
contains over 4,000 chemicals, gases, and volatiles. Developing an animal
model for tobacco-induced cancer has generally relied on carcinogenicity stu-
dies of single components such as nitrosamine 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK). If male Balb/c and SWR mice are exposed to
tobacco smoke for 5 months (6 h/day, 5 days/week; average concentration,
122 mg/m3 of total suspended particulates followed by a recovery period of 4
months), there is an increase in incidence and number of lung tumors in both
strains [13]. Second-hand or ‘‘environmental’’ tobacco smoke (ETS) exposure
also induced lung tumors in a series of studies in which strain A/J mice were
exposed to a well-defined ETS atmosphere. These studies provide convincing
evidence that ETS is a potent mouse carcinogen [14]. Studying the mechanisms
underlying lung tumor development in these tobacco-induced models may
provide valuable clues to sorting out the initiation of smoking-related lung
cancer in humans. In addition to chemicals, both radiation and viruses induce
lung tumors in mice [15]. Although induction of lung tumors is highly repro-
ducible [16], all chemical-induced lung tumors exhibit low metastatic potential.
Table 1 summarizes data on some carcinogen-induced lung cancer models.

During tumor initiation and promotion, carcinogenesis is usually a result of
changes in gene expression, rather than structural alteration. The carcinogenic
process is therefore still reversible and a good opportunity for chemoprevention is
potentially available. In addition to carcinogen detection, the strain A model has
also been used to assess the ability of potential chemopreventive agents to protect
against the development of carcinogen-induced lung tumors. A number of chemo-
preventive agents, including b-naphthoflavone [21], butylated hydroxyanisole [22],
ellagic acid [23], phenethyl isothiocyanate [24], a-difluoromethylornithine combined

Table 1 Carcinogen-induced lung cancer models

Carcinogen
Route of
administration Phenotype References

3-Methylcholanthrene Transplacenta Pulmonary adenomas [17]

N-Nitrosobis-(2-
chloroethyl) ureas

Topical Squamous cell and
adenosquamous carcinomas

[18]

Urethane Intraperitoneal Pulmonary adenomas [19]

Benzo(a)pyrene
Diethylnitrosamine
Ethylnitrosourea
Dimethylhydrazine

Intraperitoneal Pulmonary adenomas [20]
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with green tea, dexamethasone, and piroxicam [25], green tea, and black tea [26],
were shown to inhibit chemical-induced lung tumors in strain A mice. In most
instances, inhibition of lung tumorigenesis was correlated with effects of the che-
mopreventive agents on metabolic activation and/or detoxification of carcinogens.

Various anti-inflammatory drugs inhibit mouse lung tumorigenesis. These
include nonsteroidal anti-inflammatory drugs, such as indomethacin, sulindac,
and aspirin [27, 28]. Those that induce regression of benign colonic polyps in
humans are modestly effective at lowering lung tumor incidence and multi-
plicity in mice [28]. The density of apoptotic cell bodies increased 2.9-fold in
lung adenomas in A/J mice treated with indomethacin [29]. Studies have also
shown that selective inhibition of COX-2 can reduce lung and regional lymph
node metastasis in an in vivo lung cancer model [5, 30]. However, in some
murine lung tumor models, celecoxib, a selective COX-2 inhibitor, was ineffec-
tive in suppressing tumor development [31]. In a recent study, prostacyclin
synthase overexpression significantly decreased both the lung tumor incidence
and the multiplicity in a tobacco-induced lung cancer model, providing addi-
tional evidence that manipulation of prostaglandin production distal to COX
may be an attractive lung cancer chemopreventive strategy [32].

Because tumorigenesis in chemical-induced lung cancer is initiated by the
investigator, each stage of neoplasia, such as hyperplasia, benign tumor forma-
tion, and the benign-to-malignant transition, can be studied independently.
Thus, the molecular changes that precede the onset of hyperplastic foci and
those during the evolution to malignancy can be distinguished from frank
malignancy and phenotypes identified that might be useful for early diagnosis.

Despite the usefulness of chemical- or carcinogen-induced lung cancer mod-
els, there are major disadvantages of these models: a heterogenous response to
the carcinogen with variable natural histories; a long incubation time; strain-
dependent tumor development; and a very low rate of spontaneous metastasis.
Mice develop primary lung tumors quite similar in structure, molecular char-
acteristics, and histogenesis to human adenocarcinomas (ACs) and to the
bronchioloalveolar carcinoma (BAC) subset of AC in particular. Small cell
lung cancer and squamous cell carcinoma rarely occur in murine models. The
major histological type induced by carcinogen exposure is BAC and by chemi-
cal exposure is adenocarcinoma, whereas squamous cell carcinoma is more
common in animals exposed to high doses of radiation [33]. Finally, adminis-
tration of chemicals or carcinogens can produce a variety of different tumor cell
types, many of which might not be directly relevant to human lung cancer.

Transgenic Lung Cancer Models

Multiple genetic changes are involved in the development and progression of
lung cancer. The cell-type-specific responses to oncogenic mutations that initi-
ate and regulate lung cancer remain poorly defined. A better understanding of
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the relevant signaling pathways and mechanisms that control therapeutic out-
come could also provide new insight. The generation of transgenic mouse strains
able to develop lung cancer similar to the human situation enabled the identifica-
tion of the genes that drive lung cancer development and progression. The ability
to integrate a gene of interest into the genome of an animal provides a novel
approach for cancer investigation. Transgenic mouse technology has proved
useful in creating models of tumor development, in cloning immortalized cellular
subpopulations, and in testing experimental therapeutic approaches [34, 35].
Gene transfection can be achieved with microinjection [36, 37], retroviral infec-
tion, or embryonic stem cell transfer [38, 39]. Transgenic mice are excellent
models for studying the consequences of oncogene expression in animals, the
effect of oncogenes on growth and differentiation, and their potential for cellular
transformation. Conventionally, the transgene DNA construct is generated by
the fusion of a cell-specific promoter to direct transcription of the gene of interest.
This transgene DNA is subsequently microinjected into fertilized oocytes. The
transgene is integrated into the host genome and then undergoes random inte-
gration into the mouse genome. The viable oocytes are then transferred into
pseudopregnant mothers, and the DNA obtained from progeny is assessed for
integration of the transgene into the mouse genome [40, 41]. Using this technol-
ogy, gene expression has been directed in a cell-specific fashion to the lung. The
first oncogene targeted specifically to the lung was the Simian virus large T
antigen (Tag). Tag was targeted with both the surfactant protein C (SP-C) [42]
and the Clara cell secretory protein (CCSP) [43] promoters. Bothmodels resulted
in adenocarcinoma of the lung.

When mutated H-ras, p53, or SV40 T antigen is used as a transgene and
integrated into the host genome, lung tumors develop in mice soon after birth,
resulting in early death of the animal. These genes may be nonspecifically
expressed throughout the body or linked to lung-specific promoters so
that their expression is selective for Clara cells or alveolar type II pneumocytes
[44, 45]. Animals such as these are used to investigate molecular events in the
progression of lung cancer. However, the rapid progression and early onset of
cancer makes investigation of early events difficult [46]. When a new genetic
material either is added to the genome or genes, such as tumor suppressor genes,
or is removed from the genome (knockout), the effects can occur immediately
and continue throughout the life span of the animal. Thus, mice develop tumors
early in life and usually have a shortened life span. Human lung cancers often
have mutations of both the retinoblastoma (Rb) and p53 suppressor genes.
When transgenic mice are created with the same mutations, they develop
bronchial hyperplasia, but die of other neoplasms, including islet cell carci-
noma, before progression to lung cancer can occur [47]. A limitation of using
these approaches to generate transgenic models for lung cancer is the timing of
the initiation of expression of these genes under the control of these promoters.

Currently, the most effective regulatory systems for conditional transgenic
mice are the ligand-inducible binary transgenic systems that confer regulated
expression of the desired gene [48, 49]. These systems consist of using at least two
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transgene constructs, a regulator transgene and a target transgene. The target
transgene is silent until the regulator transgene is activated by the administration
of an exogenous compound. An example is a bitransgenic model, such as the
tetracycline transactivator-inducible system [50] in which mice are produced with
two separate mutations that are activated or deactivated by tetracycline. This
system has two major advantages over conventional transgenic mice. First, the
transgene can be turned on at any time by administering tetracycline and thus
resembles a somatic mutation. Second, regulated loss of expression (turning off
the transgene by withdrawing tetracycline) can be used to determine whether the
transgene is required to maintain growth and proliferation of the tumor.

A transgenic mouse model of lung adenocarcinoma with expression of a
mutant active K-ras transgene was developed using this regulatory transgenic
technology [51]. Tumors rapidly regress as a result of apoptosis when doxycy-
cline, a tetracycline analog, is withdrawn. This is a clear demonstration of the
role of K-ras in lung tumorigenesis. Several other lung cancer mouse models
with conditional activation of oncogenic K-ras are also described [52]. The use
of regulatory transgenic systems such as this provides a valuable tool for
identifying targets for future drug development strategies.

An animal model of small cell lung cancer (SCLC) has been particularly
difficult to develop. Recently, Meuwissen et al. established an animal model of
SCLC with remarkable similarity to the human disease [53]. This model utilizes
mice carrying Cre–LoxP-based conditional alleles of the Rb and p53 tumor
suppressor genes. Deletion of these genes in the lung cells was achieved through
intrabronchial injection of a recombinant adenovirus expressing the Cre recom-
binase (Ad-Cre). This method reproducibly resulted in the development of lung
tumors with the histology, immunohistochemistry, and metastatic behavior of
human SCLC.Most of these tumors spread diffusely through the lung and gave
rise to extrapulmonary metastases at multiple sites, including bone, brain,
adrenal gland, ovary, and liver. This model system exhibits several other
important similarities to human SCLC. First, the coexistence of SCLC and
NSCLC imitates a common clinical occurrence of both histologies present
within the same tumor. Second, immunostaining revealed that most lesions
are positive for the neuroendocrine marker synaptophysin (Syp) and the neural
cell adhesion molecule Ncam1 (CD 56), indicating neuroendocrine differentia-
tion. If themodel exhibits an autocrine growth signal similar to human SCLC, it
may be of value in developing therapies directed at blocking this signal.
Improved conditional mouse models are now available as tools to improve
the understanding of the cellular and molecular origins of adenocarcinoma.
These models have already proven their utility in proof-of-principle experi-
ments with new technologies including genomics and imaging [54]. Presently,
there is no genetic mouse model of squamous cell carcinoma of the lung. A
better understanding of the cell of origin that gives rise to lung squamous cell
carcinoma might help the squamous cell carcinoma mouse model development.
Tables 2 and 3 summarize some useful information concerning conventional
and conditional transgenic lung cancer models, respectively.
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Human Lung Tumor Xenografts

Cancer research started with transplanted tumors in animals, which provided
the first reproducible and controllable materials for investigations. Transplant-
ing human tumor into rodents and maintaining the histological and biological
identity of tumor cells through successive passages in vivo revolutionized cancer
research, in particular, drug development [63]. Since human neoplasms are
rejected when implanted into another species, the host animal must be immu-
nosuppressed. Irradiation, thymectomy, splenectomy, and corticosteroids were
initially used to blunt acquired immunity. With the successful breeding of
hairless nude mouse mutants (nu/nu homozygotes), severe combined immuno-
deficient (SCID) mice, and Rowett nude rats, laboratory animals are now
readily available for the transplantation of human tumors.

Subcutaneous implantation in nude mice is the most common method of
transplanting human tumor material. The procedure is straightforward and the
site, usually the dorsal lateral flank, is easily accessible. Studies have shown that
subcutaneous xenograft models can emulate clinical behavior [64], although
recently some authors have questioned the accuracy of these data when applied
to human drug trials [65]. These models, however, have major disadvantages
including (1) a low tumor take rate for fresh clinical specimens [66]; (2) tumor
growth in an unusual tissue compartment (the subcutis), the microenvironment
of whichmight influence study results; and (3) the lack of consistent invasion and
metastasis [67], properties that are closely linked to clinical outcome in humans.

In orthotopic models, human tumors are implanted in the laboratory animal
directly into the appropriate organ or tissue of origin. Advantages include
improved tumor take rates, along with enhanced invasive and metastatic prop-
erties [67, 68]. The metastatic phenotype of many tumors is expressed after
orthotopic implantation; for example, colon carcinoma cells grown in the cecal
wall, bladder carcinoma in the bladder, renal cell carcinoma cells under the
renal capsule, and melanomas implanted subdermally all yield metastases
at much higher frequency than when grown subcutaneously [69]. An organ-
specific site presumably provides tumor cells with the most appropriate milieu
for local growth and metastasis, thereby supporting Paget’s hypothesis that
metastasis is not a random phenomenon. Rather, he concluded that malignant
cells have special affinity for growth in the environment of their origin, the
familiar seed, and soil theory [70]. Although orthotopic tumors are more
virulent and animal survival is shortened, the models in general are more
complex and more costly than subcutaneous models.

Orthotopic Lung Cancer Models

Orthotopic lung cancer models are described using endobronchial, intrathor-
acic, or intravenous injection of tumor cell suspensions [71–73] and by surgical
implantation of fresh tumor tissue [74, 75]. McLemore et al. [73] developed the
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first orthotopic lung cancer model by implanting lung cancer cell lines and
disaggregated lung tumors into the lung of nude mice by endobronchial injec-
tion. The tumors grew more extensively within the lung than the same tumors
implanted subcutaneously. However, most of the tumors stayed within the
lung, resulting in only 3%metastasis to lymph nodes, liver, or spleen. A second
model was developed by McLemore [76] by percutaneously injecting lung
tumor cells into the pleural space. This model gave high tumor take rates,
reproducible growth, and a mortality endpoint as a result of local disease
progression; however, few metastases were seen. Since cancer cells are seeded
into the pleural space rather than within the pulmonary parenchyma or
bronchi, its relevance to human lung cancer is doubtful.

Our laboratory also used endobronchial implantation to grow non-small cell
(A549, NCI-H460, andNCI-H125) and small cell (NCI-H345) lung tumors, but
in nude rats rather than mice [71]. In these models, metastasis to mediastinal
lymph nodes is frequently seen, but systemic metastases are rare. Subsequently,
we described a systemic metastatic model by endobronchial implantation of
tumor fragments derived from orthotopic lung tumors grown from the H460
cell line. This H460 nude rat model has a 100% primary tumor take rate in the
lung with a rapid and reproducible growth rate of about 4 g over a 32–35-day
period. It also metastasizes at a consistent rate to both regional mediastinal
lymph nodes and distant systemic sites, including bone, brain, kidney, and
contralateral lung. This is the first human lung cancer model to show extensive
systemic metastasis from a primary lung site [72].

Several other intrathoracic human lung cancer models are described, all
using immunocompromised mice. One is the traditional intravenous model in
which the lung is colonized with tumor cells after tail vein injection [77, 78]. In
another, tumor grows in a subpleural location from either tumor cell inocula-
tion or fragments sewn onto the surface of the left lung [79, 611]. Recently, a
SCID lung cancer model that develops lymphatic metastasis following percu-
taneous injection of cancer cells into the mouse lung was described [80]. None of
these models grows from a primary endobronchial site and none develops a
consistent metastatic pattern in extrathoracic locations.

The H460 orthotopic rat model has several advantages over the mouse
models: (1) primary tumors originate within the bronchial tree, similar to
most human lung cancers. (2) Primary tumors are confined to the right caudal
lobe. This makes it unlikely that metastases arise frommechanical spread of the
implanted tumor material. (3) A 10-fold larger size of the rat facilitates surgical
manipulations, such as cannulation, and allows implantation of tumor frag-
ments that are too large for the mouse bronchus.

Fresh human lung tumor tissues or tissues from metastatic lesions are also
implanted orthotopically [81]. Such models putatively maintain intact critical
stromal epithelial relationships, even though the source of most stromal tissue is
probably from the host, rather than the xenograft [82]. Wang et al. [83]
implanted human small cell lung cancer tissue into the mouse lung. Metastases
were found in contralateral lung andmediastinal lymph nodes. Two tumor lines

Experimental Animal Models for Studying Lung Cancer 251



T
a
b
le
4

O
rt
h
o
to
p
ic
lu
n
g
ca
n
ce
r
m
o
d
el
s

A
u
th
o
r

A
n
im

a
l

T
u
m
o
r
M
a
te
ri
a
l

In
o
cu
la
ti
o
n

M
et
h
o
d

T
a
k
e

ra
te

R
eg
io
n
a
l

D
is
ta
n
t

A
v
er
a
g
e

g
ro
w
th

ti
m
e

M
cL

em
o
re

et
a
l.
[7
3
]

N
u
d
e

m
ic
e

H
1
2
5
,
H
3
5
8
,

H
4
6
0
,
A
5
4
9

E
n
d
o
b
ro
n
ch
ia
l

9
0
%

T
ra
ch
ea

2
%

,
p
er
it
ra
ch
ea
l
6
%

,
ly
m
p
h
n
o
d
e
9
0
%

L
ef
t
lu
n
g
,
li
v
er
,

sp
le
en

3
%

9
–
6
1
d
a
y
s

H
o
w
a
rd

et
a
l.
[7
1
]

N
u
d
e

ra
ts

H
1
2
5
,H

4
6
0
,

A
5
4
9
,
H
3
4
5

E
n
d
o
b
ro
n
ch
ia
l

1
0
0
%

,
8
3
%

,
9
0
%

R
eg
io
n
a
l
ly
m
p
h

n
o
d
es

H
-1
2
5
,
A
5
4
9
to

co
n
tr
a
la
te
ra
l

lu
n
g

H
4
6
0
(3

w
ee
k
s)

A
5
4
9
(5

w
ee
k
s)

H
1
2
5
(1
0
w
k
s)

H
o
w
a
rd

et
a
l.
[7
2
]

N
u
d
e

ra
ts

T
u
m
o
r
fr
a
g
m
en
t

d
er
iv
ed

fr
o
m

H
4
6
0
lu
n
g

tu
m
o
rs

E
n
d
o
b
ro
n
ch
ia
l

1
0
0
%

L
y
m
p
h
n
o
d
e
1
0
0
%

B
o
n
e,
b
ra
in
,

k
id
n
ey
,l
ef
t
lu
n
g
,

so
ft
ti
ss
u
e

3
2
–
3
5
d
a
y
s

W
a
n
g
et

a
l.

[7
4
]

S
C
ID m
ic
e

N
u
d
e

m
ic
e

T
u
m
o
r
fr
a
g
m
en
t

fr
o
m

A
5
4
9

su
b
cu
t.
tu
m
o
r

T
h
o
ra
co
to
m
y

3
/5

C
h
es
t
w
a
ll

C
o
n
tr
a
la
te
ra
l
lu
n
g

N
/A

W
a
n
g
et

a
l.

[8
3
]

S
C
ID m
ic
e

N
u
d
e

m
ic
e

H
u
m
a
n
S
C
L
C

tu
m
o
r
fr
a
g
m
en
t

T
h
o
ra
co
to
m
y

1
0
0
%

M
ed
ia
st
in
u
m
,

ch
es
t
w
a
ll

ly
m
p
h
n
o
d
es

C
o
n
tr
a
la
te
ra
l
lu
n
g

1
8
.5
–
6
2
d
a
y
s

(C
o
n
ti
n
u
ed

)

252 J. Liu and M.R. Johnston



T
a
b
le
4

(C
o
n
ti
n
u
ed
)

A
u
th
o
r

A
n
im

a
l

T
u
m
o
r
M
a
te
ri
a
l

In
o
cu
la
ti
o
n

M
et
h
o
d

T
a
k
e

ra
te

R
eg
io
n
a
l

D
is
ta
n
t

A
v
er
a
g
e

g
ro
w
th

ti
m
e

N
a
g
a
m
a
ch
i

et
a
l.
[7
9
]

N
u
d
e

m
ic
e

A
5
4
9
,
H
2
3
,
H
4
4
1
,

H
1
5
7
,
L
u
6
5
,

L
u
9
9
A

P
C
9
,

P
C
1
4

In
tr
a
p
le
u
ra
l

1
0
0
%
ex
ce
p
t

H
2
3

M
ed
ia
st
in
u
m
,

ly
m
p
h
n
o
d
es

C
o
n
tr
a
la
te
ra
l
lu
n
g

D
ep
en
d
s
o
n

sp
ec
if
ic
ce
ll

li
n
e

P
C
1
4
w
it
h
in

3
0

d
a
y
s

M
iy
o
sh
i

et
a
l.
[8
0
]

S
C
ID m
ic
e

M
a
-4
4

P
er
cu
ta
n
eo
u
s

in
tr
a
p
u
lm

o
n
a
ry

N
/A

L
y
m
p
h
n
o
d
e
5
2
%

C
o
n
tr
a
la
te
ra
l
lu
n
g

5
2
%

1
7
.5
�

6
.0

d
a
y
s

C
u
en
ca

et
a
l.
[8
1
]

S
C
ID m
ic
e

H
u
m
a
n
N
S
C
L
C

b
io
p
sy

sp
ec
im

en
s

A
n
te
ri
o
r

th
o
ra
co
to
m
y

3
1
%

N
/A

M
et
a
st
a
si
s
ra
te

5
0
%

;
co
n
tr
a
la
te
ra
l

lu
n
g
3
7
.5
%

4
–
6
m
o
n
th
s

V
er
tr
ee
s

et
a
l.

(2
0
0
0
)

[8
4
]

A
th
y
m
ic

n
u
d
e

m
ic
e

B
Z
R
-T
3
3

E
n
d
o
b
ro
n
ch
ia
l

in
tu
b
a
ti
o
n

1
0
0
%

L
y
m
p
h
n
o
d
e

A
x
il
la
ry

ly
m
p
h

n
o
d
e,
li
v
er
,

k
id
n
ey

A
p
p
ro
x
im

a
te
ly

5
w
ee
k
s

L
iu

et
a
l.

[9
3
]

N
u
d
e

ra
ts

H
4
6
0
S
M̀

E
n
d
o
b
ro
n
ch
ia
l

1
0
0
%

L
y
m
p
h
n
o
d
e

B
o
n
e,
b
ra
in
,

k
id
n
ey
,l
ef
t
lu
n
g
,

so
ft
ti
ss
u
e

3
2
–
3
5
d
a
y
s

Experimental Animal Models for Studying Lung Cancer 253



derived from fresh human non-small cell lung cancer were established in our
laboratory by endobronchial implantation in nude rats (unpublished data).
Interestingly, one tumor line developed contralateral lung metastasis which
was very similar in appearance to metastases in the patient from whom the
tumor line originated. Table 4 provides a summary of orthotopic lung cancer
models.

Useful Models for the Study of Lung Cancer Metastasis

Over 85% of lung cancer patients harbor overt or subclinical metastases at
diagnosis, thus accounting for the poor prognosis in this disease. Unfortu-
nately, little is known about the molecular pathways responsible for tumor
progression to metastasis. Appropriate animal models to study these sequences
may help us understand these complex pathways.

Entry of tumor cells into the circulation is a critical first step in the metastatic
cascade, and although assayed in various ways [85], it has not been observed
directly. Novel approaches to specifically ‘‘mark’’ the tumor cell hold promise.
For example, one can engineer tumor cells to express the green fluorescence
protein (GFP) for in vivo fluorescence imaging. In order to understand the
metastatic pattern of non-small cell lung cancer (NSCLC), Yang M et al.
developed a high-expression GFP transductant of human lung cancer cell line
H460 (H460-GFP), which visualized widespread skeletal metastases when
implanted orthotopically in nude mice [86]. This makes possible the direct
study of tumor growth and metastasis as well as tumor angiogenesis and gene
expression. It can reveal the microscopic stages of tumor growth and metastatic
seeding as real-time visualization of micrometastases, even down to the single-
cell level.

Neoplasms are biologically heterogeneous and contain genotypically and
phenotypically diverse subpopulations of tumor cells, each of which has the
potential to complete some but not all of the steps in the metastatic process [87,
88]. Recent studies using in situ hybridization and immunohistochemical stain-
ing show that the expression of genes and proteins associated with proliferation,
angiogenesis, cohesion, motility, and invasion varies among different regions of
a neoplasm [89]. Studies have also shown that tissue obtained from metastatic
sites grows more readily than ablated primary tumors [90]. This is consistent
with the ability of metastatic cells to grow at a foreign site and suggests that
these metastatic adaptations are also applicable to growth at xenotransplanta-
tion sites. In general, metastasis favors the survival and growth of a few sub-
populations of cells that preexist within the parent neoplasm. In addition,
metastases may have a clonal origin, with different metastases originating
from the proliferation of different single cells. Therefore, the search for those
metastasis-associated genes and proteins cannot be conducted by an indiscri-
minate and nonselective processing of tumor tissues. Isolating these clones from
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other cell populations in the parent neoplasm provides a powerful tool to study
those properties that distinguish metastatic from nonmetastatic cells [91, 92].
One method to separate these cell populations is to develop cell variants
through in vivo propagation and selection. By selectively harvesting tumor
cells from mediastinal lymph nodes in our H460 orthotopic lung cancer
model and subjecting them to several cycles of in vitro and in vivo orthotopic
passage, we have established a clonal H460SM variant cell line that sponta-
neously produces widespread systemic metastases following orthotopic implan-
tation [93]. In contrast to the two-step NCI-H460 metastatic model mentioned
previously [72], the one-step metastatic model with the H460SM cell line
provides a simpler system to characterize molecular mechanisms leading to
nodal and systemic metastases. To our knowledge, the H460SM orthotopic
model represents the first lung cancer rodent model derived from a human lung
cancer cell line that closely mimics the spectrum of common metastatic sites
observed in NSCLC patients.

Kozaki et al. [94] also used the NCI-H460 cell line as a basis to establish a
lymphatic metastasis model of NSCLC. In their model, the H460-LNM35 cell
line was established following serial in vivo selection steps that included two
rounds of implantation into the abdominal wall of nude mice and culturing of
cells from the lung metastatic nodules. Cells were then passaged through the
subcutaneous tissue and the LNM35 cell line was established from metastatic
tumor cells in the axillary lymph node. When implanted subcutaneously, the
LNM35 cell line gave rise to axillary lymph node metastases in 100% of
animals. Following endobronchial (orthotopic) implantation of LNM35 cells
into the lungs of nude mice, mediastinal lymph node metastases were also noted
in 100% of the animals. In contrast to the H460SM model, neither subcuta-
neous nor orthotopic implantation of the LNM35 cell line resulted in systemic
metastases.

The H460SM and H460-LNM35 variant cell lines show a higher incidence of
metastasis when implanted in immunocompromised rodents compared to the
parent cell line. Such paired parent and variant cell lines constitute a useful
model for the discovery of genes involved in lung cancer metastasis. By comparing
microarray data from each cell line, parent, and variant, genes suspected of
expressing themetastatic phenotype can be identified and further investigated [93].

Lung Cancer Models in Preclinical Cancer Drug Development

Despite advances in basic cancer biology, animal models, especially human
tumor xenografts, will remain pivotal to preclinical cancer drug discovery and
development. The value of such models depends upon their validity, selectivity,
predictability, reproducibility, and cost. Initially, lung tumor xenografts were
intended to facilitate patient-specific chemotherapy. In this scenario, a patient’s
tumor is implanted as a xenograft in nude mice and the animals treated with
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various chemotherapy agents. By learning the drug responsiveness of the xeno-
graft, treatment of the patient can then be individualized. Unfortunately,
variations in take rate, the time required for the xenografts to grow, and the
expense incurred make this strategy untenable.

In general, xenografts derived directly from patient biopsies, in contrast to
those derived from continuous cell lines, appear to better retain the morpholo-
gical properties and molecular markers reminiscent of the source tumors in
man. In contrast, xenografts derived from cell lines generally show a more
homogeneous, undifferentiated histology, probably indicative of the higher
selection pressure in vitro during extensive culturing. Once a xenograph is
established from a patient biopsy, however, it is difficult to subsequently
develop cell lines. Therefore, establishing parallel in vitro cell lines (valuable
as a continued source of pure human tumor cells for biochemical andmolecular
studies) and corresponding xenograft lines (valuable for pharmacological and
pharmacodynamic studies) is quite difficult. In general it does appear that both
xenografts derived from cell lines and those derived directly from patient
biopsies provide some predictive power for selecting cytotoxics with clinical
activity.

Early drug screening systems utilized the L1210 mouse lymphoma or P388
mouse leukemia models. Anticancer agents had to prove themselves in these
murine models before passing on to further in vivo animal model testing.
However, only 2% of drugs active in the L1210 or P388 models were subse-
quently shown to have in vivo activity in Lewis lung or colon 38 adenocarci-
noma models [6]. This persuaded the US National Cancer Institute (NCI)
to shift from a compound-oriented to a disease-oriented screening system.
A high-throughput in vitro screening method capable of screening 20,000
compounds per year was developed using a panel of 60 cell lines representing
all of the major human solid tumors (http://dtp.nci.nih.gov/branches/btb/
ivclsp.html). Drugs found to have a favorable activity profile to a particular
tumor histology or site are further tested in appropriate xenografts. The xeno-
grafts are used as a secondary screening system to judge efficacy prior to
considering a drug for early phase human studies [95].

Subcutaneous xenograft models have a long history in the pharmaceutical
industry because of their utility, ease of use, and economy. Models are selected
to demonstrate a specific cytotoxic effect of a drug or a biological agent, such as
xenografts that reflect the chemosensitivities of their tumors of origin. For
instance, the growth of small cell lung cancer xenografts is inhibited by cispla-
tin, etoposide, cyclophosphamide, doxorubicin, and vincristine, whereas non-
small cell grafts are much less responsive to those same agents [96].

Although the subcutaneous xenograft model is widely employed as an in vivo
drug screen, the more complicated orthotopic models may be better suited for
preclinical studies. Since orthotopic rodent tumors mimic biological aspects of
clinical cancer (e.g., disease progression and metastasis), they are likely to
provide more relevant pharmacokinetic and pharmacodynamic information
than subcutaneous tumors [97]. Carcinogen-induced and genetically modified
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murine lung cancer models that have been shown to mimic the human disease,
either histologically or in terms of gene expression, may also provide predictive
models for performing preclinical testing of therapeutic efficacy. Genetically
modified murine cancer models are used to examine the efficacy of some
targeted therapeutics. For example, farnesyltransferase inhibitors (FTIs) that
act to inhibit Ras signaling have been tested in several models where upregula-
tion of ras signaling results in tumor development. These studies demonstrated
that FTIs are often effective in causing regression or preventing progression of
tumor growth [98].

A range of methods are used to evaluate drug effect on tumors in animal
models. Tumor size and tumor weight or volume changes are simple and easily
reproducible parameters in subcutaneous xenograft models, but are more diffi-
cult, except at necropsy, in most orthotopic models. We used a mammographic
imaging technique to assess both primary tumor growth and metastases in our
orthotopic model [99]. Miniaturized human imaging methods, such as com-
puted tomography, magnetic resonance imaging, and positron emission tomo-
graphy, are now available for laboratory use. Morphologic changes and altera-
tions in tumor immunogenicity or invasiveness are other markers of response.
Survival, perhaps the ultimate parameter, is a valid endpoint only if clinically
relevant tumor progression, such as systemic metastasis, is responsible for the
animal’s demise, a parameter better assessed in orthotopic than subcutaneous
models.

To accurately evaluate anticancer activity in an animal model system, vali-
dation of the model is critical. This entails the design of studies aimed at
assessing tumor response to drugs or other agents known to have efficacy in
patients with the particular type of cancer represented by the model. We
validated our H460 orthotopic lung cancer model [100] by treating tumor-
bearing nude rats with one of four chemotherapy agents: doxorubicin, mito-
mycin, cisplatin, and the novel matrix metalloproteinase inhibitor batimastat.
The model showed consistent responses in the form of tumor weight, metastatic
pattern, and longevity to cisplatin and mitomycin treatment. The other two
agents, for the most part, were ineffective, which accurately reflects drug
sensitivity patterns in NSCLC and the H460 cell line. The model also detected
cisplatin toxicity, as assessed by body weight changes and kidney damage. A
similar study was performed using two human lung cancers implanted in the
pleural cavity of nude mice [101]. Both studies show that selective cytotoxic
agents may reduce primary tumor burden and prolong the survival of tumor-
bearing animals. However, none of these agents was capable of completely
eradicating tumor, reflecting the resistance of this disease to standard
chemotherapy.

The orthotopic site may be crucial to a clinically relevant drug response. An
orthotopic model of human small cell lung carcinoma (SCLC) demonstrates
sensitivity to cisplatin and resistance to mitomycin C, reflecting the clinical
situation [78]. However, the same tumor xenograft implanted subcutaneously
responded to mitomycin and not to cisplatin, thus failing to match clinical
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behavior for SCLC. Similar phenomena that underscore the effect of the
microenvironment on drug sensitivity have been observed [102].

A number of orthotopic models were developed as in vivo preclinical screens
for novel therapies that target invasion, metastasis, and angiogenesis [103–106].
Our own studies in the H460 orthotopic lung cancer model include the matrix
metalloproteinase inhibitors prinomastat (AG3340) and the integrin-linked
kinase (ILK) inhibitor KP-392 [107, 108]. Assessment of multiple endpoints,
such as tumor weight, metastatic pattern, and survival, appears to improve the
sensitivity of the model system to demonstrate a treatment effect. By describing
patterns of response in amodel system, the results may also suggest mechanisms
of action or biological properties of a particular agent. For instance, prinoma-
stat was found to significantly increase the length of survival despite the fact
that it showed no consistent effect on tumor size or on the incidence of metas-
tases. Thus, the drug may be slowing, but not eradicating, the metastatic
process.

In preclinical drug development, the orthotopic model also takes into
account the role of the microenvironment, which is biologically unique for
each organ system. For instance, endothelial cells in the vasculature of various
organs express different cell-surface receptors [109] and growth factors that
may influence the phenotype of primary tumors or metastases developing in
these organs. Therapeutic efficacy can depend onmultiple interactions of tumor
cells with its microenvironment. Therefore, therapy should be targeted not only
against the cancer cells themselves but also against the specific homeostatic
factors that promote tumor cell growth, survival, angiogenesis, invasion, and
metastasis.

A concern in testing anticancer agents with animal models derived from
human cell lines is the potential loss of tumor heterogeneity [110]. In other
words, does serial passage of cell lines over months and years select out and
propagate only certain specific clonal elements of a tumor? Studies have shown
that the molecular characteristics of both breast and lung cancer cell lines
closely match their original human tumor [111]. From a phenotypic perspective,
theH460 cell line used in our studies continues to exhibit consistent invasive and
metastatic properties and has maintained its drug sensitivity profile for over 10
years and in thousands of experimental animals. However, other important
characteristics, such as cytokine production or still unknown gene expressions,
may be lost or muted through serial passaging. And so, as mentioned at the
outset, it behooves the investigator to understand both the strengths and
limitations of the tumor model chosen for lung cancer studies.

Hence, one needs to interpret xenograft studies with caution and bearing in
mind the many variables that exist. Major variables include the origin of the
tumor (i.e., cell line versus patient biopsy), the target/receptor status of the
tumor, the site of tumor implantation (e.g., s.c., i.p., orthotopic), the size of the
tumor at the onset of agent treatment, growth rate and growth characteristics,
agent dose, formulation, scheduling and route of administration, and experi-
mental endpoints. In addition, one needs to bear in mind the fact that the
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stromal compartment of xenografts is largely of murine origin. Therefore, when

studying antiangiogenic and antivascular strategies using humanized antibo-

dies (immunotherapy), the effector function being targeted is that of mouse

or rat.

Lung Cancer Model for Studying Adjuvant Modalities

Surgery is the mainstay for treatment of NSCLC. Adjuvant therapy, including

chemotherapy and radiation, has limited but important therapeutic benefits in

this disease [112]. Effective adjuvant modalities are needed to improve the

survival of lung cancer patients. Ideally, these novel therapies need to be tested

in suitable adjuvant lung cancer models prior to clinical development. Surgical

extirpation of the lung tumor is necessary to construct such model systems

which can simulate clinical lung cancer patients who receive surgical interven-

tion. The anticipated therapeutic effect is to control regional and systemic

micrometastasis, therefore reducing the incidence of tumor recurrence. By

complete removal of an orthotopically growing tumor in the H460 lung cancer

model soon after tumor implantation, we established an orthotopic lung cancer

model with significant potential for tumor recurrence both locally and systemi-

cally [113]. We used this model system to investigate a novel lymphatic drug

delivery system as an adjuvant modality [114]. By adjusting the time of tumor

resection following tumor implantation and selecting different tumor cell lines,

the model system can potentially be refined to reflect many facets of lung cancer

in the adjuvant setting.

Summary

Although the available lung cancer animal models have been informative and

further propel our understanding of human lung cancer, they still do not fully

recapitulate the complexities of human lung cancer. Each has its own advan-

tages and disadvantages that should be understood and evaluated before their

use. In selecting the best model system, consideration should be given to the

genetic stability and heterogeneity of the transplanted cell line, its immuno-

genicity within the host animal, and the appropriate biologic endpoints. There

is increasing pressure on the research community to reduce or even eliminate

the use of animals in research. However, relevant animal model systems

provide an appropriate interface between the laboratory bench and a patient’s

bedside for continued progress in cancer research and drug development. As

in many other diseases, even more sophisticated lung cancer models will be

needed in the future, as the complexities of this devastating disease are slowly

unravelled.
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Molecular Imaging in Lung Cancer Metastases

Mahaveer Swaroop Bhojani, Shyam Nyati, Hyma R. Rao, Brian D. Ross, and

Alnawaz Rehemtulla

Abstract Advances in gene profiling technology have led to the identification
of novel gene expression signatures and individual biomarkers associated with
the cancer and the spread ofmalignancy to distant organs.Molecular imaging is
a very promising technology which provides the potential for utilizing these
biomarkers for monitoring tumor progression and therapeutic response. This
technology may allow real-time, dynamic, and quantifiable monitoring of
biomarker activity. This chapter describes molecular imaging modalities that
are currently available for monitoring clinical and experimental metastasis,
their application and potential to monitor tumor progression and therapeutic
outcome of a treatment regimen in real time, and in the discovery and devel-
opment of novel drugs that target metastatic disease.

Introduction

To date, most clinically relevant cancers are staged by assessing gross structural
features including the extent of local invasion, the presence of enlarged lymph
nodes, and the detection of lesions in distant organs [1–3]. At the same time,
significant progress in the field of molecular and cellular oncology has led to a
better understanding of certain irregularities in signal transduction and gene
alterations that occur during various stages of tumor initiation and metastases.
Such insights, aided by sequencing of the genome of various organisms and
advances in molecular profiling technologies such as microarrays and proteo-
mics, have led to the identification of biomarkers and gene expression signa-
tures for the prognosis and diagnosis of cancer [4–9]. Thus, there is a grievous
disconnect between the identification of biomarkers in the research laboratories
and their application in clinical oncology. This is partly due to the fact that
technologies for the quantitation of these biomarkers and their signaling
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cascades are still in their infancy and have not kept pace with the identification
of novel biomarkers. Additionally, molecular profiling strategies utilize tumor
biopsies, which provide only a snapshot of the biomarker activity at the time of
sample retrieval. Thus, it fails to provide any information about dynamic
changes within the malignancy and its surrounding milieu. Therefore, for
molecular characterization of cancer to have a clinical impact, innovative
modalities are vital for noninvasive and real-time monitoring of activities of
biomarkers and events regulated by them. The field of molecular imaging
attempts to bridge this lacuna. It aims at developing suitable probes for non-
invasive visualization of biological processes at the cellular and molecular level
in an entire organism as well as producing the instrumentations and methodol-
ogies needed to make this type of visualization and measurement possible
[10–16]. At present, molecular imaging is largely in the preclinical phase (animal
studies) but has the potential to impact clinical care by using molecular char-
acterization to (1) diagnose cancer at an earlier stage; (2) predict the risk of
precancerous lesion progression; (3) quantify the activity of specific molecules
that are involved in tumor growth, metastasis, and invasion; (4) select for
rational molecular therapies; and (5) assess the efficiency of chemo- and radio-
therapeutic agents in real time [14, 17–24].

A major technical challenge for molecular imaging of metastases is that this
process involves multiple complex steps involving numerous alterations at
different molecular levels. Intriguingly, some of the phenotypic changes that
cells may undergo during metastases are strikingly distinct, such as epithelial–
mesenchymal transition (EMT) and mesenchymal–epithelial transition (MET;
refer Chapter 4). Therefore, the molecular profile of cells at these stages may
also differ significantly. Since the procurement of samples at the stage of
intravasation, circulation, and extravasation is difficult, majority of the mole-
cular profiling investigations for metastasis are based on the gene expression
comparisons from the primary and the corresponding metastatic tumor
specimens.

Molecular Probes

Innovations in the field of molecular imaging are made possible from break-
throughs achieved in developing novel molecular probes, which include injec-
tible radiopharmaceuticals, novel contrast agents, and genetically encoded
reporters such as luciferase, fluorescent proteins, and thymidine kinase. When
utilizing a particular probe for imaging, factors including specificity, uptake,
distribution, metabolism, excretion, and biodetectability are considered before
establishing the usefulness of a probe [17, 20, 25–30]. Based on the above
factors, molecular probes are classified into following three categories: (1)
nonspecific probes; (2) targeted probes; and (3) ‘‘smart’’ probes. Nonspecific
probes usually have a low molecular weight and have a differential distribution
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depending on the tissue architecture. Even though these probes do not measure

precise pathological alterations at molecular level, they measure and help

visualize gross changes in the physiological processes such as changes in

blood volume, flow, and perfusion between normal tissue and tumors [31].

Targeted probes are designed to recognize specific biomarkers, which in cancer

are typically upregulated proteins. Some common molecular interactions uti-

lized in imaging are antigen–antibody, ligand–receptor, and inhibitor–receptor

interactions [32, 33]. In contrast to nonspecific probes, targeted probes increase

the signal-to-noise ratio [31], but signal from unbound probe remains a major

hurdle [31]. In order to overcome this problem, there needs to be a clear

understanding of the pharmacokinetics of each probe so that clearance of the

unbound probe may be permitted while the probe–target interaction is imaged.

In addition to this, the signal intensity strongly depends on the density or

availability of target receptors, and it is limited by nonspecific cellular uptake

[20]. The newer imaging agents, ‘‘smart’’ probes, also known as molecular

beacons, participate in a specific molecular interaction and then change their

physical properties [20]. An example of ‘‘smart’’ probes is fluorescent molecular

beacons, which are based on the fluorescence quenching–dequenching strategy

[20]. Here, probes in their native form are constructed in such a way that a

fluorochrome and a quencher are juxtapositioned, leading to quenching of

fluorescence. However, modification of the probe by a specific enzyme either

alters the conformation or cleaves the probe such that the fluorescence and

quencher are no longer in close apposition and fluorescence can then be

detected [20]. This method increases the signal-to-noise ratio and also includes

a signal amplification step wherein multiple quenched probes are cleaved by a

single enzyme. Smart probes are being currently explored to dynamically moni-

tor activities of enzymes that have a vital role in cancer such as matrix metallo-

proteinases, prostate-specific antigens, caspases, and cathepsins [34–38].
Simultaneous progress in the development of probes and instrumentation

essential for real-time functional imaging presented researchers with powerful

tools to perform noninvasive experiments on dynamic biological processes in

intact cells as well as in whole organisms. Biological processes that are mon-

itored by this technology include transcriptional and translational regulation,

signal transduction, protein–protein interactions, oncogenic and viral

transformation, cell migration and trafficking, monitoring tumor burden, and

metastatic tumor progression [16, 39–47].

Imaging Modalities for Clinical Metastases

In addition to radiography-based detection modalities, new developments in

the field of magnetic resonance imaging (MRI) and nuclear imaging have

brought new hope to early and sensitive detection of lung nodules and
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metastases. In this section, the MRI and the nuclear imaging modality will be
discussed.

Magnetic Resonance Imaging

MRI is amethod of imaging in which information is gleaned from atomic nuclei
(most commonly hydrogen) by using radio waves in the presence of a magnetic
field [46, 48, 49]. Various endogenous tissue properties are used inMRI in order
to assess gross tumor morphology and growth in a noninvasive way [21]. High
spatial resolution for structural imaging (25–100 mm), the absence of reduced
resolution quality due to changes in tissue depth, and the ability to use different
frequency pulse sequences to measure multiple physiological parameters are a
few of the major MRI advantages [46, 48, 49]. Such features make MRI pre-
ferable when imaging gene expression, localizing tumor margins, and tracking
stem cells, lymphocytes, and oligodendrocyte progenitors. There are, however,
a few concerns in reference to MRI as a molecular imaging tool; some of them
are the following: (a) a relatively long data acquisition time, which could
sometimes extend to several hours; (b) potential toxicity of injection of contrast
agents such as gadolinium or superparamagnetic iron oxide with higher doses
or repeated use; and (c) comparatively poor sensitivity [46].

Nuclear Imaging (SPECT and PET)

Of all the modalities available for molecular imaging, nuclear imaging is the
most sensitive, tomographic, and quantitative [46]. PET is the current paradigm
for sensitivity for in vivo detection of molecular probes which can be visualized
and quantitated at the concentration of 10–10 to 10–12 M [30, 46, 50]. Therefore,
genes that are delivered by vectors with weak promoters (e.g., tissue specific) or
low transfection efficacy (e.g., plasmid) can still be detected by PET. In addi-
tion, the brief half-life of the radioactive substrates offers another advantage to
PET imaging since short half-lives enable recurrent imaging of tracer in targeted
tissues. Clinically, PET is now routinely utilized for detection of primary and
metastatic tumor sites utilizing fluorodeoxyglucose (FDG), a glucose analog
labeled with radioactive fluorine that emits positrons. As the positrons encoun-
ter electrons, they produce paired gamma rays that travel in opposite directions.
These gamma rays are then detected by the PET scanner, which positions the
FDG spatially within the patient’s body. The idea behind the use of FDG for
PET imaging is based on the finding of Nobel Prize winner Otto Heinrich
Warburg, which suggests differential uptake of glucose by tumor cells and
normal cells. Tumor cells overexpress genes that are involved in glucose trans-
port since they utilize inefficient nonoxidative glycolysis pathway for genera-
tion of energy [51, 52]. PET is therefore a unique imaging modality in its ability
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to metabolically characterize biologic tissues according to their utilization of
glucose and their likely malignant nature.

SPECT is more economical than PET, and it is a powerful technique used for
imaging molecular processes. SPECT takes into account the rotation of a
photon detector array around the body in order to detect g-emitting radio-
nuclides, thus obtaining numerous projections [46]. Sodium iodide or solid-
state cadmium zinc telluride detectors are used to spot g photons and when
optimized, these detectors provide a spatial resolution of 1–2 mm. Common
SPECT radionuclides are 99Tcm (6 h), 111In (2.8 days), 123I (13.2 h), and 125I
(59.5 days) [53]. Generally, SPECT is used to track cells and molecules such as
during the radiolabeling of annexin V as an early marker of apoptosis [54, 55].

Molecular Imaging for Experimental Metastasis

The majority of developments that the field of molecular imaging has seen have
not progressed beyond experimental animal systems. Bioluminescence- and
fluorescence-based imaging are the two major optical imaging modalities used
for monitoring experimental metastasis.

Bioluminescent Optical Imaging

Bioluminescence imaging has emerged as a useful and complementary experi-
mental imaging technique for small animals. This imaging modality detects a
scant number of photons generated by the expression of genetically encoded
luciferase and provides a robust modality for high-throughput screening, mon-
itoring in vivo drug–target interactions, and identifying combination therapies.
For such assays, tumor cells or cancer-related genes are tagged with a reporter
gene that encodes a light-generating enzyme, luciferase [11, 50, 56]. When this
reporter oxidizes its substrate, luciferin, a blue to yellow-green light with an
emission spectra peaking at a wavelength between 490 and 620 nm is produced
[56]. An extremely sensitive, cooled, charge-coupled device (CCD) camera
detects any low light that is emitted during the bioluminescence reaction. Due
to its extreme sensitivity, broad dynamic range, and exceptionally large signal-
to-noise ratio, this type of noninvasive imaging permits a real-time analysis of a
number of biological events [11]. However, major disadvantages of biolumi-
nescent imaging is that it provides two-dimensional datasets which lead to
positional uncertainty of the signal and bioluminescence remains contingent
upon on the pharmacokinetics of the substrate. Although there are more than
30 luciferase–luciferin systems, the most frequently used luciferase for in vivo
molecular imaging is the ATP-dependent firefly (Photinus pyralis) luciferase
[57]. The reason for this is that 30% of the light produced by firefly luciferase
has an emission spectra above 600 nm, a region in which the signal attenuation
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by the absorption and scatter properties of live mammalian tissue is at a
minimum [11, 57]. Even though in basic research, luciferases demonstrate a
vital advantage in assessing many biological functions such as gene expression,
promoter regulation, protein stability, protein–protein interaction, and enzyme
activity, such genetically encoded reporters have a small chance of playing a
major clinical role in the near future since their application is dependent upon
the approval of gene therapy protocols for patients.

Fluorescent Optical Imaging

Fluorescence-based imaging is another powerful modality for molecular ima-
ging. This area of optical imaging received a great impetus when the green
fluorescent protein was discovered and recognition when the discoverers were
awarded the Nobel Prize in chemistry for 2008 (for review see [50]). The key
advantage of fluorescence imaging is that it is independent of the substrate and,
therefore, disengages the signal readout from the pharmacokinetics of the
substrate. However, the major drawback of this method is that the wavelength
of light used for excitation of fluorochrome can also excite other naturally
occurring fluorescent molecules in the body (for example, hemoglobin partially
absorbs visible light). This may frequently produce higher levels of background
autofluorescence in the blue-green spectral region, resulting in a decreased
signal-to-noise ratio. Additionally, in fluorescence imaging, the signal is par-
tially attenuated by water in the infrared region. This leads to photon scattering
in the tissues and inaccuracies in the quantitation of photon output. To counter-
act such shortcomings, the last decade has seen intensive investigations targeted
to identifying probes that emit in the region of the electromagnetic spectrum
that imparts greater tissue penetration and minimal signal attenuation in live
tissues. Near-infrared fluorescent (NIRF) probes and red-shifted fluorescent
proteins are recent discoveries from these efforts [20, 58–62]. The development
of sensitive photon-sensing detectors, in vivo optoelectronic, confocal, and
multiphoton microscopy, and advances in mathematical modeling of photon
propagation in tissues have led to new imaging techniques including fluores-
cence tomography, spectrally resolved whole animal imaging, and intravital
multiphoton imaging [19, 26, 63–66]. Researchers are now able to detect the
activity of matrix metalloproteinases, annexin V, cathepsins, caspases, and
lymph node metastasis because of enhancements in imaging devices and non-
invasive NIRF imaging using molecular beacons [29, 37, 38, 59, 65, 67–72].
Such advances are reforming the detection of biomarkers or molecular events
specific to cancer. Research in the field of fluorescence imaging has the potential
to have clinical applications due to the launch of extremely photostable NIRF
semiconductor nanocrystals (quantum dots or qdots) and its application in
confocal microscopy, total internal reflection microscopy, or basic wide-field
epifluorescence microscopy [73–77].
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Common parameters used for the selection of an individual modality for
imaging include cost, spatial and temporal resolution, complexity of operation,
motion artifacts, depth of signal detection, acquisition time, and clinical rele-
vance. No single technique has the ability to provide the panacea for all the
molecular imaging needs and each technique has its unique advantages and
disadvantages when imaging certain events. Hence, a new area ofmultimodality
imaging is emerging in which the beneficial qualities from each of these imaging
modalities are merged together. The creation of such a system would enhance
the ability to quantify, interpret, and locate molecular events and biological
processes [13, 78, 79]. A vector that harbors a fusion protein consisting of a
bioluminescent reporter (Renilla luciferase), a fluorescence reporter (red or
green fluorescence protein), and a PET reporter (mutant herpes simplex virus
thymidine kinase) retainedmost of the activity of each protein constituent when
expressed. This fusion protein was utilized in investigating lymphocytic migra-
tion, gene therapy, andmetastasis [80, 81]. In analyzing cervical carcinoma with
bladder invasion, fusion imaging of Thallium-201 single-photon emission com-
puted tomography (Tl-201 SPECT) and F-18 fluorodeoxyglucose positron
emission tomography (FDG PET) was employed. The multimodality image
system of registration and fusion applied here bypasses the inadequate image
resolution of SPECT and the low sensitivity of PET, and therefore presents an
effective procedure for recognizing bladder invasion in cervical cancer [82]. At
present, multimodality imaging is becoming prevalent in molecular-genetic
studies, but it also has great potential to become the conventional approach
for reporter gene imaging studies [80, 81, 83, 84].

Applications of Bioluminescent and Fluorescent Optical Imaging

Recently, protein complementation assays have been in the limelight for their
ability to allow noninvasive, near-real-time detection of changes in signaling
pathways [85–88]. This strategy relies on unique splitting of a monomeric
reporter enzyme into two distinct inactive components which when forced
into juxtaposition reconstitute the original enzymatic activity [89]. Historically,
the yeast two-hybrid system first described by Stanley Fields [88] is based on
protein complementation of GAL4, a transcriptional activator protein. This
system revolutionized the characterization of signaling cascades in eukaryotes
by the ability to identify interaction partners of signaling components.
Recently, a number of different proteins have been tested for complementation
assays and these include dihydrofolate reductase, b-galactosidase, green fluor-
escent protein, yellow fluorescent protein, b-lactamase, and luciferases (firefly,
Gaussia, and Renilla). Of the different complementation assays, the biolumi-
nescence reporter is one of the most useful modalities for small animal imaging.
Luker et al. optimized firefly luciferase protein complementation by screening
incremental truncation libraries of N- and C-terminal fragments of luciferase
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[115]. Since then, this system has been utilized to monitor near-real-time inter-

action between mTOR and FK506-binding protein, Cdc25c and 14-3-3E,
EGFR and shc, EGFR and Grb2, MyoD and Id [90], insulin and TGF-b (for

complete list, see Table 1).

Table 1 Applications of split luciferase-based reporters for monitoring protein–protein
interactions, kinase activity, and protease activity

Reporter Protein interaction or activity
Luciferase
source

Protein–protein interaction

FRB-NFLuc CFLuc-FKBP FRB (rapamycin-binding domain of mTOR)
and FKBP

(FK506-binding protein type 12) [116, 125]

Firefly

NFLuc-Id MyoD-CFLuc MyoD (myogenic regulatory protein from
skeletal muscle) and Id (inhibitor of DNA
binding 1) [126]

Firefly

NFLuc-DnaEN-ID and
MyoD-DnaEC-CFLuc

DnaE C/N (N-terminal or C-terminal of DNA
polymerase III catalytic subunit) [126]

Firefly

CFLuc-CXCR4 CXCR7-
NRLuc

CXCR4 chemokine (C–X–C motif) receptor 4
and 7 [127]

Firefly

EGFR-NLuc, Grb2-NLuc,
EGFR-CLuc, Shc-CLuc

EGFR interaction with growth factor
receptor-binding protein 2 (Grb2) and Src
homology 2 domain containing (Shc2) [128]

Firefly

FRB-hGLuc(1) FKBP-
hGLuc(2)

FRB (rapamycin-binding domain of mTOR)
and FKBP

(FK506-binding protein type 12) [118]

Gaussia

NhRLuc-MyoD Id-ChRluc MyoD (myogenic regulatory protein from
skeletal muscle) and Id (inhibitor of DNA
binding 1) [90]

Renilla

NhRLuc-FRB FKBP12-
ChRLuc

FRB (rapamycin-binding domain of mTOR)
and FKBP

(FK506-binding protein type 12) interaction [129]

Renilla

NRLuc-CaM-M13-CRLuc CaM (calmodulin) and M13(CaM-binding
domain of

skeletal muscle MLCK) interaction [130]

Renilla

Kinase activity

NLuc-FHA2-pepCLuc Akt kinase activity [99, 131] Firefly

EGFR-NLuc, Grb2-NLuc,
EGFR-CLuc, and Shc-
CLuc

Ligand-mediated EGFR activation and
subsequent phosphorylation of its target
proteins Grb2 and Shc2 [128]

Firefly

NLuc-SH2-SH3-CD-CLuc Bcr-Abl kinase activity [101] Firefly

Protease activity

pepA-NLuc

pepB-CLuc

Caspase 3 activity [113] Firefly

Other

Probe1-CRLuc
Probe2-CRLuc

Oligonucleotide probe interaction [132] Renilla
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Imaging Kinases

Protein kinases are enzymes that post-translationally modify substrate proteins
by catalyzing the covalent addition of a negatively charged phosphate group
from ATP to a specific amino acid [91–96]. These enzymes are one of the
principle regulators of signaling cascades influencing a plurality of cellular
decisions. Phosphorylation of target residues in proteins results in changes in
substrate activity, subcellular location, and/or interaction with other proteins
which mediate a bulk of kinase signaling [93–98]. Years of intensive investiga-
tions have led to the identification of key kinase biomarkers in cancer initiation
and progression. For example, in breast cancer, overexpression and/or ampli-
fication of Her-2 is observed in nearly 25% of the patients and is mostly
associated with aggressive and metastatic breast cancer. Many such oncogenic
kinases have been identified; however, a majority of these biomarkers remain
undrugged partly due to the unavailability of simple and reproducible cell-
based assays to monitor kinases.

We have recently developed a luciferase complementation-based kinase
imaging platform that allows quantitative, real-time, noninvasive imaging of
kinase activity and is easily amenable for high-throughput screening of new
drugs [97, 99, 100]. As a prototype, we constructed anAkt reporter, which was a
fusion of an Akt consensus substrate peptide and phosphoamino acid-binding
domain (FHA2) flanked by the amino- (N-Luc) and carboxyl- (C-Luc) terminal
domains of the firefly luciferase reporter molecule (Fig. 1). N-Luc and C-Luc
are split luciferase components that are inactive when expressed individually
but can reconstitute luciferase activity when juxtaposed. In the presence of Akt
kinase activity, phosphorylation of the Akt consensus substrate sequences
within the reporter results in its interaction with the FHA2 domain, thus
stearically preventing reconstitution of a functional luciferase reporter molecule
(see Fig. 1B and 2). In the absence of an Akt kinase activity, release of this
stearic constraint allows reconstitution of the luciferase activity. When cells
were transfected with this reporter and treated with Akt inhibitor, API2, or a
PI-3K inhibitor, perifosine, an increase in bioluminescence activity in a time-
and dose-dependent manner was observed. This indicated that the Akt reporter
monitors Akt activity noninvasively, in near real time, and quantitatively
[99, 100]. This finding was corroborated with conventional Western blotting
using antibodies to phosphorylated Akt [99]. The Akt reporter was also used to
probe upstream signaling event: stimulation of EGFR using EGF resulted in a
decrease in reporter activity, while an increase in bioluminescence was observed
when treated with erlotinib, an EGFR inhibitor. Additionally, the use of
erlotinib in the erlotinib-sensitive and -resistant cell lines resulted in differential
activation of the Akt reporter. Finally, activation of the reporter was also
monitored in vivo in mice bearing tumors when treated with erlotinib, API-2,
or perifosine, further substantiating the utility of this kinase reporter. In
summary, the Akt reporter allows imaging of signaling events, leading to
activation /inactivation of Akt in a quantitative, dynamic, and noninvasive
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Fig. 1 Molecular imaging of signaling during metastases. Tumor metastases may be mon-
itored using a promoter tagged reporter expressing cell line and following the fate of such cells

276 M.S. Bhojani et al.



manner. Very recently, this imaging strategy was adapted for monitoring Abl

kinase [101], suggesting that luciferase complementation-based kinase imaging

platforms are versatile sensors for detecting kinase activity and should be

exploited for monitoring metastatic kinases.

Fig. 1 (continued) in animals. (a) This allows tracking of cells during different stages of
metastases and identification of new abode of the cancer cells (see I–V green cells). A number
of receptor or nonreceptor tyrosine or serine/threonine kinases influence the metastatic
behavior of cancer cells. (b) depicts a strategy to monitor kinase activity based on the
luciferase complementation. The chimeric kinase reporter is a fusion of N-Luc and C-Luc
components of luciferase complementation system (see text) separated by the kinase substrate
peptide (S Pep) harboring a consensus phosphorylation site and phosphoamino acid-binding
domain (PBD). Phosphorylation of the substrate peptide within the reporter results in inter-
action with the PBD causing stearic constraints on the C-Luc and N-Luc. Inhibition of the
kinase results in decreased binding of substrate peptide and PBD domain enabling the N-Luc
and C-Luc interaction to restore bioluminescence. (c) Schematic representation of the biolu-
minescent caspase-3 reporter, PepA-NLuc-DEVD-pepB-CLuc. Apoptosis imaging reporter
constitutes the split luciferase (N-Luc and C-Luc) domains fused to strongly interacting
peptide pair, pepA and pepB, with an intervening caspase-3 cleavage motif. Upon induction
of apoptosis, the reporter molecule is proteolytically cleaved by caspase-3 at the DEVDmotif.
This cleavage enables interaction between pepA-NLuc and pepB-CLuc, thus reconstituting
luciferase activity. Monitoring protein–protein interaction by the luciferase complementation
involves creating of two distinct fusion proteins proteinA-NLuc and ProteinB-CLuc which
when interacting generate light due to complementation. (d) is schematic representation of
utilization of luciferase complementation assay to monitor homodimeric and heterodimeric
receptor interactions. The reporter can be modified to sense any protein–protein interaction

Fig. 2 Imaging of Akt activity in preclinical experimental model system. Mice transplanted
with D54 cells stably expressing bioluminescent Akt reporter (BAR) were treated with vehicle
control (20% DMSO in PBS), API-2 (20 mg/kg or 40 mg/kg), or perifosine (30 mg/kg).
Images of representative mice are shown before treatment, during maximal luciferase signal
upon treatment (Max), and after treatment
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Imaging Proteases

A crucial step during metastasis is the destruction of biological barriers such as
the basement membrane, which requires activation of proteolytic enzymes
[102–104]. A concerted effort of a number of proteases is needed for every
step starting from the breakdown of the basal membrane of the primary
tumor to the extended growth of established metastases. Among them, mem-
bers of the plasminogen activator pathway and matrix metalloproteinase
(MMP) family are well-documented contributors to tumor invasion, metasta-
sis, and angiogenesis. Additionally, loss of caspase has been reported in the
growth of metastatic tumors, presumably to evade apoptotic death [105]. This
section is dedicated to the description of the molecular imaging strategies that
were developed by our lab and others in order to noninvasively monitor
protease activity in cells and animals. We suggest that similar strategies could
be exploited in monitoring proteases involved in signaling during metastases.

Caspases, a family of cysteine-dependent aspartate-directed proteases, are
key initiators and executors of both extrinsic and intrinsic apoptotic pathways
[106–110]. We have recently constructed a caspase-3 activity sensor namely
pepA-NLuc-DEVD-pepB-CLuc. In this reporter, pepA and pepB, a pair of
peptides that have been reported to interact with each other with strong affinity
[111, 112], are fused to N-Luc and C-Luc, respectively, with an intervening
caspase-3 cleavage site. In a nonapoptotic cell, this chimeric luciferase reporter
has reduced or no background luciferase activity as the N-Luc and the C-Luc
are unable to complement when expressed as a fusion protein. However, in the
presence of caspase-3 activity, the reporter is cleaved, and pepA and pepB
associate through a high-affinity interaction and facilitate complementation
of N-Luc and C-Luc domains, which reconstitutes luciferase. This apoptosis
reporter system is a highly sensitive, dynamic, and quantitative reporter of
caspase-3 activity both in vitro and in vivo [113] andmay be adapted to monitor
other cytosolic metastatic proteases. We have recently utilized this reporter
system for in vivo optimization of dose, combination, and schedule of novel
therapies in a dynamic and noninvasive manner [113]. These results highlight
the power of molecular imaging in screening of novel combinations of therapies
in experimental animal systems to derive therapies which can rein in aggressive
and metastatic cancers.

Imaging Protein–Protein Interaction

Protein complementation assays have garnered a lot of attention formonitoring
protein–protein interaction [85–88]. Ever since it was pioneered in 1989, yeast
two hybrid screening, based on complementation of GAL4 and utilized for
monitoring protein-protein interactions, has remarkably influenced our under-
standing of the signaling cascades. Recently, complementation of a number of
different reporters has been developed; these include fluorescent proteins (GFP
and YFP), bioluminescent enzymes (firefly luciferase, Renilla luciferase,
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Gaussia luciferase), b-galactosidase, dihydrofolate reductase (DHFR), and
TME1 b-lactamase [89, 114–119]. Of the different complementation assays,
the bioluminescence reporter is one of the most useful modalities for small
animal imaging. Using incremental truncation libraries of N and C-terminal
fragments of firefly luciferase, a protein complementation assay for luciferase,
was established by luker et al. [115]. They utilized the complementation assay
for demonstrating an interaction between human Cdc25C and 14-3-3-e in real
time noninvasively both in vitro and in vivo. Along similar lines, Paulmurugan
and Gambhir [90] developed a Renilla luciferase complementation assay and
monitored the interaction of MyoD and Id in real time. Similarly, Gaussia
luciferase complementation assays were developed by Remy and Michnick
[118], where they monitored cross talk of TGFb and insulin signaling. For a
list of reporters constructed utilizing split luciferase complementation assays,
see Table 1. In summary, protein–protein interactions can be monitored by
luciferase complementation assays and thus can be exploited for monitoring
such interactions specific for metastases.

Molecular Imaging Modality in Monitoring Therapeutic Response

The efficacy of a therapeutic regimen in clinic is assessed by anatomical mea-
surements months after the end of treatment. Such assessments have had
deleterious effect on the outcome of the patients, especially for those that
have tumors that are resistant to the first line of therapy. Molecular imaging
is extremely useful in preclinical determination of dose, schedule, combination,
and efficacy of a therapeutic regimen. This allows clinicians to make informed
clinical decisions on the efficacy of a particular therapy. This would also result
in improved quality of life for patients by not subjecting them to a noneffica-
cious therapy and shifting them to alternate experimental or established ther-
apy. Further, the capacity to prognosticate early in therapy will reduce the high
cost associated with drug usage and utilization of resources. One such technique
which has shown significant potential for determining, in real time, the efficacy
of a therapy is diffusion MRI [21, 22, 120]. In this technique, the diffusion of
water is used to evaluate the impact of a therapy and themain hypothesis asserts
that though a tumor can be treated successfully with the aid of anticancer
agents, there is still significant damage to cells and cell death that alters the
integrity of the plasma membrane and the degree of cellularity. Thus, cell loss
leads to the subsequent increase in the fractional volume of the interstitial space,
which results in amplified levels of water diffusion within the tumor’s damaged
tissue. It is also interesting that the use of water diffusion as a substitute marker
for probing tissue cellularity strongly impinges upon the molecular viscosity
and membrane permeability between intra- and extracellular compartments,
the active transport, and the flow and the directionality of tissue/cellular
structures that impede water mobility [21, 120]. Accordingly, diffusion MRI
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has applications in detecting tumor regions with high cellular density, differ-
entiating cystic masses from solid lesions in tumors and other modes of tumor
characterizations [120, 121]. This method was corroborated to examine early
events in the treatment of various tumor models and recently in patients with
CNS tumor [121].

Other technology that is clinically relevant for very early measures of
response is FDG-positron emission tomography (PET). Stroobants et al.
showed, in soft tissue sarcoma treated with imatinib, a profound decline in
FDG uptake within 48 hours of treatment and that the early response mon-
itored by FDG uptake was able to predict progression-free survival [122].
Additionally, radionuclide imaging of apoptosis and cellular proliferation are
also reported for monitoring response to therapy [123, 124].

Molecular Imaging in Drug Discovery and Development

Discovery and development of drugs for treating human diseases is a protracted
and expensive process, requiring years of investigation and a budget close to
$800 million for every drug that receives FDA approval. At an early stage of
drug discovery, molecular imaging assists to support the proof-of-concept
testing. Additionally, it aids not only in early detection of promising candidates
but also in aborting research on candidates that are toxic and unlikely to pass
the rigorous process of drug development. Further, it has the potential to hasten
preclinical studies by noninvasively quantifying the biomarker activity and
monitoring the drug–target interaction in vivo. Furthermore, cell-based mole-
cular imaging assays monitor biomarker activity or its inhibition in the native
environment of the target. Thus, this leads to identification of hits that usually
possess the ideal solubility, ability to traverse membranes, and inhibit the
biomarker in its innate milieu compartment (pH, concentrations of specific
ions, etc.). Therefore, molecular imaging has the potential to reduce time and
cost at various stages of drug development starting from developing surrogate
assays for various biological processes that can be utilized in high-throughput
drug discovery screens through assessing drug–target interactions, identifica-
tion of patients, and finally in monitoring response of diseased tissue to ther-
apeutic agents.

A significant advantage of complementation-based bioluminescent kinase or
protease reporters described above is their adaptability to high-throughput
screening. Bioluminescence generated in luciferase assays offers increased sen-
sitivity compared to FRET-based systems due to amplification of the signal and
shows higher robustness toward nonspecific interference by compounds. Luci-
ferase complementation-based assays are a ‘‘gain of function assay’’ wherein the
inhibition of kinase activity results in an increase in bioluminescence. Such
assays are better suited for high-throughput screening when compared to
promoter-driven luciferase, which are fraught with false positives. For example,
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compounds that kill cells (and thus result in a loss of signal) or those that inhibit
luciferase activity may show up as false positives in typical luciferase/fluores-
cent/enzyme-based assays. However, specific inhibition of reporters like a
kinase complementation reporter results in an increase in bioluminescence
activity and thus nonspecific cytotoxic agents are eliminated. Such carefully
designed screening methodology will enable narrowing the number of positive
compounds to a smaller group of ‘‘true positives’’ and play an important role in
hastening the drug discovery process.

Concluding Remarks

Molecular imaging provides a unique opportunity to integrate tumormolecular
profiling information to preclinical and clinical utilization for monitoring
tumor growth, metastasis, biomarker activity, therapeutic responsiveness,
high-throughput screening for new drugs, drug–target interaction, and devel-
oping new schedules of therapies.
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Biomarker Discovery for Metastatic Disease

Gilbert S. Omenn and James D. Cavalcoli

Abstract Emerging knowledge about the many features of metastasis offers
numerous possibilities for discovery and exploitation of diagnostic and prog-
nostic biomarkers and targets for therapy. A systems biology approach that
encompasses differential expression of mRNAs (gene expression), microRNAs
(gene regulators), and proteins in primary and metastatic tumors, in proximal
biofluids, and in the blood plasma generates potentially complementary mole-
cular signatures. We illustrate the use of Oncomine and Molecular Concepts
Maps and the biological amplification of tumor protein signals with immune
responses that produce autoantibodies in relation to lung cancers.

Introduction

There are two complementary but very different needs for biomarkers of
cancers. The first is to diagnose cancers at early stages, presumably much
more treatable for cure, or even in preclinical stages when chemoprevention
might be successful. The second is to gain information about the prognosis,
both in response to particular therapies and in relation to likelihood of metas-
tasis. Despite a voluminous literature about potential mRNA and protein
biomarker profiles for various cancers and a compelling clinical need for
diagnostic tests and prognostic tests, progress has been limited.

Currently, new methods and new instruments are being employed to try to
accelerate the discovery phase. Biomarkers may be assayed directly in primary
or metastatic tumor specimens, in biofluids proximal to the tumor (bronchial
lavage, urine, CSF), or in the circulation (plasma, serum). Given the hetero-
geneity of tumor mechanisms and the limitations of specific analytical methods,
it is likely that a variety of strategies will be needed and will be complementary
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[1]. Molecular biomarkers for lung cancers would be particularly useful for
screening and for differential diagnosis, since they could be combined with
imaging modalities, such as spiral CT imaging of the lung [2, 3].

The vast majority of deaths from cancers, an estimated 90% [4, 5], are due to
metastases from the primary tumor site. Understanding what mediates metas-
tasis is the aim of this book. Molecular markers or signatures that could help
predict which tumors have a propensity and the capability to metastasize would
be useful clinically. Host genotypes and phenotypes, perhaps specific for parti-
cular organ sites or tissue types, might influence or even determine whether
micrometastases take root and grow into harmful lesions. Starting from the
metastatic lesion, molecular markers for response to therapy would be impor-
tant, especially when there are alternative therapeutic regimens or new regimens
need to be devised for nonresponders. In some cases, having molecular markers
for a metastatic lesion that would reveal its likely source of origin would be
valuable, especially in the absence of a known primary tumor and in the
differentiation of primary and metastatic single lesions in the lung.

Different primary tumors have different propensities for sites of metastasis.
Sometimes the reasons are obvious, like the dissemination of colorectal cancer
cells via the portal vein to the liver and appearance ofmetastases in lymph nodes
draining the breast, oral cavity, and other primary sites. Other times the
propensity is less obvious, like the metastasis of lung cancer cells to the adrenal
gland. We are in the infancy of such studies.

In The Biology of Cancer [6], Weinberg emphasizes that the reasons are still
obscure why tumors arising in certain tissues have a high probability of metastasis,
while those arising in other tissues rarely do so. Contrasting examples are melano-
mas and squamous cell carcinomas of the skin. The fundamental question is
whether primary tumors with a high propensity to metastasize already have distin-
guishable characteristics that reveal that propensity – at one extreme for early
metastasis (like lung and pancreatic cancers) or at the opposite extreme for emer-
gence of late metastases long after successful treatment of the primary lesion (like
breast). A tiny subpopulation of tumor cells, the cancer stem cells, may govern the
risk of recurrence after successful therapy tomarkedly reduce tumormass; perhaps
different cells drive metastasis. The cellular and molecular processes involved in
multistep tumor progression and metastasis facilitate migration and invasion,
which are amply addressed in this book; survival without stroma and extracellular
matrix in the lymphatics or circulating blood; and complex responses in distant sites
that somehow determine the colonization, growth, and fate of micrometastases.

Most likely the results are a combination of the properties of the primary
tumor and its heterogeneous cells and stroma and the properties of the micro-
environment at distant sites in different individuals (‘‘seed’’ and ‘‘soil’’). The
relatively large size of cancer cells released into the circulation or of cancer cells
coated with platelets causes them to lodge in the first capillaries or small
arterioles they encounter, commonly in the lungs, accounting for the high
incidence of metastatic lesions in the lungs. How some of these circulating
cells escape from the lungs to reach distant sites is much less clear, perhaps
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involving arteriovenous shunts. Also it is unclear how much of the lodging of
cancer cells and subsequent extravasation through the vessel wall into the
surrounding tissue is physical trapping and how much reflects a role for integ-
rins and other specific cell surface receptors on endothelial cells. Specifically,
cancer cells are thought to lack the complex capabilities of leukocytes that
facilitate diapedesis, the process by which these cells escape from post-capillary
venules to perform inflammatory functions in the tissue. Cancer cells release
proteases into microthrombi that may facilitate extravasation. In addition,
angiogenesis provides an increased density of immature, highly permeable
blood vessels that have few intercellular junction complexes. Based on clinical,
functional, and molecular evidence, Padua et al. [7] showed that the cytokine
TGF-beta in the breast tumor microenvironment primes cancer cells for metas-
tasis to the lungs by inducing angiopoietin-like 4 (Angptl4), via the Smad
signaling pathway. Angptl4 in breast cancer cells that are about to enter the
circulation enhances their subsequent retention in the lungs, but not in the bone.
Tumor cell-derived Angptl4 disrupts vascular endothelial cell–cell junctions,
increases the permeability of lung capillaries, and facilitates the transendothe-
lial passage of tumor cells. Thus, a cytokine in the primary tumor microenvir-
onment induces the expression of another cytokine in departing tumor cells,
empowering these cells to disrupt lung capillary walls and seed pulmonary
metastases [8].

It is feasible to identify and track micrometastases in experimental animals
using antibodies against cytokeratins for the blood and against epithelial cell
adhesion molecules (EpCAM) for the lymph, with sensitivity to detect even one
cancer cell among 100,000 or more mesenchymal cells. A primary tumor of 1 g
mass with 10(9) cells in the mouse may release a million cells per day into the
circulation with few or no metastases resulting [6]. The rate-limiting step is
colonization at the distant site. Dormant micrometastases have been demon-
strated unequivocally in mouse experiments. Fluorescent dye-labeled cancer
cells introduced via the portal circulation formed large numbers of single-cell
micrometastases in the liver; 11 weeks later, viable cells were recovered with
fluorescence undiluted by cell division. These cells still generated xenografts
when injected s.c. into other host mice [9]. These single-cell micrometastases
may be a greater threat for later activation than small colonies of cells in which
the rate of proliferation has been balanced by apoptosis, perhaps due to failure
to execute the angiogenic switch.

All of these different cellular phenotypes should have distinguishable
molecular signatures and treatment targets revealed with mRNA gene expres-
sion, miRNA, or proteins. The vascular endotheliummay be characterized with
a combination of imaging andmolecular signatures, as demonstrated by Schnit-
zer and colleagues [10]. Murphy et al. [11] targeted integrin anb3, which is
found on a subset of tumor blood vessels and is associated with angiogenesis
and malignant tumor growth. They designed a nanoparticle encapsulating the
cytotoxic drug doxorubicin (Dox) for targeted drug delivery to the anb3-expres-
sing tumor vasculature. They obtained selective apoptosis in regions of the
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anb3-expressing tumor vasculature. In clinically relevant pancreatic and renal cell
orthotopic models of spontaneous metastasis, this treatment produced a 15-fold
increase in anti-metastatic activity without producing drug-associated weight loss
as observed with systemic administration of the free drug.

Biomarkers have been sought also for diagnosis and prognosis of skeletal
metastases from lung cancers [12]. The incidence of skeletal metastases in
patients with non-small cell lung cancers is between 8 and 34%, as detected
by bone scans, and 24–30% as detected by PET imaging, with two-thirds of the
patients found to have such metastases at the time of initial staging. Biomarkers
assess the balance of osteoclastic and osteoblastic activity in the continuous
remodeling of bone. Activated osteoclasts resorb bone by attaching to the
mineral surface and secreting hydrolytic enzymes which acidify, dissolve, and
release mineral and collagen breakdown products. Malignant cells secrete
molecules that uncouple bone remodeling, at least in part through induction
of receptor activator of nuclear factor kappa B (RANK) ligand (RANKL). The
interaction between tumor cells and osteoclasts exacerbates resorption, leading
to pain, pathologic fractures, hypercalcemia, and spinal cord compression,
collectively termed ‘‘skeletal-related events’’ [12]. The best biomarkers of bone
turnover are bone-specific alkaline phosphatase for bone formation and
N-terminal telopeptide of collagen type I (NTx) for bone resorption. These
biomarkers are highly correlated with incidence of SREs and with response to
therapies, both bisphosphonates and Denosumab, a human monoclonal anti-
body that binds and neutralizes RANK ligand.

Analyses of Gene Expression in Primary Tumors and Metastases

By far the most exploited approach to molecular signatures of tumors involves
microarray analysis for differences in gene expression. Klein et al. [13] used
comparative genomic hybridization to show extensive heterogeneity among
single-cell micrometastases in bone marrow biopsies of patients with surgically
removed primary adenocarcinomas and, later, much less heterogeneity among
larger metastases. Their interpretation is that certain cells undergo additional
chromosomal rearrangements or mutations in their distant site and initiate a
new wave of micrometastases that have greater capability to colonize and grow
into clinically significant lesions. These metastases have a clonal origin and
much less heterogeneity.

Wu et al. [14] compared primary and metastatic breast cancer gene expres-
sion profiles in 10 patients with metastatic breast cancers, after postmortem
intervals of 1–4 hours. They constructed single-patient tissue microarrays from
the patients’ archived primary tumors and multiple different metastatic lesions
harvested at autopsy. They performed immunohistochemical labeling formulti-
ple biomarkers and analyzed methylation of multiple gene promoters. Exten-
sive heterogeneity was observed between the primary tumors and their paired
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metastatic lesions, as well as among multiple metastatic lesions from the same
patient. Estrogen and progesterone receptors tended to be uniformly down-
regulated in metastases. E-cadherin was downregulated in a subset of the
metastases of one case. Variable overexpression in metastatic compared with
the primary tumor was observed for cyclooxygenase-2 (five cases), epidermal
growth factor receptor (four cases), MET (four cases), and mesothelin (four
cases). No case strongly overexpressed HER-2/neu by immunohistochemistry,
but eight cases showed variable protein expression ranging from negative to
equivocal (2+) in different metastases. EGFR and MET overexpressions were
restricted to the four basal-type cancers. EGFR protein overexpression did not
correlate with EGFR gene amplification. Hypermethylation of promoters was
reported earlier by the same group [15] for RASSF1A, HIN-1, cyclin D2, Twist,
and RAR-beta in four breast cancer metastatic sites – lymph node, bone, lung,
and brain.

Clearly, there are differences between primary and metastatic tumors in the
same patient, with extensive heterogeneity across patients and within a single
patient. Reactivation of genes silenced by hypermethylation of their promoters
might be achieved with demethylating agents, histone deactylase inhibitors,
and/or differentiation-enhancing (like retinoids) agents.

The Oncomine Resource for Microarray Gene Expression

Data Sets

Thousands of large-scale DNAmicroarray experiments have been performed in
the past decade, yielding global quantitative profiles for various cancers.Micro-
array repositories such as GEO [16] and ArrayExpress [17] are now available,
enhanced by requirements of journals to deposit data before publication. For
example, Van’t Veer et al. [18], from microarray results on specimens from 117
breast cancer patients, generated a classifier that would identify patients who
needed adjuvant systemic therapy and patients who did not. The microarray
results also yielded patterns for ER-positive tumors and for BRCA-1 (heredi-
tary) breast cancers.

Oncomine 3.0 is a highly useful ‘‘meta-data’’ resource developed by Rhodes,
Chinnaiyan, and colleagues at the University of Michigan. It presents and
synthesizes the results of >18,000 cancer gene expression experiments and
embedded statistical and informatics tools to explore differences between
types of cancers, effects of various therapies, and differences between primary
and metastatic tumors [19]. There is automated analysis of the genes, pathways,
transcription factor binding sites, regulatory networks, and functional net-
works activated or repressed in these cancers. Oncomine version 1.0 was
released in 2003, version 2.0 in October 2004, and version 3.0 in 2007. Oncomine
has three general layers: data input, with annotation, curation, and standardi-
zation of the sample information; automated data analysis of cancer vs. normal,
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cancer vs. cancer, histologic subtype, grade, stage, molecular phenotypes and
targets, co-expression of genes, and prognosis/survival; and data visualization,
with heatmaps, boxplots, and other formats. Scalable vector graphics (SVG)
were adopted for visualizing gene expression data and analysis. Additional
methods now include molecular concepts mapping, interactome analysis,
enrichment analysis, meta-analysis, and cancer outlier profile analysis [20, 21].
It is important to note, given the large number of cross-comparisons, that
p values for statistical differences are corrected for multiple hypothesis testing.
The Molecular Concepts Maps utilize multiple existing data resources (Gene
Ontology, InterPro, Biocarta, KEGG, HPRD, Transfac) and the literature.

The usual first step with Oncomine is gene search, which yields a differential
activity map for that selected gene(s), a visual summary of all the tissues and
comparison of types of tumors in which that gene is differentially expressed,
with statistical significance at a level chosen by the user. After intermediate
analyses by tumor type, outliers due to heterogeneity, transcription factor
binding sites, or protein–protein interactions, we commonly now move to sets
of related genes captured as ‘‘molecular concepts,’’ such as pathways, processes,
and protein complexes.

Rhodes et al. [19] illustrated the utility of the cancer subtype profile method
by searching for differential expression of known therapeutic targets in meta-
static prostate cancer. Altogether 347 genes encoding proteins that have litera-
ture-defined inhibitors, antagonists, or blockers in the Therapeutic Target
Database were put through this filter. Two striking targets are PRKCZ (protein
kinase c, zeta), which is inhibited by bisindolylmaleimide I, and SHMT2 (serine
hydroxymethyltransferase 2, mitochondrial), which is inhibited by a plant
amino acid, mimosine (see [17], Fig. 3). Both show higher gene expression in
two or three independent data sets, in the order of metastatic > localized >
normal and benign prostate. This analysis generated suggestions of new classes
of drugs to try on prostate cancer cells and tumors. Comparing multiple data
sets in a meta-analysis reveals more robust findings, a way of overcoming the
known problem of high false-positive results in microarray studies.

A meta-analysis of the original 40 data sets in Oncomine 1.0 identified
potentially universal cancer signatures across cancer types relative to normal
tissues and for genes activated in poorly differentiated cancers vs. well-
differentiated cancers [22]. The strategy underlying such a meta-analysis with
large numbers of differentially expressed genes is to search the intersection of
observations across many data sets. The essential features should be enriched,
while the epiphenomena, batch or sample factors, and system-specific or cancer
type-specific features should be underrepresented. Such an analysis identified
common transcriptional mechanisms of dedifferentiation. A complementary
analysis could reveal genes different between similar tumors in different
patients or metastases in different organs from the same tumor in the same
patient (or animal). Meta-profiling of seven data sets for undifferentiated vs.
differentiated signatures yielded 69 genes with significantly differential expres-
sion in at least four of the seven data sets (vs. one expected by chance). Three
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genes unique to the undifferentiated signature have a known role in chromatin
remodeling and broad spectrum transcriptional regulation – the polycomb
group protein EZH2 and histone variant proteins H2AFX and H2AFZ,
which control euchromatin–heterochromatin transitions. EZH2 independently
was found to be notably overexpressed in metastatic prostate cancer, compared
with localized prostate cancer or benign tissue [23] and has been licensed as a
biomarker candidate for prognosis.

EZH2 is a critical component of a multiprotein complex that methylates
Lys27 of histone 3 (H3K27), leading to repression of target gene expression in
embryonic stem cells and probably cancer stem cells. EZH2 (enhancer of zeste
2), SUZ12 (suppressor of zeste 12), and EED (embryonic ectoderm develop-
ment) form the polycomb repressive complex 2 (PRC2), which specifically
trimethylates H3K27 on target gene promoters [24]. Such repression is asso-
ciated with poor prognosis [25]. Yu et al. [25] mapped genome-wide H3K27
methylation in aggressive, disseminated human prostate cancer tissues. They
reported a signature of 14 gene targets for polycomb repression in metastastic
tumors. Then, using the Oncomine and Molecular Concepts Maps, they found
the same signature, represented by H3K27me3-occupied promoters in 87 genes
with the most striking repression, in other metastatic solid tumors, including
breast and lung (lung data set from Garber et al. [26]). For example, in meta-
static prostate tumors, WNT2, CXCL12, and KRT17 were >100-fold
downregulated.

Finally, high-grade Gleason-score prostate cancers, compared with low
grade after laser microdissection of 101 cell populations, showed marked
enrichment (p<10–16) for an attenuated androgen signaling signature similar
to that for metastatic prostate cancer. There is a concomitant decrease in
protein synthesis [27]. The molecular concepts support a coherent model for
hormone-naı̈ve and hormone-refractory stages of metastatic prostate cancer.
Similar analyses could be done for metastatic lung cancers.

Special Analysis for Metastatic Lung Cancer Phenotypes Using

Oncomine

For this study, we utilized the Oncomine database resource (academic version:
http://www.oncomine.org) to explore and attempt to identify common path-
ways or genes which are over- or underexpressed in metastatic lung cancers
compared with the localized lung adenocarcinomas. These analyses are illus-
trative, not definitive, given our opportunistic use of data sets that were gener-
ated to ask other questions.

Oncomine utilizes the tumor and outcome data which are available from the
various published microarray experiments, supplemented by primary data
obtained directly from many of the investigators. For that reason, it is not
always feasible to find the data in the original papers that are presented and
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reanalyzed in Oncomine. Oncomine generates evidence of differential expres-

sion of genes whose expression signatures or protein products might serve as

potential biomarkers.
For demonstration purposes, we selected three studies which reported genes

that are differentially expressed in lung tumor samples:

(1) The Garber study [26] includes lung adenocarcinomas from primary resec-
tion (n=40, stage not identified in this paper) and lung adenocarcinoma
metastases to the lymph nodes (n=6). [The study also contained SCC
(n=5), large cell lung cancer (n=5), and small cell lung cancer (n=5),
which were not used in the expression comparison presented here.]

(2) The Beer study [28] contains results for 86 lung adenocarcinomas, primarily
comparing stage I with stage III. Oncomine obtained additional lymph
node status data to compare N0 (n=69) with N1 (n=2) + N2 (n=15).
N0 has none, while N1–3 represent increasing involvement of lobar, hilar,
and mediastinal lymph nodes, respectively.

(3) The Bhattacharjee study [29] similarly provided data in which lung adeno-
carcinomas could be divided intoN0 (n=69) vs. N1 (n=20), N2 (n=7), and
N3 (n=1).

When we performed a combined analysis on the Beer and Bhattacharjee

studies, there were approximately 100 genes overexpressed in both studies

(p<0.05). Then we combined with the Garber signatures for node metastases

vs. primary tumors and used a cutoff value of p<0.1 for genes overexpressed in

all three studies. The result is the list of 69 genes shown in Table 1.
To understand the mechanisms at a higher level rather than at a gene-by-

gene level, we explored the pathways involved to see if there were common

Table 1 Genes overexpressed (p<0.1) across the Beer and Bhattacharjee (lymph node status
N1–N3 vs. N0) and Garber data sets (lymph node metastasis vs. primary lung adenocarci-
noma). Genes were identified using the Oncomine meta-analysis feature to compare across
different data sets

Gene symbol Gene name

NKX3-1 NK3 homeobox 1

RPS6KB1 Ribosomal protein S6 kinase, 70 kDa, polypeptide 1

FEZ2 Fasciculation and elongation protein zeta 2 (zygin II)

IGF1R Insulin-like growth factor 1 receptor

MTHFD2 Methylenetetrahydrofolate dehydrogenase (NADP-dependent) 2,
methylenetetrahydrofolate cyclohydrolase

GIT2 G protein-coupled receptor kinase interactor 2

ETF1 Eukaryotic translation termination factor 1

PGK1 Phosphoglycerate kinase 1

NPC1 Niemann–Pick disease, type C1

NTRK2 Neurotrophic tyrosine kinase, receptor, type 2

SIAH1 Seven in absentia homolog 1 (Drosophila)

COX7B Cytochrome c oxidase subunit VIIb
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Table 1 (continued)

Gene symbol Gene name

CASR Calcium-sensing receptor (hypocalciuric hypercalcemia 1, severe neonatal
hyperparathyroidism)

AUH AU RNA-binding protein/enoyl-Coenzyme A hydratase

COX5A Cytochrome c oxidase subunit Va

EPB42 Erythrocyte membrane protein band 4.2

APC Adenomatosis polyposis coli

XPA Xeroderma pigmentosum, complementation group A

CEBPG CCAAT/enhancer-binding protein (C/EBP), gamma

S100A10 S100 calcium-binding protein A10

HSPE1 Heat shock 10 kDa protein 1 (chaperonin 10)

PAICS Phosphoribosylaminoimidazole carboxylase,
phosphoribosylaminoimidazole succinocarboxamide synthetase

USP14 Ubiquitin-specific peptidase 14 (tRNA-guanine transglycosylase)

AHDC1 AT hook, DNA-binding motif, containing 1

PARG Poly (ADP-ribose) glycohydrolase

CCR6 Chemokine (C–C motif) receptor 6

EEF1B2 Eukaryotic translation elongation factor 1 beta 2

VRK2 Vaccinia-related kinase 2

MARCKS Myristoylated alanine-rich protein kinase C substrate

CTRB1 Chymotrypsinogen B1

RRM1 Ribonucleotide reductase M1 polypeptide

FUBP3 Far upstream element (FUSE)-binding protein 3

EIF3A Eukaryotic translation initiation factor 3, subunit A

HINT1 Histidine triad nucleotide-binding protein 1

SLBP Stem-loop (histone)-binding protein

TNPO1 Transportin 1

SCAMP1 Secretory carrier membrane protein 1

KIAA0020 KIAA0020

CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2-associated dual specificity
phosphatase)

RAB2A RAB2A, member RAS oncogene family

HMGB1 High-mobility group box 1

NDUFB7 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 7, 18 kDa

TERF1 Telomeric repeat-binding factor (NIMA-interacting) 1

ATP5O ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit
(oligomycin sensitivity conferring protein)

PRDX2 Peroxiredoxin 2

NF1 Neurofibromin 1 (neurofibromatosis, von Recklinghausen disease, Watson
disease)

CDK6 Cyclin-dependent kinase 6

CGREF1 Cell growth regulator with EF-hand domain 1

OSTF1 Osteoclast stimulating factor 1

RAD23B RAD23 homolog B (Saccharomyces cerevisiae)

PSMB7 Proteasome (prosome, macropain) subunit, beta type, 7

NEK2 NIMA (never in mitosis gene a)-related kinase 2

TSN Translin

DST Dystonin
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pathways. We took the gene list from Table 1 and extracted protein interaction

data from the Michigan Molecular Interactions database (MiMI; http://

www.mimi.ncibi.org) [30]. Several of the proteins of those genes have been

shown to interact (Table 2); the pathways involved in these groups are clearly

related to cell proliferation and tumorigenesis.
We then used the MiMI database, MiMI plug-in (http://mimi.ncibi.org/

MimiWeb/MimiWebApplication.html), and Cytoscape visualization tool

(www.cytoscape.org) to identify the protein–protein interaction nearest

Table 1 (continued)

Gene symbol Gene name

CYP2E1 Cytochrome P450, family 2, subfamily E, polypeptide 1

SRP54 Signal recognition particle 54 kDa

ATXN3 Ataxin 3

GLRX Gglutaredoxin (thioltransferase)

ARL4A ADP-ribosylation factor-like 4A

AMPH Amphiphysin

BZW1 Basic leucine zipper and W2 domains 1

GAD1 Glutamate decarboxylase 1 (brain, 67 kDa)

PCCB Propionyl Coenzyme A carboxylase, beta polypeptide

SNRPD3 Small nuclear ribonucleoprotein D3 polypeptide 18 kDa

MPHOSPH9 M-phase phosphoprotein 9

FARSA Phenylalanyl-tRNA synthetase, alpha subunit

PSMA4 Proteasome (prosome, macropain) subunit, alpha type 4

SMS Spermine synthase

EFNB2 Ephrin-B2

Table 2 Protein–protein interactions among genes from Table 1. Extracted fromMiMI using
the MiMI plug-in for Cytoscape (with provenance indicated)

ATXN3, RAD23B, XPA RAD23B and XPA are both involved in DNA
excision/repair and are in an indirect complex
together [prov: Reactome]; ATXN3 in a mutant
form is found to bind RAD23B (affinity capture;
[prov: BIND, HPRD, and others)

COX5A, COX7B, ATP50,
NDUFB7, NTRK2, and PAICS

COX5A and 7B, ATP50, and NDUFB7 are primarily
involved in the oxidative phosphorylation pathway
(KEGG). NTRK2 and PAICS are both involved in
ATP binding and are neighboring reactions

PSMA4 and PSMB7 Part of the proteasome complex (macropain); directly
interact in that complex

APC and SIAH1 Wnt signaling pathway members involved in cell
adhesion (APC) and cell morphogenesis (SIAH1):
APC and Siah-1 mediate a novel beta-catenin
degradation pathway linking p53 activation to cell
cycle control [86], which may have particular
relevance in lung cancers
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neighbors for the 69 genes overexpressed in the Beer, Bhattacharjee, and
Garber studies. This produces a complicated graph of interactions among
1,365 nearest neighbors, which is too complex to interpret visually. However,
the MCODE module [31] in Cytoscape helps identify clusters of highly inter-
acting proteins. The top subclusters of highly connected proteins were grouped
into the following pathways: ribosomal structure/binding, oxidative phosphor-
ylation, proteasome/protein catabolism, GTPase activation/glutathione trans-
ferase, purine metabolism, urea cycle metabolism, Wnt signaling/adhesion,
ErbB signaling, ATP binding (cell cycle, differentiation, glycolysis), DNA
excision/repair, cell division/kinase signaling, and nucleotide metabolism.

We examined the 69 signature genes using the same method as [20] and
identified 1,192 protein-interacting nearest neighbors. We wanted to see if the
pathways involved were the same or similar, even though the specific genes were
different between the analyses. The top subclusters/pathways from the Rhodes
signature gene list were ribosomal structure, threonine metabolism, NTP bind-
ing/ATPase activation, cell cycle control/apoptosis, basal transcription, purine/
pyrimidine metabolism, urea cycle control, DNA excision/repair, MAPK signal-
ing (also Toll/Wnt), and ECM receptor interactions. Many of the major path-
ways are in common, and these are groups of proteins/pathways which would be
involved in cell proliferation (ribosomal proteins, cell cycle, cell division) and
invasive properties, cell remodeling and adaptation to a new microenvironment
(Wnt signaling, adhesion, proteasome, and protein catabolism).

These groups of pathways indicate that tumor progression may have a
common trend or pattern based on the requirements for overall metastasis. In
addition, specific signature subsets of genes may be unique to specific tumor
types. Alternatively, there may be many signatures for metastases (both genes
and overall pathways), reflecting the microenvironments at the site of metas-
tasis, combined with the inherent features of the primary tumors. A study by
Talbot et al. [32] showed that metastatic SCC tumors in the lung could be
classified based on their origin (tongue SCC, in this case), based on unique gene
expression from the site of origin. Initial comparison of the genes overexpressed
in this data set did not identify a large number of overexpressed genes in
common with our signature of 69 genes (data not shown).

These illustrative analyses may stimulate others to identify not only biomar-
kers but pathways important for diagnosis, stratification of patients, prognosis,
and therapeutic choices. There are many additional lung cancer data sets in
Oncomine for further analyses [32–48].

miRNAs as New Biomarkers for Lung Cancers

A whole additional layer of molecular expression has emerged with the dis-
covery in multiple organisms and in cancer cells of important roles for small
noncoding RNA molecules (microRNAs, miRNA), typically 22 nucleotides in
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length. Weiss et al. [49] examined EGFR regulation by microRNAs in lung
cancer, correlating clinical response and survival after gefitinib therapy with
EGFR expression in cell lines. Since allelic loss in chromosome 3p is one of the
most frequent and earliest genetic events in lung carcinogenesis, they focused on
microRNA-128b, which is located on chromosome 3p and is a putative reg-
ulator of epidermal growth factor receptor (EGFR). Loss of microRNA-128b
would be equivalent to losing a tumor suppressor gene because it would allow
increased expression of EGFR.

They tested microRNA-128b expression levels in non-small cell lung cancer
(NSCLC) cell lines by quantitative RT–PCR, genomic copy number by quan-
titative PCR, and mutations in the mature microRNA-128b by sequencing.
They determined whether microRNA-128b loss of heterozygosity (LOH) in
58 NSCLC patient samples correlated with response to gefitinib and evaluated
EGFR expression and mutation status. The evidence supports the view that
microRNA-128b directly regulates EGFR. MicroRNA-128b LOH was fre-
quent in tumor samples and correlated significantly with clinical response and
survival following gefitinib. However, EGFR expression and mutation status
did not correlate with survival outcome unrelated to therapy.

Each known miRNA has a large number of predicted targets. For example,
members of the let-7/miR-98 family are upregulated late in embryonic develop-
ment and downregulated early in carcinogenesis, indicating that let-7-regulated
oncofetal genes are reexpressed in cancer cells. Boyerinas et al. [50] identified
12 such genes, including HMGA2 and IMP-1/CRD-BP, which were confirmed
with proteomics as major miRNA targets involved in cell growth and motility.
IMP-1 is an RNA-binding protein that recognizes c-myc, IGF2, tau, FMR1,
semaphorin, beta-TrCP1 mRNAs, and H19 RNA and shields them from
degradation.

MicroRNA regulators of oncogenes could have far-reaching implications
for lung cancer patients through improving patient selection for targeted
agents, development of novel therapeutics, or as biomarkers of early or meta-
static disease.

Discovery of Protein Biomarkers Using Proteomics

There are many approaches to protein biomarkers. One can study individual
proteins or proteomic patterns in the tumor and in subcellular compartments,
like cell surface membranes, secretory pathways, and the nucleus. Proteins can be
analyzed in biofluids, ranging from bronchial lavage, sputum, and pleural effu-
sions to urine and cerebrospinal fluid. Then all sources point to the circulation,
where EDTA–plasma is the preferred sample [51] for proteomic analyses. The
challenge with plasma is the huge dynamic range of concentrations from albumin
at 40 mg/ml to cytokines and other molecules 1ng/ml (nanogram) or lower. The
most abundant proteins dominate most analyses, with albumin accounting for
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50% of the protein mass and the top 22 proteins accounting for 99% of protein
mass. Investigators may wish to focus on modifications of traditional plasma
proteins, like acute-phase reactants, or on proteins released from or secreted
from cancer cells. Extensive fractionation of the plasma specimen, including
antibody-based depletion of the most abundant proteins, enhances detection of
proteins of moderate to low concentration.

Proteomic Analyses of Lung Cancers and Biofluids

In a companion study to the Beer et al. [28] study of transcriptional profiles that
predict survival for patients with stage I lung adenocarcinoma, Chen et al. [52]
used quantitative two-dimensional polyacrylamide gel electrophoresis and
mass spectrometry to identify a total of 682 individual protein spots in 90
lung adenocarcinomas. A protein profile using the top 20 survival-associated
proteins identified by Cox modeling predicted survival among stage I patients
(p<0.01). Expression of 12 of the candidate proteins identified by mass spectro-
metry was confirmed with immunohistochemical analysis of tumor tissue
microarrays. Combined analysis of protein and mRNA data revealed upregu-
lation of 11 components of the glycolysis pathway associated with poor survi-
val, which is compatible with the ‘‘Warburg effect’’ of shift from Krebs cycle to
glycolysis [53]. Among these candidates, elevated levels of phosphoglycerate
kinase 1 in the serum were significantly correlated with poor outcome in an
independent validation set of 107 patients with lung adenocarcinomas using
ELISA analysis. These studies help explain why even stage I patients (according
to clinical, radiologic, and histologic criteria) have only moderate overall 5-year
survival.

A similar study was reported by Yanagisawa et al. [54]. MALDI mass
spectrometry was performed on 174 frozen-tissue specimens from resected
non-small cell lung cancers (NSCLC) and 27 specimens from normal lung
tissue, divided into a training set (116 cancers and 20 normals) and a test set
(58 tumors and 7 normals). Protein signals differentially associated with speci-
mens from patients who died within 5 years of surgery compared with those
alive with no symptoms of relapse after a mean of 89 months of follow-up were
selected with several statistical tests to yield a prognostic signature of 25 signals,
which was validated with the test set. The hazard ratio for death was 61 (CI
9–419, p<0.001) and for relapse was 12 (CI 3.1–44.8, p<0.001). A variety of
proteins identified with ion-trap mass spectrometry included ribosomal protein
L26-like 1, acylphosphatase, and phosphoprotein enriched in astrocytes 15.

Malignant pleural effusions of advanced lung adenocarcinomas are a useful
source of biomarkers of diagnosis and prognosis. Soltermann et al. [55] used a
powerful method for capture and analysis of N-glycosylated proteins in routine
cytology specimens, eliminating albumin and other non-glycosylated proteins.
They compared five patients with adenocarcinoma of the lung and five
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nonmalignant controls with triplicate analysis. A total of 170 and 278 nonredun-
dant proteins were detected, using threshold probabilities of p�0.9 and p�0.5,
respectively, and reaching down into the range of mcg to ng/ml concentration.
N-glycosylated proteins associated with tumor progression or metastasis
included CA-125, CD44, CD166, lysosome-associated membrane glycoprotein
2 (LAMP-2), multimerin 2, and periostin. Validation with antibodies was per-
formed on the effusion fluid and the tumor tissue. Lung-specific proteins such as
tracheobronchial mucin 5B, surfactant protein A, and thyroid transcription
factor 1 were also identified. These findings of the N-glycosylated protein sub-
proteome partly overlap the proteins identified by Tyan et al. [56], using a global
proteomic tandemMS/MS method.

A panel of immunohistochemical markers has been pursued to meet the need
to differentiate primary vs. metastatic carcinoma in the lung [57]. The thyroid
transcription factor 1 mentioned above is a tissue-specific nuclear protein with
DNA-binding activity, a member of the 40 kDa NKx2 family of homeodomain
transcription factors. In normal lung, it regulates expression of surfactant pro-
teins and Clara cell secretory protein genes. It is highly specific for thyroid and
lung. Napsin A is an aspartic proteinase expressed normally in lysosomes of type
II pneumocytes and alveolar macrophages and also in proximal and convoluted
tubules of the kidney. Napsin A has been strongly positive in up to 80% of
primary lung adenocarcinomas but is negative in poorly differentiated cancers, as
well as in squamous and small cell carcinomas of the lung. Not many other
proteins show much promise at present. For example, surfactant proteins A and
B turned out to be stained in only 63% of primary lung carcinomas and then in
46%ofmetastatic carcinomas, especially primary breast cancers. Enteric types of
lung adenocarcinomas tend to aberrantly express colonic-type biomarkers, such
as CDX-2, cytokeratin CK20, and MUC3, while losing expression of TTF-1,
surfactant proteins, and napsin. Cytokeratin CK7may be usefully positive, since
it is negative in primary colon cancers.

Pleural mesotheliomas also have been analyzed for biomarkers of prognosis.
Mesotheliomas often have complex chromosomal rearrangements, including
losses of chromosome 10, which was a clue for analysis of PTEN, the tumor
suppressor gene phosphatase and tensin homolog at 10p23. Opitz et al. [58]
prepared tissue microarrays from 341 mesothelioma cases and performed immu-
nohistochemistrywith amonoclonalmouse anti-PTENantibody, scoring expres-
sion semi-quantitatively as negative, weak, moderate, and strong. Survival time
was correlated to PTEN expression in 126 cases with complete follow-up data.
Comparing any PTEN expression with no expression, median survival time was
significantly longer (log rank test p=0.0001) in patients with PTEN (15.5months
vs. 9.7 months). Cox regression analysis demonstrated an association between
PTEN expression and survival (p=0.003) independent of histologic subtype
(p=–0.7). Loss of PTEN implies activation of the PI3K-AKT/protein kinase B
pathway, which thereby becomes a target for therapy.

Carbone, Caprioli, and colleagues at Vanderbilt University have pursued a
unique path to biomarkers of lung cancers, using direct MALDI-TOF mass
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spectrometry (MS) on lung tumor specimens and sera [59–62]. For example,
Rahman et al. [59] obtained MS profiles from 10-mm sections of fresh-frozen
tissue samples: 25 normal lung, 29 normal bronchial epithelium, and 20 preinva-
sive and 36 invasive lung tumor tissue samples from 53 patients. They found a
specific proteomic profile that allows an overall predictive accuracy of over 90%
of normal, preinvasive, and invasive lung tissues. The proteomic profiles of these
tissues were distinct from each other within a disease continuum. They trained
their prediction model in a previously published data set and tested it in a new
blinded test set to reach an overall 74% accuracy in classifying tumors vs. normal
tissues.Amann et al. [60] developed amethod compatiblewithMALDI-TOFMS
to facilitate selective analysis of cancer cells inmixed clinical samples such as fine-
needle aspirates. Taguchi et al. [61] developed and tested the ability of a predictive
algorithm based on MALDI-MS analysis of pretreatment serum to identify
patients who are likely to benefit from treatment with EGFR tyrosine kinase
inhibitors. An algorithm developed from a training set of 139 patients from three
cohorts was tested in two independent validation cohorts of 67 and 96 patients
who were treated with gefitinib and erlotinib, respectively, and in three control
cohorts of patients who were not treated with EGFR TKIs to analyze clinical
outcomes of survival and time to progression. The algorithm based on just eight
distinct m/z features identified patients who showed improved outcomes after
EGFRTKI treatment. In one cohort,median survival of patients in the predicted
‘‘good’’ and ‘‘poor’’ groups was 207 and 92 days, respectively (hazard ratio [HR]
of death in the good vs. poor groups = 0.50, 95% confidence interval [CI] =
0.24–0.78). In the other cohort, median survivals were 306 vs. 107 days (HR =
0.41, 95% CI = 0.17–0.63). The classifier did not predict outcomes in patients
who did not receive EGFR TKI treatment. Such a method may assist in the
stratification and selection of appropriate subgroups of NSCLC patients for
treatment with EGFR TKIs. Finally, Yildiz et al. [62] used the MALDI-MS
analysis of the most abundant peptides in unfractionated serum to distinguish
lung cancer cases from matched controls. A serum proteomic signature of seven
features in the training set reached an overall accuracy of 78%, sensitivity 67%,
and specificity 89%. In the blinded test set, this signature gave overall accuracy of
73%, sensitivity just 58%, and specificity 86%. The serum signature was asso-
ciated with the diagnosis of lung cancer independently of gender, smoking status,
smoking pack-years, and C-reactive protein levels. Three discriminatory features
were identified as members of a cluster of truncated forms of serum amyloid A
(see also Gao et al. [63]).

Proteomics Analyses of Serum from Patients with Lung Cancers

Serum samples from lung cancer patients have been analyzed using a method of
very limited power and reliability, called surface-enhanced laser desorption/
ionization (SELDI) time-of-flight mass spectrometry [64]. Protein peak
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identification (mass/charge ratio) and clustering were performed on proteomic
spectra for sera from 89 patients and 68 age- and sex-matched healthy controls
as a training set and then for sera from 62 patients and 34 controls as a test set.
The software identified only 48 mass speaks per spectrum; three peaks were
used to construct a classification tree, which was reported to separate patients
from controls with sensitivity of 91% and specificity of 97% and then 89% and
91% in the test set. The marker pattern outperformed immunoassays of
Cyfra21-1 and carcinoembryonic antigen. This method based on patterns lack-
ing protein identifications has lost standing as instrumentation for extensive
identification of proteins in the proteome has become widely available.

A different glycoprotein capture method using multiple lectins to bind the
proteins during affinity chromatography has been applied to sera from patients
with lung adenocarcinoma. Heo et al. [65] isolated glycoproteins from three
patients and three healthy individuals, treated with peptide-N-glycosidase F,
digested in-gel with trypsin, and analyzed tryptic peptides with ESI-MS/MS
and bioinformatics tools. A total of 148 glycoproteins were detected and
identified among the 3 cancer patient sera and 132 glycoproteins in the normal
sera. Of 99 proteins detected in all 3 cancer patients, they identified 38 with 1.5-
fold higher peptide hit numbers in sera from patients; 6 were immunoglobulins, 1
hemoglobin, 8 high-abundance proteins such as haptoglobin, inter-alpha-trypsin
inhibitor heavy chain 4, complement C3 precursor, and leucine-rich alpha-2
glycoprotein, and 23 (60%) previously reported as low abundance proteins in
human sera. Plasma kallikrein (KLKB1) and inter-alpha-trypsin heavy chain 3
were increased in the cancer patient sera and confirmed byWestern blot analysis.
An 18 kDa plasma kallikrein protein fragment was detected at high levels in 25 of
28 patient sera vs. weakly detectable in only 1 of 8 normals. S100A-8/calgranulin
A was another promising cancer-associated protein. Relying on just three
patients and three controls for the discovery phase reveals the laborious nature
of discovery phase proteomics and the limitations of the conclusions. Several of
the relatively abundant cancer-associated proteins had been reported previously
using 2D gel electrophoresis and MALDI-TOF analyses [66, 67].

Serum Protein Profiles Associated with Lung Cancers Involving

Detection of Abundant Proteins with Antibody Microarrays

As noted above, tissue- or tumor-derived proteins are often difficult to detect in
the circulation, especially with direct mass spectrometric profiling, due the
limited sensitivity, difficulty in proving the identification of the proteins, and
very low throughput. A complementary, quite feasible approach is the quanti-
tation of highly abundant serum or plasma proteins associated with the host
response to disease, such as serum amyloid A, haptoglobin, alpha-1 anti-tryp-
sin, and C-reactive protein. Gao et al. [63] used antibody microarrays with 84
antibodies specific for a wide range of serum proteins, spotted on nitrocellulose-
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coatedmicroscope slides. The slides were exposed to serum from various groups
of patients and controls, and immunoreactivity was quantified using two-color
rolling-circle amplification. Among 24 newly diagnosed individuals with lung
cancers, 24 healthy controls, and 32 patients with chronic obstructive pulmon-
ary disease, 7 proteins gave a significant difference for the lung cancer patients
as compared to either healthy controls or COPD patients. Higher abundances
were found for C-reactive protein (CRP), increased 13-fold; serum amyloid A
(SAA), increased 2.0-fold; and mucin 1 (MUC1) and alpha-1 anti-trypsin
(AAT), each increased 1.4-fold. At a cutoff where all 56 of the nontumor
samples were correctly classified, 15/24 lung cancer patients were correctly
identified. There was no striking correlation with adenocarcinoma, squamous
cell, or small cell histology. These patients were not subclassified into localized
vs. metastatic, but such studies could readily be performed. With appropriate
antibodies, much less abundant proteins could be assayed with the same
approach.

The MUC1 protein is known to be aberrantly expressed on many solid
tumor cancers. In contrast to its apical clustering on healthy epithelial cells, it
is uniformly distributed over cancer cells. Mahanta et al. [68] reported that a
membrane-bound MUC1 cleavage product, MUC1*, is the predominant form
of the protein on cultured cancer cells and on cancerous tissues. Furthermore,
transfection of a minimal fragment of MUC1, containing 45 amino acids of the
extracellular domain, is sufficient to confer the full oncogenic activities of the
full-length protein. Dimerization of the extracellular domain of MUC1* acti-
vates the MAP kinase signaling cascade and stimulates cell growth.

Using the Immune System’s Production of Autoantibodies as a Form

of Biological Amplification

Instead of searching for circulating tumor-associated proteins, an attractive
option is to screen for autoantibodies against such tumor-associated proteins.
Consider the remarkable impact of polymerase chain reaction (PCR) amplifica-
tion of very low concentrations of DNA or RNA in nucleic acid studies. There is
no in vitro counterpart for proteins. However, the body has its own biological
amplification method for protein signals, namely the highly specific immune
response with autoantibodies against one’s own proteins. In general, these auto-
antibodies circulate at a concentration on the order of 1,000 times that of the
protein antigen. Combining this approach with proteomic analyses permits
detection of proteins with their native posttranslational modifications, which
are often critical for their biological functions and their antigenicity [69, 70].

Hanash and colleagues [70] reported use of 2D polyacrylamide gel electro-
phoresis of A549 lung adenocarcinoma cell lysates, followed by Western blot-
ting with serum specimens from patients and controls. Annexins I and II and
UCHL3 (PGP9.5) (a ubiquitin lyase) were reported to have autoantibodies in
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the sera of lung cancer patients (one or more of these three) in about 60% of
cases, with no such reactivity in healthy controls or patients with most other
cancers (except esophageal CA) [71] [72]. Pereira-Faca et al. [73] extended this
approach to 14-3-3-theta. Recently, Qiu et al. [74] tested pre-diagnostic sera from
participants in the Beta-Carotene and Retinol Efficacy Trial [75] using exten-
sively fractionated A549 lysates (1824 fractions). They found autoantibodies to
annexin I, to 14-3-3 theta, and to LAMR1 in sera from patients up to 12 months
before their diagnosis. PGP9.5 autoantibodies were not detected among these
85 patients and 85 controls.

Another method for detection of autoantibodies employs phage display.
Tomlins et al. [21] published a 22-epitope panel for sera from prostate cancer
patients with AUC characteristics far superior to prostate-specific antigen.
Using the same approach, Chen et al. reported a (different) 22-epitope panel
as highly discriminating for lung cancer from patient sera; the most interesting
protein identified is ubiquilin-1 [76]. These epitope panels so far include only a
few specifically identified proteins and are produced in batch methods, which
introduce some challenges in reproducibility.

Proteomics Analysis of the Epithelial–Mesenchymal Transition

(EMT) in Lung Adenocarcinoma Cells, an In Vitro Model

for Metastasis

One path to understanding the nature and variability of metastases is to analyze
the changes in gene and protein expression that occur during the epithelial–
mesenchymal transition or invasion–metastasis cascade. Gene expression and
protein expression changes in EMT are becoming well established, starting with
distinctive loss of E-cadherin, which immobilizes cells in epithelial layers, gain
of vimentin and N-cadherin, which favor cell motility, and release of matrix
metalloproteinases by inflammatory cells, macrophages, and fibroblasts in the
stroma. E-cadherin is particularly salient in this process, since advanced tumors
in many sites have loss of E-cadherin activity, through a variety of different
types of mutations, and restoration of E-cadherin activity with an expression
vector can suppress the invasiveness and metastasis of these cancer cells [6].
Using iTRAQ labeling (isobaric tags for relative and absolute quantitation),
tandem mass spectrometry, and MetaCore network analysis software for pro-
teomics data, Keshamouni et al. [77,78] revealed a network of genes and
proteins important to cytoskeletal function. The moesin–ezrin–radixin com-
plex, integrin-beta1, Hsp27, tropomyosins, cofilin, filamins A,B,C, 14-3-3 zeta,
and transglutaminase2 were all upregulated by TGF-beta-induced EMT in
A549 human lung adenocarcinoma cells in vitro. Downregulated proteins
were primarily enzymes involved in regulating nutrient or drug metabolism.
This work has been extended with complementary methods, including iTRAQ
time-course experiments (Keshamouni et al., 2009) and stable isotope labeling
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with amino acids in cultured cells (SILAC) and fluorescent differential in-gel
electrophoresis (DIGE) (Keshamouni et al., unpublished), which readily show
upregulation of vimentin, which was not detected for some reason with iTRAQ
(see Chapter 6 by Moustakas and Keshamouni for details about EMT).

Tumor-associated stroma produces TGF-beta; maintenance of TGF-beta
signaling through a positive-feedback loop appears to be important in many
epithelial cancers, often in association with ras mutations. The molecular signa-
ture for EMT in these lung adenocarcinoma cells shows no overlap with the
Oncomine molecular signatures for transcripts shown in Tables 1 and 2 (above),
consistent with the interpretation that EMT is a transitional state before the
establishment of a stable metastatic phenotype. EMT, meanwhile, is a reversible
process, meaning that some or many of the features may disappear in the
metastatic lesion. The high importance of the primary tumor microenvironment
strongly suggests analogous critical roles for the microenvironments of micro-
metastases. Clearly the malignant phenotypes of cancer cells are not specified
solely by the genomes and proteomes of the neoplastic cells.

Use of Genetically Engineered Mouse Models of Specific Human

Cancers

The National Cancer Institute has supported a major program to generate
strains of mice with the precise primary molecular lesions of specific human
cancers, such as Her2/neu amplification in breast cancer, Kras G12D activation
and Ink4A/Arf deletion in pancreatic cancer, Kras activation and PTEN dele-
tion in ovarian cancer, and Kras activation and p53 deletion in lung cancer
[http://emice.nci.nih.gov/mouse_models/]. Plasma specimens from the tumor-
prone and tumor-bearing mice were compared with plasma specimens from the
wild-type mice, using extensive fractionation, labeling, and proteomic analyses
with advanced instruments. The findings are beginning to appear, including
breast [79] and pancreas [80]. In each case, numerous cancer-associated proteins
were identified in plasma; these are a basis for searching for the homologous
proteins in patients with the homologous cancers. For example, Faca et al. [80]
identified 1,442 proteins distributed across 7 orders of magnitude of abundance
in plasma and showed differences between pancreatic tumor-bearing mice and
wild-type mice for 165 proteins, of which 45 were less abundant with human
orthologs. A set of three proteins (PTTGF, TNFRSF1, and ALCAM) gave
good discrimination on immunohistochemistry and a set of nine proteins
(ALCAM, ICAM1, LCN2, TNFRSF1A, TIMP1, REG1A, REG3, WFDC2,
and IGFBP4) gave good discrimination on ELISA between newly diagnosed
patients with pancreatic cancer and healthy or pancreatitis controls. A panel of
five proteins selected on the basis of their increased level at an early stage of
tumor development in the mouse (LCN2, TIMP1, REG1A, REG3, and
IGFBP4) was tested in a blinded study in 26 humans at high risk for lung cancer
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(long-time smokers and former smokers, plus asbestos-exposed workers) from
the CARET (Carotene and Retinol Efficacy Trial) cohort [75]. The panel
discriminated pancreatic cancer cases from matched controls in pre-diagnostic
blood specimens obtained between 7 and 13months prior to the development of
symptoms and clinical diagnosis of pancreatic cancer. Corresponding studies
are pending on the lung cancer models.

Finally, we have initiated a novel method to detect alternative splice isoforms
of proteins [81]. MS/MS spectra are interrogated for novel splice isoforms using
a nonredundant database containing an exhaustive three-frame translation of
Ensembl transcripts and gene models from ECgene. The integrated analyses
combining Trans Proteomic Pipeline (TPP) and Michigan Peptide to Protein
Integration (MPPI) have identified both known isoforms and novel isoforms
not previously noted in the gene and protein databases [82]. Work is in progress
on the lung cancer data sets.

Conclusion

Emerging knowledge about the many features of metastasis offers numerous
possibilities for discovery and exploitation of diagnostic and prognostic bio-
markers and targets for therapy. A systems biology approach that encompasses
differential expression of mRNAs (gene expression), microRNAs (gene regula-
tors), and proteins and metabolites [83] in primary and metastatic tumors, in
proximal biofluids, and in the blood plasma generates potentially complemen-
tary molecular signatures. We have illustrated the use of Oncomine and Mole-
cular ConceptsMaps and biological amplification of tumor protein signals with
immune responses that produce autoantibodies in relation to lung cancers.

We have taken a systems biology approach to biomarker discovery, starting
with mRNA transcripts in tumors and cultured cells to detect mRNA over-
expression, some of which will be correlated with protein overexpression. Some
of those proteins may be secreted or released into proximal biofluids and reach
the circulation. Detection of low-abundance tumor proteins in the complex and
dynamic mixture that is plasma requires combinations of increasingly powerful
technologies. The biological amplification of protein signals through the
immune system offers autoantibodies against tumor-associated proteins or
protein fragments as potential biomarkers. Higher abundance proteins, includ-
ing acute-phase reactants, may have practical value, especially if the proteins
are structurally modified as part of the cancer processes, by protease action or
glycosylation, for example. Promising biomarker candidates must be confirmed
in the same lab and then in independent laboratories. Then they must be
subjected to higher throughput methods, either multiplex ELISA or multiple
reaction monitoring, a mass spectrometric method for identifying and quanti-
fying unique peptides for targeted proteins [84]. These methods are practical for
large-scale validation studies to establish sensitivity, specificity, and predictive
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value in both screening and prognostic scenarios. Standardized operating

procedures for specimen handling, design and use of reference standards [85],

care to avoid bias and confounding, and guidelines for reporting findings and

contributing data sets should enhance the prospects for predictive profiling of

people at risk for cancers and of patients at risk for metastasis.

Acknowledgments This work was supported by grants MEDC 687, NIH U54 DA02159, and
SAIC/NCI 23X110A. We thank Denise Taylor-Moon for expert assistance with the
manuscript.

References

1. Omenn,G.S. Strategies for plasma proteomic profiling of cancers. Proteomics 6: 5662–73,
2006.

2. Henschke, C.I., D.F. Yankelevitz, D.M. Libby, M.W. Pasmantier, J.P. Smith, and O.S.
Miettinen. Survival of patients with stage I lung cancer detected on CT screening. N Engl
J Med 355: 1763–71, 2006.

3. Omenn, G.S. Human lung cancer chemoprevention strategies: Parker B. Francis lecture.
Chest 125: 123S–7S, 2004.

4. Sporn, M.B. The war on cancer. Lancet 347: 1377–81, 1996.
5. Hanahan, D. and R.A. Weinberg. The hallmarks of cancer. Cell 100: 57–70, 2000.
6. Weinberg, R.A. Moving out: invasion and metastasis, in The Biology of Cancer

(New York: Garland Science, Taylor & Francis Group, 2006). Chapter 14, 587–654.
7. Padua, D., X.H. Zhang, Q.Wang, C. Nadal,W.L. Gerald, R.R. Gomis, and J.Massague.

TGFbeta primes breast tumors for lung metastasis seeding through angiopoietin-like 4.
Cell 133: 66–77, 2008.

8. Dvorak, H.F., M. Detmar, K.P. Claffey, J.A. Nagy, L. van de Water, and D.R. Senger.
Vascular permeability factor/vascular endothelial growth factor: an important mediator
of angiogenesis in malignancy and inflammation. Int Arch Allergy Immunol 107: 233–5,
1995.

9. Naumov, G.N., I.C. MacDonald, P.M.Weinmeister, N. Kerkvliet, K.V. Nadkarni, S.M.
Wilson, V.L.Morris, A.C. Groom, and A.F. Chambers. Persistence of solitary mammary
carcinoma cells in a secondary site: a possible contributor to dormancy. Cancer Res 62:
2162–8, 2002.

10. Simonson, A.B. and J.E. Schnitzer. Vascular proteomic mapping in vivo. J Thromb
Haemost 5 Suppl 1: 183–7, 2007.

11. Murphy, E.A., B.K. Majeti, L.A. Barnes, M. Makale, S.M. Weis, K. Lutu-Fuga, W.
Wrasidlo, and D.A. Cheresh. Nanoparticle-mediated drug delivery to tumor vasculature
suppresses metastasis. Proc Natl Acad Sci USA 105: 9343–8, 2008.

12. Kosteva, J. and C. Langer. The changing landscape of the medical management of
skeletal metastases in nonsmall cell lung cancer. Curr Opin Oncol 20: 155–61, 2008.

13. Klein, C.A., T.J. Blankenstein, O. Schmidt-Kittler, M. Petronio, B. Polzer, N.H. Stoecklein,
and G. Riethmuller. Genetic heterogeneity of single disseminated tumour cells in minimal
residual cancer. Lancet 360: 683–9, 2002.

14. Wu, J.M., M.J. Fackler, M.K. Halushka, D.W. Molavi, M.E. Taylor, W.W. Teo, C.
Griffin, J. Fetting, N.E. Davidson, A.M. De Marzo, J.L. Hicks, D. Chitale, M. Ladanyi,
S. Sukumar, and P. Argani. Heterogeneity of breast cancer metastases: comparison of
therapeutic target expression and promoter methylation between primary tumors and
their multifocal metastases. Clin Cancer Res 14: 1938–46, 2008.

Biomarker Discovery for Metastatic Disease 309



15. Mehrotra, J., M. Vali, M.McVeigh, S.L. Kominsky, M.J. Fackler, J. Lahti-Domenici, K.
Polyak, N. Sacchi, E. Garrett-Mayer, P. Argani, and S. Sukumar. Very high frequency of
hypermethylated genes in breast cancer metastasis to the bone, brain, and lung. Clin
Cancer Res 10: 3104–9, 2004.

16. Barrett, T., T.O. Suzek, D.B. Troup, S.E.Wilhite, W.C. Ngau, P. Ledoux, D. Rudnev, A.
E. Lash, W. Fujibuchi, and R. Edgar. NCBI GEO: mining millions of expression profiles
– database and tools. Nucleic Acids Res 33: D562–6, 2005.

17. Parkinson, H., U. Sarkans, M. Shojatalab, N. Abeygunawardena, S. Contrino, R.
Coulson, A. Farne, G.G. Lara, E. Holloway, M. Kapushesky, P. Lilja, G. Mukherjee,
A. Oezcimen, T. Rayner, P. Rocca-Serra, A. Sharma, S. Sansone, and A. Brazma.
ArrayExpress – a public repository for microarray gene expression data at the EBI.
Nucleic Acids Res 33: D553–5, 2005.

18. van ’t Veer, L.J., H. Dai, M.J. van de Vijver, Y.D. He, A.A. Hart, M. Mao, H.L. Peterse,
K. van der Kooy, M.J. Marton, A.T. Witteveen, G.J. Schreiber, R.M. Kerkhoven, C.
Roberts, P.S. Linsley, R. Bernards, and S.H. Friend. Gene expression profiling predicts
clinical outcome of breast cancer. Nature 415: 530–6, 2002.

19. Rhodes, D.R., S. Kalyana-Sundaram, V. Mahavisno, R. Varambally, J. Yu, B.B. Briggs,
T.R. Barrette, M.J. Anstet, C. Kincead-Beal, P. Kulkarni, S. Varambally, D. Ghosh, and
A.M. Chinnaiyan. Oncomine 3.0: genes, pathways, and networks in a collection of 18,000
cancer gene expression profiles. Neoplasia 9: 166–80, 2007.

20. Rhodes, D.R. and A.M. Chinnaiyan. Integrative analysis of the cancer transcriptome.
Nat Genet 37 Suppl: S31–7, 2005.

21. Tomlins, S.A., D.R. Rhodes, S. Perner, S.M. Dhanasekaran, R. Mehra, X.W. Sun, S.
Varambally, X. Cao, J. Tchinda, R. Kuefer, C. Lee, J.E. Montie, R.B. Shah, K.J. Pienta,
M.A. Rubin, and A.M. Chinnaiyan. Recurrent fusion of TMPRSS2 and ETS transcrip-
tion factor genes in prostate cancer. Science 310: 644–8, 2005.

22. Rhodes, D.R., J. Yu, K. Shanker, N. Deshpande, R. Varambally, D. Ghosh, T. Barrette,
A. Pandey, and A.M. Chinnaiyan. Large-scale meta-analysis of cancer microarray data
identifies common transcriptional profiles of neoplastic transformation and progression.
Proc Natl Acad Sci USA 101: 9309–14, 2004.

23. Varambally, S., S.M. Dhanasekaran, M. Zhou, T.R. Barrette, C. Kumar-Sinha, M.G.
Sanda,D.Ghosh,K.J. Pienta, R.G. Sewalt, A.P. Otte,M.A. Rubin, andA.M.Chinnaiyan.
The polycomb group protein EZH2 is involved in progression of prostate cancer. Nature
419: 624–9, 2002.

24. Kirmizis, A., S.M. Bartley, A. Kuzmichev, R. Margueron, D. Reinberg, R. Green, and
P.J. Farnham. Silencing of human polycomb target genes is associated with methylation
of histone H3 Lys 27. Genes Dev 18: 1592–605, 2004.

25. Yu, J., D.R. Rhodes, S.A. Tomlins, X. Cao, G. Chen, R. Mehra, X. Wang, D. Ghosh, R.
B. Shah, S. Varambally, K.J. Pienta, and A.M. Chinnaiyan. A polycomb repression
signature in metastatic prostate cancer predicts cancer outcome. Cancer Res 67:
10657–63, 2007.

26. Garber, M.E., O.G. Troyanskaya, K. Schluens, S. Petersen, Z. Thaesler, M. Pacyna-
Gengelbach, M. van de Rijn, G.D. Rosen, C.M. Perou, R.I. Whyte, R.B. Altman, P.O.
Brown, D. Botstein, and I. Petersen. Diversity of gene expression in adenocarcinoma of
the lung. Proc Natl Acad Sci USA 98: 13784–9, 2001.

27. Tomlins, S.A., R. Mehra, D.R. Rhodes, X. Cao, L. Wang, S.M. Dhanasekaran,
S. Kalyana-Sundaram, J.T.Wei,M.A. Rubin, K.J. Pienta, R.B. Shah, andA.M. Chinnaiyan.
Integrative molecular concept modeling of prostate cancer progression. Nat Genet 39: 41–51,
2007.

28. Beer, D.G., S.L. Kardia, C.C. Huang, T.J. Giordano, A.M. Levin, D.E.Misek, L. Lin, G.
Chen, T.G. Gharib, D.G. Thomas, M.L. Lizyness, R. Kuick, S. Hayasaka, J.M. Taylor,
M.D. Iannettoni, M.B. Orringer, and S. Hanash. Gene-expression profiles predict survi-
val of patients with lung adenocarcinoma. Nat Med 8: 816–24, 2002.

310 G.S. Omenn and J.D. Cavalcoli



29. Bhattacharjee, A., W.G. Richards, J. Staunton, C. Li, S. Monti, P. Vasa, C. Ladd, J.
Beheshti, R. Bueno, M. Gillette, M. Loda, G. Weber, E.J. Mark, E.S. Lander, W. Wong,
B.E. Johnson, T.R. Golub, D.J. Sugarbaker, and M. Meyerson. Classification of human
lung carcinomas by mRNA expression profiling reveals distinct adenocarcinoma sub-
classes. Proc Natl Acad Sci USA 98: 13790–5, 2001.

30. Jayapandian, M., A. Chapman, V.G. Tarcea, C. Yu, A. Elkiss, A. Ianni, B. Liu, A.
Nandi, C. Santos, P. Andrews, B. Athey, D. States, and H.V. Jagadish. Michigan
Molecular Interactions (MiMI): putting the jigsaw puzzle together. Nucleic Acids Res
35: D566–71, 2007.

31. Bader, G.D. and C.W. Hogue. An automated method for finding molecular complexes in
large protein interaction networks. BMC Bioinformatics 4: 2, 2003.

32. Talbot, S.G., C. Estilo, E. Maghami, I.S. Sarkaria, D.K. Pham, P. Oc, N.D. Socci, I.
Ngai, D. Carlson, R. Ghossein, A. Viale, B.J. Park, V.W. Rusch, and B. Singh. Gene
expression profiling allows distinction between primary and metastatic squamous cell
carcinomas in the lung. Cancer Res 65: 3063–71, 2005.

33. Bild, A.H., G. Yao, J.T. Chang, Q.Wang, A. Potti, D. Chasse, M.B. Joshi, D. Harpole, J.
M. Lancaster, A. Berchuck, J.A. Olson, Jr., J.R.Marks, H.K. Dressman,M.West, and J.
R. Nevins. Oncogenic pathway signatures in human cancers as a guide to targeted
therapies. Nature 439: 353–7, 2006.

34. Bittner, M. A window on the dynamics of biological switches. Nat Biotechnol 23: 183–4,
2005.

35. Chen, H.Y., S.L. Yu, C.H. Chen, G.C. Chang, C.Y. Chen, A. Yuan, C.L. Cheng, C.H.
Wang, H.J. Terng, S.F. Kao, W.K. Chan, H.N. Li, C.C. Liu, S. Singh, W.J. Chen, J.J.
Chen, and P.C. Yang. A five-gene signature and clinical outcome in non-small-cell lung
cancer. N Engl J Med 356: 11–20, 2007.

36. Gordon, G.J., R.V. Jensen, L.L. Hsiao, S.R. Gullans, J.E. Blumenstock, S. Ramaswamy,
W.G. Richards, D.J. Sugarbaker, and R. Bueno. Translation of microarray data into
clinically relevant cancer diagnostic tests using gene expression ratios in lung cancer and
mesothelioma. Cancer Res 62: 4963–7, 2002.

37. Larsen, J.E., S.J. Pavey, L.H. Passmore, R. Bowman, B.E. Clarke, N.K. Hayward, and
K.M. Fong. Expression profiling defines a recurrence signature in lung squamous cell
carcinoma. Carcinogenesis 28: 760–6, 2007.

38. Minn, A.J., G.P. Gupta, P.M. Siegel, P.D. Bos,W. Shu, D.D. Giri, A. Viale, A.B. Olshen,
W.L. Gerald, and J. Massague. Genes that mediate breast cancer metastasis to lung.
Nature 436: 518–24, 2005.

39. Nielsen, T.O., R.B.West, S.C. Linn, O. Alter, M.A. Knowling, J.X. O’Connell, S. Zhu,M.
Fero, G. Sherlock, J.R. Pollack, P.O. Brown, D. Botstein, and M. van de Rijn. Molecular
characterisation of soft tissue tumours: a gene expression study. Lancet 359: 1301–7, 2002.

40. Powell, C.A., A. Spira, A.Derti, C.DeLisi, G. Liu, A. Borczuk, S. Busch, S. Sahasrabudhe,
Y. Chen, D. Sugarbaker, R. Bueno, W.G. Richards, and J.S. Brody. Gene expression in
lung adenocarcinomas of smokers and nonsmokers. Am JRespir CellMol Biol 29: 157–62,
2003.

41. Ramaswamy, S., P. Tamayo, R. Rifkin, S. Mukherjee, C.H. Yeang, M. Angelo, C. Ladd,
M. Reich, E. Latulippe, J.P. Mesirov, T. Poggio, W. Gerald, M. Loda, E.S. Lander, and
T.R. Golub. Multiclass cancer diagnosis using tumor gene expression signatures. Proc
Natl Acad Sci USA 98: 15149–54, 2001.

42. Raponi, M., Y. Zhang, J. Yu, G. Chen, G. Lee, J.M. Taylor, J. Macdonald, D. Thomas,
C. Moskaluk, Y. Wang, and D.G. Beer. Gene expression signatures for predicting
prognosis of squamous cell and adenocarcinomas of the lung. Cancer Res 66: 7466–72,
2006.

43. Su, A.I., J.B.Welsh, L.M. Sapinoso, S.G.Kern, P.Dimitrov, H. Lapp, P.G. Schultz, S.M.
Powell, C.A.Moskaluk, H.F. Frierson, Jr., and G.M. Hampton. Molecular classification
of human carcinomas by use of gene expression signatures. Cancer Res 61: 7388–93, 2001.

Biomarker Discovery for Metastatic Disease 311



44. Stearman, R.S., L. Dwyer-Nield, L. Zerbe, S.A. Blaine, Z. Chan, P.A. Bunn, Jr., G.L.
Johnson, F.R. Hirsch, D.T. Merrick, W.A. Franklin, A.E. Baron, R.L. Keith, R.A.
Nemenoff, A.M. Malkinson, and M.W. Geraci. Analysis of orthologous gene expression
between human pulmonary adenocarcinoma and a carcinogen-induced murine model.
Am J Pathol 167: 1763–75, 2005.

45. Tomida, S., K. Koshikawa, Y. Yatabe, T. Harano, N. Ogura, T. Mitsudomi, M. Some, K.
Yanagisawa, T. Takahashi, andH. Osada. Gene expression-based, individualized outcome
prediction for surgically treated lung cancer patients. Oncogene 23: 5360–70, 2004.

46. Wachi, S., K. Yoneda, and R. Wu. Interactome-transcriptome analysis reveals the high cen-
trality of genes differentially expressed in lung cancer tissues. Bioinformatics 21: 4205–8, 2005.

47. Wigle, D.A., I. Jurisica, N. Radulovich, M. Pintilie, J. Rossant, N. Liu, C. Lu, J.
Woodgett, I. Seiden,M. Johnston, S. Keshavjee, G. Darling, T. Winton, B.J. Breitkreutz,
P. Jorgenson,M. Tyers, F.A. Shepherd, andM.S. Tsao.Molecular profiling of non-small
cell lung cancer and correlation with disease-free survival. Cancer Res 62: 3005–8, 2002.

48. Yamagata, N., Y. Shyr, K. Yanagisawa,M. Edgerton, T.P. Dang, A.Gonzalez, S. Nadaf,
P. Larsen, J.R. Roberts, J.C. Nesbitt, R. Jensen, S. Levy, J.H.Moore, J.D.Minna, andD.
P. Carbone. A training-testing approach to the molecular classification of resected non-
small cell lung cancer. Clin Cancer Res 9: 4695–704, 2003.

49. Weiss, G.J., L.T. Bemis, E. Nakajima,M. Sugita, D.K. Birks,W.A. Robinson,M. Varella-
Garcia, P.A. Bunn, Jr., J. Haney, B.A. Helfrich, H.Kato, F.R. Hirsch, andW.A. Franklin.
EGFR regulation by microRNA in lung cancer: correlation with clinical response and
survival to gefitinib and EGFR expression in cell lines. Ann Oncol 19: 1053–9, 2008.

50. Boyerinas, B., S.M. Park, N. Shomron, M.M. Hedegaard, J. Vinther, J.S. Andersen,
C. Feig, J. Xu, C.B. Burge, and M.E. Peter. Identification of let-7-regulated oncofetal
genes. Cancer Res 68: 2587–91, 2008.

51. Omenn, G.S., D.J. States, M. Adamski, T.W. Blackwell, R. Menon, H. Hermjakob, R.
Apweiler, B.B. Haab, R.J. Simpson, J.S. Eddes, E.A. Kapp, R.L. Moritz, D.W. Chan, A.
J. Rai, A. Admon, R.Aebersold, J. Eng,W.S. Hancock, S.A. Hefta, H.Meyer, Y.K. Paik,
J.S. Yoo, P. Ping, J. Pounds, J. Adkins, X. Qian, R. Wang, V. Wasinger, C.Y. Wu, X.
Zhao, R. Zeng, A. Archakov, A. Tsugita, I. Beer, A. Pandey, M. Pisano, P. Andrews, H.
Tammen, D.W. Speicher, and S.M. Hanash. Overview of the HUPO Plasma Proteome
Project: results from the pilot phase with 35 collaborating laboratories and multiple
analytical groups, generating a core dataset of 3020 proteins and a publicly-available
database. Proteomics 5: 3226–45, 2005.

52. Chen, G., T.G. Gharib, H. Wang, C.C. Huang, R. Kuick, D.G. Thomas, K.A. Shedden,
D.E. Misek, J.M. Taylor, T.J. Giordano, S.L. Kardia, M.D. Iannettoni, J. Yee, P.J.
Hogg, M.B. Orringer, S.M. Hanash, and D.G. Beer. Protein profiles associated with
survival in lung adenocarcinoma. Proc Natl Acad Sci USA 100: 13537–42, 2003.

53. Warburg, O. The Chemical Constitution of Respiration Ferment. Science 68: 437–43,
1928.

54. Yanagisawa, K., S. Tomida, Y. Shimada, Y. Yatabe, T.Mitsudomi, and T. Takahashi. A
25-signal proteomic signature and outcome for patients with resected non-small-cell lung
cancer. J Natl Cancer Inst 99: 858–67, 2007.

55. Soltermann, A., R. Ossola, S. Kilgus-Hawelski, A. von Eckardstein, T. Suter, R. Aebersold,
andH.Moch.N-glycoprotein profiling of lung adenocarcinomapleural effusions by shotgun
proteomics. Cancer 114: 124–33, 2008.

56. Tyan, Y.C., H.Y. Wu,W.C. Su, P.W. Chen, and P.C. Liao. Proteomic analysis of human
pleural effusion. Proteomics 5: 1062–74, 2005.

57. Jagirdar, J. Application of immunohistochemistry to the diagnosis of primary and meta-
static carcinoma to the lung. Arch Pathol Lab Med 132: 384–96, 2008.

58. Opitz, I., A. Soltermann, M. Abaecherli, M. Hinterberger, N. Probst-Hensch, R. Stahel,
H. Moch, and W. Weder. PTEN expression is a strong predictor of survival in mesothe-
lioma patients. Eur J Cardiothorac Surg 33: 502–6, 2008.

312 G.S. Omenn and J.D. Cavalcoli



59. Rahman, S.M., Y. Shyr, P.B. Yildiz, A.L. Gonzalez, H. Li, X. Zhang, P. Chaurand, K.
Yanagisawa, B.S. Slovis, R.F. Miller, M. Ninan, Y.E. Miller, W.A. Franklin, R.M.
Caprioli, D.P. Carbone, and P.P. Massion. Proteomic patterns of preinvasive bronchial
lesions. Am J Respir Crit Care Med 172: 1556–62, 2005.

60. Amann, J.M., P. Chaurand, A. Gonzalez, J.A.Mobley, P.P.Massion, D.P. Carbone, and
R.M. Caprioli. Selective profiling of proteins in lung cancer cells from fine-needle aspi-
rates bymatrix-assisted laser desorption ionization time-of-flight mass spectrometry. Clin
Cancer Res 12: 5142–50, 2006.

61. Taguchi, F., B. Solomon, V. Gregorc, H. Roder, R. Gray, K. Kasahara, M. Nishio, J.
Brahmer, A. Spreafico, V. Ludovini, P.P. Massion, R. Dziadziuszko, J. Schiller, J.
Grigorieva, M. Tsypin, S.W. Hunsucker, R. Caprioli, M.W. Duncan, F.R. Hirsch, P.A.
Bunn, Jr., and D.P. Carbone. Mass spectrometry to classify non-small-cell lung cancer
patients for clinical outcome after treatment with epidermal growth factor receptor
tyrosine kinase inhibitors: a multicohort cross-institutional study. J Natl Cancer Inst
99: 838–46, 2007.

62. Yildiz, P.B., Y. Shyr, J.S. Rahman, N.R. Wardwell, L.J. Zimmerman, B. Shakhtour, W.
H. Gray, S. Chen, M. Li, H. Roder, D.C. Liebler, W.L. Bigbee, J.M. Siegfried, J.L.
Weissfeld, A.L. Gonzalez, M. Ninan, D.H. Johnson, D.P. Carbone, R.M. Caprioli, and
P.P. Massion. Diagnostic accuracy of MALDI mass spectrometric analysis of unfractio-
nated serum in lung cancer. J Thorac Oncol 2: 893–901, 2007.

63. Gao, W.M., R. Kuick, R.P. Orchekowski, D.E. Misek, J. Qiu, A.K. Greenberg, W.N.
Rom, D.E. Brenner, G.S. Omenn, B.B. Haab, and S.M. Hanash. Distinctive serum
protein profiles involving abundant proteins in lung cancer patients based upon antibody
microarray analysis. BMC Cancer 5: 110, 2005.

64. Han, K.Q., G. Huang, C.F. Gao, X.L. Wang, B. Ma, L.Q. Sun, and Z.J. Wei. Identi-
fication of lung cancer patients by serum protein profiling using surface-enhanced laser
desorption/ionization time-of-flight mass spectrometry. Am J Clin Oncol 31: 133–9,
2008.

65. Heo, S.H., S.J. Lee, H.M.Ryoo, J.Y. Park, and J.Y. Cho. Identification of putative serum
glycoprotein biomarkers for human lung adenocarcinoma by multilectin affinity chro-
matography and LC-MS/MS. Proteomics 7: 4292–302, 2007.

66. Maciel, C.M.,M. Junqueira,M.E. Paschoal,M.T.Kawamura, R.L. Duarte, G. Carvalho
Mda, and G.B. Domont. Differential proteomic serum pattern of low molecular weight
proteins expressed by adenocarcinoma lung cancer patients. J Exp Ther Oncol 5: 31–8,
2005.

67. Okano, T., T. Kondo, T. Kakisaka, K. Fujii, M. Yamada, H. Kato, T. Nishimura, A.
Gemma, S. Kudoh, and S. Hirohashi. Plasma proteomics of lung cancer by a linkage of
multi-dimensional liquid chromatography and two-dimensional difference gel electro-
phoresis. Proteomics 6: 3938–48, 2006.

68. Mahanta, S., S.P. Fessler, J. Park, and C. Bamdad. A minimal fragment of MUC1
mediates growth of cancer cells. PLoS ONE 3: e2054, 2008.

69. Stockert, E., E. Jager, Y.T. Chen, M.J. Scanlan, I. Gout, J. Karbach, M. Arand, A.
Knuth, and L.J. Old. A survey of the humoral immune response of cancer patients to a
panel of human tumor antigens. J Exp Med 187: 1349–54, 1998.

70. Hanash, S. Harnessing immunity for cancer marker discovery. Nat Biotechnol 21: 37–8,
2003.

71. Brichory, F., D. Beer, F. Le Naour, T. Giordano, and S. Hanash. Proteomics-based
identification of protein gene product 9.5 as a tumor antigen that induces a humoral
immune response in lung cancer. Cancer Res 61: 7908–12, 2001.

72. Brichory, F.M., D.E. Misek, A.M. Yim, M.C. Krause, T.J. Giordano, D.G. Beer, and S.
M. Hanash. An immune response manifested by the common occurrence of annexins I
and II autoantibodies and high circulating levels of IL-6 in lung cancer. Proc Natl Acad
Sci USA 98: 9824–9, 2001.

Biomarker Discovery for Metastatic Disease 313



73. Pereira-Faca, S.R., R. Kuick, E. Puravs, Q. Zhang, A.L. Krasnoselsky, D. Phanstiel, J.
Qiu, D.E.Misek, R. Hinderer, M. Tammemagi, M.T. Landi, N. Caporaso, R. Pfeiffer, C.
Edelstein, G. Goodman, M. Barnett, M. Thornquist, D. Brenner, and S.M. Hanash.
Identification of 14-3-3 theta as an antigen that induces a humoral response in lung
cancer. Cancer Res 67: 12000–6, 2007.

74. Qiu, J., G. Choi, L. Lin, H. Wang, S.J. Pitteri, S.R. Pereira-Faca, A.L. Krasno-
selsky, T.W. Randolph, C. Edelstein, M. Barnett, M. Thornquist, G. Goodman, G.
S. Omenn, D. Brenner, Z. Feng, and S.M. Hanash. Occurrence of autoantibodies to
annexin 1, 14-3-3 theta and LAMR1 in pre diagnostic lung cancer sera. J Clin Oncol
26: 5060–6, 2008.

75. Omenn, G.S., G.E. Goodman, M.D. Thornquist, J. Balmes, M.R. Cullen, A. Glass, J.P.
Keogh, F.L. Meyskens, B. Valanis, J.H. Williams, S. Barnhart, and S. Hammar. Effects
of a combination of beta carotene and vitamin A on lung cancer and cardiovascular
disease. N Engl J Med 334: 1150–5, 1996.

76. Chen, G., X. Wang, J. Yu, S. Varambally, D.G. Thomas, M.Y. Lin, P. Vishnu, Z. Wang,
R. Wang, J. Fielhauer, D. Ghosh, T.J. Giordano, D. Giacherio, A.C. Chang, M.B.
Orringer, T. El-Hefnawy, W.L. Bigbee, D.G. Beer, and A.M. Chinnaiyan. Autoantibody
profiles reveal ubiquilin 1 as a humoral immune response target in lung adenocarcinoma.
Cancer Res 67: 3461–7, 2007.

77. Keshamouni, V.G., G.Michailidis, C.S. Grasso, S. Anthwal, J.R. Strahler, A.Walker, D.
A. Arenberg, R.C. Reddy, S. Akulapalli, V.J. Thannickal, T.J. Standiford, P.C. Andrews,
and G.S. Omenn. Differential protein expression profiling by iTRAQ-2DLC-MS/MS of
lung cancer cells undergoing epithelial-mesenchymal transition reveals a migratory/inva-
sive phenotype. J Proteome Res 5: 1143–54, 2006.

78. Keshamouni, V.G., Jagtap, P., Michailidi, G., Strahler, J.R., Kuick, R., Reka, A.K.,
Papoulias, P., Krishnapuram, R., Srirangam, A., Standiford, T.J., Andrews, P.C.,
Omenn, G.S. Temporal quantitative proteomics by iTRAQ 2D-LC-MS/MS and corre-
sponding mRNA expression analysis identify post-transcriptional modulation of action-
cytoskeleton regulators during TGF-beta-induced epithelial-mesenchymal transition. J
Proteome Res 8: 35–47, 2009. PMID: 19118450.

79. Whiteaker, J.R., H. Zhang, L. Zhao, P. Wang, K.S. Kelly-Spratt, R.G. Ivey, B.D.
Piening, L.C. Feng, E. Kasarda, K.E. Gurley, J.K. Eng, L.A. Chodosh, C.J. Kemp, M.
W. McIntosh, and A.G. Paulovich. Integrated pipeline for mass spectrometry-based
discovery and confirmation of biomarkers demonstrated in a mouse model of breast
cancer. J Proteome Res 6: 3962–75, 2007.

80. Faca, V.M., K.S. Song, H. Wang, Q. Zhang, A.L. Krasnoselsky, L.F. Newcomb, R.R.
Plentz, S. Gurumurthy, M.S. Redston, S.J. Pitteri, S.R. Pereira-Faca, R.C. Ireton, H.
Katayama, V. Glukhova, D. Phanstiel, D.E. Brenner, M.A. Anderson, D. Misek, N.
Scholler, N.D. Urban, M.J. Barnett, C. Edelstein, G.E. Goodman, M.D. Thornquist, M.
W. McIntosh, R.A. DePinho, N. Bardeesy, and S.M. Hanash. A mouse to human search
for plasma proteome changes associated with pancreatic tumor development. PLoSMed
5: e123, 2008.

81. Fermin, D., B.B. Allen, T.W. Blackwell, R. Menon, M. Adamski, Y. Xu, P. Ulintz, G.S.
Omenn, and D.J. States. Novel gene and gene model detection using a whole genome
open reading frame analysis in proteomics. Genome Biol 7: R35, 2006.

82. Menon, R., Zhang, Q., Zhang, Y., Fermin, D., Bardeesy, N., DePinho, R.A., Lu, C.,
Hanash, S.M., Omenn, G.S., States, D.J. Identification of novel alternative splice iso-
forms of circulating proteins iin a mouse model of human pancreatic cancer. Cancer Res
69: 300–9, 2009. PMID: 19118015.

83. Sreekumar, A., Poisson, L.M., Rajendiran, T.M., Khan, A.P., Cao, Q., Yu, J., Laxman,
B., Mehra, R., Loniga, R.J., Li., Y., Nyati, M.K., Ahsan, A., Kalyana-Sundaram, S.,
Han, B., Cao, X., Byun, J., Omenn, G.S., Ghosh, D., Pennathur, S., Alexander, D.C.,
Berger, A., Shuster, J.R., Wei, J.T., Varambally, S., Beecher, C., Chinnaiyan, A.M.

314 G.S. Omenn and J.D. Cavalcoli



Metabolomic profiles delineate potential role for sarcosine in prostate cancer progres-
sion. Nature, 457: 910–4, 2009. PMID: 19212411.

84. Anderson, L. and C.L. Hunter. Quantitative mass spectrometric multiple reaction mon-
itoring assays for major plasma proteins. Mol Cell Proteomics 5: 573–88, 2006.

85. Barker, P.E., P.D. Wagner, S.E. Stein, D.M. Bunk, S. Srivastava, and G.S. Omenn.
Standards for plasma and serum proteomics in early cancer detection: a needs assessment
report from the national institute of standards and technology – National Cancer Insti-
tute Standards, Methods, Assays, Reagents and Technologies Workshop, August 18–19,
2005. Clin Chem 52: 1669–74, 2006.

86. Liu, J., J. Stevens, C.A. Rote, H.J. Yost, Y. Hu, K.L. Neufeld, R.L. White, and N.
Matsunami. Siah-1 mediates a novel beta-catenin degradation pathway linking p53 to the
adenomatous polyposis coli protein. Mol Cell 7: 927–36, 2001.

Biomarker Discovery for Metastatic Disease 315



Current Clinical Management of Metastatic Lung

Cancer

Bryan J. Schneider and Suresh S. Ramalingam

Abstract Approximately 40% of patients with non-small cell lung cancer
(NSCLC) and 70% of patients with small cell lung cancer (SCLC) present
with advanced, hematogenously metastatic, incurable disease. Systemic che-
motherapy is the mainstay of therapy in these patients with the primary goals of
palliating symptoms, maintaining quality of life, and prolonging life. For
patients with advanced NSCLC, standard treatment consists of two-drug,
platinum-based chemotherapy with or without bevacizumab, a monoclonal
antibody targeting the vascular endothelial growth factor which controls
tumor angiogenesis. In NSCLC, second- and third-line therapy with che-
motherapy or epidermal growth factor receptor inhibitors has also been
shown to provide a survival benefit. Recent studies have begun to define specific
clinical, histological, and molecular characteristics that can help identify sub-
sets of patients with NSCLC who will or will not respond to particular che-
motherapeutic or molecularly targeted agents. For patients with extensive-stage
SCLC, initial platinum-based chemotherapy yields impressive response rates,
but long-term survival remains extremely limited. Despite extensive knowledge
of the biology of SCLC, studies of molecularly targeted therapies have yet to
demonstrate any significant clinical benefits in this disease.

Introduction

More than 200,000 new cases of lung cancer are diagnosed each year in the
United States, with non-small cell lung cancer (NSCLC) accounting for
approximately 85% of all cases [1]. In the past two decades, the proportion
of patients diagnosed with small cell lung cancer (SCLC) has decreased [2].
NSCLC comprises various histological subtypes including adenocarcinoma,
squamous cell carcinoma, large cell carcinoma, and bronchioloalveolar
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carcinoma. The incidence of adenocarcinoma has gradually increased in
the past three decades, whereas that of squamous cell carcinoma has
decreased.

Approximately 40% of patients with NSCLC are diagnosed with
advanced or metastatic disease and are not candidates for definitive local
therapy [1]. Similarly, two-thirds of patients with SCLC present with
extensive-stage disease. Systemic therapy leads to improvements in both
overall survival and quality of life for patients with advanced-stage SCLC
and NSCLC [3]. In recent years, a number of newer chemotherapeutic
agents and novel combination regimens have been added to the therapeutic
armamentarium. In addition, improved understanding of the molecular
mechanisms that underlie lung cancer progression and metastasis has
now led to the development of novel targeted agents. Inhibitors of epider-
mal growth factor receptor (EGFR) and vascular endothelial growth factor
(VEGF) are already in routine clinical use. Selection of therapy based on
molecular characteristics of the tumor in individual patients has now
become a major goal of clinical/translational investigations. This chapter
will describe the current treatment of advanced-stage lung cancer and the
role of emerging new agents.

Non-small Cell Lung Cancer

Patients with hematogenous metastases to distant organs or other lobes of
the lungs (ipsilateral or contralateral) are categorized as having advanced-
stage or stage IV disease. In addition, patients with malignant pleural or
pericardial effusions (T4 disease, stage IIIB) have comparable survival
outcomes to those with stage IV disease and are treated in a similar
manner. Advanced-stage NSCLC is treated primarily with systemic ther-
apy, which includes chemotherapeutic agents and molecularly targeted
agents. Performance status is the main determinant of outcome in patients
with advanced-stage NSCLC [4]. Those with a score of 0 or 1 on the
Eastern Cooperative Oncology Group (ECOG) performance status scale
have the most favorable outcome, whereas those with a score of 2 or worse
have a poor survival [5]. Performance status is considered to be a compo-
site measure that combines the impact of both lung cancer aggressiveness
and comorbid illness. Since the majority of clinical trials include only
patients with a good performance status, treatment guidelines are less
defined for patients with a poor performance status.

Systemic Chemotherapy

Platinum-based combination chemotherapy is considered the standard therapy
for patients with advanced NSCLC with a good performance status [6].
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Although the anticancer activity of single-agent cisplatin or carboplatin is
modest, their combination with a second chemotherapeutic agent such as
paclitaxel, docetaxel, vinorelbine, gemcitabine, or pemetrexed results in
improved efficacy [7–9]. Several randomized clinical trials have compared the
efficacy of single-agent cisplatin to cisplatin-based two-drug combinations
[9–11]. Overall, combination regimens result in superior response rates, time
to disease progression, and overall survival, but also increase the incidence of
adverse events. Carboplatin is associated with a more favorable nonhematolo-
gical toxicity profile than cisplatin and has now become the more commonly
used platinum compound for the treatment of patients with advanced NSCLC
in the United States. Studies that compared cisplatin-based combinations to
carboplatin-based regimens have demonstrated comparable survival in this
setting [7, 12]. A recent meta-analysis of studies that compared cisplatin-based
regimens with carboplatin-based regimens in patients with advanced NSCLC
suggested slightly greater response rates with the former but no clinically
significant difference in survival [13]. Since the intent of treatment in patients
with advanced NSCLC is primarily palliation, the more favorable toxicity
profile of carboplatin-based regimens has led to their adoption for routine
clinical use. In curative settings such as adjuvant therapy for early stage,
completely resected NSCLC, cisplatin is generally preferred over carboplatin.

A number of newer chemotherapeutic agents have been combined with
platinum compounds and have demonstrated anticancer efficacy in the treat-
ment of patients with advanced-stage NSCLC. Phase II studies of the
combination of either cisplatin or carboplatin with paclitaxel, docetaxel,
vinorelbine, gemcitabine, irinotecan, or pemetrexed in patients with
advanced NSCLC have shown response rates of 30–50% and median survi-
val times of 8–12 months. These encouraging data paved the way for
randomized phase III studies that compared various platinum-based combi-
nation regimens (Table 1). The ECOG 1594 study compared three different
combination regimens (cisplatin + docetaxel, cisplatin + gemcitabine, and
carboplatin + paclitaxel) to the regimen of cisplatin + paclitaxel [7]. All four
regimens demonstrated comparable efficacy in terms of response rate, time to
progression, and overall survival with no clear advantage for one over
another. The regimens differed only in regard to their toxicity profiles, with
carboplatin + paclitaxel having the most favorable therapeutic index.
Another study that compared carboplatin + paclitaxel to cisplatin + vinor-
elbine also yielded comparable efficacy results between the regimens [14]. The
therapeutic equivalence of various platinum-based doublets has been
confirmed in several large, randomized phase III studies [8, 15–17].

Substitution of platinum-based regimens with nonplatinum two-drug
regimens has also undergone extensive investigation. Randomized studies
have demonstrated comparable efficacy of various nonplatinum regimens to
platinum-based chemotherapy combinations [18, 19]. However, there was no
major advantage in the adverse event profile of nonplatinum regimens that
would justify them supplanting the use of platinum-based combinations for
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first-line treatment of patients with advanced NSCLC. For selected patients

who are unlikely to tolerate platinum-based therapy, the nonplatinum regimens

are an acceptable therapeutic alternative. Although two-drug combinations are
superior to single-agent therapy, the addition of a third cytotoxic drug does not

result in improved efficacy [20]. However, three-drug combinations are asso-

ciated with greater toxicity and are not recommended for the treatment of
patients with advanced NSCLC.

Table 1 Selected phase III studies of platinum-based two-drug combinations for advanced
NSCLC

Author Regimen
Response rate
(%)

Median
survival (m)

1-Year survival
(%)

Schiller
[7]

Cisplatin–paclitaxel

Cisplatin–docetaxel
Cisplatin–gemcitabine
Carboplatin–paclitaxel

21

17
22
17

7.8

7.4
8.1
8.1

31

31
36
34

Kelly [14] Cisplatin–vinorelbine

Carboplatin–paclitaxel

28

25

8.0

8.0

36

38
Ohe [145] Cisplatin–irinotecan

Cisplatin–gemcitabine
Cisplatin–vinorelbine
Carboplatin–paclitaxel

31

30
33
32

13.9

14.0
11.8
12.3

59

60
44
51

Fossella
[15]

Cisplatin–vinorelbine

Cisplatin–docetaxel
Carboplatin–docetaxel

25

31
24

10.1

11.3
9.4

41

46
38

Scagliotti
[8]

Cisplatin–gemcitabine
Cisplatin–pemetrexed

28
31

10.3
10.3

Not reported

Customized Chemotherapy Based on Tumor Characteristics

The efficacy of various combination chemotherapy regimens appears similar
across the histological subtypes of NSCLC. However, a recently reported study

demonstrated varying efficacy for the cisplatin + pemetrexed regimen based on

histological subtype. Pemetrexed, a novel multitargeted antifolate compound, has
demonstrated anticancer activity as a single-agent in patients with relapsed

NSCLC [21]. A phase III study that compared the regimen of cisplatin +
pemetrexed to cisplatin + gemcitabine in patients with advanced-stage NSCLC

demonstrated noninferiority of the cisplatin + pemetrexed combination, which

was also associated with a more favorable toxicity profile [8]. Intriguingly, a
preplanned subset analysis demonstrated superior survival with cisplatin+ peme-

trexed for patients with adenocarcinoma. The biological basis for this may be the

higher frequency of methylthioadenosine phosphorylase (MTAP) deletions in
adenocarcinoma relative to other histological subtypes [22, 23]. MTAP plays an

important role in the salvage pathway for the synthesis of adenosine and tumors
with MTAP deletions appear to be associated with a heightened sensitivity to

treatment with pemetrexed [24]. Tumor specimens from patients enrolled in this
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study are being evaluated for MTAP deletions to confirm this hypothesis. If
proven to be true, the presence of an MTAP deletion could serve as a marker
for preferential selection of the cisplatin + pemetrexed regimen.

Other strategies are also being evaluated to select the most appropriate che-
motherapy regimen based on patient-specific tumor molecular characteristics.
The excision repair cross-complementing (ERCC) gene is involved in DNA repair
[25]. Since platinum compounds induce lethality by the formation of DNA
adducts, an inherent impairment in cellular DNA repair capacity is associated
with heightened sensitivity to platinum-based therapy [26]. Based on this premise,
a randomized clinical trial was conducted to select therapy for individual patients
based on the level of tumor ERCC1 expression. Patients with ERCC1 overexpres-
sing tumors were treated with nonplatinum regimens, while those with low
ERCC1-expressing tumors were treated with platinum-based therapy [27]. The
response rate was higher in patients with low ERCC1-expressing tumors receiving
platinum-based therapy than in a control group of unselected patients treatedwith
cisplatin + docetaxel. A similar finding was observed in patients receiving adju-
vant therapy for early-stage NSCLC, where those with tumors with low ERCC1
expression had significant benefit from cisplatin-based therapy, while those with
high ERCC1 expression derived no survival benefit from such therapy.

The results of another phase II study in patients with advanced NSCLC also
support the feasibility and promise of customizing therapy based on biomarkers.
Simon et al. evaluated both ERCC1 for the prediction of cisplatin sensitivity and
the ribonucleotide reductase subunit M1 (RRM1) enzyme, which catalyzes deox-
ynucleotide production and is inversely associated with sensitivity to gemcitabine
[28]. An initial tumor biopsy was used to evaluate the expression of ERCC1 and
RRM1 by reverse transcriptase-polymerase chain reaction and the treatment
regimen was chosen based on the expression level of the two genes. Patients
whose tumors had low ERCC1 and RRM1 were treated with the combination
of carboplatin + gemcitabine, whereas those with high expression levels received
docetaxel + vinorelbine. With customized therapy, a promising response rate of
44% and a median survival time of 13.3 months were noted in 85 patients with
advanced NSCLC. The therapeutic advantage associated with this approach is
now being tested in a phase III study conducted by the same investigators.

Salvage Chemotherapy for Progressive Disease

A number of therapeutic options have emerged in the past few years for the
treatment of patients with advanced NSCLC who have disease progression
following initial chemotherapy. Docetaxel, a tubulin-binding agent, was the
first to receive FDA approval in the United States as salvage therapy for
NSCLC. Two randomized studies established the efficacy of single-agent doc-
etaxel in this setting [29, 30]. At a dose of 75 mg/m2 every 3 weeks, docetaxel is
associated with a response rate of 5–10% and a median survival time of
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approximately 8 months. Improvements in several qualitative parameters, such
as performance status, global quality of life scores, and pain, were noted with
docetaxel. Pemetrexed has also been approved by the FDA based on demon-
strated efficacy as salvage therapy for patients with NSCLC. A phase III study
that compared pemetrexed to docetaxel as salvage therapy reported compar-
able efficacy between the two agents, though pemetrexed had a more favorable
toxicity profile. Several other agents have also demonstrated efficacy as salvage
therapy, including oral topotecan, vinflunine (a vinca alkaloid), and polygluta-
mated paclitaxel (a novel macromolecular formulation), although they do not
offer any clear advantage over docetaxel or pemetrexed [31, 32]. Erlotinib, an
inhibitor of the epidermal growth factor receptor (EGFR), has also been
approved by the FDA as salvage therapy for NSCLC and will be discussed
below. Combination regimens do not have any survival advantage over single
agents in the salvage setting, though response rates do appear to be slightly
higher. The current wave of clinical investigations in the salvage setting involves
the study of various combinations of a cytotoxic agent with a molecularly
targeted agent.

EGFR Inhibitors

EGFR inhibitors are now in routine clinical use for the treatment of patients
with advanced-stage NSCLC. Gefitinib was the first EGFR inhibitor to
demonstrate anticancer activity in NSCLC (Table 2). Two doses of gefitinib
(250 mg/day and 500 mg/day) were compared in patients with advanced-stage
NSCLC following progression after standard therapy [33, 34]. The objective
response rate was 10–19% with an additional 30–40% of patients experiencing
disease stabilization. Improvements in quality of life and lung cancer symptom
scores were also noted in many patients. No difference in efficacy was noted
between the two doses, though the lower dose was associated with a more
favorable toxicity profile. However, a subsequent phase III study that com-
pared gefitinib to placebo failed to demonstrate a progression-free or overall
survival advantage for gefitinib as salvage treatment for patients with
advanced NSCLC [35]. This finding effectively halted the use of this agent in
patients with advanced-stage NSCLC in the United States. However, selected
subgroups of patients, including never-smokers and those of East Asian eth-
nicity, had superior survival with gefitinib over placebo, suggesting a possible
role for this agent in clinically or molecularly selected subsets of patients with
NSCLC.

Erlotinib, another EGFR tyrosine kinase inhibitor (TKI), is currently
approved for the treatment of patients with advanced NSCLC. Following
demonstration of its anticancer activity in a phase II study [36], erlotinib was
compared to placebo in a randomized phase III study in patients with
advanced NSCLC who had progressed after one or two prior chemotherapy

322 B.J. Schneider and S.S. Ramalingam



regimens [37]. The median survival time was superior with erlotinib (6.7
months vs. 4.7 months), and erlotinib yielded a response rate of 9% and a
disease stabilization rate of 35%. Improvements were also noted in time to
symptomatic deterioration in patients treated with erlotinib. The main side
effects were skin rash in 75% of patients and diarrhea in 54%. This study led
to the FDA approval of erlotinib as second- or third-line therapy for patients
with advanced-stage NSCLC.

Cetuximab, a monoclonal antibody targeting EGFR, also has modest single-
agent efficacy in patients with NSCLC. In a phase II study of patients with
previously treated advanced NSCLC, cetuximab demonstrated a response rate
of 5% and a disease stabilization rate of 30% [38]. The incidence of skin rash
was high, but diarrhea was uncommon. Following the demonstration of effi-
cacy of EGFR inhibitors as single agents, randomized clinical trials have been
conducted to study them in combination with chemotherapy. This was sup-
ported by preclinical evidence that the coadministration of EGFR inhibitors
and chemotherapeutic agents resulted in supraadditive effects in NSCLC cell
lines [39]. However, the clinical trials have failed to demonstrate any improve-
ment in overall survival or progression-free survival with combinations of an
EGFR TKI plus standard platinum-based chemotherapy over chemotherapy
alone in patients with advanced-stage NSCLC [40, 41]. Although the reasons
behind the conflicting preclinical and clinical findings are not entirely clear,
further development of combination regimens of EGFR TKIs plus chemother-
apy has been discontinued.

In contrast, cetuximab, the anti-EGFR monoclonal antibody, was asso-
ciated with promising response rates and survival duration when combined

Table 2 EGFR inhibitors in clinical use for treatment of NSCLC

Author Agent
Response
rate (%)

Median
survival (m)

1-Year
survival (%)

Kris [34] Gefitinib
250 mg

Gefitinib
500 mg

12

9

7.0

6.0

27

24

Fukuoka
[33]

Gefitinib
250 mg

Gefitinib
500 mg

18

19

7.6

8.0

35

29

Thatcher
[35]

Gefitinib
250 mg

Placebo

8

1

5.6

5.1

27

22
Perez-
Soler
[36]

Erlotinib
150 mg

12 8.4 40

Shepherd
[37]

Erlotinib
150 mg

Placebo

9

<1

6.7

4.7

31

21
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with chemotherapy in phase II studies for patients with advanced-stageNSCLC
[42–44]. Subsequent phase III studies of chemotherapy with or without cetux-
imab in patients with chemotherapy-naı̈ve advanced-stage NSCLC have
yielded conflicting results, with one study that combined cetuximab with car-
boplatin plus a taxane showing no improvement in progression-free survival
over chemotherapy alone, while another study that combined cetuximab with
cisplatin + vinorelbine demonstrating improved survival in patients with
EGFR-expressing tumors (Press release, Imclone Pharmaceuticals, Inc, Sep-
tember 2007). The detailed results of this trial are yet to be reported. Of note, the
positive study with cetuximab was unique in that it selected patients for therapy
based on EGFR expression status. Clinical development of panitumumab, a
fully human anti-EGFRmonoclonal antibody, was discontinued based on data
from a randomized phase II study of carboplatin + paclitaxel with or without
panitumumab that showed no improvement in any efficacy parameters with the
addition of panitumumab to chemotherapy [45]. Appropriate patient selection
using molecular and clinical factors is a key subject of ongoing research efforts
evaluating the potential utility of EGFR inhibition in patients with NSCLC.

Molecular Predictive Markers for EGFR Inhibition

EGFR protein expression: Initial studies in NSCLC with EGFR inhibitors were
conducted only in patients with EGFR-expressing tumors [36, 38]. However,
subsequent studies have enrolled patients regardless of EGFR status due to the
lack of clear correlation between EGFR expression and response. In the ran-
domized BR.21 trial that led to FDA approval of erlotinib for patients with
NSCLC, a retrospective evaluation of receptor expression in tumor tissues from
one-third of the participating patients suggested a lack of benefit for erlotinib in
patients with EGFR-negative tumors [37]. The utility of this marker for treat-
ment selection remains unclear due to conflicting data on the correlation
between EGFR expression and response to EGFR inhibitors noted in other
tumor types, such as colon cancer. Potential challenges to the use of EGFR
protein expression by immunohistochemistry (IHC) for patient selection
include the low sensitivity of the IHC techniques, interobserver variability in
scoring, and the variation in EGFR expression both within the same tumor and
between metastatic sites [46].

EGFR gene copy number: The number of EGFR gene copies has been linked
to treatment outcomes with EGFR inhibitors [47, 48]. Amplification of the
EGFR gene is noted in tumors from 10 to 15% of patients with NSCLC, but
there does not appear to be a clear correlation between EGFR gene amplifica-
tion and protein expression [49]. In a predictive algorithm developed by Hirsch
et al., a higher gene copy number, assessed by fluorescent in situ hybridization
(FISH), was associated with improved outcome for patients treated with gefi-
tinib or erlotinib for advanced NSCLC. FISH positivity was defined as the
presence of more than four copies of the EGFR gene in at least 40% of tumor
cells. Based on this definition, the investigators were able to identify patients

324 B.J. Schneider and S.S. Ramalingam



who were likely to experience improved survival. In a retrospective analysis
conducted on tumor specimens from patients who participated in the ISEL
study of gefitinib vs. placebo, the hazard ratio for survival with gefitinib in
FISH-positive patients was 0.61, compared to 1.16 in FISH-negative patients.
This observation has also been noted in a retrospective analysis of the BR.21
study with erlotinib [50]. Prospective studies are now underway to evaluate the
predictive potential of EGFR gene copy number for response to EGFR inhibi-
tors in NSCLC. However, planned subset analyses of two recently reported
studies have provided conflicting results. The randomized phase III INTER-
EST study that compared gefitinib to docetaxel as salvage therapy in unselected
patients met its primary endpoint of noninferiority for gefitinib. However, a
preplanned subset analysis in FISH-positive patients failed to demonstrate
superiority for gefitinib over docetaxel [51]. Similarly, the randomized INVITE
study that compared gefitinib to vinorelbine in elderly patients with NSCLC
demonstrated a lack of improved outcome for FISH-positive patients treated
with the EGFR inhibitor [52]. Therefore, until results from ongoing prospective
studies are available, testing for EGFR gene amplification cannot be recom-
mended for routine clinical practice.

EGFR mutation: The presence of specific mutations in the tyrosine kinase
domain of the EGFR is associated with a higher likelihood of response to
treatment with EGFR TKIs. Both in-frame deletions of four amino acids in
exon 19 and point mutations resulting in the substitution of an amino acid in
exon 21 of the EGFR gene have been noted in tumors of patients with NSCLC
who had a robust response to EGFR TKIs [53]. These mutations have not been
identified in other tumor types. The EGFR mutations do not confer constitu-
tive activity but result in heightened responsiveness to receptor activation. The
prevalence of these EGFRmutations in Caucasian patients is only 10–15%, but
they are found in a higher proportion of patients of East Asian ethnicity [54].
Other clinical characteristics that are associated with a higher prevalence of
EGFR mutations include female gender, never-smoking status, and adenocar-
cinoma histology, perhaps accounting for the higher response rates to EGFR
inhibitors noted in these patient subsets. Contrary to this hypothesis, a retro-
spective analysis of the BR.21 study failed to demonstrate a survival advantage
for erlotinib over placebo in patients with tumors harboring an EGFR muta-
tion [50]. This study was limited, however, by the small number of patients
whose tumors were available for analysis. Recently, the results from prospective
studies have suggested very high response rates and prolonged time to progres-
sion with the use of EGFR TKIs in patients with EGFR mutations. In a study
by the Spanish Lung Cancer Group, 38 patients with EGFR mutations treated
with single-agent erlotinib as first-line therapy for advanced NSCLC had a
response rate of 82% and a median progression-free survival of over 12 months
[55]. Of note, the response rate was higher in patients with amutation in exon 19
than in exon 21, suggesting differential biological effects of the two mutations.
This observation has been confirmed further by other studies [56, 57]. Although
the EGFR TKIs are more active in patients with EGFRmutations, the effect of
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mutations on the efficacy of anti-EGFR monoclonal antibodies is unclear. In
preclinical studies, TKIs are more potent than monoclonal antibodies against
mutant EGFR-bearing NSCLC cell lines [58]. Furthermore, the question
remains as to whether EGFR mutations have a prognostic or predictive effect
in patients with NSCLC, since an analysis of a phase III trial that compared
chemotherapy with or without erlotinib noted that even patients in the che-
motherapy-alone arm had a better outcome if their tumors harbored an EGFR
mutation [59]. Therefore, the utility of EGFRmutations in patient selection for
EGFR TKIs remains a subject of ongoing investigations.

Recently, a secondary mutation in exon 20 of the EGFR has been reported.
This mutation confers structural changes in the tyrosine kinase domain and
results in resistance to therapy with EGFR TKIs [60]. It is commonly found in
the tumors of patients with exon 19 or 21 mutations after treatment with an
EGFR TKI. Agents specific for patients with this secondary EGFR mutation
are now under clinical evaluation. Alternative mechanisms of resistance to
EGFR inhibition such as activation of the C-MET pathway have also been
described in NSCLC [61].

Serum proteomic analysis: Mass spectroscopic analysis of serum samples has
recently been shown to identify patients who are likely to derive a survival
benefit from EGFR TKIs [62]. Eight specific protein peaks were noted to
differentiate patients with a ‘‘good’’ outcome with EGFR TKIs from those
with a ‘‘poor’’ outcome. The predictive potential of serum proteomic analysis
to select patients for treatment with EGFR TKIs is now being tested in pro-
spective clinical trials. If proven useful, this could be an inexpensive and non-
invasive method for selecting appropriate patients for therapy with EGFR
inhibitors.

Antiangiogenic Agents

The formation of new blood vessels is critical for the proliferation and metas-
tasis of cancer cells [63]. Vascular endothelial growth factor (VEGF), the rate-
limiting factor for neoangiogenesis under physiological conditions, also plays a
major role in the tumor milieu [64]. Therefore, a number of agents that block
VEGF or its receptors are under development as anticancer drugs (Table 3).
Bevacizumab, a monoclonal antibody targeting VEGF, augments the antic-
ancer effects of chemotherapy in multiple tumor types [65]. In NSCLC, the
limited available evidence suggests that bevacizumab is not active as a single
agent [66]. However, in a randomized phase II study conducted in patients with
advanced NSCLC, the addition of bevacizumab to chemotherapy resulted in a
higher response rate and improved overall survival. Subsequently, ECOG con-
ducted a phase III study (ECOG 4599) to evaluate whether the addition of
bevacizumab to the regimen of carboplatin plus paclitaxel improves overall
survival in patients with advanced-stage NSCLC [67]. Patients with squamous
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cell histology, prior hemoptysis, and brain metastasis were excluded. The higher
incidence of life-threatening hemoptysis in the preceding phase II study in
patients with squamous cell carcinoma prompted the exclusion of this histolo-
gical subtype. The addition of bevacizumab to chemotherapy resulted in an
improvement in response rate (35%vs. 15%) and overall survival (12.3months vs.
10.3 months) compared to chemotherapy alone. Salient adverse events associated
with the bevacizumab plus chemotherapy combination included neutropenia,
hypertension, proteinuria, and bleeding events. The number of treatment-related
deaths was also higher with the addition of bevacizumab.

The results of the ECOG study led to FDA approval of bevacizumab in
combination with carboplatin and paclitaxel for patients with previously
untreated, advanced nonsquamous NSCLC. A second randomized study that
evaluated the addition of bevacizumab to chemotherapy (cisplatin + gemcita-
bine) demonstrated a modest improvement in progression-free survival, though
overall survival results have not yet been reported [68].

In contrast to bevacizumab, a number of novel agents that inhibit the VEGF
receptor tyrosine kinase have demonstrated single-agent activity in advanced
NSCLC. Vandetanib, a dual inhibitor of EGF and VEGF receptors, resulted in
a response rate of 8% when given as a single agent to patients with relapsed
advanced NSCLC [69]. Sunitinib, another small-molecule inhibitor of VEGF
receptors, was also associated with a response rate of approximately 10% [70].
Other agents of this class that are undergoing active investigation include
sorafenib, axitinib, and vatalanib [71, 72]. In addition to the common adverse
events associated with VEGF inhibition, such as hypertension and proteinuria,

Table 3 VEGF inhibitors in treatment of advanced NSCLC

Author Phase Regimen
Response
rate

Median
PFS

Sandler*
[67]

III Carboplatin–paclitaxel–bevacizumab
(15 mg/kg)

Carboplatin–paclitaxel

35%

15%

6.2 m

4.8 m
Manegold*

[68]
III Cisplatin–gemcitabine–bevacizumab

(7.5 mg/kg)

Cisplatin–gemcitabine–bevacizumab
(15 mg/kg)

Cisplatin–gemcitabine–placebo

34%

30%

20%

6.7 m

6.5 m

6.1 m
Natale [69] II Vandetanib 300 mg 8% 11 wk

Socinski
[70]

II Sunitinib 10% 11.3 wk

Gatzemeier
[71]

II Sorafenib 0 11.9 wk

Schiller
[146]

II Axitinib 9% 25 wk

Gauler
[147]

II Vatalanib (BID dosing) 7% 12.1 wk

* Study conducted in patients with previously untreated advanced NSCLC
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the VEGFR TKIs are associated with other toxicities such as hand–foot

syndrome and fatigue. These agents are now being tested in combination with

chemotherapy, but it remains to be seen if the small-molecule inhibitors will

offer any therapeutic advantage over bevacizumab.
Efforts to identify predictive biomarkers for clinical benefit from VEGF

inhibition are now underway. In the ECOG 4599 study, analysis of baseline

and posttreatment serum samples showed no correlation between baseline

VEGF expression levels and response to therapy with the bevacizumab plus

chemotherapy regimen [73]. However, lower baseline levels of intracellular

adhesion molecule (ICAM) were associated with improved outcome with bev-

acizumab-based therapy. This observation is yet to be validated in prospective

studies. Phosphorylation of the VEGF receptor in circulating endothelial cells is

also being studied as a potential surrogate biomarker of VEGF inhibition.

Proteosome Inhibition

The 26S proteosome is a multisubunit protein complex that is involved in the

degradation of a variety of proteins with critical functions, such as regulation of

the cell cycle, transcription, and apoptosis [74]. Bortezomib is a specific inhi-

bitor of the 26S proteosome that has been shown in preclinical models to induce

apoptosis and enhance the efficacy of chemotherapy against a variety of cancer

cell lines. It is approved for the treatment of multiple myeloma in the United

States. Based on promising preclinical studies, bortezomib has been evaluated

for the treatment of patients with advancedNSCLC inmultiple clinical trials. In

a phase II study, patients with advanced NSCLC patients (N=155) who

progressed following one prior chemotherapy regimen were randomized to

receive either bortezomib alone or in combination with docetaxel [75]. The

response rate was 8% with single-agent bortezomib compared to 9% with the

combination, but the median time to progression favored the combination

(4 months vs. 1.5 months). In another phase II study by the Southwest Oncol-

ogy Group (SWOG), bortezomib was combined with the regimen of carbopla-

tin plus gemcitabine for first-line therapy in patients with advanced NSCLC

(N=121) [76]. The combination was well tolerated and was associated with a

median survival of 11 months and a median time to progression of 5 months.

The main toxicities associated with the combination included thrombocytope-

nia, neutropenia, and neuropathy. Bortezomib has also been evaluated in

combination with other targeted agents, including EGFR inhibitors, in precli-

nical studies [77]. Favorable results have led to early-phase clinical trials with

novel bortezomib-based combinations. Thus far, bortezomib appears to have

some activity against NSCLC; however, large randomized clinical trials are

necessary to determine whether the addition of bortezomib to chemotherapy

will result in improved survival for patients with advanced NSCLC.
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Histone Deacetylase (HDAC) Inhibitors

HDAC mediates the transcription of a number of genes relevant for cell cycle
regulation and apoptosis. By altering the dynamic equilibrium between histone
acetylation and deacetylation, HDAC inhibitors have been noted to exert
anticancer effects against a variety of cancer cell lines [78]. The anticancer
activity of HDAC inhibitors has also been attributed to their effects on non-
histone targets, such as p53, heat-shock protein 90, and a-tubulin. A number of
novel agents that inhibit HDAC are currently under development.

Vorinostat (SAHA) is an orally administered inhibitor of HDAC that has
recently been approved by the FDA for the treatment of refractory cutaneous
T-cell lymphoma. Early-phase clinical trials with vorinostat have demonstrated
activity against mesothelioma and NSCLC [79]. Vorinostat also enhances the
activity of other commonly used anticancer agents, such as the platinum com-
pounds and taxanes [80, 81]. Therefore, a phase I study was designed to evaluate
the combination of vorinostat with carboplatin plus paclitaxel in 19 patients with
previously untreatedNSCLC [82]. Vorinostat at a dose of 400mg/day (2 weeks on,
1 week off) was combined safely with carboplatin (AUC = 6 mg/ml � min) and
paclitaxel (200 mg/m2). Ten patients had an objective response and four had
disease stabilization.

These promising results have led to a phase II study that randomizes patients
with advanced NSCLC to receive carboplatin plus paclitaxel in combination
with either vorinostat or placebo. Vorinostat is also being evaluated in combi-
nation with a number of targeted agents, such as EGFR inhibitors. In parti-
cular, vorinostat has been shown to have synergistic interactions with EGFR
TKI in resistant cell lines through its effects on E-cadherin [83]. Several other
HDAC inhibitors, such as PXD101, MS275, and LBH589 are in early-phase
clinical trials for advanced NSCLC.

mTOR Pathway Inhibitors

The mammalian target of rapamycin (mTOR) is a 289-kDa serine/threonine
kinase that plays a central role in regulating cell growth, proliferation, and
survival [84]. mTOR functions downstream of the PI3K/Akt pathway, which is
a major cell survival pathway [85]. mTOR is dysregulated in several malignan-
cies and has therefore become a target for the treatment of cancer. Agents such
as CCI-779 (temsirolimus) and RAD 001 (everolimus) are in various stages of
clinical evaluation. A phase III study in patients with advanced renal cell
carcinoma demonstrated a survival advantage for high-risk patients treated
with CCI-779 over therapy with interferon [86].

In lung cancer, mTOR inhibitors are under evaluation as single agents and in
combination with proven agents. A phase I/II study of the combination of
erlotinib and RAD 001 for patients with refractory NSCLC reported promising

Current Clinical Management of Metastatic Lung Cancer 329



anticancer activity, though the optimal doses are yet to be established [87]. This
approach involves combined inhibition of the postreceptor ‘‘survival’’ pathway
(Akt-PI3K) and the proliferation pathway (Ras-Raf-MAPK) which is down-
stream of EGFR. In order to understand the effects of RAD 001 on the tumor,
an ongoing study is evaluating RAD 001 as a preoperative therapy for a brief
duration followed by surgical resection. Tumor tissue from the baseline biopsy
and the surgical specimen will be evaluated for various downstream effects of
mTOR inhibition. The results of such studies will provide insight into the role of
mTOR inhibitors in lung cancer therapy.

Other Novel Approaches

In addition to the evaluation of various molecularly targeted agents, studies are
now underway to evaluate novel combinations. This approach involves either the
inhibition of multiple steps within a single cell-signaling pathway or coinhibition
of two diverse pathways that are critical to the cancer. Multitargeting can be
achieved with a single pharmacological agent with a wide spectrum of activity or
with a combinationof agents that specifically inhibit the relevant pathways.There
are several advantages to the use of a single agent that targets multiple pathways,
since this allows for better patient compliance and less toxicity when compared to
a combination of agents.However, the disadvantagewith this approach is that the
potency of a single multitargeted agent against each target varies, which might
influence the ultimate efficacy of the agent. For instance, vandetanib inhibits both
VEGFR and EGFR when given at a high dose (300 mg/day), but the inhibitory
effect on EGFR is lower when given at the dose of 100 mg/day [88]. Therefore, at
the lower dose it acts predominantly as a VEGFR inhibitor. Although active as a
single agent at 300mg/day, this dose does not appear to offer any advantage over
100mg/daywhen used in combinationwith chemotherapy [89]. Furthermore, the
lower dose is better tolerated when given in combination with chemotherapy.
Thus, in this instance the multitargeted effect does not contribute to greater
efficacy. An example of targeting two pathways with specific inhibitors involves
the use of erlotinib and bevacizumab. In a phase II study, this novel combination
that inhibits both EGFR and VEGF resulted in a promising median survival of
over 12 months in patients with previously treated, advanced NSCLC [90]. This
regimen is now being studied in a definitive phase III trial. Thus novel combina-
tions and multitargeted agents may play major roles in the treatment of patients
with NSCLC in the near future.

Small Cell Lung Cancer

Small cell lung cancer (SCLC) comprises approximately 15% of the lung
cancers diagnosed each year in the United States [2]. The vast majority of
patients with this disease have a significant smoking history and it is rarely
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diagnosed in never-smokers. The common staging system used for SCLC
divides patients into either limited-stage or extensive-stage disease. Limited-
stage SCLC (LS-SCLC) is defined as unilateral chest involvement and/or the
ability to encompass the disease in a ‘‘tolerable radiation field.’’ Patients who
demonstrate SCLC on both sides of the chest or outside the thorax (brain,
bones, liver, adrenal glands, etc.) are classified as having extensive-stage SCLC
(ES-SCLC). Approximately 60–70% of patients with SCLC present with exten-
sive-stage disease, which is incurable with currently available treatment options.
Untreated, the median survival of patients with ES-SCLC is 6–8 weeks; how-
ever, palliative chemotherapy may extend survival to 9–10 months with pre-
servation of quality of life.

Unlike many other malignancies, ES-SCLC has not shared the success of
newer treatment approaches, such as chemotherapy dose intensification, main-
tenance therapy, or molecularly targeted agents. Indeed, the standard of care
for patients with ES-SCLC, platinum-based chemotherapy, has remained vir-
tually unchanged over the past 20 years. More effective treatments are urgently
needed for this disease that kills over 20,000 patients each year in the United
States.

Current Standard of Care

For patients who present with ES-SCLC, the standard treatment typically
includes platinum-based chemotherapy utilizing cisplatin or carboplatin in com-
bination with either etoposide or irinotecan. Previously, alkylator-based regi-
mens, such as CAV [cyclophosphamide, doxorubicin (Adriamycin), and vincris-
tine], were used to treat ES-SCLC; however, platinum-based regimens such as
cisplatin plus etoposide (PE) were found to have equal efficacy and better
tolerability [91]. Similarly, carboplatin is now frequently used instead of cisplatin
due to its more favorable toxicity profile, and the combination of carboplatin
plus etoposide (CE) has become a favorite regimen among oncologists in the
United States. A trial that compared CE to PE demonstrated response rates of
64% vs. 50% and median survival times of 11.8 months vs. 12.5 months for the
CE and PE treatment groups, respectively [92]. Overall, the toxicity profile
favored CE, including a reduced incidence of severe neutropenia.

Japanese investigators have demonstrated that the combination of cisplatin
plus irinotecan (IP) may have superiority over PE in their patient population. A
phase III study randomized 154 patients with untreated ES-SCLC to receive
cisplatin (60 mg/m2, day 1) plus irinotecan (60 mg/m2, days 1,8,15 of a 28-day
cycle) or cisplatin (80 mg/m2, day 1) plus etoposide (100 mg/m2, days 1–3 of a
21-day cycle) [93]. The response rate (84% vs. 67.5%), median survival (12.8
months vs. 9.4 months; P=0.002), and 1-year survival rate (58.4% vs. 37.7%)
all favored the IP arm. Side effects were comparable between the two arms with
similar rates of myelosuppression but more high-grade diarrhea with IP.
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A confirmatory study conducted in the United States failed to demonstrate
superiority for the IP regimen. The regimen utilized for this study was slightly
different than that in the Japanese study in that the IP was administered as
cisplatin 30 mg/m2 plus irinotecan 65 mg/m2 on days 1 and 8 of a 21-day cycle.
The response rate (48% vs. 43.5%), median survival (9.3 months vs. 10.2
months), and 1-year survival rate (35% vs. 35.2%) for IP and PE, respectively,
were nearly identical [94]. Patients receiving PE demonstrated higher rates of
febrile neutropenia, whereas IP was associated with higher rates of diarrhea,
dehydration, and vomiting. Several explanations were proposed for the differ-
ent outcomes between these two trials, including differences in the dose and
schedule of chemotherapy, possible molecular differences in SCLC between the
countries, and differences in the metabolism of irinotecan in each population.
Another US trial run by the Southwest Oncology Group (SWOG) utilizing the
same doses and schedules of IP and PE as the Japanese study has completed
enrollment, but results have not yet been reported. Presently, the platinum–
etoposide combination continues to be the standard therapy for patients with
ES-SCLC in the United States.

Multidrug Combinations

The Goldie–Coldman mathematical model predicts that the optimal cancer
treatment with chemotherapy would entail upfront use of all active agents
simultaneously in an attempt to reduce the selection of resistant tumor clones.
Therefore, the addition of noncross-resistant agents to platinum plus etoposide-
based therapy was considered an appealing strategy to improve efficacy and
prolong patient survival. Unfortunately, these multidrug combinations have
not demonstrated consistent improvements in survival of patients with ES-
SCLC and are fraught with substantial increases in toxicity when compared
to platinum-based, two-drug regimens. For example, the triplet combination of
cisplatin, etoposide, and paclitaxel (TEP) was compared with standard PE in
133 patients with ES-SCLC [95]. The response rate, median survival, and 1-year
survival rate for TEP vs. PE were 50% vs. 48%, 9.5 months vs. 10.5 months
(P ¼ 0.90), and 38.2% vs. 37.7%, respectively. The treatment-related mortality
rate was 13% in the TEP arm and the study was stopped early. Another trial
randomized 587 patients to either TEP or PE and, again, the response rate,
median survival, and 1-year survival rate were nearly identical: 75% vs. 68%,
10.6 months vs. 9.9 months (P=0.17), and 38% vs. 37%, respectively [96]. The
treatment-related death rate was 2.4% with PE and 6.5% with TEP, mostly
from neutropenic sepsis. A similar study randomized 614 untreated patients
with both LS- and ES-SCLC to carboplatin, etoposide and vincristine or
carboplatin, etoposide and paclitaxel [97]. There was no difference in response
rate and median survival was 10 months in both arms. Other active agents in
SCLC, such as ifosfamide, cyclophosphamide, and epirubicin, have also failed
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to demonstrate a substantial clinical benefit when added to PE [98]. Thus, two
decades of testing various combinations of active chemotherapy agents have
failed to substantially improve patient survival beyond that achieved with
platinum-based, two-drug therapy. The modest survival gain that is occasion-
ally reported with multidrug regimens is often counterbalanced by an increase
in morbidity and mortality.

Alternating Noncross-Resistant Chemotherapy Regimens

Because overlapping toxicities, most notably myelosuppression, prevent the use
of multiple agents simultaneously, an alternative approach is to use noncross-
resistant regimens in an alternating fashion to expose the cancer to as many
effective agents as possible while reducing the toxic events that limit their
concurrent use. Given the efficacy of the PE and CAV regimens in ES-SCLC,
two large trials compared the alternation of these regimens to PE or CAV alone.
A large Japanese study randomized patients with LS- or ES-SCLC to PE, CAV,
or alternating PE and CAV [99]. The response rate for PE/CAV was 76%
compared with 78% for PE alone and although the median survival appeared
to favor PE/CAV (11.8 months vs. 9.9 months; P=0.056), this benefit was not
seen in patients with extensive-stage disease. Similarly, a trial in the United
States randomized 477 patients with ES-SCLC to one of the same three regi-
mens [91]. The response rates and median survival of patients receiving PE,
CAV, and PE/CAV were 60.7%, 50.6%, and 59.4% and 8.6, 8.3, and 8.1
months, respectively. Not surprisingly, patients receiving alternating PE and
CAV experiencedmore myelosuppression than those in the other two arms. For
patients who received either PE or CAV alone and then crossed over to receive
the other regimen at the time of disease relapse, the response rate was disap-
pointing, ranging from 8% to 28%depending on the response to initial therapy.
Forty-one patients initially treated with PE demonstrated a response rate of
only 14% for chemosensitive patients and 8% for chemoresistant patients with
salvage CAV, with a median survival of 4.3 months for the entire cohort. This
raised the question of whether CAV and PE were truly noncross-resistant
regimens, since a higher response rate would have been predicted when used
as salvage therapy.

Newer agents like topotecan and paclitaxel have demonstrated efficacy
against SCLC when used as single agents and have been evaluated in an
alternating fashion with PE. One phase II trial of PE alternating with single-
agent topotecan (1.5 mg/m2/day, days 1–5 of a 21-day cycle) in patients with
ES-SCLC reported a response rate of 64% and a median survival of 11.5
months [100]. The relatively modest efficacy and the higher degree of myelo-
suppression resulted in the decision not to develop this regimen further.
Another phase II study investigated PE alternating with topotecan (1 mg/m2/
day, days 1–5) plus paclitaxel (200 mg/m2 on day 5 of a 21-day cycle) with
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growth factor support [101]. The response rate was 77%with a median survival
of 10.5 months and a 1-year survival rate of 37%. The incidence of grade 4
neutropenia was high despite the use of growth factor support. Overall, this
approach did not appear to demonstrate an advantage over standard PE
therapy. Based on these and other trials, the alternation of noncross-resistant
chemotherapy regimens does not offer an improvement in tumor response rate
or prolong survival in patients with ES-SCLC when compared to standard
therapy with PE.

Dose Intensification

Preclinical models suggest a linear logarithmic relationship between the cyto-
toxic chemotherapy dose and the degree of tumor cell kill [102]. Chemosensitive
malignancies such as germ cell tumors and high-grade lymphoma are curable
with higher doses of cytotoxic agents, and given the sensitivity of SCLC to
chemotherapy, it was rational to predict a similar outcome. Many trials in
patients with ES-SCLC have achieved dose intensification either by increasing
the dose of chemotherapy or by shortening the time between courses, thereby
increasing the total dose per week of chemotherapy. One early trial utilized
cyclophosphamide (50 mg/kg/day, days 1–2), etoposide (400 mg/m2, days 1–3),
and cisplatin (40 mg/m2, days 1–3) (HDCEP) every 28 days for two cycles
followed by four cycles of standard CAV [103]. In 20 patients, the response
rate was 90% and the median survival was 9.5+ months. On average, patients
were hospitalized for 23 days of each cycle of HDCEP for neutropenia-related
complications and 84% of the courses were complicated by neutropenic fever.
Despite the high response rate, two treatment-related deaths and a median
survival comparable to historical controls rendered this regimen unfavorable
in the palliative setting. Similarly, a study evaluating high-dose PE (HDPE)
compared with standard-dose PE (SDPE) failed to demonstrate a survival
benefit [104]. Over 100 patients were randomized to receive standard-dose or
high-dose cisplatin (40 mg/m2) and etoposide (120 mg/m2), each given on days
1–5 of a 21-day cycle. Two of the first four patients receiving HDPE died from
complications of myelosuppression and the cisplatin and etoposide doses were
subsequently reduced to 27 mg/m2 and 80 mg/m2, respectively. Still, myelosup-
pression remained severe for HDPE, and the response rate (86% vs. 83%) and
median survival (11.4 months vs. 10.7 months; P = 0.68) were comparable
between the two arms.

Shortening the duration between treatments also has not shown benefit
compared with traditional regimens given at 3-week intervals. A large trial
randomized 300 patients with SCLC to receive vincristine (0.5 mg/m2, day
15), ifosfamide (5 g/m2, day 1), carboplatin (300 mg/m2, day 1), and etopo-
side (120 mg/m2 intravenously days 1–2 and 240 mg/m2 orally day 3) (V-
ICE) at 28-day or 21-day intervals with or without granulocyte-macrophage
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colony-stimulating factor (GM-CSF) support [105]. The primary endpoint
was to assess whether GM-CSF reduced toxicity from chemotherapy. No
reduction in myelosuppression was found with GM-CSF and the response
rate of 77% was identical in the 28- and 21-day cycle arms. Although there
was a suggestion of a survival benefit with the 21-day regimen, the inclusion
of patients with both LS- and ES-SCLC rendered the results uninterpretable
for this endpoint.

Another dose intense regimen included cisplatin (25 mg/m2 weekly),
vincristine (1 mg/m2 every 2 weeks), doxorubicin (40 mg/m2), and etoposide
(80 mg/m2 every 2 weeks) for a total of 9 weeks of therapy (CODE) and
demonstrated a remarkable 2-year survival of almost 30% in a pilot study
[106]. The CODE regimen yielded a twofold increase in dose intensity over a
9-week period compared with 18 weeks of alternating CAV with PE. Two
large trials evaluated this 9-week regimen of intensive weekly chemotherapy
compared with the alternation of CAV and PE administered every 21 days
for 18 weeks [107, 108]. Both trials demonstrated an improvement in
response rate with CODE over CAV/PE; however, there was no difference
in median survival between the study arms. Neutropenia-related complica-
tions were much higher with CODE despite growth factor support and one
trial demonstrated a treatment-related mortality rate of 8.2% with CODE
compared with 0.9% with CAV/PE. The CODE regimen was thus deemed
inferior to standard regimens based on greater toxicity and the lack of
improvement in patient survival.

Finally, a trial randomized over 200 patients to weekly chemotherapy with
the ‘‘multiple drug combination’’ (MDC) of doxorubicin, etoposide, cyclopho-
sphamide, vindesine, vincristine, and methotrexate or to standard therapy of
cyclophosphamide, doxorubicin, and etoposide (CDE) [109]. The response rate
(69% vs. 62%), median survival (49 weeks vs. 43 weeks; P = 0.34), and 2-year
survival (8.5% vs. 7.9%) were nearly identical between the two arms. Unfortu-
nately, increasing the dose intensity of active agents in ES-SCLC did not
improve upon overall survival and again, severe myelosuppression limited the
usefulness of this regimen in palliating patients with ultimately incurable
disease.

Autologous Stem Cell Transplantation

Autologous stem cell rescue of the bone marrow has been investigated to allow
the administration of high doses of chemotherapy that would otherwise not be
possible due to intolerable myelosuppression. Theoretically, this would facil-
itate the increase of cytotoxic chemotherapy dosage to levels necessary to
achieve tumor cell kill equivalent to that achieved in preclinical models. Unfor-
tunately, the majority of trials that evaluated this approach were uncontrolled
and had small sample sizes. The first randomized trial assigned patients with
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SCLC-ES to either standard chemotherapy (SC) or SC followed by a late-

intensification regimen of cyclophosphamide, etoposide, and BCNU with sub-

sequent autologous bone marrow transplantation [110]. No statistical differ-

ence in median survival was detected between the treatment arms and there was

an 18% toxic death rate with late-intensification chemotherapy. Enrolled

patients were relatively young and had a good performance status, adding

further concern regarding the application of this approach to routine use.

Another study included 69 patients with SCLC, the majority of whom had ES

disease, and treated them with four cycles of high-dose ifosfamide, carboplatin,

and etoposide followed by stem cell rescue after each cycle [111]. The survival

results were modest (median survival, 11 months; 2-year survival rate, 5%)

despite a high response rate of 86% in patients with ES-SCLC. Toxicity was

considerable with 14% of patients experiencing severe diarrhea, 10% severe

mucositis, and a 9% toxic death rate. Finally, a retrospective review of 103

patients with SCLC treated with high-dose chemotherapy followed by auto-

logous stem cell transplant at 22 centers participating in the Autologous Blood

and Marrow Transplant Registry suggested that this approach may benefit

younger patients and those with earlier stage disease but not older patients or

those with extensive-stage disease [112]. The enthusiasm toward this approach

has faded over the past several years. Given the lack of survival benefit and high

treatment-related mortality, high-dose chemotherapy with stem cell rescue

cannot be recommended outside of the clinical trial setting.

Duration of Chemotherapy

Four cycles of combination chemotherapy are considered optimal for treatment

of SCLC. Efforts to improve the efficacy of chemotherapy have included

increasing the number of cycles and utilizing noncross-resistant chemotherapy

for maintenance treatment upon completion of induction therapy.
A randomized trial treated patients with SCLC with a complete response

(CR) after six cycles of CDE to either observation or an additional six cycles

and demonstrated no benefit with prolonged therapy [113]. Another study

randomized almost 700 patients with LS- and ES-SCLC to either 5 or 12 cycles

of CDE [114]. The response rate was 75% after five cycles and the number of

patients that achieved a CR after the fifth cycle was extremely low. The median

survival was 9.3 months in both arms and toxicity in the maintenance arm

included severe leukopenia and thrombocytopenia in 79% and 23%of patients,

respectively. Toxicity with the maintenance therapy resulted in significant

delays in therapy and dose reductions, and only 37% of the patients completed

all 12 of the planned cycles. Finally, a large phase III trial with over 600 patients

with SCLC found that continuation of CAV improved time to progression but

had no impact on overall survival [115].
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Utilizing noncross-resistant maintenance therapy after induction chemother-

apy also has not demonstrated a substantial survival benefit. A randomized

study of over 200 patients compared four standard cycles of PE followed by

either observation or 10 cycles of CAV [116]. Median survival was not prolonged

with maintenance chemotherapy and only 17% of the patients completed the

planned therapy due to toxicity that included profoundmyelosuppression. More

recently, a trial using an intensive induction regimen of cisplatin, ifosfamide, and

etoposide (VIP) followed by maintenance oral etoposide for 9 weeks demon-

strated an improvement in progression-free survival but no improvement in

overall survival compared with the induction-only arm, despite the low toxicity

rate of the oral agent [117]. Finally, a phase III study that evaluated standard PE

followed by either observation or the addition of four cycles of topotecan failed

to demonstrate an improvement in median survival or quality of life [118].

Topotecan is a commonly used agent at the time of relapse after platinum-

based therapy and it seemed logical to investigate this agent in the first-line

setting. Unfortunately, the median survival (9.3 months vs. 8.9 months; P =

0.43), and 1-year survival (28% vs. 25%) were not improved with sequential

topotecan administration compared with the standard therapy.
Patients with SCLC are typically older and frequently have tobacco-related

comorbidities, making it difficult for them to tolerate prolonged therapy, as

many of these trials demonstrate. If induction chemotherapy for ES-SCLC is

sufficiently aggressive, maintenance chemotherapy seems to only add further

toxicity without improving upon survival. Although a few trials demonstrated

an improvement in time to progression with maintenance therapy, the influence

of second-line chemotherapy given to patients at the time of relapse after receiv-

ing short-course induction therapy likely negates the survival benefit. As newer,

less-toxic targeted agents are developed, it is hoped that maintenance treatment

with such agents will prolong survival without increasing toxicity, as has been

demonstrated with trastuzumab in patients with HER-2-positive breast cancer.

Other Cytotoxic Agents

Over the past few years, a number of new cytotoxic agents have been evaluated

in small phase I and II clinical trials in patients with ES-SCLC, mostly in the

second-line setting. Thus far, the number of objective responses that have been

observed remains modest, but a few agents seem to show promising effective-

ness and tolerability. Amrubicin, a fully synthetic anthracycline that inhibits

DNA topoisomerase II, is one of the most promising agents. Two phase II

studies of amrubicin in patients with recurrent SCLC demonstrated response

rates of 37% and 52%, andmedian survival was approximately 11months [119,

120]. Interestingly, one study demonstrated a response rate of 50% in 16

patients who were deemed chemoresistant to prior therapy. Trials are ongoing
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to further evaluate amrubicin, including a randomized phase II trial and a
planned phase III trial with topotecan as the control arm.

The alkylating agent VNP40101M has demonstrated response rates of 29%
and 5% in patients with chemosensitive disease and chemoresistant disease,
respectively [121]. Of note, 3 of 16 patients with brain metastases demonstrated
a response in the central nervous system, indicating a potential benefit for
patients with central nervous system recurrence. Picoplatin is a platinum analog
designed to overcome platinum resistance. A preliminary report from a phase II
study indicates potential clinical benefit with a median survival of 6.5 months in
chemorefractory patients when single-agent picoplatin was given in the second-
line setting [122]. A confirmatory phase III study is currently underway.

Targeted Therapy

The investigation of molecular pathways critical for growth and survival of
SCLC is the next logical step toward the discovery of improved therapies.
Further understanding of the biology of malignancies has led to ‘‘targeted
therapy’’ designed to inhibit the pathways involved in tumorigenesis. Clinical
studies in SCLC over the past several years have focused on these targeted
agents as single agents and in combination with standard cytotoxic agents.

Antiangiogenic Therapy

SCLC is characterized by overexpression of VEGF, high expression ofMMP-3,
-11, -14, and high microvessel density, which are all negative prognostic factors
[123]. VEGF is overexpressed in up to 80% of SCLCs. Therefore, agents that
inhibit angiogenic pathways have been under investigation for the treatment of
SCLC. Thalidomide has been shown to repress key angiogenesis genes that lead
to downregulation of VEGF and fibroblast growth factor (FGF) secretion
[124]. A large phase III study randomized 119 patients with SCLC who
responded to two cycles of cisplatin, cyclophosphamide, epirubicin, and etopo-
side (PCDE) to an additional two cycles of the chemotherapy with or without
thalidomide [125]. Patients randomized to receive thalidomide continued the
therapy after completion of the four cycles of chemotherapy as maintenance
treatment. Thalidomide did not improve the response rate after the fourth cycle
of PCDE and although the median and 1-year survival (11.7 months vs. 8.7
months and 49% vs. 30%, respectively) appeared to favor the addition of
thalidomide, the difference did not meet statistical significance (P = 0.16).
Grade � 2 neuropathy was noted in over one-third of the patients treated
with thalidomide, which led to dose reductions and low compliance.

Vandetanib is an oral agent that inhibits the VEGF receptor-2, as well as
EGFR. A phase II study randomized 107 patients who achieved a CR or a
partial response (PR) with more than four cycles of standard chemotherapy to
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vandetanib or to placebo [126]. Median survival was not improved with vande-
tanib (10.6 months vs. 11.9 months; P = 0.90). Therapy was poorly tolerated
with side effects that included prolongation of the QTc interval, hypertension,
diarrhea, and rash. Bevacizumab has recently been studied in combination with
standard chemotherapeutic agents for the treatment of ES-SCLC. Data from
two nonrandomized phase II studies demonstrated modest survival and PFS,
although it was unclear if the regimens offered a clear advantage over historical
controls with chemotherapy alone [127, 128].

The matrix metalloproteinases (MMP) comprise a family of proteins that,
when secreted, digest extracellular matrix and basement membrane, allowing
local tumor expansion and facilitating the formation of blood vessels [129].
Over 30 MMPs have been identified and are elevated by IHC in 60–100% of
SCLC specimens, making them attractive therapeutic targets. Unfortunately,
despite encouraging preclinical data, therapeutic trials have not demonstrated
a benefit from MMP inhibitors. For example, a phase III trial of the MMP
inhibitor BAY12-9566 in patients with SCLC was closed early due to shorter
survival of the patients receiving the study agent when compared to those in
the placebo arm. Another similarly designed phase III trial randomized 532
patients who had achieved a CR or a PR with induction chemotherapy to
receive the MMP inhibitor marimastat or placebo [130]. Unfortunately, med-
ian survival was similar (9.3 months vs. 9.7 months; P= 0.90) and significant
musculoskeletal toxicity resulted in dose reduction in 50% and discontinua-
tion of the drug in 20% of patients. Although marimastat is one of the most
potent inhibitors of MMPs, the inhibition of a few MMPs by this agent is
unlikely to impact tumor growth and survival in patients with advanced
SCLC.

Other Tyrosine Kinase Inhibitors

The c-kit receptor and its ligand, stem cell factor, appear to confer a survival
advantage to SCLC through an autocrine growth pathway. In vitro data
suggest that c-kit inhibition may reverse apoptotic inhibition in SCLC [131,
132]. Therefore, imatinib, an inhibitor of c-kit tyrosine kinase, was evaluated as
a single agent for the treatment of SCLC. The initial study enrolled an unse-
lected patient group for imatinib therapy and reported no objective responses
and no evidence of anticancer activity [133]. Subsequently, another phase II
study enrolled only patients whose tumor tissue expressed the c-kit receptor (by
IHC) in an attempt to preselect patients who were most likely to benefit.
However, this selected patient group also did not seem to benefit from c-kit
inhibition with imatinib [134]. Another phase II study evaluating imatinib as
maintenance therapy after induction chemotherapy with cisplatin and irinote-
can for patients with c-kit-positive ES-SCLC also failed to demonstrate anti-
cancer activity [135]. It is now evident that SCLC does not depend entirely on
the c-kit autocrine growth pathway for survival and its inhibition has therefore
not translated into clinical benefit. Other multitargeted TKIs such as sorafenib
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and sunitinib are currently under investigation, but data on their potential
efficacy are not yet available.

Bcl-2 Inhibition

A novel approach for the treatment of patients with ES-SCLC targets the
apoptotic inhibitor Bcl-2, which is overexpressed in up to 90% of SCLCs and
has been implicated in conferring resistance to radiation and chemotherapy
[136]. Oblimersen is an oligonucleotide complimentary to Bcl-2 mRNA that
activates specific RNase H-mediated mRNA degradation, leading to reduced
Bcl-2 protein levels [137]. Based on preclinical models that suggested antitumor
activity, clinical trials that studied combinations of oblimersen with chemother-
apy were initiated [138]. A pilot study with oblimersen plus paclitaxel in patients
with chemorefractory SCLC demonstrated safety of this combination, but no
responses were identified [139]. A similarly designed phase I study evaluated
oblimersen with carboplatin plus etoposide in chemonaı̈ve patients with ES-
SCLC [140]. Sixteen patients received six cycles of chemotherapy with oblimer-
sen and the response rate was 86% with a median survival of 8.6 months.
Myelosuppression was the main dose-limiting side effect and no major non-
hematologic side effects were identified. However, a randomized study that
evaluated the utility of oblimersen when given in combination with chemother-
apy failed to demonstrate any additional advantage [141]. Despite the failure of
oblimersen in this setting, a number of novel Bcl-2 family inhibitors are cur-
rently under development for the treatment of SCLC.

Vaccine Therapy

Vaccine-based therapies have been in the forefront of investigation for the past
two decades for the treatment of cancer. Accordingly, vaccine approaches have
been investigated for the treatment of patients with SCLC. The p53 gene is
mutated in up to 90% of SCLCs. In addition, p53 consistently demonstrates a
high level of expression, has a long half-life, and is important for tumor
survival, making it an appealing therapeutic target [142]. Twenty-nine ES-
SCLC patients were treated with platinum-based chemotherapy followed by
autologous dendritic cells transduced with wild-type p53 gene delivered by an
adenoviral vector. Although a T-cell-mediated immune response was attained
in over half of the subjects, only one patient demonstrated an objective response
and the median survival of 11.8 months and 1-year survival rate of 38% did not
appear superior to historical controls. The authors postulated that patient-
derived antiadenovirus antibodies may have contributed to the lack of clinical
benefit. Interestingly, patients with a positive immune response to the vaccine
demonstrated a response rate of 75% to subsequent cytotoxic chemotherapy
compared with 30% for the patients who did not demonstrate an immune
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response (P = 0.08). This observation could be related to undefined cytotoxic–
immunological synergy or simply to patient selection bias. Nevertheless, further
studies appear warranted, given the typically low response rate of 5–20% seen with
second-line chemotherapy.

A second trial utilized Bec2, an antiidiotypic antibody that mimics the gang-
lioside antigen GD3, which is overexpressed in about 60% of SCLCs [143]. This
large phase III study randomized 515 patients with LS-SCLC to the Bec2/Bacille
Calmette-Guerin vaccine or to observation after completing standard therapy
[144]. Only one-third of enrolled patients demonstrated a humoral response to
the vaccine and no difference in survival between the two arms was detected. Side
effects of the vaccine included flu-like symptoms, malaise, and local skin reac-
tions that led to the discontinuation of therapy in some patients. The authors
postulated that higher titers of anti-GD3 antibodies may be required to demon-
strate a survival benefit and a multivalent vaccine against several targets com-
monly expressed in SCLC may improve outcome. Similar to other malignancies,
however, vaccine therapy has failed to demonstrate a therapeutic benefit in
patients with SCLC, although new strategies combining chemotherapy with
immunotherapy may warrant further investigation.

Summary

Advanced-stage lung cancer is now a treatable disease with several chemother-
apeutic and targeted interventions contributing to qualitative and quantitative
improvements in patient outcome. Systemic chemotherapy continues to be the
backbone of therapy, although a plateau in efficacy has been noted in multiple
therapeutic settings. Novel targeted agents, already under extensive investiga-
tion, provide hope for moving the treatment paradigms to the next level. The
EGFR and VEGF inhibitors provide proof of principle that molecularly tar-
geted agents can be integrated into existing therapies. In addition to developing
newer agents, individualization of therapy based on tumor-specific character-
istics remains the ultimate goal since lung cancer is characterized by wide
molecular heterogeneity. The utilization of high-throughput genomic technol-
ogy is being tested for better prognostication and treatment prediction for
patients with lung cancer. Although the improvements in therapy have thus
far been modest, the plethora of novel agents under investigation provides
reason for optimism.
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Site-Directed Therapy for Lung Cancer

Metastases

Kevin S. Oh, Baskaran Sundaram, Venkataramu Krishnamurthy, Allan Pickens,

Malini Venkatram, Ella A. Kazerooni, Charlie Pan, and James Hayman

Abstract At the time of diagnosis, 40% of patients with non-small cell lung
cancer (NSCLC) and nearly 70% of patients with small cell lung cancer (SCLC)
have advanced metastatic disease. The prognosis of patients with advanced
lung cancer is dismal, with a 5-year overall survival rate of 1–2%. The primary
treatment of advanced disease is supportive care and palliative chemotherapy.
However, there is a growing body of evidence suggesting that highly selected
patients with oligometastatic disease can achieve long-term survival with abla-
tive forms of site-directed therapy, including surgical resection, external beam
radiation therapy (EBRT), stereotactic radiosurgery (SRS), stereotactic body
radiation therapy (SBRT), and radiofrequency ablation (RFA). This chapter
summarizes the experience with site-directed therapy in the management of
metastatic lung cancer in the most commonly involved sites: brain, adrenal
gland, liver, lung, and bone.

Introduction

Forty percent of patients with non-small cell lung cancer (NSCLC) and nearly
70% with small cell lung cancer (SCLC) have advanced hematogenously meta-
static disease at diagnosis. The prognosis for such patients is dismal, with a
5-year overall survival rate of 1–2% [1, 2]. The presence of multiple metastases
is indicative of widespread disease which is not curable through the use of
currently available therapy. Therefore, the primary goal of therapy is palliation
through the use of systemic chemotherapy or molecularly targeted therapy.
Local treatment modalities, such as surgery and radiotherapy, are primarily
utilized with palliative intent to lessen symptoms at sites of metastatic spread.

In a small subset of patients with oligometastatic NSCLC in which all sites of
disease can be treated in a definitive manner, site-directed therapy is sometimes
offered with the intention of achieving long-term survival, if not cure. The data
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supporting the use of definitive site-directed therapy are strongest for patients
with a solitary metastasis. In highly selected patient populations, definitive site-
directed therapy for a solitary metastasis has achieved long-term survival rates of
15–20%. Before offering definitive site-directed therapy, extensive assessment of
disease extent must be undertaken using all available modalities, including com-
puted tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), and biopsy of sites of potential metastatic disease, to confirm
that the target lesion is truly a solitary metastatic deposit. Frequently, a biopsy is
indicated to rule out the possibility of a second primary malignancy. Solitary
metastases fall into three distinct clinical scenarios: (1) a synchronous metastasis
found at the time of initial cancer diagnosis; (2) a metachronous metastasis
arising sometime after the successful treatment of the primary cancer; and (3) a
single metastasis in the target organ occurring in the setting of metastatic disease
in other organs.Unfortunately, retrospective reports on the utility of site-directed
therapy are often confounded by the inclusion of patients in all of these groups
despite their clearly different prognoses.

This chapter summarizes the treatment strategies and outcomes of site-
directed therapy for patients with advanced lung cancer, focusing primarily
on NSCLC occurring in the most common metastatic sites, including the brain,
adrenal gland, liver, lung, and bone [3–10]. Patients with extensive-stage SCLC
rarely present with solitary sites of metastatic disease, so few reports are avail-
able regarding the use of site-directed therapy for this disease. However,
patients with extensive-stage SCLC who respond to initial chemotherapy may
benefit from prophylactic cranial irradiation (PCI) and definitive thoracic
radiation, which will also be discussed.

Brain

NSCLC accounts for 37–56% of all intracranial metastases [11, 12], and brain
metastases occur in up to 45% of patients with lung cancer in autopsy series
[3–10]. In general, the prognosis for patients with brain metastases is extremely
poor. A recursive partitioning analysis of patients with brain metastases from
any primary site enrolled in three Radiation TherapyOncologyGroup (RTOG)
trials reported a median survival of 7.1 months for patients in the most favor-
able group and only 2.3 months for those in the least favorable group [13]. In
this analysis, 61% of patients had primary lung cancer. As evidenced by these
dismal statistics, the treatment of brain metastases with local therapeutic mod-
alities is purely palliative in the vast majority of patients.

Multiple Brain Metastases

Approximately 50% of patients with brain metastases from NSCLC have
multiple lesions [14]. For patients with multiple brain metastases or poor

352 K.S. Oh et al.



functional status, corticosteroids and whole brain radiation therapy (WBRT)
given with palliative intent are considered the standard of care. For those
treated only with corticosteroids, median survival is 1–2 months, while the
addition of WBRT improves survival to 3–6 months. The standard fractiona-
tion for WBRT in the United States is 30 Gy in 10 fractions delivered by
opposed lateral beams, but the optimal schedule remains undefined. In the
1970s, two prospective randomized trials that compared various fractionation
schedules in >1,800 patients with brain metastases from multiple primary sites
reported no differences in median survival, symptom palliation, or duration of
neurologic improvement [15]. In addition, a smaller study suggested that ultra-
rapid schedules of 10 Gy in 1 fraction or 6 Gy in 2 fractions may not provide
durable responses [16].

Limited Brain Metastases

Several case series have suggested that highly selected patients with solitary or
limited intracranial metastases may achieve long-term survival with aggressive
surgical resection. Nearly all studies addressing the role of surgery have
included a mixture of patients with synchronous and metachronous diseases.
Table 1 is a summary of the larger retrospective reports that have examined
outcomes after combined resection of the primary tumor and brain metastasis.
Overall, this approach has yielded 5-year survival rates of 10–30%. Hankins et
al. reported a 5-year survival rate of 45%, but this may be attributable to a
large proportion of patients with T1-2 (80%) and node-negative primary
lesions (70%) [17]. In several series, the ability to completely resect the primary
lung tumor appeared to be a strong, independent prognostic factor on multi-
variate analysis. Node-positive primary disease has consistently been asso-
ciated with poor prognosis after brain resection, suggesting that nodal disease
reflects the presence of more widespread systemic disease. Therefore, aggres-
sive site-directed treatment of metastatic disease may not be appropriate in
such patients.

Several randomized trials have examined the relative contributions of surgi-
cal resection, WBRT, and stereotactic radiosurgery (SRS) to the survival, fail-
ure pattern, and quality of life of patients with limited brain metastases.
Although the most compelling trials included patients with brain metastases
from a variety of primary sites, the majority of patients in all of these studies
had NSCLC. There are no randomized trials comparing surgical resection to
SRS in patients with brain metastases only from NSCLC [18].

In a landmark study, Patchell et al. randomized 48 patients with a single
brain metastasis and good performance status to undergo resection followed by
WBRT (36 Gy in 3 Gy fractions) or WBRT alone. The use of surgery improved
median survival (40 vs. 15 weeks), time to neurologic death, maintenance of
performance status, time to recurrence, and intracranial local control [19]. In a
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follow-up study, 95 patients who underwent complete surgical resection were
randomized to receive postoperative WBRT (50.4 Gy in 1.8 Gy fractions) or no
further treatment after surgery [20]. The addition of WBRT improved intra-
cranial control and rate of neurologic death, but did not impact on median
survival or maintenance of performance status. However, most patients in this
study who did not receive immediate postoperative WBRT did eventually
require WBRT during the course of their disease due to local brain relapse. In
both of these studies, patients with radiosensitive histologies, such as SCLC,
were excluded.

Analogous trials have been conducted using SRS based on the assumption
that it may be a completely ablative and non-invasive substitute for surgery in
patients who have unresectable disease or are medically inoperable. An early
dose-escalation study of SRS (RTOG 90-05) established the maximal tolerated
dose (MTD) based on the size of the metastatic lesion: 24 Gy for tumors
<20 mm, 18 Gy for tumors 21–30 mm, and 15 Gy for tumors 31–40 mm [21].
The MTD was not reached in patients with tumors <20 mm. Of note, approxi-
mately two-thirds of patients were being treated for recurrent brain metastases
after prior WBRT. RTOG 95-08 compared WBRT with or without an SRS
boost in 331 patients with 1–3 brain metastases [22]. WBRT was delivered as
37.5 Gy in 15 fractions and SRS doses followed those established by RTOG 90-
05. For the subset of patients with a solitary metastasis, WBRT + SRS
improved median survival (6.5 vs. 4.9 months, p¼ 0.039), but no significant
survival benefit was observed in the overall study population. However, the
addition of SRS did improve the 1-year local control (82 vs. 71%, p¼ 0.01),
maintenance of performance status, and steroid requirement. A reciprocal
study, JROSG 99-1, randomized 132 patients with 1–4 brain metastases to
receive SRS with or without WBRT [23]. The addition of WBRT improved
intracranial control end-points, including total brain recurrence (47 vs. 76%),
distant brain recurrence (42 vs. 64%), local brain recurrence (11 vs. 28%), and
need for salvage brain treatment (15 vs. 43%). However, there was no signifi-
cant overall survival difference, so accrual was terminated early at interim
analysis.

In summary, in studies of highly selected patients with good performance
status and solitary or limited intracranial metastases, surgical resection has
achieved long-term survival rates of 10–30%. Randomized trials support the
notion that ablative therapy with either surgical resection or SRS can
improve survival and maintain performance status in patients with a solitary
brain metastasis. The addition of WBRT after surgical resection or SRS
improves intracranial control, but does not significantly impact survival or
performance status. For patients with multiple brain metastases, WBRT with
palliative intent should remain the mainstay of therapy. The greater the
number of brain metastases, the lower the hope that surgical resection or
SRS can produce long-term control. The numeric threshold at which surgical
resection or SRS should be discounted as a rational treatment option remains
controversial.
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Prophylactic Cranial Irradiation

Patients with SCLCwho achieve a good response after induction chemotherapy
remain at high risk for intracranial failure with up to 37% of patients who do
not receive prophylactic cranial irradiation (PCI) experiencing brain metastases
as an isolated site of first relapse [24].While patients with gross brain metastases
at diagnosis have a dismal prognosis despite treatment, it has been hypothesized
that relatively low radiation doses may eradicate occult disease if given
prophylactically.

The role of PCI is best defined for patients with limited-stage SCLC,
although newer data also support its use in patients with extensive-stage dis-
ease. However, there is no evidence that PCI improves survival in patients with
NSCLC [25]. The strongest evidence for the use of PCI in patients with SCLC
comes from a meta-analysis which included 987 patients with SCLC who
achieved a complete response after induction chemotherapy who were enrolled
on 7 randomized trials that compared PCI with no PCI [26]. The relative risk of
death in the PCI group compared to the control group was 0.84 (p¼ 0.01),
which translated into an absolute survival benefit of 5.4% at 3 years.While only
12% of patients in the PCI group had extensive-stage disease, interaction
analysis demonstrated that stage of disease did not have a significant effect on
the benefit of PCI. More recently, the EORTC conducted a randomized trial
comparing PCI with no PCI in 286 patients with extensive-stage SCLCwho had
any response to 4–6 cycles of chemotherapy [27]. Of these patients, 76% had
residual thoracic disease and 71%had residual distant disease. PCI significantly
decreased the risk of brain metastases (16.8 vs. 41.3%, p<0.001) and improved
the 1-year survival rate (27.1 vs. 13.3%, p¼ 0.003). The collective data now
appear to support the use of PCI in patients with limited- or extensive-stage
SCLC who have achieved a response to initial chemotherapy.

Regarding the optimal fractionation of PCI, the meta-analysis included
studies utilizing a wide range of doses and schedules from 8 Gy in a single
fraction to 40 Gy in 20 fractions [26]. The schedules with higher total doses led
to greater decreases in the risk of brain metastases (p¼ 0.02), but there were no
significant differences in survival among the varying regimens.

Adrenal Gland

Autopsy series have reported adrenal metastases in 29–64% of patients with
lung cancer [3–10]. However, the incidence of a solitary adrenal metastasis is
only 1.6–3.5% [28, 29]. Several small, retrospective series suggest that the
resection of a solitary adrenal metastasis due to NSCLC may afford long-
term survival in highly selected patients. In an early case series, Twomey et al.
reported that two patients with solitary adrenal metastases from large cell lung
cancer were alive 6 and 14 years after adrenalectomy and aggressive therapy of
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the primary lung tumor [30]. This observation encouraged the publication of
other small retrospective series over the next two decades [29, 31–35]. Using a
MEDLINE search, Abdel-Raheem et al. [36] were able to compile reports on
only 18 patients with operable NSCLC who were treated for a metachronous
solitary adrenal metastasis from 1965 to 2000. Median survival was 19 months
for those who underwent adrenalectomy and chemotherapy (N¼ 8), 15 months
for chemotherapy alone (N¼ 2), 14 months for adrenalectomy alone (N¼ 5),
and 8 months for palliative radiation alone (N¼ 2). In 2001, Porte et al.
reported a multicenter retrospective study of 43 patients who underwent resec-
tion of a solitary adrenal metastasis (32 synchronous, 11 metachronous) [35].
Median survival was 11 months and three patients (7%) survived for over
5 years. Survival was not significantly influenced by histology, stage, adju-
vant/neoadjuvant treatment, timing of metastasis (synchronous vs. metachro-
nous), or disease-free interval. The advent of minimally invasive adrenalectomy
has led to lower complication rates, less blood loss, and shorter length of stay
[37]. Unfortunately, the current data are limited by the small number of highly
selected patients that have been reported and the lack of prospective trials. In
addition, no consistent clinical or pathologic predictors of survival after adre-
nalectomy have been identified. Overall, it is not possible to propose a definitive
recommendation regarding the potential utility of adrenalectomy for solitary
adrenal metastasis in patients with NSCLC.

Liver

The liver is one of the most common sites for metastatic disease [38–41]. The
incidence of liver metastases at the time of diagnosis of NSCLC has been
reported to be 3.8% [42], but rises to 58% in autopsy series [3–10]. There are
few reports of long-term survival after treatment of liver metastasis in patients
with NSCLC. Since liver metastases in patients with NSCLC are nearly always
a harbinger of widespread systemic disease, the use of definitive site-directed
therapy is rarely considered an appropriate management option.

Surgical Resection

Liver metastasectomy has been extensively evaluated in patients with colorectal
cancer, with reported 5-year overall survival rates of 25–38% [43–48, 50, 52]. In
contrast, only a few case reports are available regarding the resection of liver
metastases in patients with NSCLC. In colorectal cancer, isolated liver metas-
tases, without systemic hematogenous spread, are common due to venous drai-
nage of the primary tumor into the portal venous system. However, in NSCLC
and most other solid tumors, liver metastases occur in the setting of widespread
distant disease due to involvement of the systemic circulation. Therefore, it is not
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possible to extrapolate the results of metastasectomy or any other definitive site-
directed therapy in patients with colorectal cancer to those with other malignan-
cies, including lung cancer. DiCarlo et al. reviewed nine reports of resection of
liver metastases in patients with non-colorectal primaries from 1978 to 2003
[53–61]. Only 13 patients in these series had primary lung cancer and survival
was reported in only 5 patients (9, 13, 36, >60, and 185 months). A later case
study reported one patient with NSCLC who survived 62 months after resection
of a liver metastasis [62]. Based on these reports, somewould advocate aggressive
liver metastasectomy in highly selected patients with NSCLC. However, enthu-
siasm for this strategy is dampened by the paucity and anecdotal nature of the
available data as well as the potential morbidity and mortality that can result
from such an invasive approach. Even in colorectal cancer, fewer than 20% of
patients with liver-only metastases are eligible for potentially curative resection
due to the number or location of lesions [48, 49, 63].

Radiofrequency Ablation

Although surgical resection is considered the gold standard for site-directed
therapy for limited liver metastases in patients with colorectal cancer, many
patients are medically inoperable or surgically unresectable. In such patients,
minimally invasive alternatives, including radiofrequency ablation (RFA),
cryoablation, laser or microwave ablation, percutaneous ethanol injection,
and transarterial chemoembolization, offer potential options for local disease
control. Although initially considered a purely palliative option for patients
with liver metastases, thermal ablative procedures, such as RFA, have recently
been reported to offer the potential for long-term survival to select groups of
patients with colorectal cancer [64, 65]. As with surgical resection, most of the
experience with RFA of liver metastases comes from studies in patients with
colorectal cancer and gastrointestinal neuroendocrine tumors [64–72]. The
published experience with RFA in non-colorectal, non-neuroendocrine liver
metastases is very limited [73, 74].

RFA converts radiofrequency waves into heat by utilizing a high-frequency
alternating current (100–500 kHz) passed through an uninsulated electrode tip
embedded in a tumor. The resulting ionic vibration causes frictional heating of
the tissues surrounding the electrode. In general, thermal damage to cells begins
at 428C and the exposure time required for actual cell death decreases exponen-
tially with increasing temperature [75–77]. RFA can be applied via percuta-
neous, laparoscopic, or open surgical approaches with pros and cons for each of
these techniques. The image-guided percutaneous approach is the least invasive
and is thus ideal for poor surgical candidates. In general, patients with one to
three lesions that are<3.5 cm in diameter and are located in the periphery of the
liver can be considered for percutaneous RFA (Fig. 1). Lesions also must not be
adjacent to other organs (e.g., bowel, kidney, gallbladder) that can be damaged
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by the conduction of heat. Laparoscopic RFA has the potential to better define
the number and location of liver metastases and the ability to explore the
patient for the presence of extrahepatic disease. Laparoscopic RFA should be
considered for patients with one or two tumors <4 cm in diameter that are
centrally located within the liver [51]. Open surgical RFA is the most invasive
approach, but is useful for tumors that are large or situated in difficult loca-
tions. An open approach allows temporary occlusion of hepatic vascular
inflow, which reduces the heat sink effect during RFA [78–82].

Thus far, RFA has been considered an option primarily for patients who are
not candidates for surgical resection. General selection criteria for RFA for
liver metastases include unresectable metastases due to technical considera-
tions, poor functional reserve, or patient refusal of surgery; completely treata-
ble by RFA alone or in combination with other site-directed therapies; no
evidence of uncontrollable disease at the primary site; and no evidence of
extrahepatic metastases. There is no clear consensus regarding limitations on
the size and number of lesions that could be treated with RFA, but the size of
the tumor remains themajor prognostic factor affecting survival [64–66, 83–88].
Successful ablation is possible in >90% of tumors <2.5 cm in size, 70–90% of
2.5–3.5 cm tumors, 50–70% of 3.5–5 cm tumors, and<50% of tumors>5 cm in
size. In addition, larger tumors require a higher number of needle repositions to
obtain overlapping ablation spheres and longer procedure times, which lead to
higher complication rates [89, 90]. Therefore, tumors <3.5 cm are considered
ideal, while 5 cm is usually considered the upper limit for RFA. In general, RFA
is limited to patients who have five or fewer metastatic lesions from colorectal
cancer. However, in NSCLC, it is most reasonable to limit the use of RFA to
patients with solitary hepatic lesions.

There is no literature describing the outcome of RFA in patients with liver
metastases from lung cancer. Most of the reports on RFA involve patients with

Fig. 1 A 66-year-old man received concurrent chemotherapy and radiation therapy for T1N0
NSCLC. Panel (a): Nine months later, MRI (precontrast axial T1 weighted) showed a 2 cm
liver tumor (black arrows). A biopsy confirmed metastatic NSCLC. Panel (b): Contrast-
enhanced CT scan performed 1 month after RFA shows that the ablation cavity is larger
than the previous tumor, an expected finding after RFA
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liver metastases from colorectal, neuroendocrine, pancreatic, adrenal, or breast
cancers [65–74]. In colorectal cancer, RFA for liver metastases results in 1-, 3-,
and 5-year survival rates of 90–93, 46–68, and 24–30%, respectively [64, 65, 69,
70]. RFA for liver metastases from neuroendocrine tumors also results in
favorable rates for palliation of symptoms and survival [67, 68, 72]. However,
due to the aforementioned differences in natural history, these findings cannot
be directly applied to patients with metastases from NSCLC.

Stereotactic Body Radiation Therapy

Stereotactic body radiation therapy (SBRT) is highly conformal, hypofractio-
nated radiation applied to extracranial sites. Based on the success of intracra-
nial stereotactic radiosurgery (SRS), initial studies of SBRT in the 1990s
reported the safe delivery of ablative doses to tumors in patients who were
medically inoperable. The fundamental concepts of SBRT have been nicely
reviewed by Timmerman et al. [91]. First, the radiobiology of cell survival is
uncertain when using radiation therapy at high doses per fraction. The linear-
quadratic model has been typically used to describe cell survival with conven-
tionally fractionated radiation therapy (1.8–2 Gy per fraction), but its utility is
less clear when high doses per fraction are used [92]. Second, SBRT must be
highly conformal to deliver high doses to small targets while sparing adjacent
critical normal tissue. SBRT planning typically requires multiple static beams
(often non-coplanar and non-opposing) or dynamic arcs. Third, reliable immo-
bilization and stereotactic localization are required to minimize variations in the
delivery of each fraction. Fourth, motion control is crucial to monitor and
minimize organ motion that occurs during the long treatment times required
for SBRT. Abdominal compression, active breathing control (ABC), breath
holds, and respiratory gating are common ways of decreasing respiratory
motion on either side of the diaphragm. Fiducial markers can be implanted to
allow daily target localization.

Blomgren et al. reported the first retrospective experience with SBRT [93].
Soon thereafter, phase I and II trials demonstrated the safety and efficacy of
SBRT for liver metastases, with local control rates of 67–93% at 18 months.
Although the patients in these trials had awide variety of primary tumor sites, the
majority had colorectal cancer. Herfarth et al. conducted a phase I/II trial of
single-dose SBRT in 56 liver metastases with dose escalation from 14 to 26 Gy,
but only 4 lesions were of lung origin [94]. SBRT was well tolerated without
serious complications. The local control rates were 75% at 6 months, 71% at
12 months, and 67% at 18 months. Wulf et al. reported on multifraction SBRT
for 51 hepaticmetastases, of which only 3 were ofNSCLCorigin [95, 96]. Tumors
were treated with either ‘‘low-dose’’ (10 Gy� 3 or 7 Gy� 4) or ‘‘high-dose’’
radiation (12–12.5 Gy� 3 or 26 Gy� 1). The local control rate was 92% at 12
months and 66% at 24months, with better control with high-dose radiation, and
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overall toxicity was mild. In a phase I study, Schefter et al. evaluated dose-
escalated SBRT in 18 patients with 1–3 liver metastases, reaching a dose of
20 Gy� 3 without dose-limiting toxicity [97]. A subsequent analysis of
36 patients, 10 of whom had a primary lung cancer, reported a local control
rate of 93% at 18 months and minimal toxicity[98]. Overall, SBRT for liver
metastases is well tolerated and provides excellent rates of local control. How-
ever, the experience in patients with NSCLC remains limited and it has not been
proven that good local control will translate into improved overall survival.

Lung

The incidence of lung metastasis from NSCLC is 24–97% in autopsy series
[3–10]. When a patient with NSCLC presents with a suspicious lesion in a
separate lobe, all efforts should be undertaken to determine whether or not
the lesion is truly solitary. If it is, the possibility that it is a second primary
cancer should be considered since patients with NSCLC are at high risk for
developing multiple upper aerodigestive cancers. Patients with synchronous
lung primaries have a better prognosis than those with clearly metastatic dis-
ease. Therefore, in patients with two discrete lung nodules and no apparent
lymph node involvement, each tumor should be treated in a definitive manner
as if it were a separate primary cancer.

Pulmonary Metastasectomy

Surgical resection remains an important treatment modality for pulmonary
metastases from various solid tumors. Pulmonary metastasectomy was first
reported by Davis in 1927 [99]. In the early surgical experience, morbidity and
mortality were related to loss of lung parenchyma, thus mandating that selected
patients had solitary or limited metastases. Current operative techniques have
allowed the inclusion of patients with multiple metastases, bilateral disease, and
involvement of vital structures.

Patient selection criteria for pulmonary metastasectomy include good risk
for surgery, no evidence of uncontrollable disease at the primary site, either
absence or good control of extrapulmonary metastases, and potential for
complete resection. Selection of patients for pulmonary metastasectomy
according to these criteria is associated with the best survival [100]. Indications
for resection also may include the need to establish a pathologic diagnosis, to
clarify if the lesion is a metastasis or a new primary tumor, or to control
symptoms such as hemoptysis or pneumothorax.

Thoracotomy is the most frequently utilized approach for unilateral metas-
tasectomy, primarily because of the ability to bimanually palpate the lung
to identify other lesions. Bilateral pulmonary metastases can be resected
with sequential thoracotomy, median sternotomy, or clamshell approaches.

Site-Directed Therapy for Lung Cancer Metastases 361



Thoracoscopic pulmonary metastasectomy is gaining popularity, but has been
criticized for its limited ability to identify other metastases. However, improve-
ments in the resolution of CT have resulted in fewer pulmonary nodules that
can be palpated at surgery, but not visualized on preoperative imaging studies.
In addition, thoracoscopic instruments and techniques have evolved to allow
enhanced visualization and palpation of lung parenchyma. The advantages of
thoracoscopicmetastasectomy include smaller incisions, less pain, earlier recov-
ery, and fewer postoperative adhesions.

The extent of pulmonary resection is controversial, although survival after
pulmonary metastasectomy is clearly dependent on the completeness of resec-
tion. Superficial metastases can be excised using staplers, electrocautery, sharp
resection with suturing, or laser. More centrally located pulmonary metastases
may require a lobectomy or pneumonectomy for complete resection. Some
surgeons recommend lobectomy with lymph node dissection because of the
possibility of nodalmetastases [101]. However, lymph node dissection is generally
discouraged due to the low incidence of nodal involvement with pulmonary
metastases and the poor survival of patients with nodal metastasis regardless of
resection. Pneumonectomy or extended resection is rarely used and should be
reserved for special circumstances with acceptable surgical risk and a reasonable
chance for long-term survival. Outcomes after pulmonary metastasectomy are
dictated by the natural history of the primarymalignancy, as evidenced by a wide
variation in survival rates [100, 102, 105–114]. Most series report operative
mortality of <2% and morbidity of 10% [102–104].

For NSCLC, the most recent American Joint Committee on Cancer (AJCC)
staging system distinguishes between intrapulmonary metastases involving the
same lobe as the primary (‘‘PM1,’’ staged as T4) and those involving a different
lobe (‘‘PM2,’’ staged as M1). Attempts to validate this classification have
generated data regarding survival after resection of intrapulmonary metastases
from NSCLC. Fukuse et al. reviewed 41 patients who had a postoperative
diagnosis of intrapulmonary metastases and reported 3-year survival rates of
49% for PM1 disease (N¼ 20) and 21% for PM2 disease (N¼ 21) [115]. In a
similar study, Okada et al. reviewed 89 patients who underwent an operation
for primary lung cancer and were found to have synchronous ipsilateral intra-
pulmonary metastases [116]. The 5-year survival rate was 29.6% for PM1
disease (N¼ 48) and 23.4% for PM2 disease (N¼ 41). However, in a large-
scale analysis of national data collected in Japan in 1994 which included 6,080
patients without intrapulmonarymetastases, 317 with PM1metastases, and 128
with PM2 metastases, Nagai et al. reported 5-year survival rates of 55.1, 26.8,
and 22.5%, respectively, with no significant survival differences between
patients with PM1 and PM2 disease or PM2 and other M1 diseases [117].

In summary, in highly selected patients, pulmonary metastasectomy can
achieve long-term survival with low rates of operative complications. Complete
resection is essential, even if multiple resections are required to achieve a favorable
outcome. However, most reports of pulmonary metastasectomy have been retro-
spective and, as such, can be confounded by selection bias and lead-time bias.
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Radiofrequency Ablation

While pulmonary metastasectomy remains the site-directed therapy of choice,

many patients are not candidates for surgical resection. The pulmonary par-

enchyma may be ideal for RFA due to its ability to concentrate thermal energy

focally within tumor tissue with little energy spreading to the adjacent aerated

normal lung parenchyma [118–121]. While many publications have addressed

the application of RFA for lungmetastases, very few have included a significant

number of patients with NSCLC [122–135].
Patient selection criteria for RFA for lung metastases are summarized in

Table 2. The majority of patients who undergo RFA are medically inoperable,

but have otherwise surgically resectable disease. The best results of RFA have

been reported for tumors that are � 3 cm in diameter, although substantial

tumor response and local control have been reported in larger tumors [130,

135–139]. Peripheral tumors that are located away from the hilar structures and

surrounded by lung parenchyma can be safely and effectively treated with RFA.

It is preferred that tumors not be in direct contact with the trachea, esophagus,

aorta, or heart, but recent studies have reported that such tumors can be safely

and effectively treated [140, 141]. The ‘‘heat sink effect’’ of constant tissue

cooling that occurs due to flowing intravascular blood probably protects both

small and large pulmonary vasculature from tissue damage, even when they are

near the ablation zones [140, 142]. RFA of lung lesions is performed percuta-

neously under general anesthesia or conscious sedation with CT guidance

(Fig. 2). During ablation, ground glass attenuation develops and surrounds

the lesion, which is believed to positively correlate with histological tissue

necrosis [143–145]. Oversizing the ablation zone by at least 1 cm may be

necessary to obtain a tumor-free margin.
The most commonly reported complication of RFA is pneumothorax which

occurs in one-third of patients, with a much smaller number requiring a chest

Table 2 Selection criteria for radiofrequency ablation (RFA) of lung metastases

Inclusion criteria

Medically inoperable or technically unresectable

Treatable by RFA alone or with other site-directed therapy
No uncontrollable disease at the primary site
No extrapulmonary metastases
Patient refusal of surgery

Exclusion criteria

Invasion of mediastinal structures
Close proximity to hilar structures or other vital organs
Prior pneumonectomy
Suppurative neoplasm
Active lung or chest wall infection
Contraindication to sedation or anesthesia
Uncontrolled coagulopathy
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tube placement [146–148]. Other reported complications include fever, pulmon-

ary hemorrhage, pleural effusion, hemothorax, pneumonia, and broncho-

pleural fistula. One study reported minor complications in 65% and major

complications in 17% of patients [149].
Few of the pulmonary lesions included in reports on RFA have been

metastases from a primary lung cancer. Therefore, data on response, local

control, and survival can only be extrapolated from studies that have

explored RFA to treat metastatic lung nodules from a variety of primary

sites (Table 3). Rates of local control have been reported as high as 80–100%.

Simon et al. reported the largest series of RFA for pulmonary metastases (73

nodules including 31 from NSCLC) with 1-, 2-, and 5-year survival rates of

70, 54, and 44%, respectively [130]. Several studies have reported that tumor

size <3 cm is associated with improved local control and survival [124, 135,

150].
In summary, radiofrequency ablation is a promising, less invasive, site-

directed therapy for lung tumors. At this time, RFA should be reserved for

patients who are not candidates for surgical resection. Other common selection

criteria include tumors < 3 cm, residual or recurrent disease despite maximal

conventional therapy, and disease located away from vital structures. While the

rates of response and local control have been favorable, these data have been

generated in patients with tumors from a wide variety of primary sites, and any

extrapolation to the treatment of intrapulmonary metastasis from NSCLC

must be made with caution.

Fig. 2 A 69-year-old man underwent left upper lobe partial resection for lung adenocarci-
noma.Panel (a): Three years later, a new left upper lobe lung nodule was noted by CT andwas
biopsy-proven recurrent adenocarcinoma (arrow). Since he was medically inoperable, he
underwent RFA. Panel (b): RFA probe in the middle of the nodule along its long axis
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Stereotactic Body Radiation Therapy

SBRT can achieve highly conformal dose distributions in the lung (Fig. 3). The

rationale for using SBRT as a minimally invasive ablative therapy in lieu of

surgical resection for oligometastases is based on the experience with early-

stage NSCLC, in which 3-year local control rates are 80–95%. Timmerman

et al. reported a phase I trial of SBRT for medically inoperable patients with

cT1-2N0M0 (tumor <7 cm) NSCLC using three fractions with dose escalation

starting at 8Gy per fraction. For lesions>5 cm, the maximal tolerated dose was

72Gy (24 Gy� 3) [151, 152]. In a subsequent phase II trial using SBRT doses of

60–66 Gy for stage I NSCLC, the 2-year local control rate was 95%, but there

was excessive toxicity in patients with central lesions [153]. Other series have

reported local control rates ranging from 80 to 95% at 3 years for patients with

early-stage NSCLC [154–160].

For patients with lung metastases, several groups have reported favorable
local control rates of 67–98% after treatment with SBRT using either multi-
fraction [95, 161–163] or single-fraction regimens [155, 156, 164] (Table 4).
However, the collective interpretation of these studies is limited by the inclusion
of patients with primary lung lesions and pulmonary metastases from a variety
of primary sites with a low proportion of metastases of primary lung origin.

In conclusion, SBRT is safe when patients are appropriately selected for
tumor size and location. SBRT provides excellent local control for both pri-
mary NSCLC and metastatic lung lesions and can be considered an option for
patients who are medically inoperable. However, it is unclear if the high rates of
local control will translate into a survival benefit even in highly selected
patients. Of note, the currently available data have been generated in patients
with tumors from a wide variety of primary sites and any extrapolation to the
treatment of metastasis from NSCLC must be made with caution.

Fig. 3 Dose distribution mapping for SBRT for a solitary lung tumor. Panel (a): Axial
view. Panel (b): Sagittal view. Panel (c): Beam arrangement in three dimensions,
including non-coplanar beams
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Thoracic Irradiation in Extensive-Stage SCLC

Despite the fact that most patients with extensive-stage SCLC have a good

response to initial chemotherapy, their overall prognosis remains poor with a

median survival of 9–12 months. The role of thoracic radiation therapy (TRT)

has been well defined in patients with limited-stage disease, but its benefit in

extensive-stage patients is less clear. Jeremic et al. conducted a randomized trial

in which patients with extensive-stage SCLC who achieved a complete response

after initial chemotherapy (N¼ 109) were then randomized to further che-

motherapy alone or concurrent chemotherapy+ accelerated hyperfractionated

TRT with 54 Gy in 36 fractions delivered twice daily [165]. The inclusion of

TRT improved both median survival (17 vs. 11 months) and 5-year survival (9.1

Table 4 Studies of stereotactic body radiotherapy (SBRT) for lung metastases

Author
SBRT
fractionation

Lung
metastases

Metastases
from
primary
lung cancer

Tumor size
(range)z

Median
follow-
up
(months)

Local
control
rate
(%)

Blomgren
[208]

21–66 Gy
in 1–3
fractions

14 0 Median CTV
48 cc (3–198)

8.2z 93

Uematsu
[209]

32–76 Gy
in 5–15
fractions

43 11 Median 2.5 cm
(0.8–4.8)

11z 98

Nakagawa
[164]

15–25 Gy �
1*

21 3 Median CTV
7 cc (0.8–126)

10z 95

Wulf [95] 10 Gy � 3y 11 5 Median CTV
57 cc (5–277)

8z 76z

Nagata
[161]

12 Gy � 4 9 1 Mean CTV
12.6 cc
(0.5–38.6)

18 67

Fritz [155] 30 Gy � 1 31 10 Median CTV
6 cc (2.8–55.8)

22 87

Hara [156] 20–34Gy� 1 48 11 Mean CTV
5 cc (1–19)

NR 1 year
93

2 years
78z

Yoon [163] 10–12 Gy �
3–4

53 patients 14 patients Mean GTV
43.9 cc
(4.3–213)

14z 82z

Okunieff
[162]

2.5–6.5 Gy/
fraction to
50–55 Gy
total

125 NR Median GTV
4.7 cc
(0.1–125)

14.9 94

* 8 patients received conventionally fractionated radiation therapy after SBRT
y one target received 7 Gy � 4
z including data from primary tumors treated with SBRT
NR¼ not reported
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vs. 3.7%, p¼ 0.041) rates. However, several other studies have failed to show a
significant survival benefit for TRT in patients with extensive-stage SCLC
[166–168].

Bone

Bone metastases are common in patients with NSCLC, with autopsy series
documenting rates of 21–41% [3–10]. The median survival for a patient with
bone metastasis from NSCLC has been reported as 5–6 months [169]. As such,
radiation therapy should generally be given with palliative intent to patients
with painful bone metastases, although there are limited case reports of long-
term survival after aggressive resection of solitary bone involvement [170].
RTOG 74-02 was the initial large-scale attempt to clarify the optimal conven-
tional fractionation for palliative radiation for symptomatic bone metastases.
Patients with solitary bone lesions were randomized to receive 2.7 Gy � 15 or
4Gy� 5 fractions, while those with multiple lesions were randomized to receive
3 Gy� 10, 3 Gy� 5, 4 Gy � 5, or 5 Gy � 5 fractions. In the initial report, 89%
of patients had at least some relief of pain and there were no differences in pain
relief between the various fractionation schedules [171]. However, a reanalysis
of this data using different end-points and pooling of solitary and multiple
lesions found that the high-dose protracted schedules (2.7 Gy � 15 and 3 Gy �
10 fractions) were associated with improved ‘‘complete combined relief’’ (i.e.,
absence of pain and cessation of narcotic use) [172]. As a result, the standard for
conventional fractionation has remained 3 Gy � 10 fractions.

Uncomplicated Bone Metastases

Considering the palliative nature of radiotherapy, numerous attempts have
been made to reduce the dose and time required for patients to complete
treatment. Multiple randomized trials have shown equivalence between con-
ventional and hypofractionated schedules for uncomplicated bone metastases.
These generally excluded patients with prior radiation therapy to the site,
impending or true pathologic fracture, compression of the spinal cord or
cauda equina, or planned surgery at the involved site.

The Dutch Bone Metastasis Study compared treatment with 8 Gy� 1 frac-
tion to 4 Gy� 6 fractions in 1,171 patients, 25% of whom had primary lung
cancer [173]. There were no significant differences in palliative response, analge-
sic requirement, quality of life, or side effects. However, significantly more re-
treatments were required in the 8 Gy� 1 fraction group (25 vs. 7%). In a
separate analysis of 320 long-term survivors (i.e., alive >1 year), the duration
of response and rate of progression were similar in both arms [174]. This
suggests that a single 8 Gy fraction can be offered to all patients with a painful
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bone metastasis, not only those with the worst prognosis. In the United States,
RTOG 97-14 randomized nearly 900 patients with 1–3 painful bone metastases
to receive 3 Gy � 10 fractions vs. a single 8 Gy fraction and found that there
were no significant differences in complete or partial response rates [175]. The
re-treatment rate again was significantly higher in the 8 Gy arm (18 vs. 9%,
p<0.001), while the 3 Gy� 10 fractions arm produced more frequent grade 2–4
acute toxicity (17 vs. 10%, p¼ 0.002). However, this study was limited to
patients with primary breast or prostate cancer. The Bone Pain Trial Working
Party randomized 765 patients (12% with primary lung cancer) to receive 8 Gy
� 1, 4Gy� 5, or 3Gy� 10 fractions and also found no significant differences in
survival, time to pain improvement, and durability of palliation [176]. Again,
re-treatment was more common in the single-fraction group. More recently,
studies from Australia (TROG 96.05) [177] and Norway/Sweden [178] also
confirm no significant differences between 8 Gy� 1 fraction and more pro-
tracted fractionation schedules.

Complicated Bone Metastases

Because patients with complicated bone metastases were not included in hypo-
fractionation trials, they should be treated with conventional fractionated
radiation (e.g., 3 Gy � 10 fractions), rather than a single 8 Gy fraction, in
coordination with potential surgical intervention. For patients with spinal cord
compression, a multidisciplinary approach that includes both radiation oncol-
ogy and neurosurgery should be pursued. Patchell et al. [179] randomized 101
patients with spinal cord compression to either decompressive surgical resection
followed by radiation (3 Gy � 10 fractions) or radiation alone. Eligibility was
restricted to patients with a single area of compression, which could span
multiple spinal levels, and patients with radiosensitive histologies were
excluded. The study was stopped at interim analysis when the surgical arm
was found to have dramatically improved likelihood of ambulation after treat-
ment (84 vs. 57%, p¼ 0.001), duration of ambulation (median 122 vs. 13 days,
p¼ 0.003), and need for corticosteroids or opioid analgesics. These data provide
compelling evidence that surgical decompression should be considered before
proceeding with radiation in patients with spinal cord compression at a solitary
site. In addition, surgical management should be considered when there is
mechanical instability, radioresistant histology, history of prior radiation, no
pathologic diagnosis, or compression due to displaced bone.

Stereotactic Body Radiation Therapy

As with other extracranial sites, there is growing interest in the use of SBRT to
treat spinal metastases, especially when the patient has progressed through
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conventionally fractionated therapy. In 1995, Hamilton et al. [180] first
described the use of SBRT to treat the spine. Since then, many groups have
published on the procedures, safety, and efficacy of spinal SBRT [181–190].
Gerszten et al. reported on 500 patients with spinal metastases treated with
SBRT with a mean maximum intratumoral dose of 20 Gy. Long-term pain
improvement was achieved in 86% of patients and tumor control was noted in
88–90% of lesions [184]. Most recently, Chang et al. published the results of a
phase I/II study of SBRT for spinal metastases in 63 patients [191]. At a median
follow-up of 21 months, no neuropathy or myelopathy was observed and the
1-year tumor progression-free survival rate was 84%.

In summary, a single 8 Gy fraction should be considered the standard
treatment for uncomplicated bone metastases, as it has been shown to be as
effective as, and less burdensome than, more protracted schedules in multiple
randomized trials. Since complicated bone metastases were excluded from these
trials, we recommend conventionally fractionated radiation schedules in close
coordination with the surgical team. SBRT for spinal metastases may be
considered for local control and palliative relief for patients undergoing re-
treatment and in other situations that preclude standard radiotherapy.

Conclusion

Many patients with NSCLC harbor metastatic disease at diagnosis and their
5-year survival rate is only 1–2%. In many of these patients, site-directed
therapy can offer substantial palliation of symptoms and improvement in
quality of life. However, a small, select subset of patients with limitedmetastatic
disease may be offered site-directed therapy with the intent of achieving long-
term disease control. Although this approach is well documented for patients
with oligometastatic disease from other primary cancer sites, the data for
definitive site-directed therapy in patients with metastatic lung cancer are very
limited outside of the setting of a solitary brain metastasis. In selected subsets of
patients with NSCLC and a solitary metastasis, site-directed therapy has been
reported to result in long-term survival rates of 15–20%.

Surgical resection remains the gold standard for site-directed therapy, but
many patients are medically inoperable due to comorbidities or poor perfor-
mance status that often accompanies stage IV disease. For such patients,
conventional radiotherapy, stereotactic radiosurgery, stereotactic body radio-
therapy, and radiofrequency ablation offer less invasive alternatives that still
offer high rates of local control. Importantly, due to the paucity of randomized
trials, it remains unclear if local control for most sites of oligometastatic disease
will translate into improved survival. However, most patients who ultimately
succumb after site-directed therapy die from systemic progression, rather than
local failure. Therefore, patients selected for site-directed therapy must undergo
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careful evaluation prior to initiating such therapy, including confirmation of a
favorable performance status and a solitary focus of progressive metastatic
disease, with otherwise stable systemic disease or an early-stage primary
tumor that is amenable to definitive therapy.
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Systems Approach for Understanding Metastasis

Peter J. Woolf, Angel Alvarez, and Venkateshwar G. Keshamouni

Abstract A systems approach to analysis is based on the belief that the com-
ponent parts of a system will act differently when isolated from its environment
or other parts of the system. In other words, the whole is greater than the sum of
its parts due to the relationship and the interaction between the parts. In
biology, the goal of a systems approach is to understand the operation of
complex biological systems by providing the missing link between molecules
and physiology. Currently systems biology encompasses many different
approaches with an ultimate aim of developing predictive models for complex
human diseases including cancer. This chapter will highlight some of the tools
and efforts of systems biology that are applied to cancer and will discuss how
these efforts can be further extended to the much needed understanding and
targeting of lung tumor metastasis.

Introduction

The traditional reductionist approach of studying the functions of individual
genes one or a few at a time has been extremely fruitful in cancer biology in
identifying oncogenes, tumor suppressors, and key molecular pathways regu-
lated by them. This approach has led to the development of a conceptual
framework, defined by six hallmarks, that govern cellular transformation and
tumor development [1]. Despite considerable success of the reductionist
approach, many fundamental questions in tumor biology remain unanswered,
particularly how a tumor cell acquires the ability to metastasize and colonize a
distant site is probably the most puzzling questions of cancer biology. There-
fore, understanding the molecular mechanisms involved is an essential step in
developing therapeutics against tumormetastasis, which is responsible for more
than 90% of cancer-related mortality.
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Development of various ‘‘omic’’ technologies has led to the identification and

quantitation of large lists of genes, proteins, miRNAs, and metabolites that are

modulated during cellular transformation, tumor growth, and metastasis.

However, this has not led to the proportionate increase in understanding of

the underlying mechanisms. It is now well recognized that many of these

molecules and the linear signaling pathways derived from them do not function

in isolation but interact with other pathways and molecules forming robust

functional modules [2]. Identifying such modules in the complex biological

processes including tumor metastasis and understanding their behavior and

function require a new holistic approach of systems biology. In other words,

systems biology is a rational continuation of successful experimental biology

initiated by the molecular biosciences [3, 4].
The systems approach is based on the belief that the whole is greater than the

sum of its parts, due to the relationship and the interaction between the parts.

The goal of systems biology is to understand the operation of complex biolo-

gical systems from various hierarchical levels of pathways and networks that

make up a complex biological system and to decipher how molecules of these

Fig. 1 A flowchart depicting a typical systems biology approach
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pathways and networks jointly bring about cell behavior by cooperating in
mechanisms [3, 4]. To achieve such a global view of tumor metastasis it is
important to take an approach that systematically integrates various ‘‘omic’’
data sets and combines with the existing knowledge, thus accounting for both
known and unknown while inferring new mechanistic insights (Fig. 1). Provid-
ing a systems level view of metastasis, we can also identify leverage points in the
signaling and regulatory networks that represent promising drug targets against
metastatic disease [5]. Such an effort involves sophisticated computational
strategies and mathematical modeling [6].

Existing cellular and animal models even though provided major insights are
not truly predictive of what will happen in vivo in human tumors [7]. This is
mainly due to lack of a thorough understanding of how a particular pathway
affects a given cellular phenotype and therefore not permitting us to make
quantitative predictions about how specific changes to a pathway will influence
cellular phenotype. Systems biology promises to bridge this gap by computing
mechanistic and dynamic simulations of cancer cells. With these models, we
would be able to conduct in silico experiments that could address complicated
mechanistic questions [7]. In this chapter, we will describe the data sources and
tools used in systems biology, provide examples of how these tools are applied
for better understanding of cancer biology, and discuss their potential applica-
tion in gaining mechanistic insights into the process of metastasis. The goal is to
provide a qualitative overview of the methods used without getting lost in the
details of the modeling tools.

Data Sources for Systems Biology

Systems biology scale data for cancer research can be divided into two broad
categories: observational and relational data. Broadly speaking, observational
data describe ‘‘what is happening,’’ while relational data describe ‘‘what could
happen.’’ Examples of observational data include gene expression profiles,
measurements of protein concentration, metabolomic measurements, and ima-
ging. All of these measurements provide information about the current state of
the cell. In contrast, relational data such as protein–protein interaction maps,
pathway networks, transcription networks, and metabolic networks provide
relational data about the cell. Sometimes observational and relational data can
be similar, for example, an immunoassay on a cell may indicate that in a
particular cell, proteins A and B are in a complex, while a protein-binding
network suggests that two proteins can form a complex. As this case illustrates,
nearly all relational data are derived from observational data.

Why do we bother to distinguish between observational and relational data
in systems biology? The central reason is that relational data are generally richer
andmore widely available, but are not able to predict observational data. In the
context of developing cancer therapies, knowing the relational structure or
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topology of a signaling pathway is only marginally useful without the asso-
ciated observational data that would allow one to identify key regulators. In a
modeling context, relational data provide a model structure, while observa-
tional data provide the parameters that make the model quantitative.

A key goal of systems biology in cancer research is developing techniques to
merge observational and relational data to make mechanistically sound predic-
tions. Developing these tools, however, is hampered by a number of problems.
First, the data sources are sparse. With the possible exception of gene expres-
sion profiling, no current observational assay captures the full set of species that
govern cellular behavior. Worse, most observational data are sampled infre-
quently from a small number of experiments. The situation is similar for
relational data. Although we have significant repositories of protein–protein-
binding data (e.g., BIND [www.bind.ca], MIMI [mimi.ncibi.org]) and pathway
maps (e.g., KEGG [http://www.genome.jp/kegg/]), these sources of relational
data represent only a fraction of the suspected interactions. A second challenge
is the noisiness of the data. Biological assays are notoriously error prone and
sample-to-sample variation is high. Ideally we could circumvent this noise by
taking more samples, but as noted above large data sets are the exception rather
than the rule.

Modeling Tools for Systems Biology

The first step in creating a systems level model for a complex process such as
tumorigenesis is to qualitatively define what kind of model is desired. Each class
of model varies in its ease of creation, detail of its approximation to reality, and
generalizability. The models used in systems biology can be broadly distin-
guished along the following lines:

Deterministic vs. Stochastic: Deterministic models make predictions that do
not change if run many times from the same starting position, while stochastic
models assume some level of intrinsic noise and as such will give variable
outcomes if run repeatedly. In general, stochastic models are more realistic;
however, when analyzing large numbers of elements, such as the number of
sodium ions in a cell, deterministic and stochastic models tend to converge.

Linear vs. Nonlinear: Linear models assume that variables change in propor-
tion to each other, while nonlinear models can allow more complex behaviors
such as switches, saturating responses, and biphasic profiles, for example.

Static vs. Dynamic: Static models describe relationships between variables
measured at the same time, while dynamic models describe relationships
between variables measured across time. As an example, models that associate
biomarkers with tumor type are static, while models that describe tumor growth
through time are dynamic.

Discrete vs. Continuous: Discrete models describe the entities in a variable as
non-divisible bodies, while continuous models describe the variables as
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quantities that can continuously vary. As an example, a tumor model that
describes the population dynamics of a tumor stem cell would allow the stem
cell number to only take integer values (0,1,2 , . . .), thereby not allowing one to
have 2.654 stem cells. In contrast, a model of a signaling pathway in a cancer
stem cell may describe the concentration of a signaling protein such as MAPK
as a continuous value, such as 3.545. Although we know that molecular entities
are discrete, continuous models are able to provide a good description of their
behavior when themolecules are at sufficiently high concentration (>1000/cell).

Spatial vs. Non-spatial: Spatial models account for the positions and shapes
of the system, while non-spatial models assume that everything in the system
has equal access to everything else. Some problems such as tumor morphogen-
esis, tumor vascularization, andmetastatic invasion are inherently spatial, while
other domains such as signal transduction and gene regulatory cascades are
often modeled as non-spatial. Although spatial models are intrinsically more
accurate (everything has a three-dimensional position), spatial models are sig-
nificantly more computationally demanding and in general require a deeper
understanding of the biophysical properties of the environment to accurately
model.

In the following sections, we will discuss four of the most commonly used
systems biology modeling tools and provide examples of how they have been
used to illuminate aspects of cancer biology and clinical treatment. Broadly, the
first two methods focus on differential equation-based models, while the last
two methods focus on Bayesian techniques. Other methods such as classical
statistical methods ([8, 2] + many others) and Boolean models such as are
described in [3] and [9] are also used but will not be discussed in this chapter.

Ordinary Differential Equations (Deterministic, Linear
or Nonlinear, Dynamic, Continuous)

One of the most common model types used in systems biology consists of
ordinary differential equations. These calculus-based models describe how
each variable changes with time due to changes in inputs (flows into or produc-
tion) and outputs (flows out, degradation, and reactions). Because these models
are cast in the language of differential equations, they can be analyzed using a
large body of theory and computational tools already developed for use in other
fields.

As an example, recent work by Hornberg et al. [10] produced a mechani-
stically realistic model of the epidermal growth factor-induced mitogen-
activated protein kinase network. The work was motivated by the desire to
determine which signaling elements in this pathway are responsible for cell
growth in oncogenesis. The underlying model consisted of 148 reactions between
103 different signaling species. In analyzing this model, the authors found that
the signal transduction pathways that mediate oncogenesis are integrated in a
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non-random way and show particular sensitivity to well-known oncogenes such
as Raf. Models such as these have the advantage that they are sufficiently
mechanistically realistic that they can accurately predict the impact of gene
mutations and changes in gene expression.

Although there are many examples of differential equation models available,
this modeling approach suffers from two limitations. First, construction of
these models is generally done by hand based on expert knowledge. Hand
construction of these models intrinsically limits their size and makes their
update challenging as it requires people who are intimately familiar with the
model to maintain the model. Second, differential equation models have many
parameters that are difficult to determine from experimental data. In the future,
more higher quality data will help alleviate problems with these parameters, but
subtler problems such as model equivalence and inherently non-decomposable
parameter sets will still pose challenges.

Stochastic Differential Equations (Stochastic, Nonlinear, Dynamic,
Continuous)

Stochastic differential equations are similar to ordinary differential equation
models described above, except that these models allow us to model uncertainty
in each variable. While these models are more complex to state, they more
accurately reflect uncertainty about the underlying process.

An example of a stochastic model is the Dayananda model for prostate-
specific antigen (PSA) change following radiotherapy [11]. Using such a model,
one can simulate the time trajectory of PSA to test the effect of different
therapeutic options. Unfortunately, due to the complexity of stochastic differ-
ential equation models, they are rarely used to model a large number of vari-
ables at this time.

Bayesian Networks (Stochastic, Nonlinear, Static, Discrete)

Three features of Bayesian networks (BNs) make them well suited for modeling
complex diseases such as tumor metastasis: (1) BNs make quantitative predic-
tions; (2) BNs are human interpreand (3) BNs are robust to noise and nonlinear
inputs used for cancer diagnosis and mechanism inference. Once a Bayesian
networkmodel is made, it is possible tomake quantitative predictions about the
outcome of each variable. These predictions can be applied to both discrete
variables (e.g., alive or dead) and continuous variables (e.g., gene expression
data or clinical measures). Using either approximate or exact inference algo-
rithms, we can fill in missing data or make temporal predictions about how a
patient will respond to a particular treatment. The quantitative predictions
produced by a Bayesian network have the added advantage that they
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automatically provide error estimates on the predictions in the form of prob-
ability distributions and are directly comparable to experimental data.

A second attractive feature of Bayesian networks is that the resulting graph
structures are in an intuitive, graphical form. Graph visualization tools such as
Cytoscape [12] or GraphViz [13] allow users to display a Bayesian network or
compilation of multiple Bayesian networks in a way that is similar to the
biochemical reaction diagrams and therefore familiar to biologists and clini-
cians. The ability to intuitively communicate the results of a model to research-
ers, clinicians, and patients is important as it allows all of the stakeholders to
participate in any decision made based on the information.

A third feature of Bayesian networks is their robustness to noise and non-
linear inputs. Clinical data often contain significant noise or uncertainty. This
noise makes analysis difficult for both the human mind and a wide variety of
modeling approaches. However, because Bayesian networks are fundamentally
probabilistic, they are well suited to handle noise and sometimes contradictory
data in a rational and systematic way. This probabilistic feature also generates
models that are relatively agnostic to the complexity of the relationships pre-
dicted. For example, a Bayesian network can model linear, nonlinear, or more
complicatedmulti-state relationships equally well. The reason for this flexibility
is that the approach does not assume an underlying analytical function to
interrelate the data.

In a research context, a Bayesian analysis has an advantage that it is a
compact, porand interactive method of communicating a complex set of rela-
tionships between variables based on both experimental data and opinion. Such
networks can be scrutinized and interpreted in a consistent way.

In both clinical and research contexts in cancer research, Bayesian networks
have been used to assist in two areas of (1) biomarker prediction and (2) disease
mechanism inference. Below we will discuss each of these areas in turn with
examples of how they have been used in understanding the systems biology of
oncogenesis.

Bayesian Network Cancer Diagnosis Classifiers

Static Bayesian network engines for disease diagnosis have a long history of
fruitful application to medicine [9–11]. As an example, recent work in the area
of breast cancer diagnosis from mammograms [14] merges information from
literature and expert knowledge. In this work, the authors hand create a
Bayesian network to identify individualized risk factors from the appearance
of microcalcifications in mammography (BI-RADS – Breast Imaging Report-
ing and Data System) to retrospectively evaluate whether a Bayesian network
can infer patient’s probability of breast cancer. Using this approach, the
authors find that the automated Bayesian diagnosis is as accurate as a human
mammographer trained in the area. In another breast cancer study, Cruz-
Ramirez et al. [15] use a Bayesian network learning approach to identify
which histological features from a breast biopsy are most predictive of clinical
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outcome. The Bayesian networks the authors produce, such as is shown in
Fig. 2, provide a useful tool to represent these relationships in a compact and
easily interpreted way. The authors also used a Bayesian network approach to
evaluate the consistency in prognosis made by experts using data sampled from
the network.

An important characteristic that makes Bayesian networks attractive to
cancer biology researchers is the network’s ability to use expert opinion and
literature knowledge to impose constraints to the graph learning process. This
intelligent constraint ensures that known, important relationships are
accounted for in learning the final model. As an example of the role of prior
information, Antal et al. [16] showed that Bayesian networks generated with no
prior knowledge provide an accurate representation of what is expected based
on textual and expert prior information. During their analysis they showed the
good performance of Bayesian networks in the classification of ovarian tumors
using only clinical data for the network generation. Also, they observed that
this performance improved significantly when text and expert knowledge is
provided as prior. Utilizing a similar approach of integrating histopathological
data, gene and protein expression signatures (comparing primary vs. corre-
sponding metastatic tumor) with existing knowledge of pathways, genes

Fig. 2 A Bayesian network
representing a joint
probability distribution of
11 variables associated with
the prognosis in breast
cancer. Figure modified
from the work of Cruz-
Ramirez et al. [15]. In this
figure, the outcome node has
only two values: benign or
malignant breast cancer.
Age was set to have one of
three possible values based
on patients’ age segregation.
The remaining variables are
binned based on expert
classification as absent or
present

390 P.J. Woolf et al.



implicated in the process of metastasis, and other clinical parameters, in future,
one can probably be able to predict whether a particular primary tumor leads to
the metastatic spread of the disease.

Bayesian Networks for Cancer Mechanism Inference

A second application of Bayesian networks in cancer research is to integrate
large data sets together to identify molecular mechanisms for disease. Data
resources such as gene expression arrays, high throughput proteomic measure-
ments, and pathology imaging databases represent rich sources for information
to identify the causes and mechanisms of complex diseases such as cancer.
However, merging these data resources is challenging due to the noise, sparsity,
and ambiguity of the data. Fortunately, Bayesian networks are able to over-
come many of these problems of data integration to yield a more complete view
of these data. Excellent overviews describing the use of Bayesian networks in
this data integration problem can be found elsewhere [15–17].

One common problem is the integration of multiple kinds of data to yield a
predictive model. As an example, Sachs et al. [18] used a Bayesian network
approach to integrate multiple data types describing T-cell signaling to create a
predictive model. The data included proteomic measurements on single cells
under a wide range of known pharmacological interventions. By merging both
the proteomic measurements and the knowledge of the targets of the interven-
tions, the authors were able to construct a Bayesian model that recapitulates
much of the known signaling pathway from data alone. Subsequent analysis of
this same data found that Bayesian networks consistently outperformed com-
peting method such as relevance networks and graphical Gaussian models in
terms of model accuracy [17]. A second example of data integration is the work
by Woolf et al. [20] on integrating protein phosphorylation data and stem cell
differentiation states to produce a mechanistically relevant model of ES cell
regulation. Similarly, work by Sachs et al. [18] has demonstrated that Bayesian
models of proteomic data can faithfully reproduce aspects of ERK and FAK
signaling. Such models can be easily extended to other signaling pathways and
processes that are critical for tumor metastasis such as TGF-b-induced epithelial–
mesenchymal transitions (EMT). During EMT, epithelial tumor cells undergo a
phenotypic switch into a fibroblast-like morphology and lose their epithelial
markers in order to acquire migratory and invasive abilities essential for
metastasis (see Chapter 4). The cell culture models of EMT serve as in vitro
correlates for the multistep, complex process of metastasis. Efforts are under-
way in our laboratories making quantitative measurements of gene, protein,
miRNA, and metabolite expression and to integrate these data sets using
Bayesian modeling tools. Our preliminary analysis of gene and protein expres-
sion during EMT identified post-transcriptional regulation of actin and
cofilin expression, which play a critical role in actin-cytoskeletal remodeling
during EMT [19].
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Another area of interest for data integration in cancer research is the effect of
drugs or metabolites on cellular behavior. For example, in 2005, Chang et al.
[20] used a Bayesian network approach to integrate gene expression data and
drug perturbations to identify biologically relevant drug signaling pathways
and targets. Their work focused on gene expression changes in the NCI60 set of
cell lines in response to a series of commonly used cancer drugs. Similarly, in
2003, Conti et al. [21] used a Bayesian network approach to relate a phenotypic
outcome of colorectal polyps to diet, metabolite measurements, and lifestyle.
These works demonstrate that Bayesian networks are able to bridge the gap
between these different kinds of data to yield biologically meaningful results.

Dynamic Bayesian Networks (Stochastic, Nonlinear, Dynamic,
Discrete)

Beyond analyzing static relationships between variables, Bayesian networks
can also identify temporal patterns in clinical and molecular data. When used
in this way, these networks are called dynamic Bayesian networks (DBNs)
[24, 25]. DBNs represent a powerful method for analyzing noisy temporal
data as occurs in human disease states and represent a possible solution to the
shortfalls associated with the oversimplification of disease models that is often
employed when analyzing time-varying data. In contrast to static Bayesian
networks, a DBN engine captures time-varying clinical parameters and predicts
a time course of both disease progression and the impact of clinical interven-
tions. In addition, DBNs also allow for cyclic feedback between variables,
allowing investigators to interpret identified connections between nodes as
temporal causation. DBNs have been applied to bioinformatic analysis of
gene expression data [26–28] and temporal neural signaling [22] and have
generated insights that could not be obtained from static Bayesian analysis.
DBN modeling was also recently used to understand visual field deterioration
[23] and to integrate multi-patient clinical data [24].

Conclusions

Developing a systems level understanding of cancer will require a mixture of
plentiful quantitative data and sophisticated computational approaches to
synthesize those data. Current efforts to create these systems level models
using differential equations or Bayesian networks represent a promising but
still small step toward developing a complete understanding of the molecular
events that cause a healthy cell to become a tumor and how a tumor cell acquires
the ability to metastasize.

In the future, we may well find that we are able to accurately predict the
impact of various treatments, but still not have a satisfying understanding of the
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mechanism that caused that response. We already see some of this lack of

coherent understanding when examining the literature onmajor signaling path-

ways such as MAPK or EGF – much is known but with each discovery we find

that these pathways are connected in more and more complex ways. If this

future is true, then we will become increasingly reliant on the computational

models that are able to integrate these numerous connections between pathways

to guide future therapies and patient classification.
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Leukocytes, 218
Li–Fraumeni syndrome, 5
Limited brain metastases, 353, 355
Lipooxygenase pathways, 9
Liver metastases, 14, 357

radiofrequency ablation, 358–360
stereotactic body radiation therapy,

360–361
surgical resection, 357–358

LPA, see Lysophosphatidic acid
Luciferase complementation-based kinase

imaging, 275
Luciferases, 271, 273
Lung A549 adenocarcinomas, 78
Lung adenocarcinomas, 295, 301
Lung cancer, 1

cell population of, 53
chemoprevention, 8–9
clinical presentation, symptoms of, 11–14
COPD, 124
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Lung cancer (cont.)
cough, 11
COX-2 expression, 118
cyclooxygenase-2, 117–120
dietary factors, 5
epidemiology, 2–3
etiologic factors

dietary factors, 5
smoking, 3–4
tobacco, 5

gender-specific incidence rates of, 3
genes, 6
malignant epithelial, WHO classification

of, 6
management, 19–22
metastasis, 79

models for, 254–255
pathogenesis, 7–8
pathology, 6–7
prevention, b-carotene, 9
prognostic factors, 18
risk assessment, 125
risk of, 4
screening, 10
staging, 14–18
survival rates, 3
tobacco smoking, 2, 4
tumor-associated angiogenic activity in, 145

Lung cancer models
chemical-induced, 243–245
conditional transgenic, 249
conventional transgenic, 248
in preclinical cancer drug development,

255–259
for studying adjuvant modalities, 259
transgenic, 245–247

Lung cancer stem cells, 52, 57
Lung fibrosis, treatment of, 81
Lung metastasis, from NSCLC, 361

pulmonary metastasectomy, 361–362
radiofrequency ablation, 363–366
stereotactic body radiation therapy,

367–368
thoracic irradiation, 368–369

Lung morphogenesis, 70
Lung-specific forkhead family transcription

factors, FOXF1 and FOXP1, 195
Lung tumorigenesis, host cellular networks,

112, 114–115
Lymphangiogenesis, 136, 174, 177, 224

associated biomarkers, 180
and biophysical (fluid-mechanical)

forces, 180–181

Lymphatic endothelial cells, 174
Lymphatic endothelium, 182
Lymphatic intra- and extravasation, 174
Lymphatic vasculature, invasion, 180–182

by integrins and proteoglycans, 182–187
mechanisms for, 186

Lymph node metastasis, 175, 272
Lysophosphatidic acid, 99
Lysosome-associated membrane

glycoprotein 2 (LAMP-2), 302

M

MAbs, see Monoclonal antibodies
Macrophage colony-stimulating factor

(M-CSF), 218
Macrophage migration-inhibitory factor

(MIF), 219
Macrophages, 114, 137, 159, 175, 207,

218, 224
and alveolar, 302
into lung tumors, 219
in lymph node metastases, 227
role of, 224, 231

M2 activation, 219
Magnetic resonance imaging (MRI), 13,

270, 352
Major histocompatibility complex, 114
MALDI mass spectrometry, 301
MALDI-TOF mass spectrometry (MS),

302–303
Malignant tumor growth, 291
MAPK signaling, 299
Mast cells make tryptase (MCP-6), 223
Matrix metalloproteinase (MMP), 34, 95–96,

119, 201, 278, 339
cancer progression, role of, 95
human cancers, 96

Matrix metalloproteinase (MMP) inhibitors,
137, 258

Maximal tolerated dose (MTD), 355
MCODE module in Cytoscape, 299
Mechanotransduction, 97
Median sternotomy, 361
Mesenchymal–epithelial interactions, 70
Mesenchymal–epithelial transition, 66
Mesenchymal markers N-cadherin, 78
Mesenchymal motility, 33–34
Mesothelin, 293
MET, seeMesenchymal–epithelial transition
Metalloproteases, 40
Metalloproteinases, 222
Metastasis, 29, 135
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axillary lymph node, 31
cancer cell invasion, 102
cancer stem cells, 32, 54–55
cells, vascular transport, 36–38
components of, 30
epithelial tumor, 73
ex vivo analysis, 40
2-fold, genes, 39
future directions, 41–43
genes, 39–40
lung, from NSCLC, see Lung metastasis,

from NSCLC
lymph nodes, 30, 118
molecular signature of, 39
monitoring techniques, 40–41
mouse model, 82
primary tumor, dissemination, 33–36
proliferative ability, 38–39
Rho GTPases promote tumor cell, 100
risk assessment, 57
role of, 102
stages of, 31
suppressor genes, 40
theories of, 32
therapeutics, 41, 42
tumor cells, 32
vascular transport of, 36–38
in vivo techniques, 41

Metastasis-associated genes, 254
Metastatic lesion, 290
Metastatic lung cancer phenotypes, 295
Metastatic melanoma, 221
Metastatic prostate cancer, 295
Metastatic SCC tumors, 299
Metastatic tumor cell, 35
Methotrexate, 335
Methylthioadenosine phosphorylase

(MTAP) deletions, 320
MHC, seeMajor histocompatibility complex
Michigan Peptide to Protein Integration

(MPPI), 308
Microarray analysis for differences in gene

expression, 292
Microarray gene expression data sets,

resource for, 293
Molecular Concepts Maps, 294
Oncomine 1.0, 294
oncomine version 1.0 and 3.0, 293
SVG, for visualizing gene expression

data, 294
Microbial infection, 221
Micrometastases, 290, 292
microRNA-128b expression levels, 300

microRNA regulators, of oncogenes, 300
Microthrombi, 291
Microvasculature endothelial cells, 136
Migration-inhibitory factor (MIF), 219, 224
Mimosine, 294
miRNAs, biomarkers for lung cancers,

299–300
Mitogen-activated protein kinase gene, 40
Mitomycin C, 257
MLH1 gene, 198
M2-like TAM phenotype, 219
M1 macrophages, 220

in receptor expression, 219
M2 macrophages, 225
MMP, see Matrix metalloproteinase
MMP expression, 205
MMP inhibitor, BAY12-9566, 339
Molecular biomarkers, for lung cancers, 290
Molecular imaging, 279

in drug discovery and development,
280–281

for experimental metastasis, 271
in monitoring therapeutic response,

279–280
of signaling during metastases, 276

Molecular probes, 268–269
Monoclonal antibodies, 42
Monocyte-chemotactic protein-2, 219
Monocyte-chemotactic protein-1

(MCP-1), 219
Motile cancer cell, structural framework

of, 97
Mouse embryonic fibroblasts (MEF), 206
Mouse models, of tumorigenesis, 194
M2 phenotype, 219
mRNA expression, 35
mRNA profiling strategies, 200
MS/MS spectra, 308
MTAP deletions, in adenocarcinoma,

320–321
mTOR pathway inhibitors, 329–330
MUC1 protein, 305
Multimerin 2, 302
Multiphoton confocal microscopy, 41
Multiple brain metastases, 352–353
Multiple drug combination (MDC), 335
Murine bone marrow hematopoietic stem

cells, 51
Murine hematopoietic stem cells, 51
Murine lymphoma cells, measurement, 49
Myeloid cells, 227
Myofibroblasts, 79, 80, 194, 195

infiltration, 204
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N

b-Naphthoflavone, 244
Napsin A, 302
Near-infrared fluorescent (NIRF) probes, 272
Nerve growth factor (NGF), 201
Neural crest formation, 69
Neuropilin (Nrp2), 175
Neutropenia, 327
Neutrophilia, 221
Neutrophil-mediatedmicrovascular injury, 226
Neutrophils, 114, 156, 218, 220–221, 224, 226
NF-kB activation, 156, 223
NIRF imaging, 272
Nitric oxide (NO), 220
Nitrosamine 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone (NNK), 244
N-Nitrosomethylurea (NMU), 202
NK cells, 160, 219, 221, 226
N-Luc and C-Luc, split luciferase

components, 275
NOD, see Non-obese diabetic
Nodal metastasis, 174
NOD/SCID mice models, 50, 52
Noncross-resistant maintenance therapy, 337
Non-glycosylated proteins, 301
Non-heparin-binding angiogenic peptides, 163
Nonmalignant prostate epithelial cells, 194
Non-obese diabetic, 49
Non-small cell lung cancer (NSCLC), 6, 42,

119, 292, 300, 301, 318
antiangiogenic agents, 326–328
brain metastases only from, 333, 334
customized chemotherapy, 320–321
EGFR inhibition in, 324
EGFR inhibitors, 322–324
HDAC inhibitors, 329
histological subtypes, 317
Immunohistochemical studies, 205
inducing secretion of angiogenic

factors, 198
liver metastasis in patient with, 357
lung metastasis from, see Lung

metastasis, from NSCLC
lymphatic metastasis model of, 255
metastatic pattern of, 254
mTOR pathway inhibitors, 329–330
overexpression of CXCL9 resulted in

inhibition of, 160
overexpression of DARC in, 158
PCI improves survival in, 356
platinum-based two-drug

combinations, 320
prognosis in, 231

proteosome inhibition, 328
to receive carboplatin plus paclitaxel

in, 329
role of a11 in, 206
salvage chemotherapy for, 321–322
solitary adrenal metastasis due to, 356
systemic chemotherapy, 318–320
treatment of, 320

intrapulmonary metastasis from, 364
in United States, 317

Non-tumorigenic breast cancer cells, 50
Notch-3, in tumor-infiltrating fibroblasts, 200
NSCLC, see Non-small cell lung cancer

(NSCLC)
NSCLC tumors, 198
N-terminal telopeptide of collagen type I

(NTx), 292
NTP binding, 299
Nuclear imaging, 270–271
Nucleotide oligomerization domain

(NOD), 221

O

Oblimersen, 340
Oligometastatic NSCLC, 351
Oncomine database resource, 295
Oncomine generating evidence, of differential

expression of genes, 296
genes overexpressed, 296–298
MCODE module, 299
Michigan Molecular Interactions

database, 298
protein–protein interactions among

genes, 298
subclusters/pathways, from Rhodes

signature gene, 299
Oncostatin M, 224
Opiates, 11
Orthotopic lung cancer models, 250–254, 258
Osteocalcin, 201
Osteoclastic, and osteoblastic activity, 292
Osteopontin, 201
Oxidative phosphorylation, 299

P

Paclitaxel, 324, 327, 332
p21-activated kinase, 99
PAK, see p21-activated kinase
Pancoast tumors, 12
Panitumumab, 324
Paraneoplastic syndromes, 14
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Partial response (PR), 338
Patient-specific chemotherapy, 255
p53 deletion, in lung cancer, 307
PDGF-B gene, 72
PDGF-b receptor, 205
PDGF receptor-a, 207
PDGF receptors (PDGFR), 207
PDGF signaling in TAFs, 207
PECAM, see Platelet endothelial cell

adhesion molecule
Pemetrexed, 321–322
Pericyte-coated vessels, 139
Periostin, 302
PET, see Positron emission tomography
PET imaging, 270, 292
p53 gene, 340
PGP9.5 autoantibodies, 306
PGs, see Prostaglandins
Phagocytosis, 220
Phenethyl isothiocyanate, 244
Phosphatidylinositol-3’-kinase, 74
Phosphatidylinositol-3,4,5-trisphosphate, 100
Phosphoinositide-3 kinase, 98
Photinus pyralis, 271
Picoplatin, 338
PI3K, see Phosphatidylinositol-3’-kinase
PI3K-AKT/protein, 302
PI3-kinase, see Phosphoinositide-3 kinase
PI-3 K inhibitor, 275
PI3-K/PTEN/AKT/mTOR pathway

activation, 164
PIP3, see Phosphatidylinositol-3,4,

5-trisphosphate
Piroxicam, 245
PKC, see Protein kinase C
Plasminogen activators, 222
Platelet-derived growth factor (PDGF), 177
Platelet endothelial cell adhesion molecule, 98
Platinum-based two-drug combinations, 320
Pleural effusion, 364
Pneumonectomy, 362
Pneumonia, 364
Pneumothorax, 363
Polarized M2 macrophages, 219
Polycomb repressive complex 2 (PRC2), 295
Polymerase chain reaction (PCR), 305
Polymorphisms, 6, 243
Polypeptide growth factors, 222
Positron emission tomography (PET), 17, 352
PostoperativeWBRT, 355
Preclinical drug development, 258
Primary tumors, 290
Prinomastat (AG3340), 258

PRKCZ, protein, 294
Proangiogenic chemokine IL-8 (CXCL-8), 230
Procollagen, 193
Progesterone receptors, 293
Proliferation pathway, 330
Prophylactic cranial irradiation (PCI),

352, 356
Prostaglandins, 117
Prostate specific antigen (PSA), 388
Protease activity, 230
Protease inhibitors, 198
Proteases, 198, 291
Proteasome/protein catabolism, 299
Protein biomarkers, 300
Protein complementation assays, 278
Protein expression, 78
Protein EZH2, 295
Protein kinase C, 101
Protein kinases, 275
Protein–protein interactions, 272, 294
Proteinuria, 327
Proteomics analyses, 300

of epithelial–mesenchymal transition
(EMT), 306–307

of lung cancers, 301–303
of serum, 303–304

Proteosome inhibition, 328
Prox-1, lymphatic transcription factor, 183
Prox-1, transcription factor, 176
p53 suppressor genes, 246
PTEN expression, 302
p53 tumor suppressor gene, 8
Pulmonary epithelium, 243
Pulmonary hemorrhage, 364
Pulmonary lesions, 364
Pulmonary metastasectomy, 361–362
Pulmonary metastases, 291
Pulmonary resection, 362
Purine metabolism, 299
Putative fibroblast markers, 196–197
Putative senescence-associated markers, in

prostatic fibroblasts, 200

R

RAD 001 (everolimus), 329
Radiation therapy, 260, 359, 360, 369, 370
Radiofrequency ablation (RFA)

for lung metastases, 363–366
selection criteria for, 363

in patients with liver metastases, 359, 360
for pulmonary metastases, 364

Radiotherapy, 22
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Rapamycin, 329
RAR-beta promoter, 293
Ras-GTPase signaling pathways, 33
ras mutations, 307
RASSF1A promoter, 293
Ras signaling, 257
Reactive oxygen species, 114
Receptor activator of nuclear factor kappa B

(RANK), 292
Receptor serine/threonine kinase

pathways, 66
Receptor tyrosine kinase pathways, 66

oncogenic pathways, 72
PDGF signaling, 70

Renal carcinoma, 221
Renilla luciferase complementation assay, 279
Renin–angiotensin–aldosterone system, 80
Retinoblastoma (Rb), 246
Retrosternal pain, 12
Reverse transcriptase-quantitative

polymerase chain reaction
(RT-QPCR), 206

RhoA activity, 35
Rho-associated kinase activities, 95
RhoC expression, 100
Rho GTPase activity, 96, 99, 101

tumor cell metastasis, 100
tumor cell migration, 101

Rho GTPase family, 99–101
Ribonucleotide reductase subunit M1

(RRM1) enzyme, 321
Ribosomal protein L26-like 1, 301
Ribosomal structure/binding, 299
RNA-binding protein, 300
RNAi, see RNA interference
RNA interference, 75
RNA interference technology, 120
ROCK-mediated phosphorylation, 101
ROS, see Reactive oxygen species
RS/TK pathways, see Receptor serine/

threonine kinase pathways
RTK, seeReceptor tyrosine kinase pathways
RTOG 95-08 vs. WBRT, 355

S

SBRT, for hepatic metastases, 360, 361
Scalable vector graphics (SVG), 294
Scavenger, toll-like (TLR), 221
SCCHN, see Squamous cell carcinoma of

head and neck (SCCHN)
SCC tumors, 299
SCID, see Severe-combined immunodeficient

SCID/NK-depleted mice, 230
SCLC, see Small cell lung cancer (SCLC)
Secondary lymphoid tissue chemokine

(SLC)/CCL21, 181
SEER database, see Surveillance

Epidemiology and End Results
database

Selective COX-2 inhibitor, 245
Semaphorin receptor, 175
Senescent fibroblasts, 201
Sequential thoracotomy, 361
Serum amyloid A (SAA), 305
Serum protein profiles, associated with lung

cancers, 304–305
Serum proteomic analysis, 326
Serum proteomic signature, 303
Severe combined immunodeficient (SCID),

49, 163, 250
Shh signals, 71
Silica-induced carcinogenesis, 78
Skeletal metastases, 292
Skin cancer prevention, selenium, 9
a-SMA, see a–Smooth muscle actin
Smad proteins, 75
Smad signaling pathway, 78, 291
Small cell lung cancer (SCLC), 6, 257, 317,

330–331
autologous stem cell transplantation,

335–336
chemotherapy, duration of, 336–337
with complete response, 336
current standard of care, 331–332
CXCR4, 164
cytotoxic agents, 337–338
dose intensification, 334–335
multidrug combinations, 332–333
noncross-resistant chemotherapy

regimens, 333–334
PE alternating with topotecan, 333
PE and CAV regimens, 333
response rate, 334

patients, management of, 21
targeted therapy, 338

antiangiogenic therapy, 338–339
Bcl-2 inhibition, 340
tyrosine kinase inhibitors, 339–340

vaccine therapy, 340–341
Smoking cessation, 8
a–Smooth muscle actin, 75
a-Smooth muscle actin (a-SMA), 195
Smurf1 protein, 35
Snail1 expression, 76
Snail zinc finger family, 67
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Snai11/Snail2 genes, 69
Solid tumors, 175, 177
Solitary brain metastasis from NSCLC, 354
Solitary metastasis, 352
Somatic mutations, 243
Sonic hedgehog, 71
Sorafenib, 327, 339
Southwest Oncology Group (SWOG), 332
SPECT imaging, 271
Spiral CT imaging of lung, 290
Split luciferase-based reporters, 274
Spontaneous metastasis, 292
Squamous cell carcinoma of head and neck

(SCCHN), 122
Squamous cell carcinomas, 290, 317
Stereotactic body radiation therapy, 367,

370–371
for lung metastases, 368
for a solitary lung tumor, 367

Stereotactic body radiation therapy (SBRT),
360, 370–371

Stereotactic radiosurgery (SRS),
353, 360

Stromal cell-derived factor-1 alpha
(SDF-1a)/CXCL12, 181

Stromal cell-derived factor-1 (SDF-1), 204
Subcutaneous xenograft models, 256
Sunitinib, 327, 340
Superior vena cava syndrome, 12
Superoxide anion generation, 220
Suppressor of zeste 12 (SUZ12), 295
Surfactant protein A, 302
Surfactant protein C (SP-C), 246
Surveillance epidemiology and end results

database, 2
SVC syndrome, see Superior vena cava

syndrome
Synthetic anthracycline, 337
Synthetic MMP inhibitors, 207
Systems biology

approach, 383–385
data sources for, 385–386
key goal of, 386
modeling tools for, 386–387

Bayesian networks, 388–392
deterministic vs. stochastic,

386–387
models, distinguishment,

386–387
ordinary differential equations,

387–388
stochastic differential equations, 388

sources of relational data, 386

T

Talin gene, 198
TAMs, see Tumor-associated macrophages
T antigen (Tag), 246
T-cell lymphoma, 329
T-cell-mediated immune response, 340
T cells, 113, 115, 116, 219, 226
Tenascin, 207
TGF-b, see Transforming growth factor-b

(TGF-b)
TGF-beta signaling, 307
Tgfb3 gene exhibit, 69
TGF-b inhibitors, 219
Tgfb3 knockout mice, 70
TGF-b receptor-deficient fibroblasts, 205
TGFbRI gene, 198
TGF-b secretion, by TAMs, 223
TH1 cytokines, 219
Therapeutic efficacy, 258
Thoracic irradiation, in extensive-stage

SCLC, 368–369
Thoracoscopic pulmonary

metastasectomy, 362
Thoracotomy, 361
Th1 polarized leukocytes, 162
Thromboxanes, 117
TH1-type inflammatory cytokines, 219
Thyroid transcription factor 1, 302
TIL, see Tumor-infiltrating lymphocytes
TIMPs, see Tissue inhibitors of

metalloproteases
Tissue fibrosis, definition, 80
Tissue inhibitors of metalloproteases, 95
TKI, see Tyrosine kinase inhibitors

(TKI)
T lymphocyte, 113
TME, see Tumor microenvironment
TME1 b-lactamase, 279
TNF-alpha, tumor necrosis

factor, 175
TNM staging classification for lung

cancer, 174
Tobacco-induced pulmonary cellular

network, 114
Tobacco smoking, 2, 5

and carcinogens, 53
Topotecan, 322, 333, 337, 338
Total internal reflection microscopy, 272
TPA gene, 198
Tracheobronchial mucin 5B, 302
Transarterial chemoembolization, 358
Transforming growth factor-a

(TGF-a), 205
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Transforming growth factor-b (TGF-b), 66,
121, 204, 219

BMP signaling, 70
nodal signaling, 73
RS/TK receptors, 75

Transgenic lung cancer models,
245–247

Transgenic technology, 243
Transmembrane receptors, 198
Transplanted animal tumor models, 243
Trans Proteomic Pipeline (TPP), 308
Tryptase (MCP-6), 222
Tumor-associated fibroblasts, 194
Tumor-associated innate immune cells,

218, 222
macrophages, 218–220
mast cells, 221–222
natural killer cells, 221
neutrophils, 220–221

Tumor-associated leukocytes, 227
Tumor-associatedmacrophages (TAMs), 38,

207, 218
and clinical prognosis in lung cancer,

228–229
correlated with IL-8 mRNA, 231
monocyte-derived cells, 230
in other tumors need, 230
TAMs in NSCLC, 230
and TANs, in development of

metastases, 227
Tumor-associated neutrophils

(TANs), 220
Tumor-associated T cells (TATs), 198
Tumor cell metastasis, Rho GTPases

promote, 100
Tumor cell migration

clinical perspective, 102–103
integrin receptors, 96–98
Rho GTPases, 101

Tumor-directed therapy, 11
Tumor dissemination, 175
Tumor epithelial cells

basement membrane, 94
separation, 94

Tumor epithelial stem cells, 82
Tumor ERCC1 expression, 321
Tumor extracellular matrix, 94–95
Tumor growth, 204, 243
Tumor–host interactions, 242
Tumorigenesis, 219, 223, 242, 244, 245, 247,

338, 386
in chemical-induced lung cancer, 245

Tumorigenic breast cancer cells, 50
Tumor-induced bronchus-associated

lymphoid tissue, NSCLC
tumors, 112

Tumor-infiltrating lymphocytes, 116
Tumor-infiltrating macrophages

(TIMs), 218
Tumor lymphangiogenesis, 174–180

mechanisms for, 186
modulation of, 182–187
molecular effectors, 178–179

Tumor–lymphatic invasion, 175
Tumor-mediated immunosuppression,

115–117
Tumor metastasis

EP4 receptors, 120
murine model, 119
NSCLC, 120

Tumor microenvironment, 114
Tumor size, 257
Tumor stroma, 79
Tumor–stroma interaction, 203
Tumor weight, 257
Tyrosine kinase inhibitors (TKI), 120, 322,

339–340

U

Uncomplicated bone metastases, 369–370
Urea cycle metabolism, 299

V

Vaccine-based therapies, 340
Vandetanib, 327, 330, 338, 339
Vascular cell adhesion molecule-1

(VCAM-1), 182
Vascular endothelial growth factor

(VEGF), 18, 21, 42, 66, 98, 201,
218, 220, 318

factors regulating expression of, 142
inhibitors, in treatment of advanced

NSCLC, 327
isoforms, 141
receptors for, 142
role in angiogenesis, 141–142

Vascular endothelium, 291
Vascular intravasation, 194
Vascular stabilization, 204
Vatalanib, 327
VEGF, see Vascular endothelial growth

factor (VEGF)

408 Subject Index



VEGF-A-dependent lymph node
lymphangiogenesis, 176

VEGF-C and VEGF-D, vascular endothelial
growth factors, 175, 176

VEGF-dependent pro-lymphangiogenic
pathways, 176

VEGF-homology domains, 177
VEGF receptor-2, 338
VEGFR-3, lymphatic endothelial receptor,

175, 176
VEGFR TKIs, associate with other

toxicities, 328
Vincristine, 256, 331, 332, 334, 335
Vindesine, 335
Vinorelbine, 325
von Hippel–Lindau (VHL), 164
Vorinostat (SAHA), 329

W

Warburg effect, 301
WBRT, after surgical resection, 355
Wnt3a signals, 68
Wnt signaling, 299

X

Xenopus embryos, 73
Xenopus models, 68
Xeno-transplantation, 50

Z

ZBP1 protein, 35
Zoledronic acid, 14
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