Chronic obstructive pulmonary disease and lung

cancer: inflammation, the missing link

The link between chronic obstructive pulmonary disease (COPD) and lung cancer has been known for over
40 years. A total of 50-70% of patients diagnosed with lung cancer have COPD, and COPD is an important
risk factor for lung cancer. Only recently have advances in both basic science and clinical studies shed light
on the links between them, with dysregulated inflammation playing a central role in the pathogenesis of
both diseases. The development of COPD and lung cancer share many common biochemical and cellular
mechanisms. In addition, the critical importance of inflammation leading to cancer initiation and progression
is becoming increasingly apparent. Understanding the common processes/molecules that are central to
the pathogenesis of both COPD and lung cancer, and the interactions between chronic infection,
inflammation and cancer, may help identify novel therapeutic strategies to prevent and treat lung cancer,
in addition to identifying biomarkers to target those at high risk of developing this disease.
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Lung cancer is the leading cause of cancer death
in the world, and chronic obstructive pulmonary
disease (COPD) is a major cause of morbidity
and mortality, representing the second and
fourth leading cause of death worldwide. The
overall 5-year survival for lung cancer is 15%,
and 1-year survival is approximately 42%. In
the UK, there may be as many as 1.5 million
people with COPD [1]. COPD is responsible
for 126,000 deaths in the USA [2], and 26,000
deaths in the UK (1. With the increase in ciga-
rette smoking in developing countries, especially
China, COPD is expected to become the third
leading cause of death worldwide by 2020 [1.
Both are major health problems and are likely
to continue to be so for the foreseeable future.
A total of 50-70% of patients diagnosed with
lung cancer also have COPD and a history of
tobacco use. Compared with nonsmokers, smok-
ers have as much as a 30-fold increased risk of
developing cancer [3,4]. However, only a minority
of long-term smokers develop COPD. Therefore,
complex mechanisms and interactions determine
an individual’s own risk of developing COPD,
lung cancer or both, including environmental
exposures and host susceptibility factors.
COPD and low forced expiratory volume in
1 s (FEV,) are major risk factors for lung can-
cer, increasing the risk 4.5-fold compared with
comparative smokers with normal lung function
5]. As far back as 1863, Virchow hypothesized
that malignant neoplasms occurred at sites of
chronic inflammation. He believed that various
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‘irritants’ caused tissue injury, inflammation
and increased cell proliferation [6,7], with con-
sequent cancer development. COPD is char-
acterized by inflammation-mediated destruc-
tion of the extracellular matrix (ECM). Shared
inflammatory pathways drive the pathogenesis
of COPD and lung cancer (Ficure 1). This review
will explore the links between lung cancer and
COPD at the clinical level, examine the basic
biological commonalities between the two
diseases, with emphasis on directly overlap-
ping disease-generating pathways, and finish by
exploring how this knowledge may impact on
future prevention and treatment of lung cancer.

COPD & lung cancer

The association between COPD and lung cancer
has been long known. In 1956, Francis Lowell
and colleagues wrote that ‘During the last 2 years
a number of patients with chronic obstructive
emphysema have been observed while under
treatment with bronchodilator agents..., in the
course of which our attention was drawn to an
association between pulmonary emphysema,
carcinoma of the lung and a high incidence of
smoking’ [8]. It was of course Sirs Richard Doll
and Austin Bradford Hill who first highlighted
the links between smoking and lung cancer [9].
It should be noted though that a link had already
been suggested by Muller as far back as 1939
(10]. Doll and Hill asked 20 London hospitals to
notify them of all patients admitted with lung
cancer (as well as cancer of the stomach, colon or
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Figure 1. COPD and cancer: inflammation, the missing link.
COPD: Chronic obstructive pulmonary disease; ROS: Reactive oxygen species.
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rectum). Initially an ‘almoner’ visited the hospi-
tal to interview the patient, but it soon became
apparent that interviewing all patients was not
feasible. In total, 709 patients with lung cancer
were reported in their study, and after review of
the data the authors concluded that ‘there is a
real association between carcinoma of the lung
and smoking’.

Is there a link?

Clinical studies

The first published connection between COPD
and lung cancer was a case report by Goldstein
and colleagues in 1968 [11]. This was closely fol-
lowed by a radiographic survey in males that
showed that the prevalence of lung cancer in
those with bullous disease of the lung was 61 per
1000, 32-times the rate in those without bullous
disease [12]. The first prospective (unmatched)
study of COPD and lung cancer was performed
by Davis and colleagues [13]. They followed
835 patients at the Bellevue Emphysema Clinic
in New York from 1955 to 1974, and found
an incidence of lung cancer of 11.6 per 1000
man years, which was 4-5-times higher than
was previously reported in smokers. Of the
32 patients diagnosed with lung cancer, only
two survived more than 5 years. The two who
survived both had lung resections and were alive
when the paper was published, 11 and 13 years
after the first recognition of their tumors. The
first matched study was published by Skillrud
and colleagues [s]. They followed patients at the
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Mayo Clinic, Minnesota, USA, for 10 years;
there were 186 men and 40 women in the study
aged between 45 and 59 years. Lung cancer
developed in nine cases and two controls, giving
a 4.4-times greater risk for lung cancer among
those with COPD. However, the small sample
size of this study did not permit controlling for
the effects of cigarette smoking. The following
year, Tockman and colleagues published a study
that confirmed a greater risk of lung cancer asso-
ciated with COPD [14]. The study population
consisted solely of men who had previously been
enrolled in the Intermittent Positive Pressure
Breathing Trial and Johns Hopkins Lung proj-
ect. Airways obstruction was defined as an FEV,
of less than 60%, and all participants had a chest
radiograph to exclude lung cancer prior to study
entry. The presence of COPD was more of an
indicator for subsequent development of lung
cancer than age or quantity of smoking. The
risk of lung cancer also increased in propor-
tion to the degree of COPD. The proportion
of risk was similar to that found in the Skillrud
study. Further evidence of the risk of lung can-
cer among those with airway obstruction was
reported in the results of the Lung Health Study
(15]. Among nearly 6000 smokers with mild-to-
moderate airway obstruction, lung cancer was
the most common cause of death at the end of
the 5 years of follow-up.

The two major features of COPD are destruc-
tion of the alveoli in the lung resulting in air-
space enlargement (emphysema), and narrow-
ing of the breathing tubes resulting in airways
obstruction (airways disease). With the advent
of computerized tomography (CT) scan-
ning, investigators were not only able to look
at the links between COPD and lung cancer,
they were able to tease out independent risks
between emphysema or airways obstruction
and lung cancer. The study by Kishi and col-
leagues [16] confirmed previous results showing
an increased risk of lung cancer associated with
airway obstruction. They recruited 1520 par-
ticipants over the age of 50 years (52% male,
489% female) who were current or former smok-
ers with a greater than 20 pack-year smoking
history. They were recruited over a period of
1 year in 1999. They discovered that the like-
lihood of developing lung cancer was signifi-
cantly increased for those with an FEV of less
than 40% of predicted. However, percentage of
emphysema as determined by low-dose spiral
CT was not associated with an increased risk of
lung cancer. In contrast to this, the study by de
Torres and colleagues found that the presence of
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emphysema on low-radiation-dose CT (LDCT)
was an independent risk factor for lung cancer
(17]. In this study, 1166 participants (74% male,
26% female) over the age of 40 years with a
greater than 10 pack-year smoking history were
recruited. The incidence density of lung cancer
among individuals with and without emphy-
sema on LDCT was 25 per 1000 person-years
and 7.5 per 1000 person-years, respectively.
Multivariate analysis showed that the presence of
emphysema on LDCT, but not airway obstruc-
tion, was associated with an increased risk of lung
cancer after adjusting for potential confounders.
The disparities between the Kishi and de Torres
papers likely reflect methodological differences
between the two studies [17). Firstly, the Kishi
study followed a case—control design in which
only a small subgroup of individuals of the entire
cohort were used in the analysis. In the de Torres
study, the entire population was included in the
analysis. Secondly, the proportion of subjects
with airways obstruction that were included in
the analysis was 67% and 79% in the control
and lung cancer groups, respectively, in the Kishi
study, and 25% in the de Torres study. Lastly,
the method to determine the presence of emphy-
sema was quantitative in the Kishi study and
by visual assessment in the de Torres study. In
the former, participants were subclassified into
groups depending on the amount of emphysema,
whereas in the de Torres study, only the presence
or absence of emphysema was considered for the
analysis. More recently, the study by Wilson and
colleagues (18] has shown that in high-risk indi-
viduals, emphysema on CT scan and airflow
obstruction on spirometry are related to lung
cancer. A total of 3638 current and ex-smokers
aged over 50 years were included in their study
(51% male, 49% female). Patients were screened
with CT and evaluated with spirometry. The
authors correlated visually graded emphysema
severity on CT with emphysema risk factors and
airflow obstruction. They then examined lung
cancer related to airflow obstruction and radio-
graphic emphysema, and as previously shown by
de Torres and colleagues, discovered that lung
cancer is related to radiographic emphysema
independent of airflow obstruction and smok-
ing. They also showed that airflow obstruc-
tion was related to lung cancer independent of
smoking.

Does the link exist in nonsmokers?
In the de Torres study, the association between
emphysema detected on LDCT and lung can-

cer risk was found even among individuals with
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normal airway function. Their results are con-
sistent with previous retrospective and epidemio-
logical reports [19-22], and have recently been val-
idated in a much larger study [18]. Interestingly,
the study by Turner and colleagues suggests
that there is an increased incidence of lung can-
cer in lifelong nonsmokers with emphysema,
in keeping with evidence presented by Cohen
as far back as 1980 [23]. The Turner study [22]
used data from the Cancer Prevention Study
cohort, a study established by the American
Cancer Society. Nearly 1.2 million study par-
ticipants were enrolled by over 77,000 volun-
teers in 1982. Participants were recruited in all
50 states of the USA, as well as the District of
Columbia and Puerto Rico. Participants were
at least 30 years of age at baseline and were fol-
lowed up for 20 years. A total of 448,600 lifelong
nonsmokers with physician-diagnosed chronic
bronchitis and emphysema that were cancer-free
at baseline were included in the analysis. Lung
cancer mortality was significantly associated
with both emphysema and with the combined
end point of emphysema and chronic bronchitis
in analyses that combined men and women. No
association was observed with chronic bronchitis
alone in the overall analysis, although the asso-
ciation was stronger in men than women. The
association between emphysema and lung cancer
was stronger in analyses that excluded early years

of follow-up.

al-antitrypsin deficiency
ol-antitrypsin deficiency (a1-ATD) is a com-
mon genetic disorder that especially affects
populations of European extraction. It can lead
to early-age onset of emphysema in homozygous
individuals [24]. The potential link between
ol-ATD and lung cancer was first described by
Harris, Primack and Cohen in 1974 [25]. They
found elevated serum levels of a-1 antitrypsin
in 73 patients with nonresectable lung cancer.
ol-ATD carriers (heterozygous individuals)
do not normally have severe al-ATD-related
diseases, and most of them are not aware of
their carrier status. These carriers may be more
vulnerable to carcinogen-containing tobacco
smoke than noncarriers 24]. A study by Yang
and colleagues sought to evaluate three risk
factors (al-ATD, COPD and cigarette smok-
ing) together and their interplay in lung can-
cer development, and to estimate their relative
contributions to lung cancer risk in the general
population [26]. During the period 1997-2003,
1856 patients with lung cancer were enrolled in
the study and matched with unrelated controls
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and with full sibling controls. Among never
smokers, they found that al-ATD allele carri-
ers were at a 2.2-fold increased risk for lung can-
cer compared with noncarriers after adjusting
for age, sex and history of unspecified COPD.
Among moderate to heavy smokers (=20 pack-
years), the a1-ATD allele-associated lung cancer
risk was estimated at 2.3-fold, whereas among
light smokers (<20 pack-years), the al-ATD
allele-associated lung cancer risk was twofold.
Having a history of COPD increased lung
cancer risk significantly for all three groups of
smokers (from 2.5- to 5.9-fold), with the largest
effect on never smokers. Stratified analysis by
tumor histological subtypes showed a significant
increase for adenocarcinoma and squamous cell
carcinoma (SCC) among all-ATD carriers.

Family history

When looking at any component of lung cancer,
it is important to comment on family history and
predisposition to lung cancer. In 1963, Tokuhata
and Lilienfeld [27] provided the first epidemio-
logical evidence of familial aggregation of lung
cancer, suggesting the interaction of genes,
shared environment and common lifestyle fac-
tors in the etiology of the disease. There is now
a substantial body of evidence for a hereditable
component in lung cancer risk based on animal
models [28,29], family studies [30,31], linkage ana-
lysis [32) and candidate gene association/genome-
wide association studies [33,34]. A family history
of lung cancer has been consistently shown to
be associated with increased lung cancer risk
among nonsmokers [35,36], as well as smokers.
In a recent large case—control study with 1946
lung cancer cases, 2116 controls and their first-
degree relatives, Gao and colleagues (37 found
that a mother’s, father’s and sibling’s history of
lung cancer were significantly associated with
increased lung cancer risk after adjusting for
the matching variables, education and, most
notably, personal history of smoking.

Chronic inflammation & lung cancer

What then are the links between two diseases
that seem to be diametrically opposed? Lung
cancer arises as a result of uncontrolled cell pro-
liferation, whereas COPD is characterized by
inflammation-mediated destruction of the ECM

and cell death.

Cell proliferation in COPD &
lung cancer
As far back as the early 1960s, Passey hypoth-
esized that it was the irritating properties of
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tobacco smoke, resulting in inflammatory
destruction of lung tissue, which were of patho-
genic significance in causing lung cancer, rather
than any direct action by particulate carcino-
gens in tobacco smoke [38]. In the mid-1980s,
Tockman [14] and Skillrud (5] independently
demonstrated that lung cancer incidence
increased in individuals with COPD as their
FEV, declined, even after correction for lifetime
cigarette smoke dosage. Thus the stage was set
for a link between inflammation and lung can-
cer, despite the mechanistic processes appearing
to be completely unrelated.

One hypothesis linking lung cancer and
COPD has recently been proposed by Houghton,
Mouded and Shapiro [39]: emphysema usually
arises as a consequence of low-grade inflam-
mation induced by cigarette smoking. There
is resultant production of matrix-degrading
proteases, particularly elastases, and recruit-
ment of inflammatory cells such as neutrophils
and macrophages. If the ECM destruction and
cell death exceeds reparative capacity lead-
ing to airspace enlargement, then emphysema
results. Bronchoalveolar stem cells (BASCs) are
located in the mouse small airway and have been
hypothesized to replenish the peripheral por-
tions of the lung where emphysema develops [40].
As emphysema is caused by chronic, persistent
inflammation rather than a single inflamma-
tory insult, the otherwise quiescent BASCs are
under constant pressure to repopulate the dam-
aged areas of the lung, proliferate, and ultimately
restore the lung architecture. This repeated lung
injury and repair driven by chronic inflamma-
tion and tissue damage results in increased
BASC:s proliferation in conjunction with smok-
ing/inflammation-related genetic damage and
epithelial to mesenchymal transition (EMT),
and may result in cancerous transformation of
lung epithelial cells. BASCs are already known
to give rise to lung adenocarcinoma in the mouse
model of K-ras-induced malignancy [40], and it
is tempting to speculate [39] that these cells are
a key link between COPD and lung cancer.
Furthermore, recent studies have suggested that
inhaled corticosteroids may reduce the risk of
lung cancer in patients with COPD [41,42].

Infection in COPD & lung cancer
It has been known for some time that chronic
infections causing inflammation predispose
to cancer. Chronic infection with hepatitis B
virus or hepatitis C virus is causally associated
with more than 80% of the global incidence
of hepatocellular carcinoma [43]. Epstein—Barr
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virus, a herpes DNA virus, has been implicated
in the pathogenesis of Hodgkin’s disease and
non-Hodgkin’s lymphoma (44]. Helicobacter
pylori has been identified as a major cause of
multifocal atrophic gastritis and gastric car-
cinoma [45]. In all of these instances there is a
chronic inflammation that precedes the onset
of cancer.

In contrast to the sterile airways of a healthy
lung, in stable COPD there are usually respira-
tory pathogens present. Microbial colonization
and associated inflammation develop early in
the course of the disease in smokers with non-
obstructive chronic bronchitis and may persist
in ex-smokers with COPD [46,47]. Maintenance
of a pathogen-free environment in a healthy lung
is dependent on an efficient innate lung defense
system. Many disruptions of innate lung defense
occur in COPD [48]. It is the failure of the innate
immune system in the lung that allows the
establishment of chronic infection. As chronic
infection takes hold, respiratory pathogens fur-
ther disrupt the innate lung defense, setting
up a vicious circle of infection, inflammation
and COPD progression [48]. Experiments in
mice have shown that infecting the lung with
nontypeable Haemophilus influenza caused a
COPD-like bronchial inflammation, which
promotes lung cancer development [49].

Nonbacterial pathogens may also increase
the risk of lung cancer as a result of persistent
inflammation. For example, the co-existence
of TB and lung cancer has been described for
nearly 200 years, having initially been reported
by Bayle in 1810 [s0]. Since then, it has been
reported that pulmonary TB may co-exist with
avariety of histological types of lung cancer. For
example, close association of metastatic SCC of
the lung with TB has been documented [51]. A
study in India reported that TB lesions, either
active or healing, were found in the lungs of
30-33% of patients with bronchogenic tumors as
compared with 7% in the general population [52).
An interesting finding was described by Zheng
and colleagues who reported that TB-infected
patients were at increased risk of lung cancer that
tended to arise on the same side of the chest as
the TB [s3]. It has been tempting to speculate
that low-grade inflammation as a consequence
of the TB infection has resulted in the increased
risk of the development of lung cancer, and this
in fact has recently been demonstrated experi-
mentally: in an elegant study by Nalbandian
and colleagues [s4], they found that chronic TB
infection in the lungs was sufficient to cause a
multistep transformation of cells associated with
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TB lung lesions through squamous cell dysplasia
to malignant SCCs. Furthermore they showed
TB-infected macrophages produce not only
DNA-damaging reactive oxygen and nitrogen
species (ROS/RNS), but also a potent member
of the EGF family called epiregulin, which they
believe may serve as a paracrine growth factor at
the initial steps of tumorigenesis. They also iden-
tified a powerful genetic modifier of TB-induced
lung tumorigenesis in their model: the genetic
locus ssz1, which specifically controls tissue dam-
age and TB progression in the lungs.

Finally, there has been a debate for several
years about the association between HIV and
lung cancer. It was recognized in the pre-highly
active antiretroviral therapy era that there was
an increased rate of lung cancer in patients with
HIV [s5556], and it has been speculated that this
increase is not related to immune suppression or
HIV per se, but merely to an increased propor-
tion of HIV-positive patients smoking cigarettes
(57.58], which in itself has been recognized for
some time [59,60]. While the cause of this phe-
nomenon remains unclear, work with tumor
samples shows that HIV-related lung cancers
have increased genetic instability, which, in
turn, could predispose to the development of
lung cancer [61].

DNA damage, inflammation

& lung cancer

Human lung is highly vascularized and provides
an enormous surface area that is vulnerable to a
wide range of toxic and infectious agents with the
potential to induce oxidative damage. An aver-
age adult inhales approximately 10,000 liters of
air per day, polluted with cigarette smoke, vehi-
cle exhaust fumes, soot, sulfur dioxide, nitrogen
dioxide and other pollutants [62]. Inhalation of
such toxic pollutants and microorganisms results
in lung injury and generation of ROS/RNS such
as superoxide, hydrogen peroxide and nitric
oxide, leading to cascades of signaling events
that trigger production of pro-inflammatory
cytokines and chemokines [63]. These reactive
species help in killing the pathogen, and the
inflammation often subsides after the assaulting
agent is removed or following completion of the
repair process. However, repeated tissue damage
and regeneration produce increased ROS/RNS
from inflammatory cells, which then interact
with DNA in proliferating epithelium, result-
ing in permanent genomic alterations such as
point mutations, deletions or re-arrangements
(64]. Although cells respond to DNA damage
by activating p53-controlled genes associated
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with cell cycle and DNA repair, when the rate
of ROS/RNS-mediated DNA damage is exten-
sive, it leads to chronic inflammation and sub-
sequent transformation of cells to a malignant
phenotype [65], increasing the risk of developing
lung cancer.

Remodeling of chromatin may induce post-
translational modifications of core histone pro-
teins and DNA methylation, which have been
shown to regulate pro-inflammatory gene expres-
sion during the development of both COPD
and lung cancer. Increased histone acetylation
occurs on the promoters of pro-inflammatory
genes in alveolar macrophages and airway epi-
thelial cells in patients with COPD. The amount
of acetylation is positively correlated with dis-
ease severity [66]. The mechanisms that result
in hyperacetylation of histones and nonhistone
proteins in lungs of patients with COPD have
been shown to be associated with reduced levels
and activity of histone deacetylase (HDAC)2
(66,67). This has also been reported in the lungs
of rodents exposed to cigarette smoke [67.68].
Therapeutic strategies aimed at increasing lev-
els and activity of HDAC2, such as by phenolic
antioxidants and theophylline, are being inves-
tigated with regards to the lung inflammatory
response and to ascertain whether they reduce
corticosteroid resistance in patients with COPD
(69]. Methylation of the pl6 promoter is com-
monly observed in the sputum of patients with
COPD, and is positively correlated with heavy
cigarette smoking, suggesting the involvement
of DNA methylation in COPD.

Lung cancer demonstrates major altera-
tions in chromatin structure. Genome-wide
DNA demethylation with site-specific hyper-
methylation has been shown to occur in lung
cancer cells with resultant silencing of a variety
of tumor-suppressor genes by the recruitment of
HDAC:s. The mechanisms by which these pro-
cesses may occur include aberrant expression or
activity of DNA methyltransferases and histone
demethylases in cancer cells. Methylation in the
promoters of several genes has been reported
in adenocarcinomas and non-small-cell lung
carcinoma (NSCLC), and is associated with
tumorigenesis and recurrence (70]. As a result,
identification of DNA methylation on specific
genes may serve as useful biomarkers for early
detection or chemoprotective intervention in
lung cancer. Modifications of core histone pro-
teins increases the amount of epigenetic altera-
tions mediated by aberrant DNA methylation
in cancer cells. Increased HDACI correlates
with advanced stage of disease and outcome in
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patients with lung cancer. DNA demethylating
agents and HDAC inhibitors may synergisti-
cally cause apoptosis of lung cancer cells, and
therefore prevent lung cancer genesis in animals
exposed to tobacco carcinogens [71]. There is
already clinical data available for HDAC inhibi-
tors such as N-acetyldinaline and vorinostat in
the treatment of advanced NSCLC [72], and
these compounds are being investigated in
randomized Phase II1 trials.

The mismatch repair (MMR) pathway plays
an important role in repairing mismatches,
which are small insertions and deletions that
take place during DNA replication [73]. Failure
of the MMR pathway commonly results in a
type of genetic instability termed microsatellite
instability, which is manifest as increased rates of
DNA replication errors throughout the genome.
Inflammation downregulates MMR proteins by
a variety of mechanisms [7475]. Inflammation
also downregulates components of the nucleo-
tide excision repair [76] and base excision repair
(771 pathways, both of which help to protect
against DNA damage.

Adaptive immune responses in
COPD & lung cancer
COPD is associated with the infilcration of
macrophages, neutrophils, CD4* T cells, CD8*
T cells, dendritic cells, B cells and eosinophils
into the bronchi. Macrophages, neutrophils and
lymphocytes orchestrate the chronic inflamma-
tion seen in the airways of patients with COPD,
and are the main amplifiers in the progression
of COPD and emphysema. Inflammatory cells
cause alveolar wall destruction and mucin hyper-
secretion as a result of the release of oxidants,
proteases and granzymes. Adaptive immunity
also plays an important role in the pathogenesis
of COPD. Mature lymphoid follicles with ger-
minal centers and separated T and B cell zones
occur in lungs of patients with COPD [78,79].
These follicles are rare in the lungs of nonsmokers
and their presence correlates with the severity of
COPD [78]. The cause of these follicles is unclear,
but may be due to the large antigen load associ-
ated with viral and bacterial infections, or to
increased neoantigens from degraded ECM or
carbonyl-modifying proteins by cigarette smoke
resulting in autoimmune impairment in severe
COPD 80.81]. The presence of these inflamma-
tory cells can be subverted by lung cancer cells to
generate a tumor-promoting microenvironment.

An inflammatory cell infiltrate, varying in
size, composition and distribution, is present in
most, if not all, tumors (Fieure 2). Its components
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include tumor-associated macrophages (TAMs)
and related cell types, as well as mast cells and
T cells. Studies have been published suggesting
that these bone marrow-derived components
may be involved in tumorigenesis (82-84].

There has been much interest recently in the
role of TAMs in tumor development. They have
been described as ‘obligate partners for tumor-
cell migration, invasion and metastasis’ [8s].
Macrophages display a high degree of hetero-
geneity and can adapt or alter their phenotype to
suit the microenvironment in which they reside.

Several papers have looked to address the role
of TAMs in lung cancer. In murine models of
lung cancer, macrophages are typically elevated
compared with control mice during the promo-
tion stage and thereafter [86,87]. Depletion of
macrophages from the two-stage carcinogenesis
model using 3-methylcholanthrene (initiator)
and butylated hydroxytoluene (promoter) signifi-
cantly reduced tumorigenesis, implying a critical
role for these inflammatory cells in tumorigen-
esis (88]. In an interesting study by Stearman and
colleagues [89], the authors used a novel micro-
array approach to define a gene-expression sig-
nature from the lung tumor microenvironment
in the murine A/J-urethane model of human
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lung adenocarcinoma. They describe a ‘Field
Effect’ around the tumor that is indicative of
the composition of the cell types present. Using
this approach they correctly classified the bron-
choalveolar lavage (BAL) cells more than 94%
of the time. As TAMs generate a unique gene-
expression signature within the tumor microen-
vironment, the authors suggest that this signature
could potentially be used for identifying lung
cancer from BAL cells and/or fluid.

In humans, tumor islet macrophage infiltra-
tion has been tentatively identified as a favorable
independent prognostic marker for survival in
patients with resected NSCLC [90].

m Epithelial to mesenchymal
transition

During recent years, the EMT, where cells
undergo a developmental switch from a polar-
ized, epithelial phenotype to a highly motile
fibroblastoid or mesenchymal phenotype, has
emerged as a central process during embry-
onic development and chronic inflammation
and fibrosis [91.92]. Deregulated inflammation,
as well as promoting progression of COPD,
enables human bronchial epithelial cells to
undergo EMT, a process that is critical for
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Figure 2. Cells and mediators involved in inflammation and lung cancer.
COX2: Cyclo-oxygenase-2; EMT: Epithelial-mesenchymal transition; NF-kB: Nuclear factor-«B;
STAT3: Signal transducer and activator of transcription 3.
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lung carcinogenesis and the malignant pheno-
type (93]. The role of EMT in cancer progression
has recently been a topic of hot debate in the
scientific community [94,95]. Despite this ongo-
ing discussion, it is clear that several of the key
pathways driving EMT in the highly controlled
process of development are also aberrantly acti-
vated in cancer. Examples of such pathways
include Hedgehog, Wnt/B-catenin and Notch
signaling (FIGURE 2).

The Hedgehog pathway has been shown to
be essential for normal mammalian develop-
ment [96], and it is clear that Hedgehog signaling
is important in early lung formation [97]. Both
small-cell lung carcinoma (SCLC) and NSCLC
have been shown to require an active Hedgehog
signaling pathway [98,99]. Furthermore, an
antagonist of the Hedgehog pathway has been
shown to inhibit proliferation of NSCLC cell
lines containing a hedgehog autocrine loop [99].

Wnt-1 was first identified from retroviral
integration that caused mammary tumors in
mice [100], and was found to be upregulated in
various human cancers [101,102]. Furthermore,
cancer cells expressing Wnt-1 are resistant to
therapies that mediate apoptosis [103]. It has
recently been demonstrated that Wnt-1 is over-
expressed in NSCLC cell lines and primary
tumor tissues [104]. Furthermore, the monoclonal
anti-Wnt-1 antibody suppressed tumor growth.
Wnt-2 has also been shown to be overexpressed
in NSCLC [105].

Knockout murine studies have demonstrated
a requirement for Notch signaling in lung devel-
opment [106]. Both Notch ligand and receptor
have been shown to be elevated in NSCLC
lines [107.108]. The relevance of Notch signaling
to NSCLC pathogenesis is highlighted by data
demonstrating increased apoptosis and serum
dependence, and reduced 7z vitro and in vivo
NSCLC tumor growth in response to block-
ade of pathway activation using a y-secretase
inhibitor [108].

In the context of tumorigenesis, EMT has
been studied with increasing intensity in tis-
sue culture models of epithelial cells and trans-
genic mouse tumor models [109,110]. EMT can
require the cooperation of oncogenic Ras or
receptor tyrosine kinases, both of which induce
downstream, hyperactive Raf/MAPK signaling,
with endogenous TGEP receptor signaling [91].
Sustained TGEFP receptor signaling (caused for
example by an autocrine TGFp loop) can be
required for the maintenance of EMT in epi-
thelial cells and for metastasis in several mouse
models [91,111].
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Matrix components in COPD &
lung cancer
In addition to growth factors and transcription
factors, it is becoming increasingly apparent that
the ECM is integral to cancer-related inflamma-
tion. A study from our own group had originally
shown the importance of the ECM in protecting
SCLC cells from apoptosis [112].

Emphysema arises as a result of an imbal-
ance between antiproteinases and proteinases
including elastase and matrix-metalloproteinases
(MMPs) from activated inflammatory and epi-
thelial cells in the lung. Structural cells of the
lung die when they lose attachments because of
defective tissue repair and ECM degradation
by MMPs. In addition, ECM fragments are
chemotactic for inflammatory cells, recruiting
them into the lung with subsequent aggrava-
tion of the progression of emphysema in mice
(113,114]. As a consequence, antagonism of ECM
fragments is likely to ameliorate the progression
of COPD. Proteinases have also been shown to
induce the release of TGF-ff and VEGEF, both of
which play critical roles in lung tumorigenesis
and metastasis. The MMP inhibitors marimas-
tat (BB-2516), batimastat (BB-94), prinomastat
(AG-3340), ONO-4817 and BMS-275291 are
currently being investigated to evaluate their
effectiveness in the maintenance and remission
after other therapies, or in combination with
standard chemotherapy in NSCLC [115-117].

An elegant study by Kim and colleagues has
shown the importance of the ECM in gener-
ating an inflammatory microenvironment that
favors metastatic growth [118]. After screen-
ing several cell lines, the authors discovered
that Lewis lung carcinoma cells were the most
potent macrophage activators leading to produc-
tion of interleukin (IL)-6 and tumor-necrosis
factor (TNF)-a through activation of the toll-
like receptor (TLR) family members TLR2
and TLR6. Purification of media from these
cells identified the ECM proteoglycan versi-
can, already known to be upregulated in many
human tumors including lung cancer [119].
Versican was found to be a macrophage activa-
tor that acts through TLR2 and its co-receptors
TLR6 and CD14. These results help to explain
how advanced cancer cells generate an inflam-
matory microenvironment where metastatic cells
may flourish.

Hypoxia/angiogenesis in COPD &
lung cancer
Hypoxia is known to induce pulmonary inflam-
mation by activation of transcription factors and
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by triggering the expression of pro-inflammatory
genes. In COPD, progressive airflow obstruction
and destruction of the alveolar-capillary unit ulti-
mately lead to decreased oxygen transport with
resultant alveolar hypoxia. As a result, hypoxia-
inducible factor (HIF) is activated, leading to an
increase in VEGF transcription and increased
angiogenesis [120]. As a result, oxygen therapy will
offer significant short-term benefits in hypoxemic
patients with COPD. However, chronic oxygen
use causes oxidative cellular injury and aggrava-
tion of lung inflammation and cell death, which
theoretically may predispose to lung cancer.
Surprisingly, levels of VEGF and its receptors
are actually reduced in emphysematous lungs.
This seems to occur as a result of abnormali-
ties in the induction of HIF and other signaling
molecules involved in hypoxia sensing in COPD
(121]. It remains to be fully elucidated whether
these ‘contrasting’ findings are related to meth-
odological differences in the different studies or
whether they do in fact suggest a paradoxical role
of VEGF in the bronchi as compared with the
alveoli in patients with COPD/emphysema.

When tumors grow their microenvironment
becomes hypoxic, HIF is activated, MMPs and
VEGEF are induced and there is resultant invasion
and metastasis of lung cancer. Bevacizumab is
a monoclonal antibody against VEGF that has
been shown to be effective in Phase II and II1
trials in combination with standard first-line
chemotherapy for stage IV NSCLC; in fact it
became part of standard first-line chemotherapy
for stage IV NSCLC as a result of these trials.
Furthermore, additional antiangiogenic therapies
such as aflibercept are being investigated in the
treatment of NSCLC, alone or in combination
with other chemotherapies.

Inflammation & cancer: the key
signaling molecules

With the increasing interest in the relationship
between inflammation and cancer, a number of
key signaling molecules have been implicated
as key players in orchestrating the inflamma-
tion and cancer link (Freure 2). Several of these
molecules are now discussed.

Integrins & TGFp
Integrins are heterodimeric transmembrane
receptors that are involved in lung inflammation
and a variety of cellular functions. The integrin
owvf36 is located on epithelial cells, and its expres-
sion is increased during lung inflammation.
It has been shown to play a pivotal role in the
maintenance of normal lung homeostasis and in
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preventing lung destruction, as its ablation leads
to airspace enlargement in mice by regulation of
the TGF-B/MMP-12 pathway [122]. av6 inhibits
MMP-12 via a mechanism that requires it to bind
to and activate latent TGE-f [122). Interestingly,
the levels of 7GF-B1 mRNA and protein are
upregulated in the airway and in alveolar epi-
thelial cells in patients with COPD, and the
levels of 7GF-B1 mRNA are positively associ-
ated with smoking history and degree of small
airways obstruction, suggesting a profibrogenic
and pro-remodeling role of TGF-f in COPD
(123). Human lung cancer cells may escape the
autocrine growth-inhibitory effect of TGF-§
because of the loss of TGFBRII. The majority of
NSCLC and SCLC show minimal or no expres-
sion of TGFBRIIL, and as a result restoration of
TGEF-B signaling through expression of TGFBRII
may be a potential strategy for chemotherapeutic
intervention in lung cancer.

NF-xB
Nuclear factor (NF)-kB induces the expression
of inflammatory cytokines, adhesion molecules,
angiogenic factors and key enzymes involved in
arachidonic acid metabolism, such as cyclo-oxy-
genase (COX)-2. Several studies have provided
good evidence that NF-kB is involved in tumor
initiation and progression in the gastrointestinal
tract and in the liver, two of the prototypical
organs in which cancer-related inflammation
seems to occur [124,125]. In the mouse model of
colitis-associated cancer (CAC), Greten and col-
leagues used a strategy targeting IkB-kinase {3,
and showed that specific inactivation of NF-kB
in tumor-infiltrating leukocytes resulted in an
80% decrease in CAC tumor multiplicity [126].
Another mouse model of inflammation-driven
cancer is the multidrug resistance 2 (Mdr2)-
knockout mouse, in which the absence of the
MDR?2 transporter leads to accumulation of
bile acids and phospholipids within hepatocytes,
resulting in low-grade liver inflammation, which
eventually gives rise to hepatocellular carcinoma
at 8—10 months of age [127]. As in the CAC model,
inhibition of NF-kB through expression of a IxB
superrepressor under the control of a promoter
that is highly active in hepatocytes blocked tumor
development [128]. Accumulating evidence is
pointing to the importance of NF-kB during lung
cancer development [128-132], but it is clear that
more studies are required to fully dissect its role.

STAT3

Another molecule of particular interest is sig-
nal transducer and activator of transcription
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(STAT)-3. Recent studies have identified STAT3
as an important mediator of tumor-induced
immunosuppression. STAT3 transduces sig-
nals from numerous oncogenic proteins and
pathways [133-135]. It is not only a potent nega-
tive regulator of T helper 1 (TH,)-cell-mediated
inflammation, but is also an important activa-
tor of many genes that are crucial for immuno-
suppression [136-138]. STAT3 has been shown to
be constitutively active in a growing number of
diverse human cancer cell lines and tumor tissues
(139-141]. The first evidence that STAT3 played a
role in oncogenesis came from a study that found
that STAT3 was constitutively activated in cells
transformed by an oncoprotein, SRC, which is
a nonreceptor tyrosine kinase [133]. This was fol-
lowed by studies that showed that STAT3 sig-
naling blocks the transformation of fibroblasts
by SRC oncoprotein [142,143], thus providing
definitive evidence that STAT3 contributes to
oncogenesis. Evidence has subsequently emerged
for a role of STAT3 in preventing the apoptosis
of human tumor cells [144], and it is important
for the development of angiogenesis [145,146]. The
ability of STAT?3 signaling to facilitate immune
evasion by the tumor through inhibiting the
expression of pro-inflammatory cytokines and
chemokines has been shown for rhabdomyo-
sarcoma and melanoma [147,148]. STAT3 has
been shown to regulate the expression of MUCI,
a gene known to be important in mediating lung
cancer cell survival and metastasis 77 vitro and
in vivo [149].

EGF receptor (EGFR) targeting in NSCLC
is an established treatment modality. In NSCLC
cell lines that have constitutively active mutant
EGFR, STAT3 is phosphorylated and is neces-
sary for the proliferative effects associated with
mutant EGFR [150]. Furthermore, inhibiting
STAT3 activity abrogates the transforming effects
of EGFR-activating mutations [1s1]. [z vitro data
show that EGFR blockade decreases STAT3
activation. Similarly, cell lines resistant to EGFR
inhibitors demonstrate persistent activation of
STATS3 [152]. Thus, STAT3 is a key molecule in
maintaining a transformed phenotype, and inhi-
bition of STAT3 has become a potential target
for drug development in lung cancer [153]. Indeed,
blockade of STAT3 results in extensive apopto-
sis of NSCLC cells [152]. It has previously been
demonstrated that combined inhibition of EGFR
and STAT3 using small molecules has synergistic
antiproliferative effects in a variety of NSCLC cell
lines [154,155]. Given the importance of the STAT3
signaling pathway, it is clear that the development
of new drug targets are of particular interest in
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the treatment of lung cancer [153]. Moreover, the
effects of STAT3 on both inflammation and
carcinogenesis further highlight the links that
may exist between inflammatory conditions such

as COPD and lung cancer.

TNF

TNEF, originally named owing to its ability to
induce hemorrhagic necrosis of tumors [156], is
another pro-inflammatory cytokine that plays
an important role in cancer-related inflamma-
tion. This first became apparent when it was dis-
covered that TNF-deficient mice are protected
from skin carcinogenesis produced by a combi-
nation of the carcinogen 7, 12-dimethylbenz[a]
anthracene (DMBA) and the tumor promoter
12-O-tetradecanoylphorbol 13-acetate (TPA;
DMBA-TPA) [157]. It has since been shown in
a series of papers that TNF receptor-1-deficient
mice are also resistant to skin carcinogenesis
induced by DMBA-TPA [158], and have attenu-
ated lung and liver metastases compared with
controls [159,160].

COX-2

Chronic inflammation is often accompanied by
the excessive formation of ROS and RNS that
are potentially damaging to DNA, lipoproteins
and cell membranes. Inflammatory cells also
release metabolites of arachidonic acid, or eico-
sanoids, including prostaglandins and leukot-
rienes. The cyclo-oxygenases are key enzymes
that control rate-limiting steps in prostaglan-
din synthesis. The expression of the isoform
COX-2 is induced by inflammatory and neo-
plastic cells, and metabolites produced by the
action of COX-2 on arachidonic acid have been
shown to impact various carcinogenic path-
ways. High constitutive expression of COX-2
has been documented in humans in precursor
lesions of adenocarcinoma of the lung [161] and
in more established lung cancer [162]. Staining
for COX-2 in tumor cells has been found for
adenocarcinomas and squamous cell carcinoma.
More recently, COX-2 expression has been
shown to be greater in lymph node metastases
than in the primary tumor itself (162). COX-2
expression has been found to be a poor prognos-
tic indicator in both adenocarcinoma [163] and
NSCLC [164]. Furthermore, a study has shown
there to be an association between a common
polymorphism in the COX2 gene and the risk of
NSCLC. Interestingly, there has been shown to
be a decreased risk of lung, colorectal and breast
cancer in patients who regularly use the COX-2
antagonist aspirin [16s].
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Conclusion

There have been dramatic advances in our under-
standing of the links between COPD and lung
cancer. What started as a case report in the 1960s
has progressed to a realization of the importance
of inflammation to lung cancer genesis and per-
petuation. We have gone from bedside to bench
during this period, but it is likely that in order
to see benefits from what we have already dis-
covered, we must see an 180° shift back from
bench to bedside. In spite of the advances in
lung cancer treatment in the last 5-10 years, it is
clear that other approaches to management are
required. There needs to be a shift to education
and prevention, early recognition and individu-
ally tailored therapies. We believe that screen-
ing for lung cancer will progress dramatically in
the future. We have begun to define high-risk
cohorts of patients such as smokers with COPD
and a family history of lung cancer, and it is
imperative that those at greatest risk be screened
early and at regular intervals. Screening trials are
already underway, and we need to establish pro-
tocols and algorithms that are cost-effective and
efficacious. Through a greater understanding of
the molecular and cellular mechanisms that drive
airway destruction and chronic inflammation in
COPD that predisposes to lung cancer, we may
be able to identify biomarkers that predict a high
risk for lung cancer.

The association between a family history of,
and the development, of lung cancer is becoming
increasingly clear. Interestingly, the genetic sus-
ceptibility that exists for developing lung cancer
is similar to the hereditary risk for developing
breast cancer. As we better define the genetic
alterations that increase susceptibility to lung
cancer, we will be able to screen first-degree rela-
tives for genetic abnormalities. Those at highest
risk may then be placed into the more clinically
orientated algorithms mentioned above.

Recent research has identified that cancers
may have unique gene and molecular signatures.
It is likely that these signatures will define the
nature of the lung cancer, its chemotherapeutic
sensitivities, and the clinical course that it may
follow. As our understanding increases, we will
be able to specifically tailor therapies to individu-
als based on the gene and molecular signature of
their lung cancer. Furthermore, the importance
of stem cells and their relation to cancer develop-
ment is only in its infancy at present. We believe
that cellular manipulation will one day become
possible, and that a thorough understanding of
stem cell biology will be critical and necessary
for this development to be taken further.
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Studies on ligand and signaling pathways that
mediate communication between lung cancer
and inflammatory cells may provide therapeu-
tic strategies for blocking the tumor-permissive
environment (which promotes lung cancer
growth and resistance to therapy) and stimulate
anticancer immune responses.

Downregulation of biochemical molecules
that are common to the pathogenesis of both
COPD and lung cancer, such as NF-kB, may

improve treatment of both diseases.

Future perspective

COPD and lung cancer share many common bio-
chemical and cellular mechanisms that may pro-
vide novel therapeutic targets for both diseases.
In addition, the chronic inflammation associ-
ated with COPD is an important risk factor for
developing lung cancer. Understanding how the
chronic inflammation in COPD predisposes to
lung cancer may provide key biomarkers and pre-
ventative strategies in smokers/ex-smokers most at
risk of developing lung cancer.

Screening for lung cancer has been intensely
investigated in the last decade, and it is likely that
many more studies will be published focusing on
the cost—effectiveness and efficacy of screening in
relation to defined cohorts of patients. This will
be a costly exercise, and it is likely that only lim-
ited advances will be made in the next 5 years.
However, we believe that with better rational bio-
markers (which define how lung cancer is initi-
ated), screening will become more cost-effective
and predictive of disease. Once this has happened
these biomarkers will be of fundamental impor-
tance in the management of lung cancer in the
future.

The biology associated with inflammation,
COPD and lung cancer is complex. In the next
5 years there will be a rapid expansion in knowl-
edge, with new and exciting research and bio-
logical principles being elucidated. In particular,
the role of stem cells in lung cancer initiation and
progression, and their interaction with inflam-
matory cells, will be intensely studied and pro-
vide new targets and strategies for intervention.
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Executive summary

progression has been clearly highlighted.

and HIV.

macrophages.

= Lung cancer is the leading cause of cancer deaths in the world.
= Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality.
= Cancer-related inflammation is the ‘seventh hallmark of cancer’. The importance of inflammation to cancer development and

= The role of chronic infections in predisposing to lung cancer development is becoming increasingly clear, particularly in relation to TB

= We have defined ‘master’ molecules, such as NF-kB, STAT3, COX-2 and TNF-a, that have a critical role in tumorigenesis
= The habitat in which a tumor finds itself is an important determinant of tumor survival and progression. Of particular importance is
the matrix upon which the tumor resides and the infiltrating cells that mediate cross-talk and interaction, such as the tumor-associated

= The link between COPD and lung cancer has been firmly established. It is clear that COPD increases the risk of lung cancer even in the
absence of smoking history. A family history of lung cancer further increases this risk.
= Screening algorithms and individually tailored treatments are likely to become the mainstay of lung cancer management of the future.

Bibliography

Papers of special note have been highlighted as:
= of interest

== of considerable interest

1 Devereux G: ABC of chronic obstructive
pulmonary disease. BMJ 332, 1142-1144
(2006).

2 Centers for Disease Control and Prevention
(CDC): Deaths from chronic obstructive
pulmonary disease: United States,
2000-2005. MMWR Morb. Mortal. Whkly
Rep. 57,1229-1232 (2008).

3 Youlden DR, Cramb SM, Baade PD:
The international epidemiology of lung
cancer: geographical distribution and secular

trends. /. Thorac. Oncol. 3, 819-831 (2008).

4 Proctor RN: Tobacco and the global lung
cancer epidemic. Nat. Rev. Cancer 1, 82—86
(2001).

5 Skillrud DM, Offord KP, Miller RD:
Higher risk of lung cancer in chronic

obstructive pulmonary disease. Ann. Intern.

Med. 105, 503-507 (1986).

== First matched study demonstrating the
higher risk of lung cancer in patients
with chronic obstructive pulmonary
disease (COPD).

6 Balkwill F, Mantovani A: Inflammation and
cancer: back to Virchow? Lancet 357, 539-545
(2001).

== Excellent review exploring the links between

inflammation and cancer.

7 Coussens LM, Werb Z: Inflammation and
cancer. Nature 420, 860—867 (2002).

8  Lowell FC, Franklin W, Michelson AL,
Schiller IW: Chronic obstructive pulmonary
emphysema; a disease of smokers. Ann. Intern.

Med. 45, 268-274 (1956).

9  Doll R, Hill AB: Smoking and carcinoma of
the lung; preliminary report. BMJ 2, 739-748
(1950).

== Landmark paper highlighting the link

between smoking and lung cancer.

14

16

Muller FH: Tabakmissbrauch und
lungencarcinom Z. Krebsforsch. 49, 57-85
(1939).

Goldstein MJ, Snider GL, Liberson M, Poske
RM: Bronchogenic carcinoma and giant
bullous disease. Am. Rev. Respir. Dis. 97,
1062-1070 (1968).

Stoloff IL, Kanofsky P, Magilner L: The risk
of lung cancer in males with bullous disease
of the lung. Arch. Environ. Health 22,
163-167 (1971).

Davis AL: Bronchogenic carcinoma in
chronic obstructive pulmonary disease. JAMA
235, 621-622 (1976).

Tockman MS, Anthonisen NR, Wright EC,
Donithan MG: Airways obstruction and the
risk for lung cancer. Ann. Intern. Med. 106,

512-518 (1987).

Study confirming the greater risk of lung
cancer associated with COPD.

Anthonisen NR, Connett JE, Killey JP ez al.:
Effects of smoking intervention and the use of
inhaled anticholinergic bronchodilator on the
rate of decline in FEV1: lung health study.
JAMA 272, 1497-1505 (1994).

Kishi K, Gurney JW, Schroeder DR ez al.:
The correlation of emphysema or airway
obstruction with the risk of lung cancer:

a matched case—controlled study. Eur.

Respir. ]. 19, 1093-1098 (2002).
de Torres JP, Bastarrika G, Wisnivesky JP

et al.: Assessing the relationship between lung
cancer risk and emphysema detected on
low-dose CT of the chest. Chest 132,
1932-1938 (2007).

Wilson DO, Weissfeld JL, Fuhrman CR

et al.: The Pittsburgh Lung Screening Study
(PLuSS): outcomes within 3 years of a first

computed tomography scan. Am. J. Respir.
Crit. Care Med. 178, 956-961 (2008).

Up-to-date study demonstrating the link
between emphysema, airway obstruction

and lung cancer.

19

20

21

22

23

24

25

26

27

28

29

Mayne ST, Buenconsejo J, Janerich DT:
Previous lung disease and risk of lung cancer
among men and women nonsmokers. Anz.

. Epidemiol. 149, 13-20 (1999).
Yang P, Schwartz AG, McAllister AE ez al.:

Lung cancer risk in families of nonsmoking
probands: heterogeneity by age at diagnosis.
Genet. Epidemiol. 17, 253-273 (1999).

Cassidy A, Myles JP, Liloglou T et al.:
Defining high-risk individuals in a
population-based molecular—epidemiological
study of lung cancer. Inz. J. Oncol. 28,
1295-1301 (2006).

Turner MC, Chen Y, Krewski D ez al.: COPD
associated with lung cancer mortality in a
prospective study of never smokers. Am.

J. Respir. Crit. Care Med. 176, 285-290
(2007).

Cohen BH: Chronic obstructive pulmonary
disease: a challenge in genetic epidemiology.

Am. J. Epidemiol. 112, 274-288 (1980).
Sun Z, Yang P: Neutrophil elastase and o-1

antitrypsin: the role of imbalance in cancer
development and progression: a review. Lancet
Oncol. 5, 182-190 (2004).

Harris CC, Primack A, Cohen MH: Elevated
ol-Antitrypsin serum levels in lung cancer

patients. Cancer 34, 280-281 (1974).
Yang P, Sun Z, Krowka M]J ez al.:

ol-antitrypsin deficiency carriers, tobacco
smoke, chronic obstructive pulmonary
disease, and lung cancer risk. Arch. Intern.
Med. 168, 1097-1103 (2008).

Tokuhata GK, Lilienfeld AM: Familial
aggregation of lung cancer in humans. J. Nazl
Cancer Inst. 30, 289-312 (1963).

Johnson L, Mercer K, Greenbaum D et al.:
Somatic activation of the K-ras oncogene
causes early onset lung cancer in mice. Nature
410, 1111-1116 (2001).

Zanesi N, Mancini R, Sevignani C ¢t al.:
Lung cancer susceptibility in Fhit deficient
mice is increased by Vhl haploinsufficiency.
Cancer Res. 65, 6576—6582 (2005).

816

Therapy (2009) 6(6)

future science group



30

31

32

33

34

35

36

37

38

39

40

41

42

43

Chronic obstructive pulmonary disease and lung cancer: inflammation, the missing link

McDufhfie HH: Clustering of cancer in
families of patients with primary lung cancer.

J. Clin. Epidemiol. 44, 69-76 (1991).
Wunsch-Filho V, Boffetta P, Colin D,

Moncau JE: Familial cancer aggregation and
the risk of lung cancer. Szo Paulo Med. J. 120,
38-44 (2002).

Bailey-Wilson JE, Amos CI, Pinney SM ez al.:
A major lung cancer susceptibility locus maps
to chromosome 6q23-25. Am. J. Hum. Genet.
75, 460—-474 (2004).

Amos CI, Wu X, Broderick P ¢z al.:
Genome- wide association scan of tag SNPs
identifies a susceptibility locus for lung cancer

at 15q25.1. Nat. Genet. 40, 616—622 (2008).

Zienolddiny S, Campa D, Lind H ez al.
Polymorphisms of DNA repair genes and risk
of non-small cell lung cancer. Carcinogenesis

27, 560-567 (20006).

Yang P, Schwartz AG, McAllister AE,
Swanson GM, Aston CE: Lung cancer risk in
families of nonsmoking probands:

heterogeneity by age at diagnosis. Genet.
Epidemiol. 17, 253-273 (1999).

Gorlova OY, Zhang Y, Schabath MB ¢z al.:
Never smokers and lung cancer risk:
a case—control study of epidemiological

factors. Int. J. Cancer 118, 1798—1804 (2006).

Gao Y, Goldstein AM, Consonni D ez al.:
Family history of cancer and nonmalignant
lung diseases as risk factors for lung cancer.

Int. ]. Cancer 125, 146152 (2009).

Passey RD: Some problems of lung cancer.
Lancet 2, 107-112 (1962).

Houghton AM, Mouded M, Shapiro SD:
Common origins of lung cancer and COPD.
Nat. Med. 14, 1023-1024 (2008).

Excellent commentary on the association

between COPD and lung cancer.

Kim CF, Jackson EL, Woolfenden AE ez al.:
Identification of bronchioalveolar stem cells
in normal lung and lung cancer. Cel/ 121,

823-835 (2005).

First study demonstrating the potential role

of bronchioalveolar stem cells in lung cancer.

Parimon T, Chien JW, Bryson CL,
McDonell MB, Udris EM, Au DH: Inhaled
corticosteroids and risk of lung cancer among
patients with chronic obstructive pulmonary
disease. Am. J. Respir. Crit. Care Med. 175,
712719 (2007).

Kiri VA, Fabbri LM, Davis K], Soriano JB:
Inhaled corticosteroids and risk of lung cancer
among COPD patients who quit smoking.
Respir. Med. 103, 85-90 (2009).

Tan A, Yeh S-H, Liu C-J, Cheung C,

Chen P-J: Viral hepatocarcinogenesis: from

infection to cancer. Liver Int. 28, 175-188
(2008).

future science group

44

45

46

47

48

49

50

51

52

53

54

55

56

Carbone A, Gloghini A, Dotti G:
EBV-associated lymphoproliferative
disorders: classification and treatment.

Oncologist 13, 577-585 (2008).

Take S, Mizuno M, Ishiki K ez a/.: Baseline
gastric mucosal atrophy is a risk factor
associated with the development of gastric
cancer after Helicobacter pylori eradication
therapy in patients with peptic ulcer diseases.
J. Gastroenterol. 42(Suppl. 17), 21-27
(2007).

Sethi S, Maloney J, Grove L, Wrona C,
Berenson CS: Airway inflammation and
bronchial bacterial colonization in chronic
obstructive pulmonary disease. Am. J. Respir.

Crit. Care Med. 173, 991-998 (2006).
Soler N, Ewig S, Torres A, Filella X,

Gonzalez J, Zaubet A: Airway inflammation
and bronchial microbial patterns in patients

with stable chronic obstructive pulmonary
disease. Eur. Respir. J. 14, 1015-1022 (1999).

Sethi S, Murphy TF: Infection in the
pathogenesis and course of chronic
obstructive pulmonary disease. V. Engl.

J. Med. 359, 2355-2365 (2008).
Moghaddam SJ, Li H, Cho SN ez al.:

Promotion of lung carcinogenesis by chronic
obstructive pulmonary disease-like airway
inflammation in a K-ras-induced mouse
model. Am. J. Respir. Cell Mol. Biol. 40,
443-453 (2009).

Sakuraba M, Hirama M, Hebisawa A,
Sagara Y, Tamura A, Komatsu H: Coexistent
lung carcinoma and active pulmonary
tuberculosis in the same lobe. Ann. Thorac.

Cardiovasc. Surg. 12, 53-55 (20006).

Oka K, Chan L: Inhibition and regression of
atherosclerotic lesions. Acta Biochim. Pol. 52,

311-319 (2005).

Dacosta NA, Kinare SG: Association of lung
carcinoma and tuberculosis. /. Postgrad.

Med. 37, 185-189 (1991).
Zheng W, Blot W], Liao ML ez al.:

Lung cancer and prior tuberculosis infection
in Shanghai. Br. J. Cancer 56, 501-504
(1987).

Nalbandian A, Yan BS, Pichugin A, Bronson
RT, Kramnik I: Lung carcinogenesis induced
by chronic tuberculosis infection: the
experimental model and genetic control.
Oncogene 28, 1928—1938 (2009).

Frisch M, Biggar R], Engels EA, Goedert JJ;
AIDS-Cancer Match Registry Study Group:
Association of cancer with AIDS-related
immunosuppression in adults. JAMA 285,
1736-1745 (2001).

Parker MS, Leveno DM, Campbell T7,
Worrell JA, Carozza SE: AIDS-related
bronchogenic carcinoma: fact or fiction?

Chest 113, 154-161 (1998).

www.futuremedicine.com

57

58

59

60

61

62

63

64

65

66

67

68

69

Tenholder MF, Jackson HD: Bronchogenic
carcinoma in patients seropositive for human
immunodeficiency virus. Chest 104,

1049-1053 (1993).

Herida M, Mary-Krause M, Kaphan R ez 4/.:
Incidence of non-AIDS-defining cancers
before and during the highly active
antiretroviral therapy era in a cohort of
human immunodeficiency virus-infected
patients. /. Clin. Oncol. 21, 3447-3453
(2003).

Hoffman PC, Mauer AM, Vokes EE: Lung
cancer. Lancet 355, 479-485 (2000).

Doll R, Peto R: The causes of cancer:
quantitative estimates of avoidable risks of
cancer in the United States today. /. Nat/
Cancer Inst. 66, 1191-1308 (1981).

Wistuba I1, Behrens C, Milchgrub S ez al.:
Comparison of molecular changes in lung
cancers in HIV-positive and HIV-
indeterminate subjects. JAMA 279,
1554-1559 (1998).

Schwela D: Air pollution and health in urban
areas. Rev. Environ. Health 15, 13—42 (2000).

Emmendoerffer A, Hecht M, Boeker T,
Mueller M, Heinrich U: Role of inflammation
in chemical-induced lung cancer. Zoxicol.

Lett. 112113, 185-191 (2000).

Coussens LM, Werb Z: Inflammation and
cancer. Nature 420, 860—867 (2002).

Cook JA, Gius D, Wink DA, Krishna MC,
Russo A, Mitchell JB: Oxidative stress, redox,
and the tumor microenvironment. Semin.

Radiat. Oncol. 14, 259-266 (2004).
Tto K, Ito M, Elliott WM et al.: Decreased

histone deacetylase activity in chronic
obstructive pulmonary disease. V. Engl.

J. Med. 352, 1967-1976 (2005).

Adenuga D, Yao H, March TH, Seagrave J,
Rahman I: Histone deacetylase 2 is
phosphorylated, ubiquitinated and degraded
by cigarette smoke. Am. J. Respir. Cell Mol.
Biol. 40, 464—473 (2009).

Yang SR, Chida AS, Bauter MR ez al.:
Cigarette smoke induces pro-inflammatory
cytokine release by activation of NF-kB and
post-translational modifications of histone
deacetylase in macrophages. Am. J. Physiol.
Lung Cell Mol. Physiol. 291, L46-L57 (20006).

Barnes PJ: Role of HDAC2 in the
pathophysiology of COPD. Annu. Rev.
Physiol. 71, 451-464 (2009).

Brock MV, Hooker CM, Ota-Machida E
et al.: DNA methylation markers and early
recurrence in stage I lung cancer. V. Engl.

J. Med. 358, 1118-1128 (2008).
Schrump DS, Nguyen DM: Targeting the

epigenome for the treatment and prevention
of lung cancer. Semin. Oncol. 32, 488502
(2005).

817



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Gibbons & Sethi

Gridelli C, Rossi A, Maione P: The potential
role of histone deacetylase inhibitors in the
treatment of non-small-cell lung cancer. Criz.

Rev. Oncol. Hematol. 68, 29-36 (2008).

Hakem R: DNA-damage repair; the good,
the bad, and the ugly. EMBO J. 27, 589-605
(2008).

Koshiji M, To KK, Hammer S et al.: HIF-1a
induces genetic instability by transcriptionally
downregulating MutSa expression. Mol. Cell
17, 793-803 (2005).

Chang CL, Marra G, Chauhan DP ez al.:
Oxidative stress inactivates the human DNA
mismatch repair system. Am. J. Physiol. Cell
Physiol. 283, C148—-C54 (2002).

Crosby ME, Kulshreshtha R, Ivan M,
Glazer PM: MicroRNA regulation of DNA
repair gene expression in hypoxic stress.
Cancer Res. 69, 1221-1229 (2009).

Guo HH, Loeb LA: Tumbling down a
different pathway to genetic instability.
J. Clin. Invest. 112, 1793-1795 (2003).

Hogg JC, Chu F, Utokaparch S ez al.:
The nature of small-airway obstruction in
chronic obstructive pulmonary disease.

N. Engl. ]. Med. 350, 2645-2653 (2004).
van der Strate BW, Postma DS, Brandsma CA

et al.: Cigarette smoke-induced emphysema:
a role for the B cell? Am. J. Respir. Crit. Care
Med. 173, 751-758 (20006).

Voelkel N, Taraseviciene-Stewart L:
Emphysema: an autoimmune vascular
disease? Proc. Am. Thorac. Soc. 2, 23-25
(2005).

Lee SH, Goswami S, Grudo A ez al.:
Antielastin autoimmunity in tobacco smoking
induced emphysema. Naz. Med. 13, 567-569
(2007).

Lin EY, Nguyen AV, Russell RG, Pollard JW:
Colony-stimulating factor 1 promotes
progression of mammary tumors to

malignancy. /. Exp. Med. 193, 727-740 (2001).
Bunt SK, Sinha P, Clements VK et al.:

Inflammation induces myeloid-derived
suppressor cells that facilitate tumor
progression. J. Immunol. 176, 284-290
(2006).

Bunt SK, Yang L, Sinha P, Clements VK,
Leips J, Ostrand-Rosenberg S: Reduced
inflammation in the tumor microenvironment
delays the accumulation of myeloid-derived

suppressor cells and limits tcumor progression.
Cancer Res. 67, 10019-10026 (2007).
Condeelis ], Pollard JW: Macrophages:
obligate partners for tumor cell migration,
invasion, and metastasis. Ce// 124, 263-266
(2006).

Redente EF, Orlicky DJ, Bouchard R],
Malkinson AM: Tumor signaling to the bone
marrow changes the phenotype of monocytes

818

87

88

89

90

91

92

93

94

95

96

97

98

and pulmonary macrophages during
urethane-induced primary lung tumorigenesis
in A/] mice. Am. J. Pathol. 170, 693-708
(2007).

Bauer AK, Dwyer-Nield LD, Hankin JA,
Murphy RC, Malkinson AM: The lung
tumor promoter, butylated hydroxytoluene
(BHT), causes chronic inflammation in
promotion-sensitive BALB/cBy] mice but not
in promotion-resistant CXB4 mice. Toxicology

169, 1-15 (2001).

Bauer AK, Dwyer-Nield LD, Keil K, Koski K,
Malkinson AM: Butylated hydroxytoluene
(BHT) induction of pulmonary
inflammation: a role in tumor promotion.

Exp. Lung Res. 27, 197-216 (2001).

Stearman RS, Dwyer-Nield L, Grady MC,
Malkinson AM, Geraci MW: A macrophage
gene expression signature defines a field effect

in the lung tumor microenvironment. Cancer

Res. 68, 34—43 (2008).

Kim DW, Min HS, Lee KH ez al.: High tumor
islet macrophage infiltration correlates with
improved patient survival but not with EGFR
mutations, gene copy number or protein

expression in resected non-small cell lung
cancer. Br. J. Cancer 98, 1118—1124 (2008).

Grunert S, Jechlinger M, Beug H: Diverse
cellular and molecular mechanisms contribute
to epithelial plasticity and metastasis. Naz.
Rev. Mol. Cell Biol. 4, 657-665 (2003).

Kalluri R, Neilson EG: Epithelial-
mesenchymal transition and its implications
for fibrosis. /. Clin. Invest. 112, 17761784
(2003).

Dohadwala M, Yang SC, Luo ] ez al.:
Cyclooxygenase-2-dependent regulation of
E-cadherin: prostaglandin E(2) induces
transcriptional repressors ZEB1 and snail in

nonsmall cell lung cancer. Cancer Res. 66,

5338-5345 (2006).

Tarin D, Thompson EW, Newgreen DF:
The fallacy of epithelial mesenchymal
transition in neoplasia. Cancer Res. 65,

5996-6000 (2005).
Thompson EW, Newgreen DF, Tarin D:

Carcinoma invasion and metastasis: a role for
epithelial-mesenchymal transition? Cancer
Res. 65, 5991-5995 (2005).

Varjosalo M, Taipale J: Hedgehog signaling.
J. Cell Sci. 120, 3—6, (2007).

van Tuyl M, Post M: From fruitflies to
mammals: mechanisms of signalling via the
Sonic hedgehog pathway in lung
development. Respir. Res. 1, 30- 35, (2000).
Watkins DN, Berman DM, Burkholder SG,
Wang B, Beachy PA, Baylin SB: Hedgehog
signalling within airway epithelial progenitors
and in small-cell lung cancer. Nature 422,

313-317 (2003).

Therapy (2009) 6(6)

99

100

10

—_

102

103

104

105

106

107

108

109

110

111

112

Yuan Z, Goetz JA, Singh S ez al.: Frequent
requirement of hedgehog signaling in
non-small cell lung carcinoma. Oncogene 26,

1046-1055 (2007).

Nusse R, Varmus HE: Many tumors induced
by the mouse mammary tumor virus contain
a provirus integrated in the same region of the

host genome. Cel/ 31, 99-109 (1982).

Katoh M: Expression and regulation of
WNTT1 in human cancer: up-regulation of
WNT1 by B-estradiol in MCE-7 cells. Inz.
J. Oncol. 22, 209-212 (2003).

Wong SC, Lo SF, Lee KC, Yam JW, Chan JK,
Wendy Hsiao WL: Expression of frizzled-
related protein and Wnt-signalling molecules
in invasive human breast tumors. /. Pathol.

196, 145153 (2002).

Chen S, Guttridge DC, You Z ez al.: Wnt-1
signaling inhibits apoptosis by activating
B-catenin/T cell factor-mediated

transcription. /. Cell Biol. 152, 87-96 (2001).

He B, You L, Uematsu K ez 2/.: A monoclonal
antibody against Wnt-1 induces apoptosis in
human cancer cells. Neoplasia 6, 7-14 (2004).

You L, He B, Xu Z et al.: Inhibition of Wnt-2-
mediated signaling induces programmed cell
death in non-small-cell lung cancer cells.

Oncogene 23, 61706174 (2004).
Collins BJ, Kleeberger W, Ball DW: Notch in

lung development and lung cancer. Semin.

Cancer Biol. 14, 357-364 (2004).
Chen H, Thiagalingam A, Chopra H ez al.:

Conservation of the Drosophila lateral
inhibition pathway in human lung cancer:

a hairy-related protein (HES-1) directly
represses achaete-scute homolog-1 expression.
Proc. Natl Acad. Sci. USA 94, 5355-5360
(1997).

Konishi J, Kawaguchi KS, Vo H ¢z al.:
y-secretase inhibitor prevents Notch3
activation and reduces proliferation in human

lung cancers. Cancer Res. 7, 8051-8057 (2007).

Huber MA, Kraut N, Beug H: Molecular
requirements for epithelia—mesenchymal
transition during tumor progression. Curr.

Opin. Cell Biol. 17, 548-558 (2005).

Gotzmann J, Mikula M, Eger A ez al.:
Molecular aspects of epithelial cell plasticity:
implications for local tumor invasion and

metastasis. Mutat. Res. 566, 9-20 (2004).

Yingling JM, Blanchard KL, Sawyer JS:
Development of TGF- signalling inhibitors
for cancer therapy. Nat. Rev. Drug Discov. 3,
1011-1022 (2004).

Sethi T, Rintoul RC, Moore SM et al.:
Extracellular matrix proteins protect small
cell lung cancer cells against apoptosis:
a mechanism for small cell lung cancer

growth and drug resistance in vivo. Nat. Med.
5, 662—668 (1999).

future science group



113

114

115

116

117

118

119

120

121

122

123

Chronic obstructive pulmonary disease and lung cancer: inflammation, the missing link

Houghton AM, Quintero PA, Perkins DL
et al.: Elastin fragments drive disease
progression in a murine model of
emphysema. /. Clin. Invest. 116, 753-759
(2006).

van Houwelingen AH, Weathington NM,
Verweij V, Blalock JE, Nijkamp FP, Folkerts
G: Induction of lung emphysema is prevented
by L-arginine—threonine—arginine. FASEB J.
22, 3403-3408 (2008).

Bonomi P: Matrix metalloproteinases and
matrix metalloproteinase inhibitors in lung

cancer. Semin. Oncol. 29, 78—86 (2002).

Liu J, Tsao MS, Pagura M ez al.: Early
combined treatment with carboplatin and the
MMP inhibitor, prinomastat, prolongs
survival and reduces systemic metastasis in an

aggressive orthotopic lung cancer model. Lung

Cancer 42, 335-344 (2003).

Yamamoto A, Yano S, Shiraga M ez al.:

A third-generation matrix metalloproteinase
(MMP) inhibitor (ONO-4817) combined
with docetaxel suppresses progression of lung
micrometastasis of MMP expressing tumor
cells in nude mice. /nt. /. Cancer 103,
822-828 (2003).

Kim S, Takahashi H, Lin WW ez al.:
Carcinoma-produced factors activate myeloid
cells through TLR2 to stimulate metastasis.
Nature 457, 102—106 (2009).

Elegant study highlighting the importance
of extracellular matrix and an
inflammatory microenvironment to lung

cancer metastasis.

Pirinen R, Leinonen T, Bohm J: Versican in
nonsmall cell lung cancer: relation to
hyaluronan, clinicopathologic factors, and

prognosis. Hum. Pathol. 36, 44-50 (2005).

Siafakas NM, Antoniou KM, Tzortzaki EG:
Role of angiogenesis and vascular remodeling
in chronic obstructive pulmonary disease. /nz.
J. Chron. Obstruct. Pulmon. Dis. 2, 453—462
(2007).

Michaud SE, Menard C, Guy LG,

Gennaro G, Rivard A: Inhibition of
hypoxia-induced angiogenesis by cigarette
smoke exposure: impairment of the HIF-1a./
VEGEF pathway. FASEB J. 17, 1150-1152
(2003).

Morris DG, Huang X, Kaminski N ez a/.:
Loss of integrin o.(v) B6-mediated TGF-§
activation causes MMP12-dependent
emphysema. Nature 422, 169-173 (2003).

Takizawa H, Tanaka M, Takami K ez a/.:
Increased expression of transforming growth
factor-B1 in small airway epithelium from
tobacco smokers and patients with chronic
obstructive pulmonary disease (COPD). Am.
J. Respir. Crit. Care Med. 163, 1476-1483
(2001).

future science group

124

125

126

127

128

129

130

131

132

133

134

135

136

Karin M: Nuclear factor-kB in cancer
development and progression. Nazure 441,

431-436 (20006).

Pikarsky E, Porat RM, Stein I ¢# al.: NF-xB
functions as a tumor promoter in
inflammation associated cancer. Nature, 431,

461-466 (2004).

Greten FR, Eckmann L, Greten TF et al.:
IKKP links inflammation and tumorigenesis
in a mouse model of colitis-associated cancer.

Cell 118, 285-296 (2004).

Mauad TH, van Nieuwkerk CM, Dingemans
KP ez al.: Mice with homozygous disruption
of the mdr2 P-glycoprotein gene. A novel
animal model for studies of nonsuppurative
inflammatory cholangitis and
hepatocarcinogenesis. Am. J. Pathol. 145,
1237-1245 (1994).

Pikarsky E, Porat RM, Stein I ez a/.: NF-xB
functions as a tumor promoter in
inflammation-associated cancer. Nature 431,

461-466 (2004).

Lee W], Lu FJ, Wang SF, Chen YR,

Tseng TH: In vitro enhancement effect of
humic acid on the progression of lung cancer
cells. Chem. Biol. Interact. 181, 463—471
(2009).

Ni J, Takayama K, Ushijima R ez a/.:
Adenovirus-mediated inhibitor kB gene
transfer improves the chemosensitivity to
anticancer drugs in human lung cancer

in vitro and in vivo. Anticancer Res. 28,

601-608 (2008).

Dey A, Wong ET, Bist P, Tergaonkar V,

Lane DP: Nutlin-3 inhibits the NFxB
pathway in a p53-dependent manner:
implications in lung cancer therapy. Cell Cycle
6, 2178-2185 (2007).

Gradilone A, Silvestri I, Scarpa S ez al.:
Failure of apoptosis and activation on NFkB
by celecoxib and aspirin in lung cancer cell

lines. Oncol. Rep. 17, 823—-828 (2007).

Yu CL, Meyer DJ, Campbell GS ez al.:
Enhanced DNA-binding activity of a
Stat3-related protein in cells transformed by
the Src oncoprotein. Science 269, 81-83
(1995).

Yu H, Jove R: The STAT: of cancer — new
molecular targets come of age. Naz. Rev.

Cancer 4, 97-105 (2004).
Bromberg J, Darnell JE: The role of STATs in

transcriptional control and their impact on
cellular function. Oncogene 19, 24682473
(2000).

Welte T, Zhang SS, Wang T ez al.: STAT3
deletion during hematopoiesis causes Crohn’s
disease-like pathogenesis and lethality: a
critical role of STAT3 in innate immunity.
Proc. Natl Acad. Sci. USA 100, 1879-1884
(2003).

www.futuremedicine.com

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Kortylewski M, Kujawski M, Wang T ez al.:
Inhibiting Stat3 signaling in the
hematopoietic system elicits multicomponent

antitumor immunity. Nat. Med. 11,
1314-1321 (2005).

Wang T, Niu G, Kortylewski M ez al.:
Regulation of the innate and adaptive
immune responses by Stat-3 signaling in
tumor cells. Nat. Med. 10, 48—54 (2004).

Coftfer PJ, Koenderman L, de Groot RP:
The role of STATS in myeloid differentiation
and leukemia. Oncogene 19, 2511-2522 (2000).

Kortylewski M, Jove R, Yu H: Targeting
STAT3 affects melanoma on multiple fronts.

Cancer Metastasis Rev. 24, 315327 (2005).
Lin TS, Mahajan S, Frank DA: STAT

signaling in the pathogenesis and treatment of
leukemias. Oncogene 19, 24962504 (2000).

Bromberg JF, Horvath CM, Besser D,
Lathem WW, Darnell JE: Stat3 activation is
required for cellular transformation by v-src.

Mol. Cell. Biol. 18, 25532558 (1998).

Turkson J, Bowman T, Garcia R,
Caldenhoven E, De Groot RP, Jove R: Stat3
activation by Src induces specific gene
regulation and is required for cell
transformation. Mol. Cell. Biol. 18,
2545-2552 (1998).

Catlett-Falcone R, Landowski TH,

Oshiro MM et al.: Constitutive activation of
Stat3 signaling confers resistance to apoptosis
in human U266 myeloma cells. fmmunity 10,

105-115 (1999).

Wei D, Le X, Zheng L ¢t al.: Stat3 activation
regulates the expression of vascular
endothelial growth factor and human
pancreatic cancer angiogenesis and metastasis.
Oncogene 22, 319-329 (2003).

Niu G, Wright KL, Huang M ez al.:
Constitutive Stat3 activity up-regulates
VEGEF expression and tumor angiogenesis.

Oncagene 21, 2000-2008 (2002).

Sumimoto H, Imabayashi F, Iwata T,
Kawakami Y: The BRAF-MAPK signaling
pathway is essential for cancer-immune
evasion in human melanoma cells. /. Exp.

Med. 203, 1651-1656 (2006).

Nabarro S, Himoudi N, Papanastasiou A

et al.: Coordinated oncogenic transformation
and inhibition of host immune responses by
the PAX3—FKHR fusion oncoprotein. /. Exp.
Med. 202, 1399-1410 (2005).

Gao J, McConnell MJ, Yu B e al.: MUCI is a
downstream target of STAT3 and regulates
lung cancer cell survival and invasion. /zz.

J. Oncol. 35, 337-345 (2009).

Sordella R, Bell DW, Haber DA, Settleman J:
Gefitinib-sensitizing EGFR mutations in lung

cancer activate anti-apoptotic pathways.

Science 305, 1163—-1167 (2004).

819



151

152

153

154

155

Gibbons & Sethi

Alvarez JV, Greulich H, Sellers WR,
Meyerson M, Frank DA: Signal transducer
and activator of transcription 3 is required for
the oncogenic effects of non-small-cell lung
cancer-associated mutations of the epidermal
growth factor receptor. Cancer Res. 66,
3162-3168 (20006).

Song L, Turkson J, Karras JG, Jove R,
Haura EB: Activation of Stat3 by receptor
tyrosine kinases and cytokines regulates
survival in human non-small cell carcinoma

cells. Oncogene 22, 4150-4165 (2003).

Buettner R, Mora LB, Jove R: Activated
STAT signaling in human tumors provides
novel molecular targets for therapeutic
intervention. Clin. Cancer Res. 8, 945-954
(2002).

Dowlati A, Nethery D, Kern JA: Combined
inhibition of epidermal growth factor receptor
and JAK/STAT pathways results in greater
growth inhibition 7% vitro than single agent
therapy. Mol. Cancer Ther. 4, 459-463
(2004).

Dowlati A, Kluge A, Nethery D, Halmos B,
Kern JA: SCH66336, inhibitor of protein

farnesylation, blocks signal transducer and

156

157

158

159

160

activators of transcription 3 signaling in lung
cancer and interacts with a small molecule
inhibitor of epidermal growth factor receptor/
human epidermal growth factor receptor 2.

Anticancer Drugs 19, 9-16 (2008).

Carswell EA, Old L], Kassel RL, Green S,
Fiore N, Williamson B: An endotoxin-
induced serum factor that causes necrosis of
tumors. Proc. Natl Acad. Sci. USA 72,
3666-3670 (1975).

Moore RJ, Owens DM, Stamp G ez al.: Mice
deficient in tumor necrosis factor-o are
resistant to skin carcinogenesis. Nat. Med. 5,
828-831 (1999).

Arnott CH, Scott KA, Moore RJ,

Robinson SC, Thompson RG, Balkwill FR:
Expression of both TNF-a receptor subtypes is
essential for optimal skin tumor development.
Oncogene 23, 1902-1910 (2004).

Tomita Y, Yang X, Ishida Y ez al.:
Spontaneous regression of lung metastasis in
the absence of tumor necrosis factor p55. nt.
J. Cancer 112, 927-933 (2004).

Kitakata H, Nemoto-Sasaki Y, Takahashi Y,
Kondo T, Mai M, Mukaida N: Essential roles
of tumor necrosis factor receptor p55 in liver

161

162

163

164

165

metastasis of intrasplenic administration of
colon 26 cells. Cancer Res. 62, 6682—6687
(2002).

Hosomi Y, Yokose T, Hirose Y ez al.:
Increased cyclooxygenase 2 (COX-2)
expression occurs frequently in precursor
lesions of human adenocarcinoma of the lung.
Lung Cancer 30, 73-81 (2000).

Wolff H, Saukkonen K, Anttila S ez al.:
Expression of cyclooxygenase-2 in human
lung carcinoma. Cancer Res. 58, 4997-5001
(1998).

Achiwa H, Yatabe Y, Hida T ez al.: Prognostic
significance of elevated cyclooxygenase 2
expression in primary, resected lung
adenocarcinomas. Clin. Cancer Res. S,

1001-1005 (1999).

Khuri FR, Wu H, Lee JJ et al.:
Cyclooxygenase-2 overexpression is a marker
of poor prognosis in stage I non-small cell
lung cancer. Clin. Cancer Res. 7, 861-867
(2001).

Schreinemachers DM, Everson RB: Aspirin
use and lung, colon, and breast cancer
incidence in a prospective study. Epidemiology

5, 138-146 (1994).

820

Therapy (2009) 6(6)

future science group



