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Peroxisome proliferator-activated receptor-y (PPARy) is a member of the nuclear receptor superfamily of ligand-activated
transcription factors that plays an important role in the control of gene expression linked to a variety of physiological processes,
including cancer. Ligands for PPARy include naturally occurring fatty acids and the thiazolidinedione class of antidiabetic drugs.
Activation of PPARy in a variety of cancer cells leads to inhibition of growth, decreased invasiveness, reduced production of
proinflammatory cytokines, and promotion of a more differentiated phenotype. However, systemic activation of PPARy has been
reported to be protumorigenic in some in vitro systems and in vivo models. Here, we review the available data that implicate PPARy
in lung carcinogenesis and highlight the challenges of targeting PPARy in lung cancer treatments.

1. Introduction

Lung cancer is the most common cause of cancer-related
deaths in men and women worldwide and is responsible for
1.4 million deaths annually [1]. Each year, more people
die of lung cancer than breast, colon, and prostate cancers
combined. Despite improvements in surgical techniques and
combined therapies, lung cancer remains a disease with
a dismal prognosis. Although one-year all-stage survival
increased from 32% in 1973 to 41% in 1994, overall five-
year survival has remained unchanged at 14%. The five-year
survival rate is 53% for cases detected when the disease is still
localized, but only 15% of lung cancers are diagnosed at this
early stage [2]. These data underscore the need to develop
new therapeutic approaches to target lung cancer progression
and metastasis.

During the past 25 years, cancer research has made great
progress in defining pathways involved in the transformation
of “normal” epithelial cells to cancer cells. These studies have
largely focused on the identification of somatic mutations

resulting in the activation of oncogenes and the inhibition
of tumor suppressor pathways. However, the pathways
mediating the conversion of a cancer cell to a metastatic
cancer cell remain poorly understood. In addition, it has
become apparent during the last decade that progression
of solid tumors to metastatic disease involves not just
changes in the transformed epithelia itself, but also critical
changes in the surrounding stroma, designated the tumor
microenvironment (TME) [3]. Changes in the TME have
been observed for a long time, in particular, an association
between chronic inflammation and tumor development [4].
However, the mechanistic pathways whereby stromal cells
contribute to cancer progression are only now beginning to
be defined. These effects include changes in tumor angiogen-
esis [5], alterations in immune regulation [6], and changes in
fibrosis and mechanical properties of the TME [7]. Each of
these changes is mediated through complex interactions that
involve crosstalk between cancer cells and multiple other cell
types, including vascular cells, innate and adaptive immune
cells, and fibroblasts. Defining this crosstalk at the molecular


mailto:raphael.nemenoff@ucdenver.edu

level will require the development of novel, more complex in
vitro systems along with the use of genetic animal models.

The development of new therapeutic agents specifically
designed to target progression of advanced metastatic disease
distinct from tumor initiation raises several issues regarding
the role of the TME in cancer progression. Importantly,
activation of a specific pathway in different cell types might
have opposing effects on tumor progression. This has been
elegantly demonstrated in the case of the transcription factor
NF-«B. Work by Karin et al. demonstrated that in the
setting of hepatocellular carcinoma, activation of NF-xB
in hepatocytes is protective against developing cancer [8,
9], whereas activation in macrophages promotes cancer
progression [10]. These studies show paradoxically that the
same pathway activated in different cell types exerts distinct
and sometimes opposing roles on cancer progression. Given
the complex interactions between the TME and cancer cells,
understanding cell type-specific effects will be crucial when
the use of systemically delivered therapeutics is considered.

Peroxisome proliferator-activated receptor-y (PPARy) is
a member of the nuclear receptor superfamily of ligand-
activated transcription factors [11]. Activation of this recep-
tor has been shown to be critical in adipocyte development.
Importantly, PPARy is the target of the thiazolidinedione
(TZD) class of drugs including rosiglitazone and pioglita-
zone. These agents have been employed for treatment of
diabetes and act at least in part through sensitization of
adipocytes to insulin. There has been great interest in this
class of agents as chemopreventive and chemotherapeutic
agents in a wide variety of cancers, including lung cancer
[12, 13]. A large body of literature has demonstrated that
direct activation of PPARy in a variety of cancer cells leads
to inhibition of growth, decreased invasiveness, reduced
production of proinflammatory cytokines, and in many
cases promotion of a more differentiated phenotype. Use
of this agent would, therefore, be predicted to be successful
as a chemopreventive agent. However, systemic activation
of PPARy has been reported to be protumorigenic in
some experimental settings and in vivo models. This paper
summarizes the available data that implicate PPARy in lung
carcinogenesis and highlights the challenges of targeting
PPARYy in lung cancer treatments. We will also focus on how
activation of this pathway in stromal cells may impact tumor
progression.

2. Mechanisms of PPARy Action

PPARy is a member of the PPAR subfamily of nuclear
receptors. Two isoforms have been identified in humans,
PPARy1 and PPARy2. Whereas PPARy2 is expressed primar-
ily in adipose tissue [14], PPARyl1 is expressed in a broad
range of tissues as well as several cancer cell lines, including
lung cancer [15]. Similar to other nuclear receptors, PPARy
consists of a DNA-binding domain and a ligand-binding
domain connected by a hinge region [16]. There are two
activation domains: AF-1 at the amino terminal and AF-
2 at the carboxyl terminal. PPARy is a ligand-activated
transcription factor that functions as a heterodimer with the
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retinoid X receptor to bind specific PPAR response elements
(PPAR-RE). The consensus PPAR-RE site consists of a direct
repeat of the sequence AGGTCA separated by a single
nucleotide, which is designated the DR-1 site. Ligand binding
causes a conformational change that leads to the release of
corepressors and the binding of coactivators, resulting in
increased transcription of target genes.

Naturally occurring substances, such as polyunsatu-
rated fatty acids and eicosanoids, are thought to serve as
endogenous PPARy ligands. In particular, 15-deoxy-A12,14-
prostaglandin J2 (15d-PGJ2) has been shown to activate
PPARy specifically with micromolar affinity [17]. The lipoxy-
genase products of linoleic acid 9- and 13-HODE also have
micromolar affinities for PPARy [18]. However, it is unclear
whether these agents are regulators of PPARy in vivo, and
studies have shown that endogenous levels of 15d-PGJ2 fail
to change during adipocyte differentiation [19]. Synthetic
activators of PPARy include the thiazolidinedione class
of antidiabetic agents, such as troglitazone, rosiglitazone,
and pioglitazone [20]. These compounds have effects on
insulin-sensitivity and adipogenesis, which are mediated at
least in part through PPARy activation. Nonsteroidal anti-
inflammatory drugs also activate PPARy, albeit at con-
centrations higher than those required for cyclooxygenase
inhibition [21].

Although TZDs directly activate PPARy, several reports
suggest that stimulation of “off-target” pathways impacts
their therapeutic effects. For example, Han and Roman
showed that rosiglitazone inhibits Akt phosphorylation
through PPARy-dependent induction of PTEN expression,
but induction of AMPK phosphorylation and subsequent
inhibition of p70S6 K phosphorylation by rosiglitazone
occur through PPARy-independent signals [22]. Even with
overexpression of dominant-negative PPARy, pioglitazone
and rosiglitazone suppressed PGE, in human non-small
cell lung cancer (NSCLC) A549 cells, suggesting a PPARy-
independent effect of TZDs. Similarly, tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-induced apop-
tosis by TZDs was shown to be mediated through PPARy-
independent induction of death receptor-5 and downreg-
ulation of ¢-FLIP in NSCLC cell lines [23]. Early growth
response-1 transcription factor was shown to be induced
by troglitazone but not by other PPARy ligands, suggesting
the proapoptotic effects of troglitazone may be independent
of PPARy. Moreover, PPARy can directly bind to other
transcription factors, including NF-xB and Sp1 [24] leading
to repression of these pathways. Therefore, the ability to
engage or otherwise control regulatory elements distinct
from classic PPAR response element sites complicates the
spectrum of genes that may be controlled by PPARy [25] and
poses an important barrier to understanding the biological
role of PPARy in lung cancer.

3. Clinical Associations of PPARy with
Lung Cancer

Preclinical studies using PPARy agonists, specifically TZDs
such as rosiglitazone and pioglitazone, have been shown to



PPAR Research

inhibit tumor growth in many types of cancer. TZDs inhibit
the growth of colon cancer cell lines in vitro [26-28]
and in xenograft models [29] as well as growth of breast
cancer [30-32] and prostate cancer cells [33-35]. In lung
cancer, decreased expression of PPARy was correlated with
poor prognosis in samples from human lung tumors [36].
Genetic variants in the PPARy gene have also been identified
that are associated with a decreased risk for lung cancer
[37]. Thus, PPARy expression may serve as a prognostic
marker in lung cancer and polymorphisms in the PPARy
gene may be a way to identify patients with increased
risk for lung cancer. More recently, a retrospective study
out of the Veterans Affairs (VA) system of nearly 88,000
individuals demonstrated a 33% reduction in lung cancer
risk among TZD users compared with nonusers [38]. The
risk reduction for colorectal and prostate cancers did not
reach statistical significance, suggesting the beneficial effects
of TZD use may be specific for lung cancer. Collectively,
these data suggest that the PPARy pathway is a potential
target for treatment of lung cancer. Indeed, as discussed
below, several chemoprevention trials have been initiated
that incorporate TZDs. Importantly, however, information
regarding the effects of TZDs on lung cancer progression and
metastasis is lacking. In fact, in the retrospective VA study
discussed above, patients who had an established diagnosis
of cancer were excluded from the study.

Several clinical trials have been initiated that incorporate
TZDs for prevention of head and neck cancer or lung cancer.
One phase II trial studying the effectiveness of pioglitazone
in preventing head and neck cancer in individuals with oral
leukoplakia showed that 71% of individuals treated with
pioglitazone had complete or partial response, 10% had
stable disease, and 19% had progressive disease (ClinicalTri-
als.gov NCT00099021). A major limitation of this study was
early termination leading to small numbers of participants
analyzed (21 total). However, these promising results have
lead to a large collaborative trial that is currently recruiting
participants looking at the effects of pioglitazone on oral
premalignant lesions and the risk of head and neck cancer
(ClinicalTrials.gov NCT00951379). Similarly, a clinical trial
evaluating the chemopreventive ability of pioglitazone in
subjects at risk for lung cancer is currently recruiting
participants (Clinical Trials.gov NCT00780234). However, an
ongoing concern regarding these trials is the association of
chronic TZD treatment with increased adverse cardiac events
[39] and risk of bladder cancer [40, 41].

4. Effects of PPARy in Lung Cancer Cells

4.1. Antitumorigenic Effects of PPARy. Based on histological
characteristics, lung cancer is classified as either small-cell
lung cancer (SCLC) or non-small cell lung cancer (NSCLC),
with NSCLC accounting for nearly 85% of all lung cancer
cases. PPARy is expressed in both SCLC and NSCLC [42].
Several studies have demonstrated that activation of PPARy
inhibits growth of multiple human NSCLC cell lines. For
example, molecular overexpression of PPARy in human
NSCLC cell lines inhibited anchorage-independent growth

and invasiveness, promoted differentiation, and increased
E-cadherin expression (a marker for sensitivity to tyrosine
kinase inhibition) [43]. These changes were associated with
cyclooxygenase 2 (COX-2) inhibition and reduced NF-«B
activity, resulting in decreased production of cytokines, such
as IL-6, IL-8, and vascular endothelial growth factor (VEGF).
The effects of pharmacological activation of PPARy using
TZDs on human NSCLC lines have also been examined in
several studies. Similar to molecular overexpression, TZD
activation of PPARy promotes a more highly differentiated
phenotype in multiple human NSCLC lines [44]. In addition,
treatment of human NSCLC lines with PPARy ligands
resulted in growth arrest, loss of capacity for anchorage-
independent growth, and decreased activity and expression
of matrix metalloproteinase (MMP) 2 [44], as well as
apoptosis induction [23, 45, 46].

COX-2 is an enzyme involved in the synthesis of
prostaglandins that has been linked to the development of
cancer (reviewed in [47]). Our laboratory has shown that
activation of PPARy in NSCLC inhibited expression of COX-
2 protein at the level of transcription [48]. In this study, sup-
pression of COX-2 was mediated through increased PTEN
activity, leading to decreased levels of phospho-Akt and
inhibition of NF-«B activity. One of the major metabolites
of COX-2, prostaglandin E, (PGE,), signals through G
protein-coupled receptors designated EP receptors, which
have also been implicated in the pathogenesis of NSCLC
(49, 50]. PGE; has also been shown to stimulate NSCLC
proliferation via EP2 receptors [51]. In the study by Han
and Roman, PPARy ligands inhibited human NSCLC growth
by decreasing the expression of EP2 receptors through Erk
signaling and both PPARy-dependent and -independent
pathways. More recently, the TZDs pioglitazone and rosigli-
tazone have been shown to inhibit PGE, production in
NSCLC cells via a COX-2 independent pathway by upreg-
ulation of 15-hydroxyprostaglandin dehydrogenase [52].
Our laboratory has also shown that the TZD rosiglitazone
specifically decreased expression of Snail [53], which is a
transcription factor that regulates epithelial-mesenchymal
transition. Suppression of Snail using short hairpin RNA
silencing mimicked the effects of PPARy activation by
inhibiting anchorage-independent growth, promoting acinar
formation in three-dimensional culture, and inhibiting inva-
siveness. Suppression of Snail was also associated with the
increased expression of E-cadherin and decreased expression
of COX-2 and MMPs.

Recently, preclinical studies have demonstrated an anti-
tumorigenic role of PPARy. Treatment of SCID mice bearing
human NSCLC A549 tumors with the TZDs troglitazone or
pioglitazone inhibited primary tumor growth and signifi-
cantly inhibited the number of spontaneous lung metastatic
lesions [54]. In addition to affecting the biology of the tumor
cells themselves, activation of PPARy also reduced produc-
tion of the tumor cell-derived cytokines CXCL8, CXCLS5,
and CXCL1, which are critical for angiogenesis and tumor-
stromal interactions [55]. Work from our laboratory showed
that in nude rats, orthotopic implantation of human NSCLC
H2122 cells that overexpressed PPARy inhibited tumor
growth and metastasis, and prolonged survival compared



to implantation of control H2122 cells [43]. In addition,
we have shown that transgenic mice overexpressing PPARy
in lung distal epithelium are protected against developing
tumors in a chemical carcinogenic model [48]. Collectively,
these studies suggest that selective activation of PPARy in
NSCLC cells is protective against lung cancer initiation,
progression, and metastasis.

4.2. Protumorigenic Effects of PPARy. Although emerging
data suggest that PPARy and PPARy ligands exert anti-
tumorigenic effects on cancer cells, there is evidence that
activation of PPARy may also have deleterious, protumori-
genic effects. In contrast to lung cancer, a survey of various
tumors revealed that PPARy is generally overexpressed in
liposarcoma, colon, breast, and prostate carcinomas [56, 57].
In mouse models of colon cancer, activation of PPARy by
the TZD troglitazone increased the frequency and size of
colon tumors in both C57BL/6J-APCMi"/+ mice [58, 59]
and wild-type C57BL/6] mice [60]. Similar to lung cancer
cell lines, breast cancer cell lines undergo growth arrest and
differentiation when treated with synthetic PPARy ligands
[30, 61]. However, transgenic mice expressing constitutively
active PPARy in the mammary gland developed tumors at
an accelerated rate compared to wild-type controls [62].
Interestingly, tumors in the PPARy overexpressing mice
were more differentiated despite the more rapid rate of
tumorigenesis. In high-grade hepatocellular carcinoma cell
lines, treatment with PPARy antagonists has been shown
to inhibit cell growth, colony formation, migration, and
invasion [63]. Inhibition of PPARy activity has also been
shown to suppress pancreatic cancer cell motility [64]. More
recently, PPARy protein expression has been linked with the
aggressiveness of thyroid cancer cells [65]. PPARy levels are
elevated in cells derived from undifferentiated (anaplastic)
thyroid cancer. Depletion of PPARy in anaplastic thyroid
cancer cells resulted in decreased cell growth and invasiveness
in vitro. Moreover, PPARy-depleted cells grew more slowly
in vivo in flank and orthotopic thyroid tumors. Conversely,
when PPARy was overexpressed in more differentiated thy-
roid cancer cells, there was increased growth and invasiveness
in vitro.

In the human NSCLC line H460, which exhibits mul-
tidrug resistance, PPARy binding to both Smad3 and p-
Smad3 disrupted p-Smad3-mediated mitotic arrest and
growth inhibition, eventually leading to transforming
growth factor-beta (TGEf) resistance [66]. More recently,
Ahn et al. [67] demonstrated that repression of PPARy2 by
mitogen-activated protein kinase kinase-4 suppressed lung
cancer cell invasion. In this study, knockdown of PPARy with
shRNA or treatment with the PPARy antagonist T0070907
blocked murine lung cancer cell invasion. Conversely, forced
expression of PPARy enhanced murine lung cancer cell
invasion. Collectively, these studies suggest that increased
PPARy signaling can also serve as a tumor promoter in lung
cancer. Thus, activation of PPARy in lung and other cancers
can lead to either tumor suppressive or promoting responses,
based on the set of conditions encountered (see Figure 1).
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5. Effects of PPARYy Activation in the
Tumor Microenvironment

The role of the TME in mediating tumor progression has
become evident over the past few years [3]. In contrast
to cancer initiation, which is largely mediated through
alterations in transformed epithelial cells, tumor progression
and metastasis involves critical interactions between the
tumor and the microenvironment. Interactions between
tumor cells, vascular cells, fibroblasts, and immune cells
establish a local microenvironment that suppresses the
immune response and promotes cancer progression. Cancer
progression involves numerous changes, including tumor
angiogenesis and the acquisition of a more aggressive cancer
cell phenotype. In addition to epithelial cells, PPARy is
expressed in immune cells, endothelial cells and fibroblasts
in and surrounding lung tumors [42]. However, the role of
PPARy in the tumor microenvironment on cancer progres-
sion has not been well studied. Here, we will focus on how
activation of PPARy in different stromal cells may impact
tumor progression (see Figure 2).

5.1. Tumor-Associated Macrophages. Macrophages play a
complex role in cancer progression [68—70]. Although
macrophages can mediate direct cytotoxic effects on tumors,
tumor-associated macrophages (TAMs) have been impli-
cated in the promotion of tumor growth and metastasis.
Specifically, TAMs can produce epidermal growth factor,
which stimulates migration of tumor cells [71]. TAMs
produce many proteases, including cathepsins, matrix met-
alloproteinases (MMPs), and serine proteases [72]. These
proteases destroy the matrix to allow the escape of tumor
cells from the confines of the basement membrane and
migration of tumor cells through the dense stroma. TAMs
are also major contributors to the angiogenic switch, which is
a dramatic enhancement of vascular density that accelerates
the transition to malignancy [73]. TAM-mediated angio-
genesis occurs through increased accumulation of VEGF in
the TME, either through production of VEGF [74, 75] or
activation of MMP9, which releases VEGF from extracellular
depots [76]. Thus, TAMs play a significant role in vascular
remodeling as tumors progress to late carcinoma stages
[77]. In addition, TAMs have been shown to affect the
adaptive immune system. Production of IL-10 by TAMs
inhibits cytotoxic T cell responses, resulting in expression
of programmed death ligand (PD)-L1 and CCL22 and
regulation of regulatory T cell influx. TAMs also suppress
immune responses through synthesis of PGE, and TGEf
[78]. Finally, TAMs play a critical role in metastasis by aiding
tumor cell extravasation and promoting tumor cell survival
in the circulation, thereby enhancing metastatic cell seeding
efficiency [79].

Macrophages have been shown to have different activa-
tion states. “Classically” activated macrophages are educated
by IFN-y and LPS and are characterized by an IL-12hish,
IL-10"" phenotype [80]. In general, classically activated
macrophages defend the host from viral and microbial
infections, fight against tumors, produce high amounts of
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FiGure 1: Effector pathways for PPARy in NSCLC. Antitumorigenic effects of PPARy on NSCLC cells (top half, shaded): PPARy-mediated
suppression of COX-2 expression in NSCLC leads to decreased PGE, production, which inhibits NSCLC proliferation. PPARy can also
increase expression and enzymatic activity of PTEN. This leads to inhibition of Akt activation (pAkt), and subsequent decreased activity
of the transcription factor NF-«xB. NF-«B is a transcription factor that is critical for the production of proangiogenic and proinflammatory
cytokines, such as IL-6, IL-8 and VEGE. Decreased production of these factors would be expected to block tumor angiogenesis. PPARy-
mediated suppression of members of the Snail family of transcription factors, such as Snail, Zeb, or Twist, would lead to derepression of E-
cadherin expression and promote the epithelial phenotype, leading to decreased migration and invasiveness. Protumorigenic effects of PPARy
on NSCLC cells (bottom half): TGEf-induced PPARy has been shown to bind to Smad3 and p-Smad3, which decreases nuclear accumulation
of p-Smad3 and leads to TGE resistance of H460 NSCLC cells. MKK4 depletion in lung cancer cells leads to increased expression of PPARy
and activation of a PPARy-dependent transcriptional program. Depletion of PPARy by shRNA in MKK4-depleted lung cancer cells has been

shown to reduce invasion in vitro.

inflammatory cytokines, and activate the immune response.
In contrast, “alternatively” activated macrophages are edu-
cated by IL-4 and IL-13 and are characterized by an IL-12°¥,
IL-10"8" phenotype. Alternatively activated macrophages
promote scavenging of debris, angiogenesis, and remodeling
and repair of wounded or damaged tissues. Importantly,
alternatively activated macrophages attenuate the inflamma-
tory response by downregulating innate immunity. Changes
in macrophage phenotype have been reported during the
initiation and progression of chemically induced lung
tumors [81] with TAMs exhibiting an alternatively activated
phenotype [82].

Interestingly, systemic administration of TZDs has been
shown to be protective against the progression of atheroscle-
rosis. PPARy activation in human atherosclerotic lesions

primes human monocytes into alternatively activated
macrophages [83, 84] thus enhancing the anti-inflammatory
properties of these macrophages leading to plaque sta-
bilization. PPARy controls the inflammatory response of
macrophages by interfering with proinflammatory signaling
pathways such as AP-1, NF-xB, and STAT-3 [85]. Con-
sistent with these effects, targeted deletion of PPARy in
macrophages has been shown to increase atherosclerosis
[86]. Thus, the antiatherogenic effects of PPARy are medi-
ated at least in part by alternative activation of macrophages,
which leads to resolution of inflammation. However, similar
to macrophages residing in PPARy-activated atherosclerotic
lesions, TAMs also exhibit an alternatively activated, anti-
inflammatory phenotype [68, 82]. Alternative activation
of macrophages in the setting of cancer progression may
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FiGURE 2: The role of PPARy signaling in the tumor microenvironment. Activation of PPARy in macrophages promotes a tumor-associated
phenotype, which leads to increased tumor angiogenesis, matrix breakdown, and tumor cell motility. Activation of PPARy in myeloid cells
promotes lung cancer progression and metastasis in mice. Similarly, activation of PPARy in the tumor microenvironment leads to generation
of Tregs and inhibition of host T-cell antitumor activity, resulting in an immunosuppressive environment that promotes tumor progression.
TZDs have been shown to inhibit angiogenesis by decreasing endothelial cell proliferation and migration, inducing endothelial cell apoptosis,
and by decreasing VEGF production. However, activation of PPARy by 15d-PGJ2 has been shown to upregulate VEGF expression in human
breast cancer cells, which may contribute to increased tumor angiogenesis. Finally, PPARy expression has been shown to be upregulated in
stromal myofibroblasts surrounding colon adenocarcinomas, which promote proliferation, mobility, and invasion of tumor cells.

therefore promote tumor progression by facilitating angio-
genesis, matrix breakdown, and tumor cell motility. Indeed,
data from our laboratory indicate that macrophage-specific
PPARy plays a critical role in the ability of cancer cells
to educate macrophages into an alternatively activated
phenotype [87]. Whereas selective activation of PPARy in
human NSCLC cells leads to fewer metastases and increased
survival in nude athymic rats [43], systemic activation of
PPARy in both cancer cells and the tumor microenvironment
by pioglitazone leads to increased tumor progression and
metastasis in an orthotopic mouse model of lung cancer.
Moreover, targeted deletion of PPARy in myeloid cells using
loxP recombination promoted significantly fewer metastases
in our orthotopic model [87]. We believe these findings
indicate PPARy in the tumor microenvironment, and in par-
ticular TAMs, plays a critical role in lung cancer metastasis.

5.2. T Lymphocytes. Regulatory T cells (Tregs) found in
lung tumors have been shown to inhibit the host immune
response and contribute to the progression of cancer. Elim-
ination of CD4*CD25" Tregs elicited immune responses
to syngeneic tumors in mice, leading to the eradication of

the tumors [88]. Human lung tumors have been shown to
contain large numbers of CD4*CD25" Tregs, which have
constitutively high-level expression of CD152 (CTLA-4).
These Tregs mediated potent inhibition of autologous T
cell proliferation but failed to inhibit the proliferation of
allogeneic T cells [89]. Tumors formed by the CT26 colon
carcinoma-derived cell line in BALB/c mice facilitated the
induction or recruitment of CD4* Tregs that secreted IL-
10 and TGFp and suppressed effector CD8* T cell responses
[90]. Thus, Tregs could be responsible for inhibiting host T-
cell activity against tumor-associated antigens.

IL-2 is a T cell growth factor that augments NK cell
cytolytic activity, contributes to the development of Tregs,
and regulates the proliferation and apoptosis of activated
T cells. The PPARy ligands troglitazone and 15d-PGJ2
inhibit IL-2 production in human peripheral blood T-cells
in a dose-dependent manner [91]. Similarly, 15d-PGJ2 and
ciglitazone inhibit proliferation and IL-2 secretion in murine
helper T cells. PPARy activation also increases retinoic acid
secretion from murine splenic dendritic cells, leading to
induction of Tregs in the periphery [92]. Thus, activation of
PPARy in the tumor microenvironment appears to lead to
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generation of Tregs and inhibition of host T-cell antitumor
activity, resulting in an immunosuppressive environment
that promotes tumor progression.

5.3. Tumor Angiogenesis. Tumor angiogenesis is crucial in the
early stages of tumor development by allowing tumors to
establish a blood supply, and in later stages of tumor progres-
sion by promoting hematogenous spread of cancer cells and
metastasis. Cancer cells and bone marrow-derived myeloid
cells have been shown to contribute to tumor angiogenesis
through their production of growth factors, cytokines, and
matrix metalloproteinases (reviewed in [93, 94]). PPARy has
been shown to be highly expressed in tumor endothelium
and is activated by rosiglitazone in cultured endothelial cells
[95]. Panigrahy and colleagues demonstrated that rosigli-
tazone had both direct and indirect antiangiogenic effects
by inhibiting endothelial cell proliferation and decreasing
VEGF production. A more recent study has shown that
pioglitazone and rosiglitazone inhibit bFGF- and VEGE-
induced angiogenesis in a chick chorioallantoic membrane
model [96]. In this study, endothelial cell migration was also
inhibited by both pioglitazone and rosiglitazone. The PPARy
ligand 15d-PG]J2 has also been shown to induce endothelial
cell apoptosis [97], suggesting the PPAR pathway may be a
therapeutic target for tumor angiogenesis. However, activa-
tion of PPARy by 15d-PGJ2 upregulates VEGF expression in
human breast cancer cells via induction of heme oxygenase-1
and phosphorylation of ERK1/2 [98], which may contribute
to increased angiogenesis of the tumor cells.

5.4. Cancer Associated Fibroblasts. Myofibroblasts are unique
smooth muscle-like fibroblasts that occupy a pivotal role
in the stromal changes associated with carcinogenesis [99].
In response to cancer cell-derived cytokines such as TGEj,
fibroblasts differentiate into myofibroblasts. These myofi-
broblasts in turn secrete proinvasive signals such as cyto-
kines, chemokines, growth factors, and extracellular matrix
proteins and proteases that promote proliferation, mobility,
and invasion of adjacent epithelial cells. Expression of COX-
2 in myofibroblasts indicates that these cells may also be
responsible for secretion of prostaglandins such as PGE,,
which promotes tumor invasiveness and angiogenesis [100].
PPARy expression has been shown to be upregulated in
stromal myofibroblasts surrounding colon adenocarcinomas
[101]. Although PPARy ligands have been shown to inhibit
TGFf-stimulated profibrotic differentiation of lung fibrob-
lasts in vitro and to reduce lung scarring in animal models of
pulmonary fibrosis [102], the role of myofibroblast-derived
PPARy in cancer progression remains unknown.

5.5. Hepatic Stellate Cells. Because the liver is a common
site of metastases for many cancers, including lung, it has
been hypothesized that the liver provides a prometastatic
microenvironment for cancer cells, and that hepatic stel-
late cells (HSCs) are the predominant cell type involved
with establishment of this microenvironment (reviewed in
[103]). In response to paracrine factors released by cancer
cells, HSCs transdifferentiate into myofibroblasts that can

promote tumor growth. Activated HSCs produced growth
factors and cytokines which enhance the proliferation and
migration of tumor cells [104]. HSCs also promoted tumor
angiogenesis by producing factors such as VEGF and
angiopoietin [105-108] and have been shown to inhibit T cell
proliferation and induce T cell apoptosis [109, 110], which
suggests they may suppress the antitumor immune response
in the liver. PPARy is expressed in quiescent HSCs, and its
expression and activity decrease in HSC activation both in
vitro and in vivo [111-113]. PPARy agonists inhibited HSC
proliferation and chemotaxis, and expression of monocyte
chemotactic protein-1 at the gene and protein levels in
HSCs [111]. Similarly, forced expression of PPARy reversed
culture-activated HSCs to a quiescent phenotype [114, 115].
Thus, maintenance of the quiescent state of HSC appears to
require PPARy, and depletion of PPARy may be required
for activation of HSCs. Although the role of HSC-specific
PPARy in liver metastasis has not been established, it is
likely that PPARy signaling is involved in the formation of
a prometastatic microenvironment.

5.6. Other Immune Cells in the Tumor Microenvironment.
The tumor microenvironment is comprised of a variety of
inflammatory cells, including dendritic cells, natural killer
(NK) cells, myeloid-derived suppressor cells, neutrophils,
and eosinophils. A recent study suggests that dendritic cells
initiate antitumoral T cell responses and are pivotal for the
establishment of an in situ efficient immune reaction in
NSCLC [116]. Of note, PPARy has been shown to modulate
the inflammatory response of human dendritic cells, with
ligand-induced activation of PPARy by rosiglitazone result-
ing in enhanced phagocytosis of apoptotic neutrophils [117].
NK cells have also been implicated in the immune defense
against tumors [118]. The PPARy ligands 15d-PGJ2 and
ciglitazone have been shown to reduce IFN-y production and
inhibit cytolytic activity of human NK cells [119]. The role of
PPARy in other cell types in the tumor microenvironment,
however, is largely unknown.

6. “On-Target” versus “Off-Target”
Effects of TZDs

A critical issue in interpreting studies of PPARy that
utilize TZDs and other PPARy agonists is determining
whether the effects of these agents are mediated through
PPARy-dependent versus PPARy-independent pathways.
One approach is to compare the responses of cells to TZDs
with overexpression of full-length PPARy. For example,
overexpression of PPARy in NSCLC cells had no significant
effects on cell proliferation, as seen with TZD treatment,
but instead had selective effects on anchorage-independent
growth and invasiveness [48]. Specific PPARy antagonists
can also be used to identify PPARy-specific effects of TZDs.
Han and Roman showed that the specific PPARy antagonist
GW9662 failed to affect rosiglitazone-mediated phosphory-
lation of AMP-activated protein kinase a in NSCLC cells,
which indicate these effects of rosiglitazone are PPARy-
independent [22]. Transfection of small interfering RNA



(siRNA) or small hairpin RNA (shRNA) to silence PPARy
can also help define the role of PPARYy in responses to TZDs.
For example, Yen and coworkers reduced PPARy levels in
tumor cells using siRNA, which abolished rexinoid-mediated
inhibition of invasion [120]. These data indicated that the
inhibitory effects of the rexinoid bexarotene on tumor cell
invasion were dependent on PPARy activation.

Defining the off-target effects of TZDs such as rosigli-
tazone and pioglitazone will be critical in developing new
therapeutic agents. In particular, it will be important to
determine whether adverse effects of these agents (e.g.,
increased cardiovascular events or increased incidence of
bladder cancer) are mediated through PPARy-dependent
or -independent mechanisms. Newer generation PPARy
activators may provide more selective engagement of PPARy-
dependent antitumorigenic pathways while minimizing
adverse PPARy-independent cardiovascular or protumori-
genic effects.

7. Conclusions and Implications for Therapy

The studies reviewed above implicate PPARy in lung cancer
cell biology. Many studies indicate that activation of PPARy
in cancer cells leads to differentiation and induction of
apoptosis, which has resulted in considerable excitement
regarding the use of TZDs and PPARy agonists for the
prevention and treatment of lung cancer. Tumor-promoting
effects of PPARy and PPARy agonists need further investi-
gation, and the effects of PPARy activation on lung cancer
cells may vary depending on tumor type or stage. In
many of the studies reviewed above, it is unclear whether
the biological responses of PPARy agonists are mediated
through “on-target” activation of PPARy, or through other
“off-target” effects. A strategy to address this issue is the
use of molecular approaches, either by overexpressing or
silencing PPARy in cancer cells to complement studies
with pharmacological agents. Genetic mouse models using
targeted knockouts of PPARy in either cancer cells or cells
in the tumor microenvironment will also be informative.
There will also be concerns regarding the safety of TZDs,
especially since rosiglitazone use has been associated with
an elevated risk of heart attacks [121], and pioglitazone
use may be associated with an increased risk of bladder
cancer [40, 41]. Thus, defining the molecular targets of
TZDs that mediate specific responses in lung cancer cells
will be critical for the development of future therapeutic
interventions. Finally, the role of PPARy in cells in the tumor
microenvironment remains unclear. Indeed, activation of
PPARy in macrophages, Tregs, and NK cells may lead to
an immunosuppressive environment that promotes tumor
progression. Thus, as our laboratory has demonstrated,
activation of PPARy in both tumor cells and in cells in
the tumor microenvironment by systemic agents will likely
have opposing effects on tumor progression. Agents that
selectively activate PPARy in epithelial and cancer cells would
therefore be very attractive for the prevention and treatment
of lung cancer.
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