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Abstract

The prevalence of obesity has increased dramatically in recent decades, reaching epidemic
proportions. It is becoming clear that obesity is associated not only with type 2 diabetes mellitus
and cardiovascular disease, but also with multiple types of cancer.

Obesity is characterized by impaired adipose tissue function, leading to adipocyte hypertrophy,
inflammation, hypoxia and induced angiogenesis, extracellular matrix remodeling and fibrosis as
well as additional stress responses. While epidemiological data indicate that obesity is a well-
established risk factor for certain malignancies, the molecular mechanisms underlying the link
between obesity and cancer are still poorly understood.

Recent data implicates systemic and paracrine factors secreted from adipose tissue during the
obese state, promoting cancer development and progression. Here, we focus on the obesity-
associated adipose tissue remodeling that may not only lead to metabolic complications, but also
to a permissive pro-tumorigenic environment. Particular attention is given to the local pro-
tumorigenic effects derived from adipocytes that present an important part of the tumor
microenvironment of at least some cancers, in an attempt to describe the nature of the major
players of the adipocyte-cancer cell crosstalk that dictates to a large extent tumor progression.
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1. Introduction

Overweight and obesity constitute a worldwide problem, reaching epidemic proportions.
Elevated body mass indices (BMIs) are not only associated with an increased risk of type 2
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diabetes mellitus and cardiovascular disease, but also with various types of cancers. There is
mounting evidence that excess body weight constitutes an established risk factor for cancer
incidence as well as cancer-related mortality. Several pathophysiological mechanisms
linking obesity to cancer have been suggested that are related to systemic and local effects of
dysregulated adiposity. These include: 1) sex hormones; 2) altered insulin signaling and
IGF-1 axis; 3) alterations in adipokines profiles; 4) obesity-induced chronic inflammation;

5) adipose tissue remodeling; and 6) lipid metabolites (Gallagher & LeRoith, 2011; Park,
Euhus, & Scherer, 2011; Tan, Buache, Chenard, Dali-Youcef, & Rio, 2011; van Kruijsdijk,
van der Wall, & Visseren, 2009).

Under conditions of positive energy balance, adipose tissue expands. White adipocytes
become hypertrophic and subsequently hyperplastic (Box 1) (Cinti, 2009). In this context, an
important distinction needs to be made between healthy fat pad expansion and pathological
fat pad expansion. Healthy adipose tissue expansion consists of an enlargement of adipose
tissue through effective recruitment of adipose progenitors, along with an adequate
angiogenic response, appropriate induction of ECM remodeling as well as minimal
inflammation. In contrast, pathological expansion of adipose tissue consists of massive
enlargement of existing adipocytes, limited angiogenesis followed by hypoxia, massive
inflammation and fibrosis (Sun, Kusminski, & Scherer, 2011). Such pathological expansion
of adipose tissue, facing further insults including oxidative and endoplasmic reticulum (ER)
stress, leads to dysfunctional adipose tissue (Sun, et al., 2011). Dysfunctional adipocytes are
less efficient at fulfilling their primary functions—Iipid storage and secretion of a
complement of beneficial secretory products, fulfilling their important endocrine role (J.
Park, et al., 2011). Dysfunctional adipose tissue has been widely appreciated as a major
cause of obesity-related metabolic disorders, including insulin resistance, type 2 diabetes
and cardiovascular disease and it plays a pivotal role in obesity-related carcinogenesis due to
inappropriate release of mitogenic and proinflammatory factors (Figure 1) (J. Park, et al.,
2011; van Kruijsdijk, et al., 2009).

One of the unresolved questions is not only how dysfunctional adipocytes promote
tumorigenesis, but also if and how cancer cells affect adipocytes, changing their basic
properties and thereby shaping a more permissive pro-tumorigenic microenvironment.

To date, the molecular mechanisms responsible for this adipocyte-cancer cell heterotypic
crosstalk have remained largely unknown. However, it is likely that this interplay between
adipocytes and tumor cells may lead to adipose tissue remodeling, including acquisition of
the adipocytes of a fibroblast-like phenotype, altered adipokine production, thereby affecting
the remodeling of the local ECM as well as local and systemic inflammation, altered
metabolism as well as enhanced angiogenesis. Here, we focus only on the pro-tumorigenic
changes introduced by the adipocyte.

2. Epidemiological evidence linking obesity with cancer incidence

Epidemiological studies indicate that adiposity contributes to the increased incidence and/or
mortality from various cancers. More than 12 million Americans are cancer survivors in the
United States, and the numbers are rapidly increasing (Parekh, Chandran, & Bandera, 2012).
Given the current obesity epidemic and an aging population that is more susceptible to
cancer, there is mounting concern about the role that obesity plays not only in the initial
tumor development, but also in the increased recurrence rate and overall reduced survival
prognosis. In April 2012, the National Cancer Policy Forum of the US Institute of Medicine
released a welcome report entitled The Role of Obesity in Cancer Survival and Recurrence,
in which experts presented the latest clinical evidence on the obesity—cancer link and
highlighted the (limited known) molecular mechanisms that might explain that link (Forum,
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Services, & Medicine, 2012). Growing evidence from both clinical and animal studies
shows that obesity increases the risk of cancer incidence, recurrence after treatment,
progression, and cancer death for many different organ sites (Parekh, et al., 2012; J. Park, et
al., 2011).

In a prospective study conducted over the course of 16 years, starting in the early 80's, it has
been estimated that overweight and obesity in the United states could account for up to 14%
of all deaths from cancer in men and 20% of those in women (Eugenia E. Calle, Rodriguez,
Walker-Thurmond, & Thun, 2003). A comprehensive systemic review of the evidence
gathered by the International Agency for Research on Cancer (IARC) (Vainio, Kaaks, &
Bianchini, 2002) and, more recently, by the World Cancer Research Fund (WCRF)
(McMichael, 2008) concluded that an increased BMI is an established risk factor for several
different types of cancers. Specifically, this association is established for esophageal
adenocarcinoma, and cancers of the pancreas, colorectal, as well as post-menopausal breast,
endometrial and kidney cancers. Furthermore, there is also evidence for a likely association
of obesity with gallbladder cancer (Osorio-Costa, Rocha, Dias, & Carvalheira, 2009). These
results were further confirmed by Reevs and colleagues in a study in which they examined
the relationship between BMI and cancer incidence / mortality in more than a million British
women aged 50-64. Increased BMI was associated with significantly increased incidence of
postmenopausal breast cancer, endometrial cancer, kidney cancer and adenocarcinoma of
the esophagus. Higher BMI was also significantly related to risk of leukemia, multiple
myeloma, non-Hodgkin's lymphoma, pancreatic cancer and ovarian cancer (Reeves, et al.,
2007). Renehan and colleagues presented a systemic review and a meta-analysis in which
they quantified the risk of cancer associated with increased BMI based on data from 141
articles dealing with a total of 282137 incident cases. In men, BMI was strongly associated
with esophageal adenocarcinoma, thyroid, colon and renal cancers, whereas in women
increased BMI recorded strong associations with endometrial, esophageal adenocarcinoma
and renal cancers. Weaker positive associations were noted between increased BMI and
rectal cancer and malignant melanoma in men; postmenopausal breast, pancreatic, thyroid,
and colon cancer in women, as well as leukemia, multiple myeloma and non-Hodgkin
lymphoma in both sexes (Renehan, Tyson, Egger, Heller, & Zwahlen) (Table 1).
Accordingly, obesity does not appear to have a uniform effect on all types of cancers, or to
affect cancer risk the same in men and women. Despite the strong evidence supporting a link
between overweight, obesity, cancer incidence and mortality, clinical studies in cancer
patients have not yet firmly established how much weight loss is necessary to reduce cancer
risk, what the impact of adipose distribution is on cancer risk and which underlying
mechanisms may be responsible for the obesity-cancer link. Several recent studies report a
significant reduction in total cancer incidence and mortality after weight loss induced by
gastric bypass surgery compared with severely obese controls (Adams, et al., 2009;
Sjostrom, et al., 2007).

3. Resolving the adipocyte-cancer cross-talk

Cancer cells do not exist as pure homogeneous populations 77 vivo. Instead, they are
embedded in “cancer cell nests” that are surrounded by stromal cells. In the past decade, the
tumor microenvironment and its constituent “stromal” cells have collectively risen in
prominence, now embracing a broad field of investigation (Hanahan & Coussens, 2012).
While much attention was invested in studying stromal components that directly relate to
angiogenesis and inflammation, adipocytes represent an important and dynamic cell
population in the microenvironment of a number of tumors, but their contribution has until
recently been completely neglected. Adipocytes affect tumor characteristics through
heterotypic signaling processes, a cross-talk that can only occur when both cell types are
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physically in close proximity during tumor progression and metastasis formation (Tan, et al.,
2011).

3.1. Cancer-associated adipocytes (CAA)

Adipocytes surrounding tumors exhibit profound phenotypic changes that include both
morphological and functional alternations. These phenotypically altered adipocytes mostly
locate close to invasive cancer cells and are referred to as cancer-associated adipocytes
(CAAsS). Histological images of human mammary tumor biopsies contain few adipocytes, or
often they are totally devoid of adipocytes. This depends however on the specific site the
biopsy was taken from. The tumor invasive front exhibits a high ratio of adipocytes to
fibroblasts, but may include reduced size adipocytes. In contrast, the stromal environment
near the center of the tumor displays an extremely high fibroblast-like cell to adipocyte ratio
(Tan, et al., 2011). These histological observations suggest that during tumor invasion, the
direct interaction between adipocytes and epithelial cancer cells promote phenotypic
changes of CAAs, which lead to “adipocyte dedifferentiation” and ultimately to an
accumulation of fibroblast-like cells (Tan, et al., 2011; Wang, et al., 2012). The
contributions of tumor surrounding fibroblasts in turn that are known as “cancer-associated
fibroblasts (CAFs), is also important for tumor progression and metastasis, and these effects
have been well established (Cirri & Chiarugi, 2011; Hanahan & Coussens, 2012). To date, it
is still unknown which factors dictate or promote this transition of adipocyte to a more
“fibroblastic” phenotype.

Adipocytes at the invasive front of human breast tumors are prompted by cancer cells to
express Matrix metalloproteinase-11 (MMP11)/stromelysin-3, which is found to act as a
potent negative regulator of adipogenesis by reducing pre-adipocyte differentiation and
reversing mature adipocyte differentiation (Andarawewa, et al., 2005; Motrescu & Rio,
2008). In addition pro-inflammatory cytokines such as IL-6 and IL-1p were also shown to
be associated with a modified adipocytes phenotype, in terms of delipidation and decreased
adipocyte markers (Dirat, et al., 2011). It was reported that malignant epithelial cells secrete
large quantities of TNFa and IL-11, which have anti-adipogenic effect by inhibiting the
differentiation of fibroblasts to mature adipocytes, primarily via suppression of the
adipogenic transcription factors C/EBPa and peroxisome proliferator-activated receptor-y
(PPARY) (Meng, et al., 2001).

Several clinical studies evaluated the prognostic value of local adipose tissue invasion by
cancer cells at the tumor margin. It was shown that scattered invasion into fat tissues
(Kimijima, Ohtake, Sagara, Watanabe, & Takenoshita, 2000) and the invasive length of fat
invasion (Hasebe, Imoto, Sasaki, & Mukai, 1998), (Hasebe, Mukai, Tsuda, & Ochiai, 2000)
were related to a poor prognosis of ductal breast carcinoma. These observations were
recently confirmed by Yamaguchi ef a/. showing that adipose tissue invasion of cancer cells
at the margin of the tumor mass is indeed one of the biologic indicators of tumor
aggressiveness and poor prognosis (Yamaguchi, Ohtani, Nakamura, Shimokawa, &
Kanematsu, 2008). This positive correlation between adipose tissue invasion by cancer cells
and poor disease outcome was found not only for breast cancer, but also for prostate,
pancreas, kidney and colon cancers (M.-C. Rio, 2011). Experimental data based on both /n
vitro and in vivo studies support the important contribution of adipocytes to cancer
progression. It was reported that adipocytes, promote the growth of breast carcinoma cells as
well as colon cancer cells (Amemori, et al., 2007; Manabe, Toda, Miyazaki, & Sugihara,
2003). In line with the co-culture studies, high fat diet has been shown to increase tumor
growth and metastases in different models of subcutaneous cancer cell transplantation (E. J.
Kim, et al., 2011; H. Park, et al., 2011). We have applied an /n vivo co-injection system
using 3T3-L1 adipocytes and SUM159PT cancer cells, recapitulating host-tumor
interactions in primary breast tumors, demonstrating that adipocytes favor tumorigenesis.
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Interestingly, systemic molecular analysis indicated that adipokines specifically induce
several distinct transcriptional programs involved in promoting tumorigenesis, including
increased cell proliferation, invasiveness, survival and angiogenesis (lyengar, et al., 2003).
Taken together, these data implicate the paracrine function between adipocytes and cancer,
however, very little clear data directly point out of the primarily mechanisms that are
involved in adipocyte-cancer cell interplay /n vivo.

3.2. Adipokines

Adipose tissue is not only a long-term energy storage organ, but it is known as a major
endocrine gland. Adipose tissue is responsible for biosynthesis and secretion of a large
number of hormones and cytokines, referred to as adipokines (MacDougald & Burant, 2007)
that serve as critical mediators of the metabolic functions of the tissue. Adipose tissue
dysfunction results in altered serum levels of adipokines, and these changes may be directly
involved in obesity-related tumorigenesis (Table 2). Here, we limit our discussion on two
key adipokines, adiponectin and leptin, both of which play an important role in tumor
development and progression.

I) Adiponectin—Adiponectin is an established adipokine, with its plasma levels inversely
correlated with obesity and type Il diabetes (Trujillo & Scherer, 2005), exhibiting profound
insulin-sensitizing, anti-inflammatory and anti-atherogenic properties (Berg, Combs, Du,
Brownlee, & Scherer, 2001; Turer & Scherer, 2012). Adiponectin's actions are likely
mediated through its two cognate receptors, adiponectin receptors 1 and 2 (AdipoR1 and
AdipoR2) (Yamauchi, et al., 2003). An additional cell surface molecule with significant
affinity for adiponectin, T-cadherin, has also been identified (Hug, et al., 2004). T-cadherin
binds adiponectin, but lacks an intracellular signaling domain, and hence serves as a likely
co-receptor for a yet to be defined cell surface adiponectin receptor.

Clinical studies have reported that circulating adiponectin levels are inversely proportional
with the incidence rate of several tumors that are associated with obesity and insulin
resistance, such as endometrial cancer, postmenopausal breast cancer, leukemia, colon,
gastric and renal cancers (Kelesidis, Kelesidis, & Mantzoros, 2006). However, murine breast
cancer models showed that adiponectin and its receptors exert potent pro-angiogenic effects
that promote tumor growth (Denzel, et al., 2009; Hebbard, et al., 2008; Landskroner-Eiger,
et al., 2009). Indeed, we and others found that in the absence of adiponectin, adiponectin
null mice display a significant reduction of mammary tumor growth at early stages.
Moreover, the reduced tumorigenic phenotype of adiponectin null mice was associated with
reduced angiogenesis, indicating that adiponectin has potent angio-mimetic properties in
tumor vascularization (Denzel, et al., 2009; Landskroner-Eiger, et al., 2009). Consistent with
these observations, Hebbard et a/reported that T cadherin deficiency limits mammary tumor
vascularization and reduces tumor growth (Hebbard, et al., 2008). These data highlight the
difference between epidemiological association (in which adiponectin reflects an inverse
correlation with BMI) and adiponectin's molecular effects on tumor growth, as was
demonstrated by manipulating of both adiponectin and T-cadherin levels /n vivo.
Interestingly, it has been observed that a number of human cancers express both adiponectin
receptors (AdipoR1 and AdipoR2) at very high levels (Dalamaga, et al., 2009; Korner, et al.,
2007; Petridou, et al., 2007; Takahata, et al., 2007; Takemura, et al., 2006; Yoneda, et al.,
2008), raising the possibility that these receptors play a major role in cancer progression.

We have recently proposed a novel mechanism explaining adiponectin's systemic effects, in
which adiponectin potently stimulates a ceramidase activity associated with its two
receptors, AdipoR1 and AdipoR2, and enhances ceramide catabolism and formation of its
anti-apoptotic metabolite sphingosine-1-phosphate (S1P), independently of AMPK
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(Holland, et al., 2011). According to this model, adiponectin mediates its effects through the
action of its cognate receptors, thereby exerting systemic metabolic effects through the
lowering of cellular ceramide levels and altering the ratio of ceramide to S1P. While
ceramides mediate anti-proliferative responses, such as growth inhibition, apoptosis,
differentiation, modulation of telomerase activity and senescence, S1P induces proliferation,
transformation, angiogenesis and cell motility (Ogretmen & Hannun, 2004; Spiegel &
Milstien, 2003; Visentin, et al., 2006). Since ceramide and S1P have opposite functions in
regulating cell fate, the balance between this ceramide/S1P “rheostat” becomes a potent
therapeutic target for cancer cells. Thus, it is tempting to speculate that adiponectin may act
at least under some circumstances as a pro-tumorigenic factor through its effects on
enhancing ceramidase activity, leading to a net increase in the S1P levels, which in turn may
promote tumor growth and chemo-resistance.

II) Leptin—Leptin plays a pivotal role in regulating systemic energy balance by decreasing
appetite and increasing metabolic rates (Friedman & Halaas, 1998). In contrast to
adiponectin, leptin levels are directly proportional to the amount of body fat mass. In obese
subjects, there is an overproduction of leptin leading to a reduced level of leptin
responsiveness or “leptin resistance” in the brain (Munzberg & Myers, 2005). The synthesis
of leptin in adipocytes is regulated by different humoral factors, most notably insulin, TNF-
a, glucocorticoids, reproductive hormones and prostaglandins. Importantly, many of these
very same factors critically involved in the regulation of leptin have also been associated
with neoplastic processes (Garofalo & Surmacz, 2006). Moreover, in the context of adipose
tissue expansion and cancer, leptin expression can also be induced under hypoxic conditions
(Cascio, et al., 2008; Garofalo, et al., 2006).

In addition to its primary neuroendocrine functions, leptin modulates several processes in
peripheral organs, manipulating the immune response, fertility and hematopoiesis, by acting
as a pro-mitogenic factor, pro-survival factor, regulator of cellular metabolism or pro-
angiogenic component, depending on the target tissue (Cirillo, Rachiglio, la Montagna,
Giordano, & Normanno, 2008; Wauters, Considine, & Van Gaal, 2000). Six isoforms of
leptin receptor (LEPR) have been identified, with the physiological relevance of the
individual leptin receptor isoforms still currently under study (Gorska, et al., 2010).

The suggestion that leptin may play a role in cancer is based on the observation that LEPR is
highly expressed in many tumor cells, including those derived from mammary, pancreatic
and gastrointestinal tracts, lungs and leukemia cells (Hino, et al., 2000; Howard, Pidgeon, &
Reynolds, 2010; Ishikawa, Kitayama, & Nagawa, 2004; Mix, et al., 2000; Tsuchiya,
Shimizu, Horie, & Mori, 1999). /n vitro studies on different human cancer cells have
demonstrated the mitogenic, anti-apoptotic, pro-angiogenic and prometastatic properties of
leptin (Carino, et al., 2008; Hoda, et al., 2007; Hoda & Popken, 2008; McMurtry, Simeone,
Nieves-Alicea, & Tari, 2009; Rene Gonzalez, et al., 2009; Somasundar, Yu, Vona-Davis, &
McFadden, 2003). However, correlations linking serum leptin concentrations with cancer
incidence or progression have not been seen so far, regardless of the tumor type studied
(Garofalo & Surmacz, 2006).

Pre-clinical studies utilizing obese rodent models (such as ob/ob and dbl db mice as well as
fal fa Zucker rats), in which leptin or its receptors are not functional due to a genetic
deficiency, have not managed to differentiate between the systemic metabolic changes (due
to the increased adiposity), and the direct local effects of leptin action on tumor development
(Cleary, et al., 2004; Cleary, et al., 2003; Hakkak, et al., 2005; J. Park, et al., 2011). More
importantly, when using a mammary tumor model based on a MMTV-driven TGF-a
transgene bred into the ob/ob or dbl db backgrounds, no tumors development can be
observed (Cleary, et al., 2004; Cleary, et al., 2003). This is due to the fact that in the absence
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of leptin or its receptors, the ductal epithelium in the mammary gland does not develop, and
hence, no tumor lesions can arise.

In order to test leptin action in mammary tumor microenvironment more directly, we
recently used a model in which leptin receptor levels were reconstituted in the brains of db/
ab mice through ectopic overexpression of the leptin receptor through a transgene. This
results in a complete rescue of the metabolic phenotype seen in db/db mice (de Luca, et al.,
2005). Surprisingly, these mice also develop a fully mature ductal epithelium, a structure not
seen in dbl/db mice. When bred into a pro-tumorigenic MMTV-PyMT mammary tumor
background, the lack of peripheral leptin receptors attenuated tumor progression and
metastasis through a reduction of the ERK1/2 and Jak2/STAT3 pathways as well as
reducing aerobic glycolytic capacity (Park, Kusminski, Chua, & Scherer, 2010). In line with
this data, Zheng and colleges provide additional evidence for leptin's role in promoting
mammary tumor burden, focusing on the effects of leptin on cancer stem cell populations
(Park & Scherer, 2011; Zheng, et al., 2011).

In summary, in light of the somewhat contradictory results between measurements of
circulating adipokine levels and results from pre-clinical studies that assess the effects of
local adipokine action in the tumor microenvironment, it seems likely that adipokines, such
as leptin and adiponectin, may exert direct local, pro-tumorigenic effects that are not directly
related to obesity per se. Correlations obtained from the measurements of circulating
adipokine concentrations may simply reflect the fact that the adipokine levels serve as
surrogate biomarkers for obesity, and we should exercise caution interpreting results that are
based purely on epidemiological studies as to whether a given adipokine serves either a
protective or pro-tumorigenic role.

3.3. Obesity-associated inflammation

Adipose tissue is composed of adipocytes as well as stromal-vascular cells. Numerous stress
factors including adipocyte hyperthrophy, hypoxia and fibrosis can induce inflammation in
adipose tissue. Obesity is associated with a chronic state of low-grade inflammation that is
due to increased concentrations of fatty acids, inflammatory cytokine production and an
influx of immune cells that also add to the local inflammatory milieu in adipose tissue
(Kanneganti & Dixit, 2012). Over the course of the development of obesity, adipose tissue
becomes increasingly infiltrated with macrophages, neutrophils, T- and B-cells as well as
mast cells (Kanneganti & Dixit, 2012; Nishimura, et al., 2009; Osborn & Olefsky, 2012;
Talukdar, et al., 2012; Weisberg, et al., 2003; Xu, et al., 2003). Furthermore, enlarged
adipocytes produce more inflammatory cytokines, such as TNFa, IL-6, IL-18 and monocyte
chemoattractant protein (MCP)-1 compared to smaller adipocytes (Harvey, Lashinger, &
Hursting, 2011). Among several inflammatory cytokines secreted by white adipose tissue
(WAT), TNFa has received most of the focus and was the first adipose derived factor
suggested to represent a link between obesity, inflammation and diabetes (Hotamisligil,
Shargill, & Spiegelman, 1993). Indeed, TNFa expression is induced both in animal models
of obesity and diabetes (Hotamisligil, et al., 1993) as well as in human obesity and in the
context of insulin resistance (Hotamisligil, Arner, Caro, Atkinson, & Spiegelman, 1995).

Visceral fat accumulation rather than subcutaneous fat has been shown to cause impaired
glucose metabolism, lipid disorders, and hypertension, and therefore it is considered to be a
key player in the metabolic syndrome (Matsuzawa, 2008). Interestingly, major local
concentration differences have been established between these two fat depots. For instance,
the levels of plasma IL-6 are higher in the portal vein than in peripheral arterial blood in
obese individuals, highlighting that visceral fat (draining into the portal vein) is an important
site for IL-6 secretion and provides a potential mechanistic link between visceral adipose
dysfunction and systemic inflammation in individuals with abdominal obesity (Fontana,
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Eagon, Trujillo, Scherer, & Klein, 2007). In line with these data, it was reported that
infiltration of macrophages in obesity seems to be greater in visceral than in subcutaneous
adipose tissue (Cancello, et al., 2006). More recently, it has been observed in obese subjects
that endothelial cells isolated from visceral fat show a higher expression of genes related to
angiogenesis and inflammation than endothelial cells from subcutaneous adipose tissue
(Villaret, et al., 2010). All together suggest that visceral fat is more clinically relevant than
the subcutaneous fat with regard to chronic inflammation and metabolic complication in
general.

Both TNFa and IL-6 contribute to obesity-associated insulin resistance (Borst, 2004; T. H.
Kim, et al., 2011) and much of the local production of inflammatory cytokines within
adipose tissue is actually derived from infiltrating macrophages (Weisberg, et al., 2003) and
other immune cells that can be found at higher abundance in adipose tissue of obese
individuals (Ruan, Zarnowski, Cushman, & Lodish, 2003). Much attention has been directed
towards the study of adipose tissue macrophages, a cell population that has a key role in
systemic insulin resistance, glucose tolerance and the development of the metabolic
syndrome and type 2 diabetes (Osborn & Olefsky, 2012). Adipose tissue from obese mice
and humans is infiltrated with a large number of macrophages, which can ultimately
comprise up to 40% of the cells in obese adipose tissue (Weisberg, et al., 2003; Xu, et al.,
2003). Excess caloric intake causes adipocytes to secrete chemokines such as MCP-1
(Christiansen, Richelsen, & Bruun, 2005; Gerhardt, Romero, Cancello, Camoin, &
Strosberg, 2001; Weisberg, et al., 2006), and additional critical factors that attract
monocytes into adipose tissue, where they become activated and function as adipose tissue
macrophages. In addition to the absolute number of macrophages recruited to adipose tissue,
the polarization status of macrophages also influences the pathogenesis of obesity
(Kanneganti & Dixit, 2012). “M2 macrophages” which are characterized by the production
of anti-inflammatory molecules, are more frequently found in states of metabolic
homeostasis and lean body mass, whereas M1 macrophages, in contrast, secrete higher
concentrations of pro-inflammatory cytokines, and play a central role in promoting obesity-
associated inflammation (Kanneganti & Dixit, 2012; Patsouris, et al., 2008). Several studies
has suggested that the phenotypic switch from M2 to M1 is associated with the development
of insulin resistance (Yehuda-Shnaidman & Schwartz, 2012). Depletion of CD11c-positive
cells, a subset of pro-inflammatory adipose tissue macrophages, in obese insulin resistant
mice leads to a rapid normalization of insulin sensitivity in adipose tissue as well as in
muscle and liver (Patsouris, et al., 2008).

More than 150 years ago, Rudolph Virchow was the first to recognize that inflammation is a
pre-disposing factor for tumorigenesis (Schmidt & Weber, 2006). Now, Inflammation is a
recognized hallmark of cancer and pre-existing pro-inflammatory microenvironments are
associated with increased cancer risk (Coussens & Werb, 2002; Hanahan & Weinberg,
2011). Inflammatory responses play decisive roles at different stages of tumor development,
including initiation, promotion, malignant conversion, invasion and metastasis. They also
affect immune surveillance and responses to therapy (Grivennikov, Greten, & Karin, 2010).
In fact, up to 20% of cancers are linked to chronic infections, 30% can be attributed to
tobacco smoking and inhaled pollutants, and 35% can be attributed to dietary factors (20%
of cancer burden is linked to obesity) (Grivennikov, et al., 2010). Therefore, both the unique
inflammatory milieu with many inflammatory cytokines and the increased immune cell
infiltration into adipose tissue in the obese state are thought to be important links between
obesity and cancer. Tumor-associated macrophages (TAMSs), for instance, have a key role in
the tumor microenvironment (Pollard, 2004), partially by promoting tissue invasion
(Coussens, Tinkle, Hanahan, & Werb, 2000), angiogenesis (Murdoch, Muthana, Coffelt, &
Lewis, 2008), and metastasis (Qian, et al., 2011). Moreover, inflammatory cytokines, such
as TNFa and IL-6, that are highly expressed in chronically inflame individuals during
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obesity, have a well established pro-tumorigenic function, and act as regulators of tumor-
associated inflammation (Grivennikov & Karin, 2011). Obesity-induced
hepatocarcinogenesis was dependent on enhanced production of IL-6 and TNFa which
cause hepatic inflammation and activation of the oncogenic transcription factor STAT3 (E.
J. Park, et al., 2010). Changes in lipid metabolism in cancer cachexia, which result in
marked fat mass reduction and increased lipolysis, were proposed to be induced by TNFa,
along with other pro-inflammatory cytokines (Batista, et al., 2012).

Interestingly, the gene expression profile of human adipose tissue macrophages resembles
human tumor-associated macrophages, suggesting that adipose tissue macrophages may
very well contribute to cancer development in obese subjects, further strengthening the link
between obesity and cancer (Mayi, et al., 2012).

3.4. Adipose tissue angiogenesis and hypoxia

Angiogenesis - the process of new blood vessel formation - plays a critical role in tumor
expansion. The tumor microenvironment is composed of a variety of cell types that
influence the angiogenic response to a tumor. Once a tumor exceeds a few millimeters in
diameter, hypoxia and nutrient deprivation triggers an “angiogenic switch” to allow the
tumor to progress (Folkman, 1974; Folkman, Watson, Ingber, & Hanahan, 1989). At that
point, tumor cells release growth factors, chemakines, and cytokines, which initiate the
sprouting and proliferation of quiescent endothelial cells on nearby blood vessels and
lymphatics. These signals also recruit fibroblasts that deposit a repertoire of ECM proteins
and other factors in an attempt to remodel and repair the site. Moreover, infiltrating myeloid
cells into the tumor microenvironment, as part of the inflammatory response, release
additional pro-angiogenic factors (Weis & Cheresh, 2011). Therefore, tumor angiogenesis is
not exclusively regulated by cancer cells alone triggering expression of pro-angiogenic
factors, but stromal cells in the tumor microenvironment are also instrumental in switching
on and sustaining chronic angiogenesis in many tumor types (Hanahan & Coussens, 2012).

Many studies have pointed to the importance of microvasculature and angiogenesis within
adipose tissue as a critical player in adipose tissue health and expansion. Remarkably, the
expansion of adipose tissue is not unlike the propagation of a solid tumor: rapid growth
induces hypoxia that in turn induces angiogenesis, which fuels more growth (Rutkowski,
Davis, & Scherer, 2009). Like in tumor growth, in which both epithelial and stromal cells
cooperate to induce a proper angiogenic response, adipose tissue expansion requires a tight
cooperation between adipocytes, inflammatory and stromal cells, altogether contributing to
the enhanced overall pro-angiogenic environment. Furthermore, as with tumor growth, the
expansion of adipose tissue results in hypoxia. Hypoxia occurs in solid tumors when the
consumption of oxygen exceeds its delivery by the vascular system (Vaupel & Mayer,
2007). In most large clinical studies, the prognosis is worse for patients with hypoxic tumors
(Vaupel & Mayer, 2007). Furthermore, hypoxia leads to resistance to radiotherapy and
anticancer chemotherapy, as well as predisposing for increased tumor metastasis (Brizel, et
al., 1996; Brown, 2002; Hockel, et al., 1996; Semenza, 2012).

Several anti-angiogenic therapies are currently approved by the FDA for cancer. However, it
is still questionable whether starving a tumor of its blood supply should be considered as an
effective approach suppressing cancer progression. In both preclinical and clinical settings,
resistance mechanisms limit the long-term benefit of VEGF-targeted strategies.
Furthermore, recent evidence showed how VEGF-targeted therapies can change how tumor
cells interact with their environment by converting them to a more aggressive and metastatic
phenotype (Weis & Cheresh, 2011). Therefore, understanding how anti-angiogenic drugs
function /n vivo and what types of drugs could be combined to produce better results in
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different cancer diseases are key steps to improving the success of anti-angiogenic
strategies.

Adipose tissue displays has high plasticity, and retains the potential to grow throughout the
entire life (Box 1). The expansion of adipose tissue under conditions of nutritional excess is
however highly dependent upon angiogenesis. Different fat pads vary with respect to their
degree of angiogenic potential (Sun, et al., 2011). For instance, the vascular density and
abundance of endothelial cells is higher in visceral adipose tissue compared to subcutaneous
fat pads (Villaret, et al., 2010). A reciprocal interplay between endothelial cells and
adipocytes suggests that dysfunction of either compartment would have a substantial impact
on the other system (Cao, 2010). It is well established that endothelial dysfunction in obese
individuals contributes to the development and progression of type 2 diabetes (Jansson,
2007). Consistent with this idea, we have recently demonstrated that up-regulation of
VEGEF-A specifically in adipocytes improves vascularization of the fat pads and causes
“browning” (i.e. an increased number of brown adipocytes) in white adipose tissue,
associated with increased energy expenditure and resistance to high fat diet mediated insults.
In contrast, inhibition of VEGF-A leads to induced weight gain and systemic insulin
resistance (Sun, et al., 2012). Adipocytes, adipose stromal cells and inflammatory cells
produce multiple angiogenic factors (as VEGFA and FGF2), adipokines (as leptin, resistin
and adiponectin) and cytokines (as IL-6) all of which stimulate angiogenesis and contribute
to an overall pro-angiogenic microenvironment (Cao, 2010).

Hypoxia is a well-established characteristic feature of obese adipose tissue, due to the
inability of the vasculature to keep pace with adipose tissue growth (Trayhurn, Wang, &
Wood, 2008). Hypoxia stimulates both adipose-related inflammatory responses (Trayhurn,
et al., 2008), as well as adipose tissue fibrosis (Halberg, et al., 2009; Khan, et al., 2009)
leading to further adipose dysfunction. Using a transgenic model of overexpression of a
constitutively active form of HIF-1a, we determined that HIF-1a initiates adipose tissue
fibrosis, with an associated increase in local inflammation, rather than expected pro-
angiogenic response (Halberg, et al., 2009). This suggests that HIF1a alone is unable to
unleash the full pro-angiogenic potential of adipose tissue, and additional factors are
critically involved in this process.

3.5. Remodeling ECM factors

The adipose tissue extracellular matrix (ECM) is an important component of the adipose
tissue microenvironment that is constantly subjected to active modulation depending on the
nutritional status of the individual (J. Park, et al., 2011). The ECM of adipose tissue not only
provides mechanical support for a fat pad, but also regulates the physiological and
pathological events of adipose tissue remodeling through variety of signaling pathways
(Sun, et al., 2011). Remodeling of ECM by matrix metalloproteinases, such as MT1-MMP,
contributes to the three-dimensional development of white adipose tissue in mice (Chun, et
al., 2006). During adipose tissue expansion, the ECM requires constant remodeling to
accommodate adipocyte growth. We have demonstrated a general upregulation of several
ECM components in adipose tissue in the diabetic state, leading to significant tissue fibrosis
with a negative impact on the metabolic performance of adipose tissue. In support of this
model, the absence of collagen VI an important ECM component predominantly expressed
in adipose tissue, is associated with substantial improvements in whole-body energy
homeostasis (Khan, et al., 2009) due to the fact that less fibrosis persists and the tissue is
more at ease to expand.

Tumors are also characterized by ECM remodeling and stiffness of the microenvironment.
Indeed, the fibrotic reaction, referred to as desmoplasia, leading to the accumulation of ECM
proteins, is strongly associated with many malignancies and has also been observed at
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tumor-distant sites where it may facilitate the successful establishment of metastatic lesions
(Egeblad, Rasch, & Weaver, 2010). Various collagens, including collagen I, 11, 111, V, and
IX show increased deposition during tumor formation (Egeblad, et al., 2010). Elevated
deposition of fibrillar collagen, has been associated with mammary tumorigenesis,
correlating with increased mammaographic density and greater breast cancer risk
(Provenzano, et al., 2006). Increased stromal collagen in mouse mammary tissue
significantly increases tumor formation and results in a significantly more invasive
phenotype accompanied with increased lung metastasis (Provenzano, et al., 2008). Levental
and colleagues addressed the link between stromal collagen density, matrix stiffness, and
tumor progression. They demonstrated collagen crosslinking by manipulating lysyl oxidase
(LOX) expression (an enzyme that cross-links collagen fibers and other ECM components
thereby mediating an increase in ECM rigidity) modulates tissue fibrosis and enhances focal
adhesion formation, growth factor signaling and overall malignancy of the tumor (Levental,
et al., 2009). In a number of papers, we have demonstrated that adipocyte-derived collagen
VI is involved in mammary tumor progression /in vivo (lyengar, et al., 2003). We employed
collagen VI knockout mice in the background of MMTV-PyMT, a mammary cancer model,
demonstrating a dramatically reduced rate of early hyperplasia and primary tumor growth.
Interestingly, collagen V1 activates the pro-survival and proliferation pathways involving
Akt, B-catenin and cyclinD1 to achieve this effect (lyengar, et al., 2005). More recently, we
have shown that the cleaved C5 domain of the COLVIa3 chain (COL6A3-C5, a fragment
that we referred to as “endotrophin”) augments fibrosis, angiogenesis, and inflammation,
and is associated with more aggressive mammary tumor growth and metastasis in the
MMTV-PyMT mouse model. More importantly, these effects are partially mediated by the
TGFp pathway, contributing tissue fibrosis and epithelialmesenchymal transition (EMT)
phenomena, a process associated with the acquisition of cancer cell invasiveness and
survival. Furthermore, endotrophin is a novel chemokine effectively recruiting endothelial
cells into the tumor microenvironment, resulting in a dramatic increase in angiogenesis.
Endotrophin is therefore a potent tumor-promoting factor in the context of tumor / stromal
adipocyte interactions (Park & Scherer, 2012).

MMP11 is another example of an ECM factor that is highly expressed by cancer associated
adipocytes in the proximity of invading cancer cells relative to normal resting mature
adipocytes that do not express MMP-11 to any significant extent. Overexpression of
MMP11 is associated with poor clinical outcome in patients in numerous carcinomas (M. C.
Rio, 2005). MMP-11 plays a role in adipogenesis and the acquisition of fibroblast-like
phenotypes of adipocytes (Andarawewa, et al., 2005; Tan, et al., 2011) and is required for
correct collagen VI folding and therefore for fat tissue cohesion and adipocyte function
(Motrescu, et al., 2008).

Taken together, dysregulated ECM components produced by adipocytes, as part of the
fibrotic response, influence numerous aspects of cancer cell behavior, as well as affect the
recruitment of endothelial and immune cells to the local microenvironment (Lu, Takai,
Weaver, & Werb, 2011; Lu, Weaver, & Werb, 2012).

3.6. Sex hormones

Adiposity influences the synthesis and bioavailability of sex hormones through at least three
mechanisms (E. E. Calle & Kaaks, 2004). First, adipose tissues express a variety of sex-
steroid metabolizing enzymes, such as aromatase, which convert adrenal androgens into
estrogen. Second, obesity associated with increased circulation levels of insulin and IGF-1-
both inhibit the synthesis of sex hormone-binding globulin, which is the major carrier
protein for testosterone and estradiol in the plasma. As a result, the amount of unbound sex-
steroid availability for bioactivity is increased (E. E. Calle & Kaaks, 2004). Finally, high
insulin levels can increase ovarian, and possibly also adrenal androgen synthesis, and can
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cause the development of the polycystic ovary syndrome in some genetically susceptible
premenopausal women (E. E. Calle & Kaaks, 2004). Epidemiological evidence supports the
role of estrogens produced by adipose tissue in the pathogenesis of the breast cancer. Indeed,
overweight or obese postmenopausal women exhibit a threefold increased risk for
developing breast cancer compared with normal-weight postmenopausal women (Bulun,
Chen, Moy, Brooks, & Zhao, 2012). Estrogen, a product of the aromatase enzyme in adipose
tissue, has been considered as the hormone responsible for increasing breast cancer risk in
obese postmenopausal women (Bulun, et al., 2005). There are two sources of estrogen for
breast cancer. First, estrogen that arises from extraovarian body sites such as subcutaneous
adipose tissue and skin reaches breast cancer by way of circulation in an endocrine manner.
Second, estrogen locally produced in breast cancer tissue makes an impact via paracrine or
intracrine mechanisms (Bulun, et al., 2005). Work from several laboratories over the past
two decades has suggested that breast adipose tissue fibroblasts are crucial site for aromatase
expression and estrogen production, and has linked them to the development of breast
cancer (Bulun, et al., 2012). Approximately 90% of aromatase activity and mRNA in breast
adipose tissue is found in undifferentiated fibroblasts rather than mature adipocytes.
Therefore, aromatase overexpression is linked to inhibition of adipogenic differentiation and
a desmoplastic reaction. Obesity is known to induce inflammatory factors such as TNFa and
prostaglandin E2, which are known as inducers of aromatase expression in adipose
fibroblasts (Bulun, et al., 2012). Aromatase in breast adipose tissue (versus adipose tissue at
other body sites) might have a substantially higher impact on carcinogenesis because of its
proximity to the ductal epithelial cells. In fact, the most effective hormonal treatment of
postmenopausal breast cancer has been the use of aromatase inhibitors that block aromatase
activity in the breast and the periphery, thereby reducing the amount of local estrogen
production - which in turn helps to suppress recurrence of the breast tumors (Bulun, et al.,
2012). In addition to breast cancer, aromatase is also expressed in endometrial cancer tissue,
and aromatase inhibitors have been used to treat endometrial cancer as well, however the
pathologic significance of local estrogen biosynthesis via aromatase expression in
endometrial cancer tissue or the therapeutic potential of aromatase inhibitors in the
management of the disease are not yet clear (Bulun, et al., 2007).

3.7. Stromal-epithelial metabolic coupling to cancer growth

Multiple molecular mechanisms, both intrinsic and extrinsic, converge to alter the cellular
metabolism of cancer cells and provide support to the three basic needs of dividing cells:
rapid ATP generation to maintain cellular energy status; increased biosynthesis of
macromolecules; and tightened maintenance of appropriate cellular redox status (Cairns,
Harris, & Mak, 2011). To meet these demands, both cancer cells and stromal cells undergo
metabolic changes. In addition to the genetic changes that alter tumor cell metabolism, the
tumor microenvironment has a major role in determining the metabolic phenotype of tumor
cells.

The best characterized and most widely appreciated metabolic phenotype observed in tumor
cells is the “Warburg effect”, which is a shift of ATP generation from oxidative
phosphorylation to glycolysis, even under normal oxygen concentrations. This effect was
later found to be regulated by intrinsic genetic factors, such as oncogenes and tumor
suppressor genes, as well as external responses to the tumor microenvironment (Cairns, et
al., 2011). However, aerobic glycolysis is not a universal feature of all cancers in humans
(Moreno-Sanchez, Rodriguez-Enriquez, Marin-Hernandez, & Saavedra, 2007), and both
clinical FDG-PET data, as well as /n vitro and in vivo experimental studies show that tumor
cells are capable of using alternative fuel sources. In fact, amino acids, fatty acids and even
lactate have been shown to function as fuels for tumor cells in a subset of micro-
environmental settings (Sonveaux, et al., 2008; Whitaker-Menezes, et al., 2011; Yang, et al.,
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2009). Accordingly, the hallmarks of cancer metabolism is much more nuanced than can be
explained by a single metabolic phenotype and recent evidence highlights an unexpected
complexity of alterations in metabolic pathways within tumors. These recent observations
also highlight the importance of “metabolic coupling” (i.e. an active exchange of substrates)
between cancer and stromal cells.

Lisanti and co-workers proposed a new model to explain the Warburg effect in tumor
metabolism, termed “the Reverse Warburg Effect”, in which stromal fibroblasts undergo
aerobic glycolysis and provide adjacent cancer cells with energy-rich nutrients (such as
pyruvate and lactate) in a paracrine fashion (Pavlides, et al., 2009), as evidenced mainly
through the use of /n vitro models (Bonuccelli, et al., 2010; Migneco, et al., 2010; Whitaker-
Menezes, et al., 2011). In line with this concept, enhanced lipolysis in host tissues can
potentially fuel tumor growth by releasing free fatty acids (FFAs) from host adipocytes to be
recycled via B-oxidation in cancer cell mitochondria.

Nieman et al. showed that primary omental adipocytes promote homing, migration, and
invasion of ovarian cancer cells by induced lipolysis in adipocytes, providing fatty acids for
use in cancer cells, in order to support tumor metastasis (Nieman, et al., 2011). A co-culture
model of adipocytes with ovarian cancer cells suggested that In the presence of ovarian
cancer cells, adipocytes released significantly higher levels of FFAs and glycerol than
adipocytes cultured in the absence of cancer cells. The adipocyte lipid binding protein
FABP4 was identified as a key mediator of ovarian-cancer cell-adipocyte interaction in the
host, mediating increased lipid availability leading to a more effective support of metastatic
growth (Nieman, et al., 2011). Collectively, this observations suggests that “metabolic
coupling” between adipocytes and cancer cells favors primary tumor and metastatic growth,
which can be reversed by inhibiting lipid transport from adipocytes to carcinoma cells.

Das et al. present strong evidence for the critical role of adipocyte lipolysis in cancer-
associated cachexia (Das, et al., 2011). Cancer-associated cachexia (CAC) is a multi-
factorial wasting syndrome, accounting for about 20% of cancer deaths, characterized by the
loss of adipose tissue and skeletal muscle mass (Tisdale, 2002). Patients with cancer
cachexia show a progressive loss of body weight, which is mainly due to loss of fat and
skeletal muscle, and directly correlates with poor prognosis and survival. Although anorexia
is frequently present in cancer patients, lower food intake alone cannot explain the metabolic
changes that are seen in the cachectic state, and unfortunately, nutritional supplementation
and pharmacological manipulation of appetite are unable to reverse this catabolic process
(Tisdale, 2002). Das and colleagues examined the role of two lipases: adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL), both of which are crucial for
triglyceride lipolysis in CAC. Inhibition of ATGL, and to a lesser extent, HSL, prevented
cachexia and weight loss. Moreover, total lipase activities (combined ATGL and HSL) were
significantly higher in visceral WAT of cancer patients compared with individuals without
cancer, and significantly higher in cancer patients with cachexia compared with cancer
patients without cachexia (Das, et al., 2011). Based on this work, it is tempting to speculate
that drugs targeting adipose tissue lipases may represent a therapeutic strategy to avoid the
devastating conditions of CAC. Furthermore, these data provide additional support for the
intense metabolic coupling between cancer and host cells (Martinez-Outschoorn, et al.,
2011).

Interestingly, many tumor cells display a lipogenic phenotype. For example, elevated levels
of fatty acid synthase (FASN) - a key lipogenic multi-enzyme complex catalyzing the
terminal steps in the de novo biogenesis of fatty acids, correlates with poor prognosis in
breast cancer patients, while inhibiting FASN results in decreased cell proliferation, loss of
cell viability and decreased tumor growth /n vivo (Kuhajda, et al., 2000; Menendez & Lupu,
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2007; Zhou, et al., 2007). On the other hand, a lipolytic enzyme, monoacylglycerol lipase
(MAGL), was found to be highly expressed in aggressive human cancer cells and primary
tumors, where it regulates a fatty acid network (Nomura, et al., 2010). Although the
relationship between the synthesis, storage and the use of FFAs in tumor cells is poorly
understood, it becomes clear that lipid metabolites, supplied by either by exogenous sources
- such as adipose tissue, or by intracellular de novo synthesis, are required for promoting
tumor growth and metastasis.

4. Therapeutic implications

A better understanding of adipocyte-cancer cell interactions, as well as the molecular
alterations of adipose tissue dysfunction manifest during obesity, may open up new avenues
for potential therapeutic interventions. To date, the clinical data related to therapeutic
strategies is very limited in this area (Table 3). However, focusing on some of the pro-
tumorigenic factors discussed above, a number of factors bear promise as targets that lend
themselves to effectively disrupt the cross-talk between adipocytes and cancer cells.

4.1. Targeting adipocyte differentiation- Thiazolidinediones and PPARYy agonists

Thiazolidinediones (TZDs) are anti-diabetic drugs that act as insulin sensitizers and that
were used in the management of type 2 diabetes mellitus. TZDs, which are ligands for the
transcription factor peroxisome proliferator-activated receptor gamma (PPARY), have a
wide spectrum of actions, including modulation of glucose and lipid homeostasis,
inflammation, atherosclerosis, bone remodeling and cell proliferation (Cariou, Charbonnel,
& Staels, 2012). PPARYy, a member of the PPAR subfamily of nuclear receptors, which
functions as an obligate heterodimer with RXRs, plays a dominant role in adipose cell
differentiation, modulates metabolism and inflammation in immune cells, and has strong
anti-mitogenic properties (Tontonoz & Spiegelman, 2008). The role of PPARy in
carcinogenesis is however not well understood, and its functions may differ from tumor type
to tumor type.

The ability of PPARy to direct the program of adipocyte differentiation, characterized by
complete cessation of cell growth, was a stimulus to examine the ability of this receptor to
affect tumor growth (Tontonoz & Spiegelman, 2008). Since PPARy's expression in
adipocytes is the highest, its effect on liposarcoma, a malignancy of the adipose lineage, was
first examined. Indeed, PPARY is highly expressed in each of the major histologic types of
human liposarcomas and by treatment with the PPARy ligand pioglitazone, primary human
liposarcoma cells are induced to undergo terminal differentiation, suggesting that PPARy
ligands may be useful therapeutic agents for the treatment of liposarcomas through
triggering terminal differentiation events (Tontonoz, et al., 1997). Accordingly, in a small
clinical trial, in which patients with advanced liposarcoma were treated with troglitazone
(yet another TZD compound), several patients showed a dramatic differentiation of their
tumors /n situ, indicating that lineage-appropriate differentiation can be induced
pharmacologically in a human solid tumor (Demetri, et al., 1999). In addition to adipocytes,
PPARy modulates the proliferation and apoptosis of many cancer cell types, and it is
expressed in many human tumors, including lung, breast, colon, prostate and bladder (Han
& Roman, 2007). Furthermore, PPARy agonists reduce aromatase activity in cultured
mammary pre-adipocytic stromal cells. This may affect local estrogen production in breast
fat and may have potential therapeutic benefit in the treatment of breast cancer (Rubin,
Zhao, Kalus, & Simpson, 2000).

Despite the accumulating data supporting the anti-proliferative and pro-differentiation

effects of PPARy, an increased risk of bladder cancer led to discontinuation of
pioglitazone's commercialization in a number of countries (Cariou, et al., 2012). To date, a
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clear mechanistic explanation for the proposed increased risk of bladder cancer in
pioglitazone-treated patients is however still lacking (Cariou, et al., 2012).

Interestingly, naturally occurring somatic mutations in the gene encoding PPARy have been
found in sporadic colorectal carcinomas, although the frequency of mutations is likely to be
low (Koeffler, 2003). A murine model does point to the protective role of PPARYy, since loss
of even one allele of PPARy gene predisposes mice to cancer. Thus, PPARy must formally
be considered a tumor suppressor gene (Tontonoz & Spiegelman, 2008). TZDs can alter
tumor growth both in a PPARy-dependent and PPARy-independent manner. How PPARYy
ligands can act independently of PPARYy is under active study. However, some “off-target”
effects may underlie the anti-tumorigenic effects of TZDs. These effects attributed to TZDs
include the inhibition of Bcl-2/Bcl-xL function (leading to inhibition of anti-apoptotic
functions), induction of proteasomal degradation of cell-cycle and apoptosis regulatory
proteins, and transcriptional repression of androgen receptor (AR), through degradation of
the transcription factor Sp1 (Wei, Yang, Lee, Kulp, & Chen, 2009).

PPAR-y ligands have been utilized in a therapeutic context as a monotherapy in several
advanced forms of human cancer, including prostate, breast and colon. Unfortunately, no
indications of beneficial effects were observed. However, combination therapies of PPAR~y
agonists with other drugs should still be entertained (Tontonoz & Spiegelman, 2008).
Indeed, Girnun and colleges have observed a striking synergy between rosiglitazone
(another TZD compound) and platinum-based drugs in several different cancer types both /in
vitro and using transplantable and chemically induced “spontaneous” tumor models (Girnun,
et al., 2007). In view of the above, PPARy ligands may represent a promising, novel
therapeutic approach for a subset of human malignancies.

4.2. Targeting insulin resistance- Metformin

Metformin is a widely used anti-diabetic drug prescribed for decades for the treatment of
type 2 diabetes. In diabetic patients, it reduces hepatic glucose production, increases insulin
sensitivity and glucose utilization by muscle and adipocytes, resulting in decreased
insulinemia and amelioration of insulin resistance (Bost, Sahra, Le Marchand-Brustel, &
Tanti, 2012).

Metformin activates AMP-activated kinase (AMPK), a kinase regulated by the liver kinase
B1 (LKB1), a tumor suppressor gene. AMPK activation inhibits the mammalian target of
rapamycin (mTOR), which controls protein synthesis and cell proliferation, is frequently
activated in malignant cells and is associated with resistance to anticancer drugs (Bost, et al.,
2012; Jalving, et al., 2010). The hypothesis that metformin may have anti-tumorigenic
effects was confirmed by Evans and colleagues, demonstrating that metformin decreases the
incidence of cancer in diabetic patients (Evans, Donnelly, Emslie-Smith, Alessi, & Morris,
2005; Libby, et al., 2009). A large prospective study performed in Taiwan, indicates that
metformin treatment reduces the incidence of several gastroenterological cancers in treated
diabetic patients to near or even below the incidence observed in non-diabetic patients (Lee,
et al., 2011). Studies in rodent models confirmed that metformin induces AMPK activation,
can inhibit tumor growth and prevent or delay tumor development (Jalving, et al., 2010).
Additional reported mechanisms of action for metformin include reduced levels of insulin-
like growth factor, insulin and HER2-mediated signaling, inhibition of mTOR signaling,
inhibition of angiogenesis and induction of cell cycle arrest and apoptosis (Jalving, et al.,
2010).
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4.3. Targeting tumor metabolism

The concept of metabolic coupling between tumor cells and their hosts raises the possibility
for new therapeutic avenues. As such, drugs that target glycolysis or catabolism in the
surrounding tumor stroma may be beneficial in preventing tumor progression and
metastasis. As discussed above, FFAS are another crucial source of metabolic fuel derived
from adipocytes, supporting both energetic and anabolic requirements of tumor cells.
Therefore, drugs that target lipolysis and FFAs efflux from adipocytes to cancer cells, as
well as drugs that interfere with FFA oxidation in cancer cells may provide additional
mechanism-based strategies to curb tumor growth.

Another aspect of tumor metabolism that deserves attention is the area of cancer cell
mitochondria. Mitochondria are emerging as promising targets, since inhibition of
mitochondrial activity ultimately not only leads to impaired bioenergetic function of cancer
cell mitochondria but also to the induction of intrinsic apoptotic pathways (Ralph,
Rodriguez-Enriquez, Neuzil, & Moreno-Sanchez, 2010). Interestingly, metformin treatment
inhibits complex | of the respiratory chain in mitochondria, providing another AMPK
independent mechanism contributing to its cancer protective role (Hirsch, et al., 2012). A
recent study has demonstrated that the combination of metformin and 2-deoxyglucose
inhibited mitochondrial respiration and glycolysis in prostate cancer cells, leading to a
massive ATP depletion which affected cell viability by inducing apoptosis (Ben Sahra,
Tanti, & Bost, 2010). Furthermore, most chemotherapeutic agents target the induction of
apoptosis in cancer cells, emphasizing the central role of mitochondria both as regulator of
cancer cell metabolism as well as a target for overcoming drug resistance. In this context,
stromal-epithelial metabolic interactions have also been proposed to induce chemo-
resistance (Martinez-Outschoorn, et al., 2011).

4.4 Targeting dysfunctional adiposity

Adipose tissue dysfunction associated with obesity may play a role in carcinogenesis by
affecting production of adipokines, chronic inflammation, hypoxia, angiogenesis, and ECM
remodeling (Figure 1). Each of these aspects of the dysregulated adipose tissue promoting
tumorigenesis provides a promising mechanism-based strategy for clinical intervention. For
example, increased adiposity is very much associated with chronic inflammation, ultimately
leading to an increased cancer risk. Evidence for the significance of inflammation in
neoplastic progression comes from study of cancer risk among long-term users of aspirin
and Non-Steroidal Anti Inflammatory Drugs (NSAIDs). The use of NSAIDs for cancer
prophylaxis has gained much attention in recent years. A number of epidemiological studies
have indicated that long term Aspirin/NSAIDs use is associated with 40-50% reduction in
the risk of colorectal cancer (Garcia Rodriguez & Huerta-Alvarez, 2000; Giovannucci, et al.,
1995; Gupta & Dubois, 2001; Thun, Namboodiri, & Heath, 1991), and a meta-analysis
suggested that it may be effective in other inflammation-induced cancers as well (liver,
oesophagus), but is less relevant for cancers of the ovary, lung or kidney (Gonzalez-Perez,
Garcia Rodriguez, & Lopez-Ridaura, 2003). Based on this idea, clinical studies of cancer
incidence in the obese population treated with either aspirin or NSAIDs should further
determine the therapeutic potential of modulating inflammation in obesity.

4.5. Targeting estrogen synthesis- aromatase inhibitors

Extra-ovarian tissues provide the major source of estrogen synthesis in men and in
postmenopausal women through aromatization of adrenal androgens (Bulun, et al., 2005).
Studies of postmenopausal women showed that the conversion of androgens to estrogen was
higher in obese subjects, suggesting that adipose tissue might be the primary site of
aromatization (Santen, Brodie, Simpson, Siiteri, & Brodie, 2009).
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Two separate treatment strategies, available for at least the past three decades, can reduce
the target organ effects of estrogen. One is designed to block estrogen action with anti-
estrogens that bind to the estrogen receptor and interfere with receptor-mediated
transcriptional events. The other uses aromatase inhibitors to block the rate-limiting step in
synthesis of estradiol, involving the conversion of androgens to estrogens. Aromatase
inhibitors lower the concentrations of estradiol in plasma and tissue and reduce the amount
of estrogen available to stimulate estrogen receptor-mediated transcription. At present,
aromatase inhibitors are the most effective endocrine treatment of estrogen-responsive
breast cancer (Santen, 2002). The third-generation aromatase inhibitors, which were
approved in the United States to treat postmenopausal breast cancer in the 1990s, were
proven to be superior to tamoxifen (the direct estrogen receptor antagonist). These new
inhibitors have a benign side-effect profile and suppress estrogen production in extra-
ovarian tissues and within the breast cancer tissue itself. This effectively blocks estrogenic
action, reduces recurrences, and prolongs disease-free survival in postmenopausal women
with breast cancer. Aromatase inhibitors are also effective in the treatment of breast cancer
that becomes resistant to treatment with tamoxifen (Bulun, et al., 2005; Santen, 2002;
Santen, et al., 2009).

5. Conclusions

Over the past three decades, ground-breaking work has been performed on expanding our
knowledge of the altered cellular signaling mechanisms responsible for the progression from
healthy cells to transformed, aggressively growing tissues. Two new, interrelated areas have
received more attention in the more recent past. One is the increased realization that the
stromal microenvironment surrounding the tumor cells plays a critical role for tumor
progression and metastasis. Growing evidence from epidemiologic and preclinical studies
highlights the link between obesity and cancer. This moves adipocytes center stage as
important contributors that help shape the tumor microenvironment. The second area of
interest focuses on tumor metabolism, reviving the original observations related to the
Warburg effect. While most of the tumor metabolic studies have been focused on the
intrinsic metabolic changes occurring in tumor cells, the exchange of metabolites between
stromal cells and tumor cells has been widely ignored. More recent studies highlighted the
significance of the tumor microenvironment, especially the contributions of adipocytes and
fibroblasts, towards supplying relevant metabolites that fuel cellular growth of the tumor
cell. With this more comprehensive map of cancer-associated metabolic changes at hand,
novel opportunities arise, targeted at manipulating pathways that relate to the stromal
compartment and affect both growth factors as well as production of critical substrates that
fuel tumor growth.
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Box 1. Adipose tissue composition and plasticity

Adipose tissue is mainly comprised of adipocytes that are crucial for both its energy
storage capabilities and its endocrine activity. Other cell types, including pre-adipocytes,
lymphocytes, macrophages, fibroblasts and vascular cells, are referred as the stromal
vascular fraction (SVF) of adipose tissue, contribute as well to its growth and function
(Galic, Oakhill, & Steinberg, 2010). The composition of the adipose organ varies in
different anatomical locations, and under different physiological conditions.
Acclimatization to different temperatures, pregnancy/lactation, obesity, fasting, and
caloric restrictions and caloric excess are the most common physiological and
pathological conditions in which the plasticity of the adipose organ is challenged (Cinti,
2009). For example, mammals have two types of adipocytes, white and brown, with a
distinct anatomy and physiology. White adipocytes store lipids, brown adipocytes oxidize
them to produce heat. White adipose tissue of cold-acclimatized mice is darker in color
than that of animals exposed to euthermic conditions, suggesting a switch to a more
brown-like phenotype, due to a reversible increase in the amount of brown adipocytes,
capillaries and sympathetic neuronal in the organ (Cinti, 2009).
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Box 2. Adipose progenitors and cancer

Clinically, expansion of white adipose tissue (WAT) leading to obesity results from
mature adipocyte hypertrophy, as well as hyperplasia resulting from progenitor cell
proliferation. Multipotent progenitors of preadipocytes in WAT have been identified in
the stromal vascular fraction (SVF) (Zhang, Bellows, & Kolonin, 2010). Preadipocytes
considered as intermediary cell type along the adipocyte differentiation axis between the
bone marrow derived mesenchymal cells and mature adipocytes, and they are
morphologically indistinguishable from fibroblasts, although they are already committed
to the adipocytic lineage (Rosen & Spiegelman, 2000). It has been proposed that WAT-
derived mesenchymal stem (stromal) cells, termed adipose stem cells (ASC) contribute to
tumorigenesis by increasing tumor angiogenesis, or by paracrine or endocrine signalling
to malignant cells (Zhang, et al., 2010). Studies in animal models demonstrate that ASCs
injected intravenously or subcutaneously engrafted into the tumor stroma and vasculature
and promote tumor growth. Recently, it was shown that recruitment of endogenous ASCs
into tumors in obesity is associated with increased vascularization and adipogenesis
accompanied by proliferation of malignant cells (Zhang, et al., 2010; Zhang, et al., 2012).
These data raise many open questions regarding the relative functional contribution of
adipose tissue subpopulations in various cancers types and stages among obese versus
lean subjects. It is also unknown what constitutes the critical signal that induces cellular
trafficking and recruitment into the tumor microenvironment.
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Figure 1. Putative mechanisms of dysfunctional adipose tissuein promoting tumor growth
Obesity leads to dysfunctional adipose tissue, which is characterized by chronic
inflammation, massive ECM remodeling, hypoxia followed byangiogenesis, increased
availability of lipids- all together along with aberrantadipokine and hormonal production
generate a permissive environment for tumor growth.
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Table 1

Body mass index and the relative risk of different cancer types

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Cancer type Men (95% CI) Women (95% ClI)
Breast a
postmenopausal ND 1.12 (1.08-1.16) b
premenopausal 0.92 (0.88-0.97)
Colon 1.24 (1.20-1.28)7 | 1.00 (1.05-1.13)%
Endometrial NA 1.59 (1.50—1.68)5

Oesophageal adenocarcinoma

1.52 (1.33-1.74)%

1.51 (1.31-1.74)%

Renal

1.24 (1.15-1.34)%

1.34 (1.25-1.43)%

Leukemia

1.08 (1.02-1.14)°

1.17 (1.04-1.32)¢

Malignant Melanoma

117 (1.05-1.30)7

0.96 (0.92-1.01)°

Multiple myeloma

1.11 (1.05-1.18)%

1.11 (1.07-1.15)%

Non-Hodgkin's lymphoma

1.06 (1.03-1.09)?

1.07 (1.00-1.14)°

Pancreas 1.07 (0.93-1.23) 1.12 (102_1'22)0
Prostate 1.03 (1.00-1.07) NA
Rectum 1.09 (1.06—1.12)a 1.02 (1.00-1.05)
Thyroid 133 (1.04-1.70)° | 1.14 (1.06-1.23)”
Liver 124 (0.95-1.62) | 1.07 (0.55-2.08)

Abbreviations: ClI, confidence interval; NA, not applicable; ND, not determined.

*
Relative risks are taken from a meta-analysis of data as reported in Renehan et a/(Renehan, Tyson et al.). The relative risk per 5 kg per m

increase in body mass index is reported for each cancer type and sex.

4p< 000L.

bp< .01.

Ch< 05.
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Table 2

Summary of adipokines and their potential role in cancer
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Involvementin collagen V1 folding

Adipokine Primary source(s) Cancer-related effects Cancer outcome
Adiponectin Adipocytes Pro-angiogenic effect, reduced ceramide/S1 P ratio - in vivo Controversial
Circulating adiponectin is inversely associated with obesity and
incidence of obesity-related cancers
Leptin Adipocytes Pro-mitogenic, pro-survival, and pro-angiogenic effects. Promoted
Increased glycolytic capacity
TNFa Inflammatory cells, Associated with adipose tissue inflammation Promoted
adipocytes, Cancer cells Inhibited adipocyte differentiation
IL-6 Adipocytes, inflammatory Associated with adipose tissue inflammation. Promoted
cells, liver, muscle Acquisition of pro-tumorigenic adipocytes phenotype
Collagen 6/Endotrophin Adipocytes Fibrosis, angiogenesis, induced proliferation and pro-survival Promoted
signals
Induced epithelial-mesenchymal transition (EMT)
MMP11 Adipocytes Inhibited adipogenesis Promoted

See relevant references within the text
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Table 3

Clinically available metabolic agents and their anti-tumorigenic effects
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Therapeutic strategy Molecular target Agents Cancer-related effects Testing model Clinical evidences
Adipocyte differentiation PPARYy TZDs - Induced - In vitro, - TZD
adipocyte human treatment is
differentiation liposarcoma associated
cells with
- ~ Induced . decreased
differentiation - Various of risk for lung
and apoptosis cancer cells and colon
and inhibited in vitro and cancer, but
proliferation in increased risk
xenografts for prostate
and bladder
cancer.
- Inverse
correlation
between TZD
treatment and
PSA levels in
prostate
cancer.
- Not effective
asa
monotherapy.
Insulin resistance AMPK/mTOR axis Metformin - Decreased - Human and - Decreased
insulin levels mouse cancer in
and increased studies diabetic
insulin i patients.
sensitivity - Various of
cancer cells
- inhibited and
proliferation xenografts
and tumor
growth,
induced
apoptosis
Inflammation COX2 NSAIDs - Decreased - Human and - Reduced risk
inflammation mouse for colorectal
i studies on cancer.
- induced varioustypes
apoptosis and of cancers
DNA
stabilization. - Cancer cells
- Inhibited
proliferation
Estrogen synthesis Aromatase Aromatase inhibitors - Inhibited Human and mouse - Effective
aromatase studies on breast cancer treatment in
activity and estrogen
reduced responsive
estrogen breast cancer
production

See relevant references within the text
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