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ABSTRACT
Emily L. Rossi: Breaking the Obesity-Breast Cancer Link: The Roles of Inflammation
and Epigenetic Reprogramming
(Under the direction of Stephen D. Hursting)

Obesity-associated adipose tissue remodeling, including adipocyte hypertrophy,
contributes to a chronic state of low-grade inflammation that promotes breast cancer
growth through multiple signaling pathways. Inflammation is often regulated and
perpetuated by epigenetic modifications, including aberrant DNA methylation. However,
the precise relationship between obesity-associated inflammation, epigenetic
modifications and breast cancer has not been clearly elucidated. Furthermore, the
plasticity of obesity-associated DNA methylation and impact on tumor growth after
weight loss remains unclear.

We hypothesized that targeting obesity-associated inflammation would be critical
to reduce mammary tumor growth. We found that anti-inflammatory supplementation
(Resveratrol or Sulindac) in obese mice reduced mammary tumor growth in association
with decreased adipocyte size, influx of macrophages, and expression of pro-
inflammatory mediators in the mammary tissue. We then tested if obesity-associated
inflammation was reversible with weight loss by low-fat diet (LFD) and found that the
pro-tumorigenic effects of obesity and aberrant methylation of inflammatory genes
persists after weight loss. Considering the substantial evidence demonstrating that

weight loss via bariatric surgery reduces cancer risk, we established a surgical sleeve



gastrectomy (SG) protocol in our mouse model of obesity. We demonstrated that weight
loss via surgery and LFD was equally effective at reducing body weight, but produced
differential effects on tumor growth and systemic inflammation. Mice that lost weight via
SG, but not LFD alone, had reduced tumor growth compared to obese mice.
Additionally, mice that received SG had more effectively reversed expression of pro-
inflammatory mediators and aberrant DNA methylation of metabolism related genes
observed in obese mice.

Our results that 1) targeting inflammation reduces mammary tumor growth in
obese mice; 2) pro-inflammatory gene expression and aberrant methylation of
inflammatory-related genes persists after weight loss by diet; 3) weight loss via surgery,
but not LFD, significantly reduces tumor growth and more effectively reverses obesity-
induced aberrant methylation. We have identified the critical mechanisms underlying the
protective effects of anti-inflammatory supplementation or bariatric surgery as
preventing adipocyte hypertrophy and macrophage infiltration, decreasing expression of
pro-inflammatory mediators, and normalizing DNA methylation in the mammary tissue.
These results could inform the development of mechanism-based strategies to more

precisely intervene to prevent obesity-related cancers.
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CHAPTER I. INTRODUCTION

A. Obesity and breast cancer

The prevalence of obesity, an established risk and prognostic factor for several
chronic diseases including many cancers, is at an unprecedented rate [1]. Currently,
nearly 40% of adults and 20% of children are considered obese, defined as having a
body mass index (BMI) > 30 kg/m? [1,2]. The percent of U.S. adults that are at a healthy
weight, defined by a BMI of 18.6-24.9 kg/m? is only 28%, which has fallen by more than
4% in the past ten years [1,2]. Overall, data from the National Health and Nutrition
Examination Survey (NHANES) in 2013-2014 show that Americans are more likely to
meet physical activity guidelines and less likely to have high cholesterol and smoke
cigarettes than ever before. However, rates of diabetes, metabolic syndrome, and the
number of adults that moderately and heavily consume alcohol continues to rise [3]. For
the first time since 1986, the average life expectancy has plateaued for three sequential
years [1].

Approximately 85,000 new cancer cases per year are attributed to obesity in the
United States [4]. A prospective study in the U.S. by Calle et al. found that compared to
normal weight women (BMI < 25 kg/m?) the risk of developing cancer is 8% higher in
overweight women (BMI = 25-29.9 kg/m?), 18% higher in women with Class | obesity
(BMI = 30-34.9 kg/m?), 32% higher in women with Class Il obesity (BMI = 35-39.9

kg/m?), and 62% higher in women who are severely obese (BMI = 40) [5]. In the same



study a significant positive association between BMI and death from cancer of the
esophagus, colon and rectum, liver, gallbladder, pancreas and kidney for both men and
women. Additionally, the relationship was also observed in stomach and prostate
cancer in men and death from cancer of the breast, uterus, cervix and ovary in women.
Calle et al. extended their findings by estimating the fraction of deaths due to cancer in
the U.S. that are attributable to a BMI = 25 kg/m? which was estimated to be 14% of all
deaths from cancer in men and 20% of all cancer deaths in women [5].

In its 2007 review The World Cancer Research Fund (WCRF) reported that there
is convincing epidemiological and plausible mechanistic evidence for the link between
excessive body fatness and postmenopausal breast cancer. However, an inverse
relationship was reported between BMI and premenopausal breast cancer. Currently, a
substantial amount of literature conflicts with an equally substantial amount of literature
on the role of obesity and premenopausal breast cancer. A limitation of several
epidemiological studies is the disregard for the five subtypes of breast cancer, which
alludes to its complexity as a disease. The relationship between obesity and breast
cancer risk is possible to disentangle when comparisons are made with regard to breast
cancer subtype, in addition to stratifying by menopausal status and also assessing risk
differences by race.

1. Obesity differentially impacts the five major molecular subtypes of breast
cancer

Breast cancer is an immensely heterogeneous disease with five molecular
subtypes differing in cellular origin, molecular characteristics, and factors that promote

growth [6-8]. Breast cancer subtypes are dictated in part by hormone receptor (HR)



status, which is precedent in clinical characteristics and response to treatment.

Determining the expression of estrogen receptor (ER), progesterone receptor (PR) and

human epidermal growth factor 2 (HER2) and stratifying tumors as either ‘positive’

(possessing a detectible level) or ‘clinically negative’ (displaying no to minimal

detection, >1%) contributes to the stratification of the five major molecular subtypes

(Table 1.1) [9].

Table 1.1. Summary of the five major molecular subtypes of breast cancer

Luminal A | Luminal B HER2 - Triple- Normal
enriched | negative | breast-like
ER + + - -
PR + or - + or - - -
HER2 - + + -
Percent of all 30-40% 20-25% 10-15% 10-25% 1-5%
breast cancers
[10]
Outcome [10] Good Intermediate Poor Poor Intermediate
Targeted SERMs, SERMSs, Herceptin
Therapy Aromatase Aromatase - -
inhibitors inhibitors
Enrichment of GATA3, KCNB2 HERZ2E, BRCA1,
mutations FOXAT1, PIK3CA TP53
[5,11-14] RUNX1
Stage IV 36 months 44 months 34 months, 13 months Data not
patients (95% ClI (95% CI (95% ClI (95% ClI available
median overall 34.1,37.9) undetermined) 27.4, 40.6) 12.2,13.9)
survival [15]
Most common Bone Bone Liver Brain and/or Data not
site of distant lung available

metastasis [15]

In a landmark study, a classification gene list for intrinsic breast tumor subtype

was put forth by Hu et al. in 2006 termed the Intrinsic/lUNC gene set. The intrinsic list

contains over 1,000 genes and gene expression signatures for proliferation and hypoxia

that assist in further characterizing the subtypes as well as predicting response to




treatment and prognosis [13]. Molecular characterization using gene expression
signatures, also referred to as “molecular taxonomy,” has been especially
advantageous for triple-negative breast cancer (TNBC). The claudin-low breast cancer
(CLBC) and basal-like breast cancer (BLBC) subtypes, which are both in the triple-
negative category, are impacted by dietary energy balance modulation in humans and
mice and often confer a worse prognosis, at least in part due to a lack of established
mechanistic targets or therapies [16,17]. Several biological features of CLBC and BLBC
are better understood in the context of molecular taxonomy characterization. CLBC is
the only subtype that displays a gene expression signature enriched in genes
associated with tumor-initiating cells (TICs; also referred to as cancer stem cells). CLBC
also displays histological stem cell features and the ability to easily undergo epithelial-
mesenchymal transition (EMT). Sequencing of CLBC tumors also revealed that they
have low expression of genes encoding cell-cell junction proteins and high immune cell
infiltrate [18-20]. BLBC express cytokeratins 5, 6, or 17, which are typically exclusively
expressed in the basal epithelial layer of the skin and airways, thus earning their name
“basal-like” [14]. BLBC are exceedingly proliferative, which is related to the loss of tumor
suppressor retinoblastoma protein (Rb), resulting in loss of cell cycle regulation. In vitro
silencing of Rb sensitizes cells to cyclooxygenase 2 (COX-2) upregulation [21]. Gauthier
et al. found that approximately 50% of all basal-like tumors overexpress COX-2, and
vertically all luminal and HER2 positive tumors express low mRNA levels of COX-2 [21].
In 2009 Hu et al. again employed microarrays to analyze breast tumors but built on
previous findings to distinguish gene expression patterns to distinguish primary from

metastatic tumors. In this study, a 13-gene hypoxia signature was developed. The



hypoxia signature includes eight genes that contain a hypoxia-inducible factor 1-alpha
(HIF-1a) binding site, enabling regulation. The hypoxia signature is observed to the

greatest extent in BLBC and CLBC out of all breast cancer subtypes interrogated [22].

2. The effects of obesity on breast cancer risk are dependent upon menopausal
status

The results of numerous studies consistently show that obesity increases the risk
of breast cancer in postmenopausal women and the risk of triple-negative breast cancer
in premenopausal women. The results of a meta-analysis of 61 data sets, which
included 41,406 cases of breast cancer, suggest that postmenopausal breast cancer
cases are largely responsible for the positive association between obesity and breast
cancer risk. In the study by Wang et al. the risk ratio (RR) (per 5 kg/m? increase) in
females for breast cancer was significant (RR = 1.07; 95% CI 1.05, 1.09). There was
essentially no effect in premenopausal cases of breast cancer (RR = 0.99; 95% CI 0.97,
1.01) but a stronger effect in postmenopausal breast cancer (RR = 1.11; 95% CI 1.08,
1.14) [23].

The Fred Hutchinson Cancer Research Center conducted a population-based
case-case study that included 2,659 women aged 20-69 years diagnosed with invasive
breast cancer, designating patients with luminal A breast cancer as the reference group.
In their analysis, Chen et al. reported that obese premenopausal women had an 82%
increased risk (OR = 1.82; 95% CI 1.32, 2.51) of triple-negative breast cancer compared
to normal weight women (BMI < 25 kg/m?) [24]. In this study, however, authors found
that in postmenopausal women obesity was associated with reduced risks of triple-

negative and HER2-overexpression breast cancer. These findings were compared to



the luminal A patients, and the authors noted that their results implicated obesity in the
etiology of postmenopausal luminal A breast cancer, rather than absolving obesity from
contribution to triple-negative breast cancer risk [24]. Analysis on the effects of obesity
on postmenopausal breast cancer risk using data from the Women’s Health Initiative
showed similar associations in both ER-positive and triple-negative postmenopausal
breast cancer risk. In fact, the hazard ratio for breast cancer was increased for ER-
positive breast cancer in the third BMI quartile (BMI = 26.9 — 31.04 25 kg/m?; ER-
positive OR =1.17; 95% CI 1.03, 1.33) and for triple-negative (OR = 1.21; 95% CI 0.83,
1.77). Similar results were observed in the fourth BMI quartile in ER-positive (BMI >
31.05 kg/m?; ER-positive OR = 1.39; 95% CI 1.22, 1.58) and triple-negative breast
cancer (OR = 1.35; 95% CI 0.92, 1.99) [25]. Therefore, case-case studies comparing
the relationship between obesity and postmenopausal breast cancer risk which utilize
luminal A / ER-positive breast cancer as a reference may fail to unveil a positive
association of obesity on postmenopausal triple-negative breast cancer risk.

Pierobon et al. conducted a meta-analysis, which pooled multiple studies to
investigate the effects of obesity on triple-negative breast cancer risk. In a case-case
comparison, obese women were more likely to be diagnosed with triple-negative breast
cancer (OR = 1.20; 95% CI 1.03, 1.40) than non-obese women (BMI < 30 kg/m?).
Similar to the results from the Fred Hutchinson Cancer Research Center, this finding
was driven by the premenopausal women (OR = 1.43; 95% CI 1.23, 1.65) who were
found to have increased breast cancer risk if obese compared to postmenopausal
women (OR =0.99; 95% CI1 0.79, 1.24). Five studies were included in the meta-analysis

for premenopausal women, which included two studies with significant positive findings



(Millikan et al. (OR = 1.65; 95% CI 1.16, 2.34) and Yang et al. (OR = 1.63; 95% CI 1.31,
2.03)) and three with non-significant findings but an OR greater than 1.0. Of the six
studies included in the meta-analysis for postmenopausal women, one study by Yang et
al. reported a positive finding (OR = 1.21; 95% CI 1.03, 1.41). Four reported a non-
significant effect with three reporting an OR greater than 1.0 and one reporting an OR
less than 1.0. Notably only one study in the meta-analysis possessed a significant
negative association by Lara-Medina et al. (OR = 0.55; 95% CI 0.38, 0.80), which drove
the pooled OR results in postmenopausal women. In the original study, Lara-Medina et
al. reported that postmenopausal women who had a healthy BMI (< 25 kg/m?) or were
overweight BMI (<30 kg/m?) were more likely to have triple-negative breast cancer with
a much more significant effect in the overweight (P < 0.001) than healthy (P = 0.27)
women [26]. Thus, it appears that a positive relationship in postmenopausal women
between being overweight and triple-negative breast cancer contributed to a negative
association between obesity and triple-negative breast cancer.

Data from the Nurses Health Study provided insight that weight gain in young
adulthood may be a more important determinant of breast cancer risk than obesity at
time of diagnosis. Women with above-average weight gain, who were not necessarily
obese (RR =1.19; 95% CI 1.08, 1.31) and consistently obese women (RR = 1.06; 95%
Cl1 0.95, 1.17) were both at increased risk of breast cancer compared to women who
were average rate (reference, RR = 1.0) and women who maintained a stable weight
(RR =0.92; 95% CI 0.88, 0.96) [27]. Findings from the European Prospective
Investigation into Cancer and Nutrition (EPIC) revealed a positive association between

breast cancer risk and changes in weight in postmenopausal but not premenopausal



women [28]. Interestingly, 13% of postmenopausal women in the EPIC study had lost
weight between age 20 and age at study entry. The remaining 87% of women had
gained an average of 13.5 + 9.5 kg, resulting in an average gain for postmenopausal

women of 11.0 kg during adulthood [28].

3. Obesity negatively impacts breast cancer prognosis

The effects of obesity on breast cancer prognosis are generally more consistent
across subtypes, and individuals with breast cancer that are obese are more likely to be
resistant to treatment and develop metastases and recurrence [29]. Greater rates of
metastatic breast cancer and increased mortality are seen in the obese breast cancer
patient population, independent of disease stage at diagnosis [30-32]. A very large
meta-analysis of 82 follow-up studies found that each 5 kg/m? increment of BMI before
diagnosis resulted in a 18% increase in breast cancer mortality [32]. Cakar et al.
reported that obesity was associated with a poorer overall survival in postmenopausal
TNBC patients, but that effect was lost when all patients (pre and postmenopausal)
were evaluated [33]. In a retrospective study on 418 breast cancer patients (124 normal
weight, 130 overweight, 164 obese), Ademuyiwa et al. found no association between
obesity and recurrence-free survival or overall survival [34]. A recent meta-analysis of
21 studies pooled hazard ratios and found a significant association between obesity and
overall survival in breast cancer in hormone receptor-positive (HR = 1.31; 95% CI1 1.17,
1.46) and hormone receptor-negative cancer (HR = 1.18; 95% CI 1.06, 1.31). The same
association driven by obesity was seen in positive and negative subtypes for breast

cancer-specific survival, which was increased in hormone receptor-positive (HR = 1.36;



95% CI 1.20, 1.54) and in hormone receptor-negative breast cancer (HR = 1.46; 95% ClI
1.11,1.71) [17].

In addition to inducing systemic inflammation and altered growth factor signaling,
which promotes the aggressive triple-negative breast cancer subtype, obesity also
enhances a highly treatable ER-positive subtype of breast cancer (luminal A).
Postmenopausal women are more likely to be diagnosed with ER-positive breast
cancer, which obesity promotes by enhancing production of non-ovarian estrogen via
increased aromatase activity in adipose stromal cells [35,36]. ER-positive breast cancer
is highly treatable with hormonal therapy, including selective estrogen-receptor
response modulators (SERMs) and aromatase inhibitors. Thus, obesity is strongly
associated with decreased overall breast cancer survival in postmenopausal women,
with subtype-specific effects including links between obesity and TNBC prognosis,

particularly in premenopausal women [5,17].

4. Conflicting results on breast cancer risk after weight loss

The impact of weight loss following chronic obesity on breast cancer risk is poorly
understood, and the effects of weight loss interventions on obesity-associated
inflammation, epigenetic alternations, and breast cancer are unknown. A recent study
by Han et al. eludes to the difficulty in studying weight loss and cancer risk. Using data
from the Atherosclerosis Risk in Communities cohort that includes data from 13,901
U.S. adults, researchers reported that 77% of women and 62% of men were normal
weight at age 25. However, at study baseline (1987-1989) when participants were 45-64
years old, only 36% of women and 27% of men were within the normal weight range

[37]. Both the increasing prevalence of overweight and obesity, and the tendency for
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individuals to gain weight with age, renders a study population that lost weight and
maintained weight loss difficult to obtain [38-40]. In a study of 124 obese adults, weight
loss peaked at month six of the twelve month program, with 54% of participants having
lost more than 5% of their initial body weight. At the end of the program (month twelve)
only 33% had lost and maintained 5% of their body weight [41]. Mason et al. reported
auspicious results in a randomized controlled trial investigating the effects of dietary
weight loss and exercise on insulin sensitivity in 439 inactive, overweight or obese
postmenopausal women. WWomen assigned to the dietary weight loss intervention on
average lost 9.1 Ibs and 9.9% body fat after twelve months, which conferred a 21.8%
decrease in insulin levels relative to baseline [42]. Interestingly no additional benefit was
observed in the women assigned to the dietary weight loss + exercise (225
minutes/week of aerobic exercise) compared to the diet alone group. While these
findings are promising, cancer is a chronic disease, and delineating the exact impact on
breast cancer after weight loss is achieved remains a formidable endeavor.

Data from the lowa Women’s Health Study demonstrated that weight loss prior to
menopause was potentially effective at decreasing postmenopausal breast cancer risk.
The study looked at weight changes during two periods, the first age 18 to 30 years, the
second period spanned age 30 years to menopause. The study used the group of
women who gained weight during both periods of as a reference group, thus one is not
able to discern a decrease in breast cancer risk due to weight loss independent of
current weight, as the reference group had a baseline BMI that was obese (BMI = 30.1
kg/m?). However, the study did find that women who gained weight during the first

period from age 18-30 years, but then lost weight from age 30 years to menopause, had
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a reduced risk of postmenopausal breast cancer (RR = 0.62; 95% CI1 0.47, 0.82)
compared to women who gained weight during both periods. Their change in risk is not
especially impressive considering that women who gained weight age 18-30 years but
then maintained their weight also had a reduced risk compared to women who gained
weight during both periods (RR = 0.76; 95% CI 0.66, 0.88). In the same study Harvie et
al. also reported that weight loss or maintenance from age 18-30 years, followed by
weight gain from age 30 years to menopause had similar risk (RR = 0.91; 95% CI 0.81,
1.03) to women who had gained weight during both periods [43].

Multiple studies have reported that surgical weight loss is overwhelmingly effective
at producing significant weight loss and reductions in obesity-associated metabolic
perturbations. In one of the most compelling arguments in support of bariatric surgery,
the Swedish Obese Subjects (SOS) intervention study reported that 845 surgically
treated patients had lost 28 + 15 kg at two years after baseline, compared to the 845
matched control patients who received conventional obesity treatment and lost 0.5 + 8.9
kg [44]. A meta-analysis that investigated the outcome of 621 weight loss studies found
that 78.1% of diabetic patients had complete resolution of diabetes 2 years after
bariatric surgery, and diabetes was improved or resolved in 86.6% of patients [44].
Evidence suggests that surgical weight loss abates metabolic perturbations in part
through an epigenetic mechanism. Obese individuals displayed increased methylation
in the promoter of inflammatory related genes, including IL-1B, IL-6, and TNF-a , 12
months after Roux-en Y gastric bypass (RYGB) compared to baseline levels [45].
Notably, both gene expression and methylation profiles returned to levels seen in

normoweight healthy control subjects that were also analyzed. Barres et al. reported
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that by time of discharge the aberrant methylation of regulatory lipid metabolism genes
in skeletal muscle biopsies from obese individuals was ameliorated in those that
received RYGB by time of discharge [46]. Anveden et al. completed a prospective study
matching 1,420 women from the SOS cohort that received bariatric surgery with 1,447
matched controls that received conventional obesity treatment to investigate the effect
of bariatric surgery on long-term incidence of female-specific cancer. Women who
received bariatric surgery had a reduced risk of overall cancer (HR = 0.71; 95% CI 0.59,
0.85; P < 0.001) and a non-significant reduction in breast cancer (HR = 0.75; 95% ClI
0.51, 1.10; P = 0.142). As a study limitation the researchers cited that the participants in
the surgery group had received vertical banded gastroplasty or banding, as the
technology of bariatric surgery has advanced and those methods are not currently
utilized. Thus, the type of surgical procedure, which likely impacts recovery and adverse
side effects, could influence the result towards a non-significant trend. Christou et al.
completed a observational 2-cohort study of 1,035 morbidly obese patients that
received bariatric surgery at the McGill University Health Centre and 5,746 matched
morbidly obese controls that had not been treated surgically. The majority (73.4%) of
the bariatric surgery cohort had received Roux-en Y isolated gastric bypass, and 97% of
the procedures were performed by four surgeons. The risk of cancer during the five year
follow-up in the bariatric surgery cohort was profoundly decreased (RR = 0.22; 95% ClI
0.14, 0.35; P < 0.001) compared to controls. Furthermore, the risk of breast cancer in
the bariatric surgery cohort (RR =0.17; 95% CI1 0.98, 0.31; P < 0.001) maintained the

significant reduction in risk relative to controls [47].
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B. Molecular mechanisms mediating the effects of obesity on breast cancer
growth and progression

The driving phenomenon behind the obesity-breast cancer link is the metabolic
pertubations often accompanying obesity, notably insulin resistance and a decreased
adipogenic capacity, which fuel the growth of cancer cells (Figure 1.1). In obesity,
excess energy is converted to triacylglycerol and stored in various adipose tissue

depots throughout the body.
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Figure 1.1. Molecular mechanisms mediating the effects of obesity on breast cancer
growth and progression. The connection between obesity-associated metabolic dysregulation
and inflammation is largely mediated through aberrant adipose tissue remodeling. At a basic
level, excess energy balance results in hypertrophied adipocytes which secrete factors
recruiting and activating macrophages in amounts proportionate to adipocyte size (i.e. the larger
the adipocyte, the greater amount of factors secreted). In addition to directly promoting tumor
growth, metabolic dysregulation in obesity contributes to a growth-promoting milieu enhancing
cross-talk between tumor cells and macrophages, adipocytes and fibroblasts.

The obese state is thus associated with profound expansion of the adipose
tissue, which occurs by adipocyte hyperplasia (increase in adipocyte number) or
hypertrophy (increase in adipocyte size). In obese adults, hypertrophy predominates as

the mechanism to support the growth in adipose tissue [48]. Adipocyte hypertrophy, and
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the associated fatty acid spill over, is strongly implicated in insulin resistance and other

obesity-associated metabolic perturbations (Table 1.2.).

Table 1.2. Studies on adipocyte hypertrophy in humans and mice

StUdY General finding
population
Human Studies
Henninger | non-obese _ _ . _ .
etal. [49] | subjects with Subjects with genetic predisposition to type || DM had
genetic significantly larger adipocyte cell size despite equivalent
predisposition for | @ge, BMI, and WHR to control subjects without genetic
type Il DM and predisposition.
matched controls | |, g piects with genetic predisposition to type Il DM
(total n =17) adipocyte size was associated with fasting insulin (R =
0.69; P <0.01) and HOMA-IR (R = 0.64; P < 0.02).
Arner et . ) Occurrence of hyperplasia (negative morphology value)
al. [50] 764 subjects W'tg‘ or hypertrophy (positive morphology value) was
BMI 18-60 kg/m independent of sex and body weight but correlated with
fasting plasma insulin levels and insulin sensitivity.
Weyer et | 280 Pima Indians | Relative to those with NGT, mean subcutaneous
al. [51] with either normal | abdominal adipocyte size was 19% higher in diabetic
(NGT), impaired subjects and 11% higher in IGT subjects, despite
(IGT), or diabetic | adjusting for age, sex, and percent body fat.
glucose tolerance
Pasarica Lean, obese and | Mean fat cell size was negatively correlated with VEGF
etal. [52] |typellDM mRNA (R =-0.7; P < 0.01) and capillary density
subjects
(R=-0.67; P<0.01)
(total n = 21) Insulin suppression of lipolysis correlated with fat cell
size (R =0.53; P <0.06)
Animal Studies
Balogun et Supplementation with Omega-3 PUFA (10% w/w) in
al. [53] Female and male | mgale but not female mice, decreased adipocyte area in
C57BL/6 mice association with decreased mRNA expression of
Fabp4, DGAT-2 and leptin in gonadal fat pads.
Jimenez- In monkeys fed a high-fat, high-sugar diet, adipocyte
Gomez et | Rhesus monkeys | gjstribution changed towards larger adipocytes in
al. [54] visceral WAT, with a decrease in the number of small
adipocytes, indicative of adipocyte hypertrophy.
Presence of large adipocytes was also associated with
increased NF- k< B activation and decreased IRS-1 and
GLUT4 protein levels.
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In obesity excess energy intake often results in increased growth factor signaling,
in addition to adipocyte hypertrophy [55,56]. Nutrients (glucose, amino acids), growth
factors and their receptors (insulin, IGF-1, VEGF) serve as ligands in the mechanistic
target of rapamycin complex 1 (mTORC1) pathway. mTORC1 integrates signals from
growth factors, hormones, nutrients, and cellular energy and responds by modulating
the protein translation of genes which regulate cell growth, proliferation and survival
accordingly [57]. An excess of activating ligands and insufficiency of inhibitors (hypoxia,
AMPK conferring low energy) results in high levels of mMTORC1 activation, which allows
for the expression of genes and biosynthetic intermediates which promote cell
proliferation and survival. Specifically, mMTORC1 activation induces the translation of
genes involved in ribosome biogenesis, cell cycle activators (Cyclin D1, cMYC), anti-
apoptosis (Bcl-2, survivin), and metastasis (MMP-9) [58,59].

Pre-clinical studies utilizing rapamycin, an inhibitor of mMTORC1 but not mTORC2
have implicated deregulated mTORC1 in adipose tissue dysregulation that occurs with
obesity. Studies in mice have demonstrated that complete loss of function of mMTORC1
reduces adiposity, however partial mMTORC1 inhibition with rapamycin resulted in
enhanced fat deposition [60,61]. Furthermore, Paschoal et al. showed that rapamycin
supplementation in obese mice exacerbated adipose tissue inflammation as evidenced
by an increase in activated M1 macrophages and levels of pro-inflammatory cytokines
TNF-q, IL-6, and MCP-1 [61]. Mercalli et al. published concordant in vitro data in which
rapamycin induced apoptosis of M2 macrophages, but not M1 [62].

Insulin resistance, hypoxia, and altered cytokines observed in obesity converge

to deregulate mTORC1, which has detrimental consequences on adipose tissue health.
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In the adipose tissue, cell fate is often dictated by the integration of cellular signals
through mTORC1. Plasma FFA concentrations are approximately 20-40% greater in
obese humans and mice compared to their lean counterparts [63,64]. Basal and
adrenergic receptor-mediated lipolytic rates are increased in adipocytes obtained from
obese women and mice [64,65]. The failure of insulin to successfully signal through the
mTORC1 complex decouples nutrient status from the appropriate biological response
and can ultimately deregulate the adipose tissue through multiple mechanisms with
pathogenic consequences, and render an excess supply of glucose and fatty acids to

fuel tumor growth.

1. Altered growth hormones in obesity

After insulin binds to the extracellular ligand binding domain of the insulin
receptor, proper insulin signaling is contingent upon the subsequent intracellular
phosphorylation of the insulin receptor substrate (IRS) [66]. Serine phosphorylation of
IRS proteins by circulating free fatty acids and TNF-a, impairs insulin signal transduction
[67]. When insulin signaling is impaired, the requirement for a higher than normal
concentration of insulin to elicit a normal response is defined as insulin resistance [68].
The pathological consequence of impaired insulin signaling is the inability for insulin to
i.) decrease serum glucose concentrations and ii.) inhibit lipolysis in the adipose tissue.
Given that 90% of type Il diabetics are obese, the relationship between obesity and
impaired insulin signaling is undeniable [69]. Boyle et al. completed a meta-analysis and
reported that breast cancer risk is increased by 27% in women with type |l diabetes,
however adjusting for BMI, the increase was only partially reduced, with a remaining

16% increased risk of breast cancer [70].
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Insulin can also increase the bioavailability of insulin-like growth factor 1 (IGF-1)
by inhibiting the production of its binding protein, IGFBP-1. A meta-analysis conducted
by Shi et al. found a positive significant association between IGF-1 levels and
premenopausal breast cancer risk (OR = 1.39; 95% CI 1.16, 1.66) [71]. However, the
study did not find a significant association in postmenopausal women (OR = 0.93; 95%
C10.80, 1.10) [71]. Animal models have demonstrated blunted metabolic and anti-
cancer effects of calorie restriction when mice are supplemented with exogenous IGF-1.
Calorie restricted (CR) mice that received exogenous IGF-1 displayed intermediate
expression of several metabolism and cancer-related genes compared to CR and
control mice. These results were in association with restored (to control levels) triple-
negative mammary tumor growth in CR mice with exogenous IGF-1 [72].

The adipokines leptin and adiponectin are primarily thought of as regulators of
calorie intake and energy expenditure, however they are also involved in modulating
inflammation and insulin resistance. Leptin is commonly referred to as the “satiety
hormone” and its actions result in activation of mMTORC1 [73]. Alternatively, adiponectin
activates AMP-activated protein kinase (AMPK), which is a cellular stressor indicative of
low ATP stores, which inhibits mTORC1 [74]. Commonly, the onset of obesity causes
individuals to become leptin resistant despite excess leptin production by the adipose
tissue [75]. In many obese individuals, leptin acts directly on macrophages to stimulate
the synthesis of pro-inflammatory cytokines such as TNF-a and IL-6. These effects of
leptin differ greatly from those of adiponectin, which increases fatty acid oxidation and
glucose uptake in skeletal muscle and decreased hepatic gluconeogenesis [73].

However, TNF-q, IL-6 and other pro-inflammatory mediators suppress adiponectin
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secretion from adipocytes, and the obese population typically has low adiponectin

levels.

2. Adipocyte hypertrophy and hypoxia

Adipose tissue accommodates the need to store excess triglyceride through
expansion of existing adipocytes or through creation of new adipocytes from precursor
cells (adipogenesis). Chronic positive energy balance in obesity promotes the aberrant
expansion of existing adipocytes, which is characterized by hypertrophic adipocytes.
This is in part due to the limited adipogenic capacity observed in obesity, with
concordant preadipocyte arrest, as several pro-inflammatory molecules and signaling
pathways inhibit adipogenesis [76]. The size of hypertrophic adipocytes exceeds the
capacity of the body to supply the tissue with adequate oxygen through vascularization.
Therefore, adipocyte hypertrophy promotes adipose tissue hypoxia, oxidative stress and
mitochondrial dysfunction [77]. Thus, chronic positive energy balance in obesity results
in the remodeling of the adipose microenvironment, resulting in hypertrophic adipocytes
and increased hypoxia.

Studies of C57BL/6 mice have established strong correlations between fat pad
mass and mean adipocyte size, a measure of hypertrophy [78]. Furthermore, with
increasing adipocyte size the adipocyte secretome is enriched in pro-inflammatory
adipokines and cytokines, including TNF-a and IL-6 [79]. Adipocyte size also positively
correlates with macrophage infiltration in the adipose tissue as well as systemic insulin
resistance [80,81]. TNF-a is a potent inhibitor of adipogenesis and can prevent

preadipocytes from differentiating into mature adipocytes. Partially transdifferentiated
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preadipocytes can possess a macrophage-like phenotype and secrete cytokines similar
to macrophages [76]. Isakson et al. harvested preadipocytes from obese and non-obese
adipose tissue biopsies and found that the number of preadipocytes that differentiated
into adipose cells was negatively correlated with both BMI and adipocyte cell size of the
donors [82].

Wueest et al. isolated adipocytes from the epididymal fat pads of C57BL/6J mice
after exposure to a low-fat or high-fat diet for eight weeks. Adipocytes were separated
by size resulting in small (average diameter 60.9 +/- 3.1 uM) and large (average
diameter 83.0 +/- 6.6 uM) adipocytes. The large adipocytes had a basal lipolysis rate
that was two-fold higher compared to the small adipocytes. This was accompanied by
differences in insulin responsiveness, as insulin did not decrease lipolysis in adipocytes
harvested from mice maintained on the high-fat diet, but insulin decreased lipolysis by
approximately 30% in adipocytes from mice on the low-fat diet [83].

Adipose tissue hypoxia is implicated as an early event in adipose tissue
dysfunction. Obese individuals tend to have a lower expression of angiogneic genes
and a lower capillary density in abdominal adipose tissue compared to lean individuals
[77,84]. Once activated, HIF-1a dampens metabolic flexibility by reducing the ability for
fatty acid oxidation to occur [85]. Pasarica et al. utilized a euglycemic-hyperinsulinemic
clamp to measure insulin sensitivity and basal and insulin-suppressed lipolysis in lean
and obese human subjects. Abdominal adipose tissue biopsies were obtained to
measure fat cell size in addition to assessing in situ adipose tissue oxygenation (defined
as adipose tissue partial pressure (ATpO>)) to establish associations between hypoxia

and the ability of insulin to inhibit lipolysis [52]. Insulin sensitivity correlated positively
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with suppression of lipolysis and lipolysis rates in the presence of insulin were
significantly higher in obese vs. lean men and women. Furthermore, insulin suppression

of lipolysis correlated negatively with fat cell size and positively with ATpO, [52].

3. Effects of COX-2 and pro-inflammatory eicosanoids

In obesity-induced insulin resistance, excessive adipocyte lipolysis produces
pathogenic levels of free fatty acids circulation signal through toll-like receptors,
activating the NF-kB pathway, which largely controls inflammation. Additional
consequences of pathogenic lipolysis include enhanced cyclooxygenase COX
expression and recruitment of inflammatory macrophages [86]. Macrophages that have
infiltrated into adipose tissue propagate the recruitment of additional macrophages by
secreting chemoattractants, including monocyte chemoattractant protein (MCP)- 1.
Macrophages also induce cyclooxygenase-2 (COX-2) expression resulting in high levels
of arachidonic acid metabolites including prostaglandins that disrupt fatty acid
homeostasis by inhibiting adipogenesis. PGE; is the most abundant COX-derived
product and exacerbates metabolic dysfunction in obesity by inhibiting adipogenesis,
which would alleviate adipocyte hypertrophy and associated insulin resistance.
Prostaglandin (PG) F2 alpha (PGF.4) and PGE; inhibit peroxisome proliferator-activated
receptor gamma (PPARYy) [87], a transcription factor regulating adipocyte differentiation
and maintenance of insulin sensitivity.

As a negative feedback mechanism, PGE; acts on the EP3 receptor which
signals through Gi-coupled protein receptors to reduce intracellular cAMP levels to

inhibit lipolysis [88]. However, this feedback mechanism is only able to inhibit lipolysis
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that results from hormone-sensitive lipase (HSL), which is typically lower in obese
individuals than normal weight [89]. Adipose triglyceride lipase (ATGL) is not decreased
in obesity and may compensate for the reduced HSL expression [90]. Furthermore
adipose tissue also produces PGl,, a potent lipolytic agent [91].

Pre-clinical studies utilizing celebcoxib, a selective COX-2 nonsteroidal anti-
inflammatory drug (NSAID) or genetic deletion of COX-2 heavily implicate COX-2 as a
mediator of adipose tissue dysregulation [92]. Mice on a high-fat diet that received
celecoxib have shown reduced expression of monocyte chemoattractant protein 1
(MCP-1) and with concurrent decreases in CD68 positive cells in epididymal and
subcutaneous fat depots [92]. Adi et al. demonstrated that hematopoietic COX-2
deficiency in mice resulted in reduced inflammatory markers in the visceral adipose
tissue (VAT) stromal vascular cells, but increased inflammatory markers in the
adipocyte fraction [93]. Furthermore, hematopoietic COX-2 deficient mice experienced
weight gain with associated increased VAT mass, which was related to an increase in
adipogenesis via loss of inhibition by Wnt signaling [93]. Hu et al. used a combination of
in vivo and in vitro techniques to show that adipocytes undergoing lipolysis produce
PGE>, which strongly promotes macrophage migration [94].

COX-2 expression, in association with increased PGE; levels, is linked to
increased metastasis and reduced breast cancer survival [95,96]. In vitro studies have
shown that PGE; is a negative regulator of the tumor suppressor p53 in human breast
adipose stromal cells [97]. Additional changes in the cellular composition of the
mammary tissue provide additional sources of PGE,. Obesity is associated with

extracellular matrix remodeling, resulting in an increase in adipose tissue fibrosis [98].
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Hypertrophic adipocytes secrete larger amounts of TNF-a compared to adipocytes that
are normal in size. TNF-a is a potent inhibitor of adipogenesis and can prevent
preadipocytes from differentiating into mature adipocytes or stimulate dedifferentiation
of mature adipocytes into a fibroblast-like cell [99]. Partially transdifferentiated
preadipocytes can possess a macrophage-like phenotype and secrete cytokines similar
to macrophages [76]. Thus, in the obese mammary stroma, fibroblasts and

preadipocytes are rich sources of PGE, which drive cancer growth [100].

4. Complementary metabolic pathways between adipocytes, adipose stromal cells
and tumor cells

Interplay between the adipose tissue (including adipocytes and adipose stromal
cells) and neighboring tumor cells are dynamic. A large body of literature supports the
notion that many factors in obesity not only confer advantageous growth to tumor cells,
but also propagate to increase the ability to meet the metabolic needs of tumor cells for
growth and survival [101]. Several obesity-associated cancers, including breast and
pancreas, occur within or in close proximity to adipose depots, which suggests that
altered adipose metabolism promotes their growth [102]. The metabolism in the
microenvironment contributes to the bioenergetics and necessary substrate to support
the rapid growth of proliferating tumor cells.

The free fatty acids released from hypertrophied adipocytes impact metabolic
processes in nearby tissue and on a systemic level. The ability of microenvironment
metabolism to influence cancer growth was initially put forth by Stephen Paget in 1889.
The “seed and soil” hypothesis credits growth of cancer cells and metastasis to a rich

supply of nutrients in the microenvironment. The microenvironment of the mammary
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tissue (the ‘soil’) differs between lean and obese individuals. Inflammatory and growth
promoting factors converge at the adipocyte level, heavily influencing the output of the
adipose tissue as an endocrine organ. Particularly, insulin resistance and local
inflammation result in the aberrant release of free fatty acids from the adipose tissue,
which can recruit and also activate macrophages [103].

Less aggressive luminal subtypes of breast cancer rely on a balance between de
novo fatty acid synthesis and B-oxidation to support energy needs and requirements for
new growth. However receptor negative subtypes, including BLBC overexpress genes
involve in the uptake of exogenous fatty acids, which are increased in obesity [104].
Furthermore, breast cancer cells can alter metabolism in neighboring adipose tissue,
enhancing lipase activity in adipocytes to fuel the growth of tumor cells [105].
Adipocytes can also adapt to utilize the lactate produced by tumor cell metabolism

[106].

C. Inflammation regulates (and is regulated by) epigenetic modifications
Inflammation is the body’s natural response to injury, which serves to convey the
need for changes in gene expression as part of the inflammatory response. These
stimulated changes in gene expression can be not only mediated but also perpetuated
by epigenetic modifications. Critical enzymes involved in one carbon metabolism, which
generate methyl donors, are increased in response to inflammation [107]. DNA
methylation of the miR-210 gene is increased in gastric biopsies after Helicobacter
pylori infection, which promotes inflammation, compared to non-infected biopsies [108].

Furthermore, the expression of inflammation-related genes, Chemokine (C-X-C motif)
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ligand 2 (CXCL2), IL-1B, Nitric oxide synthase, inducible (NOS2) and TNF-a, have been
shown to increase in parallel with total DNA methylation levels in gastric tissue,
suggesting that DNA methylation serves to regulate and perpetuate the inflammatory
response [109].

The inflammatory master regulator NF-kB transcription factor family function as
dimeric transcription factors for cytokines and interleukins central to the inflammatory
response [110]. In a disease state, NF-kB evades regulation by modulating the
epigenetic landscape to silence inhibitors and promote positive feed back loops.
Notably, inhibitors of NF-kB, including chemokine (C-X-C motif) ligand 14 (CXCL14),
and suppressor of cytokine signaling-1 (SOCS1) are often rendered silent by promoter
methylation, a phenomenon observed in macrophages and tumor cells [111,112]. The
microRNA let-7 inhibits IL-6 and its expression is decreased in most cancer cells.
Activated NF-kB leads to decreased expression of let-7, resulting in increased levels of
IL-6, which positively feed back stimulating increased NF-kB activation [113].

Several genes mediating the obesity-associated phenotype, including chronic
low-grade inflammation, decreased adipogenic capacity, and hypoxia are dysregulated,
in part, through epigenetic mechanisms such as DNA methylation. Fujiki et al. evaluated
the methylation status of the promoter of the PPARY2 gene in 3T3-LI preadipocytes and
discovered that it was hypermethylated, but progressively demethylated upon induction

of preadipocyte differentiation with corresponding increases in mRNA levels.
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CHAPTER Il. RESVERATROL INHIBITS OBESITY-ASSOCIATED ADIPOSE TISSUE
DYSFUNCTION AND TUMOR GROWTH IN A MOUSE MODEL OF
POSTMENOPAUSAL CLAUDIN-LOW BREAST CANCER

A. Chapter Précis

Adipose tissue dysregulation, a hallmark of obesity, contributes to a chronic state
of low-grade inflammation and is associated with increased risk and progression of
several breast cancer subtypes, including claudin-low breast tumors. Unfortunately,
mechanistic targets for breaking the links between obesity-associated adipose tissue
dysfunction, inflammation and claudin-low breast cancer growth have not been
elucidated. Ovariectomized female C57BL/6 mice were randomized (n=15/group) to
receive a control diet, a diet-induced obesity (DIO) diet, or a DIO + resveratrol (0.5%
wt/wt) diet. Mice consumed these diets ad libitum throughout study and after six weeks
were orthotopically injected with M-Wnt murine mammary tumor cells, a model of
estrogen receptor (ER)-negative claudin-low breast cancer. Compared with controls,
DIO mice displayed adipose dysregulation and metabolic perturbations including
increased mammary adipocyte size; cyclooxygenase (COX)- 2 expression;
inflammatory eicosanoid levels; macrophage infiltration; and prevalence of crown-like
structures (CLS). DIO mice (relative to controls) also had increased systemic
inflammatory cytokines and decreased adipocyte expression of PPARy and other
adipogenesis-regulating genes. Supplementing the DIO diet with resveratrol prevented

obesity-associated increases in mammary tumor growth, mammary adipocyte
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hypertrophy, COX-2 expression, macrophage infiltration, CLS prevalence, and serum
cytokines. Resveratrol also offset the obesity-associated downregulation of adipocyte
PPARYy and other adipogenesis genes in DIO mice. Our findings suggest that
resveratrol may inhibit obesity-associated inflammation and claudin-low breast cancer
growth by preventing adipocyte hypertrophy and associated adipose tissue

dysregulation that typically accompanies obesity.

B. Introduction

The prevalence of obesity, an established risk and prognostic factor for several
subtypes of breast cancer, has increased dramatically in the US and globally over the
past 35 years [114]. Obese, relative to normal weight, postmenopausal women with
estrogen receptor (ER)-negative breast cancer are more likely to have poorer response
to treatment and higher rates of recurrence [115]. This includes the ER-negative
claudin-low (CL) subtype of breast cancer, which is energy balance-responsive in
humans and mice and often confers a poor prognosis due to a current lack of targeted
therapies [16,116]. While obesity-associated inflammation is implicated in the generally
poor response to therapy and increase in mortality in obese women compared with their
lean counterparts, the mechanism by which inflammation promotes ER-negative
claudin-low breast cancer growth is unknown [117,118].

Chronic positive energy balance in obesity results in the remodeling of the
adipose microenvironment and results in hypertrophic adipocytes. Studies of C57BL/6
mice have established strong correlations between fat pad mass and mean adipocyte

size, a measure of hypertrophy [78]. Furthermore, with increasing adipocyte size the
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adipocyte secretome is enriched in pro-inflammatory adipokines and cytokines,
including tumor necrosis factor alpha (TNF-a) and interleukin (IL)-6 [79]. Adipocyte size
also positively correlates with macrophage infiltration in the adipose tissue as well as
systemic insulin resistance [80,81]. TNF-a is a potent inhibitor of adipogenesis and can
prevent preadipocytes from differentiating into mature adipocytes. Partially
transdifferentiated preadipocytes can possess a macrophage-like phenotype and
secrete cytokines similar to macrophages [76]. Isakson et al. harvested preadipocytes
from obese and non-obese adipose tissue biopsies and found that the number of
preadipocytes that differentiated into adipose cells was negatively correlated with both
BMI and adipocyte cell size of the donors [82].

The crosstalk between hypertrophied adipocytes and macrophages promote and
sustain a pro-inflammatory environment in adipose tissue, manifested by an influx of
immune cells and metabolic dysfunction. Macrophages that have infiltrated into adipose
tissue propagate the recruitment of additional macrophages by secreting
chemoattractants, including monocyte chemoattractant protein (MCP)- 1. Macrophages
also induce cyclooxygenase-2 (COX-2) expression resulting in high levels of
arachidonic acid metabolites such as prostaglandins that disrupt fatty acid homeostasis
by inhibiting adipogenesis. Prostaglandin (PG) F2 alpha (PGF.,) and PGE; inhibit
peroxisome proliferator-activated receptor gamma (PPARYy) [87], a transcription factor
regulating adipocyte differentiation and maintenance of insulin sensitivity. A higher ratio
of PPARy to COX-2, as achieved by COX-2 inhibition via non-steroidal anti-
inflammatory drugs (NSAIDs) or PPARy-agonists such as thiazolidinediones (TZD), is

associated with decreased macrophage infiltration and adipocyte insulin sensitivity [119-
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121]. Although not well studied in the context of cancer, pharmacologic strategies that
have been successful in resolving obesity-associated inflammation in diabetes were
dependent on restoring adipogenesis and adipocyte turnover [122,123].

Resveratrol is a natural polyphenolic compound produced in several species of
plants in response to pathogens [124]. Resveratrol supplementation increases PPARy
expression in vivo in the adipose tissue of obese mice and in vitro in cultured
macrophages and cancer cells [125-127]. Furthermore, resveratrol has demonstrated
potential as a cancer chemopreventive agent due to its established ability to attenuate
the pro-inflammatory effects of obesity [128,129]. Specifically, resveratrol decreases
TNF-a production [130], NF-kB activation [131] and COX-2 activity [132,133], targets
critical to perpetuating the cancer-promoting effects of adipose dysfunction in obesity.

The present study evaluated the ability of resveratrol to offset the effects of
obesity on adipose tissue dysfunction, inflammation and claudin-low breast cancer
growth. We and others have demonstrated success in disrupting the obesity-cancer link
in a variety of cancer types by targeting inflammation with omega-3 fatty acids, NSAIDs
or selective COX-2 inhibitors [134-136]. Here we hypothesized that resveratrol, via its
ability to remodel adipose tissue and inhibit pro-inflammatory cytokine production, would
protect against the pro-tumorigenic effects of obesity in our murine model of claudin-low

breast cancer.
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C. Materials and methods

In vivo studies

All animal studies and procedures were approved and monitored by the
University of Texas Institutional Animal Care and Use Committee. As summarized in
Figure 2.1A, eight-week-old ovariectomized female C57BL/6 mice were randomized
(n=15 per group, based on sample size calculations) to receive one of the following
three dietary regimens: i) control diet (catalog # D12450B; 10% kcal from fat); ii) diet-
induced obesity (DIO) regimen (catalog # D12492; 60% kcal from fat), or DIO regimen
supplemented with resveratrol (5 g resveratrol/kg DIO diet). All mice were fed ad libitum
and diets were purchased from Research Diets, Inc. (New Brunswick, NJ). Diets were
stored at 4°C in sealed bags and replaced biweekly to prevent oxidation. After five
weeks on diet mice underwent a retro-orbital bleed for serum collection. One week later,
mice received an orthotopic injection of 25,000 M-Wnt murine mammary tumor cells.
These cells were clonally derived from the Wnt-1 transgenic mouse model of mammary
cancer, display transcriptional profiles that closely align with human claudin-low breast
tumors, and when orthotopically transplanted into syngeneic C57BL/6 mice generate
claudin-low mammary tumors that are sensitive to energy balance modulation [16].
Transplanted tumor growth was monitored for five weeks, and tumors were measured
weekly with calipers. At study endpoint (week 11), mice were euthanized by CO2
inhalation followed by cervical dislocation and tumors and mammary fat pad were
excised and divided in portions to be formalin fixed or flash frozen in liquid nitrogen and

stored at -80°C until further analysis. Ex vivo tumor volume was calculated using the
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ellipsoid formula 1/61T x D4 x D2 x Dz where D4, D, and D3 indicate three distinct

diameter measurements in millimeters.

Quantitative magnetic resonance analysis

Body composition was measured on all mice at end of study by quantitative
magnetic resonance (QMR) (Echo Medical Systems, Houston, TX). Measurements
included lean mass, fat mass and total water mass. Percent body fat was calculated by

dividing fat mass by total body weight.

Serum hormone, adipokine and cytokine measurement

After five weeks on diet, blood was collected from mice fasted 4-6 hours by retro-
orbital bleed, allowed to clot for 30 minutes at room temperature, and serum was
collected and flash frozen for subsequent analyses. Insulin and leptin were measured
using mouse adipokine LINCOplex®Multiplex Assays (Millipore, Inc., Billerica, MA).
Insulin-like growth factor 1 (IGF-1) concentrations were measured using a Millipore
Milliplex Rat/Mouse IGF-1 Single Plex Assay and adiponectin concentrations were
measured using a Milliplex Mouse Adiponectin Single Plex (Millipore, Inc.). Serum
concentrations of mouse cytokines, including IL-18, IL-6, IL-10, IL-17A, interferon (IFN)-
v, TNF-a, and MCP-1, were measured using a Bio-Plex Pro™ Mouse Cytokine 7-Plex
Assay (Bio-rad, Inc., Hercules, CA). All assays were completed and analyzed on a

BioRad Bio-Plex 200 analysis system (Bio-rad, Inc., Hercules, CA).
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Histopathology and immunohistochemical staining

Paraffin embedded mammary and tumor tissue were cut into 4 um thick sections
for either hematoxylin and eosin (H&E) staining or immunohistochemical analysis.
Slides were deparaffinized and processed as previously described [137]. Mammary
tissues were stained with the following primary antibodies (source, dilution, and
incubation conditions presented parenthetically): COX-2 (Cayman catalog #160126,
1:500, 1 hour at room temperature (RT)) and PPARy (Abcam #ab59256, 1:250,
overnight at 4°C). Tumor tissues were stained with the following primary antibodies:
Macrophage Marker (RM0029-11H3), a pan-macrophage antibody (Santa Cruz sc-
101447, 1:100, overnight at 4°C) and F4/80 (Abcam #ab6640, 1:200, 2 hours at RT).
Slides were incubated with Dako EnVision™ l|abeled polymer for 30 minutes at RT,
followed by incubation with Dako diaminobenzidine to develop the antibody stain then
by a hematoxylin counterstain to visualize nuclei. Slides were scanned and digitized
using the Aperio CS2 Digital Pathology Scanner (Leica Biosystems, Wetzlar, Germany).
Quantification was performed using Aperio Digital Pathology platform. Briefly, three
representative areas / tissue (mammary or tumor) were viewed at 20-40X magnification
and scored based upon the percentage of cells with positive staining using individually

developed scoring algorithms [134].

Analysis of mammary and intratumoral adipocyte size
H & E staining on sections from formalin-fixed, paraffin-embedded mammary fat

pad tissue from 12-15 mice/group was processed, scanned and imaged at 40X
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magnification. Representative areas (n=3/mouse) were viewed at 8.8X magnification
(300 pm) and the size of mammary fat pad adipocytes (calculated as two-dimensional
area) was quantified using ImagedJ Version 1.51e (National Institute of Health,
Bethesda, Maryland). An adipocyte tool macro (MRI Adipocyte Tools.txt) was
downloaded from (http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Adipocytes Tool)
and imported into ImagedJ. A preprocessing and simple segmentation algorithm was run
on each digital image. The output generated gave squared area in pixels and number of
adipocyte counts. Area in pixels was converted to um? using a Moticam Aperio scanned
image of a 0.15 mm calibration slide. The area values from the representative three
digital images yielded between 345-1991 measurements for each mouse, which were
then compiled to calculate the 10™, 50" and 90" percentile of adipocyte area. Resultant

percentiles were then averaged by group.

Quantitative RT-PCR

Total RNA was extracted from the flash-frozen mammary fat pad samples
collected at end of study using TRI-Reagent (Sigma-Aldrich, St.Louis, MO) according to
manufacturer’s instructions. RNA concentration was spectrophotometrically determined
using a nanodrop (Thermo Scientific, Logan, UT). RNA was reverse transcribed with
Multiscribe RT (Applied Biosystems, Carlsbad, CA). Resulting cDNA from tissue
samples were assayed in triplicate for PCR using Tagman® Gene Expression Assays
for interleukin-6 (IL-6), serum amyloid A 3 (Saa3), monocyte chemoattractant protein-1
(MCP-1), c-x-c motif chemokine ligand 12 (CXCL12), granulocyte macrophage colony-

stimulating factor (GM-CSF), macrophage colony-stimulating factor (M-CSF), tumor
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necrosis factor-alpha (TNF-a), macrophage migration inhibitory factor (MIF), EGF-like
module receptor 1 (Emr1), and peroxisome proliferator-activated receptor gamma
(PPARY) (Applied Biosystems). PCR reactions were completed using a ViiA™ 7 Real
time PCR system (Applied Biosciences). Gene expression data were normalized to the
housekeeping gene [-actin and analyzed using the delta delta Ct cycle threshold

method.

Crown-like structure analysis

The formation of crown-like structures (CLS) was assessed from hematoxylin
and eosin staining of 4 um thick sections prepared from formalin-fixed paraffin
embedded mammary fat pad tissue. Briefly, the total number of CLS were counted in a
blinded fashion. CLS density measures were achieved by dividing CLS by the total slide
area used for analysis using ImageScope Viewing Software Version 12.0 (Leica

Biosystems). Values expressed as CLS/area of tissue in cm?.

Eicosanoid analysis

Eicosanoids in the mammary adipose tissues were extracted and analyzed by
liquid chromatography/tandem mass spectroscopy (LC/MS/MS) using the modified
method described previously [138]. LC/MS/MS analyses were performed using an
Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies) equipped with
an Agilent 1200 binary pump high-performance liquid chromatography (HPLC) system

as described previously [139].
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Adipogenesis PCR array

RNA was extracted from the mammary fat pad of control, DIO, and DIO +
resveratrol mice (n = 6/group) as described above. RNA was reverse transcribed using
a cDNA conversion kit according to the manufacturer’s instructions. The cDNA was
plated on the real-time Mouse Adipogenesis PCR Array (Qiagen, Hilden, Germany, RT?
Profiler PCR Array catalog # PAMM-049Z) in combination with RT> SYBR® Green
gPCR Mastermix (catalog # 330529). Ct values were uploaded to the Qiagen data

analysis web portal at http://www.giagen.com/geneglobe and fold change/regulation

was calculated using the delta delta Ct method.

Tissue resveratrol analysis

The wet weight of each tumor tissue sample was individually determined. One
mL of an extraction solvent consisting of 20% 0.1 M Sodium Acetate buffer (pH 3.8) and
80% methanol was added to each tissue sample. Piceatannol (Sigma) was added to the
samples as an internal standard to a final concentration of 0.5 pg/mL. The sample was
disrupted using a sonic dismembrator for one minute, then centrifuged at 10,000 x g for
10 minutes. An aliquot of 600 pL was taken from the supernatant and dried using a
Speed-Vac system. The samples were then resuspended in 100uL of the mobile phase
and aliquots were injected into a Waters Acquity UPLC H-Class (Waters Corporation,
Milford, MA). Analysis was accomplished using the peak area of the fluorescence
response of resveratrol and piceatannol, with the lower limit of detection at 5 ng/mL

(0.005 pg/mL). The results are reported as an average of two technical replicates.
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Statistical analyses

A priori sample size calculations were completed to determine the required
number of mice/treatment group (n=15) to provide >90% power to detect at least 25%
differences in the primary study outcome, which is mean tumor volume between
treatment groups [140]. Values are presented as group mean * standard deviation (s.d.).
For all tests, GraphPad Prism software was used (La Jolla, CA), and P < 0.05 was
considered statistically significant. Differences between groups in body weight and
calorie intake were analyzed by two-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. Differences between groups in body fat percentage, serum
hormones, adipokines, cytokines, adipocyte size, gene expression, CLS, IHC staining,
and tumor volume, were analyzed by one-way ANOVA followed by Tukey’s post hoc
test. Differences in gene expression detected using the Adipogenesis Array were

calculated using Student’s t-test using Qiagen data analysis web portal.

D. Results

Resveratrol supplementation does not impact the establishment of diet-induced
obesity

The DIO (alone or with resveratrol supplementation) and control regimens
generated obese and normoweight phenotypes, respectively (Figure 2.1B and 2.1C).
Significant differences in body weight were observed after three weeks on diet and
continued throughout the remainder of study between control mice and DIO mice. No
statistically significant differences in body weight or calorie intake were detected

between DIO and DIO + resveratrol mice throughout study. Average body weight is
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shown prior to tumor implantation for the first six weeks on diet (Figure 2.1B). DIO +
resveratrol mice consumed on average 2.9 — 5.1 mg resveratrol/body weight (g) per
week (Table 2.1). Percent body fat, obtained at end of study, was significantly lower in
control mice (30.1 £ 3.6%) vs. both DIO (49.3 £ 3.0%; P < 0.0001) and DIO +
resveratrol mice (46.2 £ 4.7%; P < 0.0001), with no statistical differences between DIO

and DIO + resveratrol mice (Figure 2.1C).
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Figure 2.1. Resveratrol supplementation does not impact the establishment of diet-
induced obesity (A) Mice began resveratrol supplementation at baseline and continued
throughout study. The DIO and control regimens effectively generated obese and normal weight
(NW) phenotypes, with significant differences in (B) body weight beginning after three weeks on
diet (DIO vs. control, P < 0.0001 denoted by oo; DIO + resveratrol vs. control P < 0.05 denoted
by *; DIO vs. DIO + resveratrol NS). After six weeks on diet and when mammary tumor cells
were injected, DIO and DIO + resveratrol had significantly greater body weights than control
mice (DIO vs. control, P < 0.0001; DIO + resveratrol vs. control P < 0.0001; DIO vs. DIO +
resveratrol NS). (C) Percent body fat, obtained at end of study, was significantly lower in control
mice vs. both DIO (P < 0.0001) and DIO + resveratrol (P < 0.0001), with no differences between
DIO and DIO + resveratrol mice. Data presented as mean + s.d. For percent body fat
differences in significance denoted by different letters (a,b).
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Table 2.1. Average weekly calorie and resveratrol intake

Resveratrol intake

kcal intake/week (mg)/ body weight
(kg)/day

Week Control DIO DIO + resveratrol Resveratrol

1 85.6+4.22 114.8+4.3° 110.2+3.5° 656.1
2 78.7+4.9° 102.9+3.7° 95.5+5.9° 653.6
3 76.1+3.42 104.6+4.5° 94.4+7.2° 552.9
4 74.0+3.62 96.6+2.5° 85.8+4.6° 493.8
5 76.0+4.72 96.9+5.2° 87.6+11.12 420.4
6 80.7+9.5° 90.1+8.4° 85.6+7.2° 417.9

Values are displayed per mouse as an average of mice from each group. kcal: kilocalories.
Statistical significance among groups denoted by different letters (a,b).

Resveratrol supplementation protects against serum metabolic and inflammatory
perturbations in DIO mice

DIO mice had significantly higher serum levels of IGF-1, insulin and leptin
compared with control mice (P < 0.01 for each analyte). DIO + resveratrol mice
displayed an intermediate level of IGF-1 and insulin which was not significantly different
from DIO or control mice. Leptin was significantly increased in both DIO and DIO +
resveratrol mice compared with control mice (DIO vs. control P < 0.0001; DIO +
resveratrol vs. control P < 0.0001). No differences in serum adiponectin levels were
detected between groups, but control mice on average had a significantly lower leptin to

adiponectin ratio compared with DIO and DIO + resveratrol mice (Table 2.2).
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Furthermore, DIO mice, relative to control mice, had significantly increased

serum levels of IL-6, IFN-y, TNF-a, and MCP-1 (P < 0.05 for each analyte). DIO +

resveratrol mice displayed significantly lower serum IL-6, IFN-y and TNF-a compared

with DIO mice (P < 0.05 for each analyte), to levels not statistically different than

controls. DIO + resveratrol mice had an intermediate level of MCP-1 which was not

significantly different from DIO or control mice. No significant differences were observed

between groups in serum IL-183, IL-10 and IL-17A (Table 2.2).

Table 2.2. Serum hormones, adipokines, and cytokines

Control DIO res[\)llg'a.'t-rol
Serum Hormones and
Adipokines (ng/mL)
Insulin 0.3+0.2° 1.0+0.8° 0.5+0.2°°
IGF-1 250.9+85.3°  406.6 + 102.8° 323.4+71.3%°
Leptin 1.2+0.5° 76+2.7° 6.2 +2.6°
Adiponectin 6.2 +3.1° 4.8 +2.2° 4.1+23a
Leptin: Adiponectin 0.5+0.9° 1.9+1.5° 2.0+ 1.4°
Serum Cytokines (pg/mL)
IFN-y 72+57° 254 +7.3° 11.4 +9.9°
IL-1B8 98.5 + 45.0° 161.1 + 87.6° 95.2 + 49.2°
IL-6 9.2 +3.3° 14.2 + 3.3 9.5+ 4.6°
IL-10 49.8 +17.0° 47.7 +21.17 47.6 + 15.9
IL-17A 19.3 + 1.4° 22.8 +6.0° 18.4 + 2.9
MCP-1 195.0 £ 76.2°  304.1 +57.8° 245.9 + 24.4%
TNF-a 204.7 +178.0° 576.5+307.8° 203.6 +261.9°

IFN-y: interferon-gamma; IL-1[3: interleukin-1 beta; IL-6: interleukin-6; IL-10: interleukin-10; IL-
17A: interleukin-17A; MCP-1: monocyte chemoatrractant protein-1; TNF-a: tumor necrosis
factor-alpha. Statistical significance among groups denoted by different letters (a,b).
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Resveratrol prevents adipocyte hypertrophy in the mammary fat pad of DIO mice
We measured the two-dimensional area of each adipocyte using stained H&E
sections of mammary fat pad tissue from 12-15 mice/group (Figure 2.2A). The 10"
percentile of adipocyte area for DIO mice (1614 + 627.7 ym?) was significantly greater
than the average 10™ percentile of control (336.7 + 133 pm?) and DIO + resveratrol mice
(399.2 + 197.1 ym?; Figure 2.2B and 2.2C). The average median (50" percentile)
adipocyte area for the DIO group (4891 + 1097 um?) was significantly greater compared
with control (1334 + 494.2 ym?) and DIO + resveratrol (2081 + 540 ym?). However, DIO
+ resveratrol mice had a median adipocyte area that was also significantly greater than
controls (Figures 2.2B and 2.2D). This trend was also seen in the 90" percentile of
adipocyte area, with the largest values in DIO mice (8940 + 1560 pym?), intermediate
values in DIO + resveratrol mice (5415 + 578.7 um?), and the lowest values in controls
(3311 + 1004 ym?; Figure 2.2B and 2.2E). All statistical differences were at P < 0.0001.
These findings on diet-dependent effects on adipocyte area provide additional support
that the DIO mice possessed hypertrophied adipocytes, and supplementation of the DIO

diet with resveratrol inhibited the pathogenic increase in adipocyte size.
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Figure 2.2. Resveratrol prevents adipocyte hypertrophy in the mammary fat pad of DIO
mice. We measured the two-dimensional area of each adipocyte (n = 14-15/group) in the
mammary fat pad using a stained H&E section, (A) representative image shown. (B) Histogram
distribution of the adipocyte area of the 10™, 50" and 90™ percentile is shown for control, DIO
and DIO + resveratrol. Red dashed lines indicate the median of each percentile. DIO mice had
significantly higher adipocyte area for the (C) 10" percentile compared to both control and DIO
+ resveratrol (DIO vs. control P < 0.0001; DIO vs. DIO + resveratrol P < 0.0001; control vs. DIO
+ resveratrol NS). DIO mice had significantly higher adipocyte area for the (D) 50" percentile
compared to control and DIO + resveratrol (DIO vs. control P < 0.0001; DIO vs. DIO +
resveratrol P < 0.0001). However, DIO + resveratrol mice also had significantly higher adipocyte
area for the 50" percentile compared to control (P < 0.05). Similarly, DIO mice had significantly
higher adipocyte area for the 90™ percentile compared to control and DIO + resveratrol (DIO vs.
control P < 0.0001; DIO vs. DIO + resveratrol P < 0.0001). Additionally, DIO + resveratrol mice
also had significantly higher adipocyte area for the 90" percentile compared to control (P <
0.0001). Data presented as mean £ s.d Differences in significance denoted by different letters
(a,b).
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Resveratrol protects against inflammatory and macrophage gene signaling in DIO
mice

We measured gene expression in the mammary fat pad of mice for mediators of
inflammation and genes implicated in macrophage recruitment, proliferation and
secretory products of activated macrophages. DIO mice had significantly increased
gene expression of the pro-inflammatory mediators IL-6 (DIO vs. control P < 0.01; DIO
vs. DIO + resveratrol P < 0.05) and Saa3 (DIO vs. control P < 0.01; DIO vs. DIO +
resveratrol P < 0.01; Figure 2.3A). DIO mice displayed increased gene expression of
MCP-1 (P < 0.05) compared with DIO + resveratrol, but not control mice. CXCL12
expression was increased in DIO mice compared with both control (P < 0.01) and DIO +
resveratrol (P < 0.01; Figure 2.3B). DIO mice, relative to control mice and DIO +
resveratrol mice, also displayed increased expression of GM-CSF (DIO vs. control P <
0.01; DIO vs. DIO + resveratrol P < 0.01) and M-CSF (DIO vs. control P < 0.05; DIO vs.
DIO + resveratrol P < 0.01; Figure 2.3C), which promote macrophage proliferation.
Gene expression of TNF-a and MIF, which are both predominantly secreted by
macrophages in the adipose tissue, were significantly increased in DIO mice compared

with control mice (P < 0.05) and DIO + resveratrol mice (P < 0.01; Figure 2.3D).
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Figure 2.3. Resveratrol protects against inflammatory and macrophage gene signaling in
DIO mice. DIO mice had significantly increased gene expression of the pro-inflammatory
mediators (A) IL-6 and Saa3 relative to both control and DIO + resveratrol mice. DIO mice also
had significantly increased gene expression of (B) macrophage signaling molecules monocyte
chemoattractant protein (MCP)-1 and CXC Ligand (CXCL) compared to DIO + resveratrol mice.
DIO mice had significantly increased expression of DIO mice had significantly increased gene
expression of (C) GM-CSF and M-CSF, which promote macrophage proliferation, compared to
both control and DIO + resveratrol mice. Gene expression of secretory products of activated
macrophages, including (D) TNF-a and macrophage inhibitor factor (MIF) were significantly
increased in DIO mice compared to both control and DIO + resveratrol mice. Data presented as
mean = s.d Differences in significance denoted by different letters (a,b).
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Resveratrol blunts mammary gland crown-like structure formation and COX-2
protein expression in DIO mice

To extend our findings from mammary gene expression profiles suggesting
resveratrol supplementation modulated macrophage activity, we measured the number
of crown-like structures (CLS) in the mammary fat pads of 14-15 mice/group. CLS are
indicative of macrophages surrounding dead or dying adipocytes. The density of CLS
(expressed as CLS / area of tissue in cm?) in the mammary fad pad was significantly
increased in DIO mice (15.5 + 5.6 CLS/cm?) relative to control (9.6 + 4.0 CLS/cm?; P <

0.01) and DIO + resveratrol mice (11.2 + 3.5 CLS/cm?; P < 0.05; Figure 2.4A and 2.4B).
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Gene expression of Emr1, which is specific to macrophages, was also increased in DIO
mice compared to both control (P < 0.05) and DIO + resveratrol (P < 0.05; Figure 2.4C).
We also quantified COX-2 protein expression using immunohistochemistry

analysis on formalin-fixed, paraffin-embedded tissue from the mammary fat pads of
mice fed the control, DIO, and DIO + resveratrol diets. DIO mice displayed
approximately a two-fold increase in COX-2 protein expression relative to control (P <

0.0001) and DIO + resveratrol mice (P < 0.0001; Figure 2.4A and 2.4D).
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Figure 2.4. Resveratrol blunts mammary gland crown-like structure formation and COX-2
protein expression in DIO mice. We measured the number of crown-like structures (CLS) (n =
14-15/group) in the mammary fat pad using a stained H&E section, representative image shown
(A). The prevalence of (B) CLS (expressed as CLS / area of tissue in cm?) in the mammary fad
pad was significantly increased in DIO mice relative to control and DIO + resveratrol mice (DIO
vs. control P < 0.005; DIO vs. DIO + resveratrol P < 0.05; control vs. DIO + resveratrol NS).
Gene expression of EGF-like module receptor 1 (Emr1), a macrophage-specific marker, was
significantly increased in DIO mice compared with control and DIO + resveratrol mice. (D) COX-
2 protein expression, representative image shown (A) was significantly increased in DIO mice
compared with both control and DIO + resveratrol mice (DIO vs. control P < 0.0001; DIO vs.
DIO + resveratrol P < 0.0001; control vs. DIO + resveratrol NS). Data presented as mean + s.d.
Differences in significance denoted by different letters (a,b).
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Resveratrol modulates mammary tissue levels of eicosanoids and other
inflammatory lipid derivatives in DIO mice

To test if modulation of COX-2 expression in the mammary fat pad resulted in
corresponding effects in levels of downstream metabolites, we analyzed the 4th
mammary fat pad from each of 4 mice/group for levels of inflammatory lipid derivatives.
DIO mice had significantly increased levels of arachidonic acid (AA) pro-inflammatory
mediators PGF2q (P < 0.05 vs. control; P < 0.05 vs. DIO + resveratrol), PGE; (P < 0.05
vs. control; P < 0.05 vs. DIO + resveratrol), 13PGE,, as well as linoleic acid (LA) derived
13-hydroxyoctadecadienoic acid (13-HODE) compared with DIO + resveratrol mice.
Relative to DIO mice, control mice had significantly decreased PGF,,and 13-HODE but
intermediate levels of PGE, and 13PGE,. No substantial differences between the diet
treatment groups were observed in the anti-inflammatory intermediates PGE and PGE;
or the pro-inflammatory intermediates 6ketoPGF 4, PGD,, thromboxane B2 (TXB2), 5-

hydroxyeicosatetraenoic acid (5-HETE), 12-HETE and 15-HETE (Table 2.3).

44



Table 2.3. Eicosanoid intermediates in mouse mammary tissue

Metabolite Control DIO res[\)lga.'t.rol
5-HETE 1.5+0.8° 23+14° 1.2+0.5°
12-HETE 62.6 + 40.1° 34.5+31.3° 241 +£8.1°
15-HETE 52+3.3° 4.9+ 3.2° 50+1.4°
13-HODE 69.9 £ 19.7° 328.4 + 124.7° 98.8 + 79.8°
PGD; 43.6 £ 19.0° 110.8 + 69.5° 52.0 + 34.6°
PGE; 3.3+1.7° 3.8+2.0° 1.9+1.3°
PGE; 27.2 +13.4*° 54.4 +12.0° 16.0 +7.8°
PGF2, 7.4 3.5 15.0 + 4.3 8.1+2.3°
PGE; 0.3+0.1° 04+0.2° 0.9+0.8°
13PGE; 1.6 £ 0.6*° 2.4+0.8° 0.8+0.2°
6ketoPGF 14 323+7.9° 35.5 + 35.0° 13.7 £ 8.2°
TXB; 9.8+54° 114 +£7.9° 8.2+6.2°
HETE: hydroxyeicosatetraenoic acid; PG: prostaglandin; TX: thromboxane. Statistical
significance among groups denoted by different letters (a,b).

Resveratrol maintains mammary tissue PPARYy expression in DIO mice

COX-2 metabolites PGF,, and PGE; are known to inhibit PPARYy, a key regulator
of adipogenesis [87], and these interactions could explain the differences in adipocyte
size observed between DIO and DIO + resveratrol mice despite both groups having
equivalent body fat percentage. Accordingly, we performed immunohistochemistry
analysis on paraffin embedded mammary tissue for protein levels of PPARy. Relative to

DIO mice, control and DIO + resveratrol mice had significantly increased staining of
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positive nuclei for PPARy in the mammary fat pad (DIO vs. control P < 0.0001; DIO vs.
DIO + resveratrol P < 0.0001; Figure 2.5A and 2.5B). Furthermore, DIO mice had
significantly decreased PPARYy gene expression compared with DIO + resveratrol mice
(P < 0.01); control mice displayed intermediate gene expression, not statistically

different from DIO or DIO + resveratrol mice (Figure 2.5C).
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Figure 2.5. Resveratrol maintains mammary tissue PPARy expression in DIO mice
PPARYy protein expression (B), representative image shown (A), was significantly decreased in
DIO mice compared to both control and DIO + resveratrol mice (DIO vs. control P <0.0001; DIO
vs. DIO + resveratrol P < 0.0001; control vs. DIO + resveratrol NS). Similarly, DIO mice had
significantly decreased (C) PPARy gene expression compared to DIO + resveratrol mice,
however control mice displayed intermediate gene expression, (DIO vs. control NS; DIO vs. DIO
+ resveratrol P < 0.01; control vs. DIO + resveratrol NS). Data presented as mean + s.d.
Differences in significance denoted by different letters (a,b).
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Resveratrol protects against obesity-induced dysregulated expression of
adipogenesis-related genes in DIO mice

To further characterize the effects of maintained PPARYy expression in DIO +
resveratrol mice, we performed a quantitative real-time Adipogenesis PCR array on
mammary fat pad tissue for genes involved in preadipocyte commitment, differentiation
and adipocyte maturation. Differential expression data (Figure 2.6) demonstrate that
DIO mice display patterns of decreased gene expression of targets across the spectrum
of adipogenesis compared with control and DIO + resveratrol mice. Furthermore, DIO +
resveratrol mice displayed a unique increase in expression of genes implicated in the
beiging of adipocytes, relative to both control and DIO mice.

Generally, DIO mice, relative to controls, had significantly decreased expression
of factors promoting stem cell differentiation to preadipocytes, including Adipogenin
(Adig), fibroblast growth factor 2 (Fgf2), and nuclear receptor subfamily 0 group B
member (NrOb2). DIO + resveratrol mice generally had intermediate expression levels
of these preadipocyte differentiation factors that did not significantly differ from either
control or DIO mice. Genes which facilitate adipogenesis, including the master
regulators PPARy and CCAAT/enhancer binding protein a (Cebpa), were similarly
expressed in control and DIO + resveratrol mice; both groups displayed expression
levels of these adipogenesis regulators that were generally higher than in DIO mice.
Furthermore, downstream targets of PPARYy, including insulin receptor 2 (Irs2), fatty
acid binding protein 4 (Fabp4) and lipoprotein lipase (Lpl) that are known to promote a
mature adipocyte phenotype, were decreased in DIO mice compared with control and

DIO + resveratrol mice.

47



The expression of the transcriptional regulator PRD1-BF1-RIZ1 homologous PR
domain containing 16 (Prdm16) and Forkhead Box C2 (Foxc2), which both promote the
beiging of adipose tissue, was significantly increased in DIO + resveratrol mice
compared with both control and DIO mice. The expression of uncoupling protein 1
(Ucp1), a specific marker of adipose browning, was decreased in DIO mice compared

with control and DIO + resveratrol mice (Figure 2.6).
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Figure 2.6. Resveratrol protects against obesity-induced dysregulated expression of
adipogenesis-related genes in DIO mice. We performed a quantitative real-time Adipogenesis
PCR array on mammary fat pad tissue for genes involved in preadipocyte commitment,
differentiation, adipocyte maturation and adipocyte beiging. Heatmap representation of log2 fold
change (log2 (experimental group) — log2 (average of all groups)) of control, DIO and DIO +
resveratrol mice (n = 4-5/group). Black indicates a log, fold change of zero, representing a
lack of change between the experimental group and the the average of all groups. Increasing
brightness of green indicates an increase in expression (log2 fold change >0). Increasing
brightness of red indicates a lower level of the expression in the experimental group in
comparison to the average of all groups (log2 fold change <0).
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Resveratrol protects against enhanced M-Wnt murine mammary tumor size,
infiltrating adipocyte size, and tumor associated macrophages in DIO mice

To characterize the effects of obesity with and without adipose tissue dysfunction
(the latter achieved in DIO + resveratrol mice) on mammary tumor growth, we
orthotopically injected mice with M-Wnt mammary tumor cells, which model claudin-low
breast cancer [16]. DIO mice had significantly increased mean ex vivo tumor volume
(364.5 + 98.1 mm?) compared with DIO + resveratrol mice (224.8 + 113.0 mm?; P <
0.05) and control mice (159.8 + 115.1 mm?; P < 0.01). Furthermore, the mean ex vivo
tumor volume of DIO + resveratrol mice and control mice did not statistically differ
(Figure 2.7A). We confirmed the presence of resveratrol in tumor tissue by HPLC (Table
2.4). H&E staining of 10 randomly selected tumors/group revealed a markedly
increased accumulation of adipocytes within the tumor tissue of DIO mice compared
with control and DIO + resveratrol mice. We measured intratumoral adipocyte size via
two-dimensional area analysis of each adipocyte present in the tumor. The median
adipocyte area for DIO mice was statistically significantly higher than control (P < 0.01)
and DIO + resveratrol mice (P < 0.05; Figure 2.7B and 2.7E).

We also quantified the presence of intratumoral macrophages by utilizing
immunohistochemistry on sections of tumor tissue with two different markers: i)
Macrophage marker RM0029-11H3 (n = 3 randomly selected tumors/group), a pan-
macrophage marker; and ii) F4/80 (n = 5-7 randomly selected tumors/group), a stain
more specific to tumor-associated macrophages [141,142]. Tumors from DIO mice
displayed nearly a three-fold increase in positive staining for both Macrophage marker
(RM0029-11H3) compared with control (P < 0.01) and DIO + resveratrol mice (P < 0.01;

Figure 2.7C and 2.7E). Similarly, DIO tumors had significantly increased positive
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staining for F4/80 compared with control (P < 0.01) and DIO + resveratrol mice (P <
0.01; Figure 2.7D and 2.7E). The tumors from DIO + resveratrol mice did not statistically
differ from control tumors in their positivity for Macrophage marker and F4/80 (Figure

2.7D and 2.7E).
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Figure 2.7. Resveratrol protects against enhanced M-Wnt murine mammary tumor size,
infiltrating adipocyte size, and tumor associated macrophages in DIO mice. DIO mice had
significantly increased (A) ex vivo tumor volume compared to DIO + resveratrol (P < 0.01) and
control (P < 0.0001). To detect differences in (B) intratumoral adipocytes we analyzed tumor
H&E section on a subset of mice (n = 10/group) and measured the two-dimensional area of
each adipocyte. The (C) median adipocyte size in tumors from DIO mice was significantly
increased compared to both control (P < 0.001) and DIO + resveratrol (P < 0.0001). The
abundance of (D) F4/80 positive staining was significantly higher in DIO mice compared with
control and DIO + resveratrol mice. Representative image shown in (E). Data presented as
mean = s.d. Differences in significance denoted by different letters (a,b).
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Table 2.4. Resveratrol levels detected in tumors

Resveratrol ng/pg wet weight

Control DIO DIO + resveratrol

n=4 tumors n=4 tumors n=7 tumors

0 0 100
0 0 59
0 1 51
0 0 48
- - 151

E. Discussion

We report that resveratrol supplementation prevents obesity-induced adipose
tissue dysfunction, chiefly adipocyte hypertrophy, and reduces tumor growth in obese
mice orthotopically transplanted with an aggressive claudin-low subtype of breast
cancer. The anticancer effects of resveratrol in DIO mice were associated with: 1)
smaller mammary adipocyte size; 2) lower expression of genes (normalized to control
levels) involved in promoting inflammation, macrophage recruitment and signaling; 3)
decreased mammary CLS; 4) lower expression of COX-2 and pro-inflammatory
eicosanoids; and 5) maintenance of mammary expression of pro-adipogenic genes,
notably PPARYy.

This study contributes vital knowledge about the impact of resveratrol
supplementation on obesity-associated metabolic dysfunction and mammary tumor
progression. Our findings are in agreement with several other studies demonstrating
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that resveratrol supplementation in the context of a DIO diet favorably modulates
measures of insulin sensitivity and adipose tissue inflammation to levels comparable to
lean, metabolically healthy counterparts [54,130,143]. Furthermore, the anticancer
benefits we observed on claudin-low mammary tumor growth are consistent with
findings investigating the effects of resveratrol in lung, skin, ovarian, colon, and prostate
cancer studies [144-149]. The observation that resveratrol exerts potent anticancer
effects in obese mice supports the hypothesis suggested by several reports that
resveratrol primarily exerts beneficial effects in the face of metabolic perturbations or
inflammation (as occurs with obesity). For example, Kang et al. showed that resveratrol
improved insulin signaling only in the face of an insulin resistant state in vitro and in vivo
[150]. Carreras et al. demonstrated that resveratrol supplementation in male mice
reduced visceral white adipose tissue macrophages under conditions of intermittent
hypoxia in a mouse model of sleep apnea, but not under normal conditions in wild-type
mice [151]. One apparent exception to the notion that resveratrol exerts anticancer
effects primarily in the context of a pro-inflammatory state is from 7,12-
Dimethylbenzanthracene (DMBA)-induced mammary carcinogenesis studies in which
resveratrol enhanced cell-mediated immune response and apoptosis and reduced
epithelial carcinogenesis in lean mice [152]. However, even though the mice in this
study were lean, topical DMBA treatment is well known to increase cutaneous oxidative
stress and inflammation regardless of body weight or adiposity [132,133].

Inflammation reprograms the cellular composition of adipose tissue, including an
influx of macrophages and other immune cells that secrete factors to propagate

additional macrophage recruitment. TNF-a is produced by macrophages and is the

52



predominant cytokine contributor to insulin resistance in the adipose tissue. TNF-a
inhibits adipogenesis, reduces the expression of genes in mature adipocytes that
enable an adequate insulin response, and directly interferes with insulin-induced
glucose metabolism by downregulating glucose transporter (GLUT)-4 as well as the
activity of IRS-1 [153,154]. In our study, we demonstrated that resveratrol
supplementation decreased serum TNF-a as well as mammary TNF-a gene expression.
Our findings are consistent with Kang et al. which showed that resveratrol inhibited
TNF-a release from macrophages and adipocytes after exposure to conditioned media
from macrophages treated with resveratrol [155]. Adipose tissue inflammation, including
high levels of TNF-a, drives adipose-derived stem cells towards an endothelial cell or
fibroblast fate rather than differentiation into a mature adipocyte [156]. The anti-
inflammatory activity of resveratrol, including the decreased TNF-a expression and
prevention of macrophage infiltration into the adipose tissue, supports adipogenesis.
This is consistent with the findings of Hu et al., who examined the in vitro effects of
resveratrol supplementation in 3T3-L1 preadipocytes at varying doses and found that
resveratrol treatment at physiologically relevant levels (1 and 10 yM) enhanced 3T3-L1
adipocyte differentiation while doses above 10 uM resveratrol induced cell death [157]..
Other groups have shown that deleterious levels of TNF-a, prevalent in obesity, can
stimulate the dedifferentiation of adipocytes, which delipidate and take on a fibroblast-
like phenotype and lack the ability to respond to insulin and store triglyceride [158]. The
apparent dose-dependent effects on preadipocyte fate is supported by several reports
showing that resveratrol at very high concentrations inhibits PPARYy, adipocyte

differentiation and adipocyte viability in vitro [159,160]. In addition to impacting
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preadipocyte fate, resveratrol has also been shown to inhibit breast cancer stem cells
by suppressing the Wnt/3-Catenin signaling pathway, which is involved in tumor growth
and metastasis and can also regulate adipogenesis [161].

We report here that supplementation of resveratrol in the diet (0.5% w/w)
resulted in an average intake/kg body weight/day of 532.4 mg/kg/day, which is in the
upper half of the range of doses shown to have anticancer effects in multiple preclinical
cancer studies [162]. We found that this pharmacologic level of resveratrol
supplementation in DIO + resveratrol mice relative to DIO mice did not impact body
weight or body fat percentage, but did impart considerable protection against obesity-
associated inflammation. Preventing adipocyte hypertrophy and the associated shift in
pro-inflammatory cytokines (including TNF-a and IL-6) produced by hypertrophied
adipocytes may explain why DIO + resveratrol mice, relative to DIO mice, had lower
gene expression of cytokines associated with recruitment of macrophages, as well as
lower COX-2 expression. Notably, our adipogenesis array in the mammary fat pad
revealed that resveratrol offset the obesity-induced decrease of pro-adipogenic gene
signaling (Figure 2.6), with a shift in gene expression in DIO + resveratrol towards that
observed in control rather than DIO mice. Konings et al. reported that resveratrol
supplementation (at 150 mg/day, ~ 1.5 mg/kg body weight/day) for 30 days in obese
men significantly decreased abdominal subcutaneous adipocyte size [130], [163].
Similar to our findings, Konings et al. also completed a microarray analysis, which
indicated a downregulation in Wnt signaling. Additionally, Jimenez-Gomez et al.
observed that rhesus monkeys on a high-fat, high-sugar diet supplemented with

resveratrol (80 mg/day in year 1; 480 mg/day in year 2) displayed an increase in the
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number of small adipocytes in visceral white adipose tissue and a significant difference
in mean adipocyte size between the animals on the high-fat, high-sugar diet vs. high-fat,
high-sugar diet + resveratrol [54].

From our adipogenesis array, we observed that DIO + resveratrol mice displayed
Pgc1a and Fabp4 expression levels that were not statistically different from control
mice, while DIO mice had significantly lower expression of both genes. Pgc1a and
Fabp4, which facilitate adipose beiging and fatty acid uptake, respectively, are
downstream targets of PPARYy [164]. Prevention of the aberrant decrease in gene
expression of adipogenesis-related and beiging-related genes observed in DIO mice
may also contribute importantly to the protective effects of resveratrol against tumor
growth in DIO + resveratrol mice. Enrichment of beige/brown adipose tissue relative to
white adipose tissue could change the adipose secretome and limit lipids and other
nutrients available to the tumor. Previous reports provided additional evidence that
resveratrol enhances beige adipocyte development. For example, Zou et al. found white
adipose tissue browning in the male offspring of obese mothers supplemented with
resveratrol in the diet (0.2% w/w) during pregnancy [165]. Resveratrol also induced
adipose browning when added to an obesogenic diet [166].

There were several limitations to our study. First, we attempted to measure
levels of resveratrol metabolites in the serum but had a limited number of samples pass
the threshold of detection. Thus, we are unable to report the serum levels that our dose
achieved. However, we were successful in measuring resveratrol levels in our tumors
and found a range from 157.7 nmol/g to 661.5 nmol/g (Supplementary Table 2.3). This

is comparable to the levels in the murine prostate reported by Narayanan et al. that
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range from 175.2 nmol/g to 416.2 nmol/g [149]. To our knowledge tissue resveratrol
concentrations in human tumors following resveratrol supplementation have not been
reported so we unfortunately cannot compare the levels observed in our preclinical
studies to human studies. Another limitation of our study is the lack (due to funding
restrictions) of a normal weight control group supplemented with resveratrol, which
could have more clearly delineated the effects (if any) of resveratrol in the absence of
obesity. We also found no effect of resveratrol on the sirtuin pathway in our study. In
vitro studies and some in vivo studies have reported that the anticancer effects of
resveratrol may involve SIRT1 activation, although this may be dose-dependent [167].
Given the high prevalence of obesity in the US and many other countries, the
emerging association between obesity and the development and progression of several
breast cancer subtypes (including the deadly claudin-low breast cancer subtype), and
the current lack of targeted therapies for this and other subtypes of triple-negative
breast cancer, our findings have several important implications. Our preclinical data is
the first to establish that resveratrol supplementation prevents obesity-associated
increases in claudin-low mammary tumor growth, mammary adipocyte hypertrophy,
COX-2 expression, macrophage infiltration, adipose CLS enrichment, and serum
cytokines. Resveratrol supplementation also ameliorates downregulation of adipocyte
PPARYy and other adipogenesis genes in DIO mice. We conclude that preventing
obesity-associated adipose tissue dysregulation can be achieved with resveratrol
supplementation and may represent an effective intervention strategy for breaking the

links between obesity and breast cancer, including the claudin-low subtype.
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CHAPTER lll: TARGETING OBESITY-ASSOCIATED INFLAMMATION TO
DECREASE MURINE BASAL-LIKE MAMMARY TUMOR BURDEN

A. Chapter Précis

Adipose tissue dysregulation, a hallmark of obesity, contributes to a chronic state
of low-grade inflammation, which can promote cancer growth through multiple signaling
pathways. We tested the hypothesis that anti-inflammatory supplementation with the
non-steroidal anti-inflammatory drug (NSAID) Sulindac or Omega-3 ethyl esters can
reduce chronic obesity-associated inflammation, which may function as a critical driver
of the enhanced basal-like breast cancer (BLBC) growth observed in obesity. 120
female 6-8 week old C57BL/6 mice were administered a control diet (10% kcal from fat)
or diet-induced obesity regimen (DIO, 60% kcal from fat) resulting in normal weight
(NW) Control or Obese phenotypes, respectively. After 15 weeks, mice on each diet
were randomized to receive no supplement (Control), Sulindac (160 ppm) or Omega-3
ethyl esters (25 ppm) in the diet, resulting in n=20/group. Ten weeks later, all mice were
orthotopically injected with E0O771 cells, a model of BLBC. Five mice/group were
euthanized at a 4-week intermediate time-point after injection, while 15 mice/group
continued in a survival study. Mammary median adipocyte size was lower in
DIO+Sulindac mice compared to DIO and DIO+Omega-3 mice, though neither anti-
inflammatory supplement affected body weight or total body fat percentage. Sulindac
supplementation in DIO mice (but not in NW Control mice) significantly reduced mean

tumor volume at the 4-week intermediate time point and increased tumor latency in the
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survival arm of the study, in comparison to non-supplemented counterparts. Omega-3
supplementation in DIO mice produced an intermediate reduction in tumor volume but
did not significantly affect survival. DIO+Sulindac mice also displayed significantly
decreased levels of pro-inflammatory eicosanoids in the tumor compared to DIO and
DIO+Omega-3, including PGE,, PGF,. and 13 PGE;. Furthermore, Sulindac
supplementation inhibited adipose tissue dysregulation in DIO mice, significantly
reducing mammary CLS density and modulating expression of pro-inflammatory genes
and genes involved in lipid metabolism. Our findings demonstrate that Sulindac was a
more effective anti-tumor agent than Omega-3 in our mouse model of basal-like breast
cancer, possibly via superior anti-inflammatory activity. Mechanism-based anti-
inflammatory interventions within the diet may help to suppress obesity-induced

inflammation and break the obesity-cancer link.

B. Introduction

Obesity is characterized by an upregulation in inflammatory pathways and
dysregulated metabolism [103]. The excessive adipocyte lipolysis that typically
accompanies obesity produces pathogenic levels of free fatty acids (FFA), which are
increased by 20-40% in the plasma of obese humans and mice compared to their lean
counterparts [63,64]. These FFA activate the NF-xB pathway, a key regulator of
inflammation, and enhance cyclooxygenase 2 (COX-2) expression and recruitment of
inflammatory macrophages [86]. In addition, adipocyte lipolysis preferentially releases
eicosapentaenoic acid and arachidonic acid, precursors for the 3- and 2- series of

prostaglandins, respectively [168]. COX and LOX produce anti-inflammatory eicosanoid
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products from Omega-3 PUFAs, whereas proliferative and pro-inflammatory eicosanoid
mediators are produced from arachidonic acid [169]. PGE. is the most abundant COX-
derived product, and it exacerbates metabolic dysfunction in obesity in part by inhibiting
adipogenesis. Hu et al. used a combination of in vivo and in vitro techniques to show
that adipocytes undergoing lipolysis produce PGE;, which also strongly promotes
macrophage migration [94].

Pre-clinical studies utilizing celebcoxib, a selective COX-2 nonsteroidal anti-
inflammatory drug (NSAID), or genetic deletion of COX-2 heavily implicate COX-2 as a
mediator of adipose tissue dysregulation [92]. Mice on a high-fat diet that received
celecoxib have shown reduced expression of monocyte chemoattractant protein 1
(MCP-1) with concurrent decreases in macrophage infiltration in epididymal and
subcutaneous fat depots [92]. Michaud et al. demonstrated that enhanced lipolytic
responsiveness significantly correlated with adipocyte size and expression of
macrophage markers CD68 and CD11b. However, the correlation remained significant
after adjusting for adipocyte size, rendering macrophages more responsible for high
lipolytic responsiveness [170].

Changes in the cellular composition of the mammary tissue in obese women
further enhance PGE; production. Hypertrophic adipocytes secrete larger amounts of
pro-inflammatory cytokines such as TNF-a and Hif-1a. compared to adipocytes that are
normal in size. TNF-a is a potent inhibitor of adipogenesis and can prevent
preadipocytes from differentiating into mature adipocytes or stimulate dedifferentiation
of mature adipocytes into a fibroblast-like cell [99]. Hif-1a. binds to a hypoxia-responsive

element on the COX-2 promoter, resulting in an upregulation of COX-2 and its
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metabolite PGE; during hypoxia [171]. Thus, in the obese mammary stroma, fibroblasts
and preadipocytes are rich sources of PGE; [100].

COX-2 expression, in association with increased PGE; levels, has also been
linked to increased metastasis and reduced breast cancer survival [95,96]. Zhou et al.
found that triple-negative breast cancer (TNBC) patients and non-TNBC patients
expressed similar levels of COX-2 (32.3% and 38.6%, respectively). However, positive
COX-2 expression only correlated with TNBC patient survival [172]. Sulindac is an
NSAID that inhibits both COX-1 and COX-2. Preclinical studies utilizing sulindac have
shown an anti-cancer benefit related to pro-apoptotic and insulin sensitizing effects as
well as a favorable modulation of bioactive lipids and subsequent effects on the immune
response [173-175]. Omega-3 ethyl esters have also been shown to inhibit COX-2 and
blunt the pro-tumorigenic effects of obesity by reducing inflammatory signaling
[134,176]. We tested the hypothesis that supplementation of the anti-inflammatory
compounds sulindac or Omega-3 ethyl esters would blunt the protumorigenic effects of

obesity in a model of basal-like breast cancer, the most common form of TNBC.

C. Materials and Methods

In vivo studies

All animal studies and procedures were approved and monitored by the
University of North Carolina at Chapel Hill Institutional Animal Care and Use
Committee.120 female 6-8 week old C57BL/6 mice were administered a control diet
(10% kcal from fat) or diet-induced obesity regimen (DIO, 60% kcal from fat) resulting in
normal weight (NW) Control or Obese phenotypes respectively. After 15 weeks, mice on
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each diet were randomized to receive no supplement, Sulindac (160 ppm) or Omega-3
ethyl esters (25 ppm) in the diet, resulting in n=20/group. All mice were fed ad libitum
and diets were purchased from Research Diets (New Brunswick, NJ). Diets were stored
at 4°C in sealed bags and replaced biweekly to prevent oxidation. Nine weeks after
initiating anti-inflammatory supplementation, all mice underwent a submandibular bleed
for serum collection. One week later, mice received an orthotopic injection of 30,000
EOQ771 cells, a model of basal-like breast cancer. Five mice/group were killed, and their
tissue collected and stored at an intermediate time-point four weeks after injection, while
15 mice/group continued in a survival study; these mice were killed when tumor size
reached 1.2 cm in diameter in any direction. Transplanted tumor growth was monitored
daily and tumors were measured biweekly with calipers. At study endpoint (interim or
survival sac) mice were euthanized by CO; inhalation followed by cervical dislocation
and tumors and mammary fat pad were excised and weighed, then divided in portions
to be formalin fixed or flash frozen in liquid nitrogen and stored at -80°C until further
analysis. Ex vivo tumor volume was calculated using the ellipsoid formula 1/61 x D4 x
D, x Dz where D4, D2, and D3 indicate three distinct diameter measurements in

millimeters.

Quantitative magnetic resonance analysis

Body composition was measured on all mice at end of study by quantitative
magnetic resonance (QMR) (Echo Medical Systems, Houston, TX). Measurements
included lean mass, fat mass and total water mass. Percent body fat was calculated by

dividing fat mass by total body weight.
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Serum hormone and adipokine and measurement

Nine weeks after initiating the anti-inflammatory supplementation, blood was
collected from mice fasted 4-6 hours by submandibular bleed, allowed to clot for 30
minutes at room temperature, and serum was collected and flash frozen for subsequent
analyses. Serum hormones and adipokines including insulin, leptin, adiponectin, and
resistin were measured using Bio-Plex Pro™ Mouse Diabetes Panel 8-Plex, Mouse
Diabetes Adiponectin Assay, respectively (Bio-Rad Laboratories; Hercules, California).
Insulin-like growth factor 1 (IGF-1) concentrations were measured using R & D systems

IGF-1 Bead-Based Single-plex Luminex assay (Minneapolis, MN).

Histopathology and analysis of mammary and intratumoral adipocyte size
Paraffin embedded mammary and tumor tissue were cut into 4 um thick sections
for hematoxlin and eosin (H&E) staining. Slides were deparaffinized and processed as
previously described [137]. Slides were scanned and digitized using the Aperio CS2
Digital Pathology Scanner (Leica Biosystems, Wetzlar, Germany). Quantification was
performed using Aperio Digital Pathology platform. Briefly, three representative
areas / tissue (mammary or tumor) were viewed at 8.8X magnification (300 um) and the
size of mammary fat pad adipocytes (calculated as two-dimensional area) was
quantified using ImagedJ Version 1.51e (National Institute of Health, Bethesda,
Maryland). An adipocyte tool macro (MRI Adipocyte Tools.txt) was downloaded from
(http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Adipocytes Tool) and imported into

Imaged. A preprocessing and simple segmentation algorithm was run on each
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snapshot. The output generated gave squared area in pixels and number of adipocyte
counts. Area in pixels was converted to ym? using a Moticam Aperio scanned image of
a 0.15 mm calibration slide. The area values from the representative three digital
images yielded between 345-1991 measurements for each mouse, which were then
compiled to calculate the 10™, 50" and 90" percentile of adipocyte area. Resultant

percentiles were then averaged by group.

Crown-like structure analysis

The formation of crown-like structures (CLS) was assessed from hematoxylin
and eosin staining of 4 um thick sections prepared from formalin-fixed paraffin
embedded mammary fat pad tissue. Briefly, the total number of CLS were counted in a
blinded fashion. CLS density measures were achieved by dividing CLS by the total slide
area used for analysis using ImageScope Viewing Software Version 12.0 (Leica

Biosystems). Values expressed as CLS/area of tissue in cm?.

Quantitative RT-PCR

Total RNA was extracted from the flash-frozen mammary fat pad samples
collected at end of study using TRI-Reagent (Sigma-Aldrich, St.Louis, MO) according to
manufacturer’s instructions. RNA concentration was spectrophotometrically determined
using a nanodrop (Thermo Scientific, Logan, UT) and quality was confirmed using an
Agilent 2100 Bioanalyzer (Santa Clara, CA). RNA was reverse transcribed with
Multiscribe RT (Applied Biosystems, Carlsbad, CA). Resulting cDNA from tissue

samples were assayed in triplicate for PCR using Tagman® Gene Expression Assays.
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PCR reactions were completed using a ViiA™ 7 Real time PCR system (Applied
Biosciences). Gene expression data were normalized to the housekeeping gene [-actin

and analyzed using the delta delta cycle threshold method.

Eicosanoid analysis

Eicosanoids in the tumor tissues were extracted and analyzed by liquid
chromatography/tandem mass spectroscopy (LC/MS/MS) using the modified method
described previously [138]. LC/MS/MS analyses were performed using an Agilent 6460
triple quadrupole mass spectrometer (Agilent Technologies) equipped with an Agilent
1200 binary pump high-performance liquid chromatography (HPLC) system as

described previously [139].

Cytokine Antibody Array

Analysis of inflammatory proteins was assessed using RayBio® C-Series
Custom Cytokine Antibody Array. Serum was pooled (n = 3/group) and diluted (1:20) in
blocking buffer. Membranes were placed into each well and incubated for 30 minutes in
blocking buffer at room temperature. Blocking buffer was then aspirated and all samples
were added to a designated well and incubated overnight at 4°C. Next, each membrane
was thoroughly washed with wash buffer then incubated with a biotinylated antibody
cocktail for 1.5 hours at room temperature. After the addition of the cocktail, 1X HRP-
Steptavidin was added to each well and incubated for 2 hours at room temperature.

Membranes were then washed again and transferred, printed side up, onto a sheet of
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blotting paper. Detection buffer was added to each membrane and chemiluminescence

signals were assessed using a ChemiDoc™XRS+ System.

In Vitro studies

Cell viability

EOQ771 murine breast cancer cell line was maintained in RPMI 1640 medium
(GIBCO Life Technologies, Waltham, MA), supplemented with 10 mmol/L HEPES and
10% fetal bovine serum (FBS). For PGE; and Sulindac coculture viability assays, cells
were seeded at a density of 3x10° in a 96 well plate. The next day cells were then
exposed to vehicle (DMSO), or one of three PGE; levels (250 ng/mL, 50 ng/mL, or 5
ng/mL) and/or one of two Sulindac doses (500 pyM, 50 pM) for 48 hours. Cells were
treated with CellTiter-Glo (Promega). For experiments utilizing Sulindac over a time-
course, cells were then seeded at a density of 5x10° in a 96 well plate. After 24 hours of
growth in the 10% FBS media, the cells were then exposed to either a low (50 uM) or
high dose (500 uM) of Sulindac (Sigma Aldrich, St. Louis, MO) diluted in 1.0% of
dimethyl sulfoxide (DMSO, Sigma Aldrich). After 24 hours of treatment, the wells were
aspirated, washed, and trypsinized into a microcentrifuge tube containing a 1:1 ratio of
trypan blue (Thermo Fisher Scientific, Waltham, MA. Cell viability was assessed using a
TC20™ Automated Cell Counter (Bio-Rad, Hercules, CA). All experimental conditions

were repeated in triplicates over the course of seven days.
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Statistical Analysis

All values are represented as mean + standard deviation (s.d.). One-way
analysis of variance (ANOVA) using Tukey’s multiple comparisons correction was used
to assess the effects of diet regiment on body weight and fat percentage, mean tumor
volume, serum hormone concentrations and mammary fat pad gene expression.
Results were analyzed using GraphPad Prism software (Graphpad Software Inc., La

Jolla, CA) and P < 0.05 was considered statistically significant.

D. Results

Anti-inflammatory supplementation does not impact body weight in NW Control
or DIO mice

The DIO and control regimens effectively generated obese and normoweight
(NW) phenotypes, respectively (Figure 3.1). At week 15, the average weight of mice on
the DIO regimen was 32.9 + 4.3g, which was statistically higher than the average weight
of mice on the control regimen, 21.8 £ 1.2g (P < 0.0001). Approximately ten weeks of
anti-inflammatory supplementation did not significantly impact body weight of mice on
the DIO regimen (DIO: 43.8 + 4.0g; DIO+Sulindac: 41.6 £ 5.8g; DIO+Omega-3: 46.4 +
7.2g; NS) or the control regimen (NW Control: 21.8 £ 1.2g; NW Control+Sulindac: 21.8
1 1.6g; NW Control+Omega-3: 21.6 + 1.4g; NS). No statistically significant differences in
body weight or calorie intake were detected within NW Control + anti-inflammatory and
DIO % anti-inflammatory mice throughout study. NW Control and DIO mice
supplemented with Sulindac consumed on average 16.8 £ 0.5 and 11.9 £ 0.7 mg

sulindac/body weight (g)/day, respectively. NW Control and DIO mice supplemented
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with Omega-3 consumed on average 271.4+ 16.7 and 180.2 + 7.0 mg Omega-3/body

weight (g)/day, respectively.

Mice randomized to receive no Orthotopic tumor
supplement, Sulindac, Injection
or Omega-3 in diet
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Figure 3.1. Anti-Inflammatory supplementation does not impact body weight in NW
Control or DIO mice. Sulindac or Omega-3 supplementation in NW Control and DIO mice does
not impact body weight. Data presented as mean = s.d. Differences in significance noted by
different letters (a,b); P value < 0.05.

Anti-inflammatory supplementation minimally impacts total adiposity and adipose
distribution

Percent body fat, (Figure 3.2A) obtained at end of study, was significantly lower
in all control mice (NW Control: 20.1 + 8.3%; NW Control+Sulindac: 17.6 £ 4.6%; NW
Control+Omega-3: 18.0 £ 9.8%) compared with all DIO mice (DIO: 53.9 + 4.2%;
DIO+Sulindac: 45.5 + 5.7%; DIO+Omega-3: 52.4 + 8.3%). P < 0.001 for all comparisons
NW Control £ anti-inflammatory vs. DIO % anti-inflammatory. Additionally, we measured
ex vivo weight of adipose depots to investigate changes in adipose distribution in mice.

We collected and measured mouse visceral white adipose tissue (VWAT), defined as
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adipose tissue internal to and surrounding the abdominal wall; interscapular fat (IF),
defined as the adipose lying dorsal to the scapular region; and mammary fat pad (MFP),
defined as the 9" mammary fat pad completed removed. DIO mice had greater ex vivo
fat depot weights compared to NW Control mice with few distinctions. VWAT weight
was highest in DIO+Omega-3 mice, with intermediate weights in DIO mice, statistically
greater than DIO+Sulindac (Figure 3.2B). IF weight was similar among all DIO mice +
anti-inflammatory (Figure 3.2C). DIO+Sulindac mice had significantly lower ex vivo

weight of the mammary fat pad distal to the tumor at end of study compared to DIO

alone and DIO+Omega-3 mice (Figure 3.2D).
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Figure 3.2. Anti-Inflammatory supplementation minimally impacts total adiposity and
adipose distribution. Sulindac or Omega-3 supplementation in NW Control and DIO mice does
not impact (A) body fat percentage, however DIO+Sulindac mice had lower ex vivo weight of (B)
visceral white adipose tissue compared to DIO+Omega-3 mice. No differences were observed
between DIO mice % anti-inflammatory in interscapular fat (IF) however DIO+Sulindac mice had
significantly decreased (D) mammary fat pad (MFP) weight distal to tumor compared to DIO and
DIO+Omega-3 mice. Data presented as mean = s.d. Percent body fat was assessed using

gquantitative magnetic resonance spectroscopy. Differences in significance noted by different
letters (a,b); P value < 0.05.
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Anti-inflammatory supplementation minimally impacts serum metabolic
hormones

Mice on the DIO regimen generally had increased serum levels of insulin, IGF-1,
resistin, leptin, and PAI-1 compared to NW Control mice (Table 3.1). However,
DIO+Sulindac mice displayed intermediate levels of serum insulin, which were not
statistically different from NW Control or DIO mice. The insulin levels of DIO+Omega-3
mice remained statistically higher than NW Control mice. Serum levels of IGF-1,
Resistin, and PAI-1 were intermediate in both DIO+Sulindac and DIO+Omega-3 mice,
statistically equivalent to both NW Control and DIO mice.

Table 3.1. Effects of anti-inflammatory supplementation on serum metabolic
hormones

NW NW
g‘c’)\:ltrol Cor_ltrol + Control + DIO g:fl)ir.:dac glr:\)e;a%
Sulindac Omega-3
Insulin 4161+ 2563+ 3292+ 7128+ 5813% 7227+
(ng/mL) 116.0%° 1216  1697%° 25287  1343°°  1g23P
IGF-1 870+ 747+ 874+ 1249+ 1075+ 1160+
(ng/mL) 19.3%°  46.1° 18.6%°  27.0° 14.2°¢ 12.2P¢
Resistin 14x10° 12x10° 1.1x10° 3.0x10° 21x10°+ 22x10°+
(ngimL) ~ *G8x  xO3x ST xlAx 68k %X,
10 10 10 10 10%e 10%@
Leptin 25030+ 5849+ 7925+  28337.0+ 200550+ 31114.0+
(ng/mL) 2243.0% 76977  1173.0%°  20346.0° 14688.0°  10191.0°
.  11x10" 12x10" 12x10" 9.8x10° 7 6
Gamby 22X #46x  22ax s2ax 70T Rt
10 10 10 10 : :
PAI-1 8410+ 8594+ 7722+ 15110+ 1251.0+ 1340+
(ng/mL) 205.0° 20377  189.7°  526.0°  3853*°  440.4%°
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Sulindac more effectively decreases tumor volume and extends tumor latency
compared to Omega-3 supplementation in DIO mice

At the interim sac, the ex vivo tumor volume of DIO mice (894.4 + 289.4 mm®)
was significantly greater than all other groups except for DIO+Omega-3 (757.0 + 282.7
mm?®). The ex vivo tumor volume of DIO+Sulindac (495.6 + 142.9 mm?®) mice was not
statistically different from NW Control (328.2 + 192.5 mm®), NW Control+Sulindac
(203.4 +129.1 mm?®) or NW Control +Omega-3 (287.2 * 120.5 mm?®) mice (Figure
3.3A). Furthermore, in the survival arm of the study, DIO mice survived significantly less
days (25.9 £ 4.2 days) after tumor injection (a proxy of tumor latency) than all other
groups except for DIO+Omega-3 (28.5 + 3.6 days). Alternatively, the average number of
days after tumor injection DIO+Sulindac mice survived (31.2 + 4.3 days) was not
statistically different from NW Control (33.8 + 3.3 days), NW Control+Sulindac (33.3 %
3.0 days), or NW Control +Omega-3 (32.0 + 2.9 days) (Figure 3.3B). Furthermore, H&E
staining of tumors displayed a significant accumulation of large adipocytes in DIO mice
but not DIO+Sulindac or DIO+Omega-3 mice, representative images shown (Figure

3.3C and 3.3D).

70



>
o
o

_. 1500

mm
a

b,c

i £
‘;L E'g
@ 1000 = BE
; 500 ab a a ; S L
I rasar : :
NW Control DIO NW Control DIO NW Control [a]0e}
O ne B +suindac O3 +Omega-3 O ne B3 +suindac O +Omega-3 DVNU 2 @ +suindac O +Omega-3
supplement ¥ supplement supplemant
D NW Control DIO
MO s +Omega-3 No .\ Sulindac +Omega-3
ulindac mega- supplement g

supplement

%

m . u

Figure 3.3. Sulindac more effectively decreases tumor volume and extends tumor latency
compared to Omega-3 supplementation in DIO mice. (A) At the interim sac, the ex vivo
tumor volume of DIO mice was significantly greater than all other groups except for
DIO+0Omega-3. Similarly, (B) DIO mice survived significantly less days after tumor injection (a
proxy of tumor latency) than all other groups except for DIO+Omega-3. (C) DIO mice displayed
significantly increased accumulation of large tumoral adipocytes compared to all other groups,
(D) representative tumor H&E images shown. Data presented as mean = s.d. Differences in
significance noted by different letters (a,b); P value < 0.05.

Sulindac more effectively reduces eicosanoid levels in the tumor compared to
Omega-3 supplementation in NW Control and DIO mice

NW Control and DIO mice supplemented with Sulindac demonstrated significant
reductions in COX-2 metabolites (A) Prostaglandin E, (PGE,); (B) Prostaglandin D,
(PGDy); (C) Prostaglandin Fzq (PGF2q); (D) 13 PGE>; and (E) Thromboxane B, (TXBy)
compared to DIO mice without supplementation. However, mice supplemented with

Sulindac also displayed reduced concentration of anti-inflammatory (F) Prostaglandin E
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(PGE+). DIO mice supplemented with Omega-3 displayed intermediate reductions in

PGE; but not PGF,,, PGD; and 13 PGE,.
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Figure 3.4. Sulindac more effectively reduces eicosanoid levels in the tumor compared to
Omega-3 supplementation in NW Control and DIO mice. Eicosanoid levels were measured
with liquid chromatography—mass spectrometry (LC-MS), reported concentration is normalized
to mg tumor tissue and relative to NW Control without supplementation for (A) Prostaglandin E;
(PGEy,); (B) Prostaglandin D, (PGD.,); (C) Prostaglandin F,y (PGF2); (D) 13 PGE,; and (E)
Thromboxane B, (TXB;); and (F) Prostaglandin E4 n= 4-6/group. Data presented as mean = s.d.
Differences in significance noted by different letters (a,b); P value < 0.05.

Sulindac more effectively protects against adipose tissue dysfunction compared
to Omega-3 supplementation in DIO mice

DIO mice displayed significantly increased crown-like structure (CLS) density in

the mammary fat pad (Figure 3.5A) compared to NW Control mice, with no differences
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detected between NW Control mice + anti-inflammatory. However, DIO+Sulindac mice
displayed a CLS density that was significantly lower than DIO mice, and not statistically
different from NW Control mice (Figure 3.5B). DIO+Omega-3 mice displayed an
intermediate CLS density, which was not significantly different from DIO or NW Control
mice (Figure 3.5B). We measured the two-dimensional area of each adipocyte using
stained H & E sections of mammary fat pad tissue from 12-15 mice/group (Figure 3.5A
and 3.5C). The median adipocyte size for DIO (4054 + 790.4 ym?) and DIO+Omega-3
(3833 + 486.1 ym?) was significantly higher than the median adipocyte size for
DIO+Sulindac (2467 + 594.6 um?), NW Control (1041 * 356.3 uym?), NW
Control+Sulindac (868.2 * 315.4 ym?) and NW Control+Omega-3 (1005 + 675.9 pm?)
(Figure 3.5C). Furthermore we plotted the frequency distribution of area of adipocytes
(Figure 3.6) and found that DIO and DIO+Omega-3 mice had a shifted frequency
towards larger adipocytes, an effect that was not observed in DIO+Sulindac mice.
Minimal differences in the distribution of adipocyte among NW Control, NW

Control+Sulindac, and NW Control+Omega-3 was detected (Figure 3.6)
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Figure 3.5. Sulindac more effectively protects against adipose tissue dysfunction
compared to Omega-3 supplementation in DIO mice. NW Control mice had significantly
decreased (A, C) crown-like structure (CLS) density and (C) median adipocyte area compared
to DIO mice, regardless of supplementation. However, in DIO mice, Sulindac supplementation

significantly decreased CLS density and median adipocyte area vs. DIO mice without

supplementation. CLS and adipocyte area were analyzed using H & E sections of mammary fat
pad, n = 10-12/group. Data presented as mean = s.d. Differences in significance noted by

different letters (a,b); P value < 0.05.
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Figure 3.6. Sulindac, but not Omega-3 supplementation prevents changes in frequency
distribution of adipocyte size in DIO mice. Anti-inflammatory supplementation in NW Control
mice did not significantly impact the 10™, 50", and 90" percentile of adipocyte area, indicative of
adipocyte size. However, DIO+Sulindac mice displayed significantly reduced 50" and 90™
percentile adipocyte size, suggesting that Sulindac supplementation in DIO mice prevents the
adipocyte hypertrophy that occurred in DIO mice without supplementation and DIO+Omega-3
mice. Data presented as mean = s.d. Differences in significance noted by different letters (a,b);

P value < 0.05.

Sulindac more effectively protects against aberrant inflammatory and metabolism
related gene expression in the mammary fat pad compared to Omega-3
supplementation in DIO mice

To investigate effectiveness as anti-inflammatory compounds, we quantified
mMRNA levels (mammary and tumor tissue) and protein expression (mammary tissue) for
genes regulating in inflammatory and metabolic processes in mice. The mammary fat

pad gene expression of monocyte chemoattractant protein 1 (MCP-1), interleukin 6 (IL-
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6), toll like receptor 4 (TLR4), serum amyloid A3 (Saa3) and tumor necrosis factor a
(TNF-a) were all significantly increased in DIO mice compared to both DIO+Sulindac
and NW Control mice (Figure 3.7). DIO+Omega-3 mice displayed unchanged (relative
to DIO) expression of MCP-1, intermediate expression (not significantly different from
DIO or DIO+Sulindac) in IL-6, TLR4, Saa3 and TNF-a. Sulindac in DIO mice was also
more effective at decreasing pertubations in expression of genes related to lipid
metabolism. DIO mice had significantly lower mammary expression of peroxisome
proliferator-activated receptor gamma (PPARY), peroxisome proliferator-activated
receptor gamma coactivator 1 (PGC-1a), and fatty acid synthase (Fasn) compared to
NW Control mice, however DIO+Sulindac mice displayed normalized expression of
these genes, not statistically different from NW Control (Figure 3.7). DIO+Omega-3
mice had intermediate expression of PPARy, however mammary expression of PGC-1a
and Fasn remained significantly decreased relative to NW Control. DIO mice had
significantly increased of genes involved in lipolysis, monoacylglycerol lipase (Mgll) and
hormone sensitive lipase (HSL) relative to NW Control mice, indicative of an impaired
ability for insulin to inhibit lipolysis. DIO+Sulindac but not DIO+Omega-3 mice displayed
normalized mammary gene expression of Mgll and HSL (not significantly different from
NW Control mice). Analysis of inflammatory genes at the protein level (Table 3.2)
supported the notion that DIO increased protein expression of pro-inflammatory
mediators, which was prevented with sulindac supplementation in DIO mice. At the
protein level, DIO+Sulindac and DIO+Omega-3 was both similarly effective at reducing

levels of pro-inflammatory mediators. Notable exceptions include basic fibroblast growth
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factor (bFGF) and macrophage colony-stimulating factor (M-CSF), and IL-4, which were

increased in DIO+Omega-3 but not DIO+Sulindac.
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Figure 3.7. Sulindac more effectively protects against obesity-induced dysregulated
expression of genes involved in inflammation and adipocyte metabolism in the mammary
fat pad. Sulindac supplementation in DIO mice favorably modulated markers of inflammation
monocyte chemoattractant protein 1 (MCP-1), IL-6, toll like receptor 4 (TLR4), serum amyloid
A3 (Saa3), and tumor necrosis factor a (TNF- a). DIO mice had decreased gene expression of
peroxisome proliferator-activated receptor gamma (PPARYy), peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a), and fatty acid synthase (Fasn) relative to NW
Control mice. DIO mice had increased expression of monoacylglycerol lipase (Mgll) and
hormone sensitive lipase (HSL) relative to NW Control mice. The expression of all genes (with
the exception of PGC-1a, which was intermediate) was significantly different between
DIO+Sulindac and DIO. Differences in significance noted by different letters (a,b); P value <
0.05.
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Table 3.2 Inflammatory Protein Array Results in Mammary Fat Pad Tissue

NW

NW DIO +
NW Control Control + DIO DIO_ + Omega-
Control + Omega-3 Sulindac 3
Sulindac
Amphiregulin 2722 + 2222 + 1404 + 7622 + 2893 + 2748 +
12142 1586° 1475° 2889° 21932 14342
bEGF 12885+ 12012+ 15387+ 26487+ 13302+ 10650 +
68242 65112 62332 5736° 47102 2636°
CTLA4 4234+ 9697+ 716+ 8846 + 2128 + 2516 +
420.6° 529.92 342° 4505° 852.42 14432
SDF-1 13845+ 15896+ 34623+ 51252+ 16644+ 14862 +
5118? 11915*°  30836*" 36596  6480%° 79032
DKK-1 6452 + 4435 + 5264 + 17518 + 7112 + 5116 +
33842 20782 3169° 9293° 17792 32952
EGF 9885 + 20425+ 16400+ 153643+ 15409+ 17413+
50462 125732 2079° 62137°  5247° 3899°
Fas 6315 + 4155 + 7620 + 20015+ 6615+ 7816 +
Ligand 29222 19572 27682 9072° 45792 15122
GCSF 11555+ 10717+ 14014+ 28002+ 8368 + 7550 +
5480° 6930° 85102 4227° 27092 24512
GM-CSF 15926+ 17997 + 26839+ 42281+ 16387+ 16277 +
46572 15180° 155273 90512 45162 44262
HGE 6864 + 3574 + 5839 + 24373+ 7511 8769 +
35252 37282 3268° 9920° 27742 33612
HGE R 6167 + 5245 + 6774 + 18108 + 7410 + 7666 +
10882 31412 33112 8708° 3535° 25452
CAN-A 98801+ 95376+ 126863+ 160182+ 106253+ 10220
32115°  36186° 25656°°  37439°  32385° 30030°
IGE-2 35713+ 31352+ 54389+ 86954+ 44700+ 41328 +
) 11449° 56722 11017° 6937° 127702 64422
IL-1a 15738+ 13698+ 18505+ 35799+ 17942+ 18660 t
73962 89942 5089° 9504° 68942 66442
LB 2931 + 2978 + 3914 + 10265+ 4718 + 5075 +
1415° 708.42 22152 2872° 21772 31332
IL-10 6598 + 6737 + 7092 + 12804 + 6846 + 7670 +
3268 2526 3094 6085 1178 3369
IL-13 7713 + 7644 + 9501 + 20507 + 10122+ 10825+
20322 31252 44182 3999° 31692 27772
ILA7A 3699 + 2419 + 3392 + 13481+ 4338+ 3903 +
15912 11442 14562 5548° 11372 17862
L2 8138 + 5443 + 7772 + 20299+ 8633 % 9039 +
17412 33742 31162 6820° 3070° 28412
IL-2RA 4678 + 3892 + 5379 + 20485+ 5443 + 5450 +
24012 29682 28502 11490° 12392 20802
IL-3 19688+ 19255+ 18898+ 39078+ 20130+ 23144+
6230° 122212 106442 9912° 6696°° 15045%°
IL-4 35524 + 34342+ 46583+ 73100+ 37402+ 55579+
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M-CSF
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Shh N
TNF R1
TNF-a
TREM-1
VCAM-1
VEGF
VEGF R1

VEGF R2

15513°

5943 +
1682°
4134 +
24942
6044 +
23542
9524 +
24737
5418 +
3209°
11709 +
2562°
181341
104023°
22947 +
5347°
47771
10737°
1940 +
1776°
8204 +
5422°
43469
12866°
17451 +
4888°
12338 +
1995°
3768
1748°
13628 +
2516°
37552 *
10725°
6321
2199°
5952 +
16132
176771
119840°
2186
4542
3184 +
1360°
10282 +
5142°

23325°

5386 +
52172
3160 +
28912
9408 +
51622°
7388 +
24232
3261 +
24912
16916 +
5626°
231418 +
38180°
28362 +
105872
49632 +
196942
1314 +
7682
7858 +
45212
41908 +
223512
14833 +
29212
11447 +
51282
3696 +
21972
11340 +
55832
35557 +
163912
5771 +
22342
5817 +
2146°
236798 +
406532
1769 +
7442
2903 +
19172
8471 +
38782

12073%°

8635 +
32512
4224 +
34772
11399 +
77792°
8914 +
22212
4992 +
14302
16612 +
60102
254116 +
437982
28281 +
63722
59069 +
15067
213 +
642°
10055 +
42502
42475 +
141902
16673 +
73372
14506 +
34112
3370 +
1672°
14744 +
43742
37176 +
164102
6850 +
2242°
6892 +
34782
253938 +
355102
1427 +
822°
2894 +
798°
10670
46912

12816°

21804 +
6466°
21712 +
9440°
20695 +
16624°
26285 +
5439°
28225 +
8902°
31388 +
10023°
251215 +
1010432
49583 +
4393°
115272 +
14204°
12093 +
4382°
28233 +
16289°
88358 +
23027°
51057 +
31889°
33485 +
6579°
18115 +
3744°
42221 +
16837°
97790 +
29100°
36981 +
21997°
18922 +
6550°
233392 +
757242
14223 +
2980°
19574 +
3402°
30204 +
12874°

18522°

6157 +
27862
5660 +
36322
12090 +
3205%°
9980 +
3419°
6236 +
2360°?
16990 +
3698?
255434 +
1505782
29652 +
57482
61399 +
8643?
2327 +
439°
10676 +
41622
44543 +
126822
15419 +
33742
14870 +
58162
5116 +
3445°
15385 +
58332
37780 +
45032
7206 +
22662
6148 +
18562
286735 +
451802
2346 +
18742
3207 +
26712
12137 +
46762

22683%°

8773 +
27622
7373 +
22312
14492 +
30192
11059 +
27132
10502 +
3880°
18306 +
5929°
255319 +
398322
37673 +
15436%°
64711 +
16096°
3088 +
7778
11252 +
56262
54281 +
133972
19645 +
70252
14645 +
146452
4506 +
18512
19066 +
65832
47125 +
11256°
9520 +
37212
8268 +
25542
254157 +
407142
3033 +
2370°
5379 +
24962
16737
53282

*values reported in mean pixel density
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Sulindac more effectively blunts obesity-associated alterations in tumor
metabolism compared to Omega-3 supplementation in DIO mice

Obese mice supplemented with Sulindac demonstrated modest divergence of
inflammatory and metabolism related genes in the tumor tissue. DIO+Sulindac mice had
an intermediate expression of COX-2 but a significant decrease in HIF-1a. (indicative of
hypoxia) and Emr1 (indicative of macrophage infiltration). DIO+Sulindac mice,
compared to DIO+Omega-3 mice, had decreased expression of glycolytic genes
hexokinase 2 (HK2) and pyruvate kinase isozymes M2 (PKM2) compared to DIO mice.
DIO+Sulindac mice had decreased expression of diglyceride acyltransferase 1 (DGAT1)
(involved in triglyceride synthesis) but increased expression of PPARYy (promotes
adipogenesis and also corresponds to improved prognosis) relative to DIO mice.
Furthermore, DIO mice expressed increased CD36 mRNA, involved in fatty acid uptake,
while CD36 expression was normalized to NW Control levels in DIO+Sulindac mice.
DIO+Omega-3 mice had an intermediate level of expression, not significantly different

from NW Control or DIO (Figure 3.7).
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Figure 3.8. Sulindac more effectively blunts obesity-associated alterations in tumor
metabolism compared to Omega-3 supplementation in DIO mice. DIO+Sulindac mice
possessed gene expression more similar to NW Control mice for (A) Inflammation: COX-2, HIF-
1a, and Emr1; (B) Glycolysis: HK2, PKM2; (C) Adipogenesis: DGAT1, PPARYy; (D) Fatty acid
uptake: CD36.

Sulindac reduces E0771 cell viability in vitro independent of PGE;

To follow up on our findings that DIO and DIO+Omega-3 mice generally
possessed increased levels of eicanoids (the most abundant, PGE;) and distinct gene
expression of metabolism related genes in the tumor, we treated cells with PGE; and/or
Sulindac to characterize direct effects on tumor cells in vitro. EO771 cells treated with
PGE: did not display enhanced viability. Treating cells with a high dose (250 ng/mL) of

Sulindac resulted in reduced proliferation. Co-treatment with PGE; did not impact these

effects (Figure 3.9A). Treatment of EO771 cells with Sulindac alone resulted in reduced
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cell viability after three days (relative to vehicle) with a high dose 500 uM, however a
lower dose of 50 uM recovered to viability levels comparable to cells treated with vehicle

after six days (Figure 3.9B).
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Figure 3.9. Sulindac reduces E0771 cell viability in vitro independent of PGE,. (A) EO771
cells were treated with PGE, and/or Sulindac. Legend: PGE;, (250 ng/mL): +++, PGE; (50
ng/mL): ++, PGE; (5 ng/mL) +, Sulindac 500 uM: ##, Sulindac 50 uM o (B) E0771 cells were
treated with Sulindac and cell viability was measured over seven days. Differences in
significance denoted by different letters (a,b) or by asterics, * P < 0.05; ** P < 0.01; *** P <
0.0001.

E. Discussion

Sulindac supplementation in DIO but not Control mice significantly decreased
interim tumor volume and tumor latency in association with significant reductions in
tumor-infiltrating adipocyte area and tumor concentration of COX-2 pro-inflammatory
metabolites. Sulindac supplementation in DIO mice also significantly reduced mammary

adipocyte size, CLS density and gene and protein expression of pro-inflammatory
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mediators in the mammary tissue, suggesting an inhibition of adipose tissue
dysregulation. Omega-3 supplementation in DIO mice produced an intermediate
reduction in tumor volume without impacting mammary adipocyte area and tumor levels
of PGF,4, PGD, and 13 PGE_. In all biological outcomes measured, we saw minimal
effects of anti-inflammatory supplementation among NW Control mice. This suggests
that obesity-associated adipose tissue inflammation and associated metabolic
dysfunction is responsible for the pro-tumor effects of obesity in our mouse model of
BLBC and that Sulindac, more so than Omega-3, was able to block obesity’s effects.
DIO+Sulindac mice maintained a normal adipocyte size, and this likely played a role in
their resistance to obesity-induced perturbations in inflammatory and metabolic
signaling in the mammary fat pad. However, Sulindac supplementation did not modulate
body weight or body fat percentage in the DIO mice, suggesting that Sulindac indeed
offsets some of the pro-tumorigeneic effects of obesity rather than impacting obesity
directly.

Adipocytes have the ability to donate fuel and nutrient sources to neighboring
tumor cells, providing growth signals and promoting evasion from apoptotic and check
point signals through substantial supply of cytokines. Comparison of gene expression
patterns in tumor and mammary tissues support a cooperation between the two in DIO
mice, with increased expression of genes encoding for lipases in the mammary fat pad
and an upregulation in the fatty acid transport protein CD36 in the tumor. DIO+Sulindac
mice displayed significantly reduced expression of lipolysis mediators in the mammary

tissue compared to DIO, whereas DIO+Omega-3 did not. Furthermore, genes that were

83



altered in the tumors of DIO mice that would enable an adaptive utilization of a variety of
fuel sources exhibited similar levels in DIO+Omega-3, but not DIO+Sulindac mice.
These findings strongly implicate the increase levels of PGE; in obesity as a
mediator of adipose tissue dysfunction. We treated E0771 cells with PGE; and failed to
find a direct effect on tumor cell viability. These results suggest that the tumor-
promoting effects of PGE,; may be dependent on an interplay between factors in the
microenvironment, such as reprogramming the expression of immune cells, which
subsequently affects tumor growth and survival. Alternatively, treatment of EQ771 cells
with Sulindac decreased cell viability, which supports an anti-cancer effect of Sulindac
independent of PGE;. The overall results of this work demonstrate that targeting
obesity-associated inflammation can break the obesity-cancer link, in part through

preventing adipose tissue dysfunction.
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CHAPTER IV. OBESITY-ASSOCIATED ALTERATIONS IN INFLAMMATION,
EPIGENETICS AND MAMMARY TUMOR GROWTH PERSIST IN
FORMERLY OBESE MICE

A. Chapter Précis

Using a murine model of basal-like breast cancer, we tested the hypothesis that
chronic obesity, an established breast cancer risk and progression factor in women,
induces mammary gland epigenetic reprogramming and increases mammary tumor
growth. Moreover, we assessed whether the obesity-induced epigenetic and protumor
effects are reversed by weight normalization. Ovariectomized female C57BL/6 mice
were fed a control diet or diet-induced obesity (DIO) regimen for 17 weeks, resulting in a
normal weight or obese phenotype, respectively. Mice on the DIO regimen were then
randomized to continue the DIO diet or were switched to the control diet, resulting in
formerly obese (FOb) mice with weights comparable to control mice. At week 24, all
mice were orthotopically injected with MMTV-Wnt-1 mouse mammary tumor cells. Mean
tumor volume, serum IL-6 levels, expression of pro-inflammatory genes in the mammary
fat pad, and mammary DNA methylation profiles were similar in DIO and FOb mice, and
higher than in controls. Many of the genes found to have obesity-associated
hypermethylation in mice were also found to be hypermethylated in the normal breast
tissue of obese versus non-obese human subjects, and nearly all of these concordant
genes remained hypermethylated after significant weight loss in the FOb mice. Our

findings suggest that weight normalization may not be sufficient to reverse the effects of
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chronic obesity on epigenetic reprogramming and inflammatory signals in the

microenvironment that are associated with breast cancer progression.

B. Introduction

Obesity is highly prevalent in the United States and many other parts of the world
and is an established risk and progression factor for several intrinsic subtypes of breast
cancer, including basal-like breast cancer (BLBC), in postmenopausal women [177].
Greater rates of metastatic breast cancer and increased mortality are seen in the obese
breast cancer patient population, independent of disease stage at diagnosis [30,31].
These effects may be mediated in part by adipose tissue inflammation, as excess
adipose tissue results in local as well as systemic effects. Obesity is typically
accompanied by increased systemic levels of pro-inflammatory mediators, such as
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a), matrix metalloproteinase-9
(MMP-9) and interleukin-1 beta (IL-1B), and these can independently influence tumor
growth. In addition, obesity enhances the secretion of monocyte chemoattractant
protein-1 (MCP-1), which stimulates the recruitment of macrophages to adipose tissue,
including the breast adipose. These tumor-associated macrophages likely contribute to
tumor growth by increasing local and/or systemic inflammatory and angiogenic factors
and generating reactive oxygen species [178,179].

In obese mice, calorie restriction reduces mammary tissue expression of several
mediators of inflammation including TNF-a and IL-13 [180]. Less is known about the
effects of obesity or weight loss interventions on the epigenome. There is mounting

evidence that DNA methylation can be affected by energy balance. For example,
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weight loss interventions (30% energy reduction) in obese male subjects have been
shown to induce DNA methylation changes at the TNF-a promoter after only eight
weeks of diet intervention [181]. In another study, severe weight loss after gastric
bypass surgery in obese humans normalized methylation in the promoter regions of 11
out of 14 metabolic genes that had been dysregulated by obesity [46]. Expression of the
EZH2 gene, which encodes the epigenetic regulator histone-lysine-N-methyltransferase,
has been linked to breast cancer growth and metastasis [182]. It is also modulated in
the offspring of obese mothers [183], suggesting that this enzyme may mediate some of
the effects of energy balance on epigenetic regulation. Although DNA methylation
patterns are energy responsive, the relationship between weight loss, aberrant DNA
methylation, adipose tissue inflammation, and cancer progression are unknown.

Epidemiological and preclinical studies have clearly shown that the metabolic
perturbations typically accompanying obesity promote breast cancer progression [184].
One study in particular illustrated how women who underwent bariatric surgery had a 5-
fold reduction in incidence of breast cancer after 5 years of follow up from surgery
compared to women who did not undergo a weight loss intervention- surgical or
otherwise [47]. However, with the exception of bariatric surgery interventions, the impact
of intentional obesity reversal prior to diagnosis has not been well-established. The
epidemiologic data have been mixed regarding non-surgically induced weight loss,
reflecting the difficulties in achieving and maintaining meaningful weight loss. Despite
their limitations, animal model studies may be informative in addressing this question
given their benefit of greater control of diet, physical activity and numerous other

confounding variables. Sundaram et al. (2014) found that a high-fat diet promotes
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mammary tumor progression in a transgenic mouse model of BLBC, and switching mice
to a low-fat diet after a short-term high-fat diet exposure led to small but statistically
significant weight loss and reversed many of the high-fat diet effects on tumor
progression to that of control levels [185]. However, the transgenic mouse model used
in this study were resistant to obesity induction, and tumors arose early in life, so the
question of whether the mammary tumor-promoting effects of chronic obesity are
reversed by weight loss was not addressed. We have previously found in a mouse
model of chronic obesity, as well as in clinical studies of obese women, that a severe
weight loss intervention may provide an anti-cancer benefit, but moderate weight loss
had minimal effects on cancer-related biomarkers in mice and women and tumor growth
in mice [72,186].

Given the uncertainty regarding the benefits of obesity reversal, we sought to
determine the effects of weight loss on the host microenvironment and tumor
progression in an orthotopic transplant model of murine BLBC in syngeneic mice. Here
we demonstrate that tumor growth did not change with significant weight loss prior to
orthotopic tumor transplant, despite the normalization of several obesity-related
hormones. Moreover, we provide evidence that breast tumor growth after obesity
reversal may be driven by epigenetic dysregulation in the microenvironment as well as
sustained elevations in inflammatory signaling. These findings suggest that short-term
weight loss may not reverse the tumor-promoting epigenetic reprogramming and

increased inflammatory signaling that accompanies chronic obesity.
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C. Materials and methods

Mice and diets

All animal protocols were approved by the University of Texas at Austin
Institutional Animal Care and Use Committee (IACUC) and carried out in compliance
with all guidelines and regulations. Six-week-old female ovariectomized C57BL/6 mice
were obtained from Charles River Laboratories, Inc. (Frederick, MD), individually
housed on a 12-hour light/dark cycle, and consumed food and water ad libitum. Food
intake was measured twice a week and body weights were measured weekly. Mice
were randomized to continue on the control diet (n=17) or a 60% kcal from fat diet-
induced obesity (DIO) diet regimen (n=34; D12492, Research Diets, Inc.). After 17
weeks on diet, the DIO mice were randomized to either continue on the DIO regimen
(DIO, n=17) or switch to the control diet to induce gradual weight loss; this latter group
is referred to as formerly obese (FOb, n=17). After 24 weeks on diet, 5 mice per group
were fasted for 6-8 hours and then euthanized for pre-tumor tissue collection. The
remaining mice (n=15/group) were orthotopically injected with 5x10* syngeneic viable
MMTV-Wnt-1 mammary tumor cells as previously described [16]. In vivo growth was
measured twice/week with skinfold calipers, and in vivo tumor area was approximated
using the formula Trr?. At study endpoint (week 36), mice were euthanized and
mammary tumors, tumor-adjacent and tumor-distal mammary fat pad were excised and
divided in portions to be formalin fixed or flash frozen in liquid nitrogen and stored at -
80°C until further analysis. Mice were excluded if they had developed dermatitis during

study (one DIO mouse and one FOb mouse). Ex vivo tumor volume was calculated
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using the formula 4/31 x R4% x Ry, (with R1 denoting the smaller radius of the ellipsoid)

[187].

Quantitative magnetic resonance analysis

Body composition was measured on all mice at weeks 17 and 24 of diet
treatments by quantitative magnetic resonance (qMR) (Echo Medical Systems,
Houston, TX). Measurements included lean mass, fat mass and total water mass.

Percent body fat was calculated by dividing fat mass by total body weight.

Serum hormone, cytokine and adipokine measurement

Serum was collected from mice fasted 6-8 hours, prior to tumor cell injection
(week 24) by retro-orbital bleed. Serum hormones, adipokines, and cytokines, including
leptin, adiponectin, insulin, and IL-6, were measured using mouse adipokine
LINCOplex®Multiplex Assays (Millipore, Inc., Billerica, MA) and analyzed on a BioRad
Bioplex 200 analysis system (Biorad, Inc., Hercules, CA). Insulin-like growth factor 1
(IGF-1) concentrations were measured using a Millipore Milliplex Rat/Mouse IGF-1

Single Plex assay (Millipore, Inc.).

Crown-like structure analysis
Four micron-thick sections were prepared from formalin-fixed, paraffin-embedded
mammary fat pad tissue and stained with hematoxylin and eosin. The total number of

CLS per section was quantified by a pathologist, blind to the sample group, and the
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amount of adipose tissue present on each slide was determined using NIH Image J.

Prevalence of CLS was quantified as CLS per cm? of adipose tissue.

Quantification of adipocyte infiltration in tumor tissue

Four micron-thick sections were prepared from formalin-fixed, paraffin-embedded
tumor tissue and stained with hematoxylin and eosin. Tumors were chosen at random
(4-5/group) and digitally imaged under 20X magnification. The total number of
adipocytes per section (2-4 representative sections, each 830 um x 580 um) was

quantified independently by 3 investigators who were blinded to experimental group.

Quantitative RT-PCR

Total RNA was extracted from the flash-frozen tumor-adjacent and tumor-distal
mammary fat pad samples collected at end of study using TRI-Reagent (Sigma-Aldrich,
St.Louis, MO) according to manufacturer’s instructions. RNA concentration was
spectrophotometrically determined using a nanodrop (Thermo Scientific, Logan, UT)
and quality was confirmed using an Agilent 2100 Bioanalyzer (Santa Clara, CA). RNA
was reverse transcribed with Multiscribe RT (Applied Biosystems, Carlsbad, CA).
Resulting cDNA from tissue samples were assayed in triplicate for PCR using Tagman®
Gene Expression Assays for IL-6, TNF-a, MMP-9, IL-18, IGFBP6, CITED1, TFES,
JAK3, EZH2, SMYD3, and TSC22D3 (Applied Biosystems). PCR reactions were
completed using a ViiA™7 Real time PCR system (Applied Biosciences). Gene
expression data were normalized to the housekeeping gene B-actin and analyzed using

the delta delta cycle threshold method [188].
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Methylation analysis

DNA was extracted from the 9" mammary fat pad, distal to tumor, at end of study
(n=3/group) using UltraPure™ Phenol:Chloroform:lsoamyl Alcohol per manufacturer’s
instructions (Life Technologies, Carlsbad, CA). Genome-wide methylation profiles for
mammary fat pad from control, DIO and FOb mice were determined by RRBS (Reduced
Representation Bisulfite Sequencing). Among the available methods for genome-wide
analysis of the DNA methylation, we selected RRBS based in its compatibility and
validation with mouse DNA, its capacity to investigate individual sites by bisulfite-
sequencing, and the large number (above 400 thousand) of CpG sites that are
evaluated in a single experiment. Library preparation and sequencing were completed
at the UT MD Anderson Cancer Center's DNA Methylation Analysis Core and Science
Park Next-Generation Sequencing Facility, according to published protocols [189,190].
Briefly, 1 ug of genomic DNA was digested with Mspl, a methylation-insensitive enzyme
that cleaves the DNA at CCGG sequences, followed by end-repair, A-tailing and size
selection. Enrichment for CpG sites in CG-dense and CpG islands is achieved by
selective collection and PCR amplification of Mspl fragments with sizes between 40bp
and 170bp.Sequence reads were mapped to the mouse genome (mm10) using Bismark
bisulfite read mapper. The location of individual CpG sites in relationship to known
genes was based on the mm10 RefSeq gene annotations and classified as promoter
(CpG sites 1 kb upstream of the annotated transcription start site (TSS) and extending
500 base pairs downstream of TSS), exon, intron, or CpG island. CpG island

coordinates were collected from the UCSC Genome Browser mm10 version, Genome
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Reference Consortium GRCm38. Differential methylation was calculated by filtering
samples based on read coverage > 20, then performed at the single base level
independent of the CpG site location. TSS of transcripts smaller than 300 bp were
removed for the analysis. Methylkit R package was used to apply logistic regression and
the likelihood ratio test. Observed p-values were adjusted with the success likelihood

index method (SLIM).

Selection of samples from the normal breast study for methylation analysis
Selection criteria for the Normal Breast Study included having an invasive ductal
carcinoma with a tissue specimen sampled = 4 cm from tumor margins, undergoing
reduction mammoplasty, or undergoing prophylactic surgery [191]. There were 150
participants with invasive breast cancer had tissue collected that was > 4 cm from the
tumor. Participants were randomly selected from each BMI group: 30 from the high BMI
(>30), 20 from the normal BMI (25-30), and 22 from the low BMI (<25) group. All
prophylactics and reduction participants were also included. In all, 96 participants were
selected. All tissue specimens were snap frozen. A 50 mg sample was taken from the
participants’ tissue specimens and used for methylation assessment. The University of

North Carolina at Chapel Hill Institutional Review Board approved this study.

DNA extraction from human breast samples
DNA was isolated using the DNeasy Blood and Tissue kit from Qiagen (Venlo,
Netherlands) following the manufacturer’s protocol. Sodium bisulfite modification of the

DNA was conducted using EZ DNA Methylation Gold Kit (Zymo Research, Orange,
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CA), and 500 ng of DNA was used for the HumanMethylation450 BeadChip platform.
The samples were processed for DNA methylation analysis by the University of North

Carolina at Chapel Hil’'s Mammalian Genotyping Core.

Concordance between mouse and human genes methylated in response to
energy balance modulation

We compared our mouse methylation dataset with a dataset obtained from the
University of North Carolina Normal Breast Study utilizing non-tumorous breast tissue,
subject to methylation array and stratified by BMI. A methylation difference was
calculated for each significant methylation change (obese vs. non-obese) with a positive
coefficient signifying increasing methylation with increased adiposity. Intraspecies
concordance was assayed only for genes with significant differences within species.
Welch’s t-test was used for the pairwise comparisons between obese and non-obese
humans using R version 3.1.2 (http://www.r-project.org). Comparisons between both
species was done by one-way analysis of variance (ANOVA) using GraphPad Prism V6

with Bonferroni correction for multiple comparisons.

Statistical Analysis

Values are presented as mean * standard deviation (s.d.). One-way ANOVA
using Tukey’s multiple comparisons correction was used to assess the effects of diet
treatment on body weight and fat percentage, mean tumor size, serum hormone and
cytokine concentrations, and mammary fat pad gene expression. Student’s t-test was

used to compare differences in CLS between experimental groups and control. For all
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tests, GraphPad Prism software was used (GraphPad Software Inc., La Jolla, CA), and

P < 0.05 was considered statistically significant.

D. Results

Body weight and body composition of control, DIO, and FOb mice

Mice were fed a low-fat control or a diet-induced obesity (DIO) regimen for 17
weeks, at which time percent body fat, assessed by quantitative resonance analysis,
was higher in DIO mice (59.7 £ 1.8%) compared to control mice (39.5 £ 4.0%) (P <
0.001; Fig. 4.1A). DIO mice also had a higher mean body weight (51.5 + 0.7 g) than
control mice (33.1 £ 0.7 g) (Fig. 4.1B). After weight loss was initiated at week 17, FOb
mice lost 27.6 £ 3.4% of their body weight (14.2 + 1.7 g) (P < 0.0001) relative to their
last weight taken while on the DIO diet. By week 24, the body fat percentage in FOb

mice (45.1 £ 3.5%) did not significantly differ from mice maintained on the control diet
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Figure 4.1. Body composition, body weight and serum metabolic hormones control, DIO
and FOb mice (A) Percent body fat mass in control versus obese mice at week 17 on diet and
in control, FOb, and obese mice at week 24. (B) Body weight in the three diet groups over the
course of the study. Different letters indicate statistically significant differences between groups,
P < 0.05. Serum levels of several hormones, growth factors, and adipokines were measured in
mice from all three diet groups at week 24 of the study, including leptin (C), leptin:adiponectin
ratio (D), insulin (E), adiponectin (F), IGF-1 (G), and IL-6 (H). Different letters indicate
statistically significant differences between groups, P < 0.05.

throughout study (42.6 + 3.3%), with DIO mice (60.1 £ 1.5%) having significantly greater
body fat percentage than control and FOb mice (P < 0.001; Fig. 4.1A). FOb and control
mice maintained significantly lower body weights than DIO mice through the end of

study (P < 0.0001, Fig. 4.1B).
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Effect of weight loss on serum metabolic and inflammatory markers

Serum was collected from mice at week 24 by retro-orbital bleed, prior to tumor
cell injection and when the body weights of the FOb mice were statistically equivalent to
the control mice. The reduction in adiposity in the FOb mice was accompanied by lower
serum leptin (P < 0.0001), leptin:adiponectin ratio (P < 0.0001), and insulin (P < 0.0001)
relative to DIO mice (Fig. 4.1C-E), with concentrations statistically equivalent to those
found in the control mice. IGF-1 levels were significantly higher in DIO mice relative to
control (P < 0.05; Fig. 4.1G) but were intermediate in FOb mice and not statistically
different from the levels seen in control or DIO mice. Furthermore, IL-6 levels did not
differ between FOb and DIO mice and were significantly elevated in both groups

compared to control mice (P < 0.05; Fig. 4.1H).

Weight loss in FOb mice reduced prevalence of crown-like structures (CLS)

The high-fat dietary regimen increased the prevalence of CLS (expressed as
CLS / area of tissue in cm?) in the mammary fat pad of DIO mice relative to control mice
(P < 0.003; Fig. 4.2). This was analyzed in tissue harvested at the interim (week 24)
time point. FOb mice had a significant reduction in CLS compared to DIO mice (P <
0.03); however, prevalence of CLS remained slightly elevated relative to control, though

this difference was not statistically significant (P = 0.4).
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Figure 4.2. Weight loss in FOb mice reduced prevalence of CLS. Mouse mammary fat pad
tissue at week 24 on diet was assessed for the prevalence of CLS (A) using hematoxylin and
eosin (H&E) stained tissue sections, representative image shown. (B), CLS were quantified for
each tissue sample as number of CLS per cm?. Different letters indicate significant differences,
P <0.05.
Weight loss in FOb mice does not decrease basal-like mammary tumor burden

Ex vivo tumor volume from DIO and FOb mice were larger (1792.7+ 1132.9 mm?,
1563.4 + 1673.3 mm®, respectively) than tumors from the control mice (51.6 + 139.8
mm?) (P < 0.05; Fig. 4.3A). Furthermore, a shared attribute of tumors from both the DIO
and FOb groups were the presence of adipose cells infiltrating the tumor in greater
number compared to control (Fig. 4.3B). Tumors from DIO mice contained a
significantly higher number of adipocytes than control tumors (168.4 + 83.4 adipocytes /
mm? and 34.6 + 32.2 adipocytes / mm?, respectively; P < 0.05). Tumors in FOb mice

had an intermediate level of adipocyte infiltration (127.1 + 83.6 adipocytes/mm?) that did

not significantly differ from either control (P = 0.19) or DIO (P = 0.66). Collectively, these
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findings suggest that significant weight loss does not completely reverse the effects of

obesity on BLBC growth and adipocyte-infiltration.
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Figure 4.3. Weight loss in FOb mice does not decrease basal-like mammary tumor
burden. (A) Ex-vivo tumor volume at the end of the study. (B) Differing levels of adipocyte
infiltration into the tumor tissue of mice from the three diet groups. Different letters indicate
significant differences, P < 0.05.

Pro-inflammatory cytokine gene expression is elevated in mammary fat pad from
FOb mice

RT-PCR analysis was performed on tumor-distal mammary fat pad (n=4-5 mice).
Relative to control, FOb mice had significantly elevated IL-6 expression (P < 0.001, Fig.
4.4A), with DIO mice having non-significantly elevated levels relative to control. TNF-a
expression was significantly elevated in DIO (P < 0.04) and FOb (P < 0.03; Fig 4.4B)
versus control mice. MMP-9 expression was greater in FOb mice (P < 0.05; Figure
4.4C) with DIO mice experiencing an intermediate increase compared to control. IL1-f
expression was significantly higher in FOb and DIO mice (P < 0.01; Fig. 4.4D)

compared to control.
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Figure 4.4. Pro-inflammatory cytokine gene expression is elevated in mammary fat pad
from FOb mice. (A) mRNA expression of pro-inflammatory genes was measured in the tumor-
distal mammary fat pad of mice sacrificed at the end of the study, including (A) IL-6 (B)TNF-a;
(C) MMP-9 (D); and IL-1p3. Different letters indicate significant differences, P < 0.05.

Weight loss fails to normalize obesity-induced hypermethylation patterns and
histone methyltransferase enzymes EZH2 and SMYD3 in mammary fat pad

To determine whether the sustained elevation in tumor growth observed in FOb
mice may be mediated in part by epigenetic reprogramming in the microenvironment,
we assessed the global DNA methylation pattern of the tumor-distal mammary fat pad
at end of study. DIO mice had 39 genes significantly hypermethylated compared to
control. Of these 39 differentially methylated genes, FOb mice generally possessed
intermediate levels of methylation relative to control and DIO mice, suggesting that
weight reduction back to control levels was insufficient to completely reverse the
epigenetic reprogramming that occurs with chronic obesity (Fig. 4.5A). FOb mice had 11

genes significantly hypermethylated compared to control. While the methylation levels
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of these genes were also elevated in DIO mice, they were not significantly different from
control.

Hypermethylated genes in DIO and FOb mice relative to control were entered
into Qiagen’s Ingenuity® Pathway Analysis (IPA) to delineate pathological signaling
pathways. Gene expression was confirmed on a select number of genes (Fig. 4.5B-H).
IPA Biofunction analysis connected the genes from our methylation analysis to a
disease or biological function. Cancer was the primary disease with 23 genes
hypermethylated in DIO (22 of the genes) or DIO and FOb (1 gene) implicated in
cancer, specifically neoplasia of epithelial tissue (Table 4.1). Another biofunction with 17
genes associated with it was cellular growth and proliferation. Four genes in our data
set were identified as playing a role in cell-mediated immune response. Significant
overlap of differentially methylated genes in DIO or FOb mice with each biofunction was

determined by Fisher’s exact test.
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Figure 4.5. Weight loss fails to normalize obesity-induced hypermethylation patterns and
histone methyltransferase enzymes EZH2 and SMYD3 in mammary fat pad. (A) Heatmap
representation of gene methylation values expressed as % methylated DNA. Corresponding
gene expression of (B) IGFBP6, (C) CITED1, (D) TFES, (E) JAKS, (F) SMYD3, and (G)
TSC22D3 in mammary fat pad. Additional expression shown for implicated (H) EZH2. Different
letters indicate significant differences, P < 0.05.
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Table 4.1. IPA biofunction analysis

Disease or # of
Biofunction p-value Molecules o
. Molecules
Annotation
Cancer
ALPL, AP1S2, BOP1, CYFIP1, DAB2IP,
EMC9, ETS1, EXTL3, IGFBP6, JAKS,
Neoplasia of epithelial | 2.67E-02 | MAML3, MORC4, MSC, PDXDC1, 23
tissue PEX2, PITPNM2, PRPF19, RASAL3,
SMYD3, TFE3, TRIOBP, WDFY4,
ZBTB17
Growth of tumor 4.86E-02 | CYFIP1, DAB2IP, LYL1, ZBTB17 4
Cell Growth and Proliferation
BOP1, CDK2AP1, CITED1, DAB2IP,
. . ETS1, EXTL3, IGFBP6, JAK3, LYL1,
Proliferation of Cells 1.20E-04 MAML3, NFIC, PEX2, PRPF19, SMYD3, 17
TFE3, ZBTB17, ZNF503
Cell-mediated Immune Response, Cellular Development
Differentiation of T 3.74E-03 | ETS1, JAK3, LYL1, ZBTB17
lymphocytes
Differentiation of helper 3.67E-02 | ETS1, JAK3
T lymphocytes
Cell Death and Survival
CDK2AP1, CITED1, DAB2IP, ETS1,
Apoptosis 2.56E-02 | IGFBP6, JAK3, LYL1, NFIC, PRPF19, 10
ZBTB17
Cell-To-Cell Signaling and Interactions, Inflammatory Response
Innate immune
response of tumor cell 1.60E-02 | SMYD3 1
lines

P-values calculated by Fisher’s exact test.
Significant disease or biofunction annotated implicated by IPA software.

We moved forward with genes that appeared in the IPA Biofunction of cancer with a
function of neoplasia of epithelial tissue (IGFBP6, SMYD3, and JAK3) and transcription
factor TSC22D3 and investigated their role as regulators in inflammatory signaling, with
particular interest in the relationship between each gene and IL-6. As stated previously,
IL-6 serum (Fig. 4.1H) and tumor-distal mammary fat pad mRNA levels (Fig. 4.4A) were
elevated in DIO and FOb mice relative to controls. Of note, inhibitors of IL-6 including
TSC22D3 (intron) and JAKS (exon) were hypermethylated. EZH2 was also predicted by
the IPA analysis to be regulated by these genes, and expression of EZH2 in tumor-
distal mammary fat pad of endpoint animals was significantly higher in DIO (P < 0.05)

and FOb (P < 0.005) mice compared to control mice (Fig. 4.5H). The gene for another
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methyltransferase enzyme, SET and MYND domain-containing protein 3 (SMYD3), was
also identified as differentially methylated in our analysis, and its expression in tumor-
distal mammary fat pad was significantly elevated in FOb mice (P < 0.02), with DIO

mice having non-significantly elevated levels.

Hypermethylation concordance in mammary tissue from non-obese and obese
humans and mice

After we identified a panel of genes that were significantly hypermethylated in the
mammary fat pad of DIO mice compared to controls, we assessed the methylation
status of this gene panel in a methylation data set from normal human breast tissue
involving subjects stratified by body mass index (BMI). Thirteen genes were identified
with concordant hypermethylation (% methylation difference with the same
directionality) in DNA from normal mammary tissue at the same genomic feature (i.e.
intron vs. exon) in obese vs. non-obese women and mice (Table 4.2). However, as
some significant methylation changes mapped to the same gene, of the 13 concordant
genes, 6 had additional discordant methylation sites. We also identified an additional 3
genes with only discordant methylation between species. We then compared
methylation (as % methylated DNA) for CpG’s related to the same gene in the same
genomic feature (i.e. intron or exon) between women and mice. Non-obese women and
control fed mice had levels of DNA methylation that were statistically equivalent for 4 of
the 13 concordant genes identified. Of the 13 hypermethylated genes in obese women
and DIO mice, 6 genes reached statistical equivalence (CDK2AP1, CYFIP1, MAF,

MAML3, SH3PXD2A, SMYD3). Of those 4 were statistically equivalent in obese women,

104



DIO mice, and FOb mice. Seven genes were significantly different between obese

humans and DIO mice due to varying degrees of hypermethylation.

Table 4.2. DNA methylation comparisons between obese and non-obese women
and DIO, FOb and control mice

chr1:2183 | chr4:1377
o83 | e Intron 425 35.45 17.92 | P<0.0001 | P<0.0001 | P <0.0001
o e’ | Intron 29.90 1460 | P<0.0001 | P<0.0001 | P <0.0001
ALPL
chr1:2186 | chr4:1377
12186 | et Intron 5.47 35.450 17.92 P<0.004 | P<0.0001 | P <0.0001
e’ | Intron 29.90 14.60 P<0.001 | P<0.001 | P<0.001
cr;gozé;ia Ch‘[gi:f;s Intron 29.03 13.97 ns ns ns
CDK2AP1 o 5.54
49431 Intron 28.96 19.28 ns ns ns
CYFIPY | OP15229 | 72989 | jniron 3.24 25.64 -3.38 P <0.0001 ns P <0.001
ETS1 | Spio8 | 92278 | Downstream 5.42 29,64 -5.86 ns p<0.001 ns
EXTL3 | 2896 | ohtd®ST 1 Intron 5.10 33.38 18.68 P<0.01 | P<0.001 | P<0.001
FAM110A | ©"29825 | r@1S19 | Exon 1.49 25.06 19.17 P<0.001 | P<0.001 | P<0.001
chr16:796 | chr8:1155
MAF 38744 36869 Downstream 8.65 16.85 29.12 ns ns ns
o es” | Downstream 12.77 28.26 P <0.03 ns ns
ohrar 8 | ST intron 9.06 ns ns ns
AMLS oo Intron 7.72 ns P <0.0001 | P <0.0003
ofrgi 1409 Intron 4.49 REE 2440 | p<0.0001 ns ns
o Intron 3.21 P <0.0001 | P<0.0001 | P <0.0001
PITPNM2 | CQNiZ123 | chrst241 | ntron 3.83 24.23 12.61 P<0.003 | P<0.001 | P<0.001
PRPF19 | CIIie06 | ohr19299 | Exon 2.04 21.03 4479 | P<0.0001 | P<0.0001 | P<0.003
et | Tooni® | Exon 24.58 14.17 P<0.05 | P<0.0001 | P<0.0001
vz | Exon 25.96 1081 | P<0.0001 | P<0.0001 | P <0.0001
RASAL3 v | Exon 0.90 23.31 14.72 P<0.005 | P<0.0001 | P <0.0001
v | Exon 24.82 8.99 P<0.005 | P<0.0001 | P<0.0001
> | Exon 27.60 6.75 P<0.005 | P<0.0001 | P<0.0001
oty | oaeag > | ntron 5.87 P <0.0001 ns P <0.002
SH3PXD2A 2222 3267 8.68
451802 Intron 4.10 P<0.05 | P<0.0001 ns
SMYD3 | “E1ES9 | NS4 | Intron 3.58 31.84 244 P <0.0001 ns P <0.0001

NOTE: Differences in methylation calculated by taking the average DNA methylation for obese and
subtracting the average DNA methylation for non-obese (women) or control (mice). Statistical significance
calculated by one-way ANOVA. Abbreviations: chr, chromosome; ns, not significant.
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E. Discussion

In our orthotopic tumor transplant model of BLBC in C57BL/6 mice, we found that
DIO, relative to control diet, elevated: a) body fat percentage; b) serum leptin,
leptin:adiponectin ratio, insulin, IGF-1, and IL-6; c) prevalence of CLS in mammary fat
pad; d) mammary tumor growth; and e) genome-wide mammary gland
hypermethylation. Significant weight loss initiated after 17 weeks on DIO diet resulted in
a normalization of percent body fat and serum leptin, leptin:adiponectin, insulin levels,
and prevalence of CLS in mammary fat pad in the FOb mice. Serum IGF-1 decreased
to levels intermediate to DIO and control levels. Despite these beneficial metabolic
changes and weight normalization, FOb mice had a final tumor volume nearly identical
to DIO mice. Additionally, we observed that obesity reversal in the FOb mice failed to
normalize serum IL-6 and mammary fat pad inflammatory gene expression as well as
aberrant methylation in the mammary gland, and these may contribute to the
persistence of the pro-cancer effects of obesity even after weight is normalized. We
have identified several genes with concordant obesity-related hypermethylation in
humans and mice, and the DNA methylation levels of many of these genes were
unchanged after significant weight loss in the FOb mice, providing further support that
obesity-associated epigenetic reprogramming may not be easily reversed with weight
normalization alone.

To our knowledge, this is the first study to: i) characterize the effects of obesity
reversal on mammary gland microenvironment (including DNA methylation) and tumor

growth; ii) identify genes with concordant and discordant obesity-related methylation
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patterns in normal mammary tissue from mice and humans. We and others have
previously found that a severe weight loss intervention, or inhibiting the mTOR signaling
pathway in obese mice using genetic or pharmacologic approaches [188,192,193],
decreases murine mammary tumor progression. Severe weight loss in humans, such as
that achieved by bariatric surgery, has also shown the ability to significantly decrease
inflammatory signaling [194], DNA hypermethylation [46], and cancer risk [47,195].
However, the weight loss that was achieved in our udy via an ad libitum low-fat diet,
which models many human weight loss plans, failed to reduce inflammatory signaling
and elevated methylation levels in the FOb mice.

Inflammation is implicated in many of the deleterious effects of obesity [196,197].
In the present study, weight loss in FOb mice normalized metabolic regulators that are
elevated in obesity such as serum leptin:adiponectin, insulin, and adipose tissue CLS.
However, several measures of inflammation persisted after weight loss, including serum
IL-6 and gene expression of inflammatory cytokines in the mammary tissue. Thus, we
are able to distinguish the pro-cancer effects of obesity-related metabolic perturbations
from obesity-related inflammation, which persists after weight loss.

We also found evidence suggesting that obesity-induced aberrant
hypermethylation contributes to the maintenance of a pro-inflammatory, pro-growth
microenvironment in the mammary fat pad of mice, and this is not normalized by
significant weight loss. Abnormal expression of EZH2 plays a role in cancer growth and
metastasis in a variety of cancers, including breast [198]. A high-density tissue
microarray analysis of breast tumors from 280 patients revealed that EZH2 levels were

increased in patients with invasive breast carcinoma relative to patients with no lesions
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or atypical hyperplasia [199]. Additionally, EZH2 increases expression of SMYD3, a
histone H3 lysine-4 specific methyltransferase, which plays a key role in the proliferation
and migration of several cancers. Cell culture studies have shown that silencing of
SMYD3 by siRNA inhibits growth of breast cancer cells [200]. We demonstrated here
that both EZH2 and SMYD3 expression remained elevated in the mammary fat pad
tissue of FOb mice, similar to the DIO group, indicating that these epigenetic regulators
may be involved in mediating the mammary tumor-promoting effects of obesity.

Study limitations include the lack of a time course, since it is plausible that FOb mice
could have had decreased tumor growth if challenged after a longer period of weight
normalization. Additionally, as serum IL-6, mammary fat pad inflammatory gene
expression, and mammary fat pad methylation all remained elevated in FOb mice
compared to control, we are unable to delineate the individual contribution of each
factor to the increased tumor burden. As expected, many but not all methylation
changes investigated resulted in a corresponding change in gene expression. This is
likely influenced by distance between the site of methylation change and promoter
region, influence of chromatin features, or multiple systemic levels of regulation at play
[201,202].

The results of our study raise important questions concerning the relationship
between obesity and the progression of more aggressive breast cancers such as the
basal type. Numerous studies have shown that obesity is associated with increased risk
of mortality from breast cancer [203]. As weight loss did not suppress tumor progression
in mice that had at one time been obese, further research is needed to investigate a

potential critical window regarding the timing and magnitude of weight loss to achieve
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an anti-tumor effect. Future studies should also explore weight loss in combination with
adjuvant therapy, such as prophylactic NSAID use to combat inflammation. The
hypermethylation observed in DIO and FOb mice may also provide a new druggable
target for breaking the obesity-breast cancer link.

In summary, we found that MMTV-Wnt-1 mammary tumor growth was similar in
DIO and FOb mice, with both groups exhibiting larger tumors than control mice. DNA
methylation in the distal-tumor mammary fat pad at study endpoint was also significantly
elevated in DIO mice relative to control, with FOb mice possessing intermediate DNA
methylation levels. This is particularly surprising considering that at the time of tumor
cell injection, FOb mice did not differ from control mice in terms of body weight, body
composition, and serum metabolic markers of obesity, with the exception of serum IL-6.
Taken together, our findings suggest a relationship between chronic obesity, the
epigenome, inflammation and mammary cancer. Consequently, a combination of
weight loss and epigenetic or anti-inflammatory interventions may be required to

effectively break the obesity-breast cancer link.
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CHAPTER V. SURGICAL, BUT NOT DIET-INDUCED WEIGHT LOSS, REVERSES THE
PRO-TUMORIGENIC EFFECTS OF OBESITY IN A MOUSE MODEL OF
BASAL-LIKE BREAST CANCER
A. Chapter Précis
Obesity is associated with increased incidence of basal-like breast cancer
(BLBC), an aggressive and often deadly breast cancer subtype. To date, no studies on
the effect of weight loss on BLBC risk in chronically obese women have been reported.
The limited epidemiological data on weight loss and risk of other cancers suggests only
interventions such as bariatric surgery that result in significant sustained weight loss
produce a consistent anti-cancer benefit. We therefore compared the effects of
surgically-induced weight loss via sleeve gastrectomy (SG) versus diet-induced weight
loss via a low-fat diet, in our mouse model of obesity and BLBC. Mice were fed a low-fat
diet resulting in a normal weight control (NW Control) phenotype, or high-fat diet-
induced obesity (DIO) regimen for 15 weeks to model chronic obesity. After 15 weeks
on diet, DIO mice were then randomized to continue the same diet (DIO) or receive a
surgical or diet weight loss intervention, resulting in formerly obese (FOB)-Surg and
FOB-Diet groups, respectively. FOB-Surg mice were subject to sleeve gastrectomy
(~70% excision of the stomach), and NW Control, DIO, and FOB-Diet mice received a
sham procedure. Eight weeks after surgical procedures and diet switches, when the
average body weight for NW Control, FOB-Surg, and FOB-Diet mice did not statistically

differ, all mice on study were orthotopically injected with EO771 mammary tumor cells,
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which model BLBC. At the end of study, ex vivo tumor volume in FOB-Surg mice was
significantly lower than DIO mice, whereas the average tumor volume of FOB-Diet mice
did not statistically differ from DIO mice. In addition, FOB-Surg mice had levels of serum
tumor necrosis factor-alpha (TNF-a), insulin, and adipocyte size that were significantly
lower than FOB-Diet and DIO mice, but did not differ from NW Control mice. Genome
wide analysis of gene expression (RNA Seq) and DNA methylation (RRBS) revealed
that weight loss via sleeve gastrectomy restored metabolic flexibility (the ability to
respond to nutrient signals appropriately) to a greater extent than in FOB-Diet mice. Our
results demonstrate that surgical weight loss imparted a plurality of metabolic
advantages, functional genomic changes, and successful reversal of obesity-associated

mammary tumor burden that were not similarly achieved by dietary weight loss.

B. Introduction

The global prevalence of obesity, an established risk and prognostic factor for
several chronic diseases including many cancers, remains very high [1,2]. Currently, an
estimated 37.9% of the US adult population is obese, defined by a body mass index
(BMI) > 30 kg/m?, while only 27.6% of U.S. adults are at a healthy weight, defined as
having a BMI 18.6-24.9 kg/m?[1,2]. The overall risk of breast cancer is 18% higher in
women with Class | obesity (BMI = 30-34.9 kg/m?), 32% higher in women with Class II
obesity (BMI = 35-39.9 kg/m?), and 62% higher in women who are severely obese (BMI
> 40) [5]. Furthermore, obese women experience poorer breast cancer outcomes by
virtue of their breast cancer subtype (with luminal A and basal-like breast cancers most

strongly associated with obesity), increased tumor grade at clinical presentation,
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accelerated disease recurrence, and diminished response to certain therapies [115].
Therefore, research is urgently needed to identify mechanistic targets and intervention
strategies for reducing the burden of obesity on breast cancer.

Adipose tissue is a dynamic energy reservoir, able to sense and respond to
systemic signals. In obesity, adipocytes expand to pathogenic size to accommodate
triglyceride storage needs, resulting in hypertrophic adipocytes and adipose tissue
dysregulation [48,123]. The secretome of hypertrophied adipocytes, particularly in
visceral white adipose tissue, contributes to an obesity-associated state of low-grade
inflammation and influx of immune cells into adipose tissue [204-207]. Moreover,
adipocytes in the obese state no longer contribute to energy homeostasis and instead
promote lipotoxicity with a steady efflux of free fatty acids (FFAs) into circulation, due to
the inability of insulin to inhibit lipolysis [123,208]. Ultimately, the chronic exposure of
breast epithelial cells to increased local and systemic pro-inflammatory cytokines,
adipokines, and FFA’s from hypertrophied adipocytes and recruited immune cells
enhances breast cancer development and progression in obese individuals [209,210].

The World Health Organization’s International Agency for Research on Cancer
Working Group on Body Fatness and Cancer recently identified a major gap in the
literature regarding the impact and underlying mechanisms of intentional weight loss in
the context of chronic obesity on cancer [211]. Their summary report stated that, with
the exception of studies of bariatric surgery-induced weight loss, epidemiological and
clinical studies have been sparse and inconsistent regarding whether intentional weight

loss can reverse the pro-inflammatory and procancer effects of obesity. The high
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recidivism rate following dietary weight loss interventions no doubt contributes to this
important knowledge gap about the reversibility of the obesity-cancer link [41,42].
Preclinical studies addressing the anticancer effects of weight loss in obese mice
were deemed by the IARC group as sparse and inconsistent. We previously reported
that obesity-associated alterations in inflammation, DNA methylation, and mammary
tumor growth persist in formerly obese mice [212]. These findings suggest that weight
normalization may not be sufficient to reverse the effects of chronic obesity on
epigenetic reprogramming and inflammatory signals in the microenvironment that are
associated with breast cancer progression. Although DNA methylation patterns are
energy responsive, the relationship between weight loss, aberrant DNA methylation,
and cancer progression is unclear, again with the possible exception of bariatric
surgery. In humans bariatric surgery is more adept at reversing obesity-associated
changes in DNA methylation compared to weight loss by diet alone [212,213]. To our
knowledge there are no reports of preclinical studies of bariatric surgery in a murine
model of breast cancer. We therefore employed our mouse model of obesity and basal-
like breast cancer to test the hypothesis that surgery-induced weight loss (via sleeve
gastrectomy) is more effective than diet-induced weight loss at reversing obesity-
associated DNA methylation changes, metabolic perturbations and increased basal-like

mammary tumor growth.
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C. Materials and methods

In vivo studies

All animal study protocols were approved and coordinated in compliance with
guidelines issued by the University of North Carolina at Chapel Hill Institutional Care
and Use Committee (IACUC). Ninety four female 6-8 week old C57BL/6 mice (a well
characterized energy balance-responsive mouse model) were purchased from Charles
River Laboratories International, Inc. (Wilmington, MA). Upon arrival, mice were housed
two per cage on a 12-hour light/dark cycle and offered food and water ad libitum. A diet
of standard chow was administered to all mice for a one week acclimation period. Next,
mice were randomized to two groups, receiving either a control (CON; 10% kcal from
fat) diet (n=22; Product # D12450J; Research Diets, Inc.) or a diet-induced obesity
(DIO; 60% kcal from fat) regimen (n=72; Product # D12492; Research Diets, Inc.) to
generate a normal-weight (NW) control or obese phenotype, respectively. Body weight
and food intake were measured weekly. After 15 weeks on diet, with the weights of NW
CON and DIO mice significantly different from each other (P < 0.001), obese mice were
then randomized to continue the same diet (DIO) or receive a surgical or diet weight
loss intervention, resulting in formerly obese (FOB)-Surg and FOB-Diet groups,
respectively. FOB-Surg mice were subject to sleeve gastrectomy (~80% excision of the
stomach), and NW Control, DIO, and FOB-Diet mice received a sham procedure. Three
days post-operation, both FOB-Surg and FOB-Diet began the same low-fat control diet
as the NW Control group. Eight weeks after surgery when body weights of mice were
relatively stabile, all mice were orthotopically injected with 3.5 x 10* EO771 mammary

tumor cells into the 4th mammary fat pad (Figure 5.1A), a model of basal-like breast
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cancer originally isolated from a spontaneous medullary breast adenocarcinoma in a
C57BL/6 mouse [214]. In vivo tumor growth was measured two times per week with
skinfold calipers and in vivo tumor area was determined using the formula Tr*. Four
weeks following orthotopic injection, tumors in 50% of DIO mice (the fastest growing
group) reached the requisite size defined by the IACUC protocol; therefore, all mice on
study were sacrificed. Mammary tumors, tumor-adjacent and tumor-distal mammary fat
pad were excised and sectioned to either be formalin fixed or flash frozen in liquid
nitrogen and stored at -80°C until further analysis. Ex vivo tumor volume was calculated
using the formula 1/61 x D1 x D2 x D3 (where D is equal to ex vivo diameter of the
tumor). End of study blood was collected by cardiac puncture, allowed to clot at room
temperature for 30 minutes and centrifuged for 10 minutes at 1,000 x g to isolate serum,

and stored at -80°C.

Sleeve gastrectomy and sham procedures

Sleeve gastrectomy and sham procedures were performed by trained animal
surgeons according to a validated protocol [215]. Briefly, vertical sleeve gastrectomy
(SG) involved excision of ~80% of the lateral stomach. The sham procedure, performed
on NW Control, DIO, and FOB-Diet mice to control for the physiological insult of
surgery, was executed by first isolating the stomach and then applying manual pressure
with forceps for five seconds. The excision and pressure were applied along a line
continuous with the esophagus and pylorus. All surgeries occurred within a four day
window, and mice within all study groups were randomized to the day of operation. Pre-

operation fasting, exposure to isofluorane and administration of analgesics were
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consistent across all groups. Additionally, all mice received a three-day liquid diet
(Osmolite OneCal) before being reintroduced to solid food. Antibiotics were given to all
mice three days post-op. All mice were weighed daily and food intake was quantified for

one week post-op.

Quantitative magnetic resonance analysis

Quantitative magnetic resonance imaging (qMRI) (Echo Medical Systems,
Houston, TX) was used to measure the body composition for all groups (n=6-9
mice/group) at the end of study. Lean body mass, fat body mass, and free water were
quantified. Body fat percentage was calculated by dividing the fat body mass by the

body weight measured with a digital scale.

Serum hormone, adipokine, and cytokine measurement

One week prior to tumor injection, serum was collected from mice fasted 4-6
hours by submandibular bleed. Serum hormones, cytokines, and adipokines including
insulin, leptin, adiponectin, IL-6, TNF-a, and resistin, were measured using Milliplex
Mouse Metabolic Hormone Magnetic bead Panel (MMHMAG-44K), Bio-Plex Pro™
Mouse Adiponectin Assay, and Mouse Cytokine Panel A 6- Plex, respectively (Bio-Rad
Laboratories; Hercules, California). Insulin-like growth factor 1 (IGF- 1) concentrations
were measured using R&D Systems IGF-1 Bead-Based Single-plex Luminex assay

(Minneapolis, MN).
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Mammary fat pad adipocyte size and crown-like structure analysis

Hematoxylin and eosin (H&E) staining on 4-micron thick sections from formalin-
fixed, paraffin embedded distal mammary fat pad tissue was processed, scanned and
imaged using Aperio CS2 Digital Pathology Scanner (Leica Biosystems, Wetzlar,
Germany) at 40X magnification. Representative snapshots (n=9-11 mice/group; 3
snapshots were sample) were randomly selected from whole tissue images zoomed in
at 8.8X (300 pM) utilizing ImageScope Viewing Software Version 12.0 (Leica
Biosystems). Mammary fat pad average adipocytes size and number of adipocytes
were quantified using ImagedJ Version 1.51e (National Institute of Health, Bethesda,
Maryland). An adipocyte tool macro (MRI Adipocyte Tools.txt) was downloaded from
(http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Adipocytes_Tool) and imported into
Imaged. Furthermore, the number of crown-like structures (CLS) [216] was quantified
from whole tissue H&E stained distal mammary fat pad sections (n=10-15 mice/group).
Briefly, the number of CLS were counted in a blinded fashion, and CLS density
measures were achieved by dividing the number of CLS by the total slide area eligible

for analysis using ImageScope Viewing Software Version 12.0 (Leica Biosystems).

DNA methylation analysis

Genome-wide methylation profiles for the distal mammary fat pad were
determined by reduced representation bisulfite sequencing (RBBS). DNA was extracted
from a random sample (n=4 mice/group) of distal mammary tissues using TRl Reagent
(Sigma-Aldrich) according to the manufacturer's instructions. Library preparation and

sequencing were performed at the University of North Carolina at Chapel Hill High-
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Throughput Sequencing Facility. Alignment and differential methylation analysis were

conducted as previously described [212].

RNA-Seq analysis

Total RNA was extracted from the flash-frozen tumor-adjacent and tumor-distal
mammary fat pad samples collected at the end of the study using TRI Reagent (Sigma-
Aldrich) according to the manufacturer's instructions. RNA libraries were prepared using
the lllumina TruSeq Stranded Total RNA Sample Preparation kit according to
manufactures instructions. The libraries were sequenced using a 2x76 bases paired end
protocol on the lllumina HiSeq 2000 instrument. The reads were mapped to mouse
genome (mm10) by TopHat (version 2.0.7). The number of fragments in each known
gene from RefSeq database (UCSC Genome Browser 2013) was enumerated using
HTSeq-count from HTSeq package (version 0.5.3p9). Differential expression was

performed using DESeq2.

Pathway analysis
WebGestalt (www.webgestalt.org) [217] over representation enrichment analysis
(ORA) of KEGG pathways and gene ontology biological process curated gene sets was

performed for selected pairwise comparisons of RNA-Seq and RRBS data.

Statistical analysis
All values are represented as mean + standard deviation (s.d.). One-way

analysis of variance (ANOVA) using Tukey’s post hoc multiple comparisons correction
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was used to assess the effects of diet and weight loss on body weight and fat
percentage, tumor volume, serum hormone and cytokine concentrations, and mammary
fat pad adipocyte size and CLS density. Results were analyzed using GraphPad Prism
software (Graphpad Software Inc., La Jolla, CA) and P < 0.05 was considered

statistically significant.

D. Results
Weight loss interventions by surgery (FOB-Surg) or diet alone (FOB-Diet) are
equally effective at reducing body weight and fat mass

Mice were fed a low fat control or a diet-induced obesity regimen for 15 weeks in
order to establish a normal weight control or obese phenotype, respectively. DIO mice
had significantly higher body weight at the time of sleeve gastrectomy or sham
procedure relative to control mice (P < 0.0001). Eight weeks following the operations
and diet switch, body weight between FOB-Surg and FOB-Diet mice was not
significantly different (Figure 5.1A), and neither group was significantly different from
NW Control mice, however all were significantly different from DIO mice prior to tumor
cell injection (P < 0.0001 for all comparisons, NW Control vs. DIO, FOB-Surg vs. DIO,
FOB-Diet vs. DIO). At end of study, body fat percentage (Figure 5.1B) was not
statistically different among NW Control, FOB-Surg and FOB-Diet mice, and all groups
were significantly lower than DIO mice (P < 0.0001 for all comparisons, NW Control vs.
DIO, FOB-Surg vs. DIO, FOB-Diet vs. DIO), indicating successful and equivalent

reversal of the obese phenotype in both weight loss groups.

119



Sleeve Gastrectomy Tumor
or Sham Procedure Implantation
507+ O NWCortrol ' . b
| | |
| * FOB-Surg 1 |
| Sk FOBDt :
40 | 604
i b
|
S . a
g -
F:: a0d{ a e a |
o | v / a - 404 ‘.
3 ‘ =
3 | a o /\
> . ' § f \
'8 20 | [ & l‘
o 5 20 |‘ |
|
| \ /
104 ‘nl
1 \ I"
|
| o |
|
0

0 2 4 6 8 10 12 14 16 18 20 2 24 NW Control FOB:Surg FOB-Diet Dio
Weeks on diet

Figure 5.1 Weight loss interventions by surgery (FOB-Surg) or diet alone (FOB-Diet) are
equally effective at reducing body weight and fat mass. Surgical and dietary weight loss
generate comparable reductions in body weight and body fat percentage. (A) Body weight of
mice throughout the course of study. (B) Combined violin and box plots of body fat percentage
at end of study. Differences in significance denoted by different letters (a,b) P < 0.05.

Surgical weight loss reduces obesity-associated serum growth factors and pro-
inflammatory mediators more effectively than diet-induced weight loss

Seven weeks after surgical procedures and diet switch when weights were
stabilized, serum was collected from mice (n=10-12 mice/group) by submandibular
bleed for multiplex metabolite analyses. For all metabolites measured except
adiponectin, levels in NW Control mice were significantly lower than DIO mice. Insulin
levels in FOB-Surg mice were significantly different from both FOB-Diet and DIO mice
and not significantly different from NW Control mice; insulin levels in FOB-Diet exhibited
intermediate reductions from DIO levels but were not significantly different. For Insulin-
like growth factor-1 (IGF-1) and resistin, FOB-Surg mice displayed significantly lower
levels than DIO mice, whereas FOB-Diet mice displayed intermediate, non-significant

reductions from DIO levels. For measures of leptin, leptin to adiponectin ratio,
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interleukin-6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1), both FOB-Surg
and FOB-Diet mice displayed significantly lower levels relative to DIO mice. Lastly,
FOB-Surg mice exhibited significantly lower levels of tumor necrosis factor alpha (TNF-
a) than both FOB-Diet and DIO mice; levels of TNF-a in FOB-Diet mice were not

statistically different from only DIO mice (Table 5.1).

Table 5.1 Surgical weight loss in mice more effectively reduces circulating growth
factors and pro-inflammatory mediators in serum

NW Control FOB-Surg FOB-Diet DIO

Hormones
Insulin (ng/mL)  0.74+0.25°° 056022  1.04+0.35”° 1.35+0.49°

IGF-1 (ng/ml)  42.2+13.8% 3001597  1.4:186%° 76.7+29.6"
Leptin (ng/mL)  2.41+0.89% 216120  477+421%  11.5:0.05"

Adiponectin

(ug/mL) 120+£2.99 111501  12.6+2.91 9.68 +5.13

Leptin: DOE-06+  2.3E-06 4.9E-06 + 3.5E-05 +

Adiponectin 1.3E-06% 1.3E-06% 5.3E-06° 1.3E-05°

Resistin g . ab 2021 46—“

(ng/mL) 11840 + 41432 6732 £+2237° 2528 + 4717 10323
Cytokines

TNF-a (pg/ml) 115+7.31% 188+141%  412x141° 569x18.2"°
IL-6 (pg/mL) 306821 395:175°  508+240°  89.4+20.6"
MCP-1 (pg/mL)  99.8 +5.34% 1022+224% 1368:50.4% 1923 +51.9°

Data presented as mean + s.d. One-way ANOVA and Tukey's post hoc multiple comparisons
were used to test statistical differences between study groups. Results from pairwise
comparisons are presented as letters, where common letters indicate statistical equivalence
and different letters indicate statistical difference according to P < 0.05.
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Surgical weight loss, but not diet-induced weight loss, reverses adipocyte
hypertrophy and crown-like structure density in mammary tissue

The size of adipocytes (measured by two-dimensional area) in the mammary fat
pad were significantly larger in DIO mice compared with NW Control mice. Both surgical
and dietary weight loss resulted in reduced adipocyte area, relative to DIO mice, with
the most profound differences occurring at the 50" and 90™ percentile of adipocyte area
(Figure 5.2A). FOB-Surg mice exhibited a median adipocyte area significantly lower
than FOB-Diet and DIO (P < 0.05, P < 0.0001, respectively), but not NW Control mice.

The median adipocyte area of FOB-Diet mice displayed significant reduction
relative to DIO mice (P < 0.001), but remained significantly different from both NW
Control (P < 0.01) (Figure 5.2B). Furthermore, density of crown-like structures in the
mammary fat pad was remarkably decreased in FOB-Surg mice and was significantly
lower than that of FOB-Diet (P < 0.001) and DIO mice (P < 0.001). Notably, crown-like
structure density in FOB-Diet mice was not statistically different from DIO or NW Control

mice (Figure 5.2C).
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Figure 5.2 Surgical weight loss, but not diet-induced weight loss, reverses adipocyte
hypertrophy and crown-like structure density in mammary tissue. Surgical weight loss
results in more robust reductions in adipocyte hypertrophy and crown-like structure density in
the mammary fat pad. (A) Panel displaying density functions for 10", 50", and 90" percentiles
of adipocyte area across all groups; dashed red line indicates mean of distribution. (B) Average
adipocyte area. (C) Crown-like structure density. (D) Representative images of H&E stained
mammary fat pad sections depicting adipocyte size and CLS. Differences in significance
denoted by different letters (a,b) P < 0.05.

Surgical weight loss, but not diet-induced weight loss, reverses the pro-
tumorigenic effects of obesity

Ex vivo tumor volume of FOB-Surg mice was not statistically different from NW
Control mice and significantly different than DIO mice. However, FOB-Diet mice had
tumors that were not significantly different from DIO mice and significantly different than
NW Control mice (Figure 5.3). Therefore, FOB-Surg mice, but not FOB-Diet mice,

achieved reversal of obesity-associated mammary tumor burden.
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Figure 5.3. Surgical weight loss, but not diet-induced weight loss, reverses the pro-
tumorigenic effects of obesity. Ex vivo tumor volume reveals unique cancer-protective effects

of surgical versus dietary weight loss. Differences in significance denoted by different letters
(a,b) P<0.05.

Surgical weight loss reverses obesity-induced aberrant mammary DNA
methylation more effectively than diet-induced weight loss

The complete RRBS dataset was filtered by pairwise comparisons between all
study groups with P < 0.0001 and false discovery rate (FDR) < 0.0001 as filtering
criteria for differential methylation. Gene lists were entered into WebGestalt for
overrepresentation enrichment analysis (ORA) in curated KEGG pathways (Table 5.2).
The genes harboring differential methylation between DIO and FOB-Surg mice were
highly enriched for a variety of pathways implicated in mammary carcinogenesis and a
tumorigenic microenvironment. Interestingly, there were markedly fewer genes
displaying differential methylation according to the criteria above in DIO vs. FOB-Diet
mice relative to DIO vs. FOB-Surg mice (2011 and 4258 genes, respectively),
suggesting that DIO mice have a global DNA methylation profile more similar to FOB-
Diet mice than FOB-Surg mice. There was considerable redundancy in pathways

represented by differentially methylated genes between FOB-Diet vs FOB-Surg mice
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and DIO vs FOB-Surg mice, further suggesting that DIO and FOB-Diet mice share a
significant number of similar DNA methylation features that likely explain overlapping

pathway enrichment relative to FOB-Surg mice.

Table 5.2 KEGG pathways enriched for differentially methylated genes

Observed % of All
Pathway Genes in Genesin  P-value FDR
Pathway Pathway

Differentially methylated DIO vs FOB-Surg (n = 4258)

Signaling pathways regulating
pluripotency of stem cells*

47 33.6 1.3E-07 2.0E-05
Breast cancer* 47 324 4.4E-07 3.8E-05
Pathways in cancer* 99 25.3 5.0E-07 3.8E-05
Rap1 signaling pathway 56 26.5 3.8E-05 1.9E-03
Insulin secretion” 27 33.3 7.2E-05 2.6E-03
Ras signaling pathway 58 25.7 7.7E-05 2.6E-03
Whnt signaling pathway 41 281 1.1E-04 2.9E-03
Hippo signaling pathway* 42 27.3 1.8E-04 4.3E-03
Focal adhesion*® 51 251 3.6E-04 6.7E-03

Differentially methylated DIO vs FOB-Diet (n = 2011)

Insulin secretion* 18 22.2 5.4E-05 6.4E-03
Breast cancer* 26 17.9 7.1E-05 6.4E-03
Pathways in cancer* 53 13.5 8.5E-05 6.4E-03

Differentially methylated FOB-Surg vs FOB-Diet (n = 1107)
Signaling pathways regulating

pluripotency of stem cells* 20 14.3 6.3E-06 1.9E-03
Focal adhesion* 23 11.3 6.1E-05 5.2E-03
Hippo signaling pathway* 19 12.3 8.6E-05 5.2E-03
Breast cancer® 18 12.4 1.2E-04 6.1E-03
Basal cell carcinoma* 10 18.2 1.9E-04 7.9E-03

Respective gene sets were subjected to over representation enrichment analysis (ORA) for
specific KEGG pathways as compared to the mouse genome by applying a hypergeometric test
and threshold minimum of five genes represented in the pathway. Asterisk indicates redundant
pathway among the comparisons. FDR: false discovery rate.
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Surgical weight loss, but not diet-induced weight loss, alters mammary
transcriptional profiles relative to DIO mice

RNA Sequencing data was filtered to create gene lists for all pairwise
comparisons between groups; differential expression with group-specific directionality
was achieved by selecting genes with log; (fold change) > 0.58 (which is equivalent to
fold change > 1.5) for each inter-group comparison. Gene lists were entered into
WebGestalt for overrepresentation enrichment analysis (ORA) in curated KEGG
pathways. Similar to the DNA methylation results, there was significant overlap between
pathways upregulated in DIO vs. FOB-Surg mice and FOB-Diet vs FOB-Surg mice,
pointing to critical gene clusters that display robust activation by obesity and persist
despite weight loss by diet alone. Notably, ECM-receptor interaction, pathways in
cancer and PI3K-Akt signaling were included in KEGG pathways upregulated in DIO vs.
FOB-Surg, but not DIO vs. FOB-Diet (Figure 5.4A and 5.4B). Next, comparisons of the
two weight loss groups to DIO mice reveals significant overlap in pathway
characterization (Fatty acid metabolism, metabolic pathways, PPAR signaling, insulin
resistance, etc.) reflecting upregulated genes in FOB-Surg (Figure 5.4C) and FOB-Diet
(Figure 5.4E) mice vs. DIO mice. There were remarkably few upregulated genes in DIO
vs. FOB-Diet mice relative to other comparisons (Figure 5.4D), indicative of latent
obesity-associated gene expression patters in FOB-Diet but not FOB-Surg mice. The
genes that were upregulated in FOB-Surg vs. FOB-Diet mice were enriched for
pathways implicated in a spectrum of inflammatory processes (Figure 5.4F).
Considering the potential inconsistencies between this pathway analysis and the serum
metabolite data in Table 1 showing FOB-Surg mice having lower levels of inflammatory

markers relative to FOB-Diet mice, gene-level analyses were pursued.
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Interestingly, explorations of redundant pathways upregulated in both FOB-Diet and
FOB-Surg mice revealed group-exclusive expression profiles of distinct molecular
functions. For example, the “Cytokine-cytokine receptor interaction” KEGG pathway was
shown to be enriched for genes upregulated in FOB-Diet vs. FOB-Surg mice and vice
versa. In this pathway, Lep, the gene encoding the adipokine leptin, was upregulated in
FOB-Diet vs.FOB-Surg mice, whereas Lepr, the gene encoding leptin receptor, was
upregulated in FOB-Surg vs. FOB-Diet mice, suggesting resolution of leptin resistance,

however both contribute to the same KEGG pathway.
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Figure 5.4. Pathway analysis of differentially expressed genes in the mammary fat pad.
Pathways displayed for genes (A) upregulated in DIO vs FOB-Surg mice, (B) upregulated in
FOB-Surg vs DIO mice, (C) upregulated in FOB-Diet vs FOB-Surg mice, (D) upregulated in DIO
vs FOB-Diet mice, (E) upregulated in FOB-Surg vs FOB-Diet mice, and (F) upregulated in FOB-
Diet vs. DIO mice.
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Surgical weight loss and diet-induced weight loss differentially modulate
the expression of genes involved in sphingolipid metabolism

The balance between sphingolipid metabolites influence mitogen-activated
pathways and thus heavily influence the fate of a cell. Ceramide inhibits cell growth and
induces apoptosis. In contract, sphingosine 1-phosphate (S1P) promotes proliferation
and survival of inflammatory cells, in part through stimulating the extracellular signal-
regulated kinase (ERK) pathway and counteracts the ceramide-induced activation of
stress-activated protein kinase (SAPK/JNK) [218]. FOB-Surg mice had increased
expression of genes encoding the enzymes that catalyze the recycling of S1P to
sphingosin. Sphingosine 1-phosphate phosphatase 1 (SGPP1) and SGPP2 were
increased in FOB-Surg mice compared to FOB-Diet with the later reaching statistical
significance (Figure 5.5A). Furthermore, expression of Delta 4-Desaturase, Sphingolipid
1 (DEGS1) was similar between groups but DEGS2 was significantly increased in FOB-
Surg compared to FOB-Diet, which would favor the accumulation of ceramide (Figure
5.5B). FOB-Surg and FOB-Diet mice generally displayed opposing expression of genes
encoding enzymes that regulate the balance between ceramide and sphingomyelin.
FOB-Surg displayed decreased expression of spingomyelin phosphodiesterase 1
(SMPD1) and SMPD3 relative to FOB-Diet, which would favor pro-apototic Ceramide
over pro-survival Sphingomyelin. FOB-Surg mice also had increased expression of
SMPD2 and spingomyelin synthase (SMS) which both promote the conversion of
sphingomyelin to ceramide (Figure 5.5C). Sphingosine kinase (Sphk) types 1 and 2 are
two isoforms with opposite roles in the regulation of ceramide biosynthesis, with Sphk1

generally deemed as pro-survival and Sphk2 generally pro-apoptotic [219]. The

129



expression of Sphk1 contrasts Sphk2 expression for essentially in the mice from all
groups. FOB-Diet mice had significantly increased expression of Sphk1 and a reduced

expression of Sphk2, which did not reach statistical significance (Figure 5.5D).
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Figure 5.5. Surgical weight loss and diet-induced weight loss differentially modulate the
expression of genes involved in sphingolipid metabolism. FOB-Surg and FOB-Diet mice
displayed divergent expression of genes involved in (A) recycling of sphingosine 1-phosphate to
sphingosin; (B) Degredation of sphingosine 1-phosphate; (C) recycling of ceramide to
sphingomyelin, and (D) Generation of spingosine 1-phosphate.

DNA methylation and gene expression profiles of genes altered after surgical
weight loss displays partial concordance with human data sets

Genes exhibiting significant hyper- and hypomethylation in DIO vs NW Control,

FOB-Surg, or FOB-Diet mice were selected by calculating the difference in average
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percent methylation of the groups and attributing significance according to false
discovery rate < 0.05 and P < 0.05. These differentially methylated features were
compared to DNA methylation data obtained from mammary tissue cataloged in the
Normal Breast Study showing concordant hyper- or hypomethylation in obese subjects.
Displayed are results of concordance analysis (Table 5.3) showing robust alignment of
genes implicated in a variety of pathways relevant to carcinogenesis and regulation of
cell proliferation. Additionally, gene ontology (GO) and KEGG pathways regulated by
differential gene expression were compared to a microarray gene expression study of
white adipose tissue (WAT) of obese vs. lean subjects and subjects after vs. before
undergoing bariatric surgery performed by Henegar et al. [220]. For concordance
analysis, DIO vs. NW Control mice were used in comparison with obese vs. lean
subjects. Our data exhibited bi-directional overlap energy-responsive pathways, with six
out of eleven GO and five out of ten KEGG pathways showing mirrored regulation for
comparisons between obese vs. lean subjects and DIO vs. NW Control mice.
Furthermore, DIO vs. FOB-Surg mice were used in comparison with analysis of
samples after vs. before bariatric surgery. Again, our data displayed distinct similarity
with directional regulation of GO and KEGG pathways, with eight out of fourteen GO

and five out of 12 KEGG pathways showing identical regulation.
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Table 5.3 DNA methylation comparison between obese vs. nonobese women and
DIO vs. NW Control, FOB-Surg and FOB-Diet mice

Human Data
Mouse Data
DIO vs NW DIO vs DIO vs FOB- Obese vs
Chr Re Control FOB-Surg Diet Nonobese
Loc. I Methyl P- Methyl P- MethyiA P-  Probe o P-
A (%) value A(%) value (%) value ID °9 value
= chr7.144 09103
% Fgf3 838338 P -10.8 3E-04 -6.5 3E-03 -0.9 7E-01 61167 B -25.8 4.2E-03
B Fgfr1 S cg108
(g P 8.7 5E-03 8.9 2E-04 7.1 5E-02 23844 TSS 17.3 6.3E-04
chr16.92 cg015
Runx1 695764 P -13.5 2E-08 -28.5 3E-21 -4.0 3E-01 19261 5'UTR -65.2 4.9E-04
chr11.1
024685 cg223
ltga2b 91 I -5.1 1E-03 -8.9 3E-07 -0.2 7E-01 81590 B -78.3 8.4E-03
3 chr2.1802 cg140
= Lama5 14995 [ -10.2 2E-03 -9.3 2E-05 -0.8 1E-01 07090 B -83.8 5.1E-06
g chr8.83 cg006
5 Ptger 661250 E -10.5 9E-03 -20.1 2E-06 -7.5 6E-02 12299 B -40.0 1.7E-03
P chr8.83 cg104
E 668613 E -12.3 5E-09 -5.6 4E-03 -1.7 6E-01 68702 5'UTR -29.1 4.8E-03
E Rxra  chr2.27 cg139
691622 | -12.9 5E-03 -16.4 8E-06 -7.3 9E-02 31640 B -40.6 5.4E-04
chr2.27 Cg142
750764 | -8.0 9E-03 -9.9 1E-04 -5.1 5E-02 36758 B -38.7 1.4E-03
chr17.45 cg253
Vegfa 915090 -12.6 1E-11 -12.0 1E-10 -3.6 1E-01 73579 3'UTR -55.6 7.3E-03
chr17.28 cg156
%Tcﬁ 232857 P -11.5 5E-03 -7.0 1E-02 -8.6 6E-01 11037 B -61.5 1.4E-02
E chr11.52 cg206
b 286547 P 16.8 8E-04 11.2 2E-04 4.8 1E-01 82563 B 36.9 5.1E-05
- chr4.137
E Wht4 291750 | -59 O9E-03 -94 2E-06 -4.2 1E-01 ?gggi B -20.7 2.1E-03
e chr14.28
S Wntda “Socca7 | 61 BE-03 82 2E-03 42 1E-01 taoes B -35.0 9.2E-04
£ Wnizg 1159 cg161
< 289014 | -10.9 2E-03 -9.2 1E-04 -16 3E-01 70838 B -85.5 5.1E-04

Abbreviations: Chr: Chromosome, Fgf: Fibroblast growth factor, Loc.:Location, Reg.:Region,
P:Promoter, l:Intron, E:Exon, B:Body, TSS: transcription start site, p: correlation coefficient
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E. Discussion

The results of our preclinical study using a mouse model of premenopausal
basal-like breast cancer demonstrate that weight loss by bariatric surgery, but not
weight loss by a low-fat diet regimen alone, is able to reverse obesity-driven
transformations in metabolism, inflammation, DNA methylation, gene expression, and
mammary tumor burden. Consistent with established trends in the literature, DIO mice,
relative to NW Control mice, exhibited significantly higher levels of the following obesity-
associated cancer promoting perturbations: serum hormones (insulin, IGF-1,
leptin:adiponectin, resistin), circulating inflammatory markers (TNF-a, IL-6, MCP-1),
body weight, body fat percentage, adipocyte size, and CLS density in the mammary fat
pad. FOB-Surg mice, which achieved an obese phenotype by consuming a high fat diet
for 15 weeks and underwent a vertical sleeve gastrectomy procedure followed by a
switch to a low fat diet, displayed significant reductions in the obesity-associated cancer
promoting perturbations from DIO mice and not significantly different from NW Control
mice in all of these measures. FOB-Diet mice, which likewise achieved an obese
phenotype and received a sham procedure followed by a switch to a low-fat diet to lose
weight, displayed significant reductions from DIO mice in measures of body weight,
body percentage, leptin:adiponectin, IL-6, and MCP-1, although mammary adipocyte
size remained significantly higher than NW Control mice. FOB-Surg mice, but not FOB-
Diet mice, exhibited average adipocyte size, CLS density, circulating TNF-a, and ex
vivo mammary tumor volume was not significantly different from NW Control mice, while

the same measures in FOB-Diet mice, (with the exception of adipocyte size, which was
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intermediate), were not significantly different from DIO mice. Therefore, we conclude
that surgical weight loss imparted a plurality of metabolic advantages and successful
reversal of obesity-associated mammary tumor burden that were not similarly achieved
by dietary weight loss.

In order to provide a comprehensive molecular comparison of surgical and
dietary weight loss relevant to breast cancer risk and progression, we performed parallel
MRNA sequencing and reduced representation bisulfite sequencing of the mammary fat
pad to delineate functional changes in the transcriptome and epigenome. Intriguingly,
there were many more genes with differentially methylated features in DIO vs. FOB-
Surg mice (n=4258 genes) than DIO vs. FOB-Diet mice (n=2011 genes), suggesting
that surgical weight loss was more effective at generating a DNA methylation profile
distinct from DIO mice. Differentially methylated genes in DIO vs. FOB-Surg mice and
FOB-Diet vs. FOB-Surg mice were enriched for similar canonical signaling pathways,
pointing to DNA methylation as a potential mechanism by which obesity-driven cellular
changes remain active in FOB-Diet mice but not FOB-Surg mice.

Next, differentially expressed genes were subjected to unbiased pathway
analysis to highlight coherent gene clusters in the context of curated signaling
pathways. Similar to trends observed in pathway analysis of differentially methylated
genes, pathways upregulated in DIO vs. FOB-Surg mice and FOB-Diet vs. FOB-Surg
mice exhibited substantial redundancy, suggesting that obesity-associated gene
expression profiles in the mammary fat pad are responsible for characterizing
differential gene expression between mice that underwent dietary vs. surgical weight

loss. Genes and pathways that were upregulated by the weight loss interventions (that
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is, upregulated genes and pathways in FOB-Diet vs. DIO mice and FOB-Surg vs. DIO
mice) showed considerable similarity in their biological function. Namely, the maijority of
the pathways involved macronutrient metabolism and metabolic machinery of core
anabolic and catabolic pathways, such as fatty acid metabolism, tricarboxylic acid (TCA)
cycle, insulin signaling, pyruvate metabolism, and peroxisome proliferator-activated
receptor (PPAR) signaling. These results provide robust evidence for the centrality of
metabolic control in obesity-reversal interventions. Interestingly, genes upregulated in
FOB-Surg vs. FOB-Diet mice are heavily enriched for pathways implicated in a variety
of inflammatory processes, despite powerful anti-inflammatory effects of surgical weight
loss substantiated by circulating cytokine levels and CLS density in the mammary fat
pad. Analysis at the gene level implicates the inclusion of positive and negative
regulators of inflammation for these results.

Additionally, FOB-Surg and FOB-Diet displayed differential expression of genes
involved in sphingolipid metabolism, with opposing expression levels of the same gene.
FOB-Surg mice expressed decreased SMPD3, whereas FOB-Diet mice expressed
increased levels (similar to DIO). SMPD3 expression, but not SMPD1 or SMPD2, has
correlated significantly with concentrations of ceramide and is also increased in obese
humans and mice [221,222]. Sphingosine 1-phosphate is heavily implicated in the
development of insulin resistance. Mouse models lacking functional sphingosine 1-
phosphate receptor 2 (S1P2) are protected from adipose tissue dysfunction (adipocyte
hypertrophy, influx of macrophages, and insulin resistance) while on a high-fat diet
[223]. Sphingosine kinase(Sphk) types 1 and 2 are two isoforms that phosphorylate

sphingosine to produce spingosine 1-phosphate (S1P), however their expression differs
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throughout tissues in the body and in subcellular location [224]. The Sphk isoforms have
opposing functions, as Sphk1 promotes survival and Sphk2 promotes apoptosis [219].
The expression of Sphk1 contrasts Sphk2 expression for essentially in the mice from all
groups. In FOB-Surg mice, Sphk2 prevails over Sphk1 while the opposite occurs in
FOB-Diet mice. This is particularly relevant as both TNF-a and IGF-1 can promote the
expression of Sphk1 [225]. Sphk1 regulates HIF-1a and also promotes breast epithelial
cell proliferation and malignant transformation of breast epithelial cells [226-228]. Thus,
alterations in the absorption of lipids or increases in bile acids characteristic of bariatric
surgery may mediate the anti-cancer effect of surgery through sphingolipid-dependent
mechanisms.

The sequencing results of our animal study demonstrate considerable similarity
with similar molecular investigations in humans. The results of our RRBS studies were
compared to DNA methylation in normal breast tissue from the Normal Breast Study.
This study generated correlation coefficients between methylation levels and obesity,
and accordingly each methylation probe can be observed for up- or downregulation in
obesity. Concordance analysis between these two datasets revealed a number of gene
features that exhibit concordant reduction or enrichment of CpG methylation in obese
vs. non-obese women in comparisons to DIO vs. NW Control mice, DIO vs. FOB-Surg
mice, and failure to reverse these trends in FOB-Diet mice. The resulting genes are
therefore critical targets under epigenetic control that in part mediate the differential
outcomes between the two weight loss groups.

This is the first study to compare the effects of surgical vs. dietary weight loss on

mammary tumor burden in a preclinical mouse model of basal-like breast cancer.
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Leveraging the power of next-generation sequencing platforms, RNA-Seq revealed
upregulation of macronutrient metabolic machinery as a consistent transcriptomic
phenomenon between both weight loss groups. However, we observed divergent
effects of certain molecular processes implicated in the innate immune and
inflammatory response and sphingolipid metaolism in FOB-Surg mice compared to
FOB-Diet, which likely contribute to the exclusive cancer-protective effects observed in

FOB-Surg mice.
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CHAPTER VI. SUMMARY AND CONCLUDING REMARKS

A. Introduction

Epidemiological data demonstrates that obesity increases the risk of ER-positive
and ER-negative breast cancer in postmenopausal women and also increases the risk
of ER-negative breast cancer in premenopausal women. In pre- and postmenopausal
women, obesity is associated with increased stage at diagnosis, risk of metastasis and
mortality from their disease [30,229,230]. Approximately 85,000 new cancer cases per
year are attributed to obesity in the United States [4]. Furthermore, its estimated that
20% of all cancer deaths in women are attributable to BMI = 25 kg/m?, which underlines
the deficiency for effective strategies to prevent and treat cancer in obese individuals
[5].

The cancer promoting effects of obesity are a major public health concern, and
the current gap in knowledge on the anticancer effects of weight loss on breast cancer
contributes to this concern. Few studies are able to effectively study the potential
anticancer effects of diet-induced weight loss due to low success rates of weight loss
interventions and even lower maintenance of weight due to recidivism. Recent studies
report that 17.3% of US adults who have ever been overweight or obese were able to
lose 10% of their body weight and maintain weight loss for at least one year [231].

However, only 4.4% of US adults are able to lose 20% of their body weight and maintain
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weight loss for at least one year [232]. The physiological responses to weight loss is
dynamic and yields metabolic, epigenetic, and immune responses. Verhoef et al. found
that a 10% weight loss in humans resulted in a 16% decrease in adipocyte size in
association with increased fatty acid transport expression of FABP4 [233]. However,
survival mechanisms associated with weight loss, including adaptive thermogenesis and
physiological responses in adipocyte metabolism, may mitigate some of the health
benefits of weight loss. In the same study, Verhoef et al. also found that after 10%
weight loss, markers for mitochondrial beta-oxidation (HADHsc) and lipolysis (ATGL)
were increased at the 10-month follow up [233]. The precise regulation of lipolytic
catabolism of fat stores is required to prevent free fatty acid efflux, lipotoxicity, and
resultant insulin resistance [234].

Additionally, other studies have shown that resulting adaptive thermogenesis
after weight loss potentially predisposes individuals to regain weight several years after
weight loss [235,236]. Studies investigating the content of adipose tissue macrophage
during and after weight loss have produced vague results. Kosteli et. al demonstrated
that lipolysis in negative energy balance recruits macrophages to white adipose tissue,
while Kovacikova et al. showed that weight loss decrease the total prevalence of
macrophages, but did not selectively modify pro- or anti-inflammatory macrophage
subpopulation [237,238]. Furthermore, suppressed thermogenesis in skeletal muscle is
a constituent of a thrifty phenotype and is associated with insulin insulin resistance and
abdominal obesity [239]. Therefore, while weight loss has great potential in decreasing
cancer risk, molecular mechanisms at play to perpetuate weight cycling require careful

attention as they have the ability to confer an advantageous tumor microenvironment.
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B. Obesity-associated adipose tissue remodeling underlies inflammation and is
mediated in part by epigenetic perturbations

The primary mechanistic drivers underlying the obesity-breast cancer link are the
metabolic and inflammatory perturbations often accompanying obesity, notably insulin
resistance, increased local and systemic cytokines, and a decreased adipogenic
capacity. The obese state is thus associated with profound expansion of the adipose
tissue, which occurs by adipocyte hyperplasia (increase in adipocyte number)
predominating over hypertrophy (increase in adipocyte size). Adipocyte hypertrophy,
and the associated fatty acid spill over, is strongly implicated in insulin resistance and
other obesity-associated metabolic alterations [48,123].

Similar to the adaptive metabolic changes in response to nutritional status
observed in utero, epigenetic programming continues throughout the adult life to
produce a metabolism-related phenotype in adults. Fraga et al. found that that
monozygotic twins accumulated discordant DNA methylation and histone acetylation in
life, diverging from a nearly indistinguishable epigenome in early life [240]. Additionally,
a multitude of studies have reported changings in DNA methylation in response to
environmental contaminants, aging, and obesity [241-246]. Several metabolic
perturbations in obesity are mediated by epigenetic modifications, which confer
adaptation to the immediate environment. However, without further stimuli, these
aberrant epigenetic changes are preserved and can prime obese adults for metabolic
inflexibility (i.e. a limited adipogenic potential) if epigenetic mechanisms impede an
appropriate response to nutrient signals [76,247]. The number of adipocytes is generally

constant in lean and obese adults, unaffected by weight gain or weight loss, indicative
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of rigid control of adipogenesis. Accordingly, the integration of pro-adipogenic hormonal
cascades and activated transcription factors requires epigenetic mechanisms to
coordinate the complex process of adipogenesis. Notably, CCCTC-binding factor
(CTCF) is required for adipocyte differentiation executing DNA methylation remodeling
of adipose tissue with TET methylcytosine dioxygenase (TET) enzymes [248]. The
expression of genes encoding epigenetic machinery, including lysine
methyltransferases was significantly decreased in mice with obese mothers.
Furthermore, only a subset of epigenetic machinery genes were restored in mice whose
mothers lost weight prior to conception, while many remained altered [249].

In preadipocytes, activated PPARYy binds to enhancer regions in target genes to
induce transcription, however this action is dependent upon an active chromatin state
as evidenced by low DNA methylation levels [250]. However, in preadipocytes the DNA
methylation levels of the leptin, adiponectin, and other pro-adipogenic genes at the
promoter region are high and rely on demethylation during adipogenesis for
transcriptional competence [251]. Therefore, in addition to adipogenic targets, PPARYy
also activates histone lysine methyltransferases to complete chromatin modification
permitting a transcriptionally activate state [252].

The promoters of the genes encoding adiponectin, GLUT4, glycerol-3-phosphate
dehydrogenase (GPD1), and leptin are enriched in dimethylated histone H3 Lys (H3-
K4). In early-phase adipogenesis, transcription of adiponectin occurs in concert with
histone modifications (promoter H3 hyperacetylation and H3-K4 trimethylation) [253].

Findings from Musri et al. support the notion that H3-K4 dimethylation is a distinguishing
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feature of adipogenic genes expressed later during the differentiation process in
committed preadipcoytes [253].

Therefore, fixed methylation of adipogenic genes, or inadequate expression of
genes constituting ‘epigenetic machinery’ to accomplish demethylation of genes could
have deleterious consequences. Furthermore, pathogenic increases in DNMT3A
expression could result in gene hypermethylation [254,255]. DNA methylation can
promote or impede adipogenesis, dependent upon the gene and location. The
epigenome of adipocytes from obese individuals implicates aberrant DNA methylation of
pro-adipogenic genes (PPARYy) and genes that confer an insulin sensitive phenotype
(IRS1, Lipe, GLUT4) in obesity-associated impaired adipogenesis [256-259].

Kamei et al. showed that mRNA expression of DNA methyltransferase (Dnmt)-
3a, an enzyme tht catalyzes the transfer of methyl groups to DNA, is increased in the
adipose tissue of wild-type mice on a high-fat diet relative to wild-type mice on a chow
diet. Interestingly, DNMT3A mRNA expression was also increased in the mature
adipocyte fraction and stromal vascular fraction isolated from obese db/db mice (relative
to wild-type littermates) and in 3T3-L1 adipocytes cocultured with RAW264
macrophages [260]. Furthermore, transgenic mice overexpressing DNMT3A in adipose
tissue experienced increased MCP-1 and TNF-a expression after exposure to a high-fat
diet, relative to wild-type mice on a high-fat diet [260].

Leptin and TNF-a are two genes that possess energy-responsive methylation
patterns and also contribute importantly to metabolic flexibility. In adipocytes, leptin
suppresses insulin-stimulated glucose metabolism and inhibits lipid synthesis. Leptin

also stimulates nitric oxide production, which inhibits glycerol synthesis, thus reducing
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the opportunity for adipocytes to re-esterify fatty acids [261]. Zhou et al. utilized a model
of adenovirus-induced hyperleptinemia in rats, which resulted in dedifferentiation of
adipocytes, in association with the loss of adipocyte markers and loss of lipogenic
enzymes [262]. Multiple pre-clinical studies have demonstrated that high-fat diet results
in leptin promoter hypermethylation [263,264]. In vitro, treating preadipcoytes with 5-
azacytidine, an inhibitor of DNA methyltransferase, increased leptin expression as cells
matured into adipocytes [265]. Without 5-azacytidine treatment, lipid accumulation in
maturing adipocytes stimulated leptin expression but not insulin stimulation [265]. In
vitro work has shown that leptin increases the net efflux of free fatty acids from

adipocytes by as much as 30% [266].

C. Summary of mechanisms linking adipose tissue remodeling and obesity with
breast cancer growth

The adipocyte hypertrophy-insulin resistance-aberrant lipolysis axis that occurs in
obesity has profound effects on the composition of cells in the environment. Adipocyte
size positively correlates with macrophage infiltration in the adipose tissue [80]. Free
fatty acid efflux and a disturbed secretome, results in a pro-inflammatory milieu
enhancing cross-talk between macrophages, adipocytes, and other immune cells in the
adipose tissue.

PGE: is a bioactive lipid that regulates of vascularity and proliferation in the
microenvironment and is a mitogen for tumor cells [267]. Obesity is associated with
extracellular matrix remodeling, resulting in an increase in adipose tissue fibrosis [98].

Thus, in the obese mammary stroma, fibroblasts and preadipocytes are rich sources of
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PGE: which drive cancer growth [100]. However, Hu et al. used a combination of in vivo
and in vitro techniques to show that adipocytes undergoing lipolysis produce PGE,
which can further promote macrophage migration [94].

As the size of hypertrophic adipocytes exceeds the capacity of the body to supply
the tissue with adequate oxygen, adipocyte hypertrophy promotes adipose tissue
hypoxia, oxidative stress and mitochondrial dysfunction [77]. The bioenergetics in
remodeled adipose tissue contributes to a microenvironment that provides the

necessary substrate to support the rapid growth of proliferating tumor cells.

D. Molecular targets identified with anti-inflammatory and surgical weight loss
interventions to break the obesity-cancer link

The preclinical studies described in the previous chapters provided mechanistic
insight informing strategies to break the obesity-cancer link. Metabolism in the
mammary microenvironment dictates lipids and other nutrients available to the tumor.
The ability of adipocytes to respond to insulin appropriately is largely affected by
adipocyte size and requires a maintenance of adipogenesis (i.e. expansion of adipose
tissue by hyperplasia) to prevent adipocyte hypertrophy. The metabolism and
mitochondrial function of adipocytes varies in relation to size with increasing metabolic
dysfunction, lipolysis, and insulin resistance increasing with pathogenic adipocyte size
[268]. Our results suggest that the consequence of adipocyte hypertrophy is enhanced
interactions between adipocytes and pro-inflammatory macrophages. Maintaining
metabolically healthy adipocyte size is associated with decreases in chemoattractant

signals, macrophage influx, and COX-2/PGE; activity in the mammary fat pad.
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Macrophage infiltration, increased accumulation of ectopic lipids and increases in COX-
2/PGE; activity have been identified as distinguishing and advantageous factors which
promote tumor growth in obese mice and are associated with disturbances in the tumor
microenvironment.

We found that resveratrol supplementation in obese mice significantly decreased
mammary tumor growth in a claudin-low model of breast cancer. Mice on a diet-induced
obesity regimen supplemented with resveratrol (DIO + resveratrol) were protected from
adipocyte hypertrophy and the associated shift in pro-inflammatory cytokines (including
TNF-a and IL-6) produced by hypertrophied adipocytes. DIO + resveratrol mice, relative
to DIO mice, had lower gene expression of cytokines associated with recruitment of
macrophages, as well as lower COX-2 expression. Prevention of the aberrant decrease
in gene expression of adipogenesis-related genes observed in DIO mice may also
contribute importantly to the protective effects of resveratrol against tumor growth in
DIO + resveratrol mice. The culmination of changes in the microenvironment ultimately
changed the adipose secretome and limited lipids and other nutrients available to the
tumor, which blunted mammary tumor growth and also resulted in a decrease influx of
tumor-associated macrophages.

We expanding our findings with resveratrol by specifically targeting obesity-
associated inflammation and supplemented diet-induced obese (DIO) mice with a
nonsteroidal anti-inflammatory Sulindac or omega-3 fatty acids. Our findings
demonstrate that Sulindac was a more effective anti-inflammatory supplement than
Omega-3. Sulindac supplementation in DIO but not Control mice significantly decreased

basal-like mammary tumor volume and tumor latency in association with inhibition of
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adipose tissue dysregulation. Sulindac supplementation in DIO mice significantly
reduced mammary CLS density, adipocyte area, and COX-2 pro-inflammatory
metabolites in the tumor. These effects were in association with significantly decreased
mammary tumor volume compared to DIO mice without supplementation. Omega-3
supplementation in DIO mice produced an intermediate reduction in basal-like tumor
growth without impacting mammary adipocyte area and tumor levels of PGF,q, PGD>
and 13 PGE..

Next we assessed whether the pro-tumorigenic effects of obesity are reversed by
weight normalization. Surprisingly, we found that basal-like tumor volume, serum IL-6
levels, expression of pro-inflammatory genes in the mammary fat pad, and mammary
DNA methylation profiles were similar in DIO and formerly obese (FOb) mice, and
higher than in controls. These results suggested that the epigenetic dysregulation in the
microenvironment in association with sustained elevations in inflammatory signaling
may have greater influence on mammary tumor growth than adiposity and serum
growth hormones such as insulin and IGF-1, as adiposity and metabolic hormones were
lowered to levels observed in control mice.

Considering the substantial evidence demonstrating that weight loss via bariatric
surgery reduces cancer risk, we established a surgical sleeve gastrectomy (SG)
protocol in our mouse model of obesity. We found that the modality of weight loss,
either surgical (FOB-Surg) or diet alone (FOB-Diet) differentially modified basal-like
mammary tumor growth and markers of inflammation. Specifically, FOB-Surg mice had
levels of serum tumor necrosis factor-alpha (TNF-a), insulin, and mammary adipocyte

size that were not significantly different from NW Control mice and significantly different
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from FOB-Diet and DIO mice. Genome wide analysis of gene expression (RNA Seq)
and DNA methylation (RRBS) revealed that weight loss via sleeve gastrectomy restored
metabolic flexibility (the ability to respond to nutrient signals appropriately) to a greater
extent than in FOB-Diet mice. Alterations in genes regulating sphingolipid metabolism in
the mammary of FOB-Surg mice also implicate bioactive lipids in the differences in

tumor growth.

E. Concluding remarks and future directs

The cancer promoting effects of obesity are a major public health concern, with
an established relationship between obesity and increased risk of estrogen receptor-
positive breast cancer in postmenopausal women and increased risk of triple-negative
breast cancer in premenopausal women. Triple-negative breast cancer is a subtype with
poor prognosis, at least in part due to lack of established targeted therapies [16,17].
However, obesity is associated with increased mortality in hormone receptor-positive
and negative subtypes [17]. A meta-analysis found that each 5 kg/m? increment of BMI
before diagnosis resulted in a 18% increase in breast cancer mortality [32]. Clearly,
more effective prevention and treatment strategies are urgently needed to reduce the
burden of obesity on breast cancer.

The World Health Organization’s International Agency for Research on Cancer
Working Group on Body Fatness and Cancer recently identified a major gap in the
literature regarding the impact and underlying mechanisms of intentional weight loss in

the context of chronic obesity on cancer [211]. Their summary report stated that, with
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the exception of studies of bariatric surgery-induced weight loss, epidemiological and
clinical studies have been sparse and inconsistent regarding whether intentional weight
loss can reverse the pro-inflammatory and procancer effects of obesity. The high
recidivism rate following dietary weight loss interventions no doubt contributes to this
important knowledge gap about the reversibility of the obesity-cancer link [41,42].

The current gap in the literature on the anticancer effects of weight loss hinders
our ability to identify anticancer mechanisms that occur in weight loss that could be
targeted in a population that is obese. The objective of my dissertation work was to 1)
work towards establishing the relationship between weight loss and cancer and 2)
identify mechanistic targets in weight loss that could be modulated in an obese
population to break the obesity-cancer link. We found in our preclinical studies that
weight loss achieved by switching from a DIO regimen to a low-fat diet did not have an
anticancer benefit, in association with sustained inflammatory and epigenetic signals.
However, weight loss by surgery did provide an anticancer effect in association with
restored metabolic flexibility, mediated in part, by alterations in DNA methylation.

Given that weight loss by diet failed to reduce basal-like mammary tumor growth
due to sustained inflammatory signaling, we targeted obesity-associated inflammation.
We found that adipose tissue dysfunction largely mediates obesity-associated
inflammation. Anti-inflammatory interventions, which modulate the ratio of PGE; and
PPARY, such as COX-2 inhibitors or PPARy agonists, ameliorate adipose tissue
dysfunction. Preventing the loss of PPARy function, which has been documented in
obesity, alleviates the limited adipogenic potential and reduces adipocyte hypertrophy

[122,123]. Overcoming impaired preadipocyte differentiation yields reprieve of the pro-
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inflammatory contributions from the macrophage-like phenotype preadipocytes.
Additionally, with inhibition release of PPARYy, adipogenesis enriches the number of
small adipocytes, which possess a phenotype capable of responding to insulin and
storing lipid. COX-2 inhibition via non-steroidal anti-inflammatory drugs (NSAIDs) [119]
and some anti-diabetic drugs such as thiazolidinediones (TZD), favorably modulate the
ratio of PPARy to COX-2. A higher ratio of PPARy to COX-2 is associated with
decreased macrophage infiltration and adipocyte insulin sensitivity [120]. The anti-
inflammatory and anti-diabetic effect of NSAIDs and TZDs involves decreasing NF-kB
activation, which then alleviates the inhibition of preadipocyte differentiation or
adipocyte maturation. Furthermore, PPARYy activation allows for adipocyte turnover,
including replacing large mature adipocytes with newly differentiated small adipocytes,
promoting insulin sensitivity in adipocytes [121].

Targeting the epigenetic mechanisms that exacerbate metabolic disease is an
attractive intervention to break the obesity-cancer link. DNA methylation is a key
epigenetic contributor to insulin resistance by regulating adipogenesis. An alternative
strategy to restore insulin sensitivity would be to modify the epigenome of mesenchymal
stem cells and preadipocytes to increase the adipogenic potential. Ensuring inhibition of
Whnt signaling (via methylation of chromatin modifications) to allow for adipogenesis
could also improve insulin sensitivity [269]. Alternatively, specifically manipulating the
methylation of genes that confer an insulin sensitive phenotype (IRS1, Lipe, GLUT4)
could improve insulin sensitivity and mitochondrial function [256-259].

Our findings are in agreement with a large body of literature demonstrating that

bariatric surgery results in a dramatic metabolic reprogramming, mediated in part by
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epigenetic mechanisms [46]. Advances in CpG bisulfite sequencing have enabled the
identification of obesity-associated gene methylation, which can be confirmed by a
multitude of studies. Furthermore, recent studies have reported global DNA methylation
profiling of adipose tissue before and after weight loss to identify aberrant methylation
that can be targeted in individuals without surgery [270]. Furthermore, changing the
behavior of the adipose tissue to favor adipocyte beiging is possible by targeted
modification of PRDM16 or RXR methylation, which is possible with CRISPR/Cas9
technology [271,272].

The work described in this dissertation has enhanced our understanding of the
mechanisms by which obesity promotes breast cancer progression. This improved
knowledge on the relationship between adipose tissue dysfunction, inflammation, and
breast cancer growth will inform the development of future studies in the Hursting
laboratory. Additionally, providing critical insight on the concordance between mouse
and human DNA methylation in mammary tissue validates our preclinical work. We
have identified the critical mechanisms underlying the protective effects of anti-
inflammatory supplementation or bariatric surgery as preventing adipocyte hypertrophy
and macrophage infiltration, decreasing expression of pro-inflammatory mediators, and
normalizing DNA methylation in the mammary tissue. These results could inform the
development of mechanism-based strategies to more precisely intervene to prevent

obesity-related cancers.
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