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ABSTRACT

EFFECTS OF PUBERTAL HIGH FAT DIET AND OVERWEIGHT
ON MAMMARY TUMORIGENESIS IN FVB AND BALB/C MICE

By
Yirong Zhu

High animal fat diet (HFD) has long been suspected to increase breast cancer
risk. Studies in human and rodents support the hypothesis that environmental
exposure in puberty will affect breast cancer risk in adulthood. This study examined
the effects of pubertal HFD in both obesity-prone FVB mice and obesity-resistant
BALB/c mice. FVB mice were fed a high fat diet from three weeks of age and
exposed to DMBA-induced carcinogenesis. The pubertally initiated HFD increased
mammary tumor incidence, showed a trend toward recruitment of an increased
number of macrophages to early hyperplastic lesions, and had no effects on
proliferation or angiogenesis in FVB mice. Wild type BALB/c mice were
transplanted with Trp53-null mammary epithelium. HFD restricted to puberty
increased early tumor incidence over a 52-week time course, but not over a longer
period. Life-long and adult HFD increased tumor incidence over a 70-week time
course. Notably, adult HFD specifically increased the incidence of spindle cell
carcinomas that resemble claudin-low, triple negative human breast cancer.
Irrespective of histopathology, tumors that developed in mice fed life-long HFD,
pubertal HFD, and adult HFD all showed enhanced tumor proliferation, angiogenesis
and M2-type macrophage recruitment. HFD promotes mammary tumorigenesis
independent of obesity. In addition to puberty, there may be multiple windows of

susceptibility to HFD.
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CHAPTER 1

Introduction

The American Cancer Society estimates more than 230, 000 cases of breast
cancer will be diagnosed in the US in 2015 [1]. If the current incidence rate remains
unchanged, 1 in 8 women born in the US today who live to her 80s will be diagnosed
with breast cancer sometime during her life [2]. There are marked variations in
breast cancer risk by race and ethnicity. It is known that women who migrate from
countries with lower breast cancer rates acquire the higher risk of the new country
[3, 4]. Evidence from multiple migration studies supports the acculturation-
transition model and points towards potential environmental and behavioral
determinants of breast cancer risk [5-7]. Furthermore, meta-analysis identified
early migration in the first two decades of life and generation in the host country to
be particularly important in acquiring the increased breast cancer risk [8]. While
almost all migration studies focused on populations moving from lower risk
countries to industrialized ones, a small study in Zimbabwe found the increased risk
in the European migrants remained elevated despite long-term residence,

suggesting the risk rendered from early life environment may not be reversible [9].

Dietary acculturation has been hypothesized to contribute to the increased
breast cancer risk in Western countries [3, 10, 11]. However, epidemiological
studies of diet and breast cancer in human populations vary significantly in the
definition of dietary patterns and the results are largely inconsistent [12]. A typical

definition of the Western diet consists of higher consumption of processed and red



meats, refined grains, fried food, sweets, soft drinks, and lower consumption of
fruits and vegetables [12]. In a recent review of 24 cohort and case-control studies
by Albuquerque et al. [12], 8 reported a positive correlation between the Western
diet and breast cancer, 15 found no associations, and one reported an inverse
association. Specific components of the Western diet have been investigated. Expert
opinions from the Continuous Update Project on the association of red and
processed meat consumption, total caloric intake, and/or total fat intake with breast
cancer risk remain inconclusive [13]. Many case-control studies identified positive
links between fat intake and risk of breast cancer, but recent meta-analysis and
pooled analysis of cohort studies failed to support these associations [14].
Compared to case control studies, prospective dietary data in the cohort studies are
advantageous in avoiding recall bias and allowing for error corrections from
repeated measurements. To further examine the potential link between dietary fat
intake and breast cancer risk, the Women'’s Health Initiative Dietary Modification
(WHIDM) randomized controlled trial recruited post-menopausal women to test a
low fat diet (LFD, <20% energy) intervention for prevention of breast cancer [15].
During the intervention period of 8 years on average, women with the highest
baseline dietary fat intake (>37% energy) had a reduced risk for invasive breast
cancer. The protective effects were not carried forward after the intervention
period; there was no risk reduction observed during the additional 5 years of post-
intervention follow-up [15]. Weight loss and post-intervention weight gain were
identified as potential confounders. The trial was further limited by the fact that the

intervention group had lower fat intake, but did not reach the goal of <20% energy



from fat. A greater number of individuals who under-reported their total energy
intake were also observed in the intervention group. The role of high fat diet (HFD)
in the etiology of breast cancer may also be subtype dependent. A recent analysis
from the European Investigation into Cancer and Nutrition (EPIC) study, a
prospective cohort study [16], evaluated fat intake and subtypes of breast cancer,
and reported high total and saturated fat intake to increase the risk of estrogen
receptor positive (ER+) and/or progesterone receptor positive (PR+) breast cancer,

but not the receptor negative diseases.

The majority of the observational studies and the WHIDM trial focused on
habitual diet in adulthood. However, emerging evidence suggests that the timing of
the dietary assessment may be critical in evaluating its contribution to breast cancer
risk. A recent update on the prospective cohort study, Nurses’ Health Study II (NHS
I1), during 20-years of follow-up identified a positive association of higher intake of
red meat and animal fat in adolescence and early adulthood with risk of
premenopausal breast cancer [17, 18]. In the same cohort, saturated fat, but not
total fat intake, in early adulthood was also found to be associated with increased
breast cancer risk in all women. Women who consume a high fat diet are frequently
overweight or obese. Strikingly, the increase in breast cancer risk by high animal
and saturated fat was only significant in normal weight women [17, 19]. Obesity
itself has been identified to be a risk factor for post-menopausal breast cancer, and
meta-analyses reported a pooled relative risk of 1.12 (95% CI = 1.08-1.16,
p<0.0001) for every 5kg/m? increase in body mass index (BMI) [20]. However, for

pre-menopausal breast cancer, obesity is associated with a decreased risk (pooled



RR =0.92,95% CI = 0.88-0.97, p=0.04) [20]. The results from the NHS II, however,
suggest the high fat diet itself rather than weight gain is responsible for the
increased risk. These findings also highlight the lasting effects of a high fat diet in
conferring breast cancer risk and support the idea that puberty and early adulthood

is a window of susceptibility.

The pubertal mammary gland undergoes rapid cellular proliferation [21].
Ample evidence supports the conclusion that the pubertal mammary gland is highly
sensitive to radiation-induced carcinogenesis [22]. Furthermore, in preclinical
rodent models, the carcinogen must be administered during the period of puberty to
produce significant mammary tumors [23]. A HFD can alter mammary gland
pubertal developmental programs. In obesity-prone C57BL/6 mice, HFD inhibits
pubertal development with decreased epithelial proliferation and stunted ductal
elongation. In contrast, pubertal mammary development is accelerated in obesity-
resistant BALB/c mice [24]. In mouse mammary tumor models, pubertally initiated
HFD consistently enhanced tumorigenesis in diverse genetic backgrounds with
varying degrees of weight gain [25-28]. Genetically engineered mice with elevated
endogenous GH/IGF-I in a C57BL/6 background with increased endogenous GH
showed increased tumor incidence only in HFD-fed mice [25]. HFD was reported to
shorten tumor latency in a carcinogen-induced model using 7, 12-
dimethylbenz(a)anthracene (DMBA) in BALB/c mice [26]. MMTV-neu mice in the
FVB background on HFD had earlier onset of a second tumor and a twofold greater

incidence of the second tumor [27]. HFD stimulated growth of injected 4T1 mouse



mammary tumor cells in BALB/c mammary fat pads, and promoted liver and lung

metastases [28].

Study design in mouse models of HFD and breast cancer vary in methods of
tumor initiation, diet compositions, timing and duration of the diet, and genetic
background of mouse strain, all of which need to be taken into consideration to
understand mammary biology and how each model simulates human mammary
development and tumorigenesis. I sought to expand on the work of Zhao et al. [26]
in obesity-resistant BALB/c mice and a preclinical model of premenopausal breast
cancer, and to further elucidate and differentiate the effects of HFD and obesity on
the development of mammary tumors, allowing for more robust comparisons. To
that end, in Chapter 2, [ tested the hypothesis that in obesity-prone FVB mice,
independent of weight gain, a pubertally initiated HFD would accelerate pubertal
mammary ductal elongation by enhancing epithelial proliferation. I also hypothesize
that a pubertally initiated HFD would increase the incidence and shorten the latency

of DMBA-induced tumorigenesis.

In concordance with epidemiological data, work from our lab suggests that a
HFD restricted to puberty is sufficient and required for promoting DMBA-induced
tumors in normal weight BALB/c mice [29]. However, in several other mouse
strains and tumor models, an adult-initiated HFD from 10 weeks of age was also
found to be sufficient to promote mammary tumorigenesis. In the MMTV-TGFa
model on the C57BL/6 background, some mice fed a moderate HFD remained in the

weight range of a chow-fed control. All HFD-fed mice developed tumors with



shortened latency, and the most obese group had the shortest tumor latency [30].
Also in the obesity-prone C57BL/6 background, HFD decreased MMTV-Wnt-1 tumor
latency and resulted in more poorly differentiated tumors expressing mesenchymal
makers [31]. HFD-fed FVB C3(1)-Tag mice had decreased tumor latency compared
to LFD controls in either nulliparous or parous mice [32, 33]. However, few studies
of adult HFD were performed in normal weight BALB/c mice. Thus, it remains to be
investigated whether the pubertal window of vulnerability is unique to a
carcinogen-induced model in BALB/c mice. In Chapter 3, I tested the hypothesis that
the pubertal HFD is more broadly sufficient and required for enhanced
tumorigenesis in the Trp53-/- mammary transplant tumor model in the BALB/c
background. Tumor suppressor Trp53 is one of the most mutated genes in breast
cancer [34], and Trp53-/- mammary transplants have an extended tumor latency
which allows for evaluation of the long-term consequences of a pubertal HFD on

tumorigenesis [35].

Finally, in Chapter 4, I compare and contrast our findings from the FVB
DMBA model and the BALB/c Trp53-/- transplant model. I discuss future directions
in understanding the effects of HFD on mammary tumorigenesis, and remaining

challenges in translation to medical practice.



CHAPTER 2
Effects of Pubertal High Fat Diet and Weight Gain On Mammary Tumorigenesis

in Obesity-Prone FVB Mice

Introduction

Many case-control studies identified positive associations between fat intake
and risk of breast cancer, but recent meta-analysis and pooled analysis of cohort
studies failed to support these associations [14]. The majority of the observational
studies focus on diet in adulthood at the time of breast cancer diagnosis [14].
However, emerging evidence suggests that the timing of the dietary assessment may
be critical in evaluating its contribution to breast cancer risk [36]. Consumption of a
high fat diet is also associated with increased BMI and obesity [37]. Therefore,
distinguishing between the effects of diet composition vs. weight gain/obesity is
challenging. A recent update on the prospective cohort study, Nurses' Health Study
[T (NHS II), during 20-years of follow-up identified a positive association of higher
intake of red meat and animal fat in adolescence and early adulthood with risk of
premenopausal breast cancer [17-19]. In the same cohort, saturated fat, but not
total fat intake, in early adulthood was also found to be associated with increased
breast cancer risk in all women. Strikingly, the increase in breast cancer risk by high
animal and saturated fat was only significant in normal weight women [17-19].
These latter findings are in accord with our recent findings in a preclinical model

that a diet high in saturated animal fat (HFD), initiated during the puberty in obesity



resistant BALB/c mice, promotes carcinogen-induced mammary cancer

development [26].

Obesity has been implicated in increased breast cancer risk, specifically in
premenopausal African American women and more generally in postmenopausal
women overall [38, 39]. Childhood obesity has more than doubled in children and
tripled in adolescents in the past 40 years [40]. Alteration of future breast cancer
risk is at the forefront of suspected health impacts from childhood obesity, partly

because puberty is a time of rapid breast development and likely a particularly

sensitive period for environmental exposures [41, 42]. The effect of increased body
weight induced by adult HFD has been reported to increase mammary
tumorigenesis in mice in various transgenic oncogene-induced models [43, 44].
However, the effect of HFD-induced pubertal obesity and mammary cancer
susceptibility is less well known. To address this question we investigated the
effects of HFD initiated in peripuberty on carcinogen-induced mammary
tumorigenesis in the FVB mouse strain, which have been reported to gain weight on

HFD [45].

Material and Methods

Mice and diet

Three-week-old female FVB mice were purchased from Charles River
(Kingston, NY). After 1 day of acclimatization, they were assigned to either a low fat

diet (LFD) or a high fat diet (HFD). The LFD (Research Diets D11012202) has 10%



calories from fat, 70% from carbohydrates and 20% from protein. The HFD
(Research Diets D11012204) has 60% calories from fat, 20% from carbohydrates
and 20% from protein. The additional source of fat in the HFD comes from lard
(Table 2.1). Mice were maintained on their respective diets until the end of the
experiments. Food and water were provided ad libitum, and mice were housed in
standard facilities with a 12:12h light-dark cycle. Body weight was measured twice
weekly. Sexual maturity was monitored by daily observation for vaginal opening
between post-natal day (PND) 25 and PND35. For assessment of peripubertal effects
of diet, time course studies were carried out; at each time point 5 mice were
sacrificed after 1, 2, 3, or 4 weeks on diet. All mice were sacrificed at estrus stage,
when vaginal smear showed a predominance of cornified epithelial cells. 5-Bromo-
2'-deoxyuridine (BrdU, 70 pug/g body weight; Sigma-Aldrich) was administered via
intraperitoneal injection two hours prior to sacrifice. Plasma was obtained via
cardiac puncture. All animal protocols were reviewed and approved by the

Institutional Animal Care and Use Committee at Michigan State University.

Tumorigenesis

Using ovary-intact mice up to 1 year of age represents a preclinical model of
premenopausal breast cancer. Three-week-old mice were randomly assigned to the
LFD or HFD group (LFD n=60, HFD n=80). Beginning at 5 weeks of age, mice in both
groups were treated once a week for four weeks with DMBA dissolved in vegetable
oil via oral gavage (50 mg/kg body weight/mouse). At 13 weeks of age (i.e., after 10

weeks on diet) and at 19 weeks of age (i.e., after 16 weeks on diet), 5 mice from each



group were randomly selected and sacrificed at estrus stage to examine the early
effects of HFD prior to the development of palpable tumors. The remaining mice
were palpated twice weekly for tumor development until they reached 57 weeks of
age, 1 year after initial DMBA treatment. Tumors were harvested when they
reached 1cm in diameter. Two hours prior to sacrifice, mice were injected with
BrdU. Portions of the tumor were formalin fixed and either processed as whole
mounts [46] or paraffin-embedded for hematoxylin and eosin (H&E) staining and
immunohistochemistry [47]. Whole mount preparations of glands and H&E sections
were scored for overall morphology, the presence of hyperplasia, and neoplasia
[48]. All lesions and tumors were reviewed and classified, as previously described

[49]. The remaining portions were snap frozen for RNA extraction.

Whole mount analysis

Formalin-fixed inguinal mammary glands were prepared for whole mount
analysis as previously described [26]. For assessment of pubertal development,
longitudinal growth was measured by the distance between the most distal terminal
duct and the lymph node. Terminal end buds (TEBs) were defined as enlarged
multilayered ductal tips with a diameter greater than 100 pum that were surrounded

by adipocytes and located in the periphery of the gland.

Immunohistochemistry

BrdU was detected using mouse monoclonal antibody (1:100; Cat #: RPN202;

GE Healthcare, Little Chalfont, Buckinghamshire, UK) with incubation at RT for 2

10



hours followed by Alexa 488-labeled goat anti-mouse secondary Ab (1:200;
Invitrogen Molecular Probes, Grand Island, NY). CD31 was detected with rabbit
polyclonal anti-CD31 (1:50; Cat #: AP15436PU-N, Acris Antibodies, Inc., San Diego,
CA) with incubation at RT for 2 hours followed by secondary swine anti-rabbit Ab
(DAKO, Carpinteria, CA), and ABC reagent (Cat #: PK-7100; Vector Laboratories, Inc.,
Burlingame, CA), as described previously [26]. Double staining of F4/80 and Arg1l
has been described previously [26] using monoclonal rat anti-F4/80 (1:75; Cat #:
MCA497R; AbD Serotec, Raleigh, NC) and goat anti-Arg1 (1:200; Cat #: sc-18354;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA). As described previously [26],
estrogen receptor was detected with mouse anti-ERa (1:10; Cat #: NCL-ER-6 F11;
Novocastra Laboratories Ltd, Novocastra Laboratories, Ltd, Newcastle upon Tyne,
UK) and progesterone receptor was detected with rabbit anti-PR (1:200; Cat #:
A0092; DAKO). Images were captured with a Nikon Eclipse TE2000-U fluorescence
microscope using a 40x objective. At least 1000 cells and at least 3 sections per
animal were analyzed. For CD31 analysis, the images were overlaid with grids
containing 240 squares (324 pm?2/square). Blood vessel density is expressed as the
percentage of CD31-positive squares. Macrophage density was expressed as number
of macrophages per tumor image. Tumors were considered to be ERa positive (ER+)
if 10% or more of the total cells counted were ER+ [50]. Mammary tissue sections
stained for macrophages, cellular proliferation, and blood vessel density were
analyzed by mammary gland epithelial structure: small ducts, large ducts, TEBs, or

hyperplastic foci as previously described [26].
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Microarray

Total RNA was isolated from mouse tumors using TRIzol reagent (Invitrogen,
Carlsbad, CA) and purified using the RT2 qPCR-Grade RNA isolation kit
(SABiosciences, Frederick, MD, USA). Agilent Technologies (Santa Clara, CA) 4X44K
whole mouse genome microarrays were performed according to manufacturer
protocol with linear amplification and 2-color hybridization using total RNA isolated
from mouse mammary tumors (Table 2.2). The reference channel was Universal
Mouse Reference (as described in [51]) and was labeled with Cy5. Spots that had
intensity greater than 10 dpi in at least 80% of samples were selected for
subsequent analysis. Data were Lowess normalized and missing data were imputed
using k-nearest neighbors with k=10. A total of 10 microarrays were analyzed. Two
class Significance Analysis of Microarrays was performed to identify differentially
expressed genes between early vs. late tumor onset and high fat diet vs. low fat diet.
All statistical analyses were conducted in R using the LIMMA package in
Bioconductor. For genes significantly associated (p<0.05) with early vs. late tumor

onset, gene ontology analyses were conducted using Ingenuity Pathway Analysis.

Metabolic parameters

In the tumorigenesis studies, mice were fasted for 4 hours prior to blood
collection and sacrifice. In the pubertal time course studies, plasma were collected
from mice fed ad libitum to avoid the stress from fasting [52]. Plasma glucose and
insulin levels were sampled via cardiac puncture and anticoagulated with

ethylenediaminetetraacetic acid (EDTA). Plasma glucose levels were determined by
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OneTouch UltraMini (Lifescan, Milpitas, CA) and the insulin levels were determined
with the rat/mouse insulin ELISA kit (Millipore, Billerica, MA), according to the

manufacturer’s instructions.

Statistical analysis

Results are shown as mean # standard deviation (SD) for body weight, and
mean * standard error of the mean (SEM) for immunohistochemistry analyses.
Differences were considered significant at p <0.05 using Student’s t-test. Mammary
tumor free and overall survival were determined from Kaplan-Meier plots by log-

rank tests. Tumor incidence was analyzed by the Chi-square test.

Results

Tumor development and characteristics

After a follow-up of 52 weeks, only 2 mice (4%, n=50) on LFD developed
mammary tumors, while 11 mice on HFD (15.7%, n=70) developed mammary
tumors (Figure 2.1a). One mouse on HFD developed two tumors in different
mammary glands. The majority of the tumors were estrogen receptor negative (ER-)
and progesterone receptor negative (PR-) (2/2 in LFD tumors, and 11/12 in HFD
tumors). Of the two tumors that developed in LFD-fed mice, one was
adenosquamous and the other was glandular. Half of HFD tumors were of epithelial
histopathology (6/12; glandular, papillary, cribriform, solid), the remainder tumors
were adenosquamous (4/12) and spindle cell (2/12). The mean latency of HFD

tumors was 25.9 + 2.4 weeks post first DMBA treatment and a mean of 35 weeks for
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the 2 LFD tumors. Additionally, there was a subset of HFD tumors that developed
before tumors developed in LFD-fed mice at 28 weeks of age. This early subset had a
predominance of adenosquamous tumors (4/6). The early tumors had a
significantly reduced latency compared to late developing HFD and LFD tumors
(HFD-early = 20.9+ 1.1 vs. HFD late = 33 + 3.7 weeks of age, p=0.004). HFD also
promoted the development of tumors in other organ systems, producing skin
tumors, liver tumors and lymphomas, and resulted in significantly worse overall

survival (Figure 2.1b).

Our previous work in DMBA-treated BALB/c mice demonstrated significant
differential gene expression between early developing and late developing tumors
on HFD [26]. Thus, microarray analysis was performed to compare early developing
tumors on HFD prior to tumor formation on LFD, and late developing tumors. We
identified six genes that were significantly down-regulated in the early tumors:
Smad2, Olfr10, Gpr75, Phcl, IFNaZ2, and Gm11937 (data not shown). The canonical
pathway and molecular function analyses did not find any significant differences

between the early and late tumors (data not shown).

We had previously observed that HFD promoted tumor development in
obesity resistant BALB/c mice through increased proliferation, angiogenesis and M2
macrophage recruitment [26]. To determine the basis for HFD promotion of
tumorigenesis herein, tumors were also analyzed for tumor cell proliferation,
angiogenesis and macrophage recruitment. Tumors that developed in FVB mice on

LFD had similar levels of proliferation and angiogenesis to those on HFD (HFD = 7.9
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+0.9%, LFD =9.2 +1.9%) and angiogenesis (HFD= 16.1 + 0.02%, LFD=19.1 + 0.05%
CD31 positive grids) and similar levels of total macrophages (HFD= 20.6 + 3.6, LFD
18.7) (Figure 2.2a). However, there was a trend toward increased numbers of M2-
type macrophages in both the periphery and center of the tumors that developed on
HFD (n is too small in LFD group for statistical analysis), suggesting M2

macrophages may contribute to the HFD-associated tumor promotion (Figure 2.2b).

HFD promotes pubertal ductal development and epithelial cell proliferation

Having established that HFD promotes carcinogen-induced tumor
development, we sought to examine early effects on mammary gland development
near the time when diet was initiated at 3 weeks of age. After only 1 week on diet, at
4 weeks of age, HFD increased the number of terminal end buds (TEBs), the highly
proliferative structures found at the tips of the invading ducts during puberty
(Figure 2.3a). Shortly after the increase in the number of TEBs, after 2 weeks on diet
(5 weeks of age), mice fed a HFD had enhanced ductal elongation (Figure 2.3b-d). By
3 weeks on diet (6 weeks of age), ductal growth in mice on LFD caught up with the
accelerated growth in mice on HFD, and both ductal elongation and number of TEBs
were similar (Figure 2.3b). By 4 weeks on diet (7 weeks of age), distal ductal
elongation reached the limit of the inguinal fat pad and TEBs were reduced and

similar in number in mice on both LFD and HFD.

The accelerated ductal development can be partly explained by increased
proliferation in the mammary epithelium. Consistent with the pattern of enhanced

ductal elongation, ductal proliferation was significantly increased in HFD-fed mice at
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the height of pubertal growth after 2 weeks on diet (Figure 2.4); the proliferative
effects of HFD were diminished by the end of pubertal growth after 4 weeks on diet
(Data not shown). Macrophages participate in the remodeling of the mammary
gland during pubertal development [53]. We identified M2-type macrophages by
coexpression of F4/80 and Argl. The majority of macrophages were alternatively
activated M2 type (data not shown). There was no difference in the number of
macrophages recruited to mammary peri-epithelium or proportion of M1 vs M2
types in mice on LFD or HFD at 2 weeks on diet (data not shown). The accelerated
mammary gland development was not a result of early onset of puberty: there was
no significant difference in the mean-age of vaginal opening in LFD or HFD-fed mice

(29.3 £ 1.8 days and 29.6 + 2.3 days, respectively).

Analysis of dietary effects on carcinogen-treated mammary glands prior to tumor

development

To assess the effects of HFD on tumor progression, we examined DMBA-
treated mammary glands at 10 weeks and 16 weeks on diet, prior to the
development of palpable tumors. There was a trend toward increased percentage of
mice with hyperplastic lesions and but no difference in the mean numbers of lesions

per mouse at 10 or 16 weeks on diet in HFD- and LFD- fed mice (Fig 2.5).

Analysis by immunohistochemistry at 10 weeks on diet found increased
proliferation in the hyperplastic lesions on either LFD or HFD with a trend to
greater proliferation on HFD (p=0.08) (Data not shown). There was no difference in

proliferation in various mammary gland structures and hyperplasia at 16 weeks on
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diet (data not shown). There was also no significant difference blood vessel density

by diet at either 10 or 16 weeks on diet (data not shown).

Tumor associated macrophages can play several, sometimes opposing roles
in tumor development. Alternatively activated (M2-type) and can exert trophic
effects and provide tumor-promoting microenvironment [54]. We identified M2-
type macrophages by coexpression of F4/80 and Argl. Increased total number of
macrophages, (M1 and M2), was recruited to peri-epithelial area of the hyperplastic
lesions at both 10- and 16- weeks on diet (Figure 2.6). There was also a difference in
the proportion of M2 macrophages recruited to hyperplasias between 10 and 16
weeks on diet with M2 macrophages significantly increased (p=0.01) at 16 weeks on

diet (Figure 2.6).

Effects of diet on weight and metabolic parameters

The change in weight over the entire experimental period is shown in Figure
2.7a. Peripubertal HFD produced a significant increase in body weight only after 1.4
weeks on diet (31 days of age) (Figure 2.7b). Notably, this occurred after the

increase in number of TEBs at 1 week on diet.

After the pubertal increase in body weight between 1.4-5 weeks on HFD diet
(i.e., 4.4-8 weeks of age), a significant weight loss was observed after the DMBA
treatments. Mice on both LFD and HFD regained weight, but HFD-fed mice did not
exhibit significant increase in body weight compared with LFD until 14 weeks on

diet (17 weeks of age) (Figure 2.7a). HFD-fed mice reached a 24% increase in body
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weight at 40 weeks. Thus the HFD-fed mice only reached an obese state near the

end of the experiment, whereas the majority of tumors developed prior to 35 weeks.

To determine the effects of diet in metabolic state fasting plasma glucose and
insulin levels were obtained at 10 and 16 weeks on diet. No effects of HFD on
glucose or insulin levels were observed at 10 weeks on diet. HFD increased fasting

glucose after 16 weeks on diet but did not alter fasting plasma (Figure 2.8).

Discussion

HFD promotion of tumorigenesis

HFD initiated in the peripubertal life stage in FVB mice significantly
increased tumorigenesis herein compared with a LFD. The interaction of HFD diet
and body weight revealed a complex picture with elements of tumor development
that appear to be independent of an obesity level weight gain. The regimen of 4
weekly doses of 1mg DMBA described here produced a tumor incidence of 15.7%
and 4% in HFD-fed vs. LFD-fed mice, respectively and clearly demonstrated the
tumor promotional effects of HFD. However, the low number of tumors developing
on LFD (n=2) precluded an extensive comparative analysis of LFD vs HFD tumor

types. Thus, our tumor analysis focused on HFD tumors.

DMBA carcinogenesis is known to produce different tumor phenotypes
including ER+PR+ tumors [55]. The majority of the FVB tumors on HFD in the
present study were ER-PR-. There was a subgroup of early HFD tumors that were

ER-PR- and adenosquamous histopathology. These adenosquamous mammary
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tumors are similar to early tumors that developed in DMBA-treated HFD-fed
obesity-resistant BALB/c mice [26]. Adenosquamous mammary carcinomas are
similar to a subtype of human basal-like breast cancer [56]. The findings that HFD
promotes the development of these tumors in in FVB mice that gain significant
weight and in BALB/c mice that maintain a normal body weight [26] suggest that
the HFD promotional effect may be independent of the promotional effect of HFD on

weight gain.

We have previously shown that HFD promoted tumor development in
normal weight, obesity-resistant BALB/c mice through increased normal epithelial
cell, mammary hyperplasia and tumor cell proliferation, increased angiogenesis and
pro-tumorigenic M2 macrophage recruitment [26]. The small sample size of LFD
tumors makes comparison versus HFD tumors speculative. Interestingly, we found
no differences in tumor cell proliferation or angiogenesis in LFD vs. HFD tumors.
However, there appeared to be a consistent trend of HFD-associated increase in
intra-tumor M2 macrophage infiltration herein, that was also found in HFD-fed
BALB/c DMBA-induced mammary tumors [26]. Increased macrophage recruitment
was also seen in the BALB/c 4T1 tumor transplant model with HFD started at 4
weeks of age, and HFD also increased tumor burden and metastasis [28]. The
relationship between HFD and increased tumor associated macrophages warrants
further investigation for understanding the mechanistic basis for HFD promotion of
tumorigenesis, and development of therapeutic strategies for the reduction of breast

cancer risk and breast cancer treatment.
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Microarray analysis revealed six genes that were down-regulated in early
HFD tumors. Notably, decreased expression of SmadZ2, Gpr75, Phcl and IFNaZ2 were
all associated with poor breast cancer prognosis [57]. Smad2 is a major effector for
TGFf signaling. TGFf3 can produce an antiproliferative response by arresting cells in
the G1 phase of the cell cycle [58]. In this pathway, ligand-activated TGFf3 receptor
complex phosphorylates Smad2, which translocates into the nucleus, associates
with Smad4 to form transcriptional complexes with other factors [59]. Important
proliferation regulators, including cyclin D1, Cdk4, p21, p27, p15, c-Myc, Rb, p130
and p107 are regulated by the TGF3/Smad pathway [60]. Oncogenic ras have been
reported to negatively regulate Smad2 and inhibit TGFf signaling [61]. Inactivating
mutations, and loss of expression of Smad2 has been reported in human cancer [62].
Knockdown of Smad?2 in human breast cancer MDA-MB-231 cells produces a more
aggressive phenotype [63]. Downregulation of SmadZ in early HFD tumors suggest a

role of TGFf signaling in HFD-enhanced tumorigenesis.

Phc1 is part of the chromotin-modifying complex, Polycomb Repressive
Complex 1 (PRC1), which is involved in the self-renewal in cancer stem cells [64].
Phc1 deficiency is implicated in initiation of DNA replication in S phase [65]. Loss of
heterozygosity in Phc1 has also been implicated in acute lymphoblastic leukemia
[66]. With increased number of adenosquamous tumors developing early in HFD-
fed mice, it is conceivable that HFD caused epigenetic modifications that altered the

mammary progenitor cell differentiations.
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IFNa2 is a type I interferon and is a protypical antitumor cytokine, regulating
the immune system with antiangiogenic and proapoptotic effects [67]. IFNa-2a and
[FNa-2b are FDA-approved therapeutic proteins for hepatitis C, and has been used
with some success for treatment of several types of hematologic malignancies,
melanoma, renal carcinoma and Karposi sarcoma [68]. Macrophages activated by
IFN alpha lose their proliferative capacity and gain phagocytic activities [69].
Consistent with down-regulation of IFNaZ2 in early HFD tumors, we observed a trend
of increased number of macrophages in hyperplastic lesions after 10 and 16 weeks
on HFD. [FNa is a major regulator for T cells and NK cells [70], and it is suggestive

that T cells, NK cells, and their cytotoxic activity maybe reduced by HFD.

HFD effects on normal pubertal mammary gland development

Mouse strains vary significantly in their response to HFD with regard to
pubertal mammary gland development [24]. HFD-fed FVB mice herein exhibited
accelerated pubertal mammary gland development. This in contrast to the inhibition
of pubertal mammary gland development observed in HFD-fed, obesity-prone
C57BL/6 mice [24]. In FVB mice the HFD-enhanced initiation of TEB development
preceded an increase in body weight. Thus, initial HFD- induced weight gain in FVB
mice appeared to be uncoupled from the initial proliferative effects of HFD on
mammary glands. Increased pubertal mammary gland development was also
reported in HFD-fed, normal weight obesity-resistant BALB/c mice [24], further
suggesting that the some of the proliferative effects of HFD involve pathways

independent of weight gain.
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Ductal elongation in puberty is predominantly driven by estrogen [71].
Although estrogen levels were not directly measured in the present experiment,
vaginal opening is driven by estrogen and can serve as a surrogate for estrogen
activity. In this regard, there was no difference in age at vaginal opening between
HFD- and LFD-fed mice. Previously, we found that estrogen levels were not altered

in either obesity-resistant BALB/c mice or obesity-prone C57Bl/6 mice on HFD [24].

Pre-tumor effects of HFD in DMBA-treated mammary glands

DMBA-induced mammary tumors are preceded in time by the development
of hyperplastic lesions. There was a trend to increased numbers of mammary glands
with lesions and numbers of lesions in HFD mammary glands at 10 weeks on diet
(13 weeks of age and 8 weeks post 1st DMBA treatment). At this time point there
was no difference in weight between HFD- and LFD-fed mice. Analysis of HFD and
LFD mammary glands for proliferation in mammary epithelial cells and hyperplastic
lesions showed a trend to increased proliferation in hyperplastic lesions at 10
weeks on diet, also at a time when there was no difference in body weights, There
was no difference in proliferation in various mammary structures or hyperplastic
lesions at 16 weeks on diet. Furthermore, there were no differences in blood vessel
density at either 10 or 16 weeks on diet. These results contrast with the significant
HFD increase in proliferation and angiogenesis in BALB/c at 10 weeks on diet [26].
This suggests that in FVB mice HFD promotional effects were most significant with

regard to HFD-associated increase in macrophage recruitment.
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Tumor associated macrophages can play several, sometimes opposing roles
in tumor development. The Argl- macrophages indicate more classically activated
M1-type, which could perform anti-tumor role [54]. Macrophages in response to
CSF-1, or NF-kB are alternatively activated (M2-type) and can exert trophic effects
and provide tumor-promoting microenvironment [54]. At 10 weeks on diet,
compared to normal structures, the HFD hyperplastic lesions were associated with
an increased number of Arg- and Arg+ macrophages with Arg- M1 macrophages
predominating. By 16 weeks on diet there were fewer M1 macrophages and a
greater proportion of M2 macrophages associated with HFD lesions that may have
contributed to the overall promotional effect of HFD. Previously, we found that HFD
increased the number of DMBA-induced lesions in BALB/c mice at 10 weeks. The
increase was more modest at 16 weeks. In both strains, there were increased
numbers of macrophage polarization toward the M2-type in HFD lesions, which
could have facilitated their tumor progression. Our finding of increased macrophage
presence is consistent with reports that HFD up-regulated genes in pathways

associated with inflammation [72, 73].

Relationship between HFD and weight gain on tumor promotion

The effect of HFD on body weight produced a complex pattern in the current
experiments in the FVB strain. Diets were initiated at 3 weeks of age and the first
significant HFD-induced increase in body weight was noted at 4.4 weeks (31 days of
age) of age. This weight gain occurred after the initial HFD-associated development

of TEBs and proliferative changes in the normal peripubertal mammary gland at 4
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weeks of age (28 days of age). By 7 weeks of age HFD-fed mice weight 14% more
than LFD-fed mice; this weight gain did not constitute and obese state. Significant
weight gain continued during DMBA treatment 5-8 weeks of age. During this period
the greater number of lesions in HFD-fed mice, may have resulted from an increased
number of DNA damage events. The bioavailability of lipophilic carcinogen DMBA
and its activated metabolites may be enhanced when HFD-fed mice had increased
body weight during administration of carcinogen. HFD has been reported to
increase AhR, which is a receptor for DMBA and its metabolites [74], and thus
increase DMBA carcinogenicity. Between 9 and 17 weeks of age the mice on HFD
and LFD both lost weight at first and then re-gained weight with no difference in
body until 17 weeks of age. It is difficult access the effects of HFD at 13 and 19
weeks of age when pre-tumor analyses were carried out, since this was a period of
no or minimal weight gain. The 4 early adenosquamous HFD tumors arose at 19-24
weeks of age at a time where there were only small weight gains, suggesting the
HFD effect was not producing an obese weight range. Finally, weight gain continued
in HFD-fed mice to the termination of the experiment, at which time the maximum
weight gain was 24% above LFD weight and was in the obese range. Most of the
HFD tumors arose before this weight gain was reached. Taken together. These
results suggest either that the HFD promotional effect occurred in a normal weight
range or that this range of weight gain was sufficient to be promotional. Additional
insight can be obtained from the effect of HFD on metabolic parameters of glucose
and insulin levels. From 10 to 16 weeks on diet there were no indications from

plasma glucose or insulin levels that HFD produced significant metabolic changes.
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This suggests that the effects of HFD in the FVB strain were tumor promotional

without a significant metabolic effect.

Summary and Conclusions

Taken together, the present results in the FVB mouse strain indicate that the
promotional effects of HFD initiated at peripuberty on carcinogen-induced
mammary cancer was largely independent of weight gain, particularly in the obese
weight range. Furthermore, HFD promoted a subset of early adenosquamous
tumors which was also observed in HFD-fed normal weight BALB/c mice suggesting
that early age exposure to HFD may be promotional for a specific tumor subtype.
Epidemiological data is lacking for the association of HFD consumption in young
premenopausal women and breast cancer subtypes [19]. Other studies have
reported positive associations between HFD and receptor positive disease but not
receptor negative disease [16]. However, a number of confounding variables such
the numbers of pre vs postmenopausal women analyzed and the age at HFD dietary
intake that could preclude an accurate assessment of early life HFD and breast
cancer subtype. In this regard we have found a significant association of young age
but not with older adult age consumption of HFD and increased early development

of ER-PR- tumors in normal weight BALB/c mice[26].

Contributing factors to increased incidence of mammary cancers such as
increased proliferation and angiogenesis differed between HFD-fed FVB and BALB/c
mice. However notably, HFD-associated increase in pro-tumorigenic (M2)

macrophage recruitment was a common factor in both strains. Thus, we speculate
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that a similar effect of HFD on immune function may provide clues to the basis for
the epidemiology findings of increased breast cancer risk in young premenopausal,

normal weight women who consume a diet high in saturated animal fat.
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CHAPTER 3
Pubertal and Adult Windows of Susceptibility to High Fat Diet in Trp53-null

Mammary Tumorigenesis

Introduction

The incidence of breast cancer has remained stable despite recent advances
in detection, treatment options and survival [2]. Effective prevention strategies are
needed to combat breast cancer. Lifestyle modifications, especially changes in diet
are heavily investigated as potential preventative measures [15]. Some studies
reported that a western diet, rich in saturated fat, is associated with increased
breast cancer risk [75]. However, meta-analyses examining the association of total
fat and saturated fat intake with breast cancer risk are inconsistent, partly because
of differences in study design, dietary classification, and varied baseline breast
cancer incidence among the diverse populations studied [76-80]. The interaction of
fat intake with breast cancer risk may also be subtype specific [16]. While high fat
diet (HFD) often leads to obesity, a recent analysis of the Nurses’ Health Study II
identified adolescent and early adulthood intake of high animal fat to increase
breast cancer risk only in normal weight women, suggesting dietary effects in tumor

promotion may be obesity independent [19].

Human and rodent models have demonstrated that the mammary gland is
sensitive to environmental and dietary influences during puberty [81, 82]. We
previously reported that HFD initiated in puberty significantly reduced the latency

of 7, 12-dimethylbenz[a]anthracene (DMBA)-induced tumors in the absence of
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obesity [26] and that a HFD restricted to puberty similarly reduced the latency of
DMBA-induced tumors [29]. Mice overexpressing HERZ/neu had increased
development of second tumors when HFD was introduced in pubertal mice at 4
weeks of age [27], but tumor incidence was not affected when HFD was introduced
to adult mice at 10 weeks of age [30], again suggesting the importance of timing in
HFD exposure. In this regard, the human epidemiological study by Linos et al. [83]
specifically indicates adolescent exposure to total dietary fat as a risk factor for

premenopausal breast cancer.

DMBA needs to be introduced in mice during puberty to efficiently initiate
mammary tumors [55]. To circumvent the potential confounding interaction of
pubertal HFD with DMBA exposure, the present study investigated the effects of
pubertal versus adult exposure to HFD on mammary tumorigenesis in obesity
resistant BALB/c mice, using the Trp53-null transplantation model. Trp53 is one the
most frequently mutated genes in human breast cancer [34]. We found both
pubertal and adult windows of susceptibility to HFD. Tumor cell proliferation,
angiogenesis, and inflammatory processes were all significantly altered by HFD
exposure at any life stage. Adult HFD exposure uniquely increased the occurrence of
estrogen and progesterone receptor negative (ER- PR-), poorly differentiated
spindle cell carcinomas. These findings further implicate HFD as a risk factor in the

occurrence of mammary cancer.
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Material and Methods

Mice

BALB/c Trp53*/- breeding mice were obtained from Dr. D. Joseph Jerry
(University of Massachusetts, Amherst MA), and Trp53-null mice were generated as
described [35]. The Trp53-null tissue donor mice were maintained on chow diet
before mammary gland collection at eight weeks of age. Wild-type recipient female
BALB/c mice were purchased from Charles River (Portage, MI) at 3 weeks of age.
Mice were randomly assigned into four diet groups (see Diets). Food and water
were provided ad libitum. Animals were housed in a standard laboratory housing
environment with a 12:12 h light-dark cycle, at 20 to 24°C with 40 to 50% relative
humidity. All animal experimentation was conducted in accord with accepted
standards of humane animal care under guidelines approved by the All University

Committee on Animal Use and Care at Michigan State University.

Trp53-null model

Fragments of donor mammary epithelium were collected from female
BALB/c Trp53-null mice at 8 weeks of age, and transplanted into the cleared
inguinal mammary fat pads of 3-week-old female wild type mice as previously
described [84, 85]. To minimize donor bias from secondary genetic alterations,
mammary duct fragments from 4 donor mice were transplanted to recipient mice in
each diet group in equal distribution. Body weights and food consumption were

monitored weekly. Animals were palpated for tumor development twice a week
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starting at 13 weeks of age. Tumors were harvested at 1 cm in diameter. Portions of
tumors and mammary glands were formalin-fixed, paraffin embedded for H&E and
immunohistochemistry, and the remaining portions of tumors were snap-frozen for
later RNA isolation. Mice were monitored for 500 days, and at termination of the
studies, mammary glands were formalin-fixed and processed as whole mounts to
evaluate transplantation success rate. Transplantation success rates were 59%,
77%, 64% and 72% for the LFD, HFD, LFD-HFD, HFD-LFD groups, respectively.
Mammary glands that had no epithelium present were excluded from the survival

analysis.

Diets

Control low fat diet (D11012202; 10% kcal fat) (LFD) and high fat diet
(D11012204; 60% kcal fat) (HFD) were purchased from Research Diets (New
Brunswick, NJ). The majority of the kcal fat in HFD derives from lard (54.5% kcal),
while the remaining 5.5% kcal fat derives from corn oil. LFD contained 4.5% kcal fat
from lard and 5.5% kcal fat from corn oil. See Table 2.1 for detailed composition of
the diets. For the continuous LFD and HFD groups, diets were initiated after
transplantation at 3 weeks of age and maintained throughout the studies. For the
HFD-LFD and LFD-HFD groups, mice were initially fed one diet from 3 weeks until

10 weeks of age, and then switched to the other diet thereafter (Figure 3.1).
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Immunohistochemistry

5um tumor sections were deparaffinized and rehydrated, as previously
described [26]. Antigen retrieval was accomplished by autoclaving at 121°C and 15
psi for 30 minutes in citrate buffer (pH 6.0). For blood vessel density
determinations, CD31 was detected with rabbit polyclonal anti-CD31 (1:50 in PBS-
0.5% Triton X-100; Cat #: AP15436PU-N; Acris Antibodies, Inc., San Diego, CA) at RT
for 2 hours. Images were captured using a Nikon Eclipse E400 light microscope
(Nikon, Inc., Melville, NY) with a 40X objective lens. The images were overlaid with
grids containing 240 squares (324 pum?2/square). Blood vessel density is expressed
as the percentage of CD31-positive squares. For proliferation, PCNA was detected
using goat polyclonal anti-PCNA (1:100 in PBS-0.5% Triton X-100; Cat #: sc-9857;
Santa Cruz, Biotechnology, Inc., Santa Cruz, CA) at 4 9C overnight. For macrophage
detection, double staining of F4/80 and Arg1 has been described previously [26]
using monoclonal rat anti-F4/80 (1:75 in PBS-0.5% Triton X-100; Cat #: MCA497R;
AbD Serotec, Raleigh, NC) and goat anti-Arg1 (1:200 in PBS-0.5% Triton X-100; Cat
#: sc-18354; Santa Cruz Biotechnology, Inc.). As described previously [26], estrogen
receptor was detected with mouse anti-ERa (Novocastra Laboratories Ltd, NCL-ER-
6 F11, 1:10) and progesterone receptor was detected with rabbit anti-PR (DAKO,
A0092, 1:200). Tumors were considered to be ERa positive (ER+) if 10% or more of
the total cells counted were ER+ [50]. Cytokeratin-5 (K5) and cytokeratin-18 (K18)
staining has been previously [86, 87] described using (Covance, PRB-160P, 1:500)
and mouse monoclonal antibody (Abcam, ab668-100, 1:75). Immunofluorescent

staining was completed with appropriate secondary antibodies. All
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immunofluorescence sections were counterstained with 4’, 6-diamidino-2-
phenylindole (DAPI) to visualize nuclei. Images were captured with a Nikon Eclipse
TE2000-U fluorescence microscope (Nikon, Inc.) using a 40x objective. At least 1000
cells and at least 3 sections per animal were analyzed. For proliferation, cells were
scored positive with the presence of speckled nuclear localization of PCNA [88].
Macrophage density was expressed as the number of F4/80 positive cells per tumor

image.

TUNEL

5um tumor sections were deparaffinized and rehydrated. Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis was
performed using the TdT-FragEL DNA Fragmentation Detection Kit (EMD Millipore,
Billerica, MA) following the manufacturer's directions. At least 1000 cells and at

least 3 sections per animal were analyzed.

Metabolic parameters

Plasma glucose and insulin levels were measured from samples collected at
sacrifice from non-fasting tumor-bearing animals, as previously described [26].
Plasma glucose levels were determined by OneTouch UltraMini (LifeScan, Inc.,
Milpitas, CA) and the insulin levels were determined with the rat/mouse insulin

ELISA kit (EMD Millipore), according to the manufacturer’s instructions.
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Microarray analysis

Agilent Technologies (Santa Clara, CA) 4X44K whole mouse genome
microarrays were performed according to manufacturer protocol with linear
amplification and 2-color hybridization using total RNA isolated from mouse
mammary tumors (Table 3.1). The reference channel was Universal Mouse
Reference (as described in [51]) and was labeled with Cy5. Spots that had intensity
greater than 10 dpi in at least 80% of samples were selected for subsequent
analysis. Data were Lowess normalized and missing data were imputed using k-
nearest neighbors with k=10. A total of 32 microarrays were analyzed. Two class
Significance Analysis of Microarrays was performed to identify differentially
expressed genes between early vs. late tumor onset among all tumors and among
spindle cell and epithelial cell carcinomas separately, pubertal HFD vs. LFD, and
spindle cell vs. epithelial carcinoma. All statistical analyses were conducted in R
using the LIMMA package in Bioconductor. For genes significantly associated
(p<0.05) with early vs. late tumor onset, gene ontology analyses were conducted
using Ingenuity Pathway Analysis. The data discussed in this publication have been
deposited in the National Center for Biotechnology Information Gene Expression
Omnibus (GEO) [89] database and are accessible at accession number [GEO:
GSE74294] [Puberty-specific promotion of mammary tumorigenesis by a high

animal fat diet in P53 -/- mice http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc

=GSE74294 Access date: 24 Oct 2015].
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Statistical analysis

Results are shown as mean # standard deviation (SD) for body weight, and
mean * standard error of the mean (SEM) for immunohistochemistry analyses.
Differences were considered significant at p <0.05 using Student’s t-test or analysis
of variance (ANOVA) followed by the Tukey multiple comparison test, as
appropriate. Mammary tumor free survivals were determined from Kaplan-Meier

plots by log-rank tests. Tumor incidence was analyzed by the Chi-square test.

Results

Either peripubertal or adult exposure to HFD promotes tumorigenesis

Kaplan-Meier analysis revealed that the one-year mammary tumor incidence
in mice receiving Trp53-null mammary transplants (Figure 3.2a) was significantly
increased by peripubertally-restricted HFD (HFD-LFD, 39%; 2.2-fold; p=0.042), as
well as by HFD restricted to adulthood (LFD-HFD, 47%; 2.6-fold; p=0.009)
compared to LFD (17%). Continuous HFD also caused a 1.7-fold increase in tumor
incidence by one year of age (HFD 31%; p = 0.16), but the difference did not reach
statistical significance. Further follow up of tumor development up to 500 days of
age at the end of the study (Figure 3.2b) showed tumor incidence was increased by
continuous HFD (HFD, 81%; 1.8-fold; p=0.046) and adult HFD (LFD-HFD, 89%; 2-
fold; p=0.006) compared to control LFD (54%); the tumor promotional effects of
early HFD (HFD-LFD, 70%; 1.6-fold; p=0.13) were less dramatic when viewed over

the longer time course and also showed a trend toward increased tumor incidence.
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There were no significant differences in tumor latency by diet treatments (data not

shown).

Tumor characteristics

Tumors of multiple histopathologic types (Figure 3.3) developed in Trp53-
null mammary transplants. Regardless of the diet treatment, the majority of tumors
contained an epithelial component. However, some of the tumors were poorly
differentiated spindle cell carcinomas. LFD-HFD mice had a significantly increased
number of spindle cell carcinomas per transplant compared to mice on other dietary
regimens (p=0.02) (Figure 3.3a). The majority of the epithelial tumors (63-82%
among the dietary regimens) were ER- PR- and did not vary significantly by
histological types or diet treatment and all spindle cell tumors were ER- PR- (Table

3.2).

Since uncontrolled proliferation and escape from apoptosis are hallmarks of
cancer [90], we measured tumor cell proliferation and apoptosis by quantifying
nuclear localization of PCNA and TUNEL, respectively. Continuous HFD, HFD-LFD,
and LFD-HFD all significantly increased tumor cell proliferation by 1.8 to 1.9 fold
(p<0.01) compared to tumors from LFD mice (Figure 3.4a). To see if this effect was
specific to tumor cells, we also measured the effect of diet on proliferation in normal
tissue. No significant effects on proliferation were observed in normal tissue of 19-
week old mice, prior to the appearance of any tumors (data not shown). Within each
diet group, no difference in tumor cell proliferation was found between the

epithelial and spindle cell tumors (data not shown). In contrast to tumor cell
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proliferation being enhanced by HFD at either puberty or adulthood, apoptosis was
significantly decreased (p<0.05) only in tumors from mice fed LFD-HFD (0.58 fold of

that in LFD) and continuous HFD (0.59 fold of that in LFD) (Figure 3.4b).

Because HFD was associated with increased angiogenesis in DMBA-induced
tumors, we analyzed intratumoral vascularization (Figure 3.5). Epithelial tumors
occurring in mice exposed to HFD at either puberty or adulthood showed 1.7 to 1.8
fold increased vascularization compared to mice fed LFD. Both HFD-LFD and LFD-
HFD were sufficient to increase blood vessel density similarly to continuous
HFD. Diet had no significant effect on spindle cell tumors, but independent of diet,
spindle cell tumors had higher blood vessel density compared to epithelial tumors
(p=0.02). No significant effects on vascularity were observed in normal tissue of 19-

week old mice, prior to the appearance of any tumors (data not shown).

Macrophages play important roles in normal mammary development and
tumorigenesis [91]. We examined both intratumor macrophage localization and the
extent of M2 (i.e., Argl+) polarization in these macrophages (Figure 3.6). Increased
numbers of macrophages were observed under all diet regimens that included a
period of HFD exposure compared to continuous LFD (p<0.05). The majority of
macrophages were Argl- (i.e., likely M1, classically activated) in all tumors across all
diet treatments. However, HFD, HFD-LFD and LFD-HFD tumors all additionally
exhibited significantly increased numbers of M2 macrophages compared to LFD

tumors (p<0.05). The enhanced recruitment of macrophages was independent of
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tumor histopathology and independent of the time of tumor occurrence (data not

shown).

Microarray analysis of gene expression in tumors

We thought it would be productive to examine early versus later occurring
tumors using a time threshold distinguishing between the time period where mice
fed HFD-LFD showed significantly higher tumor incidence and the longer time
period where significance was not observed (see Figure 2). Gene ontology analyses
of microarray data comparing early occurring tumors (i.e., latencies 48 weeks and
less) to later occurring tumors identified a number of molecular functions as being
upregulated in early occurring tumors (Table 3.3). The two most statistically
significant were “Immunological Disease: systemic autoimmune syndrome”
(p=5.19E-14) and “Endocrine System Disorders, Gastrointestinal Disease,
Immunological Disease, Metabolic Disease: insulin-dependent diabetes mellitus”
(p=5.19E-14). A similar analysis of early versus late-occurring tumors that
considered the spindle cell tumors separately from the other epithelial tumors
found no significant differences between early and late occurring spindle cell
tumors (data not shown), but found the following molecular functions upregulated
in the early occurring epithelial tumors to high statistical significance (Table 3.4):
“Immunological Disease: systemic autoimmune syndrome” (p=9.18E-13);
“Endocrine System Disorders, Gastrointestinal Disease, Metabolic Disease: diabetes
mellitus” (p=9.18E-13); “Endocrine System Disorders, Gastrointestinal Disease,

Immunological Disease, Metabolic Disease: insulin-dependent diabetes mellitus”
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(p=8.51E-14). Comparison of spindle cell tumors to the various epithelial tumors
revealed 1594 upregulated and 1840 downregulated significant genes. No
significant canonical pathways were identified and, while some significant
upregulated molecular functions were identified, none of the molecular functions
had levels of significance approaching those identified in the aforementioned
analyses (Table 3.5). While microarray analysis comparing mice exposed to HFD
during puberty (HFD and HFD-LFD) to those exposed to LFD during puberty (LFD
and LFD-HFD) found 55 upregulated genes (GEO: GSE74294), no canonical
pathways or molecular functions were identified (data not shown). The tumor
samples from the individual dietary regimens did not provide adequate power for a

4-way analysis (data not shown).

Dietary effects on metabolic parameters

BALB/c mice were previously reported to be obesity resistant on HFD [24].
In the present study, we observed modest weight gain in HFD and LFD-HFD mice
(Figure 3.7). However, the weight gain was neither correlated with altered non-
fasting plasma glucose levels (Figure 3.8a) nor non-fasting plasma insulin levels
(Figure 3.8b) in tumor-bearing mice. As the mice aged, there was a trend towards
increased plasma glucose levels, but not plasma insulin levels, in all diet groups

(data not shown).
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Discussion

In Trp53-null initiated tumors, we have identified two different life stage
periods of increased tumor development in response to HFD. HFD restricted to the
peripubertal window (HFD-LFD) was sufficient to increase tumor incidence in mice
at one year of age, but the magnitude of this promotional effect diminished over a
longer time frame; the effects of pubertal HFD were evident in younger adults.
Despite switching to LFD in adulthood, the short 7 weeks of peripubertal HFD
exposure promoted tumor cell proliferation, increased angiogenesis, and increased
recruitment of total and M2-type macrophages, similarly to lifelong or adulthood-

restricted exposure to HFD.

Trp53-null initiated tumors were also promoted by exposure to HFD limited
to adulthood. This differs from our findings on HFD exposure in the DMBA model,
where pubertal exposure was required for enhanced tumorigenesis [26, 29].
Perhaps, the longer time course of tumorigenesis for the Trp53-null tumors simply
provides a longer window for adult HFD effects to occur than does the shorter
window for adult HFD exposure in the DMBA model. Over a longer 500-day time
frame, adulthood-restricted HFD (LFD-HFD) and lifelong HFD initiated in puberty
significantly increased tumor incidence. In addition to promoting tumor cell
proliferation, HFD and LFD-HFD diets enhanced angiogenesis, increased
recruitment of total and M2-type macrophages, and promoted tumor cell survival by
reducing apoptosis. HFD and LFD-HFD exposures were also associated with a

modest body weight gain of 14-17%. This increase in body weight was within a
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normal range and did not reach an obese status. Furthermore, the metabolic effects
of LFD-HFD on plasma glucose and insulin were indistinguishable from the LFD
control. In addition to increasing overall mammary tumor incidence, only LFD-HFD,
among the dietary regimens, significantly increased the incidence of spindle cell
carcinoma, which was previously characterized to have many features of epithelial-
to-mesenchymal transition (EMT) and a gene expression profile similar to the
claudin-low (CL) intrinsic subtype of human breast cancer [92]. About 65-80% of CL
human breast cancers are reported to be ER- PR- [93]. With our Trp53-null
mammary transplant model, all spindle cell carcinomas were ER- PR-. CL tumors
typically lack luminal differentiation markers [93]. We confirmed that the majority
of the spindle cell tumors lack expression of K5 and K18 (data not shown). Genomic
analysis of CL breast cancer identified a high level of genomic instability with many
gains and losses [94]. This suggests that CL tumors are likely driven by several
oncogenic events. It is noteworthy that both HFD and LFD-HFD mice experience
lengthy exposure to HFD, yet the dramatic increase in spindle cell carcinoma is
specific to LFD-HFD. Examination of macrophage levels in pre-tumor mammary
glands showed that macrophage levels were only elevated in mice exposed to a
pubertally restricted HFD (i.e., HFD-LFD; p=0.061). Perhaps this increased number
of macrophages partially suppresses the occurrence of spindle cell carcinomas
under these dietary regimens, while LFD-HFD mice, having fewer macrophages in

pre-tumor tissue, are more permissive for their occurrence.

Ingenuity Pathway Analysis based on microarrays of the tumors found that

early occurring tumors upregulated molecular functions associated with type 1
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diabetes and systemic autoimmune syndrome. The genes identified across these
molecular functions are almost completely identical and, while associated with the
pathology of diabetes, are genes more generally associated with autoimmune
activity. This is likely related to the Trp53-null genotype of the mammary epithelia
in these studies. A Trp53 polymorphism that affects its function is associated with
susceptibility to several autoimmune disorders, including systemic lupus
erythematosus [95-98], Hashimoto’s thyroiditis [99], and rheumatoid arthritis
[100]. Somatic Trp53 mutations were identified in the synovia of rheumatoid
arthritis patients [101-105]. A likely mechanism for a Trp53-null genotype
mediating enhanced autoimmune activity is dysregulation of apoptosis. Trp53
drives CD200 expression, which reduces immune reactivity to apoptotic self-
antigens [106]. Another apoptotic related function of Trp53 is the induction of the
pro-apoptotic death domain 1a protein (DD1a), which is involved in macrophage
recognition and clearance of apoptotic cells [107]. DD1a-deficient mice show
autoimmunity and inflammation associated with their inability to clear apoptotic
cells. The failure to express CD200 and/or DD1ca may be the basis for enhanced
autoimmunity under Trp53-deficiency. Further, it should be noted that that dietary
treatments were largely without effect on glucose and insulin levels, highlighting the
immune rather than metabolic significance of the identified molecular functions. It
is interesting that increased autoimmune activity is identified in early versus later
occurring tumors. An age-related decline in T cell activity is well-established in
mouse models [108]. At the same time, there is also an increased abundance of

immunosuppressive Treg cells with age [109].
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We previously reported that a pubertally initiated lifelong HFD decreased
DMBA-induced tumor latency, partly by increasing tumor proliferation,
angiogenesis and recruitment of M2-type macrophages. Recently, we reported that
only peripubertal HFD, but not HFD restricted to adulthood, promoted DMBA-
induced tumors [29]. A similar pubertal window of susceptibility was identified in
the MMTV-neu model, where only pubertally initiated HFD promoted development
of second tumors [27]. However, here we find that HFD confers similar proliferative,
angiogenic and inflammatory changes to Trp53-null initiated tumors, when given
during either puberty or adulthood. This discrepancy in the windows of
susceptibility to HFD between tumor models might be caused by differential
sensitivity to HFD between tumor subtypes. Indeed, recent human epidemiological
studies suggest that this may be the case in humans [16]. In the DMBA
carcinogenesis model, a significant proportion of the early developing tumors from
mice fed a peripubertal HFD were adenosquamous carcinomas, which are rare in
the Trp53-null transplant model. In contrast, the spindle cell carcinomas promoted
by HFD restricted to adulthood in the Trp53-null transplant model are rare in other

murine carcinogenesis models [92].

A limited number of randomized, controlled studies of dietary intervention
to prevent breast cancer have been carried out with mixed conclusions. One study
that focused on women with high mammographic density found no reduction in
breast cancer risk with reduced dietary fat [110]. Another study focusing on post-
menopausal women, while finding no significant protective effect for low fat

intervention, reported a trend toward a protective effect in women with highest
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baseline fat intake [111]. Here, we found that switching mice from a pubertal HFD to
an adult LFD does not confer short-term protective effects. 1 year tumor-free
survival was inferior in our HFD-LFD group compared to its continuous LFD control.
Pubertal HFD followed by a longer term LFD for more than 1 year failed to show
significantly increased risk of mammary tumors over that occurring in mice fed
lifelong LFD, but whether this reflects a reduction in the risk posed by pubertal HFD
or alleviation of adult-specific dietary risk is unclear because HFD restricted to
adulthood poses a significant risk in itself. Nonetheless, the existence of both
pubertal and adult windows of susceptibility to HFD and the potential alleviation of
HFD-associated risk demonstrated in this study offer hope for using dietary
intervention as a breast cancer prevention strategy. However, the profound effects
of pubertal HFD on tumor development highlight the challenges for successful

dietary intervention programs and the need for early life intervention strategies.

Obesity/high body mass index (BMI) (BMI > 25 kg/m?) is a well-established
risk factor for post-menopausal breast cancer [20]. However, normal weight women
who consume high saturated fat and high animal fat diets may also have increased
breast cancer risk regardless of menopausal status [19]. In the current study,
modest weight gain of 14-17% was observed in BALB/c mice fed lifelong and
adulthood-restricted HFD. The modest weight gain is in line with previous studies in
BALB/c mice demonstrating their resistance to HFD-induced obesity [24, 26, 29].
Independent of obesity, both pubertal and adult HFD enhanced tumor cell
proliferation. We previously reported upregulation of Tnfsf11 (receptor activator of

nuclear factor kB ligand, RANKL) RNA expression in pubertal BALB/c mice fed HFD
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for 4 weeks, as well as elevated levels of plasma IGF-1 [26]. DMBA-induced tumors
from mice fed lifelong HFD had increased expression of proliferative genes,
including Bmp7, CcdnZ2, Inha, and Igf1r [26]. We also found that early-occurring
DMBA-induced tumors from mice fed lifelong and pubertally restricted HFD showed
upregulation of canonical pathways associated with proliferative processes (i.e.,
G1/S checkpoint regulation, G2/M DNA damage checkpoint regulation, cyclins and
cell cycle regulation, antiproliferative role of TOB in T cell signaling, mTOR signaling,
purine nucleotides de novo biosynthesis II, cell cycle control of chromosomal
replication, and molecular mechanisms of cancer) [29]. Also in a non-obesogenic
context, HFD stimulated growth of injected 4T1 cells in the BALB/c mammary fat
pads, and promoted liver and lung metastases [28]. In the latter study, HFD
promoted tumors that showed increased proliferation with upregulation of Ki67,
CDK2, CDK4, Cyclin D1, Cyclin A, and IGF-I proteins. Collectively, our findings and
those of others suggest that a diet rich in saturated fatty acids may promote
proliferation in mammary tumors. Our earlier studies found that HFD stimulated
proliferation in normal mammary epithelium [24, 26, 29], however we did not
observe this in the current study. The proliferative response of normal epithelium to
HFD may be a property of the peripubertal window of susceptibility. Alternatively, a

proliferative response to HFD in normal epithelium may require intact Trp53.

In this study, we found that vascularization and M2 macrophage infiltration
of tumors were increased by either pubertal or adult HFD. Increases in the total
number of macrophages in normal mammary epithelium of 19-week old mice fed a

pubertally restricted HFD approached significance, and this might indicate the
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critical role of macrophages in the pubertal window of susceptibility, as well as the
sensitivity of the pubertal window to HFD effects. Tumor-associated M2
macrophages are known to promote the growth of tumors through support of
angiogenic and tissue remodeling processes, as well as immune suppression [112].
Their presence at early pre-neoplastic stages in tumor development suggests a
critical role in tumorigenesis [113]. The association of increased M2 macrophages
with increased vascularization in tumors of mice subjected to HFD may be causal.
HFD can induce low-grade inflammation after feeding [114]. It has been proposed
that this occurs through increased permeability of the gut allowing bacterial
endotoxin to enter the circulation and induce inflammation [114, 115]. Saturated
fatty acids may also directly modulate inflammatory processes through toll-like
receptor 4 (TLR4) [116]. Palmitic acid, the most abundant fatty acid component of

lard [117], has been implicated in both TLR2 and TLR4 signaling [118-121].

Summary and Conclusions

In summary, our findings show that exposure to HFD during either puberty
or adulthood is sufficient to increase the incidence of Trp53-null mammary tumors
in the absence of obesity. Pubertally restricted HFD increased tumor incidence in
adults prior to 1 year of age. Notably, HFD restricted to adulthood not only
increased the incidence of mammary tumors, but specifically increased the
incidence of spindle cell carcinomas that resemble claudin-low breast cancer. HFD
exerts potent effects regardless of the exposure window. Irrespective of

histopathology, tumors that developed in mice fed lifelong HFD, pubertal HFD, and
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adult HFD all showed enhanced tumor proliferation, angiogenesis and macrophage
recruitment. A HFD restricted to adulthood in the Trp53-null transplantation system
for mammary tumorigenesis may be a useful animal model for human claudin low

breast cancer.

Importantly, the collective results of this study on Trp53-null mammary
tumorigenesis and with our prior studies on DMBA-induced mammary
tumorigenesis [26, 29] demonstrate a peripubertal window of susceptibility to the
promotional effects of HFD, indicating the potential of an early life dietary

prevention strategy to reduce the risk of breast cancer.

46



CHAPTER 4

Conclusions

The results presented in this study agree with the majority of published
studies in mice showing that a pubertally initiated HFD promoted mammary
tumorigenesis. This study indicated that HFD increased tumor incidence in mice
either resistant or susceptible to diet-induced obesity. In both mouse strains, HFD
were found to increase the number of Argl+ M2-type macrophages associated with
early dysplastic lesions in the DMBA model and mammary tumors in the Trp53-null
model. Proliferation and angiogenesis, however, were enhanced only in mammary
tumors in obesity-resistant BALB/c mice. Puberty has been hypothesized to be a
window of susceptibility to environmental factors including diet. The results from
this study, however, showed that pubertal exposure to HFD is not required for the
tumor promotional effects in the Trp53-null model. Both pubertal and adult
exposure to HFD altered tumor characteristics and may represent separate

windows of susceptibility in that model.

Previously, it was found that HFD decreased latency of DMBA-induced
tumors in obesity-resistant BALB/c mice [26]. Evidence presented here from the
BALB/c Trp53-null model further confirmed that HFD was sufficient to enhance
tumorigenesis independent of obesity. These findings are consistent with human
epidemiological studies showing that high animal fat and high saturated fat
increased breast cancer risk in normal weight women [19]. Epidemiological studies

found obesity to be mildly protective against risk of premenopausal breast cancer
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[20]. However, in FVB mice, the weight gain obtained on HFD was not sufficient to
protect against HFD in increasing tumorigenesis. In normal weight BALB/c mice,
tumors from HFD-fed mice had increased proliferation, but HFD gave no
proliferative advantages to hyperplastic lesions and tumors in FVB mice that show
weight gain. Similarly, tumor angiogenesis was enhanced by HFD in normal weight
BALB/c mice, but not in FVB mice. One hypothesis is that weight gain and associated
processes counteracted the proliferative effects of HFD in the FVB strain. It remains
to be discovered what pathways contributed to the varied proliferative and

angiogenic response to HFD in the two mouse strains.

In the non-obesogenic context, systemic IGF-I was elevated in BALB/c mice
after 4 weeks on HFD, and IgfIr expression was elevated in HFD tumors [26].
Similarly, in models of diet-induced obesity, GH/IGF pathways have also been
proposed to mediate the promotional effects of HFD. In adult mammary glands,
HFD-fed C57BL/6 mice increased local expression of many cytokines and receptors
in the GH/IGF-I pathways, including GH-R, IGF-I, IGF-I1I, IGF-IR, PRLR, Sst1, Sst2, Sst4,
but no local expression of GH was identified in the mammary glands [122]. It is
suggested systemic GH may act on GF-R and stimulate IGF-I, and thus modulate
mammary development via autocrine or paracrine pathways [122]. Genetically
engineered mice with increased endogenous GH show further increased tumor
incidence only in HFD-fed mice, but not LFD-fed controls, supporting a role of the

GH and IGF-I pathways in regulating HFD-mediated tumor promotion [25].
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HFD promotion of tumorigenesis is hypothesized to be partially mediated by
inflammatory processes involving macrophages [26, 28]. Intratumoral macrophages
have been correlated with high histological grade, epithelial-mesenchymal
transition, and poor breast cancer disease-free survival [123], and gathers great
interest as a potential target for cancer therapy. HFD can recruit macrophages to the
mammary epithelium. In ovariectomized C57BL/6 mice, HFD exposure from 5
weeks of age onward resulted in a significant increase in macrophage infiltration
with formation of crown-like structures around adipocytes in adult mammary
glands, increased MCP-1, a chemokine that recruits macrophages, and increased NF-
kB activation [124]. In BALB/c mice, 3 weeks of HFD resulted in elevated /14 RNA
levels, which could potentially stimulate M2-type macrophage differentiation [26].
Results from the current studies showed that HFD altered the inflammatory
microenvironment with increased numbers of M2-type macrophages recruited to
hyperplastic lesions and mammary tumors in both BALB/c and FVB mice. For the
first time, we identified that alterations from pubertal HFD (HFD-LFD) were
sustained to recruit increased M2-type macrophages to tumors. In the 4T1
transplantation model for metastasis, HFD also increased intratumoral M2-type

macrophages with upregulation of MCP-1, M-CSF, Ccr2, M-CSFR [125].

We took advantage of two distinct tumor models with different modes of
tumor initiation, tumor latency and vastly different tumor histological profiles. In
the DMBA model, HFD promoted predominantly adenosquamous tumors. In the
Trp53-null model, adult HFD (LFD-HFD) specifically increased spindle cell tumors.

Furthermore, work from our lab has identified pubertal HFD as sufficient and
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required for enhanced tumorigenesis in the DMBA model [29]. In contrast, there
may or may not be two different windows of susceptibility to HFD in the Trp53-null
model. This highlights the idea that tumor promotion by HFD is dependent on the
specific tumor initiating agents and progression pathways. The majority of tumors
from either model were ER-negative and PR-negative, whereas, the majority of
human tumors are ER+ and/or PR+. However, more ER- and PR- tumors are found
in premenopausal women [126]. These models may thus be most pertinent to the
development of triple negative and basal-like breast cancers in premenopausal
women. Future work is needed to investigate the role of HFD in models for ER+

and/or PR+ breast cancer.

Immunohistochemical analysis allowed for specific analysis of proliferation,
angiogenesis, and selected immune microenvironment characteristics in HFD
tumors. A global microarray analysis of the tumors on different dietary regimens
may reveal pathways that are distinctively impacted by HFD. It may provide clues to
what factors were responsible for the recruitment of the M2-type macrophages and
what factors mediated the enhanced proliferation and angiogenesis by HFD. It may
also shed light about how HFD in the pubertal window or the adult window

differentially impact tumor pathways.

Unexpectedly, in the FVB DMBA model, we found fewer mice exhibiting
hyperplastic lesions at 16 weeks on diet than at 10 weeks on diet. The mechanisms
for the disappearance of these lesions are intriguing. In contrast to intratumoral

macrophages, the majority of which are M2-type, a high proportion of the
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hyperplasia-associated macrophages were M1-type. It remains to be determined if
they are involved in resolution of lesions. It will be advantageous if we can harness
and exploit the innate mechanisms for tumor surveillance as novel preventative and

therapeutic strategies.

Data from these studies illuminated the detrimental effects of HFD in
preclinical breast cancer models. Importantly, HFD promoted tumors independent
of the development of overt obesity, and in both puberty and adulthood. It affirmed
another reason to eat a balanced diet throughout one’s life. However, behavioral
changes can be one of the most difficult tasks in health promotion. Education and
encouragement from health care professionals are typically ineffective. Recognizing
that HFD may be difficult to avoid for some, further understanding of how HFD
contributes to breast cancer risk are required for developing prevention strategies

to alleviate the effects of HFD in high-risk individuals.
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Figure 2.1. Kaplan-Meier survival curves for mammary (a) tumor-specific survival
and (b) overall survival in FVB mice fed a pubertal initiated LFD or HFD since 3
weeks of age. Four weekly doses of 50mg/kg DMBA were administered via oral
gavage from 5 weeks of age to initiate tumors. HFD significantly increased DMBA-
induced mammary tumor incidence and decreased their latency (p<0.01). HFD also
significantly increased the incidence of many other types of tumors, including skin
tumors, lymphomas, thymomas and hepatic tumors, resulting in poorer overall
survival (p<0.01).
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Figure 2.2. Macrophage recruitment in DMBA-induced tumors. (a), Argl-, M1-type
of macrophages are predominant in the periphery and the center of tumors from
both LFD and HFD-fed mice. (b), Higher proportion of M2-type macrophages were
found in the center of HFD tumors (16% HFD vs. 4% LFD). (n=1 for LFD Tumor
Edge, n=2 for LFD Tumor Center; n=6 for HFD Tumor Edge, n=8 for HFD Tumor
Center).
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Figure 2.3. Pubertal mammary gland characteristics in FVB mice on LFD or HFD.
(a), Number of terminal end buds (TEBs) in pubertal mice fed either a LFD or HFD.
(*, p<0.05, n=5 for each group.) (b), Ductal elongation in pubertal mice fed either a
LFD or HFD. (*, p<0.05, n=5 for each group).
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Figure 2.3 (cont’d). (c), Representative whole mount images of mammary glands
after 2 weeks on diet at 5 weeks of age. Lines indicate the distal edge of the
mammary ductal tree.
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Figure 2.4. Cellular proliferation after 2 weeks on diet. HFD significantly increased
the proportion of proliferating cells in large ducts, small ducts and TEBs after 2
weeks on diet, and no differences were observed after 4 weeks on diet. (*, p<0.05,
n=5 for each group).
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Figure 2.5. Hyperplastic lesions in mammary glands no. 2 and 3 at 10 and 16 weeks
on diet. After 10 weeks on diet, a trend of more lesions were observed in HFD-fed
mice (p=0.12, n=10). By 16 weeks of diet, the number of hyperplastic lesions in LFD
and HFD-fed mice was similar (n=6).
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Figure 2.6. Macrophage recruitment at 10 weeks and 16 weeks on diet. (a),

HFD did not change the number of macrophages associated with normal structures.
After 10 weeks on diet, HFD significantly recruited more Argl- M1-type of
macrophages (p=0.01), while the change in the number of Argl+ M2-macrophages
were not statistically significant (p=0.2). (n=5 for each group).
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Figure 2.6 (cont’d). (b), After 16 weeks on diet, the recruitment of both Argl- M1
and Arg1l+ M2 macrophages remained elevated by HFD. (p=0.2 and p=0.07 for M1
and M2-type, respectively). (n=5 for each group).
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Figure 2.7. Weight gain in DMBA-treated FVB mice on either LFD or HFD. (b), After
10 days on diet (31 days of age), pubertally initiated HFD at 3 weeks of age
promoted increased body weight gain. HFD initiated from 3 weeks of age increased
pubertal body weight gain between 4.4 to 8 weeks of age. (a), The pubertal gain was
lost in mice on HFD after DMBA exposures. Mice on HFD regained their lost weight
and become heavier than controls by 17 weeks of age in adulthood. By the end of the
body weight measurement at 40 weeks of age, mice on HFD were 24% heavier than
their LFD counterparts. (n>8 in all data points).
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Figure 2.8. Fasting plasma glucose and insulin levels at 10 and 16 weeks on diet.
(a), Fasting plasma glucose levels were increased in HFD-fed animals after 16 weeks
on diet. (b), At a younger age, after 10 weeks on diet, LFD-fed mice had higher
fasting insulin levels. High variance was observed in fasting plasma insulin levels
among mice in the same treatment groups at later time points, possibly due to
DMBA-associated pathology.
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Table 2.1. Diet compositions.

. Low Fat Diet High Fat Diet
Ingredients (g/100g) (LFD) (HFD)
Fat Corn 0Oil 2.369 16.1498

Lard 1.8957 31.6537
Carbohydrate Corn Starch 54.407 8.89
Maltodexdrin 11.848 16.1498
Protein Casein 18.987 25.8397
L-cystine 0.2843 0.3876
Fiber Cellulose 4.7393 6.4599
Vitamins Vitamin Mix V10001 0.9479 1.2919
Choline Bitartrate 0.1896 0.2584
Minerals Mineral Mix S10026 0.9479 0.1286
Dicalcium Phosphate 1.2322 1.6795
Calcium Carbonate 0.5213 0.7106
Potassium Citrate, 1 H,0 1.5639 2.1318
Energy
kcal density/g 3.8 5.2
% kcal Fat 10 60
Carbohydrate 70 20
Protein 20 20
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Table 2.2. FVB DMBA tumors used for microarray analysis.

Diet Tumor# Histopathology Latency
(weeks)
HFD- Early M45 Adenosquamous 19
M20 Adenosquamous 20
M27 Solid 22
M72 Glandular 24
HFD-Late M37 Cribriform 28
M47 Spindle Cell 28
M80 Papillary 34
M84 Solid 47
LFD-Late M34 Adenosquamous 28
M46 Cribriform 42
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Figure 3.1. Experimental scheme. Fragments of Trp53-null mammary duct were
transplanted into cleared fat pads of female 3-week-old wild-type BALB/c mice.
After the surgery, mice were randomly assigned to four diet groups. Control group
(n=33) were fed LFD, and continuous HFD group (n=31) were fed HFD ad libitum.
To investigate the effects of HFD exposure during peripubertal window, a group of
HFD-fed mice (n=31) were switched to LFD at 10 weeks of age. Similarly, to
investigate the effects of HFD exposure during the adult window, a group of LFD-fed
mice (n=31) were switched to HFD at 10 weeks of age. Tumor development was
monitored until mice reached 500 days of age.
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Figure 3.2. The effect of the various dietary regimens on tumor free survival.
Kaplan-Meier plots were determined for BALB/c mice receiving Trp53-null
mammary transplants fed a control lifelong low fat diet (LFD; n= 37), a lifelong high
fat diet (HFD; n= 46), a peripubertal high fat diet (HFD-LFD, n=42), and a high fat
diet restricted to adulthood (LFD-HFD, n=38). (a) One-year tumor free survival was
significantly reduced in mice fed HFD-LFD and LFD-HFD. (Log-rank tests, LFD vs.
HFD, p = 0.158; LFD vs. HFD-LFD, *, p = 0.042; LFD vs. LFD-HFD, **, p = 0.009). (b)
500-day tumor free survival was significantly reduced by lifelong HFD and LFD-
HFD, but not HFD-LFD. (Log-rank tests, LED vs. HFD, *, p = 0.046; LFD vs. HFD-LFD,
p =0.131; LFD vs. LFD-HFD, **, p = 0.006).
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Figure 3.3. Proportions of tumors by histopathology across the different dietary
regimens in BALB/c mice receiving Trp53-null mammary transplants. (a) LFD-HFD
increased the proportion of spindle cell carcinomas by 2.7-fold compared to LFD (p
=0.02). (b - d) Representative H&E stained sections of epithelial, spindle cell and
adenosquamous tumors. Scale bar = 0.25mm.
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Figure 3.4. Effects of various dietary regimens on proliferation and apoptosis in

Trp53-null tumors. (a) HFD at any life stage significantly increased proliferation

marker PCNA in tumors (p < 0.01). (b) Lifelong HFD and LFD-HFD decreased
apoptosis as measured by TUNEL labeling (p<0.05).
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Figure 3.5. Effects of dietary regimens on tumor vascularity. HFD at any life stage
increased blood vessel density in epithelial tumors (*, p<0.01). Independent of diet,
spindle cell tumors had higher blood vessel density than epithelial tumors (#,
p=0.01).
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Figure 3.6. Quantitation of macrophages within tumors. HFD, HFD-LFD and LFD-
HFD all increased the number of Argl+, M2 macrophages and the number of total
macrophages within tumors (*, **, p<0.05).
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Figure 3.7. Body weight over time. Mice fed lifelong HFD had increased body weight
compared to mice fed lifelong LFD after 7 weeks on diet, while mice fed adulthood
restricted HFD (LFD-HFD) had increased body weight 7 weeks after diet switch to
HFD. Mice fed a peripubertal HFD (HFD-LFD) had similar weights to those fed
lifelong LFD. The weight gain in mice fed HFD and LFD-HFD was modest at 14+8 %
and 1749 %, respectively, by end of the experiments at 71 weeks of age.
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Figure 3.8. Non-fasting plasma glucose (a) and insulin (b) in tumor bearing mice.
No significant differences were found in any dietary regimen.
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Table 3.1. BALB/c Trp53-/- tumors used for microarray analysis.

Epithelial tumors

Diet Tumor# Histopathology Latency
(weeks)
LFD-Early 31R Glandular 36
22R Cribriform 38
17R Cribriform 41
11R Cribriform 47
LFD-Late 13L Solid 53
19R Glandular 54
27L4A Glandular 56
11L Cribriform 58
HFD-Early 421L4B Cribriform 40
60L Cribriform 41
65R Cribriform 41
40R4A Glandular 44
HFD-Late 57R Cribriform 52
66L Papillary 55
56R Cribriform 55
62L Glandular 59
LFD-HFD-Early 80L Cribriform 35
92R Cribriform 36
78R Cribriform 42
82L Glandular 48
LFD-HFD-Late 71L Cribriform 52
101R Cribriform 57
101L4A Papillary 57
90R Cribriform 60
HFD-LFD-Early 117L Cribriform 35
115R Cribriform 37
117R Cribriform 40
107L Cribriform 43
HFD-LFD-Late 108R Glandular 56
109L Cribriform 57
110R Cribriform 60
122R Glandular 60
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Table 3.2. Proportion of ER+/PR+ tumors by diet treatments and histopathology.

Diet Tumor Type ER+PR+/Total
LFD Epithelial 3/12
Spindle Cell 0/5
HFD Epithelial 8/26
Spindle Cell 0/8
LFD-HFD Epithelial 5/19
Spindle Cell 0/12
HFD-LFD Epithelial 5/21
Spindle Cell 0/8
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Table 3.3. List of significant differentially upregulated canonical pathways and

molecular functions in early occurring tumors (latency less than 48 weeks)

compared to late occurring tumors.

Canonical Pathway

Canonical Pathway B-H Adjusted p-value Ratio
Interferon Signaling 3.03E-02 2/29
Activation of IRF by Cytosolic
Pattern Recognition Receptors 4.49E-02 2/50
Molecular Functions

B-H
. . . No. of
Categories Functions Adjusted Molecules
Molecules
p-Value
Cell Death and Survival killing of cells 6.75E-03 | ADAR, ITGAE, LY9 3
morphology of i ADAR, CCR9, IL2RB, Irgm1,

Cell Morphology leukocytes 5.53E-03 LY9 5
E(Eelrlnl\:t(z)lighi()CISIgg’ stem abnormal

sieal >y morphology of | 8.06E-03 | CCR9, IL2RB, LY9 3
Development and T lvmphocvtes
Function ymphocy
Cell-mediated Immune T cell 3 07E-03 CCR9, CD69, IL2RB, LY9, 6
Response, Cellular development ) RSAD2, STAT2
Development, Cellular
Function and
Maintenance,
Hematological System differentiation CCRY, CD69, IL2RB, RSAD2,
Development and of T 4.49E-03 5

. . STAT2
Function, Hematopoiesis, | lymphocytes
Lymphoid Tissue
Structure and
Development
Cell-mediated Immune cell movement
Response, Cellular of T 3.12E-03 CCR9, CD69, CXCL10, ITGAE 4
Movement, lymphocytes
Hematological System
Development and homing of T 3.12E-03 | CCR9, CXCL10, ITGAE 3
Function, Immune Cell lymphocytes
Trafficking
Cell-To-Cell Signaling and
Interaction, Cellular
Movement, recruitment of
Hematological System 3.32E-02 CD69, CXCL10, ITGAE 3

leukocytes
Development and

Function, Immune Cell
Trafficking
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Table 3.3 (cont’d).

differentiation

ADAR, CCR9, CD69, CXCL10,

Cellular Development 3.88E-02 HERCS®6, IL2RB, RSAD?2,
of cells
STAT?2
Cellular Development,
Cellular Growth and
Proliferation, proliferation of 9.97E-03 CD69, IL2RB, Irgm1, LY9,
Hematological System T lymphocytes ) Slfn1
Development and
Function
Cellular Development,
Hematological System differentiation 4.45E-03 ADAR, CCR9, CD69, HERC6,
Development and of blood cells ) IL2RB, RSAD2, STAT?2
Function
differentiation ADAR, CCR9, CD69, IL2RB,
Cellular Deyelopment, of leukocytes 6.46E-03 RSAD2, STAT?
Hematological System
Development and development of
) p . hematopoietic 1.39E-02 | ADAR, CCR9, IL2RB
Function, Hematopoiesis .
progenitor cells
Cellular Development,
Hematological System
Ej;i;’opnmﬁre‘x;i viesis. | developmentof |, oo . | ADAR, CCR9, CD69, IL2RB,
A p " | leukocytes ) LY9, RSAD2, STAT2
Lymphoid Tissue
Structure and
Development
Cellular Function and cellular 6.46E-03 CCR9, CD69, ligp1, IL2RB,
Maintenance homeostasis ) Irgm1, LY9, RSAD2, STAT2
Cellular Movement ?e‘lelgn"tax‘s of | 348E-02 | CCR9, CD69, CXCL10
cell movement 2 56E-03 CCR9, CD69, CXCL10, IL2RB,
of leukocytes ) Irgm1, ITGAE, STAT2
Cellular Movement, homing of
Hematological System 5 6.75E-03 | CCR9, CD69, CXCL10, ITGAE
leukocytes
Development and cell movement
Function, Immune Cell . 2.10E-02 CD69, CXCL10, IL2RB, Irgm1
. of myeloid cells
Trafficking 1 "
cell movement | 5 ¢7g.02 | CD69, CXCL10, IL2RB
of granulocytes
Connective Tissue
Disorders, Inflammatory | .., g 3.37E-02 | CD69, IL2RB, Slfn1
Disease, Skeletal and
Muscular Disorders
Embryonic Development, | development of
Organ Development, lymphatic 4.89E-02 | ADAR, CCR9, IL2RB
Organismal Development | system
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Table 3.3 (cont’d).

Endocrine System

Disorders insulin- CCR9, CXCL10, GBP6, Gbp8,

N . dependent HERCS, Ifi47, IFIT1B, ligp1,
f;i;i"rigltsgg?ll)?ézzzze diabetes S19E-14 | 11 SRB, Irgm1, ITGAE, STAT2, 13
Metabolic Disease , mellitus Tgtp1/Tgtp2
Hematological System
Development and
Function, Hematopoiesis,

Lymphoid Tissue quantity of 6.75E-03 | CCR9, IL2RB, LY9, Slfn1 4
Structure and thymocytes
Development, Organ
Morphology, Tissue
Morphology
Hematological System uantitv of
Development and e ieoietic | 3.07E.03 | CCR9, CD69, IL2RB, Irgm1, ¢
Function, Hematopoiesis, ro enilzor cells ) LY9, Slfn1
Tissue Morphology prog
Hematological System
Development and uantitv of B
Function, Humoral e heeores 4.80E-02 | CCRY, CD69, IL2RB 3
Immune Response, ymp y
Tissue Morphology
quantity of T 2 15E-03 CCR9Y, CD69, CXCL10, IL2RB, 7
lymphocytes ' ITGAE, LY9, Slfn1
Hematological System {)noorff}r‘;’;;’fg’“‘,’f 5.99E-03 | ADAR, IL2RB, Irgm1 3
ijifopaneir;tsizd quantity of 675£.03 | CCR9,CD69, CXCL10, IL2RB, o
Mor holé) blood cells ’ Irgm1, ITGAE, LY9, Slfn1
P &y quantity of
CD4+ T- 1.35E-02 | CD69, CXCL10, IL2RB 3
lymphocytes
Humoral Immune
Response, Protein quantity of IgG 6.75E-03 SS)XB’ZCXCLIO’ IL2RB, 4
Synthesis
systemic CCR9, CXCL10, GBP6, Gbp8,
. . . HERCS, Ifi47, IFIT1B, ligp1,
Immunological Disease zu;(él;grrgzne 5.19E-14 [L2RB, Irgm1, ITGAE, Slfn1, 14
y STAT?2, Tgtp1/Tetp2
infection of CXCL10, Ifi47, ligp1, Irgm1,
mammalia 2.02E-03 ITGAE, STAT2 6
Infectious Disease viral infection 6.75E-03 ADAR, CXCL10, RSAD2, 4
STAT2
parasitic ) ) .
infection 9.97E-03 | Ifi47, ligp1, Irgm1 3
Protein Synthesis quantity of 2.56E-03 | ADAR, Irgm1, RSAD2 3
interferon
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Table 3.4. List of significant differentially regulated canonical pathways and

molecular functions in early occurring epithelial tumors (latency less than 48

weeks) compared to late occurring epithelial tumors.

Down-Regulated

Molecular Functions

B-H
Categories Functions Adjusted Molecules No. of
Molecules
p-Value
Antimicrobial antiviral
Response, 1.58E-03 | IFIT1B, IFIT2, IFITM3, IL12B 4
response
Inflammatory Response
Cellular Movement,
Hematological System cell
Development and movement of | 4.68E-02 CCL25,1L12B, IL2RB, Irgm1 4
Function, Immune Cell myeloid cells
Trafficking
Cellular Movement,
Hematological System
Development and cell
) p movement of | 4.15E-02 CCL25,IL12B, Irgm1 3
Function, Immune Cell
Trafficking, macrophages
Inflammatory Response
Endocrine System
. . ) p 2.89E-05 | IL2RB, Irgm1, RNASES, 8
Disease, Immunological | diabetes Trim30a/Trim30d
Disease, Metabolic mellitus
Disease
Inflammatory Response | "MAMMAtion | 4 cap g7 | ccL25, 1L12B, PIP 3
of intestine
Lymphoid Tissue abnormal
Structure and morpholo
Development, Organ PROIOBY 1 332E-02 | CCL25, IL2RB, PIP 3
. of lymph
Morphology, Tissue node

Morphology

Up-Regulated

Canonical Pathways

Canonical Pathways B-H Adjusted Ratio Molecules
p-value
Activation of IRF by Cytosolic
Pattern Recognition 1.59E-03 5/50 DHX58, IRF7, STAT2, STAT1, ADAR
Receptors
Retinoic acid Mediated PARP10, Ifnz (includes others),
Apoptosis Signaling 9-41E-03 /44 TNFSF10, PARP14
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Table 3.4 (cont’d).

Pathogenesis of Multiple 2.42E-02 2/6 CXCL10, CCRS
Sclerosis
Interferon Signaling 2.42E-02 3/29 IFIT1, STAT2, STAT1
Role of Lipids/Lipid Rafts in .
the Pathogenesis of Influenza 3.65E-02 2/9 RSAD2, Ifnz (includes others)
Tec Kinase Signaling 4.41E-02 5/148 ITGA3, VAV3, TNFSF10, STAT2, STAT1
Molecular Functions
Categories Functions B-H Molecules No. of
Adjusted Molecules
p-Value
Antimicrobial antimicrobial | 4.06E-03 Defa3 (includes others), DHX58, IRF7, | 7
Response, response Mx1/Mx2, RSAD2, SLAMFS8, STAT1
Inflammatory antiviral 5.59E-03 | DHX58, IRF7, Mx1/Mx2, RSAD2, 5
Response response STAT1
Cell Death and killing of cells | 2.13E-02 ADAR, CCR5, ITGAE, STAT1, TNFSF10 | 5
Survival
Cell Signaling replication of | 4.06E-03 ADAR, Mx1/Mx2, RSAD2 3
viral replicon
Cellular differentiatio 3.19E-02 CXCL10, Cxcl9, Prl2c2 (includes 4
Development, n of others), STAT1
Skeletal and myoblasts
Muscular System
Development and
Function, Tissue
Development
Cellular Function | function of T 4.51E-02 CCR5, CXCL10, HSH2D, IRF7, NLRC5, 7
and Maintenance, | lymphocytes TNFSF10, Trim30a/Trim30d
Hematological function of 4.52E-02 CCR5, CXCL10, HSH2D, IRF7, NLRC5, 8
System lymphocytes STAT1, TNFSF10, Trim30a/Trim30d
Development and
Function
Endocrine insulin- 8.51E-14 CCR5, CXCL10, Cxcl9, GBP6, GbpS, 21
System dependent Gm5431, HERC6, HPSE, IF116, IF144,
Disorders, diabetes Ifi47, ligp1, IRF7, ITGAE, PARP14,
Gastrointestinal mellitus STAT1, STAT2, Tgtpl/Tgtp2,
Disease, TNFSF10, TNFSF8, Trim30a/Trim30d
Immunological
Disease,
Metabolic
Disease
Endocrine diabetes 9.18E-13 CCR5, CXCL10, Cxcl9, GBP6, Gbp8, 22
System mellitus Gm5431, HERC6, HPSE, IF116, IF144,
Disorders, Ifi47, ligp1, IRF7, ITGAE, LGALS9B,
Gastrointestinal PARP14, STAT1, STATZ2, Tgtp1/Tgtp2,
Disease, TNFSF10, TNFSF8, Trim30a/Trim30d
Metabolic
Disease
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Table 3.4 (cont’d).

Hematological toxemia 1.94E-02 CCR5, CXCL10, Cxcl9, STAT1, 5
Disease Trim30a/Trim30d
Immunological systemic 9.18E-13 CCR5, CXCL10, Cxcl9, GBP6, Gbp8, 22
Disease autoimmune Gm5431, HERC6, HPSE, IF116, IF144,
syndrome Ifi47, IGFBP4, ligp1, IRF7, ITGAE,
PARP14, STAT1, STATZ2, Tgtp1/Tgtp2,
TNFSF10, TNFSF8, Trim30a/Trim30d
Infectious Viral Infection | 5.46E-05 ADAR, CCR5, CXCL10, DHX58, IRF7, 11
Disease LGALS9B, Mx1/Mx2, RSAD2, STAT1,
STAT2, TNFSF10
replication of | 2.45E-03 CCR5, CXCL10, Mx1/Mx2, RSAD2, 6
virus STAT1, TNFSF10
infection of 2.95E-03 BAHD1, CCR5, CXCL10, DHX58, Ifi47, 11
mammalia ligp1, IRF7, ITGAE, STAT1, STATZ,
TNFSF10
anthrax 4.06E-03 CXCL10, Cxcl9, STAT1 3
Bacterial 3.19E-02 BAHD1, CCR5, CXCL10, Cxcl9, IRF7, 8
Infection STAT1, TNFSF10, Trim30a/Trim30d
replication of | 3.48E-02 CCR5, CXCL10, Mx1/Mx2, RSAD2 4
RNA virus
Infectious infection of 3.19E-02 CXCL10, Cxcl9, STAT1 3
Disease, lung
Respiratory
Disease
Metabolic glucose 9.85E-09 BGLAP, CCR5, CXCL10, Cxcl9, GBP6, 23
Disease metabolism Gbp8, Gm5431, HERC6, HPSE, IFI16,
disorder [F144, 1fi47, ligp1, IRF7, ITGAE,
LGALS9B, PARP14, STAT1, STAT2,
Tgtpl/Tgtp2, TNFSF10, TNFSF8,
Trim30a/Trim30d
Organismal survival of 4.52E-02 CCR5, CXCL10, Cxcl9, DHX58, IFI16, 12
Survival organism IRF7, Mx1/Mx2, RSAD2, SMN1/SMN2,
STAT1, STAT2, TNFSF10
Protein Synthesis | quantity of 1.94E-02 ADAR, DHX58, RSAD2, STAT1 4
interferon
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Table 3.5. List of significant differentially upregulated canonical pathways and

molecular functions in spindle tumors compared to epithelial tumors.

Up-Regulated

Molecular Functions

B-H

Categories Functions Adjusted Molecules No. of
Molecules
p-Value

AGTR2, ANGPT2, ANGPTL4, ARAP3,
ARHGEF26, BMP6, BMP7, BMPR1A,
BRCA1, CAT, CCL11, Ccl2, CCNAZ2,
CD151, Cd59a, CD81, CDHS5,
CDKN1A, CFLAR, CLUAP1, COL3A1,
COL5A1, CRK, CTSB, CTSH, CUL7,
CXADR, CXCL12, CYLD, CYP1B1,
CYP26A1, DDIT3, DISP1, DLL4, E2F4,
EN2, FERMTS3, FES, FLT4, FZD2,
FZD5, GATA2, GJA1, GNA11, GPR124,
GPR4, GSK3B, Gulo, HAND1, HBEGF,
HEXIM1, HEY1, HIF1A, HTATIPZ,

Cardiovascular ID2, IGFBP3, IGFBP4, IL7R, INHBA,

System development of 4.33E-02 INTU, IRX1, IRX4, ITGA1, ITGAV, 124

Development vascular system ) ITGB5, KRIT1, LECT1, LEFTY1, LRG1,

and Function LRP1, LTA, MMP13, MMP14, MMP2,
MMP9, MST1R, NCSTN, NDST1,
NFATC4, NOS3, NOTCH2, NR4A1,
OGT, PF4, PKNOX1, PLAT, PLVAP,
PLXNB1, PLXND1, POLD4, PSAP,
PTGS2, PTH1R, PTPRB, PXN, RAMP1,
RASIP1, RHOA, RHOB, RND1, RTN4,
RXRA, S1PR3, SERPINF1, SLC11A2,
SLC19A1, SLIT3, SOCS3, S0X18, SPI1,
SRC, STK4, TGFB1, THBD, THBSZ2,
TIE1, TIMP3, TIPARP, TMED?2,
TMEM204, TTN, TWIST1, VCL,
VEGFB

Cardiovascular

System

Development

and Function,

Organ contractility of ADCY6, ATP2A2, CASQ2, HBEGF,

Morphology, ventricular 3.14E-02 IRX4, KLK3, LMNA, MAP3K1, MMP9, 14

Skeletal and myocardium NOS3, PLAT, RXRA, TIMP3, VCL

Muscular

System

Development

and Function
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Table 3.5 (cont’d).

Cell Death and
Survival

cell death

1.75E-02

ABCB4, ABCE1, ADAM12, ADCYAP1, AFF1,
AFP, AGAP3, AGTR2, AMPD3, ANGPTL4,
ANTXR2, APBB2, ARF6, ARG1, ASNA1,
ASTN1, ATF1, ATF4, ATP6V1G2, ATR,
B4GALNT1, BACE1, BCKDK, BCL2L1, BGN,
BMP7, BMPR1A, BNIP1, BRCA1, CADPS2,
CAMK1D, CAMK2N2, CAMLG, CAPN1, CASP2,
CASQ2, CAT, Ccl2, CCNA1, CD151, Cd1d2,
Cd24a, Cd59a, CD74,CD79B, CDH1, CDHS5,
CDK19, CDKN1A, CENPJ, CFLAR, CHDS,
CHI3L1, CHRNA?7, CIAPIN1, Clca3al/Clca3a2,
CLCN2, CLDN4, CNP, COL5A3, COPS5, CPB2,
CTF1, CTNNA1, CTSB, CTSH, CUL4A, CUL7,
CXADR, CXCL12, CYLD, CYP1B1, DAPKS3,
DCTN2, DDIT3, DDX58, DLL4, DMD, DNAJB1,
DPH1, DSG2, DUSP1, E2F2, E2F4, EEF2K,
EIF2AK1, EIF4EBP1, ELF4, EMP2, EN2, FAAH,
FABP1, FAM134B, FES, FKBP4, FOSL1,
GABBR1, GALNTS3, GAS6, GATA2, Gcg, GCLC,
GHR, GIPR, GJA1, GRAP2, GSK3B, HADHA,
HAND1, HBEGF, HDGF, HEXB, HEXIM1, HIC1,
HIF1A, HK2, HLA-G, HPRT1, HSPA4, HSPAS,
ICOSLG/L0OC102723996, ID2, IFT122,
IGFBP3, IGFBP4, IGFBP5, IL1RL1, IL7R,
INHBA, ITGA1, ITGAS, ITGAV, ITGB5, JAK3,
KEAP1, KIF1A, KRT19, LILRB3, LIPE, LMNA,
LOXL2, LPAR2, LRP1, LTA, LTK, LUM,
MAP1LC3A, MAP3K1, MAP3K2, MEF2D, MGP,
MLH1, MMP14, MMP2, MMP9, MOAP1, MPL,
MSH2, MSR1, MST1R, Mt3, MUS81, MUSK,
MVP, NBN, NCSTN, NDEL1, NDNL2, NDST1,
NEK4, NFATC4, NME3, NOS3, NOTCH2, NPC1,
NR1D1, NR4A1, NRF1, NTF4, NUAK1,
NUSAP1, OGT, OMA1, OSM, PAFAH1B1, PARL,
PDCD1, PDCD11, PDCD6IP, PEG3, PFDNS5,
PHIP, PHLDA1, PIK3CB, PIN1, PLAT,
PPP1R9A, PPP2R1A, PRKAG1, PRKG2,
PROCR, PSAP, PTGS2, PTH1R, PTP4A2, PXN,
RAB25, RAC3, RAPGEF3, RASSF6, RBBP6,
REV3L, RGPD4 (includes others), RHOA,
RHOB, RPRM, RPS6KB1, RXRA, S1PR3,
SEMA7A, SERPINF1, SFT2D2, SH3GLB1,
SHISAS, SIAH1, SIGIRR, SLC25A24, SLC46A2,
SLIT3, SOCS3, SPI1, SPN, SPTLC2, SRC,
SRCAP, ST14, ST3GAL1, STAMBP, STK38,
STK4, STUB1, Tcf7, TFAP2C, TGFB1, THBD,
THBS2, TIMP3, TNFAIP8L1, TNFSF13B,
TNFSF14, TNRC6A, TRIB2, TRPM4, TTN,
TWIST1, UBE2K, UBE2V1, UPF1, VAC14, VCL,
VDR, VEGFB, VIPR1, WBP1, WISP1, YWHAZ,
ZDHHC17,ZEB2, ZNF148, ZNF274, ZNF385A

271
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Table 3.5 (cont’d).

necrosis

4.33E-02

ABCB4, ABCE1, ADAM12, ADCYAP1, AGAP3,
AGTR2, ANTXR2, ARF6, ARG1, ASTN1, ATF4,
ATP6V1G2, ATR, B4GALNT1, BACE1, BCKDK,
BCL2L1, BGN, BMP7, BMPR1A, BRCA1,
CADPS2, CAMK2N2, CAMLG, CAPN1, CASP2,
CAT, Ccl2,CD151, Cd24a, CD79B, CDH1,
CDHS5, CDKN1A, CFLAR, CHI3L1, CHRNA7,
CIAPIN1, Clca3al/Clca3a2, COL5A3, CPB2,
CTF1, CTNNA1, CTSB, CUL7, CXADR, CXCL12,
CYLD, CYP1B1, DDIT3, DDX58, DLL4, DMD,
DNAJB1, DUSP1, E2F2, E2F4, EIF2AK1,
EIF4EBP1, EMP2, EN2, FAAH, FABP1,
FAM134B, FKBP4, FOSL1, GABBR1, GALNTS3,
GAS6, GATA?2, Geg, GHR, GIPR, GRAP2, GSK3B,
HADHA, HBEGF, HDGF, HIF1A, HK2, HPRT1,
HSPAS8, ICOSLG/L0C102723996, ID2,
IGFBP3, IGFBP4, IGFBP5, IL1RL1, IL7R,
INHBA, ITGA1, ITGAS, JAK3, KEAP1, KIF1A,
LILRB3, LIPE, LMNA, LPAR2, LRP1, LTA, LTK,
MAP1LC3A, MAP3K1, MAP3K2, MEF2D,
MLH1, MMP14, MMP2, MMP9, MPL, MSH2,
MSR1, MST1R, Mt3, MUSK, MVP, NBN,
NDEL1, NDNL2, NDST1, NEK4, NFATC4,
NOS3, NPC1, NR1D1, NR4A1, NTF4, NUAK1,
OGT, OMA1, OSM, PAFAH1B1, PARL, PDCD1,
PDCD6IP, PEG3, PIK3CB, PIN1, PLAT,
PPP1R9A, PROCR, PTGS2, PTH1R, PXN,
RAB25, RAPGEF3, RGPD4 (includes others),
RHOA, RHOB, RPRM, RPS6KB1, RXRA, S1PR3,
SEMA7A, SERPINF1, SFT2D2, SH3GLB1,
SIGIRR, SLC25A24, SLC46A2, SLIT3, SOCS3,
SPI1, SPN, SPTLC2, SRC, SRCAP, ST14,
ST3GAL1, STAMBP, STK38, STK4, STUB1,
Tcf7, TFAP2C, TGFB1, THBD, THBS2, TIMP3,
TNFAIP8L1, TNFSF13B, TRIB2, TRPM4, TTN,
TWIST1, UBE2K, VAC14, VDR, WBP1, WISP1,
YWHAZ, ZDHHC17, ZNF274

194

Cell Morphology

mineraliz
ation of
cells

2.02E-02

ASPN, ATF4, BMP6, DKK2, GJA1, HEY1,
HIVEP2, MGP, PTGSZ, RHOA, SRC, TGFB1,
TRPS1

13

83




Table 3.5 (cont’d).

Cell
Morphology,
Cellular
Assembly and
Organization

morphology
of fibrils

2.02E-02

ADAMTS2, BGN, COL3A1, COL5A1, DSE, LUM,
PLOD1, THBS2

abnormal
morphology
of collagen
fibrils

3.01E-02

ADAMTS2, BGN, COL3A1, COL5A1, DSE,
PLOD1, THBS2

Cellular
Movement

migration of
cells

2.08E-03

ABCB4, ACTN4, ADAM12, ADAM33,
ADCYAP1, ALOX5AP, ANGPT2, ANGPTL4,
APBB1, APBB2, AQP1, ARAP3, ARF6, ASTN1,
BGN, BMP6, BMPR1A, BRCA1, BSG, CADPS2,
CAMK1, CAMK1D, CAT, CCL11, Ccl2, Ccl7,
CCNAZ2,CD151, Cd24a, Cd59a, CD74, CD81,
CDH1, CDH5, CDKN1A, CELSR1, CHI3L1,
CHRNA7, CLEC7A, COL3A1, CPB2, CTNNA1,
CTSB, CTTN, CXCL12, CYP1B1, CYP26A1,
CYTIP, DAPK3, DDX58, DLL4, DOCK4, DOK1,
DUSP1, Ear2 (includes others), EFNAS5, EFS,
EPB41L5, FAAH, FERMT3, FES, FHL2, FKBP4,
FLRT2, FOSL1, FSCN1, FUT7, GAD1, GALNT1,
GAS6, GBA, GJA1, GNA11, GPR124, GRB7,
GSK3B, HBEGF, HDC, HIF1A,
ICOSLG/L0OC102723996, IGBP1, IGFBP4,
IGFBP5, IL17B, IL1RL1, ITGA1, ITGAS, ITGAS,
ITGAV, JAK3, KCNK2, KRT6B, LEFTY1,
LILRB3, LMNA, LMNB1, LPAR2, LRP1, LTA,
LTK, LUM, MAP2, MAP3K1, MAT1A, MATN2,
MESP2, MINOS1-NBL1/NBL1, MMP13,
MMP14, MMP2, MMP9, MRC2, MSR1, MST1R,
NDEL1, NDST1, NOS3, NPC1, NR1D1, OCLN,
OSM, PAFAH1B1, PDCD1, PF4, PGGT1B,
PIK3CB, PLAT, PLET1, PLXND1, PPIC, PPM1A,
PTGS2, PTX3, PXN, RAB27A, RAPGEF3,
RASGRP4, RBFOX2, RGS16, RHOA, RHOB,
RTN4, RXRA, S1PR3, SCHIP1, SDC2, SDC3,
SNAI1, SOCS3, SPI1, SPN, SRC, STK4, TCIRG1,
TFF2, TGFB1, THBD, THBS2, TIE1, TIMP3,
TNFSF13B, TNFSF14, TNS1, TRAF4, TRPM4,
TWIST1, VASP, VCL, VDR, WISP1, ZEB2

171
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Table 3.5 (cont’d).

cell
movement

9.55E-03

ABCB4, ACTN4, ADAM12, ADAM33, ADCYAP1,
ALOX5AP, ANGPT2, ANGPTL4, APBB1, APBB2,
AQP1, ARAP3, ARF6, ASTN1, BGN, BMP6,
BMPR1A, BRCA1, BSG, CADPS2, CAMKI1,
CAMKI1D, CAPN1, CAT, CCL11, Ccl2, Ccl7,
CCNAZ2,CD151, Cd24a, Cd59a, CD74, CD81,
CDH1, CDH5, CDKN1A, Ceacam10, CELF3,
CELSR1, CHDH, CHI3L1, CHRNA7, CLEC7A,
COL3A1, CPB2, CTNNA1, CTSB, CTTN, CXCL12,
CYP1B1, CYP26A1, CYTIP, DAPK3, DDHDI1,
DDX58, DLL4, DMD, DOCK4, DOK1, DUSP1,
E2F2, Ear2 (includes others), EFNAS5, EFS,
EPB41L5, FAAH, FERMT3, FES, FHL2, FKBP4,
FLRT2, FOSL1, FOSL2, FSCN1, FUT7, GAD1,
GALNT1, GAS6, GBA, GJA1, GNA11, GPR124,
GRB7, GSK3B, HAND1, HBEGF, HDC, HEXIM1,
HIF1A, ICOSLG/L0C102723996, IGBP1,
IGFBP3, IGFBP4, IGFBP5, IL17B, IL1RL1,
ITGA1, ITGAS5, ITGAS, ITGAV, JAK3, KCNK2,
KRT6B, LEFTY1, LILRB3, LIPE, LMNA, LMNB1,
LPAR2, LRP1, LTA, LTK, LUM, MAP2, MAP3K1,
MAT1A, MATN2, MESP2, MINOS1-
NBL1/NBL1, MMP13, MMP14, MMP2, MMP9,
MRC2, MSR1, MST1R, NDEL1, NDST1, NOS3,
NPC1, NR1D1, OCLN, OSM, PAFAH1B1, PDCD1,
PF4, PGGT1B, PIK3CB, PLAT, PLET1, PLXND1,
PPIC, PPM1A, PTGS2, PTX3, PXN, RAB27A,
RAPGEF3, RASGRP4, RBFOX2, RGS16, RHOA,
RHOB, RTN4, RXRA, S1PR3, SCHIP1, SDC2,
SDC3, SNAI1, SOCS3, SPI1, SPN, SRC, STK4,
TAS1R3, TCIRG1, TFF2, TGFB1, THBD, THBS2,
TIE1, TIMP3, TNFSF13B, TNFSF14, Tnp1,
TNS1, TRAF4, TRPM4, TWIST1, VASP, VCL,
VDR, WISP1, ZEB2

185

Developmental
Disorder

Growth
Failure

2.35E-02

ACSS1, ACTN4, APEX1, AQP1, AQP2, ATF4,
BACE1, BRCA1, C1GALT1C1, CDH5, CDKN1A,
CFL2, CFLAR, COPSS5, CRTAP, CTSB, CUL7,
CYP11A1, DLD, DLL4, DPH1, E2F4, EIf5, FES,
FKBP4, FOSL2, GALNT3, GCLC, GGT1, GHR,
GPX2, Gulo, HADHA, HAP1, HEXA, HEXB,
HIF1A, HK2, HOXC9, ID2, IP6K1, ITGAS,
ITGAV, KRT6B, LMNA, LRP1, MGP, MMP14,
MMP2, NBN, NCSTN, NFATC4, NOS3, NOTCHZ,
NTF4, OCLN, PARL, PCGF2, PDCDZ, PIM3,
PLAT, PLVAP, PROCR, PTH1R, PTS, RBBP6,
RBMS1, REV3L, RPS6KB1, RXRA, SC5D, SCN1B,
SHISAZ, SLC11A2, SLC19A1, SMTN, SNAI1,
S0X7, SPI1, SRC, STAMBP, STK4, SULF1,
SYNE1, TCIRG1, TFAP2C, TFCP2L1, TGFB1,
TIAL1, TTN, VCL, VDR, VIPR1, ZNF148

94
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Table 3.5 (cont’d).

Developmental
Disorder,
Hereditary
Disorder,
Metabolic
Disease

lysosomal
storage
disease

2.35E-02

Ccl2, GBA, GLB1, HEXA, HEXB, INSIGZ2,
NOS3, NPC1, NPC2Z, PSAP, S1PR3

11

Digestive
System
Development
and Function

abnormal
morphology
of digestive
system

2.02E-02

ABCAS5, ABCB4, ADAMTS2, AGTRZ2,
ANGPTL4, APEX1, ARF6, ARG1, ATF4,
BMP7, BRCA1, BSG, CADPS2, CDKN1A,
CDON, CIAPIN1, CLEC7A, COL3A1, CTF1,
CTHRC1, CYLD, DDX58, DNAJC3, DUSP1,
E2F4, FAM20A, FES, FUT7, GAST, GDF1,
GHR, GJA1, GRN, GSK3B, HADHA, HEXA,
HEXB, HLX, ID2, IGFBP3, IGFBP4, IGFBPS5,
IL7R, INHBA, JAK3, KRT6B, LEFTY1, LOXL1,
LTA, MAT1A, MMP14, NDST1, NFATC4,
NOS3, NOTCH2, OCLN, PEX11A, PLVAP,
PRKAG1, PSAP, PTGSZ, PTH1R, PVRL3,
RAPGEF3, RPS6KB1, RXRA, SC5D, SIAH1,
SLC19A1, SLC22A4, SMTN, SOCS3, SOX7,
SPI1, SRC, SULF1, TCIRG1, TFCP2L1, TFF2,
TGFB1, TIE1, TIMP3, TMPO, TNFSF14,
TRPS1, VDR, VIPR1

87

morphology
of digestive
system

3.01E-02

ABCAS5, ABCB4, ADAMTS2, AGTRZ2,
ANGPTL4, APEX1, ARF6, ARG1, ATF4,
BMP7, BRCA1, BSG, CADPS2, CDKN1A,
CDON, CIAPIN1, CLEC7A, COL3A1, CTF1,
CTHRC1, CYLD, DDX58, DNAJC3, DUSP1,
E2F4, FAM20A, FES, FUT7, GAST, GDF1,
GHR, GJA1, GRN, GSK3B, HADHA, HEXA,
HEXB, HLX, ID2, IGFBP3, IGFBP4, IGFBPS5,
IL7R, INHBA, JAK3, KRT6B, LEFTY1, LOXL1,
LTA, MAT1A, MMP14, NDST1, NFATC4,
NOS3, NOTCH2, NTF4, OCLN, PEX11A,
PLVAP, PRKAG1, PSAP, PTGS2, PTH1R,
PTX3, PVRL3, RAPGEF3, RPS6KB1, RXRA,
SC5D, SIAH1, SLC19A1, SLC22A4, SMTN,
SOCS3, SOX7, SPI1, SRC, SULF1, TCIRG1,
TFCP2L1, TFF2, TGFB1, TIE1, TIMP3,
TMPO, TNFSF14, TRPS1, VDR, VIPR1

89

Lipid
Metabolism,
Molecular
Transport,
Small Molecule
Biochemistry

accumulation
of ganglioside
GM2

1.08E-02

GLB1, HEXA, HEXB, NPC1, NPC2

86




Table 3.5 (cont’d).

accumulation of
glucosylceramide

2.02E-02

GBA, GLB1, NPC1, NPC2Z, PSAP

accumulation of
asialo GM2
ganglioside

3.01E-02

HEXA, HEXB, NPC1, NPC2

accumulation of
lactosylceramide

3.01E-02

GLB1, NPC1, NPCZ, PSAP

Organismal
Survival

organismal death

1.17E-02

ABCAS, ABCB4, ACSS1, ACTN4, ADAM12,
ADCY3, ADCYAP1, AFF1, AGTR2, AKAP10,
ANGPT2, ANGPTL4, ANTXR2, APBB1,
APBB2, APEX1, AQP1, AQP2, ARAP3, ARF6,
ARG1, ARHGDIB, ASNA1, ATF1, ATF4,

ATP2A2, ATP8AZ, ATR, B4GALNT1, BACE1,

BACE2, BCL2L1, BGN, BICC1, BMP7,
BMPR1A, BRCA1, BSG, C1GALT1C1,
CADPS2Z, CAMLG, CAPN1, CARD10, CASPZ2,
CBX4, CCL11, Ccl2, CCNAZ, CD151, Cd59a,
CD74, CDH1, CDH16, CDH5, CDK19,
CDKN1A, CDON, CELSR1, CENPJ, CFLZ2,
CFLAR, CHD8, CHRNA?7, CIAPIN1, CLCF1,
CLDN1, CLDN4, CLDN5, CLEC7A, CLUAP1,
CNP, COL3A1, COL5A1, COPSS5, CPB2,
CPLX2, CRABP1, CRK, CSNK1A1, CSNK1D,
CTSB, CTTN, CUL7, CXADR, CXCL12, CYLD,
CYP11A1, CYP26A1, DDAH1, DDX58,
DERLZ2, DISP1, DLD, DLL4, DMD, DNAJB9,
DNAJC3, DNM3, DPH1, DSG2, DUSP1, E2F2,
E2F4, ECM1, EFNAS5, EIFZAK1, EIf5, ERCCS,
FAMZ20A, FASN, FERMT3, FES, FKBP4, FLI],
FLRTZ2, FLT4, FOSL1, FOSLZ, FZD5,
GABBR1, GABPA, GABPB1, GAD1, GALNT1,
GAS6, GATAZ, GBA, GBE1, GCLC,

316
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Table 3.5 (cont’d).

Organismal
Survival

organismal
death

1.17E-02

GDF1, GGT1, GHR, GJA1, GNA11, GPR124,
GPR4, GPX2, GRN, GSK3B, Gulo, HADHA,
HAND1, HAP1, HBEGF, HEXA, HEXB,
HEXIM1, HEY1, HIC1, HIF1A, HK2, HLX,
HOXB3, HPRT1, HRH3, IDZ, IDE, IDH1,
IFT122, IGFBP5, Igtp, IL1RL1, INHBA,
INSIG2, INTU, ITGAS, ITGAS, ITGAV,
KCNK?2, KEAP1, KIF1A, KPNA1, KRIT1,
KRT19, KRT6B, LEFTY1, LIFR, LMNA,
LMNB1, Lmo3, LRP1, LTA, MAB21L2, MAF,
MAP2, MAP3K1, MASTL, MBTD1, MCM3AP,
MEF2D, MESP2, MGP, MLH1, MLLT4,
MMP14, MMP2, MMP9, MSH2, MSR1,
MST1R, MUS81, MUSK, NAB1, NBN, NCSTN,
NDEL1, NDST1, NFATC4, NFE2L3, NOS3,
NOTCHZ, NPC1, NRF1, NRXN1, NTF4,
NUSAP1, OSM, PAFAH1B1, PARL, PCGFZ2,
PDCD1, PDCD2, PEX11A, PIK3CB, PKNOX1,
PLAT, PLOD1, PLVAP, PLXND1, PMM?2,
PPME1, PPP1R8, PPP1R9A, PROCR, PSAP,
PSTPIP1, PTGS2, PTHI1R, PTPRN, PTS,
PTX3, PVRL3, PXN, RAB27A, RAC3,
RAD54B, RASIP1, RBBP6, RBBP8, RBMS1,
RBP2, REV3L, RFNG, RGPD4 (includes
others), RHOA, RPS6KA4, RPS6KB1, RSPO1,
RTN4, RXRA, S1PR3, SALLZ, SC5D, SCN1B,
SHANK3, SHISA2, SIAH1, SIGIRR, SLC11A2,
SLC19A1, SLC22A4, SLC34A2, SMTN,
SNAI1, SOCS3, SOX7, SPI1, SPTLCZ, SRC,
SRSF3, ST14, STAB1, STAMBP, STK4,
STUB1, STX4, SULF1, SYNE1, Tcf7, TCIRG1,
TFAP2C, TFCP2L1, TGFB1, TGS1, THBD,
THBSZ2, TIAL1, TIE1, TIMP3, TNFSF13B,
TRAF4, TRPS1, TTN, TWIST1, TWISTZ,
UPF1, VAC14, VASP, VCL, VDR, VEZT,
VIPR1, ZEB2, ZNF148, ZNF274, ZNF385A

316
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