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ABSTRACT 

 

 

OBESITY ACCELERATES MAMMARY CARCINOGENESIS IN A RAT MODEL OF  

POLYGENIC OBESITY SUSCEPTIBILITY 

 

 

Given the ongoing obesity epidemic, in which more women in the US are overweight or obese than are 

lean, the impact of obesity on the development of breast cancer is an important public health concern. 

Obese women with breast cancer generally have larger tumors and poorer prognosis than lean women 

with breast cancer. In an effort to deconstruct the biological mechanisms that link obesity and breast 

cancer, we have developed a novel rat model with high relevance to the polygenic development of 

obesity and breast cancer in humans. These rats have differing susceptibility to obesity when fed a diet 

of similar macronutrient composition as that consumed by the average American woman. Diet 

susceptible (DS) rats rapidly accumulate excess body fat and display metabolic perturbations, including 

ƌesistaŶĐe to iŶsuliŶ aŶd leptiŶ, ǁhiĐh ŶoƌŵallǇ pƌoǀide ͞stop eatiŶg͟ aŶoƌeǆigeŶiĐ Đues. IŶ ĐoŶtƌast, diet 

resistant (DR) rats remain lean despite being fed the same diet.  

 

Findings from experiments conducted in our novel rat model have provided several critical pieces of 

information. When DR and DS rats were treated with a chemical carcinogen, DS rats displayed markedly 

accelerated mammary cancer formation compared to DR rats, including higher cancer incidence, 

multiplicity, and tumor burden, in conjunction with reduced cancer latency. The larger tumor mass in DS 

rats was found to be attributable to higher growth rates in DS vs. DR tumors, due to a combination of 

accelerated cell cycle progression and reduced apoptotic efficiency.  

 

Importantly, DS rats tended to develop more tumors that were negative for sex hormone receptor 

expression, a subtype of breast cancer with high rates of breast cancer mortality. This observation was 
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corroborated by an endocrine ablation experiment, i.e., bilateral ovariectomy. Removal of the ovaries 

puts a strong selection pressure on expansion of cell populations that can grow in the absence of high 

circulating levels of sex hormones. In addition to removal of the primary source of circulating sex 

hormones, several experiments failed to provide evidence in support of peripheral production of 

estrogen by adipose tissue. In spite of the lack of estrogen at the host systemic and local (mammary 

gland) level, ovariectomized DS rats displayed elevated cancer multiplicity and sum tumor weight 

compared to ovariectomized DR rats, indicating that obesity in DS rats promotes the growth of cancer 

cells in an estrogen-independent manner.  

 

Clinically, chronic inflammation in adipose tissue as a consequence of obesity has been shown to create 

a permissive environment for the development of breast cancer. While DS rats display evidence of 

heightened fat storage in the form of adipocyte hypertrophy, there was no evidence of inflammation 

accompanying this hypertrophy in the rat mammary gland in the current studies. Thus, peripheral 

production of estrogen by fat tissue and chronic inflammation in fat tissue—two of the mainstream 

mechanisms proposed to link excess fat and breast cancer—do not appear to be obligatory biological 

processes for the effect of obesity on the increased cancer response in DS rats in our model.  

 

These findings suggest that our novel rat model represents a preclinical tool that facilitates investigation 

of mechanisms beyond those currently considered to link obesity to carcinogenesis of the breast. Breast 

cancer is a highly heterogeneous disease, and the integrated rat model reported herein is a tool that 

complements monogenic models of obesity and breast cancer in an effort to deconstruct the complex 

problem of breast cancer in clinical subpopulations whose disease is not explained via traditional 

mechanisms. 
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CHAPTER 1. INTRODUCTION
1
 

 

 

1.A. Breast cancer: a global disease with local impact 

In 2012, 1.7 million new cases of breast cancer were diagnosed globally, and breast cancer was 

responsible for nearly 700,000 deaths. Worldwide, cumulative lifetime risk for women of developing 

breast cancer between the ages of 0 and 74 currently stands at 4.6%, and lifetime risk of dying from 

breast cancer is 1.4% (1). In the United States (US) alone, one in eight women (12.5%) will be diagnosed 

with breast cancer during her lifetime. As the most commonly diagnosed cancer and second leading 

cause of cancer death among women in the US, breast cancer is diagnosed in a woman every two 

minutes, and breast cancer kills a woman every eleven minutes (2).  

 

The heritable nature of breast cancer is generally overestimated in terms of contribution to breast 

cancer burden. Seven breast cancer susceptibility genes or gene sets with high penetrance (relative risk 

>5) have been identified, in which germline mutations are associated with increased breast cancer risk in 

an inherited Mendelian fashion. These 7 genes are summarized in Table 1 (3).  

 

Table 1 

Legend. Breast cancer susceptibility genes with high penetrance (3). 

Gene/ Gene Set Function  

BRCA1, BRCA2 DNA damage repair 

CDH1 Cell-cell adhesion 

PTEN Phosphatase 

SKT11 Serine-threonine kinase 

TP53 Cell cycle checkpoint protein 

MLH1, MSH2, MSH6 and PMS2 DNA mismatch repair 

 

                                                           
1
Chapter 1 is being submitted as a critical review and analysis to the journal Nutrition and Cancer. Any changes 

between the version presented herein and that which is published will be minor. Such changes will likely be due to 

publishing requirements and tone differences between target audiences.  
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Awareness of the hereditary aspect of breast cancer, particularly cases driven by BRCA1/2, which are 

responsible for >30% of all hereditary breast cancers, has benefited from multiple public education and 

marketing campaigns and celebrity advocacy. However, these 7 genes are cumulatively found to be 

drivers in only 5-10% of all breast cancer cases (3;4), leaving the majority of breast cancer cases 

attributable to a complex summation of genetic, epigenetic, and environmental exposures. 

 

1.B. Carcinogenesis: a process comprised of initiation, promotion, and progression 

The cells in our bodies constantly encounter challenges to DNA integrity from a variety of sources. The 

endogenous process of mitochondrial oxidative phosphorylation alone results in 10
4
 DNA ͞hits͟, oƌ 

adducts formed by the interaction of reactive oxygen species with DNA, per cell, per day. DNA is also 

subject to damage from exogenous biological and chemical agents (5;6). Moreover, DNA damage 

accumulates over time due to a gradual decline in antioxidant function and reduced efficiency of repair 

machinery (7). The accumulation of DNA damage is a fact of aging in multiple species: a 2 year old rat 

displays nearly 2 million DNA lesions per cell, double that observed in a young rat (6). In humans aged 

15-91, serum levels of 8-hydroxy-deoxyguanosine, a metabolite generated in response to oxidative DNA 

damage, increase in a linear fashion over time (8). 

 

1.B.1. Cancer initiation 

Only a small fraction of DNA hits escape detection and removal. These adducts can induce DNA 

mutations due to proofreading errors or mismatch by replicative machinery. Most mutations are silent 

and cause no noticeable changes in phenotype. However, a small population of mutations is sufficient to 

transform a healthy cell into a cell with neoplastic potential. The term neoplasia was originally defined in 

ϭϵϰϬ ďǇ the pathologist Jaŵes EǁiŶg. BǇ EǁiŶg͛s definition, neoplasia refers to an initiated cell, also 

called a transformed cell, which is capable of heritably transmitting alterations to its progeny and 
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displays relative autonomy from the rules and regulations that govern normal cells and cell-cell 

interactions within a tissue or organism (9). This event, in which a primary mutation or set of mutations 

transform a healthy cell to a cell with neoplastic potential, is called initiation (10).  

 

1.B.2. Cancer promotion  

The ͞sileŶt iŶteƌǀal͟ ďetǁeeŶ the iŶitiation of a cell and the detection of cancer is referred to as latency, 

and is governed by the second stage of carcinogenesis known as promotion. Cancer promotion is 

achieved by agents or processes that are usually insufficient for initiating the neoplastic transformation. 

In contrast to the long-lasting, largely irreversible effects of cancer initiating factors, cancer promoting 

agents require repeated, frequent, or continuous exposure or activation to promote neoplastic growth, 

and may be reversible (11).  

 

Cancer promoting factors frequently induce alterations in gene expression and regulate cellular 

processes such as enhanced proliferation and suppression of apoptosis through both direct and indirect 

mechanisms. An example of direct regulation includes ligands binding to cell surface or nuclear 

receptors, such as observed with insulin and estrogens (11). As an example of indirect regulation by 

cancer promoting factors, reactive oxygen species can promote neoplastic growth by changing the redox 

state of transcription factors. Activator protein (AP)-1 and nuclear factor (NF)-kB are transcription 

factors that coordinate DNA damage repair and immunological defense processes, respectively, and are 

both susceptible to the cancer promoting effects of reactive oxygen species (11).  

 

1.B.3. Cancer progression 

The teƌŵs ͚Ŷeoplasŵ͛ aŶd ͚ĐaŶĐeƌ͛ aƌe ofteŶ used iŶteƌĐhaŶgeaďlǇ. This is iŶĐoƌƌeĐt, as Ŷeoplasŵs ĐaŶ 

be either benign or malignant. Unlike benign growths, malignant neoplasms are characterized by rapid 
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growth, invasion of surrounding tissues, poor differentiation, increased metastatic capacity, changes in 

responsiveness to hormones and other endocrine factors, and karyotype instability (reviewed in (9;12)). 

At a molecular level, carcinomas of the breast tend to contain cells with increased nuclear: cytoplasmic 

ratio, prominent nucleoli, and high prevalence of mitoses (13). Cumulatively, these characteristics of 

malignancy comprise the third and final stage of carcinogenesis known as progression. 

 

Individual neoplasms can progress independently of other neoplasms in the same animal. Likewise, 

cancer characteristics can progress independently of other characteristics in the same tumor—each 

tumor becomes a self-contained unit (12). Breast carcinomas frequently display dominance of only one 

cell type, in contrast to the 3 cell types (ductal luminal, alveolar luminal, and myoepithelial) that 

comprise the architecture of a normal breast (13). Inflammation or a desmoplastic reaction may be 

observed at the carcinoma border where cancerous cells invade the stroma. The desmoplastic reaction 

is a phenomenon that occurs during invasion, when adipocytes are replaced by fibroblasts and immune 

cells, which form a kind of cap at the invading front (13). For the remainder of this dissertation, the term 

͚ĐaŶĐeƌ͛ ǁill ƌefeƌ to ŵaligŶaŶt Ŷeoplasŵs ďased oŶ histopathologiĐal diagŶosis.  

 

1.C. The clockwork nature of cancer: initiated cells as stopwatches  

To visualize the process of carcinogenesis, each initiated cell can be thought of as a stopwatch. Before 

stopwatches can start keeping time, they must be programmed. As the body is generally very good at 

recognizing and removing stopwatches through a series of tightly controlled processes, most 

stopwatches will never start ticking. If initiated cells evade detection and sustain mutations via mitosis, 

these stopwatches can persist within a tissue in an unprogrammed state for long periods of time—

potentially decades in clinical populations. With the exception of relatively rare cases of germline 

mutations, a single initiating event is generally not sufficient to cause cancer. For a stopwatch to start 
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ticking, additional driver or favorable passenger mutations, epigenetic alterations, and a favorable host 

environment are required to program the stopwatch. 

 

1.C.1. Stopwatch programming via genetic means 

In 2000, Hanahan and Weinberg published their classic report on the 6 primary hallmarks of cancer that 

are acquired as cancer progresses (14). These 6 initial hallmarks are self-sufficiency to growth signals, 

insensitivity to anti-growth signals, evasion of apoptosis, sustained angiogenesis, tissue invasion and 

metastasis, and limitless replicative potential via telomerase expression (14).  

 

In 2011, in recognition of the knowledge acquired from an additional decade of research, Hanahan and 

Weinberg added deregulation of cellular metabolism and evasion of destruction by the immune system 

as emerging cancer hallmarks (15). Genetic instability and mutation and tumor-promoting inflammation 

were added as characteristics that enable the acquisition of the other 8 cancer hallmarks (15). The 

hallmarks of cancer can be acquired through genetic events, including single base (point) substitutions 

caused by DNA adducts, frameshift mutations caused by insertions or deletions, chromosomal 

rearrangements, or copy number alterations.  

 

A recent report by Watson et al., published in Nature Reviews in Genetics in 2013, summarized the 

patterns of somatic mutations that have been identified by sequencing a variety of solid tumors. The 

breast tumors sequenced in a total of 5 studies displayed 6-35 somatic mutations that were significantly 

mutated above background mutation rates, depending on the method of sequencing used and the 

molecular subtype of the tumor (16). Within those studies evaluated, all 5 listed the tumor suppressor 

gene TP53 and the tumor driver PIK3CA as frequent sites of somatic mutations in breast tumors (16), 
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ǁhiĐh aƌe keǇ ƌegulatoƌs of seǀeƌal of HaŶahaŶ aŶd WeiŶďeƌg͛s ĐaŶĐeƌ hallŵaƌks. BeǇoŶd geŶetic 

control, evidence is accumulating on epigenetic control of cancer hallmarks.  

 

1.C.2. Stopwatch programming via epigenetic means 

As an example of the power of epigenetic alterations to impact cancer promotion, Elsheikh et al recently 

characterized epigenetic alterations in the Nottingham Tenovus Primary Breast Carcinoma Series, which 

consists of N=880 breast carcinomas of varying histological tumor type (17). The authors report that 

distinct patterns of histone lysine acetylation and methylation marks were associated with breast tumor 

grade, molecular subtype, tumor size, lymph node involvement, vascular invasion, and expression of 

biological markers including the estrogen receptor (ER) and progesterone receptor (PR) (17). Epigenetic 

marks were also associated with breast cancer outcomes including prognosis, overall survival (hazard 

ratio (HR)=2.99 (1.29-6.97)) and disease-free survival (HR= 1.76 (1.08-2.89)) (17).  

 

Holst et al. recently reported that 47% (N=7 of 15 assessed) of cancer-free women display 

hypermethylation-induced silencing of the P16/INK tumor suppressor in histologically normal mammary 

tissue, suggesting that epigenetic silencing of tumor suppressor genes may be one of the earliest events 

in breast carcinogenesis (18).  

 

Epigenetic regulation has also been reported in cancer stem cell populations. Cancer stem cells are 

usually hormone receptor negative, resistant to chemotherapy, and may play a role in breast cancer 

recurrence. Recent data demonstrates that hypermethylation-induced silencing of pro-differentiation 

signaling via the Polycomb group of proteins may favor cancer stem cells existing in a state of perpetual 

self-renewal (19). Using tissue from colorectal, breast, and ovarian cancers, Widschwendter et al. 

demonstrated that cancer-associated genes in stem cells were 12X more likely to be hypermethylated 
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by the Polycomb repressor complex than non-cancer-associated genes (19). MicroRNAs impact the 

development of cancer in an epigenetic manner, and the contribution of these factors to the 

carcinogenic process in the breast has been expertly reviewed (20;21).  

 

1.D. Breast ĐaŶĐer aŶd oďesity: ǁhat’s the ĐoŶŶeĐtioŶ? 

The American Cancer Society divides breast cancer risk factors into two categories: factors unrelated to 

personal choice and factors related to personal choice. Of the former category, the number one risk 

factor for breast cancer is being a woman. While men can and do develop breast cancer, risk is 100X 

higher in women than in men (22). Of the risk factors related to personal choice, chronic positive energy 

balance, manifested as excess adiposity, has been proposed as a permissive host environment for the 

development of cancer (23-25). Body mass index (BMI) is frequently used as a proxy to body fatness. 

BMI is calculated as weight (kg) ÷ height (m
2
) (26;27). Ideal BMI ranges from 18.5-24.9 kg/m

2
. In 

contrast, BMI=25-29.9 kg/m
2
 is ĐoŶsideƌed oǀeƌǁeight, aŶd BMIшϯϬ kg/ŵ2 

is considered obese. 

 

Breast cancer incidence in westernized countries including the US has risen by over 30% in the past 25 

years (2). While attributed in part to changes in reproductive patterns and improved early detection 

methods, this increased breast cancer incidence may also reflect the rising prevalence of hallmarks of 

Western culture such as obesity and physical inactivity (2). Importantly, after recently reviewing the 

literature, Howell et al. concluded that lifestyle modifications, including maintaining or returning to BMI 

<25, engaging in moderate physical activity, and limiting alcohol to <3 drinks per week, can cumulatively 

reduce breast cancer risk by >30% (28). The World Cancer Research Fund reports that 17% of breast 

cancer diagnoses in the US could be prevented by maintaining a healthy weight (29). This relationship is 

of considerable public health importance given the ongoing obesity epidemic, in which two out of three 

women in the US are oǀeƌǁeight oƌ oďese ǁith BMI шϮϱ. 
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Menopausal status is the fulcrum on which the complex association between obesity and breast cancer 

hinges. In postmenopausal women, the World Cancer Research Fund reports that the sum of evidence 

supports a probable link between obesity and postmenopausal breast cancer risk (relative risk (RR)=1.12 

(1.09-1.16), p<0.001) (25;29;30). Conversely, most studies report a null or inverse association of obesity 

with breast cancer risk in premenopausal women (RR=0.92 (0.88-0.97), p=0.001), though this topic 

remains controversial (29-33).  

 

1.E. The Cecchini study: outlier or challenging the obesity-breast cancer paradigm? 

Despite the majority of evidence showing no effect or a protective effect of obesity on breast cancer risk 

in premenopausal women, a recent study based on data from the National Surgical Adjuvant Breast and 

Bowel Project Breast Cancer Prevention (P-1) Trial provided evidence contrary to the mainstream of 

thinking. In 2012, Cecchini et al. evaluated the impact of BMI on breast cancer risk in both pre- and 

postmenopausal women. All women evaluated in the Cecchini article were considered at high risk of 

developing breast cancer according to the Gail Model.  

 

The Gail Model was initially developed in 1989 as a tool to model the influence of risk factors on 5-year 

and lifetime invasive breast cancer risk in Caucasian women (34), African American women (35), and 

Asian and Pacific Islander women (36). The Gail Model is an online breast cancer risk assessment tool 

from the National Cancer Institute (37) that utilizes the factors summarized in Table 2 to calculate 5-year 

risk of invasive breast cancer:  
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Table 2 

Legend. Factors included in determination of 5-year invasive breast cancer risk according to the Gail Model as 

reported by the National Cancer Institute (37). 

Breast Cancer Risk Factor Risk Association 

Cancer history History of previous breast carcinoma (including in situ cancers) 

Radiation therapy to the chest for treatment of Hodgkin lymphoma 

Genetic predisposition Germline mutations in genes/ gene sets described in Table 1 

Genetic syndrome associated with increased breast cancer risk 

Age Risk increases with age (most breast cancers diagnosed after age 50) 

Age at menarche First menstrual period before age 12 due to higher cumulative exposure of 

breast tissue to sex hormones 

Age at first live birth of a child If 0/1 first-degree relative with breast cancer, risk increases with age at first live 

birth 

If шϮ fiƌst-degree relatives with breast cancer, risk decreases with age at 

first live birth 

Parity Each live birth decreases relative risk by 7% 

Breastfeeding Each 12-month period of breastfeeding decreases relative risk by 4.3% (38) 

First-degree relatives with 

breast cancer diagnosis 

шϭ first-degree relative with breast cancer increases risk 

Ever having a breast biopsy Biopsies are performed due to physical changes in the breast, which may be 

associated with breast cancer (dimpling, puckering, swelling, lump/knot, nipple 

discharge (39)) 

  

1.E.1. Outcomes of the P-1 and P-2 Breast Cancer Prevention Trials: full model 

In the Cecchini article, high-ƌisk ǁoŵeŶ ǁeƌe defiŶed as haǀiŶg шϭ.ϲϲ% ϱ-year risk of developing invasive 

breast cancer according to the Gail Model. Cecchini evaluated women enrolled in two breast cancer 

prevention trials. The P-1 Trial included both premenopausal women (N=5,864) and postmenopausal 

women (N=6,379). The Study of Tamoxifen and Raloxifene (STAR) Trial, also known as P-2, included 

postmenopausal women only (N=19,488). Women enrolled in P-1 and STAR trials were evaluated at 

three tiers of BMI: <25.0 (normal weight), 25.0-Ϯϵ.ϵ ;oǀeƌǁeightͿ, aŶd шϯϬ.Ϭ kg/ŵ2
 (obese).  

In high-risk premenopausal women, risk of invasive breast cancer in the final multivariate model after 

adjusting for age and treatment was significantly increased in overweight (hazard ratio (HR)=1.59 (1.05-

2.42)) and obese (HR=1.70 (1.10-2.63), ptrend=0.01) women compared to women of BMI <25 (40). In high-

risk postmenopausal women, the final multivariate model adjusted for age and treatment showed a 
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trend towards increased risk of breast cancer in overweight (HR=1.07 (0.88-1.30)) and obese (HR=1.14 

(0.94-1.38) women compared to women of BMI <25. However, this trend was not statistically significant 

in postmenopausal women (ptrend=0.17) (41).  

 

1.E.2. Outcomes of the P-1 and P-2 Trials: placebo-treated women only 

High-risk women included in these breast cancer prevention trials were randomized to receive placebo 

vs. tamoxifen (P-1 Trial) or tamoxifen vs. raloxifene (STAR/P-2 Trials). Tamoxifen and raloxifene are both 

selective estrogen receptor modulators (SERMs) that reduce risk of hormone receptor-positive breast 

cancers (28;42;43). While the hazard ratios (HR) for the final multivariate assessment across BMI tiers 

were adjusted for treatment group, SERM treatment could potentially influence the results due to 

modulation of estrogen signaling. In premenopausal women, the placebo-treated group within the P-1 

Trial displayed similar increased breast cancer risk in overweight (HR=1.51 (0.91-2.50)) and obese 

(HR=1.41 (0.82-2.43)) women as observed in the full analysis (HR=1.59 and 1.70, respectively).  

 

Interestingly, postmenopausal women in the placebo-treated group of the P-1 Trial displayed higher 

breast cancer risk in overweight (HR=1.77 (1.05-2.97)) and obese (HR=1.28 (0.72-2.28)) subgroups than 

was observed in the final multivariate model. Approximately half the postmenopausal women evaluated 

in P-1 and P-2 Trials had a history of using estrogen as part of hormone replacement therapy, which 

reportedly eliminates the relationship between obesity and increased risk of breast cancer in 

postmenopausal women (44). Per Cecchini, this diversity in estrogen exposure may explain why the 

increased risk of breast cancer in placebo-treated groups failed to reach statistical significance in spite of 

the magnitude of the elevated risk estimate. These data suggest that subgroups exist within breast 

ĐaŶĐeƌ populatioŶs, aŶd that ǀaƌiaďilitǇ iŶ the tiŵiŶg aŶd duƌatioŶ of eǆposuƌes to ͞stopǁatĐh 

pƌogƌaŵŵiŶg͟ ageŶts ĐaŶ exert effects on breast cancer outcomes.  
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1.E.3. ExperiŵeŶtal desigŶ coŶsideratioŶs for CecchiŶi’s fiŶdiŶgs 

The clinical data reported by Cecchini suggests that in women with multiple breast cancer risk factors, 

excess fat further increases breast cancer risk. This effect was particularly evident in premenopausal 

women, a finding that is contrary to the majority of the literature. While some dismissed Cecchini et al.͛s 

findings in premenopausal women as an outlier, Anderson and Neuhouser (45) highlight methodological 

considerations that may explain the discrepancy between findings of the P-1 Trial and other studies of 

obesity and breast cancer risk in premenopausal women.  

 

First, whereas height and weight in the P-1 Trial were collected by trained staff at baseline prior to 

diagnosis, many prospective cohort or retrospective case-control studies rely on self-reporting at 

baseline or following diagnosis. This is a key point, as the Oxford cohort of the European Prospective 

Investigation into Cancer and Nutrition (EPIC), reported that on average, 27.4% of overweight and 31.3% 

of obese women underreported weight compared to measured weight (46). In addition, Anderson and 

Neuhouser point out the P-ϭ Tƌial͛s ƌeƋuiƌeŵeŶt foƌ ƌegulaƌ ŵaŵŵogƌaŵs, ǁhiĐh Đould alteƌ ƌisk 

estimates due to frequency of screenings in the overweight/obese vs. women of normal weight. 

Therefore the implications of the P-1 Trial on premenopausal women are not easily dismissed as an 

outlier, and rather highlight the need for additional investigation, particularly in populations at high risk 

of breast cancer. 

 

1.F. Obesity negatively influences breast cancer outcomes 

While the effect of obesity on breast cancer risk varies depending on menopausal status, the effect of 

obesity on poorer breast cancer outcomes has been well documented. Obese women with breast cancer 

typically have larger tumors, advanced disease stage at diagnosis, higher rates of metastasis, and higher 

rates of distant recurrence (HR=1.57 (1.11-2.22)). Obese women with breast cancer have increased 
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chance of initial or acquired chemotherapy resistance, and obese women have higher all-cause mortality 

(HR=1.56 (1.01-2.40)) and breast cancer-related mortality (HR=2.54 (1.08-6.00)) at any age compared to 

normal weight women with breast cancer (47-50). In 2003-2004, obesity was estimated to be 

responsible for 20,000 breast cancer deaths in high-income countries such as the US (51).  

 

A recent article in Epidemiology describes a cohort of N=462 premenopausal women and N=972 

postmenopausal women, in which gaining >5% of pre-diagnosis weight within two years of a breast 

cancer diagnosis was associated with increased all-cause mortality (HR=5.87 (0.89-47.8)) (52). While all-

cause mortality was increased in both premenopausal and postmenopausal groups, breast cancer-

specific mortality was influenced by post-diagnosis weight gain in premenopausal women (HR=3.09 

(0.99-11.2)) but not postmenopausal women (HR=0.89 (0.24-2.81)). The influence of weight gain on 

increased breast cancer mortality was more pronounced in women who were already overweight or 

obese at the time of diagnosis (HR=2.76 (0.94-8.47) compared to women with BMI <25 at diagnosis 

(HR=1.08 (0.34-3.21)) (52). The effect of post-diagnosis weight gain on all-cause mortality in subjects 

with breast cancer was blunted if weight was gained more than two years post-diagnosis (HR=1.48 

(0.62–3.44)), suggesting that the biological processes that accompany the development of obesity 

negatively impact breast carcinogenesis in a time-sensitive manner.   

 

1.G. Mechanisms behind the proposed effects of obesity on breast carcinogenesis 

A study reported in the Journal of the National Cancer Institute recently indicated that obesity reduces 

survival among women with ER+ breast tumors (progression-free survival HR=1.95 (1.02-3.75)). 

Likewise, obesity negatively influences cancer-free survival in mice carrying an activating mutation in 

tƌaŶsfoƌŵiŶg gƌoǁth faĐtoƌ ;TGFͿα uŶdeƌ ĐoŶtƌol of the ŵouse ŵaŵŵaƌǇ tuŵoƌ ǀiƌus ;MMTVͿ (53). To 

provide insight into molecular mechanisms which may be associated with the worse breast cancer 
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outcomes, breast tumors from women and transgenic mice were profiled using microarrays. The data 

revealed that obesity was associated with altered expression of 85 genes in both mice and humans.  

 

When these 85 genes were ranked by average Z-score, the most common cancer hallmark to which 

these 85 genes mapped was sustained proliferation (top 5 genes: DUOX1 (dual oxidase 1), SURF1 (surfeit 

1), CYCS (cytochrome c (somatic)), GNPDA1 (glucosamine-6-phosphate deaminase 1), PHKA1 

;phosphoƌǇlase kiŶase, αϭͿͿ. The seĐoŶd ŵost ĐoŵŵoŶ hallŵaƌk to ǁhiĐh these ϴϱ geŶes ŵapped ǁas 

evasion of apoptosis (top 5 genes: LEP (leptin), PDIA5 (protein disulfide isomerase family A, member 5), 

ALDH5A1 (aldehyde dehydrogenase 5 family, member A1), SDHD (succinate dehydrogenase complex, 

subunit D), PHKG2 (phosphorylase kinase, gamma 2)). These data suggest that the balance between 

proliferation and apoptosis is an important mechanism whereby the promotional effects of obesity on 

the carcinogenic process in the breast are mediated.  

 

Several hypotheses have been proposed to explain the link between obesity and breast cancer. In the 

context of the stopwatch analogy, these hypotheses can be thought of as lines of code that can program 

stopwatches. Multiple lines of code can be used to run the same stopwatch. In the context of obesity 

aŶd ďƌeast ĐaŶĐeƌ, theƌe aƌe fouƌ ŵaiŶ ŵeĐhaŶistiĐ hǇpotheses, oƌ ͞liŶes of Đode͟, that haǀe gaiŶed 

mainstream traction to explain the link between these two diseases. In postmenopausal women, the 

predominant mechanism (code line 1) for the increased risk of breast cancer conferred by obesity 

centers on peripheral production of sex hormones by fat tissue. This mechanism will be discussed in 

detail in Chapter 4. The remaining three hypotheses—chronic inflammation (code line 2), deregulated 

insulin signaling (code line 3), and altered adipokine expression (code line 4)—will be discussed 

separately in the interest of clarity, with the caveat that these processes are part of a tightly woven web 

of systems within an organism. Thus, these mechanisms have a high level of cross-talk. 



 

 14 

1.H. Code line 2: Chronic inflammation as a permissive environment for breast carcinogenesis  

From a physiological perspective, inflammation is a necessary response to tissue injury and wound 

healing and is generally self-limiting. Expression of pro-inflammatory cytokines, including interleukin (IL)-

ϭ α/β, IL-6, interferon (IFN)-γ, tuŵoƌ ŶeĐƌosis faĐtoƌ ;TNFͿ-α, aŶd tƌaŶsfoƌŵing growth factor (TGF)-α/β, 

is usually closely followed by the production of anti-inflammatory cytokines within the tissue, including 

IL-10, IL-13, and IL-14, under normal acute conditions (reviewed in (54)). This negative feedback loop is 

impaired in the pathological states of obesity and cancer, which both demonstrate chronic low-grade 

inflammation.  

 

 1.H.1. Obesity is associated with adipocyte hypertrophy and dysfunction  

As a compensatory mechanism for chronic positive energy balance, obesity is characterized by both 

adipocyte hyperplasia (differentiation of preadipocytes into mature adipocytes) and adipocyte 

hypertrophy (increased size of existing mature adipocytes). Using primary adipocytes isolated from 

needle biopsies of human abdominal subcutaneous adipose tissue, Isakson et al. demonstrated that the 

number of preadipocytes which could be induced to differentiate was negatively correlated with BMI 

(correlation coefficient, r
2
=-0.59) and adipocyte size (r

2
=-0.69, p<0.05 for both analyses) (55).  

 

Compared to smaller adipocytes, hypertrophic adipocytes display increased rates of lipolysis, increased 

free fatty acid turnover from adipocytes, and increased risk of adipocyte death (56-59). In a study of 

healthy men and women undergoing elective abdominal surgery, adipocytes with the largest diameter 

displayed increased expression of TNF-α, IL-6, colony stimulating factor (CSF)-1, and macrophage 

chemoattractant protein (MCP)-1, which recruits macrophages to the dysfunctional adipocytes 

compared to adipocytes with the smallest diameter (60).  
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1.H.2. Obesity is associated with altered macrophage immunological profile 

In addition to the enhanced total infiltration of macrophages into adipose tissue during obesity, an 

article published in the Journal of Clinical Investigation reported that high fat feeding-induced obesity 

alters macrophage cytokine expression profiles (61). Specifically, a 5.5-fold increase of M1 (pro-

inflammatory) vs. M2 (non-inflammatory) macrophages was demonstrated in the epididymal fat pads of 

C57Bl/6 (diet-induced obesity susceptible) mice (61). Whereas M1-type pro-inflammatory macrophages 

are activated by lipopolysaccharide (LPS), TNF-α, aŶd IL-6, M2-type anti-inflammatory macrophages are 

activated in response to IL-10 and IL-14 (62;63). Within the same study, constitutive knockout of the 

chemokine receptor gene (ccr2) reduced macrophage infiltration into adipose tissue, as well as induced 

a shift towards M2-type macrophages present within adipose tissue (61).  

 

In addition to the local, tissue-specific effects of obesity on inflammation, obesity influences systemic 

measures of inflammation. C-reactive protein (CRP) is an inflammation-associated biomarker (64). 

Circulating CRP levels were positively correlated with BMI (regression coefficient= 1.35 (1.25; 1.44)); fat 

mass (coefficient=2.52 (2.33; 2.70)); and waist circumference (coefficient=3.27 (3.03; 3.52)) in healthy 

women (65). As a proxy to immune system activation in obesity, two markers of neutrophil activation 

(myeloperoxidase, which generates reactive oxygen species, and calprotectin) were significantly 

elevated in morbidly obese vs. lean individuals (66).  

 

1.H.3. Oxidative stress in obesity 

What triggers the chronic inflammation phenotype present in obesity? Evidence is accumulating that the 

obese state is characterized by increased oxidative stress, which may contribute to the inflammatory 

response. In a 2004 article in the Journal of Clinical Investigation, Furukawa et al. reported that urinary 

levels of two markers of oxidative stress, thiobarbituric acid reactive substance (TBARS) and 8-epi-
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prostaglandin-FϮα ;ϴ-epi-PGFϮαͿ, ǁeƌe positiǀelǇ Đoƌƌelated ǁith BMI iŶ oďese ǀs. leaŶ ŵeŶ aŶd ǁoŵeŶ 

;PeaƌsoŶ͛s ĐoƌƌelatioŶ ĐoeffiĐieŶt: ƌ=Ϭ.ϯϭϬ, ƌ=Ϭ.ϰϯϮ, ƌespeĐtiǀelǇ; p<0.05 for both) (67). In the same 

study, genetically obese KKAy mice display increased circulating and adipose tissue expression of TBARS 

and hydrogen peroxide compared to lean wild-type mice (67). Obese KKAy mice also display reduced 

expression of antioxidant enzymes including superoxide dismutase (SOD), glutathione peroxidase, and 

catalase (67). These data suggest that oxidative stress in obesity may perpetuate chronic low-grade 

inflammation.  

 

1.H.4. Chronic inflammation in breast cancer 

Similar to obesity, inflammation is associated with increased breast cancer risk. In women with primary 

breast cancer diagnosis recruited to the Health, Eating, Activity, and Lifestyle (HEAL) Study, circulating 

levels of inflammatory biomarkers serum amyloid A (SAA) and CRP were associated with reduced 

disease-free survival (comparison of highest to lowest tertiles, SAA: HR=2.91 (1.61-5.26); CRP: HR= 2.05 

(1.14-3.69)) (68). In a separate study by Sheer-Chen et al., women with primary breast tumors had 1.5-

fold elevations in circulating TNF-α Đoŵpaƌed to ĐaŶĐeƌ-free women, and TNF-α leǀels ǁeƌe positiǀelǇ 

correlated with increasing tumor stage and tumor size (69).  
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Inflammation is manifested at 

both local and systemic levels. 

Similarly, mammary epithelial 

cells can gain paracrine 

exposure to inflammatory 

cytokines from local sources, 

as epithelial cells are in close 

proximity to adipocytes and 

macrophages as depicted in 

Figure 1.  

 

Epithelial cells can gain 

endocrine exposure to 

cytokines as a result of 

systemic inflammatory 

cytokines that are delivered via the vascular system (54;70). Finally, breast tumors may be able to 

produce their own cytokines. In an article by Jin et al., invasive breast carcinomas displayed twice the 

levels of IL-ϭβ Đoŵpaƌed to ďeŶigŶ ďƌeast tissue (71). Also in the Jin article, tumors with high levels of IL-

ϭβ displaǇed eleǀatioŶs iŶ aŶgiogeŶiĐ faĐtoƌs thƌoŵďospoŶtiŶ-1 (2.3X increase) and von Willebrand 

factor (2X increase) compared to tumors with low expression of IL-ϭβ (71).  

 

However, it is unknown what percentage of tumor-associated cytokines is derived from epithelial vs. 

stromal production. For example, in a study of 35 primary breast tumors, while 100% of tumors 

Figure 1 

Legend. Previously published as Pengfei Lu and Zena Werb, Science (2008) 

322(5907): 1506-1509. Reprinted with permission from the American 

Association for the Advancement of Science. OƌigiŶal ĐaptioŶ: ͞A schematic 

presentation of the epithelium and stroma during mammary gland 

development. Stroma, which has a heterogeneous cell population, plays an 

important role in determining branching patterns (blue arrows and bars 

indicate stimulatory and inhibitory cues acting on the epithelium). Stroma 

also regulates biology of stem cells by contributing to a presumptive stem 

Đell ͞ŶiĐhe.͟͟ 
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expressed at least one isoform of the TNF-α ƌeĐeptoƌ ;pϱϱ oƌ pϳϱ isofoƌŵsͿ, eǆpƌessioŶ of TNF-α ǁas 

detected only in stromal cells and not in epithelial cells.  

 

1.H.5. Inflammatory cross-talk between adipose tissue and mammary epithelium 

At a molecular level, how does adipose tissue inflammation impact breast cell proliferation? Pro-

inflammatory cytokines impact cancer hallmarks including proliferation, suppression of apoptosis, and 

angiogenesis (15;72). For example, IL-6 activates the signal transducer and activator of transcription 

(STAT)-3, which translocates to the nucleus and stimulates transcription of genes including cyclin D1 and 

c-myc (73). STAT-3 stimulates expression of Bcl-XL and survivin in orthotopically-induced breast tumors 

in mice to prevent apoptosis (74). TNF-α aĐtiǀates NF-kB, which in conjunction with STAT3 promotes 

angiogenesis through upregulation of hypoxia-inducible factor (HIF)-ϭα aŶd ǀasĐulaƌ eŶdothelial gƌoǁth 

factor (VEGF) (72;73). 

 

Taken together, this literature suggests that inflammation is an important factor in the carcinogenic 

process in the breast, and that tumor-associated stroma can influence the process as well. 

 

1.I. Code line 3: Dysregulated insulin signaling in obesity 

The co-existence of deregulated insulin signaling in conjunction with obesity has been recognized for 

deĐades, leadiŶg authoƌs Astƌup aŶd FiŶeƌ iŶ ϮϬϬϬ to ĐoiŶ the teƌŵ ͚diaďesitǇ͛ (75). Data from the 

Nuƌses͛ Health “tudǇ ƌeǀealed a stƌoŶg positiǀe ƌelatioŶship ďetǁeeŶ oďesitǇ aŶd ƌisk of tǇpe Ϯ diaďetes. 

Compared to women who maintained their weight, weight gain of 5.0-7.9 kg was associated with a 

hazard ratio of developing diabetes of 1.9 (1.5-2.3), and weight gain of 8.0-10.9 kg was associated with 

hazard ratio of developing diabetes of 2.7 (2.1-3.3) (76).  
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Insulin-like growth factor (IGF)-1 shares 48% amino acid homology with the unprocessed precursor form 

of insulin (77). Insulin and IGF-1 can bind to the insulin receptor (IR) or the insulin-like growth factor 

receptor (IGF-R), inducing the formation of homodimers or heterodimers of these two receptors (77). 

Whereas insulin is released by the pancreas in response to hyperglycemia following a meal, IGF-1 is 

produced predominantly by the liver in response to stimulation by growth hormone (78). IGF-1 is 

required for normal mammary gland development. By developing IGF-1 knockout mice, Ruan and 

Kleinberg demonstrated that IGF-1-null mice displayed significant blunting of mammary gland 

morphogenesis, including suppression of terminal end bud formation and ductal branching (79). This 

effect could not be rescued by administration of growth hormone, suggesting that IGF-1 is critical to 

mammary gland development (79). In contrast, insulin does not appear to be critical for mammary gland 

development, though insulin may indirectly influence milk production by regulating nutrient flux, such as 

glucose and fatty acids (reviewed in (80)). 

 

1.I.1. Deregulation of insulin signaling in obesity 

BMI is positively correlated with circulating insulin and IGF-1, though the magnitude of the trend is 

stƌoŶgeƌ foƌ iŶsuliŶ ;iŶsuliŶ, PeaƌsoŶ͛s ĐoeffiĐieŶt=Ϭ.ϰϰ; IGF-ϭ, “peaƌŵaŶ͛s ĐoeffiĐieŶt=Ϭ.ϮϬ, p<0.001). 

This positive association of insulin and IGF-ϭ ǁith BMI has iŵpoƌtaŶt iŵpliĐatioŶs to the ͞stopǁatĐh 

pƌogƌaŵŵiŶg͟ effeĐt of oďesitǇ, as iŶsuliŶ sigŶaling favors cancer promotion. Specifically, binding of 

insulin or IGF-1 to receptors activates a series of events, including the phosphatidyl inositol 3 kinase 

(PI3K)/Akt/mammalian target of rapamycin (mTOR) signal transduction cascade. This pathway 

culminates in the activation of S6 kinase and releasing the inhibition of the eIF4e transcription factor. 

Cumulatively, these effects induce expression of proteins involved in cell cycle progression, including 

cyclin D1 and c-Myc (81-87). Insulin signaling also prevents apoptosis via increased expression of anti-

apoptotic proteins Bcl-2 and Bcl-XL, with concomitant suppression of pro-apoptotic protein Bax (81-87).  
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1.I.2. Deregulation of insulin signaling in breast cancer 

The mitogenic role of insulin signaling is manifested as increased risk of breast cancer in association with 

higher circulating levels of insulin and IGF-1. Hyperinsulinemia as a product of insulin resistance is 

associated with increased breast cancer risk in postmenopausal women (comparison of highest to 

lowest quartile, HR=1.46 (1.00-2.13)) (84). Similarly, high IGF-1 is associated with increased breast 

cancer risk in both premenopausal women (comparison of highest to lowest quintile, odds ratio 

(OR)=1.2 (1.0-1.5)) and postmenopausal women (OR=1.33 (1.1-1.6) (86).  

 

Beyond breast cancer risk, insulin and IGF-1 negatively influence cancer progression and invasion. High 

levels of insulin signaling promote tumor angiogenesis through upregulation of vascular endothelial 

growth factor (VEGF) and hypoxia inducible factor (HIF)-ϭα, stiŵulatioŶ of eŶdothelial Đell pƌolifeƌatioŶ, 

and promotion of vascular tube formation (88). High circulating insulin increases risk of breast cancer 

recurrence (comparison of highest to lowest quartile, HR=2.0 (1.2-3.3)) (89). Importantly, Calori et al. 

reported that obese insulin-resistant individuals had elevated risk of cancer mortality (HR=1.52) 

compared to obese insulin-sensitive individuals (HR=1.04) (90).  

 

In the Cecchini study of pre- and postmenopausal women, a greater percentage of obese (5.9%) and 

overweight (2.3%) women were diabetic than lean women (1.4%). However, full multivariable 

adjustment for several variables including diabetes only minimally reduced hazard ratios in 

premenopausal women from the final multivariable assessment of 1.59 and 1.70 for overweight and 

obesity to 1.55 and 1.66, respectively (41). As adjustment for diabetes did not substantially influence 

risk estimates, factors in addition to insulin signaling appear to be influencing breast cancer risk in 

overweight and obese populations. 
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1.J. Code line 4: Adipose tissue functions as an endocrine organ with implications on breast cancer 

While previously thought of as a passive storage depot for excess energy, fat tissue has gained notoriety 

as a powerful endocrine organ with far-reaching effects on multiple disease processes. These actions are 

exerted via adipose-derived cytokines, known as adipokines. Leptin and adiponectin are among the 

most abundant adipokines in human serum (91). Whereas circulating leptin is positively correlated with 

adiposity (92;93), adiponectin generally decreases in obese compared to lean individuals (91).  

 

1.J.1. Leptin and breast cancer promotion 

An article by Wu et al., published in the British Journal of Cancer in 2009, reported that levels of 

circulating leptin were associated with increased breast cancer risk in premenopausal women 

(comparison of highest to lowest tertile, HR=1.40 (0.83–2.38)), though this effect may be mixed in 

premenopausal populations (i.e., (94)) (95). Leptin was also associated with increased breast cancer risk 

in postmenopausal women (comparison of highest to lowest tertile, HR=1.69 (0.95–3.06)) (95). When 

waist circumference was included as a covariate in the Wu article, breast cancer risk associated with 

circulating leptin was further increased in premenopausal women (comparison for highest to lowest 

quartile, HR=1.99 (1.06–3.39)) and postmenopausal women (comparison for highest to lowest quartile, 

HR=3.25 (1.53–6.91)) (95).  

 

In a study of 35 primary breast cancers, 75% of tumors expressed leptin and 80% of tumors expressed 

the leptin receptor (96). Expression of the leptin receptor was correlated with expression of ER and 

tumor size (96). Normal breast tissue adjacent to cancerous tissue displayed increased leptin expression 

in 60% of the cases evaluated; in contrast, leptin was undetectable in the breasts of cancer-free women 

(97). Breast tumor expression of leptin receptor in conjunction with elevated circulating leptin is 

associated with poor prognosis (98) and tumor metastasis (99). At a molecular level, leptin displays 
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considerable cross-talk with estrogen signaling (99). Leptin has been shown to stimulate proliferation of 

breast cancer cell lines in vitro (100), to stimulate tumor growth in nude mice via activation of the 

extracellular signal-related kinase (ERK) (101), and to stimulate growth of carcinogen-induced rat tumors 

(102). Leptin also may inhibit apoptosis via upregulation of the anti-apoptotic protein survivin (103;104).  

 

1.J.2. Adiponectin and breast cancer prevention 

In contrast to leptin, a recent meta-analysis conducted by Macis et al. reported that circulating 

adiponectin is associated with reduced breast cancer risk in both premenopausal women (summary 

RR=0.72 (0.30-1.72)) and postmenopausal women (summary RR=0.80 (0.63-1.01)) (105), though findings 

reported by others are mixed (i.e., (106-108)). Adiponectin exerts systemic insulin-sensitizing effects 

thƌough iŶĐƌeased gluĐose uptake aŶd iŶĐƌeased β-oxidation in muscle (109). Likewise, adiponectin 

inhibits liver glucogenesis via activation of AMP-activated protein kinase (109). Adiponectin suppresses 

inflammation, as overexpression of adiponectin in lep
ob

/lep
ob

 mice was associated with reduced 

macrophage infiltration of fat, corresponding to an anti-inflammatory phenotype. Administration of 

adiponectin induced a switch from M1-type macrophages (pro-inflammatory) to M2-type macrophages 

(anti-inflammatory) in lep
ob

/lep
ob

 obese mice (reviewed in (110)).  

 

Given their opposing impact on breast cancer risk, some have proposed that the adiponectin: leptin 

ratio, rather than levels of individual adipokines, may be more informative for evaluating breast cancer 

risk profile (111;112). However, the utility and biological relevance of expressing protein data as ratios in 

clinical populations has recently been challenged, particularly when the proteins in question are not 

isoforms (phospho/total protein) or do not directly interact (113).  
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1.K. Epigenetic effects of obesity on stopwatch programming 

Beyond classical genetic regulation, cancer hallmarks are subject to epigenetic regulation by obesity-

related mechanisms. Obesity was recently associated with hypermethylation of gene loci involved in 

inflammation, insulin signaling, and leptin signaling in normal breast tissue from cancer-free women 

(114). In addition, obesity was recently associated with hypermethylation of gene loci involved in 

regulation of immune response, proliferation, and DNA repair in breast cancer patients with ER+ tumors 

(115). MicroRNAs (miR) represent another epigenetic mechanism for the regulation of cancer hallmarks 

by obesity-related mechanisms. Obese individuals display altered microRNA expression profiles (116). 

Changes in activity of the miR-processing machinery Dicer have been observed in obesity (116) and in 

breast cancer (117). MiRs can have tumor suppressing or tumor promoting effects. Tumor promoting 

effects have been reported to be manifested through regulation of replicative immortality, angiogenesis, 

inflammation, proliferation, and the epithelial to mesenchymal transition (reviewed in (118;119)).  

 

Collectively, these four schools of thought represent biological processes whereby obesity influences the 

pƌogƌaŵŵiŶg of iŶitiated Đells͛ stopǁatĐhes ǀia geŶetiĐ oƌ epigenetic means, and can be thought of as 

four lines of code. These code lines are summarized as follows: 1, peripheral production of sex 

hormones; 2, chronic inflammation; 3, dysregulated insulin signaling; and 4, altered adipokine 

production.  

 

1.L. Preclinical models of obesity: what tools are available? 

As described above, the relationship between obesity and breast cancer is extremely complex. The four 

lines of code that we know about comprise complex bodies of literature, and there are most certainly 

other lines of code in addition to these four. Preclinical models are critical tools that can be used to 
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deconstruct the biology of this problem in a stepwise manner by interrogating specific pieces of the 

puzzle.  

 

Invertebrate models have provided important information to the field of obesity research, including 

diet-induced obese and transgenic Drosophila melanogaster (120) and Caenorhabditis elegans (121). 

However, the architecture of the mammalian mammary gland is highly complex, with multiple cell types 

present including epithelial cells, adipocytes, fibroblasts, macrophages, and endothelial cells. As shown 

in Figure 1, stromal cells exist in close proximity to epithelium and are capable of exerting paracrine 

effects. Thus, mammalian models (including mice and rats) will likely provide the most direct translation 

of preclinical findings to clinical application towards deconstructing the cross-talk between obesity and 

breast cancer.  

 

1.M. Rodent models of obesity and breast cancer 

The most popular transgenic mice used in obesity research include the lep
ob

/lep
ob

 and lepr
db

/lepr
db

 

transgenic strains, which possess mutations in the genes which encode leptin and the leptin receptor, 

respectively. These models have provided important mechanistic information relative to obesity. Some 

obese humans have gene mutations that display Mendelian patterns of inheritance comparable to these 

transgenic mouse strains. Heritable cases of obesity typically display mutations associated with leptin 

deficiency, truncated leptin receptor, pro-opiomelanocortin (POMC) deficiency, melanocortin-4 receptor 

deficiency, and prohormone convertase (PC)1 deficiency (122).  

 

In the case of leptin, as adipose tissue expands, leptin acts to attenuate the positive energy balance and 

need for expansion of adipose depots by suppressing appetite and increasing energy expenditure 

(123;124). Interestingly, obesity is often characterized by leptin resistance (124). However, less than 5% 
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of morbid obesity cases are attributable to single-gene (monogenic) mutations. The majority of obesity 

cases, as in breast cancer cases, are attributable to multiple factors including polygenic susceptibility 

(125).  

 

1.M.1. Polygenic mouse models of obesity  

To develop preclinical models that are more representative of the polygenic nature of most human 

obesity, Cleary et al. has reported identification of subpopulations of FVB mice with polygenic 

predisposition to obesity (126-128). However, the application of these models to the clinical obesity-

breast cancer puzzle has been limited by several factors.  

 

First, luminal breast cancers are the most commonly observed breast cancer subtype in clinical 

populations. Luminal breast cancers derive their name from similar protein expression profiles as normal 

non-neoplastic cells that line the lumen of the breast duct. In the human breast, approximately 10-30% 

of normal luminal epithelial cells express sex hormone receptors, including the estrogen receptor (ER) 

and the progesterone receptor (PR) (129;130). Most studies report that obesity increases risk of 

predominantly luminal (ER/PR+) breast cancer subtypes, though this data is mixed, particularly in 

premenopausal women (131-133). In contrast, most mammary tumors that arise in mice are hormone 

receptor negative (ER/PR-) tumors, a molecular subtype of the disease that is less common and 

associated with poorer prognosis in clinical populations (134;135). Studies have reported conflicting 

effects of obesity on risk of ER/PR- breast cancer, which may be stratified by menopausal status 

(reviewed in (136)).  

 

In addition to the molecular subtype of mammary cancers induced in mice, mouse models of diet-

induced obesity generally utilize high fat diets containing 45-60% kcal from fat, which is higher than the 
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30% routinely consumed by most humans (137). As controls for diet-induced obese mice, non-obese 

control mice are frequently fed a low fat diet containing 10-11% kcal from fat, adding differences in 

dietary composition as potentially confounding variables in those investigations (138). Finally, whereas 

the mouse mammary gland is composed almost entirely of adipocytes and epithelium, the human breast 

has high fibrous and connective tissue content (139). 

 

1.M.2. Rat models of obesity  

In contrast to mice, the rat mammary gland is more similar to the human mammary gland in terms of 

fibrous and connective tissue content (139). Tumors induced in the rat via carcinogen generally have 

high histological and morphological similarity to human breast cancer (140). Most rat strains are 

resistant to diet-induced obesity (DIO) in the short term; however, MacLean et al. have characterized 

subpopulations of Wistar rats with sensitivity or resistance to diet-induced excess weight gain (141-144). 

These studies utilized 45% kcal from fat and have only been performed using the classical model of 

chemical carcinogenesis, wherein rats are injected around 50 days of age, resulting in long tumor 

latency. Furthermore, these studies have only been conducted in ovariectomized rats (141-144). 

Therefore, development of a polǇgeŶiĐ ƌat oďesitǇ ŵodel ǁith high siŵilaƌitǇ to the aǀeƌage huŵaŶ͛s 

diet and high similarity to manifestation of human breast cancer with rapid preclinical implementation 

would be a beneficial tool to use in breast cancer research.  

 

1.M.3. The Levin rats: a polygenic model of diet-induced obesity susceptibility 

In 1997, a novel model for the study of diet-induced obesity was introduced by Barry Levin of Veterans 

Affairs Medical Center in East Orange, NJ. This model utilizes two strains of Sprague Dawley rats 

selectively bred for >20 generations for resistance (DR) or susceptibility (DIO, or DS, as used herein) to 
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diet-induced obesity when fed diet containing ~32% kcal as fat. This model has been extensively 

ĐhaƌaĐteƌized ďǇ LeǀiŶ͛s gƌoup ;e.g., (145-147)).  

 

When fed the 32% fat diet, DS rats rapidly gain excess weight and have expanded peripheral and visceral 

fat depots by 3 months of age. DS rats display multiple metabolic abnormalities, including 

hyperlipidemia (total cholesterol and triglycerides) by 2 months of age, hyperleptinemia by 3 months of 

age, and pronounced fat infiltration of the liver by 6 months of age (146). DS rats display prediabetic 

measures of glucose homeostasis, including hyperinsulinemia and worsened oral glucose tolerance by 2 

months of age, insulin resistance by 3 months of age, and eventual reduced pancreatic insulin secretion 

by 9 months of age, though rats do not fully progress to diabetes up to 2 years of age (146).  

 

The Levin DS rats display many of the same comorbidities as manifested in the human obese condition, 

and do so when both lean (DR) and obese (DS) strains are fed the same diet. The macronutrient 

composition of the Levin diet is highly similar to that of the average American woman. Importantly, 

cancer response in these animals has not yet been reported, suggesting that the Levin rat strains 

represent novel tools for the study of obesity on carcinogenic processes within the breast.  

 

1.N. Rapid emergence model of MNU-induced mammary carcinogenesis in rats 

In 1995, our laboratory developed the rapid emergence model of breast cancer induction, in which 

sexually immature Sprague Dawley rats are injected with a non-toxic dose of the chemical carcinogen N-

methyl-N-nitrosourea (MNU) (148). MNU forms methyl group-DNA adducts in vivo predominantly at the 

N7 position of guanine, though adducts are observed less often at O6 of guanine and N3 of adenine 

(149). While most DNA adducts are repaired via enzymatic processes, for example via demethylation by 

alkyl acceptor proteins such as O6-guanine-DNA methyltransferase, or by base/ nucleotide excision 
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repair, failure to repair these adducts can lead to mutations. For example, alkylation at the N7 position 

of guanine can ƌesult iŶ guaŶiŶe to adeŶiŶe ;G→AͿ tƌaŶsitioŶ ŵutatioŶs (150). 

 

1.N.1. The rapid emergence model of chemical carcinogenesis 

 The rapid emergence model of chemical carcinogenesis takes advantage of the developmental timeline 

of the rat to accelerate the carcinogenic process. During puberty, which begins in rats around 3 weeks of 

age, terminal end buds proliferate rapidly to populate the mammary fat pad with epithelium. Terminal 

end buds are highly susceptible to MNU action, as their high proliferation rate results iŶ ͞fiǆiŶg͟ a higheƌ 

percentage of DNA adducts as mutations than would be observed in a slowly proliferating tissue. Russo 

et al. demonstrated that terminal end buds in the rat mammary epithelium reach peak density of 24.7 

terminal end buds/mm
2
 at 20 days of age; in contrast, density of terminal end buds at 55 days of age is 

5.4 per mm
2 

(151). Thus, injecting rats at 21 days of age gives MNU a higher number of targets to 

accelerate the process of carcinogenesis. Furthermore, new mutations can potentially occur and be 

͞fiǆed͟ iŶ the pƌolifeƌatiŶg teƌŵiŶal eŶd ďuds as a ƌesult of DNA ƌepaiƌ pƌoĐesses tƌiggeƌed ďǇ MNU-

induced damage.  
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1.N.2. Genetic characteristics of MNU-induced tumors 

In the 1960s and 70s, Peter Magee from the Courtald 

Institute of Biochemistry in London demonstrated that 

the nitrosamides, including MNU, are nonspecific, 

uniform DNA methylating agents (152-154). 

Unpublished microarray data from our laboratory 

reveals that MNU-induced tumors display altered 

activity of a variety of tumor suppressor and tumor 

promoting genes as compared to uninvolved mammary 

gland. While activating mutations in Ha-ras and Ki-ras 

are commonly observed in MNU-induced tumors, it is 

unclear whether ras activation is solely sufficient for 

induction of tumors (reviewed in (150;155)), and MNU-

induced tumors are generally considered polygenic in 

origin. 

 

MNU-induced tumors begin to emerge after sexual 

maturity, and the incidence (first cancer/rat), 

multiplicity (total # cancers/rat) and latency (cancer-

free survival) of mammary tumors are dependent on 

carcinogen dose (148;156;157). As illustrated in Figure 

2, whereas human breast cancer generally develops in 

Figure 2 

Legend. Adapted from Singh et al. Lab Invest. 

2000 Feb;80(2):221-31. Histopathological 

comparison of human (panels A, C, E) and 

chemically-induced rat (panels B, D, F) 

mammary lesions. Panels A,B) epithelial 

hyperplasia. Panels C,D) carcinoma in situ of 

lobular (panel C) or ductal (panel D) origin. 

Panels E,F) adenocarcinoma of lobular (panel E) 

or ductal (panel F) origin.  
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lobules, breast lesions in the rat are predominantly ductal in origin (134). However, the histological 

characteristics and morphological stages of cancer development induced by MNU closely recapitulate 

the process of breast carcinogenesis in women (140).  

 

1.N.3. Integration of the Levin rats with the rapid emergence model 

CeĐĐhiŶi͛s ƌepoƌt oŶ the ĐliŶiĐal outĐomes of the P-1 and P-2 Breast Cancer Prevention Trials in high-risk 

women demonstrated the power of using subgroups within a population to challenge the standard 

ĐoŶǀeŶtioŶs aďout oďesitǇ aŶd ďƌeast ĐaŶĐeƌ ƌisk. “iŵilaƌlǇ, iŶ ouƌ laďoƌatoƌǇ͛s ƌapid eŵeƌgence rat 

model of breast carcinogenesis, 70-90% of rats develop cancer, demonstrating that not all animals 

treated with a carcinogen develop cancer. Rather, the process is stochastic in nature. Specifically, the 

MNU model simulates a population of at-risk individuals. Whereas carcinogen treatment establishes risk 

(initiates cells), the biology of each animal determines the response (programs the stopwatches). By 

ĐoŵďiŶiŶg the LeǀiŶ stƌaiŶs of ƌats ǁith ouƌ laďoƌatoƌǇ͛s ƌapid eŵeƌgeŶĐe ŵodel of ŵaŵŵaƌǇ 

carcinogenesis, we have developed a novel preclinical model with high relevance to clinical populations. 

 

1.O. Conclusion 

In conclusion, this dissertation seeks to use a novel preclinical model with potential value to a wide 

range of researchers, from basic scientists to clinicians, in which to study the impact of excess weight 

and adiposity on mammary carcinogenesis. This work was envisioned as a starting point to deconstruct a 

complex clinical problem: how does obesity alter the carcinogenic process in the breast?  

 

The subsequent chapters of this dissertation deconstruct the obesity-breast cancer problem in several 

directions. Chapter 2 examines the markedly accelerated cancer response in obese ovary intact rats. 

Chapter 3 elucidates molecular mechanisms responsible for the accelerated cancer response in obese 
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ovary intact rats observed in Chapter 2. Chapter 4 employs a classical ovarian ablation experiment to 

evaluate the hypothesis that peripherally produced estrogen is a primary driver of breast cancer in 

obese populations. Chapter 5 was designed to be a hypothesis-generating intervention in which to 

assess the evidence in support of the remaining 3 lines of mechanistic code whereby obesity might be 

involved in the accelerated cancer response. Finally, Chapter 6 summarizes the work accomplished to 

date and proposes a series of experiments that represent the next logical extension of the current work.  
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CHAPTER 2. OBESITY ACCELERATES MAMMARY CARCINOGENESIS IN OVARY INTACT RATS
2
 

 

 

2.A. Rationale 

In Chapter 1, we summarized the outcomes of the P-1 and P-2 Breast Cancer Prevention Trials recently 

published by Cecchini (41). In these trials, obesity was associated with substantially increased breast 

cancer risk in high-risk women, particularly in premenopausal women. To evaluate Cecchini et al.͛s 

hypothesis that obesity accelerates cancer in premenopausal women with increased risk for breast 

cancer, we integrated the rapid emergence model of mammary carcinogenesis developed by our 

laboratory with the Levin strains of diet-induced obesity resistant (DR) or susceptible (DS) rats. Similar to 

the premenopausal women evaluated by Cecchini, who are actively cycling, ovary intact rats have 

cyclically high levels of sex hormones due to progression through the estrus cycle. Therefore, ovary 

intact rats allow for the evaluation of the carcinogenic response in the presence of high levels of 

endogenous sex hormones.  

 

Materials and methods for the experiments reported in Chapter 2 are provided in Appendix A. 

 

2.B. Results and Discussion 

Figure 3 depicts the study design. This study was comprised of N=101 diet-induced obesity susceptible 

(DS) and N=103 diet-induced obesity resistant (DR) female ovary intact rats. Purified sucrose and 

moderate fat (32% kcal) diet (called SUMO32) was fed ad libitum throughout the study. Macronutrient 

ĐoŵpositioŶ of “UMOϯϮ is highlǇ siŵilaƌ to the ĐoŵpositioŶ of the aǀeƌage AŵeƌiĐaŶ ǁoŵaŶ͛s diet, in 

terms of kcal contributed by protein, fat, and carbohydrate, as reported in Table 3.  

                                                           
2
Chapter 2 was published as Matthews SB et al., Cancer Prev Res (Phila). 2014 Mar;7(3):310-8 (158). Differences 

between the published version and that which appears herein are minor and serve to provide additional 

information which is relevant to subsequent dissertation chapters.  
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Figure 3 

Legend. Study design for assessing the impact of excess weight gain on ovary intact female rats. DOA= days of age; 

DPC= days post-carcinogen injection. 

 

Table 3 

Legend. CoŵpositioŶ of aǀeƌage ǁoŵaŶ͛s diet iŶ ϮϬϬϳ-2008 based on National Health and Nutrition Examination 

Survey (NHANES) data (159). 

Macronutrient CoŵpositioŶ of aǀerage US ǁoŵaŶ’s diet ;% kĐalͿ Composition of SUMO32 diet (% kcal) 

Protein 15.5 16.7 

Carbohydrate 50.5 51.2 

Total fat 33.5 32.1 

Saturated fat 11.1 9.4 

 

2.B.1. DS rats gain weight at an accelerated rate compared to DR rats 

At the study outset, DS rats were not significantly 

heavier than DR rats (DS 56.7 ± 8.7 g; DR 53.6 ± 6.3 

g). However, body weights of DS and DR rats began 

to diverge immediately with SUMO32 feeding 

(Figure 4). DS rats continued to gain weight at an 

accelerated rate for the duration of the study 

(ptrend<0.001). At study termination 63 days post 

carcinogen, DS rats were 15.5% heavier than DR rats 

(217.0 ± 24.5 vs. 187.9 ± 14.6, respectively, p 
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Figure 4 

Legend. DS rats gain weight at an accelerated rate 

compared to DR. Rats were weighed weekly while on 

study; data, mean ± SD for N=103 DR, N=101 DS rats. 

Weight gain trend was analyzed with nonlinear 

regression. DS display significantly more weight gain 

compared with DR rats, ptrend<0.001. 
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<0.001). Plasma leptin, which is related to fat mass (93;160), was 5.9-fold higher in DS versus DR rats at 

study termination.  

 

The magnitude of the difference between DR and DS rats is a relevant comparison to the clinical BMI 

tiers of normal weight (BMI <25 kg/m
2
), overweight (25.0-29.9 kg/m

2
), and oďese ;шϯϬ.Ϭ kg/ŵ2

). For 

eǆaŵple, a ϱ͛ϰ͟ adult ǁoŵaŶ ǁeighiŶg ϭϰϬ lďs ǁith BMI Ϯϰ.Ϭ kg/ŵ2
 is considered normal weight, while 

a ϱ͛ϰ͟ ǁoŵaŶ ǁeighiŶg ϭϲϭ.ϳ lďs ;ϭϱ.ϱ% iŶĐƌeaseͿ ǁith BMI Ϯϳ.ϴ kg/ŵ2
 is considered overweight. Thus, 

the moderate body weight differences observed between DS and DR rats closely recapitulates clinical 

populations.  

 

2.B.2. Chemically-induced mammary carcinogenesis is accelerated in DS rats 

Mammary carcinogenesis was induced by injecting rats with the carcinogen MNU (50 mg/kg) at 21 days 

of age. Tumors were harvested at necropsy 63 days post-carcinogen. Following diagnosis, palpable 

histopathologically confirmed mammary adenocarcinomas were compared between DR and DS rats. 

Tumor-free survival was evaluated with Kaplan-Meier analysis with tumor-free rats right-hand censored 

at 60 days post-carcinogen (last palpation day prior to study termination (censored: DS N=9, DR N=39)).  

 

As shown in Figure 5A, DS rats displayed significantly reduced cancer-free survival, with 50% incidence 

of mammary adenocarcinoma achieved in DS rats by 39 days post-carcinogen compared to 49 days post-

carcinogen in the DR group (p<0.001). DS rats displayed higher cancer incidence (91%) than observed in 

DR rats (65%) (Figure 5B). DS rats displayed higher cancer multiplicity (total cancers per rat) and cancer 

burden (sum tumor weight per rat) compared to DR (Figure 5C and 5D; p<0.001 for all analyses as 

summarized in Figure 5E). Of particular interest was the 5.4-fold increase in tumor burden in DS 
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compared to DR rats, given the trend towards larger breast tumor size in obese women compared to 

normal weight women (161;162).  

 

E 

     

Group N Latency
1
 

(days) 

Incidence
2
 

(%) 

Multiplicity
3
 

(#/rat) 

Burden
4
 

(g/rat) 

DR 103 49 65.1 1.7 1.33 

(48, 56) (55.0, 74.2) (1.4, 2.1) (0.91, 1.75) 

DS 101 39 91.1 4.3 7.15 

(35, 41) (83.8, 94.8) (3.8, 5.0) (5.99, 8.31) 

Figure 5 

Legend. Obesity accelerates mammary carcinogenesis in DS rats. Mammary carcinogenesis was initiated by 

injecting rats intraperitoneally with 50 mg/kg MNU at 21 days of age. Study was terminated 63 days (9 weeks) 

after carcinogen; only palpable confirmed mammary adenocarcinomas were included for analysis. In Panels A-D, 

groups with different letters significantly differ based on statistical comparisons described in Appendix A.  

Panel A) Cancer-free survival (survivor function) was reduced in DS compared to DR rats. Cancer incidence (Panel 

B), cancer multiplicity (Panel C), and cancer burden (Panel D) were elevated in DS compared to DR rats. Panel E) 
1
Data corresponds to survival curves in Panel A. Values are point estimates at 50% quartile (95% confidence 

interval of linear-transformed survivor functions). Censored: DR N=39, DS N=9. 
2
Values correspond to incidence in 
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Panel B and are percentages (95% CI). 
3
Values correspond to multiplicity in Panel C and are means (95% CI). 

4
Values correspond to burden in Panel D and are means (95% CI).  

 

 

2.B.3. Hormone receptor expression is not altered in DS compared to DR rats 

Several studies report that obesity is associated with increased risk of hormone receptor-positive 

(estrogen receptor (ER), progesterone receptor (PR) positive) breast cancers, though this data is mixed 

(131-133). To evaluate hormone responsiveness of tumors induced in the ovary intact DR and DS rats, 

the carcinomas used to construct Figure 5A were assessed for progesterone receptor (PR) status, as PR 

contains an estrogen response element in its promoter and is frequently used as an indicator of ER 

signaling (163;164).  

 

When classifying tumors as hormone receptor positive or negative, clinical pathologists seek out tumor 

hot-spots (areas of intense staining) to identify patients who will likely benefit from endocrine-based 

chemotherapy. To evaluate whether the hot-spot field approach vs. a random raster-pattern field 

approach changed the interpretation of the data, DR and DS tumors were evaluated by both methods 

(Figure 6A and 6B, respectively).  

 

As expected, higher % nuclear immunoreactivity was observed using the hot-spot method compared to 

the random field method; however, neither method revealed a difference between DR and DS tumors. 

Independent of DR/DS strains, 65-75% of tumors induced by MNU in ovary intact rats were hormone 

receptor-positive, corresponding to a luminal breast cancer subtype. This data is in agreement with 

luminal breast cancer being the predominant molecular subtype of breast cancer observed in both 

ĐliŶiĐal populatioŶs aŶd iŶ ouƌ laďoƌatoƌǇ͛s ƌapid iŶduĐtioŶ ŵodel of ŵaŵŵaƌǇ ĐaƌĐiŶogeŶesis 

(140;165;166). 
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 Importantly, as shown in Figure 6C, percentage of 

carcinomas classified as PR negative was slightly 

increased in DS (34.9%) vs. DR tumors (22.8%) 

(odds ratio by contingency analysis=1.78 (0.83–

3.81; p=0.117)). This is a difference of 11.7% 

compared with DR rats, a finding that parallels the 

14% increase in hormone receptor-negative breast 

cancers in premenopausal high-risk women in the 

P-1 Trial as reported by Cecchini (41). This 

observation has important clinical implications. 

Cancers negative for ER and PR are associated with 

younger age at diagnosis, higher rates of 

metastasis, and reduced disease free (HR=2.7 (1.3-

5.8)) and reduced overall survival (HR=1.7 (1.3-2.2)) 

(167;168).  

 

A recent meta-analysis of 11 case-control and 

cohort studies found that obesity was associated 

with increased risk of triple-negative breast cancer 

(pooled odds ratio=1.20 (1.03-1.40) (136), a 

subtype of hormone receptor-negative breast 

cancer that is negative for expression of ER, PR, and 

the human epidermal growth factor receptor (Her)2. This trend was maintained only in premenopausal 

women after separating studies by menopausal status (pooled OR for premenopausal women=1.43 

Figure 6 

Legend. DS tumors do not display higher PR 

immunoreactivity than DR tumors. First-palpated 

tumors (DR N=65; DS N=117) were assessed for PR 

expression using immunohistochemistry. Panel A) PR 

immunoreactivity (% nuclear area) of hot-spot (high 

intensity-stained) tumor fields. Panel B) PR 

immunoreactivity of random tumor fields. Panel C) 

Classification of tumor PR status based on visual 

thresholding.  
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(1.23-1.65); pooled OR for postmenopausal women=0.99 (0.74-1.24)) (136). Cecchini et al. did not 

specifically evaluate expression of Her2 in tumors from women in the P-1/P-2 studies; therefore, we 

cannot be sure as to whether the increased prevalence of hormone receptor-negative tumors was 

attributable to triple negative breast tumors vs. those that overexpress Her2. However, the general 

findings of the meta-analysis were consistent with the effect reported by Cecchini, wherein obesity 

increased risk of hormone receptor-negative breast tumors to a greater extent than observed for 

hormone receptor-positive breast tumors (HR for ER+ tumors in P-1 premenopausal women= 1.41 (0.82-

2.43) overweight, 1.78 (1.03-3.07) obese; HR for ER- tumors in premenopausal women= 2.52 (1.19-5.33) 

overweight, 1.79 (0.76-4.22) obese). 

 

To determine whether expression of PR was associated with alterations in growth characteristics of 

tumors, palpation date for each tumor in Figure 6 was regressed on its corresponding PR % 

immunoreactivity. While we anticipated tumors with low PR % immunoreactivity would grow faster, and 

therefore be palpated sooner, there was no correlation between PR % and palpation date for either DR 

or DS rats. As another way to evaluate growth characteristics of tumors, final tumor mass was divided by 

days post-carcinogen at which each tumor was palpated to give growth estimates in g/day. There was 

no correlation between PR % and growth rate for either DR or DS rats. Therefore, these data suggest 

that tumor growth is not associated with sex hormone receptor expression. 

 

2.C. Conclusions and Future Direction  

In Chapter 1, a study was discussed in which breast tumors from obese women and mice display 

differential expression of 85 common genes, which mapped most often to the cancer hallmark of 

sustained proliferation followed by mapping of genes to the hallmark of evasion of apoptosis (53). These 
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data indicate that the role of obesity in programming the stopwatches of initiated cells may be 

manifested as an imbalance between the processes of cell proliferation and death.  

 

In the current study, tumors developed in both DR and DS rats. To rephrase, both rats had stopwatches 

that were activated. However, weight gain in DS rats was associated with marked acceleration of 

mammary carcinogenesis compared with DR rats. Specifically, increased cancer incidence (26% 

increase), multiplicity (2.5-fold increase), and tumor burden (5.4-fold increase) with a concomitant 

reduction (16% earlier detection) in cancer latency were observed in DS compared to DR rats. This 

suggests that the programming of DS stopwatches may be altered by obesity. To determine whether 

obesity-mediated stopwatch programming impacts molecular mechanisms in DS compared to DR 

tumors, we interrogated the balance of proliferation and death processes in Chapter 3.  

 

In addition, evaluation of hormone receptor expression in tumors from ovary intact rats in the current 

study revealed a trend towards higher prevalence of hormone receptor-negative tumors in DS animals, 

which are clinically associated with poor prognosis. To further interrogate this finding, an ovarian 

ablation experiment (ovariectomy) was conducted and is reported in Chapter 4. Ovarian ablation creates 

a selection pressure for expansion of cell populations that can grow in very low levels of estrogen, 

resulting in development of tumors that are predominantly hormone receptor-negative. The ablation 

experiment provided an avenue to assess the effect of obesity on the growth of tumors in the absence 

of significant estrogen signaling.  
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CHAPTER 3. ACCELERATED CELL CYCLE TRANSIT AND REDUCED APOPTOTIC EFFICIENCY CONTRIBUTES 

TO NEGATIVE EFFECTS OF OBESITY ON MAMMARY CARCINOGENESIS IN OVARY INTACT RATS
3
 

 

 

3.A. Rationale 

In 1967, when describing growth kinetics of tumors, Gordon Steel determined growth curves of tumors 

from a variety of clinical and preclinical studies. Steel defined three terms: V0, tumor volume at time 

zero; VT, the tumor volume at a given time; and Vmax, maximal tumor volume at the asymptote of the 

growth curve. Vmax is the point at which the distance between the curve and a fitted line approach zero 

as the values progress to infinity (169). Growth rate determines how quickly a tumor progresses from V0 

to Vmax.  

 

Returning to the stopwatch analogy, the carcinogen MNU is a DNA alkylating agent capable of 

transforming normal cells into cells with neoplastic potential, i.e., deposits the stopwatches. The 

stopwatches of initiated cells can be characterized by the terms of growth curves defined by Steel: V0, 

the poiŶt at ǁhiĐh the stopǁatĐh ďuttoŶ is pƌessed to staƌt ͞keepiŶg tiŵe͟; gƌoǁth ƌate, hoǁ fast 

stopwatches are ticking; and Vmax, the point at which stopwatches reach their target time.  

 

How does this apply to the accelerated cancer response in DS rats reported in Chapter 2? If obesity had 

no effect on mammary carcinogenesis in the Levin rats, DS and DR rats would have similar MNU-induced 

cancer outcomes. On the contrary, incidence, multiplicity, burden, and latency of MNU-induced tumors 

were all significantly affected in DS vs. DR rats. To explain this phenomenon, one of two explanations, or 

a combination of the two, must be true: 

                                                           
3
Chapter 3 is being submitted to a special cell cycle issue of the journal Molecular Cancer Research. Any changes 

between the version presented herein and that which is published will be minor. Such changes will likely be due to 

publishing requirements and tone differences between target audiences.   
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1) D“ stopǁatĐhes ŵust ďe ƌuŶŶiŶg ͞loŶgeƌ͟:  

a. Tumors have a longer period of time to grow in DS. vs. DR. 

b. Earlier V0? 

2) D“ stopǁatĐhes ŵust ďe ƌuŶŶiŶg ͞fasteƌ͟ 

a. Tumors grow at a faster rate in DS vs. DR. 

 

In our preclinical rat model, measuring V0 and Vmax is problematic. In the case of V0, gene sequencing 

platforms are theoretically capable of identifying a single mutated cell from amongst millions of normal 

cells within a mammary gland. However, in 1998, Lu et al. reported that MNU-induced tumors within 

the same animals display discordant genotypes (170). This finding is consistent with reports of MNU as a 

nonspecific DNA alkylating agent, in which mutations arise from DNA adducts throughout the genome. 

Lu et al.͛s fiŶdiŶgs aƌe also consistent with a model of carcinogenesis in which independently initiated 

cells undergo clonal expansion to form individual carcinomas (170). To rephrase, there is no single gene 

mutation that has been identified as the event that triggers V0 in 100% of MNU-induced tumors.  

 

In our experience, tumors in the rat reach palpability (detection with the fingers in a manner that can be 

likened to breast self-examination) around 0.1 g. Based on the mass of a single cell as 1e
-9

 g as estimated 

by Steel, to reach palpability, a transformed cell must undergo approximately 27 doublings to generate 

1e
8
 cells (171), the estimated number of cells in a tumor with a mass of 100 mg. These doublings occur 

duƌiŶg ǁhat “teel ƌefeƌs to as the ͚sileŶt iŶteƌǀal͛ ďetǁeeŶ iŶitiation of a single cell and detection (172). 

V0 resides within that silent interval. Therefore, tumor palpation occurs post-V0. Likewise, tumors 

collected at necropsy correspond to VT, not Vmax. Vmax represents the predicted maximal tumor volume 

achieved prior to the death of the animal. To rephrase, our window of tumor detection is always after V0 

and before Vmax. 
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Therefore, the parameter of tumor kinetics that we are equipped to evaluate is the period between V0 

and Vmax, which corresponds to tumor growth rate. Evaluation of the tumor growth rate in DS vs. DR 

tuŵoƌs ǁill heŶĐe ďe ƌefeƌƌed to as the ͞fasteƌ͟ hǇpothesis.  

 

3.A.1. Cellularity as a balance of opposing processes: how does a tumor grow? 

The ͞fasteƌ͟ hǇpothesis pƌoposes that D“ stopǁatĐhes ƌuŶ fasteƌ, or accumulate cancerous cells at a 

faster rate, than DR rats. This can be stated as follows: 

H0 (null hypothesis): DS tumor growth rate = DR tumor growth rate  

HA ;alteƌŶatiǀe ͞fasteƌ͟ hǇpothesisͿ: D“ tuŵoƌ gƌoǁth ƌate > D‘ tuŵoƌ gƌoǁth ƌate  

 

Growth rates of non-cancerous tissues are strictly balanced to maintain a constant cell number: one cell 

replicates to replace one cell that has died. In 1993, Thompson and Strange devised Equation 1, which 

models the size of a tissue as a balance between proliferation and death (173): 

 

Equation 1 ∆ܵ = ܰሺ݇� − ݇�ሻ = 0 

 

in which ∆ܵ is the change in tissue size, N represents cell number, kP is the rate of cell proliferation, and 

kD is the rate of cell death. When ∆ܵ = 0 and rates of proliferation are equivalent to the rate of death, 

the tissue is in homeostasis and does not increase in size (173).  

 

3.A.2. ∆S is >0 for both DR and DS tumors 

As both DR and DS rats developed tumors in Chapter 2, both strains have an imbalance somewhere in 

the Thompson-Strange equation. To rephrase, stopwatches are ticking in both animals. Are the 

stopwatches ticking at the same speed? If stopwatches are running at the same speed in DS and DR rats, 
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tumors palpated on the same day would be 

expected to have the same mass at study 

termination (VT). In Figure 7, by regressing VT 

on week of palpation, we can appƌoǆiŵate Δ“ 

for DR and DS tumors. The ŵagŶitude of Δ“ iŶ 

DS tumors is nearly double that of DR tumors 

(slope: DR 0.533 ± 0.070 g/week; DS 0.968 ± 

0.140 g/week; 1.82-fold increase in DS over 

DR). This suggests a greater imbalance in the 

kP and kD terms of the Thompson-Strange 

equation for DS tumors, and is the first piece 

of evidence in favor of rejecting the null 

hǇpothesis iŶ faǀoƌ of the ͞fasteƌ͟ hǇpothesis.  

 

As reported in Chapter 1, a recent article in the Journal of the National Cancer Institute suggests that 

sustained proliferation (kP) and evasion of apoptosis (kD) are key mechanisms whereby obesity 

influences breast carcinogenesis in both obese women and mice (17). These hallmarks can be applied to 

ďƌeak the ͞fasteƌ͟ hǇpothesis iŶto tǁo suď-hypotheses, which may be synergistic:  

1) New cells are produced more quickly in DS tumors. 

2) Existing cells die more slowly in DS tumors.  

Using MNU-induced carcinomas from DR and DS rats, we evaluated the biological balance of kP and kD 

terms in the Thompson-Strange equation by a combination of histological and molecular biology 

techniques. Materials and methods for the experiments performed in Chapter 3 are provided in 

Appendix B.  

Figure 7 

Legend. Tumors from DS rats are larger than tumors form 

DR rats, regardless of week in which tumors are palpated. 

Palpable mammary adenocarcinoma mass was regressed on 

week prior to end of study and slopes are expressed as g 

tumor mass gained per week prior to end of study. Tumors 

palpated 1 week prior to the end of study are smaller, as 

expected, compared to tumors palpated 4 weeks (1 month) 

prior to the end of study, and slope of growth rate between 

DR and DS is different. Magnitude of the difference between 

growth rates = 1.82-fold steeper slope in DS tumors.  
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3.B. Results and Discussion 

Over 800 histopathologically confirmed mammary adenocarcinomas were obtained from the study 

ƌepoƌted iŶ Chapteƌ Ϯ. To Đhoose a suďset of tuŵoƌs foƌ aŶalǇsis, ǁe used Δ“ ǀalues ;slope of the 

regression line) in Figure 7 to identify matched pairs of N=20 each DR and DS tumors based on size and 

palpation date. These N=20 tumor pairs will be referred to as the full tumor set. Based on Figure 7, we 

know that DS tumors palpated on the same day as DR tumors are, on average, 1.82X larger. For DR and 

DS tumors palpated on the same day that fit within those size criteria, can we detect molecular 

mechanisms that provide an explanation for how DS tumors become larger than DR tumors? 

 

3.B.1. Balance of proliferation and death: which process is winning? 

Using high-powered fields collected from the full set of DR and DS H&E stained tumor sections, 

apoptotic and mitotic indices (expressed as # apoptotic bodies/ 100 cells and mitotic figures/ 100 cells, 

respectively) were determined. Under a negative binomial distribution, probability of a given cell 

undergoing mitosis trended towards being higher in DS tumors than in DR tumors (Figure 8A: DR 0.453 ± 

0.030; DS 0.581 ± 0.057 mitotic figures per 100 cells; p=0.173).  

 

Similarly, the probability of a given cell from DS tumors undergoing apoptosis was higher than in DR 

tumors (Figure 8B: DR 1.877 ± 0.192, N=20; DS 2.549 ± 0.252 apoptotic cells per 100 cells, N=20, 

p<0.01). While increased apoptotic index does not inform the larger tumor size observed in DS 

compared to DR rats, this finding is not wholly unexpected: in the Thompson-Strange equation, 

increased apoptosis (larger -kD) is required to offset increased proliferation in the maintenance of tissue 

size homeostasis.  
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There was no difference in average cell number per field (Figure 8C), and by extension no difference in 

cell size between DR and DS tumors (DR 838.7 ± 19.1, N=20; DS 863.2 ± 15.3 cells per field). 

When apoptotic indices, mitotic indices, and cell number per field for the full set of N=20 DR and DS 

tumors were regressed on the week in which they were first palpated, there was no difference between 

the slope of the line for DR and DS tumors for any of the 3 comparisons. However, interesting growth 

trends were revealed independent of DR/DS strain designation. Week 8 corresponds to newer tumors, 

first palpated only one week prior to the end of study. Week 5 corresponds to older tumors, first 

palpated a full month prior to the end of study.  

 

As shown in Figure 8D, tumors that were palpated later in the study tended to have higher mitotic 

indices. The slope of the line shows a moderate positive association of mitotic index with time, with 

week 5 tumors having lower mitotic indices than week 8 tumors. To rephrase, older tumors show lower 

growth rates (kP) than newer tumors. 

 

Conversely, as shown in Figure 8E, apoptotic index tended to decrease slightly in tumors palpated earlier 

vs. tumors palpated later in the study. The slope of the line shows a weak inverse association of 

apoptotic index with time, with week 5 tumors having higher apoptotic indices than week 8 tumors. To 

rephrase, older tumors show slightly higher death rates (kD) than newer tumors.  

Finally, there was a decrease in cell number per field in tumors palpated later vs. tumors palpated 

earlier (Figure 8F). This suggests that as tumors become larger, cells become smaller, potentially due to 

the influence of limited space, oxygen, and nutrients (171). 

 

These effects of tumor age on histological indices of apoptosis and mitosis may explain some of the 

heterogeneity apparent in Figures 8A-C, given that the full set of N=20 matched DR and DS tumor pairs 
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ǁas Đoŵpƌised of tuŵoƌs aĐƌoss a ǁide ƌaŶge of ͚age͛. WithiŶ the N=ϮϬ tuŵoƌ paiƌs, ϭ ͞old͟ tuŵoƌ paiƌ 

was palpated 5 weeks post-carcinogen; 5 tumor pairs were palpated 6 weeks post-carcinogen; 10 tumor 

pairs were palpated 7 weeks post-ĐaƌĐiŶogeŶ; aŶd ϰ ͞Ŷeǁ͟ tuŵoƌ paiƌs ǁeƌe palpated ϴ ǁeeks post-

carcinogen. However, if tumor pairs are limited to only those 10 from week 7, there is no difference 

between DR and DS mitotic index, apoptotic index, or cell number per field (data not shown). This 

suggests that factors in addition to chronological tumor age are influencing the growth rate of DS and 

D‘ tuŵoƌs. Neitheƌ ŵitotiĐ iŶdeǆ Ŷoƌ apoptotiĐ iŶdeǆ ǁas solelǇ Đapaďle of eǆplaiŶiŶg the ͞fasteƌ͟ 

tumor growth rate in DS tumors compared to DR from Figure 7. Therefore, we turned to 

immunohistochemistry as another way to assess tumor proliferation.  
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Figure 8 

Legend. DS tumors display higher apoptotic and mitotic indices compared to DR tumors. Determination of cellular indices (cells per 100 cells) from N=20 

each DR and DS H&E stained tumor sections as calculated under a negative binominal distribution. Mitotic index shown combined (Panel A) and regressed 

on weeks post carcinogen (WPC) (Panel D). Apoptotic index shown combined (Panel B) and regressed on WPC (Panel E). Combined cell counts (normal + 

mitotic + apoptotic) per field combined (Panel C) and regressed on WPC (Panel F). Values are means ± SEM.  
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 3.B.2. Determination of proliferative fraction 

The protein Ki67 was identified in 1991 by Gerdes et al. as a nuclear protein expressed in proliferating 

cells in all phases of the cell cycle (174). Whereas Ki67 is largely absent from quiescent cells, Ki67 is 

expressed at low levels in late G1 and S phases, at moderate levels in G2, and displays peak expression 

in M phase (174). Thus, Ki67 identifies the proliferating fraction of cells within a population. As shown in 

Figure 9, analysis of immunoreactive nuclear area revealed no difference in proliferating fraction of cells 

in the full subset of DS vs. DR tumors (DR N=20, 9.0% ± 0.7; DS N=20, 9.4% ± 0.9, p=0.41). This was 

unexpected, given the trend towards increased mitotic index in DS tumors. To determine the 

relationship between mitotic index and 

proliferative fraction within tumors, we developed 

a method to estimate cell cycle duration.  

 

3.B.3. Cell cycle duration is reduced in DS compared 

to DR tumors 

In the average cell, cell cycle duration is estimated 

at 24 hours, with mitosis lasting approximately 1 

hour (175). Ki67 % nuclear immunoreactivity 

represents the proliferating fraction of cells. In both 

DR and DS tumors, the majority of cells were 

negative for expression of nuclear Ki67, indicating that the proliferative fraction of these tumors 

corresponds to small percentage of cells. To determine if the observed mitotic index in DS and DR 

tumors was reasonable given the Ki67 proliferative fraction and an expected cell cycle duration of 24 

hours, mitotic index of DR and DS tumors was predicted by dividing proliferative % of cells by expected 

cell cycle duration (24 hours) (175;176), as shown in Equation 2.  

Figure 9 

Legend. DS tumors do not display elevated Ki67 

proliferative marker compared to DR tumors. 

Immunohistochemistry of proliferation marker Ki67 in 

full set of N=20 each DR and DS tumors. Values are 

means ± SEM expressed as % nuclei which express 

Ki67 by immunoreactivity. 
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Equation 2 ܲݔ݁݀݊� ܿ�ݐ݋ݐ�݉ ݀݁ݐܿ�݀݁ݎ ሺ%ሻ = ሺℎሻ ݊݋�ݐ�ݎݑ݀ ݈݁ܿݕܿ ݈݈݁ܥሺ%ሻ ݊݋�ݐܿ�ݎ݂ ݁ݒ�ݐ�ݎ݂݁�݈݋ݎܲ   

 

Predicted mitotic index was then compared with the observed mitotic index, as shown in Table 4.  

 

Table 4 

Legend. Predicted mitotic index is based on Equation 2. Observed mitotic index was reported in Figure 8A. Values 

are means ± SEM. 

 

For both DR and DS tumors, observed mitotic index was higher than predicted. To rephrase, mitotic cells 

were observed more frequently than could be explained by the Ki67-expressing proliferative fraction 

and a 24-hour cell cycle duration. Therefore, cells must be progressing through the cell cycle more 

rapidly than every 24 hours. The equation can be rearranged as shown in Equation 3 to solve for cell 

cycle duration:  

 

Equation 3 ݊݋�ݐ�ݎݑ݀ ݈݁ܿݕܿ ݈݈݁ܥ ሺℎሻ = ሺ%ሻ ݔ݁݀݊� ܿ�ݐ݋ݐ�ܯሺ%ሻ ݊݋�ݐܿ�ݎ݂ ݁ݒ�ݐ�ݎ݂݁�݈݋ݎܲ  

 

As shown in Figure 10, cell cycle duration in both DR and DS proliferating tumor cells was less than 24 

hours. Interestingly, cell cycle duration in proliferating DS tumor cells was approximately 3.5 hours 

shorter than in proliferating DR tumor cells (DR 21.2 ± 1.7 hrs; DS 17.7 ± 1.3 hrs; p=0.104). These data 

 Predicted mitotic index: 

Average Ki67 % immunoreactivity ÷  

24 hours (estimated cell cycle duration) 

Predicted mitotic index Observed mitotic index 

DR tumors 

(N=20) 

9.0 ÷ 24 0.375 0.453 ± 0.030 

DS tumors 

(N=20) 

9.4 ÷ 24 0.392 0.581 ± 0.057 
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suggest that DS tumor cells may be capable of progressing through the cell cycle at an accelerated rate 

Đoŵpaƌed to D‘, pƌoǀidiŶg additioŶal suppoƌt foƌ the ͞fasteƌ͟ hǇpothesis.  

 

Returning to the higher apoptotic index observed in DS 

vs. DR tumors, we performed a series of activity assays 

to determine whether apoptosis in MNU-induced 

tumors was due to intrinsic vs. extrinsic caspase 

activity.  

 

3.B.4. Caspase activity does not differ between DR and 

DS tumors 

Apoptosis refers to a morphologically distinct type of 

programmed cell death in which chromatin condenses 

and DNA fragments in internucleosomal regions. Apoptotic cells maintain an intact cell membrane that 

piŶĐhes off iŶto ͞ďleďs͟ ĐoŶtaiŶiŶg oƌgaŶelles aŶd ŶuĐleaƌ ŵateƌial, ǁhiĐh aƌe phagoĐǇtosed ďǇ 

surrounding cells (177-179).  

 

The morphological changes associated with apoptosis are triggered through intrinsic and extrinsic 

caspase signaling pathways, which have been well characterized (i.e., (179-181)). The intrinsic pathway 

of caspase activation is induced via cytochrome c release from the mitochondria, resulting in activation 

of the initiator enzyme cysteinyl-aspartyl protease (caspase) 9. Caspase 9 cleaves components required 

for apoptosome formation and activates caspases 3, 6, and 7, known as the executioner caspases (182).  

Figure 10 

Legend: DS tumors display shortened estimated cell 

cycle duration compared to DR tumors. Estimated cell 

cycle duration in hours based on Ki67 proliferative 

index and mitotic index in full set of N=20 each DR and 

DS tumors.  
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In the extrinsic pathway (also known as 

the death receptor pathway), apoptosis 

is induced via FAS ligand, TNF-related 

apoptosis inducing ligand (TRAIL), or TNF 

ligands binding to their receptors. This 

ligand-receptor interaction results in 

activation of initiator caspases 8 and 10 

that activate the executioner caspases. 

Induction of the apoptotic cascade relies 

on proteolytic cleavage of caspase target 

proteins, so caspase activity is a good 

proxy to apoptotic activity within a 

tissue.  

 

To evaluate whether intrinsic vs. 

extrinsic pathways were responsible for 

initiating apoptosis in MNU-induced 

tumors, lysates from DR and DS tumors 

were evaluated for caspase activity using 

fluorimetric and colorimetric activity 

assays. As shown in Figure 11A, there 

was no difference in caspase 3/7 specific 

activity (reported as nmol fluorescent 

substrate released/µg protein/min) between DR and DS samples (DR 4.46 ± 1.45; DS 5.00 ± 9.19; 

Figure 11 

Legend: Caspase activity is similar between DR and DS tumors. 

Activity of caspases was determined in N=20 each DR and DS tumor 

lysate by assessing free fluorophore (panels A and C) or chromogen 

(panel B) release upon cleavage of the linked consensus peptide 

sequence of each caspase (Appendix B). Values are means ± SEM 

expressed as specific activity, nmol free indicator/µg protein/min. 
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p=0.71). Activity of the other caspases was evaluated via colorimetric detection of free chromogen 

released in response to proteolytic cleavage of the caspase substrate (Figure 11B), or in the case of 

caspases 8/10, via detection of free fluorophore, due to low colorimetric signal production (Figure 11C). 

No differences between caspase activity in DR and DS tumors were detected by any method.  

 

When caspase activity was assessed as a function of time, both DR and DS tumors showed a trend 

towards reduced caspase 3/7 activity in newer vs. older tumors. Interestingly, there was no trend 

associated with caspase 8 (extrinsic initiator caspase) or caspase 9 (intrinsic initiator caspase) activity 

over time (data not shown). To rephrase, apoptosis-initiating factors appear to be remaining relatively 

constant over time, yet executioner activity is reduced in newer compared to older tumors. Therefore, 

anti-apoptotic cues may be reduced as tumors continue to grow.  

 

However, before investigating the relative abundance of molecular signals that may facilitate the 

observed effects on proliferation and apoptosis, we returned to the Thompson-Strange equation to 

evaluate whether our indices of proliferation and death could predict the faster growth rate observed in 

DS tumors.  

 

3.B.5. Thompson-Strange equation revisited: apoptotic duration may be longer in DS compared to DR 

Rates of proliferation (kp) and death (kD) can be split into terms of cell number (proliferation number = 

Pn; dead number = Dn) and process duration (proliferation duration = Pd; death duration = Dd). Rate of 

proliferation (kp) was estimated using Ki67% immunoreactivity (Pn) ÷ estimated cell cycle duration (Pd).  

 

To our knowledge, there is no direct relationship between caspase activity and apoptotic duration. 

Therefore, rate of death (kD) was estimated using apoptotic index (Dn) ÷ 3h, which is the duration of 
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visible histological changes associated with apoptosis (Dd) (183;184). Change in tissue size ;Δ“Ϳ is kŶoǁŶ, 

as final tumor mass, hours elapsed between palpation and study termination (weeks prior to end of 

study * 24 hours), and mass of a single cell (1e
-9

 g as estimated by Steel), can be used to calculate cell 

gain/hour required to achieve the final tumor mass observed at study termination. N is unknown, so the 

Thompson-Strange equation can be arranged as shown in Equation 4:  

   

Equation 4 ܰ = ∆ܵቆቀ �ܲܲ�ቁ − ቀܦ�ܦ�ቁቇ 

 

Apoptotic and proliferative indices of each tumor were used to solve for N. Whereas average N (cell 

number) in DR tumors was negative, indicative of net cell loss, average N in DS tumors was positive, 

indicative of net cell gain (DR -6.08e
6
 ± 4.57e

6
 cells/hour; DS 44.19e

6
 ± 11.80e

6
 cells/hour). The negative 

N value for DR tumors would indicate tumor shrinkage. In comparison, Figure 7, representing observed 

growth rates, indicated a 1.8-fold increase in DS vs. DR tumor growth rates. Using Equation 4, values for 

N indicate an 8.2-fold increase in DS compared to DR. Therefore, the Thompson-Strange approximation 

to tuŵoƌ gƌoǁth ƌates isŶ͛t telliŶg the ǁhole stoƌǇ.  

 

What factors within the equation could be responsible for this disconnect? While 3 hours is a common 

estimate for apoptotic duration, this process can range from 2-24 hours depending on several factors. 

These factors can include cell type, method of inducing apoptosis, whether apoptosis was induced via 

extrinsic vs. intrinsic pathways, whether cells were evaluated in vivo vs. in vitro, and how apoptotic 

starting and stopping point are defined (i.e., cleavage of caspases vs. appearance of early morphological 

changes) (185;186).  
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To determine whether apoptotic duration may be influencing the disconnect between growth rates 

observed in Figure 7 and the rates predicted by Equation 4, the Thompson-Strange equation can be 

rearranged yet again to solve for apoptotic duration (Dd). As an estimate for N in the rearranged 

equation, slopes from Figure 7 were converted from g/week to cells gained/hour, resulting in 

N=3172619 cells gained/hour in DR tumors (slope of 0.5333 g/week) and N=5760714 cells gained/hour 

in DS tumors (0.9678 g/week):  

 

Equation 5 ܦ� = ቆቀ�ܦ �ܲܲ�ቁ − ቀ∆ܵܰቁቇ 

 

Solving for Dd of each tumor, apoptotic duration ranged from 1 hour to 15 hours, and trended towards 

being longer for DS vs. DR apoptotic cells (DR 4.7 ± 0.6 hrs; DS 5.9 ± 1.0 hrs; p=0.306), though this did 

not reach statistical significance. To state this in another way, if 1% of cells in a DR tumor undergo 

apoptosis in 4.7 hours, 5.1% of DR cells will undergo apoptosis within a 24-hour period. Contrary to what 

the apoptotic index suggests, it appears that fewer cells in DS tumors may actually be undergoing 

apoptosis compared to DR tumors. DS cells display a trend towards taking longer to complete the 

apoptotic process, so the morphological changes associated with apoptosis may persist longer than in 

DR, causing the apoptotic index to be artificially inflated in DS vs. DR tumors.  

 

When the revised apoptotic duration (Dd) values were entered into the Thompson-Strange equation to 

solve for N, both DR and DS tumors display positive values for N, indicating net cell gain (DR 6.30e
12

 ± 

3.77e
12 

cells/hour; DS 19.94e
13

 ± 12.85e
13

). The magnitude of these values still indicate a disconnect in 

the model, as 1e
13

 cells/hour corresponds to about 10 kg per hour gain in tumor mass. However, these 

estimates come much closer to modeling the observed relationship between DR and DS tumor growth 
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rates. Growth rates for DS compared to DR tumors by the Thompson-Strange equation was a 3.2-fold 

increase, compared to the 1.8-fold increase in slopes of DR and DS tumor growth as reported in Figure 7. 

These data suggest that DS tumors have faster growth rates than DR tumors.  

 

3.B.6. Unmasking effects by considering tumor heterogeneity 

Within the full set of N=20 each DR and DS tumors, there is considerable heterogeneity in the indices of 

proliferation and apoptosis and the estimated duration of these events. By using growth kinetics to 

model tumor growth curves, Steel concluded that most tumors do not have a single growth rate, and 

rather that growth rate varies continuously with tumor age (171). In particular, experimental tumors 

have been demonstrated to grow more slowly as they approach Vmax, due to limitations in blood supply, 

nutrient availability and accessibility, and accumulated cytotoxic products of necrosis (171). Steel 

reports that it is not uncommon for the volume doubling time of a tumor to increase 10-fold (i.e. slow 

doǁŶ ďǇ a faĐtoƌ of ϭϬͿ duƌiŶg the peƌiod of ŵaĐƌosĐopiĐ gƌoǁth. “teel͛s postulates aƌe suppoƌted ďǇ 

the apoptotic and mitotic index data shown in Figure 8. Specifically, older tumors tend to have higher 

apoptosis and lower mitosis than newer tumors.  
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We propose going one step further, and suggest that 

biological tumor age, in addition to chronological tumor 

age, should be considered when evaluating the balance 

of proliferation and apoptosis. The other side of that 

coin, hoǁeǀeƌ, is that ďeĐause D“ stopǁatĐhes ͞tiĐk͟ 

faster than DR stopwatches, DS tumors are theoretically 

always closer to Vmax at study termination than DR 

tumors palpated on the same day.  

 

In an effort to match tumors more closely by biological 

age, the full set of N=20 each DR and DS tumors were 

separately ranked by mitotic index. Nine tumors each 

DR and DS with highest mitotic index, called the high 

mitotic index tumor subset, were then used for further 

analysis. As shown in Figure 12A, mitotic index was 

higher in DS vs. DR tumors within the high mitotic index 

tumor subset (DR 0.553 ± 0.029; DS 0.807 ± 0.050; 

p<0.001). Ki67 % nuclear reactivity was increased, 

though this did not reach statistical significance (Figure 

12B: DR 9.9 ± 1.2%; DS 11.0 ± 1.4%; p=0.578). Estimated 

cell cycle duration was shorter for both DR and DS 

tumors in the high mitotic index tumor subset (Figure 

12C) (DR 18.4 ± 2.5 hrs; DS 13.3 ± 1.4 hrs; p=0.093). Apoptotic index was not different between DR and 

DS tumors from the high mitotic index subset (DR 2.0 ± 1.1; DS 1.3 ± 0.4 apoptotic cells/100 cells; 
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Figure 12 

Legend. DS tumors within the high mitotic index 

subset of display evidence of accelerated growth 

characteristics compared to DR tumors. High mitotic 

index: N=9 each DR and DS tumors. Panel A) mitotic 

index based on H&E stained tumor sections. Panel 

B) Ki67% nuclear immunoreactivity via 

immunohistochemistry. Panel C) estimated cell cycle 

duration based on mitotic index and Ki67% 

reactivity.  
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p=0.338). Together, these data suggest that within the high mitotic index tumor subset, there is 

evidence of DS tumors growing at a faster rate than DR tumors.  

 

The growth characteristics of tumors reported in sections 3.B.1-3.B.5 revealed that the full set of N=20 

each DR and DS tumors had a high degree of heterogeneity, which frequently translated into failure to 

ƌeaĐh statistiĐal sigŶifiĐaŶĐe at the leǀel of α=.Ϭϱ. While this heteƌogeneity was improved by use of the 

high mitotic index tumor subset, significant heterogeneity remained within groups of DR and DS tumors. 

Many interesting trends were observed between DR and DS tumors; however, the high p-values 

associated with several of these findings indicate that the potential for drawing a false conclusion is 

substantial. Therefore, we set out to validate these trends by identifying molecular machinery that could 

elicit the observed effects.  

 

3.B.7. DS rats display hyperphosphorylation of the retinoblastoma restriction checkpoint protein 

Most variability in cell cycle duration is due to varying lengths of G0 and G1 phases, whereas duration of 

S, G2, and mitosis are all relatively constant (175;187). The G1/S restriction checkpoint machinery is the 

gateway to S-phase. Upon hyperphosphorylation of the retinoblastoma (Rb) protein at serines 807 and 

811 by cyclin dependent kinases (cdks) 2 and 4, pRb changes conformation and dissociates from the 

E2F1 transcription factor, which is then free to stimulate transcription of factors required for DNA 

synthesis in S phase (175).  
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Given the shorter cell cycle duration 

observed in proliferating DS tumor cells, we 

evaluated expression of proteins that 

regulate the transition from G1 into S phase. 

Expression levels of the majority of G1/S 

restriction checkpoint proteins, including 

p27, cdk2, cdk4, and cyclin D1 did not differ 

(Figure 13A). In DS tumors compared to DR 

tumors, a trend towards reduced expression 

of the anti-proliferation protein p21 with 

concomitant trends towards increased 

expression of pro-proliferation proteins 

cyclin E and E2F1 was observed.  

 

While DS tumors displayed little to no 

evidence of increased cyclin/cdk expression, 

DS tumors displayed evidence of increased 

cyclin/cdk complex activity based on their 

physiological role in the G1/S checkpoint, 

which is to phosphorylate Rb. Tumors from 

DS rats displayed a significantly higher ratio 

of phosphorylated Rb to total Rb compared 

to DR rats (Figure 13B). In support of the 

hyperphosphorylated state of Rb, immunoprecipitation of lysate with antibodies against E2F1 revealed a 

Figure 13 

Legend. DS rats display hyperphosphorylation of the Rb 

protein. Lysate from N=9 each high mitotic subset DR and DS 

tumors were evaluated for expression of G1/S restriction 

checkpoint proteins. Panels A and B) Densitometry of proteins 

separated by SDS-PAGE and detected via Western blot. Panel 

C) lysate was immunoprecipitated with E2F1 then assessed for 

expression of Rb or E2F1. Values are mean density ÷ mm
2
 ± 

SEM, normalized to GAPDH expression. 

p
2
1

p
2
7

c
d

k
2

c
d

k
4

c
y
c
 D

1

c
y
c
 E

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

D R

D S

D
e

n
s

it
y

 (
in

t/
m

m
2

)

A

B

E
2
F

1

p
-R

b

to
ta

l 
R

b

p
R

b
:t

o
ta

l 
R

b

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

D R

D S

D
e

n
s

it
y

 (
in

t/
m

m
2

) *

IP
 E

2
F

1
, 
IB

 R
b

IP
 E

2
F

1
, 
IB

 E
2
F

1

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

D R

D S

D
e

n
s

it
y

 (
in

t/
m

m
2

)

C



 

 59 

trend towards reduced Rb in the complex (Figure 13C), which is expected, as inactivated Rb is incapable 

of forming a complex with E2F1. These data support a role for reduced Rb function in DS tumors.  

 

Protein expression data in Figure 13 suggests that cyclin/cdk 

complexes in DS tumors maintain hyperphosphorylation of 

Rb. In this scenario, E2F1 is free to exert transcriptional 

control over a number of proteins. The classical role for E2F1 

is to induce transcription of genes involved in the progression 

to S phase. As an indicator of E2F1 activity, expression of the 

S phase protein cdc6, whose promoter contains an E2F-

binding site (188), was increased in DS tumors compared to 

DR tumors (Figure 14). These data suggest that proliferating 

cells in DS tumors have fewer obstacles (such as 

bound/inactive E2F1) at the transition from G1 to S phase and so demonstrate faster cell cycle transit. 

This protein expression data provides a biologically plausible mechanism behind the reduced cell cycle 

duration in DS tumors.  

 

Interestingly, E2F1 can stimulate proliferation as well as apoptosis, depending on energy state. In a 2008 

study published in Cancer Cell, Hallstrom et al. reported that E2F1 can induce distinct gene expression 

programs that correspond to proliferation or apoptosis in rat fibroblasts (189). When fibroblasts are 

serum-staƌǀed ;͞fasted͟Ϳ, the apoptotiĐ geŶe eǆpƌessioŶ pƌogƌaŵ doŵiŶates. IŶ ĐoŶtƌast, ǁheŶ 

fibroblasts are pƌoǀided ǁith seƌuŵ ;͞fed͟Ϳ, the pƌolifeƌatiǀe geŶe eǆpƌessioŶ pƌogƌaŵ doŵiŶates at the 

expense of apoptotic signaling (189). This effect of serum on E2F1-induced gene expression programs 

was found to be dependent on activation of the PI3K/Akt signaling pathway.  
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Figure 14 

Legend. DS rats display increased 

expression of E2F1 target protein cdc6. 

Lysate from N=9 each high mitotic subset 

DR and DS tumors were evaluated for 

expression of cdc6 via Western blot. 

Values are mean density ÷ mm
2
 ± SEM, 

normalized to GAPDH expression. 
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Moreover, the apoptotic and proliferative gene expression programs induced by E2F1 appear to be 

mutually exclusive. Within the Hallstrom study, breast and ovarian tumors with high PI3K activity display 

the E2F1-induced proliferative gene expression signature. Conversely, tumors with low PI3K activity 

display the E2F1-induced apoptotic gene expression signature. The E2F1-induced proliferative gene 

expression signature was associated with advanced tumor stage at diagnosis, reduced survival, and 

increased risk of recurrence (189). This finding of Hallstrom et al. has important implications for obesity, 

as the PI3K/Akt pathway is downstream of insulin signaling, which is commonly found to be deregulated 

in obesity.  

 

In the current study, this finding can be interpreted to suggest that in the chronic positive energy 

balance state of DS rats, the proliferative gene expression program is being induced by E2F1, due to the 

lack of repression of E2F1 by Rb hyperphosphorylation.  

 

3.B.8. DS rats display increased 

expression of pro-apoptotic 

markers 

To evaluate whether the E2F1-

induced apoptotic gene expression 

program was active in DS tumors, 

we evaluated expression of several 

pro- and anti-apoptotic proteins via 

capillary electrophoresis as an 

alternative to traditional Western 

blot. Pro-apoptotic effects of E2F1 are exerted by binding to promoters of pro-apoptotic proteins, 

Figure 15 

Legend. DS tumors display increased expression of X-linked inducer of 

apoptosis protein (XIAP) and trend towards increased cleaved caspase 3 

and cytochrome c. Expression of apoptotic proteins was evaluated in N=9 

tumors each DR and DS from the high mitotic tumor subset. Expression 

was detection using capillary electrophoresis-based Western blot 

technology. Values are mean chemiluminescence ± SEM, normalized to 

GAPDH. 
***

=p<0.001. 
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including Apaf-1 and Bak (reviewed in (190)). DR and DS tumors displayed similar expression levels of 

Apaf-1 and Bak, suggesting that the pro-apoptotic gene expression program of E2F1 was not activated. 

These data are in agreement with the clinical data reported by Hallstrom et al., which reported that 

activation of proliferative and apoptotic gene expression programs of E2F1 in breast and ovarian tumors 

are mutually exclusive (189).  

 

DS tumors displayed a trend towards higher cleaved caspase 3 (executioner caspase) and higher 

cytochrome c expression levels, though these data did not reach statistical significance. However, DS 

tumors displayed more than 5X the expression level of anti-apoptotic protein X-linked inhibitor of 

apoptosis (XIAP) compared to DR tumors. This markedly increased expression of XIAP may facilitate the 

longer estimated apoptotic duration in DS tumors, as XIAP has been found to bind to cleaved caspase 

fragments and interfere with downstream induction of the morphological changes associated with 

apoptosis (195). Therefore, higher levels of pro-apoptotic stimuli, such as cytochrome c and cleaved 

caspase 3, are required to induce apoptosis in DS tumors. 

 

This data can be considered in terms of the stopwatch analogy. If DS stopwatches are ticking faster than 

DR stopwatches, DS tumors will always be closer to Vmax than DR tumors despite being palpated on the 

same day. To rephrase, DS tumors evaluated in these experiments are biologically older and closer to 

Vmax than DR tumors, despite tumor pairs being matched for chronological age. This phenomenon of 

biological differences in age, despite similar chronological age, may explain why apoptotic duration is 

longer in DS tumors. Recently, Ueno et al. reported that serum levels of pro-apoptotic proteins soluble 

Fas ligand (FasL) and cytochrome c decrease as a function of patient age and breast cancer stage (191). 

Thus, higher pro-apoptotic signals may be required to initiate apoptosis in DS tumors. 
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All the growth characteristics of DR and DS tumors, while presented individually, are interrelated at a 

cellular level. In order to simultaneously evaluate the relationship between characteristics of 

proliferation and death on tumor mass and cell cycle duration, all variables were imported into the 

Simca-P+ multivariate data analysis program.  

 

3.B.9. Multivariate analysis of tumor growth characteristics 

In multiple regression analysis, co-linearity between X variables can lead to poor prediction of Y 

response variables (192). Partial least squares projections to latent structures (PLS) analysis is a method 

used to visualize the effect of noisy, interrelated X predictor variables on Y response variables (reviewed 

in (193)). PLS analysis takes a set of X predictor variables and creates new X variables, called 

components, as linear representations of the old X variables, based on their distribution in the model 

space and weights of the X variables (194). In the current study, N=33 X variables (including count data, 

immunohistochemistry data, and protein expression data) were used to separately model N=2 Y 

variables (tumor mass and cell cycle duration).  

 

One component was fit for each PLS model. Principal components in well-fitted models ideally explain 

the majority of the variance in X and Y.  For the PLS model constructed wherein Y=tumor mass, this 

component explained 49.0% of the variance in X (tumor growth characteristics), 19.7% of the variance in 

Y (tumor mass), and is estimated to correctly predict tumor mass of 4.8% samples based on 7-fold cross 

validation using the leave-one-out approach. Coefficients of the X variables represent the strength of 

their correlation with Y variables. Specifically, whereas large negative values have strong inverse 

associations with Y, large positive values have strong positive associations with Y. Coefficients for the 

interaction of each X variable in the first (only) component is shown for tumor mass (Figure 16A) and 

cell cycle duration (Figure 16B). 
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The three X variables with strongest positive correlation with tumor mass (i.e., increased in larger 

tumors) were cleaved caspase 3, cytochrome c, and anti-apoptotic protein XIAP (Figure 16A). This data 

informs the confusion reported in previous sections. By rearranging the Thompson Strange equation, we 

demonstrated that DS tumors have a trend towards longer apoptotic duration; however, there was no 

difference in caspase activity between DR and DS. This co-association of XIAP and cleaved caspase 3 with 

larger tumor mass suggests that XIAP may interfere with caspase activity in larger tumors.  

 

Cdc6 and immunoprecipitated E2F1 were positively correlated with tumor mass (Figure 16A). However, 

the magnitude of this correlation was much smaller than that observed with apoptotic proteins. 

Conversely, the three X variables with strongest inverse correlation with tumor mass (i.e., decrease in 

larger tumors) were pro-apoptotic proteins Apaf-1, Bax, and cdk2. Cdk2 and cyclin E were inversely 

correlated with tumor mass, as was immunoprecipitated Rb. This suggests that whereas expression 

levels of cdk2 and cyclin E do not increase with tumor mass, activity of this cdk/cyclin complex (which 

phosphorylates and inactivates Rb) may increase in larger tumors, as evidenced by the pro-proliferative 

alterations in the Rb/E2F1 restriction machinery.  

 

For the PLS model constructed wherein Y=estimated cell cycle duration, the first (only) component 

explained 48.8% of the variance in X (tumor growth characteristics), 5.4% of the variance in Y (tumor 

mass), and is estimated to predict estimated cell cycle duration for 0% of samples based on 7-fold cross 

validation using the leave-one-out approach. The coefficients for the PLS for cell cycle duration, shown 

in Figure 16B, revealed that the same X variables correlated with tumor mass were also most inversely 

correlated with cell cycle duration. Specifically, the three variables with strongest positive correlation 

with cell cycle duration (i.e., increased with longer cell cycle duration) were Bax, total caspase 3, and 
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Apaf-1. The three variables with strongest inverse correlation with cell cycle duration (i.e., decrease with 

longer cell cycle duration) were cleaved caspase 3, cytochrome c, and XIAP.  

 

These data demonstrate the benefit of using multivariate analysis to look at interrelationships of 

biologically related variables. Whereas apoptosis markers on their own seemed fairly uninformative in 

explaining the larger tumor size observed in DS rats, PLS analysis paints a picture wherein changes in 

apoptosis may enable the changes in proliferative processes. Changes in frequency and duration of 

apoptosis in DS tumors are correlated with tumor characteristics including tumor mass and cell cycle 

duration. However, there was no correlation between proliferative markers and tumor mass or cell cycle 

duration. This suggests that changes in apoptosis may represent the early events in DS tumors that 

enable the faster growth rate, reduced cell cycle duration, and ultimately larger tumor size.  

 

Tumor mass represents the functional outcome of the balance achieved between proliferative and 

apoptotic processes. This may explain why tumor growth characteristics are more strongly correlated 

with tumor mass at end of study than with estimated cell cycle duration—accelerated cell cycle transit 

may indeed be occurring in DS tumors, but proliferation represents only one side of the Thompson-

Strange equation. These data suggest that the balance between pro-apoptotic and anti-apoptotic 

signals, particularly those mediated via XIAP and other inhibitor of apoptosis (IAP) family members, may 

be important factors to consider during future investigations of mechanisms that drive DS tumor 

growth.  

 

 

 



 

 65 

  

 

 

 

 

 

Figure 16 

Legend. Apoptotic markers display stronger correlation with tumor growth characteristics than do proliferative markers. Partial least squares 

projections to latest structures (PLS) analysis of DR and DS tumor growth characteristics. Coefficients for the interaction of DR X variables in the 

first component are shown for tumor mass (Panel A) and cell cycle duration (Panel B). Coefficients are shown with jack-knifed 95% confidence 

intervals. 

A B 
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3.C. Conclusions and Future Direction 

In Chapter 2, an accelerated cancer response to a chemical carcinogen was detected in obese DS vs. lean 

DR rats. This accelerated cancer response was particularly evident in the 5.4-fold increase in tumor 

burden observed in DS compared to DR rats. Given a previous report suggesting that obesity disrupts 

the balance of proliferation and apoptotic processes in breast tumors from obese women and mice, we 

set out in the current chapter to evaluate the balance between these processes.  

 

Relative to proliferation, DS tumors displayed a trend towards increased mitotic index, which was found 

to be attributable to reduced estimated cell cycle duration. Relative to molecular machinery that 

enables this accelerated cell cycle transit, DS tumors displayed hyperphosphorylation of the Rb protein, 

reduced interaction of Rb with E2F1, and loss of repression of E2F1. This cumulative effect of increased 

E2F1 transcriptional activity was manifested as increased expression of the S phase protein cdc6 in DS 

tumors. As most variability in cell cycle duration is due to length of G0 and G1, our findings of alterations 

in G1/S restriction checkpoint machinery are consist with cells in DS tumors being able to transition 

through the cell cycle more rapidly. 

 

Increased apoptotic index was found in DS compared to DR tumors, a biological process that seemed to 

be a counter-measure to the accelerated proliferation in DS tumors. However, no difference in caspase 

activity was observed between DR and DS tumors, leaving us unable to explain how the increased 

apoptotic index was accomplished. A trend towards increased cytochrome c and cleaved caspase 3 was 

found in DS compared to DR tumors, which again appeared consistent with the increased apoptotic 

index. However, DS tumors displayed a 5-fold increase in expression of anti-apoptotic protein XIAP. 

Furthermore, when all tumor data were evaluated using multivariate analysis, the evidence was 

consistent with a dominant effect of apoptosis with XIAP being implicated as playing a dominant role in 



 

 67 

the balance between proliferation and death. Together, this data suggests that reduced apoptotic 

efficiency, wherein XIAP binds and sequesters caspase fragments, may be early events in DS rat 

carcinogenesis, which create a permissive environment for the observed alterations in G1/S restriction 

checkpoint machinery. In summary, these experiments provided several pieces of evidence that suggest  

the faster tumor growth rate (1.8 fold) of DS tumors may be attributable to accelerated cell cycle transit 

and reduced apoptotic efficiency. 

 

Whereas the current chapter (Chapter 3) sought to identify mechanisms behind the accelerated cancer 

burden in DS compared to DR rats reported in Chapter 2, Chapter 3 did not address an important finding 

of Chapter 2. In Chapter 2, DS rats displayed a trend towards reduced hormone receptor expression in 

tumors compared to DR rats. This is a molecular subtype of breast cancer associated with poor 

prognosis. To further examine this finding, we next performed a classical endocrine ablation experiment. 

Ovariectomy removes ovarian-derived sex hormones from circulation and elicits strong selection 

pressure on expansion of cancerous cells that can grow under low estrogen conditions. The effect of 

obesity on the growth of these largely hormone-receptor independent tumors, as well as whether 

obesity increases peripheral production of estrogens, is reported in Chapter 4.  
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CHAPTER 4: PERIPHERAL PRODUCTION OF ESTROGEN IS AN UNLIKELY MECHANISM WHEREBY OBESITY 

IMPACTS MAMMARY CARCINOGENESIS
4
 

 

 

4.A. Rationale 

In 1896, Beatson provided the first definitive evidence for a role of estrogen signaling in breast 

carcinogenesis, when ovarian removal (known as ovariectomy or oophorectomy) was used to 

successfully treat advanced breast cancer in young women (reviewed in (196)). In 1966, the Nobel Prize 

in Physiology and Medicine was awarded to Charles Huggins as a result of his ground-breaking research 

on the induction of regression in breast and prostate cancers following sex hormone withdrawal (197). 

These events mark the beginning of a long history of targeting estrogen signaling in breast cancer. 

 

4.A.1. Targeting estrogen in breast cancer 

GiǀeŶ estƌogeŶ͛s ŵitogeŶiĐ fuŶĐtioŶ iŶ stiŵulatiŶg Đell pƌolifeƌatioŶ, taƌgetiŶg estƌogeŶ sigŶaling is one 

of the most commonly employed therapeutic strategies against breast cancer. This targeting can include 

disruption of estrogen signal transduction, such as with tamoxifen, which is a selective estrogen 

receptor modulator (SERM). Targeting estrogen signaling can also be accomplished by disrupting 

production of estrogen. The gene cyp19a1 encodes the protein aromatase, which catalyzes the rate 

limiting step in the synthesis of estradiol (E2), the most bioactive estrogen compound, from 

testosterone (198). Aromatase inhibitors are often used in cancer treatment regimens for hormone-

receptor positive breast cancers.  

 

 

                                                           
4
Chapters 4 and 5 are being combined in a manuscript to be submitted to the journal Cancer Prevention Research. 

Any changes between the version presented herein and that which is published will be minor. Such changes will 

likely be due to publishing requirements and tone differences between target audiences. 
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4.A.2. Mitogenic effects of estrogen signaling 

EstƌogeŶ aŶd its ŵetaďolites iŶflueŶĐe the pƌogƌaŵŵiŶg of iŶitiated Đells͛ stopǁatĐhes ǀia classical 

receptor-mediated and non-classical mechanisms. ER is comprised of two isoforms with high structural 

similarity. Whereas the role of E‘α is ǁell ĐhaƌaĐteƌized, E‘β ŵaǇ haǀe opposiŶg ƌoles to E‘α, iŶĐludiŶg 

suppƌessioŶ of pƌolifeƌatioŶ, aŶd ŵoƌe studies aƌe Ŷeeded to eluĐidate the ƌole of E‘β oŶ ďƌeast ĐaŶĐeƌ 

risk (199).  

 

To summarize several excellent reviews (i.e., (200-209)), in the canonical estrogen signaling pathway, 

estrogen or its metabolites bind to and activate ERs at the nuclear membrane, the plasma membrane, or 

the mitochondrial membrane. Activated ERs dimerize and bind DNA at estrogen response element (ERE) 

sites to influence transcription. Genomic targets of estrogen signaling with EREs include the 

progesterone receptor, pro-angiogenic protein vascular endothelial growth factor (VEGF), transforming 

growth factor (TGF)-α, aŶd ƌeĐeptoƌ ďiŶdiŶg ĐaŶĐeƌ aŶtigeŶ ;‘CA“Ϳ-1, which is expressed by most breast 

cancers, and is associated with poor prognosis. 

 

 ER exerts transcriptional control on genes lacking full EREs via interaction with coactivators including 

SP-1, activation transcription factor (ATF)-2, cyclic AMP response element binding protein (CREB), and 

activator protein (AP)-1 (203). These ER/coactivator complexes stimulate transcription in a number of 

genes with implications in breast cancer, including the protooncogenes c-jun and c-fos; pro-proliferation 

genes including c-myc, cyclin D1 and E2F1 with repression of cdk inhibitor p21; and anti-apoptosis genes 

including Bcl-2 and Bcl-XL. Mitochondrial estrogen signaling induces transcription of mitochondrial DNA-

encoded genes with EREs, including components of the electron transport chain such as cytochrome c 

oxidase subunits I and III, and TCA cycle enzymes including aconitase, pyruvate dehydrogenase, and 
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malate dehydrogenase. Activated ER can also exert non-canonical effects including induction of second 

messenger signaling such as cyclic adenosine monophosphate (cAMP).  

 

4.A.3. Targeting estrogen signaling in preclinical models 

Whereas hormone expression in mice can be controlled by knocking in or out a gene of interest, this 

technology is premature in rat models. Rather, rat models employ ablation studies, in which ablation of 

hormone production is achieved through surgery, chemical agents, or with targeted radiation. In the 

case of breast cancer, removing the ovaries through bilateral ovariectomy eliminates the primary source 

of sex hormones, including estrogen and progesterone.  

 

Ovarian ablation creates a negative selection pressure environment, which selects for expansion of a 

population of cells that can grow in very low levels of estrogen. Tumors eventually develop in 

ovariectomized animals, albeit with delayed latency compared to ovary intact animals. Importantly, 

tumors that develop in ovariectomized rats are predominantly ER/PR-, allowing researchers to study a 

molecular subtype of breast cancer with poor clinical prognosis.  

 

4.A.4. Study goals 

We used a classical ovarian ablation approach to create an environment in which to evaluate two 

specific questions. First, does obesity in DS rats stimulate growth of hormone receptor negative 

mammary carcinomas in the absence of ovarian function, when estrogen signaling is substantially 

reduced? To rephrase, does the cancer-promoting effect of obesity in DS rats, which was reported in 

Chapter 2, persist in the absence of high circulating levels of estrogen? 
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 Secondly, do DS rats display evidence of elevated peripheral (mammary gland) production of E2 in the 

rat mammary gland? One of the primary hypotheses proposed to explain how obesity may increase risk 

of postmenopausal breast cancer centers on extragonadal production of estrogen by fat tissue. Fat 

tissue can express aromatase, and extragonadal production of estrogen as a result of aromatase activity 

within fat tissue is one of the four major proposed mechanisms whereby obesity increases breast cancer 

risk. However, it is unknown whether this mechanism exists in rats to the extent that could exert 

biological effects on mammary carcinogenesis.  

 

Materials and methods for the experiments described in Chapter 4 are provided in Appendix C. 

 

4.B. Results and Discussion 

Design of the ovariectomy manipulation experiment is depicted in Figure 17, and was comprised of 

N=74 ovariectomized diet-induced obesity susceptible (DS-OVX) and N=36 ovariectomized diet-induced 

obesity resistant (DR-OVX) rats. Female rats were fed the purified SUMO32 diet ad libitum throughout 

the study, and bilateral ovariectomy was performed on all rats at 49 days of age.  

 

 

Figure 17 

Legend. Study design for assessing the impact of ovarian ablation on mammary carcinogenesis. DOA= days of age; 

DPC= days post-carcinogen injection. 
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4.B.1. DS-OVX rats gain significantly more weight than DR-OVX rats within collective ovariectomy-

induced stimulation of weight gain 

Final average body weight was significantly 

different between DR and DS (Figure 18A: DR-

OVX 294.2 ± 24.7 g, DS-OVX 333.5 ± 30.3 g, 

p<0.001), a difference of approximately 13% 

across the study duration. This 13% difference in 

final body weights at 4 months of age (study 

termination in current ovariectomy study) was 

similar to the 15% difference observed between 

DR and DS rats at 3 months of age (ovary intact 

study reported in Chapter 2).  

 

Whereas we might have expected a larger 

difference between DR and DS body weights in 

older rats, multiple studies describe the 

phenomenon wherein animals are predisposed 

to weight gain in the first 3-5 weeks post-

ovariectomy due to a combination of 

hyperphagia and increased energy efficiency 

(210;211). Therefore, all rats, including DR, gain 

weight post-ovariectomy, resulting in narrowing of the gap between DR and DS weights.  

The initial cancer study in this rat model, which was reported in Chapter 2, used body weight and leptin 

levels as indirect proxies to rat obesity. To ĐoŶfiƌŵ LeǀiŶ͛s ƌepoƌts that the D“-OVX were in fact obese, 

Figure 18 

Legend. DS-OVX rats are obese compared to DR-OVX 

rats. Panel A) DS-OVX rats gain weight at an accelerated 

rate compared to DR-OVX. Rats (DR-OVX N=36, DS-OVX 

N=74), were weighed weekly while on study; data, mean 

± SD. Weight gain trend was analyzed with nonlinear 

regression, p<0.001. Panel B) DS-OVX rats have larger 

perimesenteric (PM), retroperitoneal (RP), and perirenal 

(PR) fat pad stores at end of study. Values are mean ± 

SEM. **= p <0.01 by two-sided “tudeŶt͛s t-test with 

false discovery rate=1%. 
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and not just larger, compared to DR-OVX rats, we excised fat pads from perimesenteric (PM), 

retroperitoneal (RP), and perirenal (PR) adipose tissue depots from N=6 each DR-OVX and DR-OVX rats. 

As depicted in Figure 18B, all fat pads were significantly heavier in DS-OVX compared to DR-OVX (p<0.01 

for all analyses).  

 

4.B.2. DS-OVX rats maintain increased cancer response in the absence of high circulating estrogen  

Cancer was initiated in rats using the rapid emergence model of mammary carcinogenesis developed by 

our laboratory. Cancer outcomes are depicted in Figure 19A-D and differences between DR-OVX and DS-

OVX are quantified in Figure 19E. Compared to ovary intact rats as reported in Chapter 2, the overall 

carcinogenic response was blunted in ovariectomized rats.  

 

As shown in Figure 19A, cancer-free survival was initially reduced in DS-OVX compared to DR-OVX rats 

at early palpation points but this effect was lost as the study progressed. Cancer incidence was similar 

between DR-OVX (61.1%) and DS-OVX (64.9%), (Figure 19B). In Chapter 2, DS rats had 91% incidence vs. 

65% incidence in DR rats. To rephrase, 9% of ovary intact DS rats were tumor free at study termination, 

compared to 35% of ovary intact DR rats. In the ovariectomy manipulation, a similar percentage (35-

40%) of both DR-OVX and DS-OVX rats were tumor-free at the end of the study. However, rats that were 

tumor free at study termination may have developed tumors at a later point if the study was allowed to 

progress.  

 

Significantly higher multiplicity (Figure 19C) and burden (Figure 19D) were observed in DS-OVX 

compared to DR-OVX (p<0.01 for both analyses). A 1.7-fold increase in cancer multiplicity was observed 

in DS-OVX vs. DR-OVX rats, in comparison to the 2.5-fold increase in cancer multiplicity observed in 

ovary intact DS vs. DR rats. Cancer burden was increased 2.6-fold in DS-OVX compared to DR-OVX rats, 
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in comparison to the 5.4-fold increase observed in ovary intact DS vs. DR rats. Interestingly, per-tumor 

mass (burden ÷ multiplicity) is approximately 50% larger in DS-OVX compared to DR-OVX. This suggests 

that the ͞fasteƌ͟ hǇpothesis of oďesitǇ-related stopwatch programming holds true in tumors that are 

negative for expression of ER/PR, despite ovarian ablation and absence of high circulating levels of sex 

hormones.  

 

In summary, obesity did not impact cancer endpoints of latency and incidence, but it did increase cancer 

endpoints of multiplicity and burden. This data suggests that high levels of circulating estrogen may be 

permissive for the growth of tumors, as evidenced by reduced overall cancer response in ovariectomized 

animals, but that high circulating estrogen is not obligatory for the effect of obesity on stimulating 

growth of mammary cancer cells in this model. Together, these data indicate that obesity maintains a 

cancer-promoting effect on mammary carcinogenesis in the absence of high circulating estrogen.  
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E 
     

Group N Latency
1
 

(days) 

Incidence
2 

(%) 

Multiplicity
3
 

(#/rat) 

Burden
4
 

(g/rat) 

DR-OVX 36 N/A 61.1 0.9 0.93 

(75, N/A) (52.9, 75.6) (0.6, 1.4) (0.14, 1.71) 

DS-OVX 74 77 64.9 1.5 2.32 

(65, N/A) (43.5, 76.9) (1.2, 1.9) (1.42, 3.23) 

Figure 19 

Legend. Obesity accelerates mammary carcinogenesis in ovariectomized DS rats. Mammary carcinogenesis was 

initiated by injecting rats intraperitoneally with 50 mg/kg MNU at 21 days of age. Study was terminated 91 days 

(13 weeks) after carcinogen; only palpable confirmed mammary adenocarcinomas were included for analysis. In 

Panels A-D, groups with different letters significantly differ based on statistical comparisons described in Appendix 

C. Cancer-free survival (Panel A) and cancer incidence (Panel B) did not differ between DS and DR rats. Cancer 

multiplicity (Panel C) and cancer burden (Panel D) were elevated in DS compared to DR rats. Panel E) 
1
Data 

corresponds to survival curves in Panel A. Values are point estimates at 50% quartile (95% confidence interval of 

linear-transformed survivor functions). Censored: DR-OVX N=19, DS-OVX N=29. 
2
Values correspond to incidence in 

Panel B and are percentages (95% CI). 
3
Values correspond to multiplicity in Panel C and are means (95% CI). 

4
Values correspond to burden in Panel D and are means (95% CI). 
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4.B.3. Tumors from ovariectomized DS rats do not display higher PR immunoreactivity   

Expression of the progesterone receptor was evaluated as a proxy to active estrogen signaling. The 

random field method of assessing PR status revealed 

that average PR % immunoreactivity was below 1% for 

all tumors (Figure 20). Given the overall low level of 

PR immunoreactivity, the hot-spot method (reported 

in Chapter 2) was not implemented. 

 

Current histopathological standards for classifying a 

tumor as hormone receptor positiǀe ƌeƋuiƌe шϭ% 

nuclear immunoreactivity (212). By these standards, 

all tumors from DR-OVX and DS-OVX animals were 

classified as PR negative. These data are in agreement with ovarian ablation creating a negative 

selection pressure environment, which favors growth of cells that can proliferate in very low levels of 

estrogen. The low percentage of cells expressing PR suggests that estrogen-induced signaling is very low 

in these tumors. 

 

There was no difference in % PR-expressing cells between DR-OVX and DS-OVX tumors. Most studies 

report that obesity increases risk of predominantly luminal (ER/PR+) breast cancer subtypes, yet other 

studies have reported increased risk of ER/PR- breast cancer in obesity (131-133;136). This data provides 

further evidence against estrogen signaling as an obligatory factor for the cancer-promoting effects of 

obesity on mammary carcinogenesis.  

 

 

Figure 20 

Legend. DS tumors do not display higher PR 

immunoreactivity than DR tumors. First-palpated 

tumors (DR-OVX N=21; DS-OVX N=46) were assessed 

for PR immunoreactivity of random tumor fields. All 

tumors were considered PR-. 
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4.B.4. Evaluation of aromatase mRNA and protein in DS rat mammary gland 

In women prior to menopause, the ovaries are the primary sources of endogenous E2, with circulating 

E2 concentrations ranging from 55-734 fmol/mL (15-200 pg/mL), depending on phase of the menstrual 

cycle (213). Average levels of E2 in normal breast tissue from premenopausal women were recently 

reported as 453.0 fmol/g (314.3-652.8) (214). Given the high levels of estrogen produced by the ovaries 

in premenopausal women, the contribution of peripherally-produced E2 to the total circulating sex 

hormone pool is probably relatively small. 

 

In contrast, in postmenopausal women following cessation of ovarian function, aromatase activity in 

peripheral tissues, including adipose tissue, is the primary source of estrogens. Circulating levels of E2 in 

postmenopausal women are generally 36-73 fmol/mL (10-20 pg/mL), derived almost exclusively from 

the conversion of adrenal-derived precursors to E2 via the aromatase in peripheral tissues (213). 

Lønning et al. recently reported average local levels of E2 within the breasts of cancer-free 

postmenopausal women as 29.2 fmol/g (19.3–44.1) (214). Unlike premenopausal women, in which 

estrogen levels vary with the menstrual cycle, aromatase activity in the breast tissue of postmenopausal 

women provides the mammary epithelium with continuous, local, direct exposure to estrogen. In clinical 

populations, fat tissue expresses aromatase, particularly in physiological conditions of adipose tissue 

inflammation, such as that which may accompany obesity.  
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To evaluate whether obesity in DS rats was inducing peripheral aromatase activity, we evaluated 

aromatase at the transcriptional and translational levels through qPCR and Western blot, respectively. 

To evaluate aromatase at the transcriptional level, real-time PCR was performed on cDNA isolated from 

cancer-free mammary gland from N=2 each DR-OVX and DS-OVX rats from distal ends of the body 

weight distribution. To rephrase, we used the leanest DR vs. fattest DS rats to maximize chances of 

detecting aromatase. While the housekeeping gene pgk1 was detected in all samples, a signal 

corresponding to the cyp19a1 gene product (aromatase) failed to amplify within 45 cycles of PCR (data 

not shown). As specificity of the primers was 

confirmed using ovarian cDNA, these data 

suggest that aromatase expression in these 

mammary glands is below the limits of detection 

of qPCR.  

 

To evaluate aromatase at the translational level, 

lysate from DR and DS mammary gland was 

evaluated via capillary electrophoresis using the 

Protein Simple Wes device. Recombinant 

aromatase (0.2 µg/ml) yielded a strong peak 

around 53 kD, similar to the predicted molecular 

weight of aromatase based on amino acid 

sequence. As shown in Figure 21 for a representative DS-OVX sample, rat mammary gland lysate (both 

DR-OVX and DS-OVX) did not provide a signal corresponding to this molecular weight.  

 

Figure 21 

Legend. Rat mammary gland does not yield a signal 

corresponding to aromatase. Representative 

chemiluminescent signal from capillary electrophoresis-

based detection of aromatase protein in purified 

recombinant aromatase (black peak) or DS mammary 

gland lysate (green peak), (1 mg/ml) each. Molecular 

weight is based on calibration to internal fluorescent 

standards.  
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A strong signal from DS-OVX mammary gland lysate was observed at approximately 69 kD. While 

aromatase does undergo post-translational modifications, including phosphorylation and glycosylation, 

these modifications seem unlikely to cause the large observed 14 kD shift in molecular weight (215). 

Therefore, the signal at 69 kD may be due to nonspecific protein interactions with the antibody. These 

findings are in agreement with those of the MacLean lab at Anschutz Medical Campus at the University 

of Colorado Hospital, as personal communication with the MacLean lab revealed that their lab was 

likewise unable to detect aromatase in the mammary gland of ovariectomized obese rats. The failure to 

detect aromatase mRNA and protein in our ovariectomized rats represents two additional pieces of 

evidence demonstrating lack of support for an obligatory role for estrogen as a mechanism whereby 

obesity accelerates carcinogenesis in the rat. 

 

In contrast with our findings and those of the MacLean lab, Zhao et al. recently reported that peripheral 

aromatase increases in fat depots of lean rats over time (216). However, in the Zhao article, aromatase 

mRNA was only detected in fat pads from 6-month old rats, and aromatase protein was only detected in 

fat pads from 5-month old rats in the Zhao article (216). Neither aromatase protein nor mRNA were 

detected in rats younger than 5 months of age. The Levin rats used in the current study were 4 months 

of age, so it is possible that extragonadal production of estrogen by fat tissue becomes a more 

biologically relevant process in older rats. However, peripheral aromatase activity does not appear to be 

a dominant biological process in the current study.  

 

4.B.5. Levels of estrogen metabolites in the mammary gland of lean and obese rats 

As a measure of aromatase activity, we evaluated expression of estrogen compounds in N=8 mammary 

glands from ovary intact and ovariectomized DR and DS rats (N=32 samples total) via ultraperformance 

liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). This data is presented 
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and discussed in Appendix C. While there is a trend towards higher E2 in mammary gland from DS-OVX 

compared to DR-OVX rats, the run data, collected from our samples by the West Coast Metabolomics 

Center at the University of California-Davis,  does not make biological sense for reasons discussed in 

Appendix C, and therefore is regarded with skepticism. Moreover, using a separate metabolomics 

facility, the MacLean lab was unable to detect estrogen within the mammary gland of ovariectomized 

obese rats via gas chromatography coupled to tandem mass spectrometry (GC-MS/MS). These data 

provide another piece of evidence in support of our findings that estrogen is not an obligatory 

mechanism whereby obesity promotes mammary carcinogenesis in the rat.  

 

4.B.6. DS rats do not display evidence of estrogen involvement at the host systemic level  

A meta-analysis of prospective studies of breast cancer in postmenopausal women performed by the 

Endogenous Hormones and Breast Cancer Collaborative Group from the University of Oxford revealed 

aŶ iŶĐƌeased ƌelatiǀe ƌisk of ďƌeast ĐaŶĐeƌ iŶ oǀeƌǁeight ǁoŵeŶ ;BMI шϮϳ.ϱ kg/ŵ2
)

 
compared to lean 

ǁoŵeŶ ;BMI чϮϮ.ϱ; ‘‘=ϭ.ϭϵ ;ϭ.Ϭϱ-1.34)). This relationship was attenuated when free circulating E2 

levels were included in risk estimates (adjusted RR= 1.02 (0.89-1.17)) (217). Adjustment for other 

circulating estrogen metabolites, including total estrogen, estrone (E1), and E1-sulfate, yielded lesser 

reductions in relative risk, while adjustment for circulating levels of androgens including testosterone 

had no effect on relative risk in this particular study (217).  

 

To evaluate whether DS-OVX rats display evidence of increased circulating levels of sex hormones 

(presumably derived from peripheral aromatase activity), plasma from N=10 each DR-OVX and DS-OVX 

rats was evaluated. For comparison, N=10 each ovary intact DR and DS rats were evaluated at the same 

time. Values are presented in Table 5.  
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Table 5 

Legend. Circulating sex hormones and sex hormone ratios in plasma from DS-OVX (N=10) and DR-OVX (N=10) rats, 

presented as means ± SD. Animals chosen for analysis of plasma proteins were purposefully chosen from non-

overlapping areas of the body weight distribution. Analytes were log-transformed prior to analysis and Welch 

Satterthwaite method was used as necessary to satisfy statistical assumptions. 
1
Analyte concentrations were 

converted to molarity prior to ratio determination. Abbreviations are defined on page 154. 

 

There was no difference between progesterone levels in DS-OVX and DR-OVX rats. Compared to ovary 

intact animals, ciƌĐulatiŶg leǀels of pƌogesteƌoŶe ǁeƌe ƌeduĐed ďǇ шϳϱ% iŶ oǀaƌieĐtoŵized aŶiŵals, 

consistent with ablation of ovarian function (ovary intact: DR 5.2 ± 2.4 pg/mL, DS 6.3 ± 4.1 pg/mL; OVX: 

DR 1.3 ± 0.7 pg/mL, DS 1.8 ± 1.2 pg/mL). While there was a trend towards elevated E2 in DS-OVX 

compared to DR-OVX rats, this data is problematic and again subject to skepticism. Specifically, 

ĐiƌĐulatiŶg leǀels of EϮ ǁeƌe ŶeaƌlǇ ideŶtiĐal ;чϭϬ% ƌeduĐtioŶͿ ďetǁeeŶ oǀaƌǇ iŶtaĐt aŶd oǀaƌieĐtoŵized 

animals (ovary intact: DR 39.8 ± 8.6 pg/mL, DS 46.1 ± 11.7 pg/mL; OVX: DR 36.0 ± 3.7, DS 42.7 ± 8.4 

pg/mL), suggesting that the assay is detecting something other than estradiol.  

 

Direct immunoassays for detection of sex hormones are notoriously nonspecific and widely variable in 

what is actually being measured, particularly when hormone levels are <50 pg/mL. For example, a study 

that compared the gold standard GC-MS/MS method of sex hormone measurement with indirect 

immunoassay (generally radioimmunoassay method with extraction step) and direct immunoassay (no 

extraction step) found that direct assays from three different vendors systematically overestimated 

estradiol levels in serum from postmenopausal women by an average of 68% over that reported by GC-

MS/MS (218). The routine overestimation of estradiol by direct assay is attributed to a combination of 

 DS-OVX DR-OVX p DS DR p 

Progesterone (ng/mL) 1.8 ± 1.2 1.3 ± 0.7 0.34 6.3 ± 4.1 5.2 ± 2.4 0.08 

E2 (pg/mL) 42.7 ± 8.4 36.0 ± 3.7 0.08 46.1 ± 11.7 39.8 ± 8.6 0.34 

E2:progesterone
1
 0.047 ± 0.045 0.046 ± 0.032 0.65 0.012 ± 0.007 0.010 ± 0.004 0.96 

SHBG
 
(nmol/L) 9.4 ± 3.5 10.5 ± 6.0 0.96 12.8 ± 4.7 14.5 ± 7.7 0.81 

SHBG:E2
1
 66.6 ± 47.3 81.1 ± 49.1 0.56 84.2 ± 47.8 99.3 ± 49.9 0.40 

SHBG:progesterone
1
 2.6 ± 2.3 3.5 ± 3.0 0.84 0.9 ± 0.8 1.0 ± 0.5 0.58 
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blindness of the assays to sex hormone metabolites and Phase II conjugates as well as potential matrix 

interference from components of the mammary gland (219).  

 

Beyond estrogen levels, estrogen signaling is impacted by bioavailability. Sex hormone binding globulin 

(SHBG) is produced by the liver and binds estrogen and other sex hormones, sequestering it and 

preventing ligand-mediated activation and downstream activities of the estrogen receptor (220). 

However, in our ovarian ablation study, there was no difference in SHBG levels in DS-OVX compared to 

DR-OVX rats. Likewise, ratios of SHBG: E2 and SHBG: progesterone, as an estimate of bioavailability, was 

not different between DR-OVX and DS-OVX rats.  

 

CuŵulatiǀelǇ, these data failed to fiŶd eǀideŶĐe iŶ suppoƌt of the ͞peƌipheƌal estƌogeŶ pƌoduĐtioŶ͟ 

mechanism, and suggest that the ovariectomized rat may provide a unique model in which to study the 

impact of obesity on mammary carcinogenesis in the absence of estrogen effects.  

 

4.C. Clinical Implications 

The ovariectomized rat has relevance to the postmenopausal physiological state, including 

predisposition to rapid weight gain and loss of ovarian-derived sex hormones. Most breast cancer is 

diagnosed in postmenopausal women, as median age at breast cancer diagnosis between 2002 and 

2004 was 61 years of age (2). The World Cancer Research Fund recently reported that the sum of 

evidence supports a probable link between obesity and postmenopausal breast cancer risk (25). 

However, the literature is mixed as to which molecular subtypes of breast cancer are associated with 

increased risk due to obesity.  

 



 

 83 

Most studies report that obesity increases risk of predominantly luminal (ER/PR+) breast cancer 

subtypes, though this data is mixed, particularly in premenopausal women (131-133). Other studies 

have reported increased risk of ER/PR- breast cancer in obesity, which may be stratified by menopausal 

status (reviewed in (136)).  

 

In rats, following ovariectomy, the tumors that develop are predominantly negative for expression of ER 

and PR, due to negative selection pressure imposed by removal of high levels of sex hormones. This 

leads to expansion of cell populations whose growth is independent of these receptors. Clinically, ER/PR- 

tumors are classified into two molecular subtypes of breast cancer. In the first subtype, tumors are 

ER/PR- but express high levels of the Her2 receptor, due to gene amplification or overexpression. In the 

second type of ER/PR- breast cancer, tumors that do not express ER, PR, or Her2 are called triple 

negative breast cancer (TNBC) in the clinical population.  

 

Whereas luminal subtype (ER/PR+) breast tumors have high 5-year survival rates (>90%), Her2+ and 

TNBC breast cancers are responsible for the majority of breast cancer deaths, with 5-year survival rates 

of 20-75% and 30-80%, respectively (221). Simply put, ER/PR- breast cancer is the type of breast cancer 

that kills women. Thus, understanding the involvement of the 4 lines of code in the ER/PR- high 

mortality breast cancer subtypes of breast cancer has high clinical relevance.  

 

4.D. Conclusions and Future Direction 

In Chapter 2, ovary intact rats with susceptibility to diet-induced obesity (DS) had marked acceleration of 

breast cancer in comparison to lean (DR) counterparts. In Chapter 3, this acceleration was found to be 

due in part to faster growth rates of DS tumors in ovary intact animals, potentially enabled by 

accelerated cell cycle transit and reduced apoptotic efficiency. In the current study, we designed a 
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surgical ovarian ablation manipulation. This served two purposes: 1) to evaluate mammary 

carcinogenesis in DS and DR rats in the absence of abundant estrogen signaling, and 2) to evaluate 

whether evidence supports enhanced local production of estrogen by aromatase in the mammary gland 

of DS rats.  

 

Overall cancer response was blunted in ovariectomized compared to ovary intact animals. Whereas 

obesity did not affect early cancer outcomes such as cancer incidence or latency, DS-OVX rats displayed 

higher cancer multiplicity and burden compared to DR-OVX. This suggests that estrogen is not obligatory 

for cancer-promoting effects of obesity on the carcinogenic process in the breast.  

 

In Chapter 1, we summarized four mechanistic hypotheses that have gained mainstream traction to 

explain the link between obesity and breast cancer. In the context of the stopwatch analogy, these four 

hǇpotheses aƌe ƌefeƌƌed to as ͞liŶes of Đode͟ that ĐaŶ pƌogƌaŵ stopǁatĐhes ;tuŵoƌsͿ. The first line of 

code whereby obesity may impact breast carcinogenesis is related to peripheral production of estrogen. 

In the current study, to determine whether there was evidence in support of this mechanism in our rat 

model, we examined estrogen using an ovariectomy manipulation. Ovariectomy creates negative 

selection pressure for expansion of cell populations that can grow in the absence of high levels of 

estrogen signaling, and tumors that grow in ovariectomized rats are predominantly ER/PR.  

 

We failed to find evidence of estrogen involvement in the accelerated cancer response associated with 

obesity. Three pieces of evidence, at the level of tumor cells, at the local (mammary gland) level, and at 

the host systemic level, stand against estrogen as an obligatory mechanism whereby obesity promotes 

breast carcinogenesis in the current rat model. First, cells in DS-OVX tumors did not display an increase 

in PR % immunoreactivity, which is a measure of functional estrogen signaling. Indeed, nearly all cells in 
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tumors from both DS-OVS and DR-OVX rats were negative for expression of PR, suggesting that these 

tumors have very low levels of estrogen signaling taking place. Secondly, at the local (mammary gland) 

level, we did not detect aromatase mRNA and protein expression in mammary gland from either DS-OVX 

or DR-OVX animals, consistent with findings from others in this field. Finally, there was no difference in 

circulating levels of progesterone as a measure of functional estrogen signaling in DS-OVX compared to 

DR-OVX rats. Therefore the current study does not support peripheral production of sex hormones by 

fat tissue as an obligatory mechanism whereby obesity promotes mammary carcinogenesis in the Levin 

DS rats.  

 

Regarding the relevance of our findings to the clinical population, enhanced aromatase activity has been 

documented in the breast tissue of clinical obese populations as well as mice (43;222-224). Aromatase 

inhibitors function well as chemopreventive agents in postmenopausal women, preventing 40-50% of 

new contralateral ER/PR+ breast tumors (225). Thus, there is a clinical subpopulation in which estrogen 

does appear to be obligatory for the link between obesity and breast cancer. However, the other side of 

this coin is that aromatase inhibitors fail to prevent approximately 50% of new contralateral ER/PR+ 

tumors, in addition to ER/PR- tumors, whose occurrence is largely unaffected by endocrine-based 

chemoprevention. Thus, clinical subpopulations exist in which estrogen is NOT related to the link 

between obesity and breast cancer, and our integrated rat model can be used to interrogate obligatory 

mechanisms for the link between obesity and breast cancer in these distinct subpopulations.  

 

The findings presented herein suggest that the rat represents a model organism in which estrogen is not 

a key player in the effects of obesity on promoting mammary carcinogenesis. This model thus allows 

researchers to subtract peripheral production of estrogen from the 4 lines of code related to obesity and 

breast cancer risk, and focus their investigations on evaluation of the 3 remaining mechanisms. These 
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investigations are particularly important in the context of ER/PR- tumors, which are responsible for the 

majority of breast cancer deaths. 

 

To assess the evidence in support of the 3 remaining lines of code whereby obesity may promote 

mammary carcinogenesis, in Chapter 5 we evaluated a set of analytes corresponding to the mechanisms 

of chronic inflammation, deregulated insulin signaling, and altered adipokine expression in the plasma of 

ovary intact and ovariectomized DR and DS rats. Unexpected findings from these hypothesis-generating 

experiments related to inflammatory cytokines led us to further investigate the evidence in support of 

the chronic inflammation hypothesis. The final set of experiments in Chapter 5 represents a method that 

sought to determine whether the combined effects of host systemic and local (mammary gland) factors 

from DS rats stimulated growth of ER/PR- cells in vitro.  
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CHAPTER 5: HOST SYSTEMIC FACTORS DO NOT EXPLAIN THE CANCER-PROMOTING EFFECTS OF 

OBESITY
5
 

 

 

5.A. Rationale 

Obesity can influence the development of cancer—the ticking of stopwatches—in a multitude of ways. 

IŶ Chapteƌ ϭ, ǁe desĐƌiďed fouƌ ͞liŶes of Đode͟ that ƌepƌeseŶt the ŵeĐhaŶistiĐ pƌoĐesses that have 

gained mainstream traction as the link between obesity and breast cancer. These four lines of code can 

be summarized as follows: 1) peripheral production of sex hormones; 2) chronic inflammation; 3) 

deregulated insulin signaling; and 4) altered adipokine expression. Each program can be implemented at 

the cellular level, at the local level within the mammary gland, and at the host systemic level.  

 

In Chapter 2, we reported that mammary carcinogenesis is accelerated in obese DS compared to lean DR 

rats. In Chapter 3, we determined that the balance of proliferation and apoptosis at the cellular level 

favored faster tumor growth rates in DS compared to DR. These effects appear to be mediated through 

accelerated cell cycle transit with concomitant reduced apoptotic efficiency in DS compared to DR. As 

molecular evidence consistent with this theory, hyperphosphorylation of Rb, lack of suppression of E2F1 

signaling, and a struggle for dominance between pro-apoptotic and anti-apoptotic factors was observed 

in DS tumors.  

 

Proliferation and apoptosis are extremely complex biological processes that are subject to regulation by 

many pathways, including those that are represented by the 4 lines of code. The experiments in Chapter 

4 failed to provide evidence in support of an obligatory role for estrogen signaling in the link between 

                                                           
5
Chapters 4 and 5 are being combined in a manuscript to be submitted to the journal Cancer Prevention Research. 

Any changes between the version presented herein and that which is published will be minor. Such changes will 

likely be due to publishing requirements and tone differences between target audiences.  
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obesity and chemically induced carcinogenesis, although estrogen can influence general tumor growth if 

it is present (i.e., ovary intact cancer response vs. ovariectomized cancer response).  

 

Therefore, the evidence supports a shift towards evaluation of the remaining 3 lines of code. The first 

objective of the work reported in the current chapter was to investigate plasma analytes representative 

of the 3 remaining lines of code (2) chronic inflammation; 3) deregulation of insulin signaling; and 4) 

altered adipokine expression) to determine which processes were implicated. Next, an in vitro model 

was developed utilizing co-culture of a rat mammary cancer stem cell line and primary DR- or DS-derived 

mammary gland adipocytes. These experiments were conducted as a means to evaluate whether 

circulating factors in general or local adipocyte-secreted factors from DS rats would influence cell 

growth as a cumulative response to a complex set of stimuli. Finally, based on the lack of convincing 

evidence of the involvement of systemic factors as a link between obesity and mammary carcinogenesis, 

we further investigated the evidence in support of chronic inflammation (code line 2) at the local 

(mammary gland) and cellular levels (cancer cells).  

 

Materials and methods for experiments performed in Chapter 5 are provided in Appendix D.  

 

5.B. Results and Discussion 

Plasma analytes were chosen to represent the components of the mechanistic processes of chronic 

inflammation, deregulated insulin signaling, and altered adipokine expression, that have been most 

characterized relative to breast cancer. Values for all analytes are reported in Table 6. Fold-change of DS 

compared to DR is shown for ovary intact rats in Figure 22 and in ovariectomized rats in Figure 23. 
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5.B.1. Host systemic evidence for code line 2: DS rats do not display elevations in systemic markers 

associated with chronic inflammation  

While a trend towards elevated TNF-α ǁas oďseƌǀed in ovary intact DS vs. DR rats, none of the 

differences between groups reached statistical significance. In ovariectomized rats, IL-6 and IL-ϭβ 

displayed a trend towards increased expression in DS-OVX compared to DR-OVX, but again, none of the 

differences were statistically significant.  

 

5.B.2. Host systemic evidence for code line 3: DS rats display systemic deregulation of insulin signaling 

Ovary intact DS rats displayed elevated fasted plasma insulin (3.5-fold increase) and insulin-like growth 

factor (IGF)-1 (1.2-fold increase). The IGF-1: IGF binding protein (IGFBP)-3 ratio was increased 1.2-fold in 

ovary intact DS compared to DR. As IGFBP-3 prevents IGF-1 from binding to membrane receptors and 

inducing signal transduction cascades, these data suggest that DS rats have higher levels of bioavailable 

IGF-1 (p<0.05 for all analyses). 

 

While we did not detect a difference in fasted plasma glucose levels between ovary intact DS and DR, 

calculated insulin resistance, estimated through homeostasis model assessment-estimated insulin 

resistance (HOMA-IR), was elevated (2.6-fold increase) in DS versus DR rats. These data are in 

agƌeeŵeŶt ǁith LeǀiŶ͛s pƌeǀious ĐhaƌaĐteƌizatioŶ of the ŵetaďoliĐ aďŶoƌŵalities displaǇed ďǇ D“ ƌats 

(145;146).  

 

Compared to ovary intact DS rats, DS-OVX rats display a trend towards worsening of parameters 

associated with insulin resistance, including elevated circulating insulin, glucose, IGF-1, and HOMA-IR. 

Interestingly, IGFBP-3 increased in both DR-OVX and DS-OVX rats, so the magnitude of IGF-1:IGFBP3 is 

similar in ovary intact and ovariectomized animals, suggesting that there is no difference in bioavailable 
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IGF-1. This is consistent with the work of Kalu et al., who reported that both IGF-1 and IGFBP-3 

expression increase following ovariectomy in Sprague Dawley rats, potentially due to loss of estrogen-

induced repression of IGF-1 expression (226).  

 

 5.B.3. Host systemic evidence for code line 4: DS rats display altered adipokine expression 

Circulating leptin (6.2-fold increase) and adiponectin (1.8-fold increase) levels were both elevated in 

ovary intact DS compared to DR rats. While the elevation in adiponectin was unexpected, previous 

studies utilizing obese (fa/fa) Zucker rats have reported elevated levels of circulating adiponectin with 

reduced tissue expression of the adiponectin receptor in obese versus lean animals, suggesting that 

feedback loops may be disrupted in obesity (227). Reduced adiponectin: leptin ratio was observed in 

ovary intact DS versus DR rats.  

 

In ovariectomized rats, leptin increased in both DR-OVX and DS-OVX rats compared to ovary intact 

animals. However, adiponectin and the adiponectin: leptin ratio was reduced in both groups of 

ovariectomized rats. This decrease is particularly evident when comparing ovary intact DR to DR-OVX. 

This may be due to the additional weight gain that accompanies ovariectomy in all animals, as adipose 

tissue expansion is associated with reduced adiponectin production (110;228).  

 

Taken together, the investigation of circulating analytes ĐoŶfiƌŵed LeǀiŶ͛s pƌeǀious ƌepoƌts of 

deregulated insulin signaling and hyperleptinemia in DS rats. Next, we used multivariate modeling of 

plasma data to evaluate interrelationships between circulating analytes and cancer outcomes.  
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Table 6 

Legend. Circulating analytes in plasma from N=10 each ovary intact and ovariectomized DR and DS rats. Values are means ± SD. Animals chosen for analysis of 

plasma proteins were purposefully chosen from non-overlapping areas of the body weight distribution. Analytes were log-transformed prior to analysis and 

Welch Satterthwaite method was used as necessary to satisfy statistical assumptions. 
1
Analyte concentrations were converted to molarity prior to ratio 

determination. Abbreviations are defined on page 154. 

Analyte/ Analyte Ratio DS DR p DS-OVX DR-OVX p 

INSULIN SIGNALING       

Insulin
 
(pg/mL) 1402.4 ± 851.9 398.9 ± 577.5 <0.001 1654.9 ± 1115.4 480.9 ± 452.5 <0.001 

Glucose (mg/dL) 136.4 ± 78.7 119.1 ± 63.5 0.53 168.6 ± 78.7 95.2 ± 23.3 <0.001 

HOMA-IR 12.0 ± 6.6 4.6 ± 7.9 <0.01 16.9 ± 4.1  2.7 ± 0.7 <0.001 

IGF-1 (ng/mL) 285.7 ± 28.1 235.3 ± 39.5 <0.01 429.4 ± 69.9 289.1 ± 52.3 <0.001 

IGFBP-3 (ng/mL) 82.7 ± 14.0 80.6 ± 12.9 0.73 137.2 ± 20.0 103.0 ± 18.4 <0.001 

IGF-1:IGFBP-3
2
 14.6 ± 2.0 12.3 ± 2.3 <0.05 13.0 ± 1.2 11.7 ± 1.2 <0.05 

ADIPOKINES       

Leptin
 
(ng/mL) 5.6 ± 1.4 0.9 ± 0.8 <0.001 7.6 ± 1.4 1.5 ± 0.5 <0.001 

AdipoŶeĐtiŶ ;μg/ŵLͿ 31.8 ± 13.3 17.1 ± 4.7 <0.01 44.7 ± 18.5 26.8 ± 8.3 <0.05 

Adiponectin:leptin
2
 0.5 ± 0.3 3.3 ± 2.8 <0.01 0.5 ± 0.3 1.7 ± 0.7 <0.001 

INFLAMMATORY CYTOKINES       

C‘P ;μg/ŵLͿ 695.3 ± 315.0 617.1 ± 200.5 0.52 951.2 ± 205.6 870.2 ± 203.9 0.36 

IL-ϭβ ;pg/ŵLͿ 17.3 ± 25.7 7.8 ± 9.6 0.33 27.4 ± 25.7 6.0 ± 5.5 0.28 

IL-6 (pg/mL) 46.3 ± 43.44 111.2 ± 235.6 0.76 871.1 ± 2156.4 132.4 ± 229.6 0.52 

TNF-α ;pg/ŵLͿ 3.3 ± 1.0 2.6 ± 0.9 0.12 8.8 ± 11.6 7.9 ± 6.2 0.78 



 

 92 

 

 

 
Figure 22 

Legend. Ovary intact DS rats display alterations in host systemic analytes involved in insulin signaling and adipokine expression. Values are fold-change levels of 

circulating analytes in DS compared to DR ovary intact rats, sorted by body weight (BW) (i.e., heaviest DS vs. heaviest DR) ± SEM. ^ denotes biomarkers 

graphed on the right Y-axis to account for differences in magnitude. Values *, **, and *** denotes statistical significance at p<0.05, <0.01, and <0.001, 

respectively, based on t-tests with false discovery rate=1%.  
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Figure 23 

Legend. DS-OVX rats display alterations in host systemic analytes involved in insulin signaling and adipokine expression. Values are fold-change levels of 

circulating analytes in DS compared to DR ovariectomized rats, sorted by body weight (BW) (i.e., heaviest DS vs. heaviest DR) ± SEM. ^ denotes biomarkers 

graphed on the right Y-axis to account for differences in magnitude. Values *, **, and *** denotes statistical significance at p<0.05, <0.01, and <0.001, 

respectively, based on t-tests with false discovery rate=1%.  
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5.B.4. Multivariate analysis fails to provide evidence in support of a linkage between plasma analytes 

and cancer outcomes 

Chapter 3 highlighted the utility of using multivariate data analysis tools to visualize high-dimensional 

datasets with several interrelated, likely co-linear variables. To evaluate the cumulative ability of plasma 

analytes to predict cancer outcomes, the plasma data reported in sections 5.B.2-4 were used to 

construct two PLS models using N=13 plasma analytes as X variables with Y (response) variables of 

cancer multiplicity or burden, which were elevated in obesity in both ovary intact and ovariectomized 

rats. Circulating estrogen was not included in these analyses due to concern over specificity of the 

detection method, as reported in Chapter 4. Within these models, whereas positive coefficients are 

positively correlated with cancer multiplicity and burden, negative coefficients are inversely correlated 

with cancer outcomes.  

 

The PLS model for cancer multiplicity was fitted by a principal component that explained 58.3% of the 

variance in X variables (plasma analytes) and 9.4% of the variance in the Y variable (cancer multiplicity). 

The model cumulatively had very poor ability to predict cancer multiplicity based on cross-validation (Q2 

values), as only 0.2% of samples would be predicted correctly based on the plasma data. The PLS model 

for cancer burden was fitted by a principal component that explained 57.5% of the variance in X 

variables (plasma analytes) and 8.9% of the variance in Y (cancer burden). The PLS model based on 

cancer burden had even poorer predictive ability than observed for the cancer multiplicity PLS model, as 

0% of samples would be predicted correctly based on the plasma data. Within these models, coefficients 

for the individual plasma analytes (X variables) are shown with jack-knifed 95% confidence intervals in 

Figure 24A for the cancer multiplicity PLS model and in Figure 24B for the cancer burden PLS model. 

None of the correlation coefficents for the X-variables, other than leptin in the cancer multiplicity PLS 
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model (Figure 24A), reached statistical significance. Thus, little evidence in support of a linkage between 

the plasma analytes assessed at the host systemic level and cancer outcomes. 

 

 

 

Figure 24 

Legend. Host systemic factors have poor correlation with cancer outcomes of multiplicity and burden. Coefficients 

for partial least squares regression, based on Y= cancer multiplicity (panel A) and Y= cancer burden (panel B) in the 

first principal component. Plasma values from N=10 each DR ovary-intact, DS ovary-intact, DR-OVX, and DS-OVX 

rats were included in analysis.  

 

 

A 

B 
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5.B.5. DS serum + adipocyte-secreted factors do not stimulate growth of rat mammary cancer stem cells 

The lack of evidence that host systemic factors provide a linkage between obesity and breast cancer was 

surprising. This finding is also potentially troubling, as much of what is reported clinically is based 

exclusively on the assessment of circulating factors. Therefore, we decided to use an alternative 

approach to explore this question. Since increased cancer multiplicity and burden was observed in both 

ovary intact and ovariectomized DS rats, we conducted a set of in vitro experiments designed to model 

cancer cell growth as a cumulative response to a summation of circulating and local factors. In Chapter 

4, we demonstrated that the effect of obesity on promoting mammary carcinogenesis is likely estrogen-

independent; therefore, we used the LA7 cancer cell line, which is a rat-derived cancer stem cell line 

that is negative for expression of ER/PR.  

 

LA7 is a rat mammary cancer stem cell line isolated from a rat mammary tumor induced by the 

carcinogen DMBA. We hypothesized that serum from DS rats would preferentially stimulate the growth 

of this cell line over that observed when cells were treated with DR serum. LA7 cells were cultured in 5% 

fetal bovine serum (standard for cell culture), 5% DR serum, or 5% DS serum for 72 hrs. DS serum did not 

stimulate the growth of LA7 cells (Figure 25A).  

 

To evaluate whether body weight of the DS animal was associated with a linear response in cell growth, 

LA7 cells were seeded at low density and treated with 5% FBS, DR serum, or DS serum for 168 hrs (7 

days, as shown in Figure 25B. There was no relationship between growth of LA7 cells and weight of the 

DS animal, suggesting that circulating factors are not associated with growth of ER/PR- cancer cells in 

either a cumulative or linear fashion.  
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Adipose tissue is an endocrine organ whose secretory 

activity is altered in obesity. To evaluate whether 

secreted factors from adipocytes impacted the 

growth of rat cancer stem cells, we co-cultured 

primary adipocytes with LA7 cells. Adherent LA7 cells 

were treated with 5% FBS, 500 adipocytes from DR or 

DS rats, 5% DR or DS serum, or 500 adipocytes + 5% 

DR/DS rat serum. The addition of adipocytes alone 

did not independently impact growth of LA7 cells, 

regardless of whether adipocytes were isolated from 

DR or DS rats. Interestingly, as shown in Figure 25C, 

the combination of serum + adipocytes slightly 

suppressed LA7 growth with both DR and DS rats, 

though the magnitude of this suppression was 

slightly larger for DS than DR.  

 

Neither DR nor DS serum stimulated the growth of 

LA7 over that observed with FBS; however, the 

addition of 5% DS serum caused distinct 

morphological changes in the growth of the LA7 

monolayer. Specifically, LA7 cells rolled up into a 

mammosphere-like presentation (Figure 26). 

Mammosphere formation by cancer cells is generally 

associated with reduced differentiation, expression of cancer stem cell markers, the epithelial-to-

S
e

r
u

m
-f

r
e

e

F
B

S
 5

%

D
R

 5
%

D
S

 5
%

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

3 .5

D
3

O
D

5
9

0

2 5 0 3 0 0 3 5 0 4 0 0

0

1

2

3

4

D S  s e ru m  ( in d iv id u a l)

D R  s e ru m  (p o o le d )

B o d y  w e ig h t (g )

D
7

O
D

5
9

0

L
A

7
 o

n
ly

L
A

7
 +

 a
d

ip
o

L
A

7
 +

 s
e
ru

m

L
A

7
 +

 s
e
ru

m
 +

 a
d

ip
o

0

1

2

3

O
D

 @
 5

9
0

 n
m

D R

D S

A

B

C

Figure 25 

Legend. Neither circulating nor adipose-secreted 

factors stimulate growth of LA7 cancer stem cells. Cells 

were seeded into 96 (Panels A and B) or 24 (Panel C) 

well plates. Following treatment, cells were fixed with 

1% glutaraldehyde and stained with 0.02% crystal 

violet; growth is linear with absorption at 590 nm. 

Panel A) 3-day treatment with DS serum does not 

stimulate LA7 growth. Panel B) 7-day treatment with 

DS serum does not correlate with weight of the DS 

animal. Panel C) 3-day co-culture of 500 

adipocytes/well + DR/DS serum. 



 

 98 

mesenchymal cell type transition, tumor aggressiveness, and invasion (229;230). Epithelial cells normally 

grow in a monolayer in culture, as these cells have impaired mammosphere-forming capacity due to 

anoikis, or detachment-mediated cell death. Gaining the ability to form mammospheres is associated 

with independence from adherence and protection from anoikis (230).  

 

 

The fouƌ ͞liŶes of Đode͟ disĐussed thƌoughout this disseƌtatioŶ ƌepƌeseŶt a suŵŵaƌǇ of the fouƌ ŵaiŶ 

mechanistic hypotheses whereby obesity may promote the carcinogenic process in the breast. However, 

there are undoubtedly other lines of code separate from these 4 mechanisms, which may be less well 

documented or thus far unidentified. Rat plasma potentially contains hundreds of analytes that could be 

exerting the link between obesity and promotion of breast carcinogenesis. However, these data suggest 

that neither circulating factors nor adipose-derived factors from DS rats are capable of stimulating the 

growth of ER/PR- cancer cells in culture. These data do not conclusively rule out a role for insulin and 

leptin signaling; rather, these data provide evidence in support of shifting focus to interrogate 

mechanisms that are functioning at the cellular level. With that in mind, we decided to further explore 

local effects in the model with a focus on the process of chronic inflammation (code line 2).  

 

 

Figure 26 

Legend. DS serum treatment induces mammosphere-like changes in morphological growth patterns of LA7 cells, 

compared to culture with FBS or DR rat serum. Representative fields captured at 40X magnification from 96-well 

plates treated with indicated serum for 3 consecutive days.  
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5.B.6. DS rats display mammary adipocyte hypertrophy  

Fat depots have two options with which to store excess energy: hyperplasia (stimulation of 

preadipocytes differentiating into mature adipocytes) and hypertrophy (expanded volume of existing 

adipocytes). Compared to smaller adipocytes, hypertrophic adipocytes display increased rates of 

lipolysis, increased free fatty acid turnover, increased 

expression of inflammatory cytokines TNF-α aŶd IL-6, and 

increased risk of adipocyte death (56-60).  

 

To evaluate whether DS adipocytes are larger than DR 

adipocytes, cancer-free mammary fat pad was used to 

measure adipocyte diameter in DR and DS rats. As shown 

in Figure 27, adipocyte area was significantly larger in DS 

compared to DR fat pad (DS 1560 ± 83.09 µm
2
, DR 1127 ± 

30.72 µm
2
, p<0.001). These data suggest that adipocytes within DS mammary fat pad are hypertrophic 

compared to DR adipocytes. 

 

Adipocytes are induced to differentiate through action of peroxisome proliferator activated receptor 

(PPAR)-γ, aŶd ĐliŶiĐallǇ oďese populatioŶs haǀe ďeeŶ pƌeǀiouslǇ ƌepoƌted to haǀe iŵpaiƌed aďilitǇ to 

stimulate adipocyte differentiation (55). To eǀaluate ǁhetheƌ PPA‘γ eǆpƌessioŶ ǁas alteƌed iŶ D“ ǀs. D‘ 

rats, we evaluated expression of this protein in cancer-free mammary gland. As shown in Figure 28A, 

PPA‘γ ǁas stƌoŶglǇ suppƌessed iŶ D“ ŵaŵŵaƌǇ glaŶd, suggestiŶg that D“ ƌats ŵaǇ haǀe aŶ iŵpaiƌed 

ability to stimulate preadipocytes to differentiate into mature adipocytes. Therefore, dealing with 

chronic positive energy balance in DS rats would be accomplished through hypertrophy of existing 

adipocytes as opposed to recruitment and differentiation of preadipocytes.  

Figure 27 

Legend. Adipocytes from DS mammary fat pad 

are larger than adipocytes from DR. Adipocyte 

area in H&E stained sections from cancer-free 

mammary fat pad. Values are means ± SEM.  
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Fatty acid binding protein (FABP)-4 is induced 

by PPA‘γ aŶd is fƌeƋueŶtlǇ used as a ŵaƌkeƌ foƌ 

mature adipocytes. FABP-4 functions to 

sĐaǀeŶge fattǇ aĐids aŶd thus atteŶuates PPA‘γ 

activity (231). Recently, Queipo-Ortuño et al. 

reported that FABP-4 expression was decreased 

in subcutaneous fat from obese vs. lean healthy 

individuals (232). However, as shown in Figure 

28A, no difference was observed in FABP-4 

expression between DR and DS rats. 

 

 In the Queipo-Ortuño study, FABP-4 expression 

in subcutaneous adipose tissue was most 

strongly correlated with adipose triglyceride 

lipase expression (232). Thus, this data suggests 

that although DS rats have larger adipocytes, DS 

and DR rats may have similar rates of lipolysis. 

Higher rates of lipolysis generally correspond to 

an inflammatory adipocyte phenotype.  

 

Several studies have described the presence of 

crown-like structures (CLS) in obese humans 

and mice, in which macrophages surround a 

distressed, dying, or dead adipocyte 

Figure 28 

Legend. DS rats do not display evidence of mammary gland 

inflammation. Lysate from N=6 each DR and DS mammary 

gland were evaluated for expression of lipid regulatory 

proteins (Panel A) and inflammatory signaling proteins (Panels 

B and C) using capillary electrophoresis-based Western blot 

technology for signal detection. Values are mean 

chemiluminescence ± SEM, normalized to total protein 

concentration in lysate.  
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(222;223;233;234). Quantitation of CLS in rats of the age that were investigated is difficult as these 

structures occur with very low frequency. As an alternative, expression of the macrophage marker CD-

68 was evaluated in mammary gland lysate. Contrary to what would be expected in the presence of 

chronic inflammation in DS rats, expression of CD-68 was significantly reduced in the mammary gland of 

DS compared to DR rats as shown in Figure 28A, suggesting that DS mammary glands do not have 

increased macrophage infiltration compared to DR rats.  

 

5.B.7. DS rats do not display elevated inflammatory cytokine expression 

Next, expression of several inflammatory markers was evaluated in mammary gland of DR compared to 

DS rats. The binding of TNF-α ďiŶdiŶg to its ƌeĐeptoƌ stiŵulates aĐtiǀitǇ of the iŶhiďitoƌ of kiŶase kiŶase 

;IKKͿ, ǁhiĐh aĐtiǀates tƌaŶsĐƌiptioŶal aĐtiǀitǇ of ͞the ĐeŶtƌal ƌegulatoƌ of iŶflaŵŵatioŶ͟, NF-kB (235). As 

shown in Figure 28B, precursor (P) and mature (M) forms of TNF-α ǁere similar between DR and DS rats. 

Whereas total NF-kB was elevated, expression of phospho-NF-kB and the ratio of phospho: total NF-kB 

(representing activated NF-kB) was suppressed in the mammary gland of DS compared to DR rats. IL-6 

was not detected in mammary gland from ovary intact DR and DS rats. These data suggest that DS rats 

do not display elevated inflammatory cytokine expression compared to DR rats.  

 

Fatty acid synthase (FASN) and 5-lipoxygenase (LOX) are enzymes that produce lipid species involved in 

inflammatory signaling cascades. As shown in Figure 28C, expression of FASN was significantly reduced 

in DS compared to DR mammary gland. DS and DR rats displayed similar levels of 5-LOX expression, 

suggesting that enzymes involved in inflammatory lipid species production did not differ between DR 

and DS rats.  
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5.B.8. Tumors from DS rats do not display evidence of IL-6 signaling  

IL-6 is associated with increased risk of breast cancer. However, we could not detect a signal 

corresponding to IL-6 in lysate from DR or DS rat mammary gland. The binding of IL-6 to its membrane 

receptor causes activation of the signal transducer and activator of transcription (STAT)-3 signaling 

molecule, which is associated with cancer cell survival and proliferation (63). Nearly all immortalized 

breast cancer cell lines and approximately 

50-60% of primary breast cancers display 

constitutive activation of STAT3 signaling 

(236).  

 

Using STAT3 as a proxy to IL-6 activity, we 

evaluated expression of total and 

phospho-STAT-3 in lysate from ovary intact 

DR and DS tumors. In keeping with results 

from the mammary gland, as shown in 

Figure 29, DS tumors displayed significantly reduced phospho-STAT-3, suggesting that IL-6 pro-

inflammatory activity is not higher in DS tumors.  

 

Taken togetheƌ, these eǆpeƌiŵeŶts failed to fiŶd eǀideŶĐe iŶ suppoƌt of the ĐhƌoŶiĐ iŶflaŵŵatioŶ ͞liŶe 

of Đode͟ as aŶ oďligatoƌǇ ŵeĐhaŶisŵ ǁheƌeďǇ oďesitǇ pƌoŵotes ŵaŵŵaƌǇ ĐaƌĐiŶogeŶesis iŶ D“ ƌats.  

 

5.C. Conclusions 

The data reported in this chapter are consistent with previous findings of Levin that DS rats display 

alterations in insulin signaling and adipokine expression at the host systemic level; however, little 
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Figure 29 

Legend. Lysate from N=6 each DR and DS tumor lysate was 

evaluated via capillary electrophoresis using the Protein Simple 

Wes system. Chemiluminescent signal was normalized to 

GAPDH.  
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evidence was found to support host systemic factors in linking the enhanced carcinogenic response to 

obesity in DS rats. Moreover, while chronic inflammation is reported to be a mechanism whereby 

obesity increases breast cancer risk, we found no evidence that adipocyte hypertrophy in the mammary 

gland of DS rats was associated with inflammation in the adipose tissue surrounding the mammary 

epithelium. To rephrase, chronic inflammation that accompanies obesity may be permissive for breast 

carcinogenesis, but it does not appear to be obligatory for the heightened cancer response observed in 

DS rats.   

 

Taken together, the data presented in Chapters 2-5 represent the initial experiments to identify 

mechanisms whereby obesity promotes mammary carcinogenesis in the DS Levin rat strain. These 

findings are summarized in Chapter 6, and a clinical corollary to our rat model is considered. Future 

direction of this research is discussed in two contexts. First, the next logical sets of experiments for the 

Levin DS project are summarized as specific aims, as an extension of this project in the current 

laboratory. Next, my research in pursuit of mechanisms that link obesity and breast cancer is discussed 

in the context of my postdoctoral fellowship. Finally, the impact and utility of our integrated rat model is 

discussed as a tool for translational preclinical research in the field of obesity and breast cancer 

research. 
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CHAPTER 6: SUMMARY, FUTURE DIRECTION, AND CONCLUSIONS 

 

6.A. Summary 

6.A.1. Chapter 1: Overview 

Breast cancer is a deceptively simple term that encompasses a highly complex, widely heterogeneous 

disease process that develops decades after the initial transformation of a normal cell to a cell with 

neoplastic potential. Likewise, most cases of obesity develop as a consequence of chronic consumption 

of sŵall ĐaloƌiĐ eǆĐesses. IŶ spite of the ͞ŵagiĐ ďullet͟ ŵeŶtalitǇ that seeŵs peƌǀasiǀe iŶ ĐaŶĐeƌ 

research, no preclinical tool has been found to be solely sufficient to model the relationship between 

obesity and breast cancer. Each model has benefits and drawbacks. Rather than searching for a perfect 

preclinical model, as researchers, our goal should be to utilize the strengths of many models to provide 

complementary data that can be used to deconstruct the impact of obesity on breast cancer risk and 

outcomes. 

 

6.A.2. Chapter 2: Obesity accelerates mammary carcinogenesis in DS rats 

The initial findings from a novel rat model of obesity and breast cancer are reported, in which the Levin 

strains of rats, which display different polygenic susceptibility to diet-induced weight gain, are 

integrated with a polygenic model of mammary carcinogenesis. Acceleration of chemically induced 

mammary carcinogenesis was observed in obesity resistant (DR) compared to obesity susceptible (DS) 

rats. Compared to DR rats, DS rats displayed a 16% reduction in cancer latency, a 26% increase in cancer 

incidence, a 2.5-fold increase in cancer multiplicity, and a 5.4-fold increase in cancer burden. Contrary to 

our expectations, 34.9% of DS tumors were negative for expression of the progesterone receptor (PR), in 

comparison to 22.8% of DR tumors (odds ratio =1.78 (0.83–3.81; p=0.134)). This finding has clinical 

relevance, as hormone receptor negative breast cancers are associated with high cancer aggressiveness 
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and corresponding poor prognosis. As obese women with breast cancer are more likely to have larger 

tumors compared to their lean counterparts, we focused on elucidating mechanisms responsible for the 

increased cancer burden in DS rats. 

 

6.A.3. Chapter 3: DS favors faster tumor growth via accelerated cell cycle transit and reduced apoptotic 

efficiency 

In normal, non-cancerous tissues, size is held in homeostasis through tight regulation of the processes of 

proliferation and death. Experiments were designed to determine the balance between these processes 

in cancer cells from DR and DS tumors. DS tumors had higher prevalence of mitotic figures (DR 0.453 ± 

0.030; DS 0.581 ± 0.057 mitotic figures per 100 cells; p=0.173), as a marker of proliferation, and higher 

prevalence of apoptotic bodies (DR 1.877 ± 0.192, N=20; DS 2.549 ± 0.252 apoptotic cells per 100 cells, 

N=20, p<0.01), as a marker of cell death. Immunohistochemical analyses revealed that DS tumors do not 

have a higher percentage of cells that express Ki67, a proliferative marker (DR N=20, 9.0% ± 0.7; DS 

N=20, 9.4% ± 0.9, p=0.41). However, when Ki67 expression was combined with prevalence of mitotic 

figures, it was observed that more mitotic figures were present than could be accounted for with a 24-

hour estimated cell cycle duration. This led to the concept that DS tumors display shorter cell cycle 

duration, which is consistent with the markedly larger mass of the tumors in DS rats.  

 

To identify cellular machinery that enables the faster growth rate of DS tumors, expression of the 

proteins that regulate the G1/S transition in the cell cycle was investigated. DS tumors displayed 

hyperphosphorylation of retinoblastoma protein (Rb) accompanied by release of the E2F1 transcription 

factor. Free E2F1 induces transcription of proteins required for transition into S phase as evidenced by 

overexpression of cdc6, a protein required for cell cycle progression that contains an E2F1-binding site in 

its promoter, in DS compared to DR rat tumors.  
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To determine whether the increased apoptosis in DS tumors was accomplished through the intrinsic vs. 

extrinsic pathways of apoptosis induction, the activity of a panel of caspases was assessed, but no 

differences were observed, leading us to question how increased apoptosis could occur in the absence 

of increased caspase activity. This puzzle was resolved with the finding that DS tumors had over 5X 

higher expression of X-linked inhibitor of apoptosis protein (XIAP), which inhibits the activity of the 

executioner caspases, including caspase 3. This finding informs the trend towards longer apoptotic 

duration that was identified in DS compared to DR tumors (DR 4.7 ± 0.6 hrs; DS 5.9 ± 1.0 hrs; p=0.306). 

Thus, the apoptotic process may take longer to accomplish in DS compared to DR tumors due to 

competition between pro-apoptotic and anti-apoptotic signals; i.e., DS tumors may have impaired 

apoptotic efficiency.  

 

6.A.4. Chapter 4: obesity in DS rats promotes hormone-receptor negative mammary carcinogenesis in 

the absence of peripheral estrogen production 

One of the dominant mechanisms proposed to link obesity to breast cancer in postmenopausal women 

centers on peripheral production of sex hormone within adipose tissue. Locally produced estrogen is 

hypothesized to stimulate the growth of breast cancer cells, due to the proximity of epithelial cells to 

adipocytes in the breast tissue. Removal of the primary source of sex hormones via ovariectomy in rats 

selects for a population of cells that can grow in the absence of high levels of estrogen. In 

ovariectomized (OVX) rats, obesity in DS-OVX rats was associated with a 1.7-fold increase in cancer 

multiplicity and a 2.6-fold increase in cancer burden compared to DR-OVX rats. These data suggest that 

obesity can promote mammary carcinogenesis in hormone receptor-negative cell populations.  

 

Several experiments failed to generate evidence in support of peripheral production of estrogens by fat 

tissue in the female rat. First, <1% of cancer cells in tumors from both DR-OVX and DS-OVX rats were 
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positive for expression of the progesterone receptor (PR), which is a measure of functional estrogen 

activity. Obesity in DS-OVX rats did not increase this percentage, as would be expected with expansion 

of an estrogen-responsive cell population in the presence of abundant peripheral estrogen production. 

Secondly, no aromatase was detected at the transcriptional (mRNA) or translational (protein) level in 

mammary gland from either DR-OVX or DS-OVX rats. Finally, there was no difference in concentration of 

progesterone, a sex hormone whose expression is induced by estrogen signaling, in plasma from DR-

OVX vs. DS-OVX rats, suggesting that peripheral estrogen production is not a method whereby a 

significant amount of estrogen is produced in our rat model. Collectively, the data indicate that estrogen 

is not obligatory for the effect of obesity on promoting mammary carcinogenesis in DS rats. 

 

6.A.5. Chapter 5: Host systemic factors do not explain the link between obesity and breast carcinogenesis 

Experiments were conducted to investigate the obesity-breast cancer link at the host systemic level 

relative to mechanistic processes of chronic inflammation, deregulated insulin signaling, and altered 

adipokine expression. Multivariate analyses failed to provide evidence in support of a linkage between 

these factors and cancer at the host systemic level. Additional experiments were performed to assess 

the likelihood that circulating factors in DS serum would affect hormone receptor negative disease in a 

cell culture model. Treatment of LA7 cells, an ER/PR- rat mammary cancer stem cell line derived from a 

rat mammary adenocarcinoma, with DS serum failed to stimulate the growth of these cells in either a 

concentration (% serum) or body weight (of the DS rat)-dependent manner. Likewise, co-culture of LA7 

cells with primary adipocytes from DS mammary gland did not stimulate cancer cell growth.  

  

Unexpectedly, at the host systemic level, there were no differences between circulating levels of 

inflammatory cytokines TNF-α, IL-6, IL-ϭβ, oƌ C-reactive protein between DR and DS rats. To pursue this 

finding at the local (mammary gland) and cellular (tumor) level, the mammary gland of DS rats displayed 
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adipocyte hypertrophy (DS 1560 ± 83.09 µm
2
, DR 1127 ± 30.72 µm

2
, p<0.001). However, contrary to 

what is generally reported in the literature, adipocyte hypertrophy was not associated with macrophage 

infiltration based on expression of macrophage marker CD-68. Evaluation of inflammatory signaling 

proteins revealed that NF-kB and TNF-α ǁeƌe Ŷot iŶĐƌeased iŶ D“ Đoŵpaƌed to D‘. As IL-6 was not 

detectable within the mammary gland, we evaluated activity (phosphorylation) of the signal transducer 

and activator of transcription (STAT)-3 protein. Activation of STAT-3 was significantly reduced in DS 

tumors compared to DR tumors, consistent with the other evidence that inflammation is not driving the 

carcinogenic process in DS rats. Collectively, these data failed to support an obligatory role for chronic 

inflammation as a dominant mechanism whereby obesity promotes mammary carcinogenesis.  

 

6.A.6. Synthesis 

The data presented in this dissertation represents the initial set of findings on mechanisms whereby 

susceptibility to excessive weight gain resulting in obesity increases mammary carcinogenesis in diet-

induced obesity susceptible (DS) Levin rats. The evidence in support of or contradictory to the four 

mainstream hypotheses proposed to link obesity and breast cancer is summarized in Table 7. 

 

Table 7 

Legend. Summary of experimental data generated in support or to the contrary of the four mainstream 

hypothesized to link obesity to breast cancer. 

 

1. Peripheral estrogen production  Evidence in support Evidence to the contrary 

  Host systemic None Ch. 4: no difference between 

circulating levels of progesterone, 

SHBG: progesterone ratio in DS vs. DR 

  Local (mammary gland) None Ch. 4: aromatase mRNA not detected 

in DS or DR mammary gland 

Ch. 4: aromatase protein not detected 

in DS or DR mammary gland 

  Cell autonomous None Ch. 2: increase in number of tumors 

classified as PR- in DS rats 

Ch. 2: % PR-positive cells inversely 
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correlated with tumor growth rate 

Ch. 4: obesity in DS does not increase 

% PR-expressing cells 

2. Chronic inflammation Evidence in support Evidence to the contrary 

  Host systemic Ch. 5: trend towards increased IL-6, 

IL-ϭβ, aŶd  
Ch. 5: Plasma pro-inflammatory 

cytokines unaffected  

  Local (mammary gland) Ch. 5: adipocyte hypertrophy Ch. 5: CD-68 macrophage marker 

lower in DS compared to DR mammary 

gland 

Ch. 5: inflammatory cytokine and lipid 

production machinery similar in DS 

rats 

Ch. 5: co-culture of rat mammary 

cancer stem cells with primary 

mammary gland adipocytes does not 

stimulate cell proliferation 

  Cell autonomous None Ch. 5: STAT3 is not activated as a proxy 

to IL-6 activity in DS tumors 

3. Deregulated insulin signaling Evidence in support Evidence to the contrary 

  Host systemic Ch. 5: increased circulating insulin, 

IGF-1, IGF-1: IGFBP-3 

  

Ch. 5: serum from DS rats does not 

stimulate proliferation of rat 

mammary cancer stem cells 

Ch. 5: circulating insulin, IGF-1 not 

associated with cancer multiplicity and 

burden in multivariate model 

  Local (mammary gland) N/A N/A 

  Cell autonomous N/A N/A 

4. Altered adipokine expression Evidence in support Evidence to the contrary 

  Host systemic Ch. 5: increased leptin, decreased 

adiponectin: leptin ratio 

Ch. 5: serum from DS rats does not 

stimulate growth of rat mammary 

cancer stem cells 

  Local (mammary gland) N/A Ch. 5: co-culture of rat mammary 

cancer stem cells with primary 

mammary gland adipocytes does not 

stimulate cell proliferation 

  Cell autonomous N/A N/A 

 

The integrated rat model for obesity and breast cancer appears to be a valuable tool for deconstructing 

links between these diseases with the potential for unearthing previously unrecognized mechanisms. 

Our findings do not support a role for peripheral estrogen production or chronic inflammation as key 

mechanisms underlying the heightened cancer response observed in DS rats; however, this evidence 
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does not per se mean that those mechanisms are not operative in human disease. Rather, estrogen 

signaling and chronic inflammation may be permissive, as opposed to obligatory, processes that link 

obesity to breast cancer. Our findings suggest that mechanisms functioning at the level of tumor cells, as 

opposed to the host systemic level, are likely involved in linking obesity to breast cancer. Elucidation of 

these mechanisms at the cellular level will have translational significance in subpopulations of obese 

women who develop poor prognosis molecular subtypes of breast cancer.  

 

6.A.7. Translational implications 

A provocative finding of the experiments reported in this dissertation was that excessive weight gain 

leading to obesity promoted growth of hormone receptor-negative cancer. This finding is of clinical 

importance given the mixed clinical literature regarding whether obesity promotes predominantly 

hormone receptor-positive vs. -negative breast cancer. Hormone receptor-negative breast cancer is less 

common than luminal, receptor-positive breast cancer. However, hormone receptor-negative breast 

tumors are more frequently deadly, being associated with increased tumor aggressiveness, higher rates 

of metastasis, and reduced disease-free and overall survival. These data suggest that our integrated rat 

model may provide a tool with which to interrogate mechanisms that drive hormone-independent 

breast carcinogenesis within specific subpopulations of obese women.  

 

6.B. Future Direction  

Future studies will focus on determining how obesity-related factors influence pro-carcinogenic 

signaling processes—to rephrase, how are external factors talking to internal signaling cascades? 

Hormone receptor-negative tumors can be divided into two subgroups: tumors that overexpress the 

human epidermal growth factor receptor (Her)-2 (ER/PR-/Her2+) and tumors that are triple negative 

(ER/PR/Her2-). More than 70% of breast tumors that fall into the triple negative clinical subtype 
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overexpress Her1 (237), also called epidermal growth factor receptor (EGFR). EGFR and Her2 belong to 

the same receptor erbB/Her receptor family, and overexpression or constitutive activity of EGFR or Her2 

has been associated with cancer aggressiveness, poor prognosis, and reduced overall and disease-free 

survival (238;239).  

 

EGFR and Her2 function most effectively as heterodimers, as Her2 cannot bind ligand and is dependent 

on heterodimerization with other growth factor receptors for signal transduction. In addition to 

heterodimerization between erbB/Her family members, heterodimers can form with insulin-like growth 

factor receptor (IGF-1R) and the leptin receptor (Ob-R) (240). As obese DS rats were demonstrated to 

have elevated circulating insulin, IGF-1, and leptin in our studies, crosstalk between Her2/EGFR, insulin, 

and leptin signaling on the growth of hormone-independent tumors remains an important mechanism 

to investigate.  

 

6.B.2. Specific Aim 1: What growth factor receptors are expressed and actively signaling in tumors from 

ovariectomized DR and DS rats? 

Specific Aim 1 Approach: UsiŶg tuŵoƌs fƌoŵ Chapteƌ ϰ͛s oǀaƌieĐtoŵized D‘ aŶd D“ ƌats, eǆpƌessioŶ aŶd 

activation (phosphorylation) of Her2, EGFR, IGF-1R, the insulin receptor (IR), and ObR will be determined 

via immunohistochemistry. As ErbB/Her-containing heterodimers signal through the metabolic 

PI3K/Akt/mTOR pathway and the mitogenic Ras/Raf/MEK/ERK pathway, expression of S6 kinase/eIF-4E 

and c-myc/CREB will be used as proxies to activity of the metabolic and mitogenic signaling pathways, 

respectively. To determine whether crosstalk exists between erbB/Her family members and 

insulin/leptin signaling, Her2 and EGFR will be immunoprecipitated followed by immunoblotting against 

IGF-1R, IR, and ObR. To confirm the outcomes of these experiments at the histological level, 

immunofluorescence will be used to visualize co-localization of Her2, EGFR, IGF-1R, and ObR in tumors.  
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The experiments proposed for Aim 1 will establish whether Her2 and EGFR signaling is active in DS 

hormone-receptor negative tumors. Moreover, Aim 1 will provide additional evidence on the potential 

for deregulated insulin signaling and altered adipokine expression as mechanisms driving tumor growth 

in DS rats, steering future experiments either deeper into these mechanisms, or informing researchers 

that they should search for additional, less mainstream mechanisms. 

 

6.B.3. Specific Aim 2: Does interruption of growth factor receptor signaling impair the ability of obesity 

to promote estrogen-independent tumor growth? 

Specific Aim 2 Approach: To evaluate whether evasion of growth suppression via inhibition of erbB/Her 

family signaling is due to plasticity among erbB/Her family members in DS rats, future studies will treat 

ovariectomized MNU-injected DR and DS rats with monoclonal antibodies against Her2 (trastuzumab) or 

EGFR (cetuximab). Tumors will be assessed via immunohistochemistry for expression of Her2, EGFR, IGF-

1R, and ObR, and via immunoblotting for expression of S6 kinase, EIF4E, c-myc, and CREB. 

 

If targeting erbB/Her signaling with antibody therapy does not significantly reduce tumor growth in 

conjunction with reduced Her2/EGFR expression, these data would suggest that escape from growth 

suppression is accomplished via erbB/Her family member plasticity and/or upregulation of IGF-1R or 

ObR (leptin receptor). Insulin and leptin as escape mechanisms from growth suppression will be further 

assessed using transgenic mice. Mice selectively bred for polygenic obesity susceptibility, similar to 

LeǀiŶ͛s ďƌeediŶg stƌategǇ, ǁill ďe iŶteƌďƌed ǁith the stƌaiŶ Tg;MMTV-Erbb2)
NK1Mul

/J, modeling the Her2-

overexpressing breast tumor subtype, or with the strain Tg(Kras)
tm4Tyj

/J, modeling the triple negative 

breast tumor subtype, depending on the findings of Aim 1. Mice with conditional mammary gland 

deletion of IGF-1R and ObR will be used in combination with the DR-like and DS-like selectively bred 

mice, allowing for evaluation of whether ablation of these signaling pathways ameliorates the 
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heightened cancer response. These experiments set the stage for the next set of experiments, in which 

insulin and leptin signaling will be reduced via weight gain prevention or weight loss. If conditional 

deletion of IGF-1R or ObR does not halt growth of hormone receptor-negative tumors, but weight gain 

prevention or weight loss does halt tumor growth, this would suggest that obesity-related factors other 

than insulin or leptin are promoting tumor growth.  

 

6.B.4. Specific Aim 3: Does prevention of weight gain or weight loss protect against the increased cancer 

response in DS rats, and are these interventions are equally protective?  

DS Levin rats display polygenic susceptibility to development of obesity and heightened cancer response 

to a chemical carcinogen. Two questions remain unknown: 1) is weight loss sufficient to reverse the 

epigenetic reprogramming that occurs as a result of chronic positive energy balance?; and 2) is polygenic 

obesity susceptibility of DS rats sufficient to confer increased cancer response in the absence of actual 

weight gain? To address these questions, ovariectomized carcinogen-injected rats will be subjected to 

one of two protocols: 40% energy restriction beginning at 60 days of age, the point at which DR and DS 

rat body weights significantly diverge; or pair-feeding starting at 21 days of age to maintain similar body 

weights as DR rats. If obesity susceptibility alone (i.e., prevention of weight gain) does not confer 

increased cancer response, then the epigenetic changes that occur with progressive weight gain over 

time are likely responsible for promoting cancer growth.  

 

ELISA will be used determine whether weight loss and weight gain prevention induce equivalent 

reductions in insulin, IGF-1, and leptin, as both strategies were previously reported by Levin to induce 

favorable changes in male rats (241;242). Immunohistochemistry will be used to evaluate expression 

and phosphorylation of Her2 and EGFR, and immunoblotting will be used to evaluate expression of S6 

kinase, EIF4E, c-myc, and CREB as proxies to functional activity of erbB/Her signaling. According to Levin, 
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DS rats display elevated insulin and leptin compared to DR rats prior to becoming obese (243). 

Therefore, if insulin or leptin signaling are obligatory mechanisms whereby obesity promotes mammary 

carcinogenesis in DS rats, prevention of weight gain or weight loss will likely not affect cancer response.  

 

Regardless of whether weight loss or weight gain prevention is associated with reduced cancer response 

in DS rats, these studies can be used to generate hypotheses for additional lines of investigation. 

Specifically, if weight loss does reduce the cancer response, evaluation of the methylome using 

comprehensive high-throughput arrays for relative methylation (CHARM) (244) in tumors from DS ad lib-

fed animals and DS weight loss will provide a list of genes whose change in methylation status is likely 

associated with this favorable response. Conversely, if weight loss does not attenuate the increased 

cancer response in DS rats, genes that differ in methylation status can probably be ruled out as 

important factors in promoting tumor growth, allowing researchers to focus on genes whose 

methylation pattern is unchanged in response to weight loss.  

 

The experiments proposed for Aim 3 will reveal whether weight loss or prevention of weight gain in DS 

rats protects against the increased cancer response. Moreover, these experiments will indicate whether 

two methods of weight control have equivalent effects on cancer response, metabolic parameters, and 

expression and activity of growth factor receptors that may be acting to promote growth of hormone 

receptor-negative mammary tumors. These experiments will pave the way for the next generation of 

experiments seeking to deconstruct the complex link between obesity and breast cancer in a preclinical 

model. 
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6.C. Conclusions 

The transformation of a normal cell to a cell with neoplastic potential can be thought of in the context of 

a stopwatch. In order to start ticking, the stopwatch requires programming. Within the stopwatch 

analogy, the four most widely accepted mechanisms proposed to link obesity to breast cancer can be 

thought of as ͞liŶes of Đode͟ that ŵaǇ ďe ƌespoŶsiďle foƌ pƌoŵotiŶg ĐaŶĐeƌ gƌoǁth iŶ speĐifiĐ 

subpopulations of women. These are: 1) peripheral production of estrogen; 2) chronic inflammation; 3) 

deregulated insulin signaling, and 4) altered adipokine expression. 

 

However, each stopwatch is different. Every tumor can have a unique combination of driver and 

passenger mutations in addition to epigenetic regulation of the hallmarks that enable cancer growth.  

Thus, these 4 mechanistic hypotheses are unlikely to explain the link between obesity and breast cancer 

in all women. Indeed, the experiments conducted herein failed to provide evidence in support of two of 

these four mechanisms in the increased cancer response conferred by obesity in DS rats and provided 

only weak evidence for the remaining two mechanisms. 

 

Like most dissertations, these initial experiments, seeking to elucidate mechanisms behind the 

promotion of breast carcinogenesis by obesity in the Levin rat model, have generated more questions 

than answers. The core message of this dissertation can be summarized as follows: breast cancer is a 

heterogeneous disease, and more effort is needed to characterize specific subpopulations of women 

with breast cancer. 

 

This dissertation highlights the fact that the link between obesity and breast cancer is complex, 

heterogeneous, and, most importantly, remains poorly understood. More work is required to determine 

how obesity promotes estrogen-independent cancer cell growth in subpopulations of women with 
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hormone receptor-negative tumors. To this end, I will be continuing my research in the breast cancer 

field by studying breast cancer stem cells at the University of Colorado Health Sciences Center in Aurora, 

working under the mentorship of Dr. Carol Sartorius. My research will focus on the metabolic 

requirements of breast cancer stem cells. 

 

In summary, this dissertation provides the initial set of experiments interrogating the effects of obesity 

in a breast cancer model with potential value to a wide range of researchers, from basic scientists to 

clinicians, in which to study the impact of excess weight and adiposity on mammary carcinogenesis. 

Given the rapidity of tumor development, this model provides a rapid, cost-effective platform on which 

to conduct preclinical research into the effects of obesity on malignancies of the breast. Finally, the 

integrated Levin model represents a preclinical tool that facilitates investigation of unrecognized 

mechanisms beyond those traditionally accepted to link obesity to carcinogenesis of the breast, in an 

effort to identify clinical subpopulations at high risk of breast cancer whose disease is not explained via 

those mechanisms that are commonly cited. 
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Appendix A: Chapter 2 Materials and Methods 

 

A.1. Animal breeding and husbandry 

Breeder pairs (approximately 30 pairs each Levin DR and DS) were obtained from Taconic (Taconic, 

Hudson, NY) at 5-7 weeks of age. These outbred strains of Sprague Dawley rats were originally obtained 

by Taconic from Barry Levin after 20 generations of selective breeding for rapid weight gain on sucrose 

and moderate fat (32%) (SUMO32) diet, and are commercially available from the Taconic repository 

(strain: TacLevin:CD(SD)DIO, stock #DS; TacLevin:CD(SD)DR, stock #DR).  

 

In-house breeding was conducted using a Poiley rotational breeding scheme, in which breeder pairs are 

systematically rotated in each breeding cycle (245). Pups were weaned at 3 weeks of age and were 

switched to SUMO32 diet the following day. Post-weaning, rats were housed 3 per cage, maintained on 

12 hour light: dark cycle at 24±2°C with 30% relative humidity, and given ad libitum access to SUMO32 

diet and distilled water. Animals were weighed weekly. Figure 4 depicts study design for the studies 

reported in Chapter 2. 
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A.2. Diet formulation and composition 

Composition of the purified sucrose and moderate (32%) fat (SUMO32) diet is reported in Table 8.  

Table 8 

Legend. SUMO32 purified diet formulation. 

Ingredient g/100g kcal/100g %kcal/100g 

Anhydrous milk fat 4.2 37.8 8.7 

Corn oil 11.3 101.7 23.4 

Sucrose 27.8 111.2 25.6 

Dextrose 7.2 28.8 6.6 

Corn starch 20.6 82.4 19.0 

Casein 18.2 72.8 16.7 

Solka-Floc 2.9 -- -- 

DL-methionine 0.3 -- -- 

Choline bitartrate 0.2 -- -- 

Calcium carbonate 0.5 -- -- 

Sodium bicarbonate 0.5 -- -- 

Potassium citrate 

monohydrate 

1.3 -- -- 

Mineral mix 3.8 -- -- 

Vitamin mix 1.1 -- -- 

Total 100.0 434.7 100.0 

 

The diet provides 4.35 kcal/g (18.2 kJ/g). Anhydrous milk fat and corn oil together provide 32.1% of kcal 

as fat in the SUMO32 diet, comprised of 29.2% saturated fatty acids (9.4% of total dietary kcal), 28.4% 

monounsaturated fatty acids (9.1% of total dietary kcal), and 42.4% polyunsaturated fatty acids (13.6% 

of total dietary kcal) ((246), Mazola nutrition label). The SUMO32 diet provided 16.7% protein and 51.2% 

ĐaƌďohǇdƌate ďǇ kĐal, Đoŵpaƌaďle to the ŵaĐƌoŶutƌieŶt ĐoŵpositioŶ of the aǀeƌage AŵeƌiĐaŶ ǁoŵaŶ͛s 

diet (247). The SUMO32 rodent diet was mixed on-site at ouƌ laďoƌatoƌǇ͛s diet ŵiǆiŶg faĐilitǇ aŶd stoƌed 

at -20°C until used.  

 

A.3. N-methyl-N-Nitrosourea-induced mammary carcinogenesis 

To initiate mammary carcinogenesis according to the rapid emergence model first developed by our 

laboratory (148), female ovary intact DR (N=103) and DS (N=101) rats were injected intraperitoneally (50 
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mg/kg) with N-methyl-N-nitrosourea (MNU) (Ash Stevens, Detroit, MI, prepared fresh in acidified saline) 

at 21 days of age as previously described (156). In aqueous solutions, MNU rapidly decomposes to 

diazomethane with a half-life of 1.2 hours at pH 7 and 0.1 hours at pH 8 and is undetectable in the 

animal after 24 hours (248;249). Bi-weekly palpations for detection of mammary tumors began 24 days 

post-carcinogen and continued until study termination. All animal studies were performed in 

accordance with the Colorado State University Institutional Animal Care and Use Committee. 

 

A.4. Necropsy 

The study was terminated 63 days post-carcinogen when rats were 84 days of age (DR N=103, DS 

N=101). At necropsy, fasted rats were euthanized within a 4-hour window via CO2 inhalation and cervical 

dislocation. Blood was collected into EDTA VacuTainers (Becton-Dickinson, Franklin Lakes, NJ) and 

centrifuged to separate plasma. After separation, plasma was kept on ice before freezing at -20°C until 

use. Rats were skinned and mammary gland chains were examined under translucent light; grossly 

visible tumors were excised, weighed, and transported for further processing. 

 

A.5. Histopathological characterization of tumors 

Our lab has previously described histopathological characterization of MNU-induced lesions in the rat 

(250). Briefly, formalin fixed paraffin embedded tumors were cut into 4 micron thick sections using a 

microtome, which is comparable with average nuclear diameter (176) ensuring a single cell-width 

section, then stained with hematoxylin and eosin (H&E). Briefly, sections are deparaffinized in xylene, 

hydrated through a series of ethanols, stained in Harris hematoxylin for 4 minutes, rinsed in deionized 

ǁateƌ, ďlued iŶ “Đott͛s ǁateƌ foƌ ϭ ŵiŶute, ƌiŶsed iŶ deioŶized ǁateƌ, ĐouŶteƌstaiŶed ǁith eosiŶ Y foƌ Ϯ 

minutes, followed by gradual dehydration in a series of ethanols, cleared in xylene, and allowed to air 

dry. After mounting and coverslipping, sections were diagnosed according to criteria developed by our 
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laboratory and others (140;250-252). Only histopathologically confirmed mammary adenocarcinomas 

were included in statistical analyses of cancer outcomes or in subsequent molecular biology methods. 

We have previously reported that mammary tumors induced by MNU are histologically similar to human 

tumors (140).  

 

A.6. Immunohistochemistry for determination of hormone receptor status 

Immunohistochemistry was performed as previously described (253) on first-palpated tumors from DR 

and DS rats. In the event that multiple tumors from the same rat fit first-palpated criteria, both tumors 

were included in analysis of PR expression (N=65 DR tumors, N=117 DS tumors). Briefly, paraffin-

embedded tumor sections were cut into 4 um sections with a microtome, floated onto a tissue flotation 

bath, placed onto slides, and air dried at room temperature overnight. Sections were deparaffinized in 

xylene, hydrated in a series of ethanols, and rinsed in deionized (DI) water. Heat-induced epitope 

retrieval (HIER) was performed for 3 minutes in a pressurized decloaking chamber (Biocare Medical, 

Concord, CA) using 10mM citrate buffer (Citra Plus, Biogenex, Fremont, CA) and samples were cooled at 

room temperature for 30 minutes. Sections were rinsed 2X in DI water and endogenous peroxidase 

activity was quenched by immersing slides in 3% hydrogen peroxide for 5 min. Sections were rinsed 2X 

in DI water followed by phosphate buffered saline + 0.1% Tween-20 (PBS-T), pH 7.4 2X for 5 minutes 

each. Sections were blocked with 10% normal donkey serum for 20 minutes.  

 

Blocking serum was drained and PR primary antibody (mouse monoclonal antibody, clone PR88, 

Biogenex, Fremont, CA; diluted 1:200 in PBS-T + 10% NDS ) was applied for 90 minutes followed by 3X 5 

minutes rinses in PBS-T. A biotinylated donkey anti-mouse secondary antibody (Jackson Immuno 

Research, West Grove, PA; diluted 1:1000 in PBS-T + 10% NDS) was applied for 30 minutes followed by 

3X 5 minute rinses in PBS-T. Horseradish peroxidase (HRP) conjugated streptavidin (Dako, Carpinteria, 
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CA; diluted 1:1000) was applied to sections for 30 minutes followed by 3X 5 minute rinses in PBS-T. 

Sections were rinsed in PBS, 3 rinses X 5 minutes each. Sections were rinsed in DI water, counterstained 

with Harris hematoxylin (1:10) for 3 minutes, rinsed in DI water, and ďlued iŶ “Đott͛s ǁateƌ foƌ ϭ ŵiŶute. 

Sections were dehydrated in a series of ethanols, cleared in xylene, and mounted/ coverslipped.  

 

After drying overnight, N=10 hot-spot (high immunoreactivity) and random (raster pattern) fields per 

tumor were collected at 100X magnification using a Zeiss AxioCamHR (Zeiss, Thornwood, NY) digital 

camera mounted on a Zeiss Axioskop II microscope and saved as JPEG files (1300 x 1030 pixels, 24 bit 

RGB, 150 DPI). PR expression was analyzed using the open source ImmunoRatio plugin for ImageJ image 

analysis software (NIH), which calculates the percentage of streptavidin- or DAB-stained (brown) nuclei 

and hematoxylin-stained (blue) nuclei over total nuclear area, giving a labeling index. Thresholding was 

set using tumors from ovariectomized lean rats, which are considered hormone receptor negative.  

 

A.7. Statistical Analyses 

Statistical analyses were performed under the guidance of a biostatistician (P. Wolfe). Analyses were 

performed on data from palpable mammary adenocarcinomas. Differences were assessed for statistical 

significance as follows:  

 Body weight:  

o Final body weight at study termination was assessed by unpaired t test with Welch-

Satterthwaite correction 

 Cancer outcomes: 

o Cancer incidence (%) was assessed by chi square test of equal proportions 

o Cancer multiplicity (# carcinomas/ rat) was assessed using Poisson regression 
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o Carcinoma burden (g/ rat) was assessed using a two-stage model combining chi-square 

(incidence) and log linear (burden) p-values  

o Cancer latency was assessed using a log-rank (Mantel-Cox) test in Kaplan-Meier survival 

analysis, where animals without palpated tumors were right-hand censored at 60 days 

post-carcinogen, the last day rats were palpated for detectable tumors before study 

termination (censored: DR N=39, DS N=9).  

 Immunohistochemistry: 

o Statistical analysis of PR % immunoreactivity was determined using two-sided StudeŶt͛s 

t-test ǁith α=.Ϭϱ. Visual thƌesholdiŶg of the fƌeƋueŶĐǇ aŶalǇsis of P‘ iŵŵuŶoƌeaĐtiǀitǇ 

was used to set the cutoff for calling a tumor PR+ for contingency analysis.  
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Appendix B: Chapter 3 Materials and Methods 

 

B.1. Criteria used to determine tumor subset for evaluation 

Nearly 800 histopathologically confirmed adenocarcinomas were obtained from the ovary-intact DS and 

DR rats reported in Chapter 2, and random choosing of a subset of tumors for further evaluation is 

arbitrary and can potentially mask causal relationships due to noise. Therefore, we developed a strategy 

to choose tumors for analysis in a data-driven manner. 

 

As reported in Chapter 3 in Figure 7, the slope of the linear regression line for DS tumors was 0.9678 g 

per week prior to end of study versus 0.5333 g per week for DR rats; this is a fold-change of 1.82 for DS 

tumors compared to DR tumors. For each week prior to the end of study, 1.82 was used as a multiplier 

for DR tumors to give a target tumor mass range for matching DS tumors; i.e., if a DR tumor palpated 

one week prior to the end of study weighed 1 g, the target DS tumor for analysis palpated one week 

prior to the end of study would weigh 1.82 grams ± 5%. Both DS and DR tumors in a pair were required 

to have a portion of the tumor frozen for evaluation of protein expression.  

 

Based on these criteria, N=20 DR and DS tumor pairs, or a total of N=40 tumors, were chosen for 

subsequent evaluation. These N=20 each DR and DS tumors are referred to as the full tumor set. As DR 

and DS tumors display considerable heterogeneity in molecular characteristics, some experiments were 

performed using only the DR and DS tumors with the highest mitotic index from within the full set of 

N=20; this subset of N=9 tumors each DR and DS are referred to as the high mitotic index subset.  

Standard practice in histology involves collecting the same number of high powered fields from every 

tumor (such as used for determination of PR % immunoreactivity). However, tumor size varied widely 
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within the full subset of N=20 tumors each DR and DS. Counting the same number of fields per tumor 

regardless of size does not equally characterize the heterogeneity of large and small tumors.  

 

Given the frequency distribution of tumor diameter 

for 40 tumors (from N=20 each DR and DS rats) in 

Figure 30, we developed a method that bases 

number of fields to count on the diameter of the 

tumor at its longest axis rounded to the nearest half 

millimeter. The implementation of this method, 

including categories of tumor diameter, 

corresponding number of fields to image, and the 

breakdown of the full set of DR and DS tumors into 

the 4 categories, is depicted in Table 9. 

 

Table 9 

Legend. Categories of tumor size and corresponding number of fields to capture based on tumor diameter in mm 

across longest axis. 

Category Diameter range (mm) Fields to image DR (% tumors) DS (% tumors) 

1 <9.5 5 34.8 10.3 

2 10-14.5 10 21.7 27.6 

3 15-19.5 15 30.4 41.3 

4 >20 20 13.0 20.7 

 

 

 

  

 
Figure 30 

Legend. MNU-induced tumors display high 

heterogeneity in size. Histogram of DR (N=20) and DS 

(N=20) formalin-fixed paraffin-embedded tumor 

section diameter. 
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B.2. Histological evaluation of apoptosis  

Using the criteria in Table 9, fields from 4 µm sections of formalin fixed paraffin embedded (FFPE) 

tumors were collected under 400X magnification. A macro was written by J.N. McGinley in Image Pro 

Plus v4.5 (Media Cybernetics, Inc. Rockville, MD) to facilitate manual tagging analysis of each image. The 

macro was designed to load one color JPEG image at a time and assign the complete file path 

information to a temporary variable. A manual tag parameter file containing all of the necessary class 

information was then loaded and displayed as a small user interface in a floating window. Three possible 

tag classes were used; normal (green cross); apoptotic (yellow circle); and mitotic (blue triangle). The 

macro would then look for a .TAG file with the same file name as the image in the same directory folder.  

The colored tag points would appear as a non-destructive layer superimposed on the original .TAG 

image. Necrotic cells were not tagged. The cytological criteria in Table 10 and Figure 31 were used as 

the basis of assigning apoptotic tags.  

 

Table 10 

Legend. Cytological characteristics of apoptotic cells. Table developed in collaboration and used with permission 

from J. N. McGinley, Colorado State University. 

 Apoptosis Necrosis 

A. Relation to neighboring 

cells 

Pulls away from neighboring cells 

leaving a vacuolated space. 

May or may not pull away from 

neighboring cells. 

B. Nuclear size Small, pyknotic (condensed) Pyknotic 

C. Nuclear shape Spherical to crescent shaped. Nuclear 

material may migrate to one pole. 

Irregular 

D. Nuclear stain Hyperchromatic, i.e. indigo to jet 

black 

Hypochromatic 

E. Karyorrhexis  

(nuclear fragmentation) 

Yes - small, dark, spherical apoptotic 

bodies 

Yes – fragments into smaller irregular 

pieces 

F. Karyolysis  

(dissolution of chromatin) 

No Yes 

G. Cytoplasm Hypereosinophilic, i.e. dark red-

orange cytoplasm if present 

Normal to hypoeosinophilic and may 

swell prior to lysis.  

H. Inflammatory response  Absence of white blood cells. Increased number of white blood cells, 

i.e. lymphocytic infiltration. 

I. Cell number Individual cells or small clusters Groups of cells 
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Figure 31 

Legend. Examples of cytological characteristics of apoptotic vs. necrotic cells. Images are cropped from H&E 

stained tumor sections at 400X magnification.  

 

In the event of karyorrhexis, or fragmentation of the nucleus into small spherical bodies, fragments that 

were touching or in very close proximity to one another were counted as one apoptotic body. Apoptotic 

index was determined as number of apoptotic bodies per 100 cells in a field. Researchers were blinded 

as to tumor identity. Each field was tagged by one researcher then checked by another researcher to 

ensure that all cells were tagged and to align agreement upon tags. A representative tumor field is 

shown without tags in Figure 32A and with tags for normal cells, apoptotic bodies, and mitotic figures in 

Figure 32B.
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Normal		

Apoptotic	body		

Mitotic	igure		

A	 B	

Figure 32 

Legend. Example of ImageJ macro for tagging cells in H&E stained tumor fields collected at 400X magnification. Panel A) tumor field prior to 
tagging with macro. Panel B) same tumor field following tagging, showing presence of normal, apoptotic, and mitotic cells.  
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B.3. Histological evaluation of proliferation 

For a typical rapidly proliferating human cell with a total cycle time of 24 hours, the first gap phase, G1, 

lasts about 11 hours. DNA synthesis for the daughter cell (S phase) lasts about 8 hours, and the second 

gap phase G2 lasts about 4 hours. Mitosis, or M phase, in which the newly replicated chromosomes line 

up along the metaphase plate and divide into daughter cells, lasts about 30 minutes to 1 hour 

(175). Within M phase, distinct subphases are readily identified in H&E stained tissue sections, with 

metaphase and anaphase most apparent, as shown in Figure 33. According to Steel, the magnitude of 

the mitotic index is a reliable general estimation of the rate of cell proliferation such that high mitotic 

index corresponds with a rapid proliferation rate, while low mitotic index corresponds to a slower 

proliferation rate (176). If tissues excised from animals are fixed promptly, the proportion of cells 

containing mitotic figures can be assumed to faithfully represent cells which at the time of fixation were 

undergoing mitosis (176).  

 

 

 

Figure 33 

Legend: Representative nuclear characteristics of a cell progressing through phases of mitosis (based on 

descriptions in (175)). Images are cropped from H&E stained tumor sections at 400X magnification.  
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B.4. Immunohistochemical evaluation of proliferation (Ki67) 

Studies utilizing interfering antibodies or knockout models have demonstrated that the proliferative 

marker Ki67 is critical for cell division, though the precise role of the protein is still unclear (254). A 

recent meta-analysis reports that Ki67 positivity of breast tumors is associated with higher probability of 

relapse and worse survival in all patients (255). To determine the proliferative cell fraction within DR and 

DS tumors, the full tumor set was assessed for expression of Ki67.  

 

Number of fields collected was based on tumor diameter as described in Table 9, and tumors were 

assessed for Ki67 expression using immunohistochemistry methods as described in Appendix A, section 

A.6, with the exception of using a Ki67 primary 

antibody (diluted 1:200 in PBS-T + 10% NDS, clone SP6, 

rabbit monoclonal antibody, Thermo Scientific, 

Waltham, MA) for 60 minutes, 3X 5 minute washes in 

PBS-T, followed by incubation with a biotinylated 

donkey anti-rabbit secondary antibody (Jackson 

ImmunoResearch, West Grove, PA; diluted 1:1000 in 

PBS-T + 10% NDS) applied for 30 minutes followed by 

3X 5 minute rinses in PBS-T. Rat cecum tissue was 

included as a positive control for Ki67 staining. Figure 

34 displays a representative rat tumor section probed for Ki67 and demonstrates the high intratumor 

heterogeneity commonly found in rat tumors. Random fields from stained sections were collected under 

100X magnification. Expression was analyzed using ImmunoRatio plugin for ImageJ image analysis 

software as described in Appendix A, section A.6.  

 

Figure 34 

Legend. Representative tumor section for Ki67 

staining from fields captured at 100X magnification. 

Nuclear immunoreactivity for Ki67 results in brown 

nuclei compared to unreactive nuclei stained blue 

with hematoxylin. 
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B.5. Fluorimetric caspase activity assay 

To determine if altered activity of apoptotic machinery (intrinsic vs. extrinsic) is responsible for the 

unexpected heightened apoptosis observed in DS tumors, lysate from the full tumor set of DR and DS 

tumors was prepared by pulverizing flash-frozen tumors using mortar and pestle, adding ~3 volumes of 

caspase activity assay lysis buffer (MBL International, Woburn, MA), incubating on ice for 20 minutes, 

followed by centrifugation at 12,000 x g for 20 minutes. The clear supernatant was removed and after 

determining protein concentration by Bradford assay, samples were further diluted to 1.5 mg protein/ 

mL lysis buffer. Tumor lysate was first evaluated using the Apo ONE caspase 3/7 Activity Assay Kit from 

Promega (Madison, WI), which utilizes the consensus peptide sequence DEVD (Asp-Glu-Val-Asp) for 

caspases 3 and 7, termed executioner caspases for their role in activating proteins including poly-(ADP 

ribose) polymerase (PARP), DNA-dependent protein kinase (DNA-PK), lamins, and topoisomerases, 

which are responsible for apoptosome formation and cytological changes associated with apoptosis 

(179).  

 

Table 11 

Legend. Amino acid sequence of consensus caspase target peptides. 

Caspase Type Peptide Sequence 

2 Effector VDVAD 

3/7 Executioner DEVD 

6 Effector VEID 

8/10 Initiator, extrinsic pathway IETD 

9 Initiator, intrinsic pathway LEHD 

 

In this assay, the consensus sequence for caspases 3/7 (Table 11) is conjugated to rhodamine 110 

(R110), a profluorophore that becomes intensely fluorescent after cleavage and removal of the DEVD 

peptide by caspase-3/7 activity. Lysate was diluted 1:1 with ApoOne reagent + caspase substrate in 

triplicate in black 384-well plates, after which plates were sealed and incubated at 37°C for 1 hour. 

Evaluation of free R110 was determined by imaging plates with a SpectraMax plate reader (Molecular 
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Devices, Sunnyvale, CA) at excitation=499 nm/ emission=521 nm. While caspase 8/10 activity was 

assessed via the colorimetric caspase activity assay (next section, section B.6), due to low colorimetric 

signal, this caspase was also evaluated with the consensus sequence (Table 11) linked to the 

profluorophore AFC (7-amino-4-trifluoromethyl-coumarin). Evaluation of free AFC as a proxy to caspase 

activity was evaluating by reading on a SpectraMax plate reader with excitation at 400 nm, 

excitation=505 nm after incubation at 37°C for 2 hours. Standard curves were constructed using free 

R110 and AFC standards serially diluted in water to determine caspase activity as nmol free fluorophore 

released per µg protein (determined by Bradford protein assay) per minute.  

 

B.6. Colorimetric caspase activity assay 

Colorimetric activity assays were used to assess the activity of several other caspases. Consensus 

sequences of caspases 2, 6, 8/10, and 9, displayed in Table 11, conjugated to the chromogen para-

nitroaniline (pNA), were used to assess caspase activity within tumor lysate. Cleavage of the peptide 

sequence releases free pNA, a chromogen which absorbs at 405 nm. Lyophilized caspase substrates 

(Enzo Life Sciences, Farmingdale, NY) were reconstituted at 4 mM in DMSO. Equal volumes of 1.5 mg/ml 

tumor lysate and 2X caspase activity assay buffer containing 10 mM dithiothreitol (DTT) were combined 

with 200 µM each caspase substrate-pNA conjugate. Plates were sealed and incubated at 37°C for 2 

hours. A standard curve using free pNA serially diluted in water was constructed to determine caspase 

activity as nmol free pNA released per µg protein (determined by Bradford protein assay) per minute.  

 

B.7. Lysate preparation 

To determine cell cycle machinery that could be responsible for the accelerated progression through the 

cell cycle in DS tumors, protein lysate from the high mitotic subset of DR and DS tumors was prepared 

using Tissue Protein Extraction Reagent (TPER) from Pierce (Rockford, IL), with all buffers containing 1X 
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HALT protease and phosphatase inhibitor cocktail (Pierce, Rockford, IL). Briefly, ~200 mg flash-frozen 

tumor tissue was pulverized using mortar and pestle, then 2 mL TPER was added and incubated with the 

lysate on ice for 20 minutes. Lysate was centrifuged at 12,000 x g for 10 minutes and the clear 

supernatant containing soluble proteins was transferred to a separate tube and aliquotted; the pellet 

containing nuclei, membranes, and insoluble material was discarded. Protein concentration was 

determined by Bradford assay and samples were diluted to equal concentration of protein per mL in ice-

cold TPER buffer containing 1X HALT protease/phosphatase inhibitor. 

 

B.8. Western blot-based detection of protein expression 

Tumor lysate from the high mitotic index subset was evaluated using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing and reducing conditions. Briefly, 

lysates were prepared to contain final concentration 1X Nu-PAGE LDS sample buffer (Life Technologies, 

Grand Island, NY) containing a denaturing agent and 0.1M DTT as a reducing agent. Samples were boiled 

at 95°C for 5 minutes, and 60 µg protein from each sample was loaded into a 4-12% Tris-Glycine gel (Life 

Technologies, Grand Island, NY) and run at 125V for 90 minutes to separate proteins. Following SDS-

PAGE, samples were transferred from the gel to a polyvinylidene fluoride (PVDF) membrane by applying 

25V for 2 hours at 4°C. Quality of transfer was evaluated by staining the gel and membrane with 

Coommassie and Ponceau S stains, respectively (Bio-Rad, Hercules, CA). Membranes were blocked with 

5% nonfat dry milk in Tris-buffered saline + 0.1% Tween-20 (TBS-T), and were incubated overnight at 4°C 

with primary antibodies diluted in 5% bovine serum albumin (BSA) in TBS-T.  

 

For detection, membranes were washed 3X with TBS-T, incubated with appropriate secondary 

antibodies directed against the host species of the primary antibody, then washed 3X with TBS-T. 

Membranes were incubated with Clarity Enhanced Chemiluminescence Reagents (ECL) (Bio-Rad, 
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Hercules, CA) and images were collected within the linear range of detection (below pixel saturation) 

using a ChemiDoc imager (Bio-Rad, Hercules, CA). Signal specificity was confirmed by comparing 

observed bands to the Amersham Full-Range Rainbow prestained protein ladder (GE Healthcare, 

Lafayette, CO).  

 

B.9. Capillary electrophoresis-based detection of protein expression 

Mammary gland lysate was evaluated using the Wes system from Protein Simple (San Jose, CA) with the 

rabbit master kit for proteins sized 12-230 kD. This technology has been previously reported (256;257). 

Briefly, lysates were diluted to final concentration of 1 mg/ml containing 1X fluorescent master mix 

(contains SDS and DTT as denaturing and reducing agents, respectively) and boiled at 95°C for 5 

minutes. Proteins were separated using a proprietary separation and stacking matrix within a 100-µm 

diameter glass capillary. Following separation, proteins were irreversibly cross-linked to the capillary 

wall via UV light, and primary antibodies, secondary antibodies, and chemiluminescent detection 

reagents were applied via vacuum. Signal specificity was confirmed by comparing signal location to that 

of a biotinylated protein ladder, detected by streptavidin and by comparing to 3 internal fluorescent 

standards located at 1, 29, and 230 kD.  

 

B.10. Immunoprecipitation 

Immunoprecipitation was performed using the Protein G Dynabeads kit from Novex (Thermo Fisher, 

GƌaŶd IslaŶd, NYͿ aĐĐoƌdiŶg to the ŵaŶufaĐtuƌeƌ͛s pƌotoĐol. DǇŶaďeads aƌe Ϯ.ϴ µŵ ŵagŶetiĐ ďeads 

covalently linked to protein G (binds Fc region of most antibodies). Briefly, Dynabeads were 

resuspended and 50 µL was transferred to a tube then placed on the magnet to separate beads from 

supernatant. Ten µg mouse anti-rat E2F1 antibody (Santa Cruz, Dallas, TX) was incubated with rotation 

for 10 min at room temperature. Tube was placed back on the magnet and unbound antibody and 
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supernatant was removed. Beads were washed 1X with PBS-T wash buffer, tube was placed on the 

magnet, and wash supernatant was removed. Five hundred µL each sample (1 mg/ml) was added to the 

beads with rotation for 10 minutes at room temperature. The antibody-antigen-Dynabeads complex was 

washed 3X with wash buffer. After each wash, beads were placed back on the magnet, supernatant was 

removed, and beads were resuspended in fresh wash buffer.  

 

Immediately prior to running the samples, 21 µL elution buffer and 7 µL 4X LDS sample buffer (Life 

Technologies, Grand Island, NY) and 0.1 M DTT were added, mixed, and tubes were heated for 10 min at 

70°C. Tubes were put on magnet to remove beads and 10 µL supernatant was run via SDS-PAGE as 

described in section B.8. Blocking and antibody incubation steps were performed as described in section 

B.8; to prevent detection of antibody heavy and light chains, TrueBlot secondary antibodies were used 

(detects only native/non-reduced/denatured antibodies (Rockland, Limerick, PA)) and detected via 

chemiluminescence.  

 

B.10. Statistical methods  

 Apoptotic/mitotic indices: 

o While Poisson distributions are commonly used to model tumor data, count data from 

H&E stained fields was demonstrated to be overdispersed compared to a reference 

Poisson model. One possible reason for overdispersion, aside from incorrect model 

usage, is positive correlation among observations (258).  

o Given the overdispersion, probabilities of apoptosis and mitosis were determined using 

a negative binomial distribution, as recommended by biostatistician J. zumBrunnen at 

Colorado State University. The negative binomial distribution arises from mixing a 
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Poisson process with a gamma distribution for the Poisson parameter, resulting in 

overdispersion compared to a reference Poisson model (259). 

o Count data was averaged across fields and analyzed under a negative binomial 

distribution using SAS software vs. 9.2. 

 Caspase activity assays: 

o Fluorimetric and colorimetric caspase activity assays were analyzed by log-transforming 

data where necessary to satisfy statistical assumptions of normality and variance, and 

comparing DR vs. DS groups using a two-sided “tudeŶt͛s t-test ǁith α=.Ϭϱ. 

 Western blot/CE-based evaluation of protein expression: 

o To quantify Western blot signals, densitometry was performed after correcting for 

background using the rolling disk method, size 20. Signals are expressed as density/mm
2
 

normalized to GAPDH as a loading control.  

o To quantify CE-based protein signals, chemiluminescent signal was taken as peak area 

and normalized to GAPDH as a loading control. 

o Protein expression levels in tumors were separately analyzed using multiple T-tests with 

false discovery rate (FDR) set at 1%.  

 Multivariate statistical modeling
6
 

o Principal components analysis (PCA) is a method to analyze large multivariate dataset 

which summarizes a set of correlated variables by transforming them, by means of an 

eigen decomposition, into a new set of uncorrelated variables, reducing the 

dimensionality of the original high dimensional dataset (261-264).  

                                                           
6
Interpretation and analysis of metabolomics data was previously published as Matthews SB et al. PLoS ONE (2012) 

7(8): e44179 (260). 
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o Partial least squares regression on tumor data was performed using Y=tumor size and 

Y=cell cycle duration. Coefficients for association of  X variables with Y variables are 

reported with 95% confidence intervals.  
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Appendix C: Chapter 4 Materials and Methods  

 

C.1. Animal breeding and husbandry 

In-house breeding was performed as described in Appendix A, section A.1. Study design for the 

experiments reported in Chapter 4 is depicted in Figure 17.  

 

C.2. Diet formulation and composition 

Animals were given ad libitum access to the sucrose and moderate 32% fat (SUMO32) purified diet 

which is described in Table 8, and were provided with distilled water.  

 

C.3. N-methyl-N-Nitrosourea-induced mammary carcinogenesis 

MNU was administered to female DR (N=36) and DS (N=72) rats as described in Appendix A, section A.3. 

 

C.4. Ovariectomy procedure 

Bilateral ovariectomies (ovex) were performed on rats at 28 days post-carcinogen (49 days of age). 

Animals were anesthetized to a surgical level via isoflurane inhalation, confirmed via lack of response to 

toe/skin pinch, and given bilateral eye lubrication followed by subcutaneous administration of a volume 

of sterile saline solution equivalent to 3-5% of starting body weight. An area from the tail to mid-rib was 

shaved dorsally on each side of the animal and cleaned. A small horizontal incision (perpendicular to the 

spine) was made just below the 13th rib. Each ovary was removed and the blood vessels and a small 

portion of the uterine horn below the ovary were permanently occluded using absorbable suture. The 

incision into the abdominal cavity was closed using absorbable suture and the skin incision was closed 

with wound clips, which were removed 7-10 days post-surgery.  
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Post-surgery, animals were placed under a heating lamp and monitored until recovered from 

anesthesia. Carprofen was administered subcutaneously at 5 mg/kg, once pre-operatively and then 

every 24 hours for three days post-operatively.  

 

C.5. Necropsy 

The study was terminated 91 days post-carcinogen when rats were 112 days of age (DR-OVX N=36, DS-

OVX N=74). Gross necropsy and blood, tissue, and tumor collection and processing were performed as 

described in Appendix A, section A.4. Tumors were stained with hematoxylin and eosin and diagnosed 

according to histopathological criteria as described in Appendix A, section A.5. 

 

C.6. Immunohistochemistry for determination of hormone receptor expression 

PR expression was used as proxy to functional estrogen signaling. PR expression was assessed via 

immunohistochemistry as described in Appendix A, section A.6, for first palpated tumors from DR-OVX 

and DS-OVX rats, resulting in analysis of N=21 DR-OVX and N=46 DS-OVX tumors.  

 

C.7. Real-time PCR 

RNA was isolated from approximately 100 mg DR and DS mammary gland from the gland 4 anatomical 

position (N=2 each) using the RNeasy Lipid Mini Kit from Qiagen (Valencia, CA) according to the 

ŵaŶufaĐtuƌeƌ͛s iŶstƌuĐtioŶs. ‘NA ǁas ƌeǀeƌse-transcribed to cDNA using the High Capacity cDNA 

Reverse Transcription Kit from Applied Biosystems (Thermo Fisher, Grand Island, NY) with random 

priming. The primers used are listed in Table 12.  
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Table 12 

Legend. Primers used for quantitative real-time PCR. 

Gene 

Name 

Protein 

Name 
Forward Primer Reverse Primer 

Amplicon 

Length 

cyp19a1 aromatase CACTGTTGTTGGTGACAGAGA AGTCCACGACAGGCTGAT 104 

pgk1 

phospho-

glycerate 

kinase 1 

GTGATGAGGGTGGACTTCAAT 
CAGAATTTGATGCTTGGGAC

A 
92 

 

Real-time polymerase chain reaction (PCR) was performed with 10 µL iQ Sybr Green Supermix (Bio-Rad 

Laboratories, Hercules, CA) containing the hot start iTaq polymerase, MgCl2, dNTPs, 0.2 µm forward and 

reverse primers, and 3 µl cDNA with ultrapure water used to bring final volume to 20 µL. Polymerase 

was activated by hot-start at 95°C for 3 minutes, following by 45 cycles of 95°C for 15 seconds followed 

by 65°C for 45 seconds. Final extension was performed at 55°C for 1 minute. Melt-curve analysis was 

then performed by increasing temperature 0.5°C every 10 seconds. Efficiency of primer sets was 

evaluated by using serially diluted rat ovarian cDNA, and both primer sets gave efficiency between 90-

110%. Calculated threshold (Ct) values were based on the maximum correlation coefficient method; 

however, no signal corresponding to cyp19a1/aromatase cDNA crossed the amplification threshold 

within 45 cycles.  

 

C.8. Capillary electrophoresis-based protein evaluation 

Lysate from ovariectomized DR and DS rats was prepared as described in Appendix B, section B.8 and 

analyzed via the Protein Simple Wes device as described in section 3.B.10. Recombinant aromatase 

protein from Novus Biologicals (Littleton, CO) was used at 0.0002 mg/ml as a positive control for a rabbit 

anti-cyp19a1 antibody from Novus Biologicals (Littleton, CO).  
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C.9. UPLC-MS/MS detection of estrogen 

Samples from N=8 each DR and DS, ovary intact and ovariectomized female rats (N=32 samples total) 

were evaluated. Approximately 500 mg of flash-frozen mammary fat pad was diced and put into 2 ml 

cryovials with exact weight recorded separately. Samples were shipped to the University of California-

Davis West Coast Metabolomics Center on dry ice. Mammary gland samples were ground and 

suspended in 4 mL of a 1:1 water/ methanol mixture. The suspension was homogenized, and the 

resulting homogenate was cooled on ice. The precipitated material was removed by centrifuging at high 

speed for 5 min, and the supernatant was removed and evaporated in a SpeedVac (Labconco Inc.) 

folloǁed ďǇ lǇophilizeƌ ;LaďĐoŶĐo IŶĐ.Ϳ. The ƌesidue ǁas suspeŶded iŶ ϭϱϬ μL of ǁateƌ/ŵethaŶol ;ϭ:ϭͿ, 

filteƌed thƌough a Ϭ.Ϯ μŵ ultƌaĐeŶtƌifuge filteƌ ;Millipoƌe IŶĐ.) and run in duplicate for UPLC-MS/MS 

analysis. Prior to analysis, samples were held in an Acquity sample manager at 5°C to preserve the 

analytes.  

 

Sex steroids were determined by the Gaikwad lab at the West Coast Metabolomics Center using ultra-

performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) as previously 

described (265). Briefly, 1 mg/ml stock solutions of pure steroid standards were prepared in a 

methanol/water (1:1 v/v) mixtuƌe aŶd stoƌed at −ϴϬ°C uŶtil use. “toĐk solutioŶs of steƌoid staŶdaƌds 

were diluted to working concentrations of 0.02 mg/ml by diluting 1:50 in methanol/ water (1:1 v/v) and 

were used to optimize run conditions prior to sample analysis. Analytical separations were conducted 

usiŶg aŶ AĐƋuitǇ UPLC H““ Tϯ ϭ.ϴ μŵ ϭ×ϭϱϬ ŵŵ aŶalǇtiĐal ĐoluŵŶ held at ϱϬ °C ǁith a floǁ ƌate of Ϭ.ϭϱ 

mL/min. The gradient started with 100% A (0.1% formic acid in H2O) and 0% B (0.1% formic acid in 

CH3CN) for 2 min, changed to 80% A/20% B over 2 min, then changed to 45% A/55% B over 5 min, 

followed by 20% A/80% B for 2 min. Finally, over 1 min, it was restored to the original 100% A, resulting 

in a total separation time of 12 min.  
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The elutions from the UPLC column were introduced to a Xevo-TQ triple quadruple mass spectrometer 

(Waters, Milford, MA, USA) with electrospray ionization (ESI) in positive ion (PI) and negative ion (NI) 

mode, capillary voltage of 3.0 kV, extractor cone voltage of 3 V, and detector voltage of 650 V. Cone gas 

flow was set at 50 L/h, and desolvation gas flow was maintained at 600 L/h. Source temperature and 

desolvation temperatures were set at 150 

and 350°C, respectively. The collision energy 

was varied to optimize daughter ions and the 

aĐƋuisitioŶ ƌaŶge ǁas ϮϬ−ϱϬ0 Da.  

 

Samples were introduced to the column at a 

floǁ ƌate of ϱ μL/ŵiŶ ďǇ usiŶg 

acetonitrile/water (1:1) and 0.1% formic acid 

as the carrier solution, and mass spectra 

were recorded. The masses of parent ion and 

daughter ions were obtained in the MS and 

MS/MS operations. MS/MS parameters were 

further used in the multiple reaction 

monitoring (MRM) method for UPLC/MS/MS 

operation and resulting data were analyzed 

and processed using MassLynx 4.1 software.  

 

Raw values for estrogen metabolites in the mammary glands of ovary intact and ovariectomized DR and 

DS rats are shown in Figure 35. While UPLC-MS/MS detection of estrogen is one of the most reliable 

methods for detecting sex hormones, the data (shown in Figure 35) gave us cause for concern for 
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Figure 35 

Legend. UPLC-MS/MS analysis of estrogen metabolites in 

mammary gland from N=8 each DR and DS rats, ovary intact 

and ovariectomized rats. E1=estrone; E2=estradiol; E1-

S=estrone sulfate; E2-S=estradiol sulfate. Bar represents data 

median. 
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several reasons. First, regardless of whether rats were DR, DS, ovary intact, or ovariectomized, nearly a 

third (10 out of 32 total) mammary gland samples had a signal corresponding to sulfated estrogen 

metabolites when there was no corresponding signal for either of the free estrogens. Conjugation of 

100% of the available E1 or E2 seems unlikely—a percentage of estrogens, even a small percentage, 

should be detected as the unconjugated/ bioavailable form, particularly in ovary intact rats.  

 

As another way to look at the data, we created contingency tables (shown in Figure 36) for estradiol/E2, 

based on E2 signal=0 (no signal detected) vs. E2>0 (any signal detected). The lack of any E2 signal in 

mammary gland of ovary intact animals was unexpected (Figure 36). As these animals are cycling, they 

should have some estrogen present in the mammary gland, regardless of phase of the estrus cycle.  

 

 

 

In the contingency graphs, DR ovary intact vs. DR ovariectomized (left graph) is compared to DS ovary 

intact vs. DS ovariectomized mammary glands (right graph). It seems biologically implausible that there 

are more zeros (i.e., samples with no estrogen detected) in ovary intact rats than in ovariectomized rats. 

Figure 36 

Legend. Contingency analysis for estradiol (E2) in DR and DS ovary intact and ovariectomized rates. Contingency 

was based on E2=0 or E2>0. Left panel, DR ovary intact vs. DR ovariectomized mammary gland E2 levels. Right 

panel, DS ovary intact vs. ovariectomized mammary gland E2 levels.  
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On the contrary, we would have expected zeros more often in ovariectomized rats since in the absence 

of the ovaries, estrogen levels are extremely low. 

 

C.10. Plasma analyses 

Body weights of both DR and DS strains are normally distributed; therefore to maximize statistical 

power, animals chosen for plasma analysis were purposely sampled from non-overlapping areas of the 

distributions, e.g. lean DR and heavy DS. All systemic analytes were determined using commercial ELISA 

kits aĐĐoƌdiŶg to ŵaŶufaĐtuƌeƌ͛s speĐifiĐatioŶs. Estƌadiol ;EϮͿ, pƌogesteƌoŶe, aŶd seǆ hoƌŵoŶe-binding 

globulin (SHBG) were determined using commercial ELISAs from GenWay Biotech (San Diego, CA).  

 

C.11. Statistical analyses 

Statistical analyses were performed on data from palpable mammary adenocarcinomas. Differences 

were assessed for statistical significance as follows:  

 Body weight: 

o Final body weight at study termination was assessed by unpaired T-test with Welch-

Satterthwaite correction 

 Cancer outcomes 

o Cancer incidence (%) was assessed by chi square test of equal proportions 

o Cancer multiplicity (# carcinomas/ rat) was assessed using Poisson regression 

o Carcinoma burden (g/ rat) was assessed using a two-stage model combining chi-square 

(incidence) and log linear (burden) p-values 

o Cancer latency was assessed using a log-rank (Mantel-Cox) test in Kaplan-Meier survival 

analysis, where animals without palpated tumors were right-hand censored at 90 days 
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post-carcinogen, the last day rats were palpated for detectable tumors before study 

termination (censored: DR-OVX N=19, DS-OVX N=29).  

 Plasma analyses: 

o Between-group differences in plasma analytes were assessed by unpaired t test with 

Welch-Satterthwaite correction and log10-data transformation as needed to satisfy 

statistical assumptions.  
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Appendix D: Chapter 5 Materials and Methods 

 

D.1. Plasma analyses 

Animals were chosen for analyses as described in Appendix C, section C.10. ELISAs were used to 

eǀaluate ĐiƌĐulatiŶg leǀels of aŶalǇtes iŶ ƌat plasŵa aĐĐoƌdiŶg the ŵaŶufaĐtuƌeƌ͛s speĐifiĐatioŶs. 

Specifically, glucose was determined using a kit obtained from Thermo Fisher (Waltham, MA). Insulin, 

leptin, IL-6, IL-ϭβ, aŶd TNF-α ǁeƌe deteƌŵiŶed usiŶg a ŵultipleǆ kit, ǁhile adipoŶeĐtiŶ aŶd IGF-1 were 

separately quantified using commercial single-plex kits from Millipore (Billerica, MA). IGF-1 binding 

protein (IGFBP)-3 kit was from BioVendor (Asheville, CA). C-reactive protein (CRP) was determined using 

a commercial rat ELISA from Helica Biosystems Inc. (Fullerton, CA). Homeostasis model assessment-

estimated insulin resistance (HOMA-IR) was calculated from fasted insulin and glucose levels as shown 

in Equation 6 (266). 

 

Equation 6 ܯܱܪ� − = ܴܫ ܮ�ቀ݉ ݊�݈ݑݏ݊� �݉ݏ�݈݌ ݃݊�ݐݏ�݂  ቁ ܮ݈݋ቀ݉݉ ݁ݏ݋ܿݑ݈݃ �݉ݏ�݈݌ ݃݊�ݐݏ�݂ ݔ  ቁ22.5  

 

D.2. Adipocyte area 

Formalin-fixed paraffin embedded (FFPE) mammary fat pads from N=5 each DR and DS rats were used 

to determine adipocyte area. Random fields (N=5-10 fields per fat pad) from 4 µm sections of 

hematoxylin and eosin (H&E) stained mammary fat pad were captured at 100x magnification. For 

analysis, a macro was written by J.N. McGinley in Image Pro Plus v4.5 (Media Cybernetics, Inc., Rockville, 

MD) to facilitate analysis of each image. The macro was designed to load a previously defined calibration 

data file used for 100X magnification images and convert one color JPEG image at a time to 8-bit 

grayscale. Once converted, the macro applied a predefined look up table to enhance image brightness 
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and contrast. Morphological filters were applied to enhance adipocyte borders. Specifically, one pass of 

a 2x2 square erode filter (erodes edges of bright objects while enlarging dark objects) and 2 passes of a 

2x2 square open filter (allows smoothing of object contours, separates narrowly connected objects and 

removes small dark holes) were used in quantifying adipocyte diameter.  

 

This pre-processing resulted in a black and white image suitable for analysis, with segmentation range 

set 10-255, ensuring that black adipocyte borders (range 0-9) were excluded and only the white 

vacuolated spaces (adipocytes) were included in the count. Partially visible adipocytes at the periphery 

of the image were excluded. The minimum area was set to 131 µm
2
 to eliminate any small objects that 

were not adipocytes. Objects filled with red (shown in Figure 37) allowed the user to visualize the 

objects (adipocytes) chosen by the software, and to toggle any of these objects on or off prior to 

counting; e.g. toggling off a large white space created as a result of cutting artifact. Obvious artifacts (i.e. 

large irregular white spaces, flattened oblong shape of adipocytes) due to cutting or poor penetrance of 

fixative were excluded.  
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Figure 37 

Legend. Representative H&E stained fat pad sections from rat adipose tissue. Original image is on the right; image 

after running through the macro is on the left. Red areas indicate areas which meet criteria and are counted as 

adipocytes.  

 

D.3. Capillary electrophoresis-based evaluation of protein expression 

Mammary gland lysate was evaluated using the Wes system from Protein Simple (San Jose, CA) with the 

rabbit master kit for proteins sized 12-230 kD. This technology has been previously reported (256;257). 

Briefly, lysates were diluted to final concentration of 1 mg/ml containing 1X fluorescent master mix 

(contains SDS and DTT as denaturing and reducing agents, respectively) and boiled at 95°C for 5 

minutes. Proteins were separated using a proprietary separation and stacking matrix within a 100-µm 

diameter glass capillary. Following separation, proteins were irreversibly cross-linked to the capillary 

wall via UV light, and primary antibodies, secondary antibodies, and chemiluminescent detection 
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reagents were applied via vacuum. Signal specificity was confirmed by comparing signal location to that 

of a biotinylated protein ladder, detected by streptavidin and by comparing to 3 internal fluorescent 

standards located at 1, 29, and 230 kD.  

 

D.4. Cell culture 

The LA7 cell line was derived from a carcinogen-induced rat mammary tumor and has been 

demonstrated to display cancer stem cell properties (267;268). Cells were obtained from American Type 

Culture Collection (ATCC) (Manassas, VA). Cells were cultured at 37°C with 5% CO2 iŶ DulďeĐĐo͛s 

Modified Eagle͛s Mediuŵ ;DMEMͿ Đultuƌe ŵediuŵ ;ATCC, MaŶassas, VAͿ ĐoŶtaiŶiŶg high gluĐose ;ϰ.ϱ 

mM), L-glutamine, phenol red, 20 mM HEPES buffer, 5 µg/ml insulin, and 50 nM hydrocortisone. Cells 

were seeded at 3e
3 

or 2e
4
 cells/well in 96- or 24-well plates, respectively.  

 

To prepare rat serum for use in cell culture experiments, DR and DS rats were anesthetized with 

isoflurane and whole blood was collected via cardiac puncture, followed by cervical dislocation. Blood 

was allowed to coagulate for 15-30 minutes at room temperature followed by centrifugation at 1000 x g 

for 10 minutes. Serum was separated and 0.2 µm sterile-filtered. Cells were incubated with 5% v/v fetal 

bovine serum, DR serum, or DS serum.  

 

For adipocyte co-culture, 1-2 g mammary fat pad from DR and DS rats was digested in a collagenase 

solution (2 mg/ml collagenase Type IV, 4% w/w BSA in culture medium) for 1 hour, followed by coarse 

shredding through a syringe, centrifugation at 150 x g for 5 minutes, then aspiration of solution below 

the floating adipocyte layer. Adipocytes were counted via hemacytometer and approximately 500 

adipocytes were added to each well of a 24-well plate containing adherent LA7 cells. Following 

treatment, the medium was removed, and LA7 cells were fixed with 1% glutaraldehyde for 15 minutes, 
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rinsed with 1X PBS, then stained with 0.02% crystal violet (w/w) in distilled water for 30 minutes. 

Following staining, wells were thoroughly rinsed 3X with running distilled water to remove unbound 

crystal violet, then cells were destained in equal volumes of 70% ethanol for 2 hours with gentle 

agitation. Absorbance at 590 is linear with cell number using this method, and plates were read using a 

SpectraMax plate reader (Molecular Devices, Sunnyvale, CA).  

 

D.5. Statistical analyses 

 Plasma analyses 

o Between-group differences in plasma analytes were assessed by unpaired t test with 

Welch-Satterthwaite correction and log10-data transformation as needed to satisfy 

statistical assumptions. 

 CE-based protein expression 

o For CE, signal quantitation was taken as peak area and normalized to total protein 

content in lysate: 

 Expression of GAPDH in adipose tissue has been reported to vary widely 

between subjects of varying adiposity as well as between different fat depots  

 β-actin shows relatively consistent expression across adipose tissue depots 

(269); however, it makes a poor loading control for mammary gland, as tissues 

with predominantly epithelial Đells eǆpƌess higheƌ leǀels of β-actin than do 

adipocyte-dominant tissues, such as mammary gland (270). Thus, mammary 

gland from a leaner animal will have a higher ratio of epithelial-derived protein: 

adipocyte-derived protein than an obese animal, which could skew results.  

o Protein expression in mammary gland was normalized to total protein in the lysate 

determined by Bradford assay.  
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o Compiled protein expression levels in tumors and mammary gland were separately 

analyzed using multiple T-tests with false discovery rate (FDR) set at 1%.  

 Cell culture studies 

o Experiments utilizing cells cultured with rat serum and co-cultured with serum +/- 

adipocytes were analyzed using ANOVA.  

o Cell growth over time was analyzed using linear regression. Absorbance at 405 nm as a 

proxy to cell number was regressed on DS rat body weight at study termination.  
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LIST OF ABBREVIATIONS 

 

ANIMAL MODELS: 

DOA: days of age 

DPC: days post-carcinogen injection 

DR: diet-induced obesity resistant 

DS: diet-induced obesity susceptible 

OI: ovary-intact rats 

OVX: ovariectomized rats 

SUMO32: sucrose and moderate fat (32%) purified diet formulation 

 

EXPERIMENTAL METHODS: 

AFC: 7-amino-4-trifluoromethyl-coumarin, fluorophore 

BSA: bovine serum albumin 

CE: capillary electrophoresis; alternative to traditional Western blotting 

DI: deionized water 

DTT: dithiothreitol, reducing agent for disulfide bonds 

ECL: enhanced chemiluminescence based on activity of horseradish peroxidase 

ELISA: enzyme-linked immunosorbent assay 

FBS: fetal bovine serum 

FFPE: formalin-fixed paraffin embedded; method of tissue processing 

DMEM: DulďeĐĐo͛s ŵodified Eagle͛s Đell Đultuƌe ŵediuŵ 

GC-MS/MS: gas chromatography coupled to tandem mass spectrometry 

H&E: hematoxylin and eosin method of staining tissue sections; by this method nuclei are stained blue, 

whereas proteins in cytoplasm and extracellular matrix are stained pink 

IHC: immunohistochemistry 

UPLC-MS/MS: ultraperformance liquid chromatography coupled to tandem mass spectrometry 

MNU: N-methyl-N-nitrosourea, carcinogen and DNA alkylating agent 

NDS: normal donkey serum 

PBS-T: phosphate-buffered saline + 0.1% Tween-20 (detergent) 

pNA: para-nitroaniline, chromogen 

PVDF: polyvinylidene fluoride membrane 

R110: rhodamine 110, fluorophore 

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TBS-T: Tris-buffered saline + 0.1% Tween-20  

 

GENES: 

BRCA1/2: breast cancer early onset gene 

CDH1: E-cadherin 1 

Cyp19a1: aromatase 

Erbb2: encodes Her2 protein; can be used to drive tumor growth in animal models 

PIK3CA: phosphatidylinositol 3-kinase, catalytic subunit alpha 

PTEN: phosphatase and tensin homolog 

SKT11: serine threonine kinase 11 gene 

TP53: tumor protein 53 gene 
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MMTV: mouse mammary tumor virus; long-terminal repeat (LTR) of the promoter generally used to 

direct expression of transgenes to the mammary gland in transgenic mouse strains 

ObR: leptin receptor 

 

PROTEINS: 

AMPK: adenosine monophosphate-activated protein kinase 

AP-1: activator protein 1  

Cdc6: cell division cycle 6 

Cdk: cyclin dependent kinase 

CRP: C-reactive protein 

E2F1: E2F transcription factor 1 

EGF: epidermal growth factor 

EGFR: epidermal growth factor receptor, also called Her1 

EIF4E: eukaryotic initiation factor 4E 

ER: estrogen receptor 

FABP-4: fatty acid binding protein 4/ activator protein (AP)-2 

FASN: fatty acid synthase 

GnRH: gonadotropin-releasing hormone 

Her: human epidermal growth factor receptor, also called erbB 

IL: interleukins, i.e., IL-6, IL-ϭβ 

IGF-1: insulin-like growth factor-1 

IGF-1R: IGF-1 receptor 

IGFBP-3: IGF binding protein-3 

IR: insulin receptor 

LOX: lipoxygenase 

MAPK: mitogen activated protein kinase 

mTOR: mammalian target of rapamycin 

NF-kB: nuclear factor kB transcription factor 

PC-1: prohormone convertase-1 

POMC: pro-opiomelanocortin 

ObR: leptin receptor 

PPAR: peroxisome proliferator-activated receptor 

PR: progesterone receptor 

Rb: retinoblastoma protein 

S6K: s6 kinase 

SHBG: sex hormone binding globulin 

TNFα: tuŵoƌ ŶeĐƌosis faĐtoƌ α 

TGFβ: tƌaŶsfoƌŵiŶg gƌoǁth faĐtoƌ β 

 

STATISTICS: 

ASR: age-standardized rates; expressed as cases per 100,000 individuals 

HOMA-IR: homeostasis model assessment-estimated insulin resistance; mathematical representation of 

fasted insulin and glucose levels 

HR: hazard ratio; ratio of hazard functions of survival analysis of at-risk population to reference 

population  

PLS: partial least squares regression 

RR: relative risk; ratio of risk in at-risk population to reference population 
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MISCELLANEOUS:  

AI: aromatase inhibitor; i.e. letrozole or vorozole 

BMI: body mass index 

E1: estrone 

E2: estradiol 

miR: microRNA 

MMR: DNA mismatch repair processes 

NIH: National Institutes of Health 

P-1: Breast Cancer Prevention Trial 

SERM: selective estrogen receptor mimetic; i.e. tamoxifen, raloxifene 

STAR: Study of Tamoxifen and Raloxifene/ P-2 Trial 

“WAN: “tudǇ of WoŵeŶ͛s Health AĐƌoss the NatioŶ 

V0: tumor volume at point of cancer cell initiation 

Vmax: maximal tumor volume  

 


