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ABSTRACT 

In the USA, one in eight women develop invasive breast cancer at some point of her life, 

and 70% of the cancers are estrogen receptor positive and thus are treated with 

antiestrogen therapy. However, half of the treated patients exhibit resistance to 

tamoxifen, including de novo resistance and recurrence. By using a novel preclinical rat 

model, I studied the effect of timing of dietary components (genistein and obesity-

inducing high fat) on mammary tumor responsiveness to tamoxifen therapy and the risk 

of recurrence.  

 

First, I studied timing of soy isoflavone genistein consumption and its effect on 

tamoxifen responsiveness in animals with ER+ mammary tumors. The results showed 

improved response to tamoxifen in animals that received genistein through their lifetime; 

they exhibited less de novo resistant and more complete responding tumors, compared 

with controls. Prepubertal and lifetime genistein intake also reduced the risk of 

recurrence, while the recurrence rate increased in rats that started genistein consumption 

during tamoxifen therapy.  

 

Next, I studied breast cancer responsiveness to tamoxifen and the rate of recurrence in the 

female offspring of obese and control dams. An obesity-inducing high fat diet was used 
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to feed the dam Sprague-Dawley rats before and during pregnancy. Although maternal 

obesity induced by a high fat diet did not alter the tamoxifen responsiveness, it 

significantly increased the rate of mammary cancer recurrence in the offspring (91% vs 

29%, obese offspring vs control, respectively).  

 

Furthermore, I evaluated expression of unfolded protein response (UPR), autophagy, 

apoptosis pathways and markers of tumors immune responses in the mammary glands 

and tumors before and after tamoxifen treatment. The results of molecular experiments 

showed changes of UPR and autophagy pathways that are associated with the tamoxifen 

response. More importantly, for both studies, the worse tamoxifen response and higher 

incidence of recurrence were associated with a reduction of cytotoxic T-cell marker 

CD8A and higher levels of regulatory T-cell markers Foxp3 and Tgfβ1 in the mammary 

tumors. 

 

In summary, I used a recently characterized ER+ breast cancer rat model and found that 

the timing of dietary exposures affected the tamoxifen response. I also demonstrated that 

the alterations in tamoxifen responsiveness and recurrence by diet were mediated through 

changes in UPR, autophagy, and tumor immune markers.    
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Chapter 1  Introduction 

 

In the United States, one in eight women develops invasive breast cancer in her lifetime. 

The burden of being diagnosed of malignance in one’s life increases the cost of health 

care and causes economic loss due to inability of work, too often leaves the patient 

feeling fearful and hopeless to fight against this aggressive disease. With every effort to 

improve the responsiveness to treatments and to prevent unnecessary recurrence, we are 

seeking alternative methods to be added to the traditional pharmacologic regimens. As a 

nutritionist, I am trying to understand the pivotal roles that dietary components play in 

affecting breast cancer treatment. 

 

The studies in this thesis dissertation were designed to investigate the effects of timing of 

genistein intake and in preventing antiestrogen resistance and recurrence of breast cancer. 

In addition, they were designed to study the effects of maternal obesity-inducing high fat 

diet on offspring’s tamoxifen responsiveness. To better understand the safety of 

consuming estrogenic compounds by breast cancer patients who are treated with 

antiestrogen therapy, I used a recently characterized preclinical model (Hilakivi-Clarke et 

al. 2016) and mimicked the soy dietary consumption patterns of Asian and Caucasian 

breast cancer patients (Chapter 2). In Chapter 3, I showed that maternal obesity-inducing 

high fat diet affected breast cancer recurrence in the female rat offspring following an 

equivalent of 5 years of antiestrogen therapy. These findings will address the pivotal 
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questions regarding the safety of genistein and the long-term effects of maternal obesity 

on the adult offspring, helping to prevent breast cancer recurrence. 

 

This introduction contains essential background information for my thesis research, and 

helps to understand the rationale of these experiments. I also listed fundamental 

molecular events and signaling pathways that likely elucidate the mechanisms. Lastly I 

included the hypotheses and specific aims of this thesis at the end of this section. 

 

1.1  The facts of breast cancer in the US and worldwide 

1.1.1  New cases 

Over 200,000 new cases of invasive breast cancer are diagnosed each year in the United 

States, among whom over 99% are contributed by female patients, leaving about 2000 

new cases of male breast cancer (Siegel et al. 2013; Group 2013; Siegel et al. 2015). In 

the US, one in eight women develop invasive breast cancer at some time point during her 

life (~12%) and that makes breast cancer the most common cancer among the female 

population. World widely, there are over 1.6 million new cases of breast cancer newly 

diagnosed each year, maintaining its leading position in female cancer incidence among 

24 other common cancer sites (Ferlay et al. 2015).  

 

1.1.2  Prevalence 

Accumulatively, there are about 3 million women living with breast cancer in the US, 

accounting for 2% of the whole female population regardless of age, race, or ethnicity. 

Besides in the United States, breast cancer also shares the highest prevalence among 
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female patients in many European countries, including Belgium, Denmark, France, and 

the Netherlands, which were the top 4 countries with the highest incidence in 2012 

(Ferlay et al. 2015).  

 

1.1.3  Mortality 

However, with the rapidly growing development of early diagnosis and effective 

treatments for the disease, about 90% of breast cancer patients are still alive 5 years after 

their initial diagnosis. Nevertheless, breast cancer remains the second leading cause of 

death by cancer in the US, estimatedly killing over 40000 women in 2015 (Siegel et al. 

2015). Therefore, given the high incidence, prevalence, and death rate of breast cancer, 

we are eager to study the risk factors for the disease in seeking preventive and effective 

treating agents. 

 

1.2  Risk factors for breast cancer 

The established and probable factors that contribute to the increased risk for breast cancer 

include being female, getting older, mutations on Breast Cancer 1/2 (Brca1/2) genes, 

being younger at menarche or older at first childbirth or menopause, alcohol intake, 

menopausal hormone therapy, family history of breast cancer, being taller, having higher 

insulin like growth factor-1 (IGF-1) level before menopause, being exposed to light at 

night and shift work, Ashkenazi Jewish heritage, hyperplasia of the breast, lobular 

carcinoma in situ, personal history of cancer and treatment, higher blood estrogen, 

prolactin or androgen levels, obesity after menopause, weight gain after puberty,  higher 

bone density, higher breast density, radiation from medical imaging, and radiation 
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treatment during youth (2015). Besides, there are several established factors that reduce 

breast cancer risk, including exercise any time during life, maintaining healthy weight, 

having the first child before age 20, breast-feeding, and consumption of “healthy” diet. It 

has been estimated that 25% of cancers are preventable by life-style and dietary changes 

(Colditz et al. 2012). Therefore, I will review the nutritional and dietary factors that are 

easily achievable and have been linked to breast cancer. 

 

1.3  Timing of exposures and breast cancer 

For breast cancer, the average age of women at the time of first diagnosis is 62. Many of 

the risk/preventable factors affect the risk of breast cancer differently, depending on the 

timing of exposures. For instance, high blood estrogen hormone levels during adult life 

are a well-established risk factor for breast cancer in pre-menopausal women 

(Endogenous Hormones and Breast Cancer Collaborative Group et al. 2013). In utero 

exposure to diethylstilbestrol (DES), a synthetic estrogen that was widely prescribed to 

pregnant women for prevention of miscarriage and treatment of morning sickness in the 

1940s-70s, increased the risk of breast cancer in the female offspring (Palmer et al. 2006). 

However, studies also showed that prepubertal exposure to estrogenic compounds 

reduced later breast cancer risk (Cabanes et al. 2004; Hilakivi-Clarke et al. 1999; 

Hilakivi-Clarke et al. 2001; Hilakivi-Clarke et al. 2010; De Assis et al. 2011). Pregnancy-

mimicking estrogen exposure in nulliparous rats prevented them from carcinogen-

induced breast cancer (Guzman et al. 1999), whilst an exposure to excess estrogen during 

normal pregnancy increased dams breast cancer risk (De Assis et al. 2013). Taken 
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together, it is critical to consider the timing of hormonal and dietary exposures when 

studying their effect on and the risk of breast cancer. 

 

1.4  Soy isoflavones and breast cancer risk 

In the year of 2012, the estimated risk for women from East Asian countries to develop 

breast cancer was four-fold lower than their counterpart from North America and three-

fold lower than women from European countries (Ferlay et al. 2015). Furthermore, the 

mortality rate of women due to breast cancer is about three-fold lower in Eastern Asian 

countries than North America and Europe (Ferlay et al. 2015). The difference of breast 

cancer risk and survival rate between Asian women and Western women has long been 

noticed and studied by researchers. It is well-documented that high soy food intake in 

women from China, Korea, and Japan is associated with their reduced risk of developing 

invasive breast cancer and better overall survival (Trock et al. 2006; Wu et al. 2002a; Wu 

et al. 1996). Result of a migration study of the Asian-American women demonstrated that 

the Asian migrants had reduced soy intake and significantly higher risk of developing 

breast cancer (Ziegler et al. 1993; Wu et al. 1998). The studies also revealed that higher 

soy intake among the Asian-American population was associated with reduced risk of 

pre- and post-menopausal breast cancer (Wu et al. 1996). It seems that some components 

in the soy foods reduce breast cancer risk. However, the reducing effect seems to be 

related with early life exposure to soy foods. 
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1.5  Soy isoflavone: genistein 

The types of soy-containing foods that are regularly consumed among Asian and Western 

populations are very different (He et al. 2013). In China, the following soy foods are 

consumed by people on a daily basis: 1) edamame, the immature soybeans sold in frozen 

or fresh styles, 2) soybean sprout, the germinating seeds of soybean that are cultured 

under well-controlled condition, 3) soymilk, a beverage that is made by soaking and 

grinding dry soybeans in water and contains high level of protein, and 4) tofu, a curd 

made of soy protein coagulation by using mineral salts or acid. By contrast, although 

people from the western countries do not regularly consume traditional unfermented soy 

foods like these, they may be exposed to other commercially available soy protein 

containing foods, depending on their dietary habits. On the US food market, a wide 

variety of soy foods are available. For instance, soy protein isolate is commonly used in 

many products to meet the requirements of texture and protein concentration. Herein, I 

am listing some examples of soy foods that are found in a US grocery store: soymilk, soy 

infant formula made using soy protein isolate instead of animal milk, veggie burgers that 

are consumed as a meat substitute, soy-based ice cream that is dairy-free, and soy-based 

spaghetti made using textured vegetable protein. There are many reasons for people from 

Western countries to consume soy foods, such as lactose-intolerance, kosher, and being 

aware of its potential health benefits.  
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Figure 1.1  Chemical structures of (A) 17β-Estradiol, (B) Genistein, (C) Daidzein, 

and (D) Glycitein. 
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Isoflavones are a class of polyphenolic compounds that are derived from plants and may 

act as estrogens due to the similarity of their chemical structure to estradiol (Figure 1.1) 

(He et al. 2013). Therefore, they are also called phytoestrogens. There are mainly three 

isoflavones found in soybeans: daizin, genistin, and glycitin, and they are present 

naturally as isoflavone glycosides, bounded with one glucose molecule. Once digested by 

the body or fermented during process, the sugar molecule is removed from the isoflavone 

glycosides, and they become aglycones: daizein, genistein, and glycitein (Lampe 2003). 

The average isoflavone intake in Asian countries (Japan, Korea, and China) ranges from 

17.7-47.2 mg/day, whereas people in Western world usually have the daily isoflavone 

intake of less than 2 mg (Vergne et al. 2009)  

 

Metabolism of isoflavones takes place in the small intestine after absorption and depends 

on the microbiome colonies present in this organ (Lampe 2003). Due to the variations 

among the activity of bacteria that colonize the human intestine, isoflavone 

bioavailability varies dramatically among people with different ethnic origins even when 

the intake is similar (Vergne et al. 2009). Studies measuring urinary equol excretion 

showed that although about 33% of the Western population could convert daidzein to 

equol, which is its most effective metabolite, 30-50% of the adult population do not 

produce equol at all (Setchell et al. 2002). Additionally, the types of biologic specimens 

that are used to quantify the isoflavone levels also determine their absolute concentrations 

in human (Lampe 2003). For instance, isoflavones have been quantified in serum, 

plasma, urine, feces, breast milk, umbilical cord plasma, nipple aspirate fluid, prostatic 

fluid, and other tissues. Isoflavone concentrations in the blood or urine have been used 
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the most to determine their levels in humans in large population-based studies, and are 

thus more reliable and comparable among different studies. Plasma soy genistein 

concentration is 4.9 nM in Finland and 5.7 nM in the US (Zeleniuch-Jacquotte et al. 

1998), whilst Chinese women have an average serum genistein concentration of 87.0 nM 

(Frankenfeld et al. 2004) and Japanese women have it at 501.9 nM (Morton et al. 2002). 

In another study using gas chromatography-mass spectrometry (GC-MS) methods, 

average serum genistein concentration among 125 Japanese women over 40 years of age 

was determined to be 501.9 nM, significantly higher than among their 133 UK 

counterparts, which was 27.7 nM (Morton et al. 2002). Not only genistein, but also 

daidzein and its gut metabolite equol were measured much more concentrated in the sera 

of Japanese women than women from UK (Morton et al. 2002). The differences in soy 

consumption, isoflavone concentrations, and breast cancer risk warrant further 

investigations on the biological activities and functions of soy intake in disease 

protection. 

 

1.6  Effects of isoflavones on disease 

Numerous studies have been investigated the benefits of consuming soy, soy protein 

isolate and/or soy isoflavone isolate have generated controversial data, and thus cannot be 

conclusive. Herein, I summarize the effects of soy isoflavone on the most extensively 

studied diseases. 
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1.6.1  Cardiovascular diseases 

Results from a randomized, double-blind, crossover study on isolate soy protein with 

isoflavones on healthy postmenopausal women showed favorable vascular effects, 

indicated by the significantly lower proocclusion peak flow velocity of the brachial artery 

compared to the total milk protein consuming controls, without alterations in lipid profile 

or antioxidant effects (Steinberg et al. 2003). However, another randomized, double-

blind, placebo-controlled intervention trial of healthy postmenopausal women did not 

show any effect of soy protein with isoflavones on plasma lipid profile (Kreijkamp-

Kaspers et al. 2004). In 2005, results of a study comparing the effects of a soy protein 

with isoflavones versus a soy deficient diet on arterial blood pressure using Sprague-

Dawley rats showed that the soy protein with isoflavone diet reduced blood pressure in 

male rats that were chronically exposed to soy protein (Mahn et al. 2005). The same 

study also reported that the increased blood pressure caused by consuming a soy deficient 

diet could be reversed by switching to the soy protein diet (Mahn et al. 2005).  

 

Due to the increasing controversy of soy’s effects on endothelial functions and 

cardiovascular diseases reported by individual clinical or preclinical trials, I reviewed the 

results of meta-analysis studies containing multiple randomized controlled trials. 

Surprisingly, the conclusions of two independent meta-analysis studies were not the 

same. Although one study showed a favorable effect, indicated by lower serum 

triglyceride, total and LDL cholesterol content, and higher HDL cholesterol concentration 

by intake of soy protein containing isoflavones (Zhan et al. 2005), the other study did not 

discover significant effects of soy foods on these biological indicators (Sacks et al. 2006). 
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In conclusion, although soy foods may affect human cardiovascular function and disease 

risk, the effects are generally subtle and cause alterations that are less than 5% of the 

biological markers. 

 

1.6.2  Cognitive function 

Little was known about the influence of soy foods on cognitive function in the early 21st 

century, until researchers started to notice the estrogenic effect of soy isoflavones and 

make the connections between them and the effects of estrogen on the brain (Pan et al. 

1999). An early review of studies of soy foods done in humans, animals, and cells 

suggested positive effect of soy isoflavone on female cognitive function, putatively 

explained by the estrogen-dependent mechanisms and tyrosine inhibition effect of 

genistein (Lee et al. 2005). However, results of a double blind, randomized, controlled 

study of healthy postmenopausal women showed no effects of consuming 80 mg of soy 

isoflavone supplement on neuropsycological functions (Ho et al. 2007). Most recently, 

meta analysis was conducted of 10 randomized placebo-controlled studies and concluded 

some positive effect of soy isoflavone supplement on improving summary cognitive 

function and visual memory in postmenopausal women (Cheng et al. 2015). Although 

several studies showed favorable effects of soy isoflavone on cognitive functions in 

postmenopausal women, future follow-ups are warranted for the risk of Alzheimer’s 

disease and the safety of consuming estrogenic compounds in those individuals. 
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1.6.3  Osteoporosis 

Although the rates of hip-fracture are generally lower among Asian populations 

consuming significantly higher level of soy foods and isoflavones than most Western 

populations, the confirmed effects of soy isoflavone protecting against fracture and 

retaining bone mineral density are controversial (Setchell et al. 2003). Results from early 

meta analysis of 9 randomized placebo-controlled studies showed significant inhibition of 

bone resorption and stimulation of bone formation by isoflavone intervention in a total of 

432 menopausal women (Ma et al. 2008). Results from more recent meta analysis and 

summary of several meta analyses reported the possible effect of soy isoflavone 

supplements on preventing postmenopausal osteoporosis and improving bone strength, 

indicated by increased bone mineral density and reduced bone resorption markers (Wei et 

al. 2012; Taku et al. 2011). Although favorable results were shown in these studies, 

further investigations are needed to address the effects on other bone strength markers, 

duration of isoflavone consumption and the start point of exposures relative to the age of 

cohorts studied. 

 

1.6.4  Cancers 

At least three hormone-associated cancers have been shown to be affected by soy 

isoflavone intake and thus been intensively studied, including breast, prostate, and 

endometrial cancers. Although the results are still controversial, I briefly review here 

isoflavones’ reported effects on cancer prevention, progression, prognosis, and 

interaction with anti-cancer treatments.  
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Breast cancer 

The difference in breast cancer risk and soy isoflavone intake between Westerns and 

Asians led to extensive investigations of isoflavones’ effect on the risk and prognosis of 

breast cancer. However, the results of those studies are controversial and it remains 

difficult to draw a definite conclusion. The research of soy intake and breast cancer risk 

started with epidemiological studies comparing the incidence of breast cancer among 

Asian and Asian American populations with low and high soy food intake. Results of 

some early observational studies showed that soy intake (mainly tofu) inversely 

correlated with the risk of breast cancer in Asians and Asian Americans and their risk 

increased when their soy food intake reduced, such as after adoption of a Western style 

diet after Asian women migrated to the USA (Wu et al. 1998; Wu et al. 2002b; Wu et al. 

1996; Wada et al. 2013; Chen et al. 2014a; Nagata et al. 2014; Trock et al. 2006; Wu et 

al. 2015). However, the protective effect of soy intake on Western population was small 

or not observed (Chen et al. 2014b). It seems premature to draw conclusions from the 

present human observational studies without conducting randomized, placebo-controlled, 

double-blinded trials.  

 

Researchers have carried out randomized trials to study the effects of isoflavone 

supplements on mammographic density used to estimate the risk of breast cancer 

(Atkinson et al. 2004; Maskarinec et al. 2004; Hooper et al. 2010). Due to the variations 

in the duration of different human studies, the results of these studies varied. In 2004, 

Maskarinec et al. showed that 2-year soy intervention did not change mammographic 

density in premenopausal Caucasian or Asian women (Maskarinec et al. 2004). However, 
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a significant reduction in mammographic density was seen among those who had a high 

lifetime consumption of soy foods, regardless of soy intervention. Another study showed 

that daily intake of red clover-derived isoflavones containing 1 mg genistein and 0.5 mg 

daidzein did not change mammographic breast density in Caucasian women (Atkinson et 

al. 2004). More recently, meta-analysis of eight randomized control trials showed slight 

increase in breast density in premenopausal women, but no change was observed in 

postmenopausal women by soy isoflavone intervention (Hooper et al. 2010). 

 

The prognosis of breast cancer patients with soy isoflavone intake has also been studied 

in observational settings. In 2009, Shu et al. reported their findings of soy intake among 

Chinese breast cancer patients and their survival and recurrence related to the level of 

isoflavone consumption. They showed that soy protein and isoflavone intake was 

inversely correlated with overall mortality and the risk of recurrence in patients during a 

median 3.9 year follow-up (Shu et al. 2009). The same group later studied this 

association in Chinese and USA breast cancer patients and they found that > 10 mg of 

daily soy isoflavone intake was associated with significantly lower recurrence and non-

significantly better survival in both populations (Nechuta et al. 2012). More recently, a 

randomized controlled trial was carried out among USA patients with early stage breast 

cancer to investigate gene expression changes in their tumors after isoflavone 

intervention in a neoadjuvant setting. The investigators found 126 differentially 

expressed genes between the soy intervention and control groups, including 

overexpression of genes that promote cell proliferation (Shike et al. 2014a). The 

researchers concluded that isoflavone intake in breast cancer patients might adversely 
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affect their tumors. These controversies warrant further investigations of soy intake in 

breast cancer patients with various backgrounds and experiences of soy food 

consumption.  

 

Prostate cancer 

In 2003, Messina summarized 12 observational epidemiologic studies of soy intake and 

prostate cancer risk in Asian and USA populations, including 4 prospective and 8 case-

control studies (Messina 2003). The results of most of these studies showed no or non-

significant protective effects of soy intake on prostate cancer risk. One prospective study 

showed a significant protective effect of high soymilk consumption (Jacobsen et al. 1998) 

and another reported that high miso intake to increase prostate cancer death in Japanese 

men (Fox 1991). The review by Messina also summarized results of rodent experiments 

and found soy protein with isoflavones was protective against prostate cancer incidence, 

mortality, and metastasis. More recent meta-analysis revealed that high soy foods 

consumption, especially non-fermented soy foods, was associated with lower risk of 

prostate cancer in Asian but not Western men (Yan and Spitznagel 2009). 

 

Researchers also investigated the potential mechanisms of action of soy isoflavones in 

killing prostate cancer cells and preventing the disease in humans. Meta-analysis and 

systematic reviews of the effect of soy intake on serum prostate-specific antigen (PSA) 

levels, which have been used to estimate prostate cancer risk, reported no change in PSA 

levels in 8 randomized controlled trials, although a reduction in prostate cancer risk 

among high soy consumers was observed (van Die et al. 2014).  The reduction in prostate 
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cancer risk in soy consumers was not associated with hormonal changes. Studies in 

prostate cancer cell lines have documented several molecular candidates that seemed 

responsible for the protective effect of soy isoflavones, including cell cycle regulators, 

apoptosis, insulin-like growth factor-1 signaling, transforming growth factor β signaling 

pathway, tyrosine kinase inhibition, Wnt/β-Catenin signaling, autophagy, etc. (Mahmoud 

et al. 2014; Steiner et al. 2008). However, since the results of epidemiologic studies 

varied and the doses used in in vitro studies are pharmacological and hard to achieve in 

physiological settings, it is not practical to conclude the chemo preventive effect of soy 

isoflavones in prostate cancers.  

 

Endometrial cancer 

Similar to breast and prostate cancers, incidence of endometrial cancer, as another 

hormone related cancer type, is lower in Asians than Western populations (Ferlay et al. 

2015). Therefore, the risk of endometrial cancer associate with different levels of soy 

intake has been studied (Goodman et al. 1997; Zhang et al. 2015; Horn-Ross et al. 2003). 

Goodman et al. conducted a case-control study among a multi-ethnic population, 

including Asians and Caucasians, and found that soy intake reduced the risk of 

endometrial cancer (Goodman et al. 1997). Horn-Ross later conducted another case-

control study in the San Francisco Bay area among African American, Latina and 

Caucasian populations and reported that soy isoflavone intake was inversely associated 

with their risk of endometrial cancer (Horn-Ross et al. 2003). In 2015, Zhang et al. 

published their findings of meta-analysis and supported previous reports of the protective 

effects of soy isoflavone against endometrial cancer (Zhang et al. 2015). They specially 
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linked the significant reduction with unfermented soy foods, post-menopausal women, in 

both Asian and non-Asian females. Although the epidemiologic studies seemed to 

consistently show inverse association between soy intake and endometrial cancer risk, 

larger cohort studies and rodent experiments are warranted. Further, the mechanisms of 

protection by soy foods against endometrial cancer have not been well studied. 

 

Besides the above mentioned, intensively studied diseases that are related with soy 

intake, isoflavone consumption has also been reported to exhibit anti-diabetic function by 

affecting pancreatic β-cells (Gilbert and Liu 2013), as well as alter the thyroid functions 

(Messina and Redmond 2006) and the immunity (Sakai and Kogiso 2008; Masilamani et 

al. 2012). To maintain focus, I will not discuss these studies. Instead, I will next review 

the biological activities of soy isoflavones that may explain the mechanisms of action of 

its function in altering susceptibility to cancer and other diseases. The immune system 

effects will be reviewed later in this chapter (Chapter 1.14.4). 

 

1.7  Biological activities of genistein 

As the most abundant isoflavone in soybeans, genistein composes of about 55% of the 

total isoflavones and has been extensively studied in cell cultures for its molecular 

functions. The molecular events or pathways that are affected by genistein include: 

tyrosine kinase (Akiyama et al. 1987), topoisomerase ii (Markovits et al. 1989), cell-cycle 

arrest (Matsukawa et al. 1993), antioxidant defense genes (H. Wei et al. 1995), apoptosis 

and autophagy (Gossner et al. 2007), IGF-1 signaling (J. Lee et al. 2012), TGFβ signaling 

(Huang et al. 2005),  cell proliferation and angiogenesis (Fotsis et al. 1995), modulation 
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of estrogen receptor (ER) alpha and beta (ERα and ERβ) (Lee et al. 2004; Casanova et al. 

1999; Kuiper et al. 1997; Santell et al. 1997), unfolded protein response (UPR) pathway 

(Lee 2001; Zhou and Lee 1998; Vandenberghe et al. 2005; Nyfeler et al. 2003), and many 

others (Bouker and Hilakivi-Clarke 2000; Mahmoud et al. 2014; Ganai and Farooqi 

2015). However, many of the studies referred above used high pharmaceutical 

concentrations of genistein that are hardly achievable by oral consumption. Therefore, 

conclusions to be drawn from in vitro studies need to be verified in animals or human 

using physiological doses of isoflavones. 

 

1.8  Estrogenicity of soy foods and genistein 

Among the biological activities that genistein exhibits, estrogenic effects of genistein are 

of great interest and intensively studied. Bouker and Hilakivi-Clarke summarized 

genistein’s estrogenic effects in their review paper (Bouker and Hilakivi-Clarke 2000), 

indicating that genistein exhibits those effects by inhibiting Cytochrome P450, family 1, 

subfamily A, polypeptide 1 (CYP1A1), leading to the increase of total estradiol levels 

(Shertzer et al. 1999), stimulating the growth of ER+ human breast cancer cells in vitro 

(Hsieh et al. 1998), stimulating the growth of ER+ human breast cancer cells in vivo (Ju 

et al. 2006; Ju et al. 2001; Allred et al. 2001), stimulating rodent mammary glands (Hsieh 

et al. 1998; Santell et al. 1997; Hilakivi-Clarke et al. 1998), stimulating human breast 

(Petrakis et al. 1996), stimulating reproductive tissues (Santell et al. 1997), negating 

tamoxifen’s preventive and antitumor effects in breast cancer (Du et al. 2012; Ju et al. 

2002). Genistein’s estrogenic effects are a source of controversies related to consuming 

soy foods by breast cancer patients. Genistein is proposed to exhibit its antiestrogenic 
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effects by inhibiting 17β-hydroxysteroid oxidoreductase type 1 (HSOR-1) (Brooks and 

Thompson 2005), enzyme that metabolizes estrogen reducing circulating progesterone 

(Lamartiniere et al. 1995) and estradiol (Nagata et al. 1998; Xu et al. 1998) levels. The 

fact that genistein preferentially binds to ERβ and activates its downstream pathways 

(Mahmoud et al. 2015; Paech et al. 1997; An et al. 2001; Kuiper et al. 1997) also is 

considered antiestrogenic since ERβ activates opposite signalings than ERα does when 

complexed with estradiol from an AP-1 site (Paech et al. 1997). It is difficult to 

determine the net effects of genistein on cancer cells by just showing its estrogenic and 

antiestrogenic effects without considering other factors that also affect cell/tumor growth, 

for instance dose/concentration, timing of treatment, and other bioactivities of genistein. 

Studies have shown that genistein stimulates the growth of human ER+ breast cancer 

cells at low concentrations (<10 µM (Wang et al. 1996) or <25 µM (Hsieh et al. 1998)), 

but it inhibits the growth of both ER+ and ER- breast cancer cells at high concentrations 

(>10 µM (Wang et al. 1996) or >20 µM (Santell et al. 2000)) that are not achievable by 

consuming soy foods. 

 

Besides, the results that genistein interfered with the inhibitory effects of tamoxifen on 

cell growth should be explained by functions other than its estrogenicity, since the effect 

should have been blocked by tamoxifen treatment if it was pure estrogenicity (Du et al. 

2012; Ju et al. 2002).  
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1.9  Timing of genistein 

In addition to the doses and non-estrogenic effects of genistein, the timing of exposure 

determines its effects on tumorigenesis. During the development of mammary glands, 

there are three distinctive and differentially regulated stages: embryotic, puberty, and 

adult (Gjorevski and Nelson 2011). During post menopause, with the reduction of 

circulating estrogen, mammary gland atrophies and becomes smaller. First, genistein 

intake during pregnancy, like the increased pregnancy estradiol level does (Hilakivi-

Clarke 2014; Titus-Ernstoff et al. 2001; Palmer et al. 2006; Hilakivi-Clarke and De Assis 

2006), increases the female offspring’s  risk of breast cancer (Hilakivi-Clarke et al. 1999; 

Murrill et al. 1996). These results do not contradict the observations of Asian women, as 

they consume soy foods through their lifetime and exhibit 4-times lower risk of breast 

cancer. I further looked at the effects of genistein exposure at other stages of mammary 

gland development on tumorigenesis. 

 

Second, epidemiologic studies described genistein as more effective in breast cancer 

prevention in Asians who maintain a relatively high daily consumption (17.7-47.2 

mg/day of isoflavone) than in Western populations (2 mg/day of daily isoflavone intake) 

who start mainly consuming soy foods in adult life (Vergne et al. 2009; Chen et al. 

2014b). It has been proposed that genistein exposure during childhood is critical in 

preventing tumorigenesis. Observational studies have tested this hypothesis, confirming 

that childhood soy exposure prevents breast cancer risk (Wu et al. 2002a; Korde et al. 

2009). Results of rodent experiments further showed that prepubertal genistein exposure 

starting from post-natal day (PND) 10-15 until the onset of puberty (~PND 30) 
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significantly reduced carcinogen induced mammary tumorigenesis (De Assis et al. 2011; 

Hilakivi-Clarke et al. 2001; Hilakivi-Clarke et al. 1999; Cabanes et al. 2004; Murrill et al. 

1996). Further analysis associated this protective effect with less terminal end buds 

(cancer susceptible units in the developing mammary gland) (Hilakivi-Clarke et al. 

1999), up regulation of tumor suppressor gene breast cancer 1 (Brca1) (Cabanes et al. 

2004), and down regulations of ERα, progesterone receptor (PgR), Her2 and receptor 

activator of nuclear factor kappa-B ligand (Rankl) (De Assis et al. 2011). Thus, the 

consumption of soy foods by mothers during pregnancy (increases breast cancer risk) and 

among their daughters during childhood and beyond  (potently reduced breast cancer 

risk) may explain why breast cancer risk is not increased in Asian women exposed to 

isoflavones in utero.  

 

Last, postmenopausal genistein intake and its effect on breast cancer risk and prognosis 

have not been well studied. Although several studies have indicated higher genistein 

intake was related to reduced overall survival of breast cancer and recurrence (Shu et al. 

2009; Nechuta et al. 2012), researchers did not exclude the possibility of continuous 

consumption that started early in the lives of women with current high intake. In another 

words, it is possible that the high-soy-intake patients actually had the dietary habit since 

prepuberty and the protective effect of genistein against recurrence and mortality was 

purely due to the potent prepubertal effect. Since genistein supplementation may alleviate 

hot flushes (Evans et al. 2011; Crisafulli et al. 2004), a menopausal symptom, it would be 

critical to clarify the safety of its consumption by elder women who are at higher breast 

cancer risk. An animal experiment, using low circulating estradiol level to mimic 
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postmenopausal women, showed that genistein intake stimulated the growth of ER+ 

human breast cancer cells (Ju et al. 2006). Shike et al. also reported activation of genes 

related to proliferation in postmenopausal women supplemented with genistein in a 

randomized controlled trial (Shike et al. 2014b). Furthermore, the above mentioned 

negative effect of genistein on tamoxifen in preventing and treating breast cancer (Du et 

al. 2012; Ju et al. 2002) warrants better controlled rodent studies of the safety of genistein 

in breast cancer patients.  

 

1.10  Global obesity and health 

The prevalence of overweight and obesity has increased dramatically over the past three 

decades (Flegal et al. 2016; Parikh et al. 2007). Overweight and obesity are determined 

by calculating one’s body mass index (BMI=weight (kg) / height2 (m2)). A person is 

overweight when the BMI falls within the range of 25-29.9 kg/m2 and the person is obese 

when the BMI is larger than 30 kg/m2. Although arguments exist for the accuracy of BMI 

as a perfect measure of obesity, without measuring the body fat content (Ahima and 

Lazar 2013), it still is the most widely and easily used parameter in epidemiologic 

studies. Data from the Framingham Heart Study showed that the rate for obesity in men 

increased from 20.8% to 32.3% from the 1980’s to 2000’s (p-trend<0.01) (Parikh et al. 

2007). Similarly, the obesity incidence for women increased from 14.2% to 24.8% during 

the same period of time. The prevalence of obesity continued to increase from the 2000’s 

to 2010’s, especially for women (Flegal et al. 2016). The most recent statistics of obesity, 

published by the National Health and Nutrition Examination Survey, showed that 35% of 

men were categorized as obese in the USA in 2014, and over 40% of US women were 
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obese (Flegal et al. 2016). The most robust increase of obesity happened among women, 

and it tripled over the past three decades. 

 

The consequences of being obese are severe, often related to metabolic disorders and risk 

of cancer, and they are costly. Obesity increases the risk of many metabolic disorders, 

including hyperlipidemia, hypertension, insulin intolerance and diabetes, and 

cardiovascular diseases (Dietz 1998). The increasing prevalence of obesity also increases 

the risk of endometrial, colon, and postmenopausal breast cancer, and the related cost of 

healthcare (Wolf and Colditz 1998). From the year 1988 to 1994, the numbers of 

restricted-activity days, bed days, work-lost days, and physician visits attributed to 

obesity increased (by 36%, 28%, 50%, and 88%, respectively), according to one study 

(Wolf and Colditz 1998).  

 

1.11  Obesity and breast cancer 

Herein, I summarize the risk and prognosis of breast cancer affected by obesity. Many 

epidemiologic studies have established the inverse and positive association between 

higher BMI and the risk of premenopausal and postmenopausal breast cancer (Huang et 

al. 1997; van den Brandt et al. 2000; Reeves et al. 2007). Excessive weight gain from age 

18 onwards is related to increased risk of breast cancer in postmenopausal women. 

Factors that are mediating this positive association between obesity and breast cancer are 

proposed to be circulating estradiol and insulin levels (Hvidtfeldt et al. 2012) as well as 

IGF-1 levels (Hursting et al. 2003; Yakar et al. 2006). The evidence that supports this 

hypothesis includes higher levels of estradiol and insulin in women with higher BMI 
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(Hvidtfeldt et al. 2012), higher prevalence of ER+/PR+ breast cancer in postmenopausal 

women, and lower incidence of ER+/PR+ breast cancer in premenopausal women (Yang 

et al. 2011; Suzuki et al. 2009). IGF-1 was firstly found in vitro to promote the growth of 

breast cancer cells (Hursting et al. 2003). Epidemiologic studies showed the positive 

association between IGF-1 concentration and premenopausal breast cancer, but not in 

postmenopausal women (Hankinson et al. 1998). Calorie restriction in diet-induced obese 

animals reduced IGF-1 level and breast tumor growth, indicating the role of IGF-1 in 

elevating tumorigenesis with obesity (Yakar et al. 2006).  

 

Obesity is not only related to the increased risk of breast cancer, but it also increases the 

risk of death and recurrence of breast cancer (Goodwin 2016). Obesity contributes to 

about 30% of the increase in recurrence and death of breast cancer patients (Protani et al. 

2010; Chan et al. 2014). Large epidemiologic studies also restricted this finding within 

patients with ER+/PR+ cancers, who are premonopausal (Pan et al. 2014) or have 

operable cancer treated with standard chemo- and hormonal therapy (Sparano et al. 

2012). Furthermore, an intervention study done in breast cancer patients found that 

dietary fat reduction significantly improved the prognosis of breast cancer by reducing 

recurrence rate (Chlebowski et al. 2006). However, the results from the Women’s 

Healthy Eating and Living Randomized Trial showed no effect of a diet high in 

vegetables, fruit, and fiber and low in fat on breast cancer recurrence (Pierce et al. 2007). 

Although the results are controversial whether weight loss in obese breast cancer patients 

is beneficial, patients are encouraged to adopt a healthy life style for a better overall 
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outcome. More studies are underway to investigate the beneficial effects of caloric 

restriction and weight loss in the recurrence and death of breast cancer (Goodwin 2016). 

 

Obesity leads to energy imbalance and activation of inflammatory pathway in many 

organs, for instance in the liver, adipose tissue and skeletal muscle. However, the 

interaction between obesity and inflammation in affecting the breast was not clear until a 

recent discovery of crown-like-structures (CLS) that are produced by macrophages and 

surround the adipocytes in the mammary glands (Howe et al. 2013; Iyengar et al. 2015). 

Researchers from Cornell University found that the CLSs in inflamed breast tissue of 

obese women were associated with an elevated inflammatory pathway that contributed to 

their increased risk of breast cancer (Subbaramaiah et al. 2012). 

 

1.11.1  The prevalence of obesity among pregnant women 

More than 50% of pregnant women in the USA are overweight or obese (American 

College of Obstetricians and Gynecologists 2013b) and more than 40% of pregnant 

women gain more weight during pregnancy than recommended by the Institute of 

Medicine (American College of Obstetricians and Gynecologists 2013a; Gunderson 

2009). Maternal obesity puts those overweight or obese women at an increased risk of 

pregnancy complications, including gestational hypertension, diabetes mellitus, 

preeclampsia, cesarean delivery, and postpartum weight retention (Zugna et al. 2015; 

Weiss et al. 2004; Baeten et al. 2001; Cedergren 2004; Vesco et al. 2009). In addition, it 

has long lasting adverse effects on the offspring, causing for instance prematurity, 

stillbirth, congenital anomalies, fetal macrosomia with possible birth injury, childhood 
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obesity, and high birth-weight, which has been associated with increased risk of breast 

cancer in female offspring (Stothard et al. 2009; Oken et al. 2007; De Assis et al. 2006; 

De Assis et al. 2006).  

 

1.12  Tamoxifen and antiestrogen resistance 

Seventy percent (70%) of the breast cancer patients are estrogen receptor positive (ER+) 

and sensitive to antiestrogen agents. Therefore, they are treated with antiestrogen therapy. 

Tamoxifen is the first line antiestrogen drug that has been widely used to advance breast 

cancer in the USA since 1978 and it is now listed by the World Health Organization 

(WHO) as an essential medicine for the treatment of breast cancer (Jordan and Dowse 

1976; Jordan 1997). It is a selective estrogen receptor modulator (SERM), which acts as 

an agonist for ER in the uterus and an antagonist in the breast. Although patients with 

invasive breast cancer that are treated by tamoxifen had increased risk of endometrial 

cancer (Fisher et al. 1994), the benefits of treatment outweighed the risk. Tamoxifen has 

been shown to effectively prevent primary breast cancer in women with increased risk 

(Fisher et al. 1998) and breast cancer recurrence used as adjuvant therapy (Early Breast 

Cancer Trialists' Collaborative Group (EBCTCG) 2005; 1998). Researchers consistently 

showed tamoxifen to be the most effective in patients with node-negative and ER+ 

cancers.  

 

However, 50% of patients develop resistance to tamoxifen treatment, including de novo 

resistance and recurrence. Efforts have been made to understand the mechanism behind 

resistance for better outcome. A study using reverse-transcriptase–polymerase-chain-
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reaction (RT-PCR) assay of 16 cancer related genes in paraffin-fixed tumors to obtain a 

recurrence score and correlated the risk of distant recurrence in tamoxifen-treated patients 

(Paik et al. 2004). Although the results of that study showed high relevance of the 

recurrence score and breast cancer distant recurrence, it remained largely unknown why 

that particular list of genes were involved or the chosen recurrence score would also be 

predictive in other types of cancer. Osborne summarized the signaling molecules and 

pathways that are related with endocrine resistance: tumor microenvironment and host 

associate mechanisms (fibroblasts, immune functions, extracellular matrix, and etc.); ER 

and ER coregulators (estrogen related receptors, coactivators, and corepressors); cell 

cycle signaling molecules (apoptosis and cell proliferation); and growth factor receptor 

pathways (Osborne and Schiff 2011) (Clarke et al. 2015). Dr. Clarke and his lab have 

established estrogen-independent breast cancer cell lines derived from MCF7 cells that 

are sensitive (Clarke et al. 1989) or resistant (Brünner et al. 1997) to tamoxifen treatment, 

named LCC1 and LCC9, respectively. By comparing differentially expressed genes and 

related signaling pathways of these two cell lines and the findings of others, he 

summarized the associations between unfolded protein response (UPR) pathway, 

autophagy, apoptosis, and the fate of breast tumors (Clarke et al. 2012). 

 

1.13  UPR signaling pathway 

One of the primary functions of the mammary gland is to secrete and supply milk during 

lactation. Endoplasmic reticulum (EnR) is the primary location responsible for efficient 

and proper protein folding, which is constantly challenged by the high demand of protein 

synthesis in organs like mammary gland. Several feedback mechanisms and a highly 
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dynamic cellular signaling work elaborately to ensure the fidelity of protein folding. 

Excessive protein synthesis and misfolded protein products activate UPR pathway and 

the dedicated machinery sends the signal from EnR to cytosol and nucleus (Walter and 

Ron 2011). The result of this stress-activated response leads to homeostasis, if the 

signaling is able to balance protein production and secretion, or programmed cell death, 

by activating apoptosis to eliminate damaged cell (Hetz 2012). Besides the classic role 

UPR plays in sensing protein-folding stress under physiological and pathological 

conditions, emerging evidence show its function in metabolism and inflammation. 

Therefore, it is critical to know how the UPR could be activated and transduce the signal 

to maintain the cellular homeostasis. 

 

Three trans-membrane stress sensors locate at the EnR lumen and transduce the signal 

upon activation: activating transcription factor 6 (ATF6), inositol requiring enzyme 1 

(IRE1), and double-stranded RNA-activated protein kinase (PKR)–like ER kinase 

(PERK) (Walter and Ron 2011; Hetz 2012).  

 

ATF6 

In stressed cells, ATF6 moves from EnR to Golgi apparatus, where it is cleaved by the 

site 1 protease (S1P) and S2P and becomes the active form as a transcription factor (Hetz 

2012). The active ATF6 (ATF6 p50) then translocate to the nucleus and transcriptionally 

activates its target genes, including the UPR chaperone glucose-regulated protein 78 

(GRP78), the apoptosis inducer DNA damage inducible transcript 3 (DDIT3, Chop), and 

the potential transcription activator X box-binding protein 1 (XBP1). 
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IRE1 

Upon activation, IRE1α completes autophosphorylation followed by home-dimerization, 

which is essential for its RNase activity. The activated IRE1α then cleaves the mRNA 

encodes the unspliced Xbp1 (Xbp1u) for an active transcription factor spliced Xbp1 

(Xbp1s). Proteins encoded by the target genes of XBP1 include ER-associated 

degradation (ERAD), and those involved with protein quality control and phospholipid 

synthesis. By binding to adaptor proteins, the activated IRE1α also degrades mRNA 

through regulated IRE1α-dependent decay (RIDD) and induces “stress-alarm pathway) 

through activating JUN-N terminal Kinase (JNK) and nuclear factor-κB (NF-κB). 

 

PERK 

Upon activation (autophosphorylation and dimerization), PERK phosphorylates 

eukaryotic translation initiator factor 2α (eIF2α), which alleviates the unfolded protein 

stress by attenuating global protein synthesis and specific protein translation of activating 

transcription factor 4 (ATF4). The nucleus target genes of ATF4 include those involved 

with apoptosis, autophagy, amino acid metabolism, and antioxidant defense genes. 

 

1.13.1  UPR related autophagy and apoptosis 

Besides the unfolded protein stress the mammary gland could experience under the 

physiological conditions, mammary tumorigenesis and antitumor therapies also are 

considered stress that activate UPR and the related signaling pathways. Early EnR stress 

and UPR activation attenuate protein synthesis through 1) global translation inhibition by 
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PERK/eIF2α, 2) activate mRNA decay through RIDD by IRE1α, and 3) induce 

autophagy through IRE1α/JNK signaling and the PERK/eIF2α mediated specific 

activation of ATF4 translation, all attempting to resolve the overloaded protein stress. 

Prolonged unresolved EnR stress leads to apoptosis by transcriptional activating CHOP 

and regulating the B-cell lymphoma 2 (BCL-2) protein family. 

 

EnR stress activated autophagy removes protein aggregation and damaged cellular 

organelles through a lysosomal degradation process in which misfolded proteins are 

encapsulated in autophagosomes and later cleared through lysosomal hydrolases 

(Mizushima et al. 2008; Dikic et al. 2010; Senft and Ronai 2015). Basically, EnR stress 

and UPR interact with the activation of autophagy through two molecular mechanisms. 

First, nearly 30 autophagy-related genes (ATGs) could be transcriptionally activated 

through UPR pathways, including Beclin-1 (critical autophagy regulator), p62 (key 

membrane component in autophagosome, also called sequestosome 1, SQSTM1), and 

many other ATGs (Senft and Ronai 2015). Additionally the IRE1α-activated JNK could 

phosphorylate anti-apoptotic Bcl-2 and thus dissociate Bcl-2/Beclin-1 complex, releasing 

free Beclin-1 to activate autophagy signaling (Clarke et al. 2012). Furthermore, the 

IRE1α/XBP1 arm of UPR activation could also induce Bcl-2 expression through XBP1 

transcription, potentially affecting the initiation of autophagy.  
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Figure 1.2  Schematic signaling of unfolded protein response, autophagy, 

apoptosis, and inflammation pathways. 
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Unresolved EnR stress and accumulation of protein aggregation gradually push the cell 

towards apoptosis, seeking the clearance of damaged cell. The process depends on IRE1α 

pathway and Chop transcription, through the Bcl-2 family genes (Szegezdi et al. 2006; 

Tabas and Ron 2011). Prolonged IRE1 activation promoted apoptosis through 1) RIDD 

pathway by degrading mRNAs associated with survival and 2) the induction of 

phosphorylated JNK and related pro-apoptotic Bax and Bak. Prolonged Chop expression 

reduces anti-apoptotic Bcl-2 levels and pro-apoptotic Bax translocation to the EnR, 

facilitating the formation of apoptosome and the execution of death. 

 

Although emerging evidence showed that UPR pathways closely interact with autophagy 

and apoptosis signaling, it remains largely unclear 1) how the UPR-activated autophagy 

determines cell fate (pro-survival or pro-death), 2) what role does autophagy play during 

tumorigenesis, cancer progress, and antiestrogen therapy, 3) what are the characteristics 

of UPR signaling during antiestrogen resistance (Green and Levine 2014). After 

antiestrogen treatment, both apoptosis and pro-death autophagy are activated in sensitive 

breast cancer cells (Clarke et al. 2009). The comparison between antiestrogen sensitive 

and resistant cells found activations of UPR genes, as well as pro-survival autophagy and 

anti-apoptosis signaling, in the resistant cells. Resensitizing the resistant cells by 

inhibiting the anti-apoptosis Bcl-2 family genes killed the cells through an autophagy-

related necrosis, but not apoptosis (Crawford et al. 2010). Furthermore, when Beclin-1 is 

also inhibited (autophagy is assumingly inhibited too), the cell death shifts again towards 

apoptosis dominant mechanisms. These evidences indicate that the fate of cancer cells is 
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determined by complicated machinery under each specific cellular context, depending on 

the treatment, sensitivity to the treatment, and cell types. 

 

1.13.2  UPR related inflammation 

The activation of UPR involves many cellular intrinsic signaling pathways that can 

initiate inflammation through the following four mechanisms (Zhang and Kaufman 

2008). 1) Dysfunctions in oxidative protein folding and accumulation of reactive oxygen 

species (ROS); 2) PERK/eIF2α pathway mediated global translation reduction, leading to 

NFκB activation; 3) IRE1α mediated JNK and NFκB activation through TRAF2 and IKK 

phosphorylation; and 4) regulated intramembrane proteolysis (RIP) mediated the acute 

phase response, in which the activated ATF6 and another bZIP transcription factor 

CREBH activate acute-phase response genes. The factors those are associated with the 

UPR-related inflammation include calcium concentration at the EnR, ROS contents, and 

inflammatory cytokines, such as tumor necrosis factor α (TNFα), interleukin 1 β (IL-1β), 

and IL-6 (Zhang and Kaufman 2008). In pathologic conditions, such as obesity, UPR and 

the related inflammation pathways are activated, possibly resulting insulin resistance. The 

molecular components that are involved in the UPR-activated inflammation include IKK 

and insulin-receptor substrate 1 (IRS1). 

 

I have summarized the core components of UPR activation and the related apoptosis, 

autophagy, and inflammation that were studied in this thesis in Figure 1.2. 
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1.13.3  Dietary exposure and UPR 

Genistein consumption in vivo and treatment in cell culture affect genes in the UPR 

pathway. Pharmacologic dose of genistein (100 µM) induced apoptosis in hepatocellular 

carcinoma cells through GRP78 activation (Yeh et al. 2007). Conversely, Zhou et al. 

showed that the treatment of genistein (at 140 µM) in non-cancerous fibroblasts, reduced 

the transcription of GRP78 by antagonizing the transcription factor, nuclear factor-

Y/CCAAT binding factor (NF-Y/CBF), which is responsible for its transcription (Zhou 

and Lee 1998). The controversy observed in cell culture studies may be explained by the 

difference in cell types (cancer cells vs normal mammalian cells), indicating the different 

roles of UPR activation in affecting tumor growth vs normal organ development. 

 

Maternal obesity induced by a high fat diet affects the UPR pathways in different organs 

of the offspring. In 2014, Wu et al. reported that maternal consumption of an obesity-

inducing high fat diet before and during pregnancy activated UPR and the related 

inflammation pathways in the liver, adipose, and hypothalamus tissues of the female 

offspring (Wu et al. 2014). Furthermore, maternal obesity and/or the obesity in the 

offspring caused by a high fat diet feeding altered UPR genes (GRP78, PERK, eIF2α, 

ATF6, IRE1α, XBP1, and Chop) in the offspring pancreas, contributing to the etiology of 

insulin resistance of those offspring (Soeda et al. 2016). These evidences of maternal 

obesity-mediated changes in the UPR and inflammation of the offspring (Leibowitz et al. 

2012; Mouralidarane et al. 2013; Soeda et al. 2016; Wu et al. 2014) made us concerned 

about its impact on tamoxifen responsiveness on the offspring with breast cancer since 
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the activation of UPR was observed in antiestrogen resistant mammary tumors (Cook et 

al. 2012; Yan et al. 2015).  

 

1.14  Tumor immune function 

During the past three decades, there has been an emergence of interest in cancer 

immunosurveillance and an expansion of this concept into the recently defined term 

called cancer immunoediting, highlighting the interaction between tumor cells and the 

surrounding tumor microenvironment. The process of cancer immunoediting during 

tumorigenesis and the formation of tumors is described as 1) elimination, when the 

molecules of innate and adaptive immunity compose the network of cancer 

immunosurveillance and protect the host from the evasion of tumor cells; 2) equilibrium, 

when the balance exists between immunosurveillance and tumor formation, eventually 

resulting the third stage of cancer immunoediting 3) when the host’s immune function is 

impaired resulting escape. A new immunophenotype is established that induces the 

growth of tumor cells in the host (Dunn et al. 2002; Dunn et al. 2004; Smyth et al. 2006). 

 

1.14.1  Tumor microenvironment 

Once cancer is clinically detected it must have escaped the tumor immunosurveillance 

and, in order to progress, evaded antitumor immune responses (Gajewski et al. 2013). 

Tumor cells present tumor specific antigens that are recognized by the host immune 

system, forming the peptide-major histocompatibility complex-T cell receptor complex 

that targets and kills the tumor cells. However, due to the high incidence of mutations in 

cancers, tumor cells exhibit hundreds to thousands of mutations. Identification of these 
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mutants helps to identify those patients who relapse whilst on immunotherapy (Robbins 

et al. 2013). Besides the antigen presenting function of tumors themselves, cellular and 

molecular components in the niche surrounding cancer cells play pivotal roles in 

controlling the antitumor immunity. 

 

Two distinct characteristics of tumor microenvironment have been linked to the 

resistance of tumor cells against immuno-elimination. First, with the presence of tumor 

infiltrating T lymphocytes (TILs), tumor progressively grows due to an inhibitory 

immunophenotype (Gajewski et al. 2013; Salgado et al. 2015). In this situation, the tumor 

cells are attacked by CD8+ effector T-cells, followed by an inhibitory profile, for 

instance high expressions of PD-L1, indoleamine-2,3-dioxygenase (IDO), and the influx 

of regulatory T-cells (Tregs, CD4+Foxp3+ cells). Indeed, a high ratio of CD8+ cytotoxic 

T-cells (CTLs) to Foxp3+ Tregs is associated with favorable clinical outcomes in patients 

with luminal breast cancers (Liu et al. 2011) and ovarian cancers (Curiel et al. 2004). The 

development of this tumor infiltrating phenotype is associated with the promotion of TILs 

development through type I interferon receptor and the innate to adaptive immunity 

transition mediated by stress-induced mechanisms and CD8α+ dendritic cell (DC) 

lineage, which could be vaccine targeted for effective induction of CTLs (Shortman and 

Heath 2010; Gajewski et al. 2013).  

 

In addition to the lymphocytes and DCs that could infiltrate tumors, stromal components 

in the microenvironment can influence the host immunity. Those components in the solid 

tumor stroma include 1) fibroblasts, which express fibroblast-activating protein (FAP) 
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and show inhibitory antitumor response; 2) macrophages, more specifically, M2 

macrophages that contribute the immunosuppression through cytokine production of 

Tgfβ1 and IL-10 (Quatromoni and Eruslanov 2012) and recruitment of Tregs 

intratumorally (Curiel et al. 2004); 3) angiogenic factors that are secreted by vascular 

endothelial cells, which are associated with infiltration of effector T-cells; 4) myeloid-

derived suppressor cells (MDSCs) that exhibit immunosuppressive effects in the tumor 

microenvironment; and 5) extracellular matrix (ECM).  

 

1.14.2  UPR crosstalk with tumor immunosuppression  

As above mentioned, activated UPR signaling bridges the innate and adaptive immunities 

in the tumor microenvironment. In general, activated UPR and induced XBP1s promote 

the plasma cell differentiation from naïve B cells and disrupt the antigen cross 

presentation through the differentiation of DC. In macrophages, activated UPR signaling 

induces the transcription of pro-inflammatory cytokines (IL-6 and TNF) and reduces 

Chop expression, favoring macrophage survival with the presence of toll like receptor 

(TLR). Without TLR, Xbp1s-mediated TNF transcription and IL-1b transcription through 

glycogen synthase kinase 3β (GSK3β) is inhibited (Grootjans et al. 2016). Activation of 

UPR induces immunosuppression by regulating tumor infiltrating myeloid cells in a cell-

nonautonomous fashion (Zanetti et al. 2016). First, elevated lactate concentration in the 

tumor microenvironment activates hypoxia-induced factor 1α (HIF1α), which further 

induces angiogenesis and immunosuppression. Next, tumor-derived transmissible EnR 

stress (TERS) from tumor cells activates UPR pathways, which in turn, causes 

transcription of pro-inflammatory cytokines that promote tumor growth and induce 
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defective antigen presentation. Lastly, tumor derived factors induce Chop-dependent 

MDSC differentiation, exhibiting lost of tumor infiltrating CTLs and immunosuppression 

(Mahadevan et al. 2012; Zanetti et al. 2016). In summary, UPR signaling in the tumor 

cells, through the tumor-infiltrating DC, produces tumorigenic cytokines, impairs CD8+ 

T-cell cross priming and promotes tumor growth by reducing CTLs.  

 

1.14.3  Cytokines 

In the tumor microenvironment, cytokines are small molecules that regulate the growth, 

differentiation, and proliferation of immune cells. Host-derived cytokines could suppress 

tumor development during immune-surveillance by regulating inflammation and the 

tumor immune function. Tumor cells could exploit host-derived cytokines to suppress 

apoptosis and promote growth (Dranoff 2004). Cytokines are used as biomarkers to 

predict cancer prognosis, depending on cancer types. It also is important to determine 

whether the concentration of cytokines is determined in the tumor microenvironment or 

host circulation, since they may function differently (Lippitz 2013). For instance, 

increased serum concentration of IL-10 has been reported both in breast cancer and 

malignant glioma, while decreased intratumoral IL-12 expression was only in glioma and 

increased serum IL-6 concentration was only observed in breast cancer patients (Lippitz 

2013). Therefore, it is critical to analyze the results of cytokines carefully, considering 

the specimen and other cytokine-related immune markers. 
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1.14.4  Genistein and immune functions 

Besides its effect on UPR signaling, genistein also has immunomodulatory effects and 

thus alters the tumor immunosuppressive and anti-tumor immune responsiveness of the 

body (Ganai and Farooqi 2015; Masilamani et al. 2012; Sakai and Kogiso 2008). In 

athymic nude mice that lack T-cells, genistein does not inhibit the growth of estrogen-

dependent or –independent tumor cells (Ju et al. 2001; Hsieh et al. 1998; Ju et al. 2006; 

Santell et al. 2000). In fact, genistein promotes the growth of ER+ MCF-7 breast cancer 

cells in immune deficient mice (Hsieh et al. 1998). In immune competent animals, 

genistein has been shown to inhibit tumorigenesis, but only if it is given prior to the 

initiation of tumors and the genistein exposure continues through tumor growth period 

(Guo et al. 2007; Guo et al. 2001). If genistein exposure started after tumors were 

present, genistein promoted tumorigenesis also in immune competent mice (Allred et al. 

2004). Further, only in mice that received genistein before tumors were initiated, 

increased activity of cytotoxic T cells and NK cells and a decrease in the percentage of 

CD4+CD25+ T regulatory cells were seen (Guo et al. 2007). The above-mentioned 

evidence indicates that genistein, by oral consumption, has the immunomodulatory effect 

in immune competent animals. Human feeding study showed that daily soy milk 

consumption significantly reduced serum TNFα level in healthy postmeonopausal women 

(Huang et al. 2005). In cancer rodent models, genistein was shown to promote antitumor 

cytotoxic responses and inhibit tumoral immunosuppression.  

 

Besides cancer, soy isoflavones also affect the risk of several immunity related diseases, 

including allergy, asthma, and thyroid functions due to its immunomodulatory effects 
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(Masilamani et al. 2011; Ryan-Borchers et al. 2006; Smith et al. 2015; Messina and 

Redmond 2006).  

 

1.14.5  Maternal obesity and the immune function in the offspring 

Maternal obesity affects the risk of metabolic diseases in offspring by altering their 

immunity. A rodent model of maternal obesity and continuous high caloric diet in the 

offspring cause non-alcoholic fatty liver disease and increased concentrations of IL-6, IL-

12, and IL-18, indicating the innate immunity dysfunction caused by chronic hyper 

calorific obesity-inducing diet (Mouralidarane et al. 2013). Maternal obesity caused 

immune system dysfunctions in the offspring, mediated by up-regulation of pro-

inflammatory cytokines, inflammation pathways, and alterations in metabolism-related 

pathways in the placenta (Wilson and Messaoudi 2015). Furthermore maternal obesity 

was associated with increased natural killer T-cells and CD8+ Tregs in the cord blood, 

indicating the potential epigenetic mechanisms mediating the postnatal changes caused 

by maternal malnutrition (Gonzalez Espinosa et al. 2016). 

 

1.15  The DMBA model of rodent mammary tumorigenesis 

Although humans are exposed to numerous carcinogens during our lifetime, difficulty 

(time and money) of human intervention trials call for animal models that accurately 

mimic mammary tumorigenesis in humans. In this thesis, I used a 7,12-

Dimethylbenz[a]anthracene (DMBA)-induced ER+ mammary cancer model (J. Russo 

and Russo 1996). The timing of DMBA administration determines the incidence of 

tumorigenesis and oral gavage at ~PND 50 will generate up to 100% tumor incidence in 
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Sprague-Dawley rats. The reason for administrating DMBA at PND 50 is that  most 

numbers of terminal end buds (TEBs) are present at that age.The ER+ mammary tumors 

induced in this model are sensitive to estrogen (De Assis et al. 2006; De Assis et al. 

2013), anti-estrogen tamoxifen treatment (Hilakivi-Clarke et al. 2016) and preventable 

with tamoxifen (Jordan and Dowse 1976; Jordan and née Naylor 1980).  

 

1.16  Hypothesis and aims 

The research of my thesis is based on the following hypothesis: 

 

1. Lifetime GEN exposure improves rats’ response to antiestrogen TAM and 

prevents recurrence of ER+ mammary tumors.  

2. Maternal obesity induces TAM resistance and increases the risk of recurrence 

among female offspring.  

3. Changes in UPR and tumor immune responses mediate the effects of lifetime 

GEN and maternal obesity on antiestrogen response.  

 

To test the hypothesis, the following specific aims were established: 

 

Aim 1: Determine the response of ER+ mammary tumors to antiestrogen TAM treatment 

in rats that have consumed GEN through the lifetime or started for the first time during 

TAM treatment. Determine the effects on UPR and tumor immune parameters Tgfβ, 

Foxp3 and CD8a in mammary glands and tumors of adult rats before and after TAM 

treatment (Chapter 2). 
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Aim 2: Determine the response of ER+ mammary tumors to TAM therapy in female 

offspring of obese and control dams. Determine the effects on UPR and immune 

parameters in mammary glands and tumors of female offspring before and after TAM 

treatment (Chapter 3). 

 

Aim 3: Determine the alterations in morphology and differentially expressed genes in 

mammary glands of female offspring from obese and control dams at PND 50 

(Appendix).  
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Chapter 2  Lifetime genistein intake increases the response 
of mammary tumors to antiestrogen treatment 

and alters immune markers in rat tumors  
 

2.1  Introduction 

High soy food intake among women living in Asian countries is thought to contribute to 

their low breast cancer risk (Trock et al. 2006; Wu et al. 2008; Wada et al. 2013; Chen et 

al. 2014a; Fritz et al. 2013). Soybeans contain the isoflavone genistein (GEN) that has 

physicochemical properties similar to 17β-estradiol (E2). GEN activates both estrogen 

receptors ER-α and ER-β in a manner comparable to E2 but with a lower affinity (Paech 

et al. 1997; Chang et al. 2008). Studies done using ER+ human MCF-7 breast cancer 

cells indicate that physiological doses of E2 or GEN stimulate the growth of these cells in 

vitro and in vivo in athymic nude mice (Helferich et al. 2008). Since estrogenic 

compounds, including hormone replacement therapy, are not recommended for breast 

cancer patients, oncologists often advise their patients not to take isoflavone supplements 

or to consume soy foods (Messina et al. 2013). Also, GEN intake can reduce the efficacy 

of both tamoxifen (TAM) and aromatase inhibitor (Ju et al. 2002; Du et al. 2012; Ju et al. 

2008) in athymic nude mice. 

Studies in women show no evidence of adverse effects of soy intake on breast cancer 

outcome (Guha et al. 2009; Caan et al. 2011). Indeed, breast cancer patients consuming 

more than 10 mg isoflavones daily, corresponding to 1/3 cup of soymilk, have the lowest 

risk of recurrence, both among Caucasian and Asian populations (Shu et al. 2009; Zhang 

et al. 2012; Kang et al. 2010; Chi et al. 2013; Nechuta et al. 2012). The protective effect 

is seen in ER+ and ER- breast cancer patients (Zhang et al. 2012; Chi et al. 2013; 
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Nechuta et al. 2012), and in patients treated with endocrine therapy (Kang et al. 2010; 

Nechuta et al. 2012). However, since the studies are observational, it is not known 

whether the link is reflective of another protective life-style factor associated with soy 

food intake, such as lower body weight (Maskarinec et al. 2008). It also is unclear 

whether the protective effect reflects high lifetime soy intake or whether a similar 

outcome can be reached by starting soy intake for the first time during endocrine therapy.  

 

Resistance to endocrine therapies is a significant problem in treating ER+ breast cancers 

(Clarke et al. 2012). While ~50% of ER+ breast cancer patients respond to TAM, tumors 

can either exhibit de novo resistance (never respond to the treatment) or acquire 

resistance after initially responding and recur (Early Breast Cancer Trialists' 

Collaborative Group (EBCTCG) 2005; Ring and Dowsett 2004). Factors involved in 

determining which patients will respond to endocrine therapy and which will recur 

remain largely unknown (Cook, Shajahan, and Clarke 2011). TAM induces endoplasmic 

reticulum (EnR) stress and the unfolded protein response (UPR); when pro-death 

signaling dominates cancer cells are eliminated by apoptosis (Cook, Shajahan, and Clarke 

2011; Cook et al. 2012). However, UPR which involves GRP78 as a key activator of the 

process and three arms consisting of IRE1α, PERK and ATF6 pathways, can also activate 

autophagy-related genes to induce cancer cell survival. The effects of GEN on UPR 

signalling have been explored in in vitro studies using 50-200 times higher doses of GEN 

than can be achieved by consuming soy foods (Misra, Wang, and Pizzo 2009; Yeh et al. 

2007), and therefore the clinical relevance of the observed reduction in UPR remains 
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uncertain. However, physiological doses of GEN can inhibit autophagy in cancer cells in 

vitro (Nazim and Park 2015). 

 

The UPR regulates inflammatory responses in antigen presenting macrophages and 

dendritic cells (Zhang and Kaufman 2008). Specifically, activation of UPR reduces 

antigen processing and presentation and consequently suppresses CD8+ cytotoxic T-cells 

(Mahadevan et al. 2012), leading to evasion of antitumor immunity (Zanetti, Rodvold, 

and Mahadevan 2016). UPR activation is linked to upregulation of FOXP3, a master 

transcription factor that participates in the development and function of regulatory T-cells 

(Tregs) (Zanetti, Rodvold, and Mahadevan 2016). High FOXP3 expression is associated 

with promotion of immunosuppression. Autophagy also modulates immune responses by 

increasing Tregs (J. Wei et al. 2016) and downregulating CD8+ cells (Noman et al. 

2012). GEN has several effects on the immune system in vitro and in vivo (Davis et al. 

2001), including increasing CD8+ T-cells and reducing Tregs (Guo et al. 2001). Since 

high FOXP3 (Liu et al. 2014) and low CD8+ levels (Kim et al. 2013; Ali et al. 2014) are 

generally predictive of poor survival among ER+ breast cancer patients, GEN intake may 

promote anti-tumor immunity and prevent recurrence. 

 

Using a recently characterized preclinical model to study TAM resistance (Hilakivi-

Clarke et al., n.d.), we compared the effects of lifetime GEN exposure that mimics the 

soy food intake of Asian women, with GEN intake starting during adult life (mimicking 

soy food intake among some Western women), or intake that began for the first time 

during TAM treatment. Most breast cancers in the U.S. likely fall into the latter category, 
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if patients start using soy supplements or soy foods to alleviate menopausal symptoms 

induced by antiestrogens. Our results show that either lifetime or adult GEN intake 

inhibits TAM resistance and reduces local mammary cancer recurrence. Starting to 

consume GEN during TAM treatment has the opposite effect. We also found changes in 

tumor UPR and immune markers that are indicative of lower levels of endoplasmic 

reticulum stress and improved anti-tumor immune responses in the lifetime GEN exposed 

group.  

 

2.2  Materials and methods 

2.2.1  Animals 

Sixteen female Sprague-Dawley rats, each nursing ten 10-day-old female pups, were 

obtained from Charles River Laboratory (Frederick, MD) and housed in the Department 

of Comparative Medicine at Georgetown University. Rats were kept in a temperature- 

and humidity- controlled room with free access to water and food under a 12:12-hour 

light:dark cycle. All experimental procedures were approved by Georgetown University 

Animal Care and Use Committee.  

 

2.2.2  Dietary exposures and DMBA administration 

When pups were 15 days of age, 16 litters were divided into two groups: (i) 7 dams and 

their 70 female pups were fed AIN93G laboratory diet supplemented with 500 ppm GEN 

(GEN diet), and (ii) 9 dams with a total of 90 female pups were fed an AIN93G diet 

(control diet). Pups were weaned on postnatal day (PND) 21 and kept on the GEN or 

control diet until PND 30. Between PND 31 and 55, all rats were fed the control diet to 
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avoid GEN’s potential effects on the metabolism and activation of 7,12-

dimethylbenz(a)anthracene (DMBA).  

 

On PND 48, mammary tumors were initiated by administering 1 ml of peanut oil 

containing 10 mg DMBA by oral gavage. One week later, rats were divided into five 

groups: (1) those previously fed GEN diet received 500 ppm GEN from PND 55 onwards 

until the end of the study (lifetime GEN group mimicking Asian women) (n=35); (2) 

those fed GEN between PNDs 15 and 30 received control diet until they developed 

mammary tumors and started antiestrogen treatment. Once antiestrogen treatment started, 

these rats were again fed 500 ppm GEN (prepubertal GEN group) (n=35). This group 

does not represent either Caucasian or Asian soy intake patterns; this group was included 

as a control group for the lifelong GEN intake group. (3) Those animals previously fed 

control diet received 500 ppm GEN from PND 55 onwards until the end of the study 

(adult GEN group mimicking Caucasian women) (n=35). (4) Rats previously fed control 

diet remained on the control diet until they developed mammary tumors and started 

antiestrogen treatment at which point they were fed for the first time 500 ppm GEN 

(antiestrogen treatment only GEN group) (n=20). Finally, (5) animals kept on the control 

diet throughout the study (control) (n=30). All the diets were provided by Harlan 

Laboratories (Madison, WI) and the ingredients are listed in Table 2.1. Outline of dietary 

exposures are provided in Figure 2.1.  
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Table 2.1  Ingredients of rat diets used in Chapter 2 

Formula g/kg Control GEN TAM G+T 

      

Casein 200.0 

L-Cystine 3.0 

Corn Starch 397.4 

Maltodextrin 132.0 

Sucrose 75.0 

Corn Oil 60.0 

Soybean Oil 10.0 

Cellulose 50.0 

Mineral Mix, AIN-93G-MX (94046) 35.0 

Vitamin Mix, AIN-93G-VX (94047) 10.0 

Choline Bitartrate 2.5 

TBHQ, antioxidant 0.014 

Genistein 0.5 ✖ ✔ ✖ ✔ 

Tamoxifen in sucrose 25 ✖ ✖ ✔ ✔ 
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Figure 2.1  Study design of the genistein study.  

Rats were fed 0 or 500 ppm genistein (GEN) containing diet either before puberty, adult 
life or both, or rats started consuming it for the first time during tamoxifen (TAM) 
treatment. Mammary tumors were initiated with DMBA at postnatal day (PND) 48, and 
when a first tumor per rat reached a size of 1.4 cm in diameter, 337 ppm tamoxifen citrate 
(TAM) was added to the diet. Response of tumors to TAM was monitored for up to 38 
weeks. 
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Table 2.2  Responses of mammary tumors to TAM 

Name of response Tumor growth 

Complete response (CR) Tumor disappeared and stayed away for at least 4 weeks 

Partial response (PR) Tumor did not grow or started shrinking 

De novo resistant  
Tumor continued to grow, or new tumor appeared during 

TAM treatment and grew 

Acquired resistant 
Tumor disappeared for at least 4 weeks and then recurred 

at the same location 
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To determine the effect of GEN intake on UPR, autophagy and immune parameters in the 

mammary tumors prior to antiestrogen treatment, we euthanized 15 rats per group when 

their tumor reach a size of 14±1 mm in diameter.  

 

2.2.3  Mammary tumor latency, incidence and burden 

Tumor latency was the length of the tumor-free period (in weeks) from the date of 

DMBA administration until a rat developed the first measurable mammary tumor. 

Incidence was assessed weekly and was defined as the percentage of animals per group 

that had developed at least one tumor. Tumor burden was the overall tumor area, 

calculated by measuring the width x length of each tumor per animal, and was assessed 

when rats started receiving antiestrogen treatment. 

 

2.2.4  Antiestrogen Treatment 

Mammary tumor growth was monitored weekly by palpation, and tumor locations and 

sizes (measured by a caliper) were recorded. When a tumor reached a size of 14±1 mm in 

diameter, a rat was switched to a diet containing 337 ppm TAM citrate. This dose results 

in a daily exposure of 15 mg/kg TAM. The response of the tumors to TAM was assessed 

by the criteria outlined in Table 2.2. 

 

2.2.5  Tissue collection  

At the end of the tumor monitoring period, rats were euthanized by CO2; earlier if burden 

reached 10% of the body weight, or if animals lost weight or were sick, as required by the 

Georgetown University Animal Care and Use Committee. At necropsy, blood was 
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collected by cardiac puncture, and mammary glands and tumors were removed and flash 

frozen in liquid N2 for future analysis or were fixed in 10% formalin for histopathology 

purpose. 

 

2.2.6  Tumor Pathologic Evaluation 

Formalin fixed mammary tumors were embedded in paraffin and cut into 5 µm sections. 

Hematoxylin and eosin (H&E) stained tumor sections were used for the evaluation. 

Tumors were classified according to their histopathology as evaluated by an experienced 

pathologist (ARUP Laboratory, Salt Lake City, Utah). 

 

2.2.7  RNA Extraction and cDNA Synthesis 

One hundred grams of frozen mammary tissue was ground using a mortar and pestle in 

liquid nitrogen. Total RNA was isolated from the ground mammary glands by RNeasy 

Lipid Tissue Mini Kit (Qiagen, MD), following the manufacturer’s instructions. Total 

RNA from malignant mammary tumors was extracted using TRIzol reagent (Life 

technologies, CA) followed by one step of DNase I treatment to prevent genomic DNA 

contamination (Roche, Germany), as the manufacturer instructed. Quantity and quality of 

RNA was determined according to the optical density ratio (OD260:OD280) using a 

ND1000 Nanodrop spectrophotometer (Thermo scientific, MA). A total of 2 µg RNA per 

sample was used to generate cDNA via reverse transcription in a PTC-100 thermal cycler 

(Bio-Rad, CA) using the following steps: initiation at 25ºC for 10 min, reverse 

transcribing at 37ºC for 2 hours and deactivation at 85ºC for 5 min.  
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Table 2.3  Primers used for quantative real-time PCR 

Gene Sequence 

PgR_forward 5’- TCACAACGCTTCTATCAACTTACAAA -3’ 

PgR_reverse 5’- GGCAGCAATAACTTCAGACATCA -3’ 

Ki67_forward 5’- ATTCAGGCCCTGCGAAGCCG -3’ 

Ki67_reverse 5’- GCGTTGAAGGTAGGTGCCCCA -3’ 

Tgfβ1_forward 5’- CCTGAGTGGCTGTCTTTTGA -3’ 

Tgfβ1_reverse 5’- CGTGGAGTACATTATCTTTGCTG -3’ 

Foxp3_forward 5’- TGCCACCTGGGATCAATGTG -3’ 

Foxp3_reverse 5’- CGTGGGAAGGTGCAGAGTAGAGC -3’ 

Cd8a_forward 5’- GCGATATTTACATCTGGGCACC -3’ 

Cd8a_reverse 5’- AATTTCTCTGAAGGTCTGGGC -3’ 

Xbp1_forward 5’- TACTGAAGAGGTCTCAGAGGC -3’ 

Xbp1s_reverse 5’- AACTGGGCCTGCACCTGCTGCG-3’ 

Xbp1us_reverse 5’- CGCACGTAGTCTGAGTGCT -3’ 

Hspa5_forward 5’- GCACTTGGAATGACCCTT -3’ 

Hspa5_reverse 5’- CAACCACCTTGAATGGCA -3’ 

Hprt_forward 5’- CCCCAAAATGGTTAAGGTTGC -3’ 

Hprt_reverse 5’- AACAAAGTCTGGCCTGTATCC -3’ 
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2.2.8  Quantitative Real-Time Polymerase Chain Reaction 

To measure the relative mRNA abundance of UPR and immune related genes, 

quantitative real-time PCR was conducted as previously described (Zhang et al. 2011). 

Briefly, 12.5 µg cDNA was used as template with primers specific for PgR, Ki67, Tgfβ1, 

Foxp3, Cd8a, spliced Xbp1 (Xbp1s), unspliced Xbp1 (Xbp1us), Hspa5 (GRP78), and Hprt 

using 5 µL Absolute QPCR SYBR Green ROX Mix in a 10 µL reaction (Thermo 

Scientific, Foster City, CA). Serially diluted cDNA samples (20 ng/µL -to 0.625 ng/µL) 

were included with each primer. To determine the relative quantity of the gene, the 

expression was normalized to the level of the house-keeping gene Hprt. Real-time PCR 

reactions were carried out in an ABI Prism 7900 Sequence Detection System (Life 

Technologies, Carlsbad, CA) with the following thermo cycler setting: activation of the 

enzyme at 95ºC for 15 min, 40 cycles of denaturing at 95ºC for 15 sec, annealing at 60ºC 

for 30 sec, and elongation at 72ºC for 30 sec, followed by one step of dissociation to 

ensure the purity of the product. Primers used in the real-time PCR were designed using 

Vector NTI software (Life Technologies) and are listed in Table 2.3. The result of the 

reaction was checked and exported using SDS 2.3 software (Life Technologies). The 

highest efficiency of the machine was confirmed by ensuring that the R2 of the standard 

curve was >0.98 and that the slope was within 3.3 ± 0.3. 

 

2.2.9  Protein Isolation and Immunoblotting 

Protein isolated from mammary glands and malignant tumors was used to determine 

whether GEN intake and TAM treatment affected the expression of estrogen receptor 

alpha (ERα), ERβ, progesterone receptor (PgR), erb2/HER2, GRP78, IRE1α, XPB-1, 
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sXBP-1, PERK, ATF4, ChOP, ATF6, Beclin-1, ATG7, LC3I, LC3II, and p62. Briefly, 

fifty grams of frozen mammary tissue or tumor was ground using a mortar and pestle in 

liquid nitrogen, lysed in RIPA lysis buffer (1% NP-40, 0.1% SDS, 50 mM Tris-HCl pH 

7.4, 150 mM NaCl, 0.5% Sodium Deoxycholate, 1 mM EDTA, 1 mM Sodium 

Orthvandate, 10 mM Glycocerophophate, 5 mM Pyrophosphate, 1 mM PMSF) with 

Complete Mini Protease Inhibitor (Roche, Mannheim, Germany). Cell debris and 

chromatin were precipitated by centrifugation and discarded. Protein concentration was 

measured using the BCA Protein Assay Kit (Thermo Scientific, Rockford, IL) according 

to the manufacturer’s protocol. Thirty micrograms of the protein were separated on a 

NuPage 4-12% Bis-Tris gel (Life Technologies) and transferred to nitrocellulose via 

iBlot Transfer Stack and Blotting System (Life Technologies). The nitrocellulose 

membrane was blocked in 5% Bovine Serum Albumin (BSA) in TBS with 0.1% Tween-

20 (0.1% TBST) at room temperature (RT) for 1 hr and incubated with antibodies 

(diluted in TBST) against the following: ERα (VP-E613, Vector Laboratories, 

Burlingame, CA), PgR (ab90577, Abcam, Boston, MA), ERβ (E1276, Sigma), 

erb2/HER2 (AH01011, Invitrogen), ATF6 (IMG-273, Imgenex), ATF4 (sc-200, Santa 

Cruz), p62 (610832, BD Biosciences), GRP78 (3177, Cell Signaling), ChOP (2895, Cell 

Signaling), IRE1α (3294, Cell Signaling), Beclin-1 (3738, Cell Signaling), and LC3B 

(2775, Cell Signaling).  Membranes were incubated with primary antibodies at 4ºC with 

gentle shaking overnight, followed by washing x3 times with TBST for 10 minutes each. 

The membrane was incubated with horseradish peroxidase (HRP) conjugated secondary 

antibody (1:5000 dilution, Santa Cruz) in TBST plus 1% milk at RT for 1 hr followed by 

three 10 minute washes in TBST. HyGLO Chemiluminescent HRP antibody detection 
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spray was applied to the membrane and the signal was detected in the dark room. The 

protein level was determined by the intensity of the bands using the Quantity One 

software (Bio-Rad). 

 

2.2.10  Serum Isoflavone quantification 

Blood was drawn by cardio-puncture at necropsy and serum was separated and kept at -

80°C until analysis. Serum levels of total isoflavone (aglycones and conjugated forms) 

were determined by LC-ES/MS/MS as previously described (Ju et al. 2001). Briefly, 

complete enzymatic hydrolysis was performed by incubating the serum samples 

overnight with H. pomatia preparation containing glucuronidase, sulfatase, and 

glucosidase, followed by isotope dilution quantification of GEN, daidzein, and equol. 

Inter- and intra-day analysis was performed and the precisions of measurements were 

ensured with 1-6% relative standard deviation. For each sample, the method detection 

limit for GEN was approximately 0.005 µM per aliquot of 10 µL. Quality control samples 

were included for the analysis of every sample test including the analysis of blank and 

spiked serum samples (glucuronidase/sulfatase), blank injections, and injections of 

authentic standards.  

 

2.2.11  Serum cytokine levels 

To investigate possible changes in serum cytokine levels in rats fed GEN at different 

times of their life, a rat cytokine multiplex array (#110449RT) was carried out by 

Quansys Biosciences (Logan, UT). This analysis includes the following nine cytokines: 

IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12p70, IFN-γ, and TNF-α.  Serum was obtained 
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from rats that were euthanized before TAM treatment. Samples were run in triplicates 

using ELISA-based Chemiluminescent assay and the mean value was calculated per 

animal to determine the cytokine levels.  

 

2.2.12  Statistical Analysis 

Statistical analysis of the tumor latency, serum cytokine levels, mRNA expression, and 

protein levels were performed using one-way ANOVA followed by post-hoc analysis 

using Fisher’s least significant difference (LSD) test. If not otherwise specified, p-values 

given in the Results section represent those obtained from the LSD test. Kaplan-Meier 

survival analysis and the log-rank test were used to compare the differences in tumor 

incidence. Chi-square analysis was applied to determine the statistical significance in 

tumor response to TAM treatment, and in the rate of recurrence among the five groups. 

Repeated-one-way ANOVA over each tumor-monitoring week was applied to the tumor 

burden data.  All statistical analyses were carried out using SPSS SigmaStat software, 

and differences were considered significant if p was less than 0.05.  Data are expressed as 

mean ± SEM (standard error of mean). 
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2.3  Results 

2.3.1  Serum isoflavone analysis 

The average serum GEN levels were 4.14 µM ± 0.35 in all of the GEN exposed groups; 

levels did not differ by the duration of GEN intake. These levels are comparable to those 

seen in humans consuming 2-4 servings of soy foods daily (Bhagwat, Haytowitz, and 

Holden 2008). 

 

2.3.2  Tumor latency and incidence 

Lifelong GEN intake significantly delayed mammary tumorigenesis (p<0.05), when 

compared with control rats that never consumed GEN. No significant differences were 

observed among the other groups (Figure 2.2A). Survival analysis revealed that the 

cumulative tumor incidence in the lifelong GEN consumption group was significantly 

lower than in the control rats (p=0.0071). Since most animals in each group developed 

mammary tumors, tumor incidence at the end of the study did not differ among the 

groups (Figure 2.2B).  

 

2.3.3  Tumor responses to TAM treatment 

Responses to TAM treatment were monitored for up to 30 weeks from DMBA 

administration. No difference in the length of the monitoring period was seen (data not 

shown). Complete responses (CR) to TAM were seen among 54% of the tumors treated 

with TAM in the control group (Figure 2.3A). Similar CR rates were seen in rats that 

consumed GEN during prepuberty (56%) or lifetime (52%). These two groups exhibited 

a higher percentage of partially responding tumors (PR); tumors that stopped growing 
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upon TAM exposure, 21% and 24% respectively, compared with the control group (8%; 

p=0.007) (Figure 2.3A). Consequently, de novo resistance to TAM was significantly 

lower in the prepubertal (23%) and lifetime GEN (24%) groups than in the control group 

(38%; p=0.03).  

 

By comparison, tumors were least likely to exhibit a CR in rats that started consuming 

GEN either for the first time after TAM treatment started (CR=33%; p=0.004) or as 

adults (CR=38%; p=0.03) when compared with control animals. In the adult GEN group, 

21% of the tumors exhibited a PR, and thus de novo resistance was not increased in this 

group (Figure 2.3A). De novo resistance in rats that started consuming GEN during 

TAM treatment was significantly higher compared with the prepubertal (p=0.032) and 

lifetime (p=0.047) genisten groups, but not compared with controls.  

 

2.3.4  Tumor burden during TAM treatment 

Rats that started consuming GEN as adults had the highest tumor burden but this was not 

significantly different either from the rats that started GEN intake for the first time during 

TAM treatment or from the control group that never received GEN. The lowest tumor 

burden was in prepubertal and lifetime GEN exposed rats; in both groups the difference 

was significantly different compared with the control rats (repeated measures ANOVA: 

p<0.001) (Figure 2.4).  

 

	  



 60 

 

Figure 2.2  Mammary tumor latency and incidence.  

(A) The time between DMBA administration and appearance of first measurable 
mammary tumor (tumor latency) in rats consuming control diet (blue), fed genistein 
(GEN) through adulthood (red), fed GEN during prepuberty (green), and fed GEN both 
before puberty and adulthood (lifelong, purple). Lifelong GEN intake lengthened tumor 
latency. Means ± SEM are shown. Bars with different letters are significantly different 
from each other, p<0.05. (B) Mammary tumor incidence, shown as percentage of rats 
between weeks 5 and 20 after DMBA administration that developed at least one 
measurable mammary tumor. n=20-35 rats per group. 
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Figure 2.3  Responses of mammary tumors to tamoxifen (TAM) therapy.  

(A) Percentage of complete responses (green), partial responses (blue) and de novo 
resistance (red) in rats that consumed genistein (GEN) during different time periods of 
their life. Numbers of tumors per group were 30 in no GEN controls (historical reference 
group described in reference 41), 47 in post-diagnosis GEN, 44 in adult GEN, 40 in 
prepubertal GEN and 42 in lifelong GEN.  Starting GEN intake during TAM treatment 
(p=0.004) and adult GEN intake (p=0.033) reduced complete responses, whilst 
prepubertal (p=0.032) and lifelong GEN intake (p=0.047) reduced de novo resistance, 
compared with no GEN controls. (B) Percentage of completely responding tumors that 
recurred locally. Red portion of each bar represents recurrent tumors. Compared with no 
GEN controls, adult (p=0.003) and prepubertal GEN intakes (p=0.038) reduced 
recurrence, and recurrence was also significantly lower in the lifelong GEN group than in 
the post-diagnosis GEN group (p=0.023).   
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Figure 2.4  Mammary tumor burden during tamoxifen (TAM) treatment in 
animals exposed to genistein (GEN).  

The average tumor burden per rat was determined in rats during TAM treatment. Date are 
presented as means. n=19-20 rats per group. 
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2.3.5  Risk of mammary tumor recurrence 

Tumors that exhibited a CR and were undetectable for at least 6 weeks, but then regrew 

at the same location to reach ≥1.4 cm in diameter, were characterized as recurring tumors 

with acquired TAM resistance. Prepubertal (11% recurrence rate) and lifetime GEN 

intake (18% recurrence) decreased the risk of tumor recurrence, when compared with rats 

that started consuming GEN with TAM treatment (33% recurrence) (p<0.001) (Figure 

2.3B). The risk of recurrence was lowest in the rats that started GEN intake as adults (7% 

recurrence) (p=0.003, compared with controls).  

 

2.3.6  Hormone receptor expression in the TAM treated mammary glands 
and tumors.  

Western blotting was performed to determine the protein expression of ERα, ERβ, and 

HER2 in the mammary glands and tumors. Quantitative real-time PCR (qRT-PCR) was 

applied to measure PgR mRNA expression.  In the mammary gland, protein levels of 

ERα (Figure 2.5A), ERβ (Figure 2.5B) and HER2 (Figure 2.5D) and mRNA level of 

PgR (Figure 2.5C) did not differ among groups. Tumors in TAM treated rats were all 

ER-positive. ERα (Figure 2.5F) or PgR (Figure 2.5H) protein levels were not affected 

by the different timings of GEN exposure. Protein levels of ERβ (p =0.02, Figure 2.5G) 

and HER2 (p= 0.007, Figure 2.5I) were upregulated in the tumors of prepubertally GEN 

exposed rats, when compared with the group that started GEN intake during TAM 

therapy. 
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Figure 2.5  Expression of ERα, ERβ, PgR and Erb2/HER2 in the mammary 
glands and tumors of genistein (GEN) fed and tamoxifen (TAM) treated rats.  

Western blot analysis of (A, E) ERα, (B, E) ERβ and (C, E) Erb2/HER2 protein levels, 
and (D) RT-qPCR analysis of PgR mRNA levels in the mammary glands and tumors of 
rats fed GEN during different periods of their life. Quantitated data and western blots are 
shown. Lifelong GEN intake increased ER-β levels. For the adenocarcinomas (either 
partially responding or de novo resistant), protein levels of (F, J) ERα (G, J), ERβ and (H, 
J) Erb2/HER2 levels and (I, J) PgR are shown. Data are presented as means ± SEM. Bars 
with different letters are significantly different from each other, p<0.05. Prepubertal GEN 
intake increased ER-β levels. n=5-10 mammary glands and 5-10 tumors per group.  
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Figure 2.6  Histopathology of mammary tumors before and during TAM 
treatment in GEN fed rats.  

Tumor histopathologies were categorized as benign (green), papillary cyst 
adenocarcinoma (blue) and tubular adenocarcinoma (orange) in rats fed GEN during 
different time-periods of life. n=13-22 tumors per group.  
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Figure 2.7  UPR gene expression levels of mammary glands and tumors of 
animals before TAM treatment.  

Western blots of genes involved in UPR and autophagy pathways are shown in the (A) 
mammary glands and (B) and tumors are shown. Comparisons among GEN fed rats 
before TAM treatment for (C) GRP78, (D) ATF6 p50, (E) IRE1α, (F) PERK, (G) Beclin-
1, (H) Chop, (I) p62 and (J) LC3II in the mammary gland, and (K) GRP78, (L) ATF6 
p50, (M) IRE1α, (N) PERK, (O) Beclin-1, (P) Chop, (Q) p62 and (R) LC3II in the tumors 
are shown. Data are presented as means ± SEM. n=5 mammary glands and n=9 
adenocarcinomas per group.  
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2.3.7  Tumor pathologic type 

Histopathology of the mammary tumors were assessed before and after TAM treatment 

by examining H&E stained tumor sections. Results are shown in Figure 2.6. No 

statistical difference in tumor histopathology was seen in animals that were euthanized 

prior to TAM treatment. 0-27% of the tumors were benign in the control and all GEN 

groups, and the remaining tumors were either papillary or tubular adenocarcinomas.  

Tumor histopathology was assessed after TAM treatment in partially responding, de novo 

resistant, or recurring mammary tumors. Benign tumors constituted 23% of tumors in the 

controls, 27% in the rats that started to consume GEN during TAM therapy and 33% in 

the rats that consumed GEN during adulthood. Prepubertal and lifetime GEN intake 

significantly increased the rate of benign tumors in TAM treated rats to 53% (p<0.001 

compared with control group). Thus, because of TAM therapy, more than half of the 

partially responding or growing tumors in these groups were no longer malignant. 

 

2.3.8  Alterations in UPR signaling in the mammary glands and tumors 
before TAM treatment 

Mammary glands 

Protein levels, determined using Western blots, of UPR and autophagy markers did not 

change among GEN groups in rats before TAM treatment (Figure 2.7).  

 

Mammary tumors 

We assessed possible changes in UPR and autophagy using Western blots in the 

mammary glands and tumors obtained from rats before TAM treatment. All the tumors 

were malignant adenocarcinomas and were approximately 1.4 cm in diameter when 
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harvested. None of the genes studied (see list in the Methods section for Protein Isolation 

and Immunoblotting) was significantly different among the controls or GEN fed groups. 

Results of several of the UPR and autophagy genes are shown in Figure 2.7. 

 

2.3.9  Alterations in UPR signaling in the mammary glands and tumors in 
TAM treated rats 

Mammary glands 

In the mammary glands of DMBA treated rats consuming GEN throughout their lifetime, 

GRP78 mRNA expression was significantly higher than in control rats (p<0.001) or rats 

that started consuming GEN during TAM treatment (p=0.007). GRP78 mRNA also was 

elevated in prepubertally GEN fed rats, compared with the controls (p<0.001) or rats 

starting GEN intake during TAM treatment (p=0.02). No other UPR mRNA changes 

were seen. However, ATF6 protein was higher in the lifetime GEN group than in the 

control (p=0.02) or adult GEN (p=0.01) rats, and CHOP protein was higher than in the 

adult GEN rats (p=0.05) (Figure 2.8A, 2.8B and 2.8D). Since ATF6 acts as a 

transcription factor, we assessed the mRNA levels of several ATF6 target genes. mRNA 

levels of total Xbp1 were significantly higher in the lifetime  (p=0.01) and prepubertally 

GEN fed rats (p=0.02) than in the control rats. In addition, the ratio of spliced Xbp1 

levels to total Xbp1 levels was higher in the lifetime (p=0.02) and prepubertally GEN fed 

rats (p=0.01) than in the controls (Figure 2.8C). These findings show that in the 

mammary glands with no tumors, UPR was more activated in those groups that received 

GEN already during pubertal development, suggesting that upregulation of UPR may be 

involved in protecting against mammary cancer development. 
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Mammary tumors 

Consistent with the idea that UPR is involved in eliminating breast cancer cells, we found 

that in the tumors TAM treatment elevated GRP78 (p=0.01) and IRE1α (p=0.05) levels, 

when compared with tumors obtained from rats not treated with TAM (Figure 2.9B and 

2.9I-N).  We also noted that Beclin-1 (p=0.05) protein levels were increased and p62 

protein levels were reduced (p=0.02) in the TAM treated tumors, indicative of higher 

level of autophagy. These findings are in agreement with the reported effects of TAM on 

human breast cancer cell lines (27). In the normal mammary glands, the UPR pathway 

was not altered by TAM treatment (Figure 2.9A and 2.9C-H). 

 

In contrast to the mammary glands, several UPR components were significantly down-

regulated in the mammary tumors in rats that consumed GEN throughout their life-time. 

The down-regulated genes included GRP78 (p<0.001, compared with adult GEN group), 

ATF4 (p=0.01, compared with control group) and Beclin-1 (p=0.05 and p=0.001, 

compared with control and adult GEN group, respectively) (Figure 2.9E-I). Since ATF4 

and Beclin-1 both induce autophagy (43), lifetime GEN intake may promote higher 

responsiveness to TAM therapy by reducing autophagy.  

 

	 	



 70 

 

Figure 2.8  Protein levels of genes in unfolded protein response (UPR) pathways 
in the mammary glands and tumors of genistein (GEN) fed and tamoxifen (TAM) 
treated rats.  

(A) UPR chaperone GRP78, (B) ATF6 and its down-stream targets (C) Xbp1 (ratio of 
spliced to unspliced version) and (D) ChOP were elevated in the mammary glands of rats 
fed GEN though the lifetime. In contrast, (F) GRP78, (G) IRE1α, (H) ATF4 and (I) 
Beclin-1 were downregulated in the mammary tumors of rats fed GEN through the 
lifetime. (E) Shows western blots of the genes in the tumors, and (B) and (D) show the 
blots in the mammary tissues. Data are presented as means ± SEM; bars with different 
letters are significantly different from each other, p<0.05. n=6-10 mammary tissues and 
n=3-6 tumors per group. 
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Figure 2.9  Effect of tamoxifen (TAM) on protein levels of genes in unfolded 
protein response (UPR) and autophagy pathways in the mammary glands and 
tumors. 

Western blots of genes involved in UPR and autophagy pathways are shown in the (A) 
mammary glands and (B) and tumors are shown. Comparisons between non-treated (blue 
bar) and TAM treated (red bar) mammary glands and tumors are shown for (C) GRP78, 
(D) IRE1α, (E) ATF6 p50, (F) Beclin-1, (G) p62 and (H) LC3II in the mammary gland, 
and (I) GRP78, (J) IRE1α, (K) ATF6 p50,  (L) Beclin-1, (M) p62 and (N) LC3II in the 
tumors are shown. Data are presented as means ± SEM, asterisk indicates a statistical 
difference: p<0.05. n=5 mammary glands and n=5 adenocarcinomas per group. 
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Figure 2.10  Cytokine levels and expression of Foxp3, TFGβ1 and CD8a in the 
mammary tumors of genistein (GEN) fed and tamoxifen (TAM) treated rats.  

Serum cytokine levels of (A) IL-1α, (B) IL-6 and (C) IL-12 and tumor mRNA levels of 
(D) Treg cell marker Foxp3 and (E) its down-stream target TGFβ1, and (F) cytotoxic T 
cell marker CD8a in rats fed GEN before puberty, adulthood or both and not yet treated 
with tamoxifen (TAM) (n=9 adenocarcinomas per group). GEN intake, either past or 
current, reduced Foxp3 levels and increased CD8a levels. Same end-points were 
measured in tumors during TAM treatment (G, H and I) and this assessment included 
tumors from rats that started GEN intake for the first time during TAM treatment (n=4-6 
partially responding or de novo resistant adenocarcinomas per group). Lifelong GEN 
intake reduced Foxp3 and increased CD8a levels in TAM treated rats. Data are presented 
as means ± SEM; bars with different letters are significantly different from each other, 
p<0.05. *significantly different from no GEN control, #statistically different from post-
diagnosis GEN exposed rats, p<0.05. 
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2.3.10  Alterations in tumor immune system markers before and after 
TAM treatment 

The mRNA level of tumor immune markers Tgfβ1, Foxp3, and Cd8a were determined in 

the mammary tumors from rats before and after treatment with TAM. Foxp3 is a member 

of the forkhead-box transcription factor family and induces differentiation of immature 

CD4+ T-cells to CD4+CD25+ Tregs (44). Before TAM treatment, GEN consumption 

during childhood (p=0.04), adulthood (p=0.005), or throughout lifetime (p=0.02) reduced 

Foxp3 mRNA level, when compared with the control rats (Figure 2.10E). Tgfβ1 

increases differentiation of immature T-cells into Treg lineage (45), and Foxp3 induces 

Tgfβ1 expression (46). Tgfβ1 mRNA levels in the mammary tumors were significantly 

lower in all GEN groups, compared with the control group (p=0.05). GEN exposure 

tended to reduce Tgfβ1 mRNA level in the tumors of rats exposed during childhood and 

adulthood, but the difference did not reach statistical significance (Figure 2.10D). CD8 is 

expressed in cytotoxic T-cells. Lifelong GEN exposure increased mRNA level of Cd8a in 

tumors before TAM treatment, compared with control rats (p=0.03) (Figure 2.10F).  

 

In TAM-treated tumors, mRNA level of Tgfβ1 did not differ among the five groups 

(Figure 2.10G). Lifelong GEN fed rats exhibited the lowest mRNA level of Foxp3 

(p=0.05 compared with rats starting to consume GEN with TAM therapy) and highest 

Cd8a (p=0.02, compared with controls) (Figure 2.10H and 2.10I). Together, these 

findings suggest that lifetime GEN intake prevents pathways leading to tumor 

immunosuppression and promote anti-tumor immune responses. 
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2.3.11  Alterations in circulating cytokine levels 

Cytokine levels in serum were assessed by multiplex rat cytokine arrays only before 

TAM treatment. Thus, rats fed a GEN containing diet during adulthood and throughout 

their lifetime were consuming this isoflavone at the time cytokines were measured, unlike 

the control rats or rats that received GEN before puberty. Of the 9 cytokines tested, only 

IL-1α, IL-6, and IL-12 had detectable levels in the rat serum. Rats that consumed GEN 

prepubertally (but not at the time the cytokines were assayed) had higher level of serum 

IL-1α than the control rats (p<0.001) (Figure 2.10A). Serum IL-6 levels also were higher 

(p<0.001) in this group than in the controls, whilst the levels were significantly reduced 

in the group consuming GEN during adulthood (p=0.04) (Figure 2.10B). IL-12 levels 

tended to be elevated in rats consuming GEN at the time of measurements but the 

difference did not reach statistical significance (Figure 2.10C).  

 

2.3.12  Proliferation and apoptosis in the TAM treated mammary 
glands and tumors 

To determine the level of cell proliferation, qRT-PCR was carried out to test the relative 

mRNA level of Ki67 in the mammary glands and tumors. This is a less time consuming 

measure of cell proliferation than assessing Ki67 though immunohistochemistry, but 

equally accurate (47). In the mammary glands, mRNA levels of Ki67 were higher in the 

rats consuming GEN prepubertally than in the post-diagnosis GEN fed rats (p=0.01) and 

control rats (p=0.003; p for ANOVA = 0.02) (Figure 2.11A). However, Ki67 levels in 

the adenocarcinomas did not differ among the groups (Figure 2.11C).  
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Figure 2.11  Proliferation and apoptosis indexes in the mammary glands and 
tumors of genistein (GEN) fed and tamoxifen (TAM) treated rats.  

mRNA level of proliferation marker Ki67 was measured by RT-qPCR (A) in the 
mammary glands and (C) tumors in rats fed GEN at different times of their life. 
Prepubertal GEN intake increased Ki67 expression in the mammary glands. Ratio of pro-
apoptosis marker Bax to anti-apoptosis marker Bcl2, determined by Western blot, (B) in 
the mammary glands and (D) tumors. Data are shown as means ± SEM; bars with 
different letters are significantly different from each other, p<0.05. n=5-6 mammary 
glands and n=3-6 tumors per group. 
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Apoptosis was assessed by determining the ratio between the protein levels of pro-

apoptotic marker Bax and anti-apoptotic marker Bcl2 in the mammary glands and TAM 

treated tumors. Neither the Bax nor Bcl-2 levels were different among the groups (data 

not shown). The ratio between the two also was similar in the glands (Figure 2.11B) and 

tumors (Figure 2.11D) across all groups.  

 

2.4  Discussion 

In 2012, over 1.67 million women were diagnosed with breast cancer worldwide (Ferlay 

et al. 2015); ~70% of these patients had an ER+ tumor. Although endocrine therapies are 

highly effective in preventing and treating breast cancer (Ring and Dowsett 2004; Early 

Breast Cancer Trialists' Collaborative Group (EBCTCG) 2005), approximately half of the 

treated patients develop either de novo or acquired resistance and recur (22). In the 

present study, by using a preclinical model of ER+ breast cancer, we investigated 

whether GEN, an estrogenic isoflavone present in soy foods, impacts the efficacy of 

TAM to treat this cancer. GEN does not alter the expression of TAM metabolizing 

enzymes (49), nor is there any evidence that increased estrogenicity impairs antiestrogen 

action, as TAM elevates circulating estrogen levels (50). However, findings obtained in 

vitro (Allred et al. 2001) and in immunodeficient mice (Ju et al. 2001) indicate that GEN 

can reduce sensitivity to TAM.  

 

We found that lifelong GEN intake reduced the risk of de novo and acquired TAM 

resistance and local recurrence. Similar results were seen in rats that consumed GEN 

before puberty and again during TAM therapy. Starting GEN intake during adulthood did 
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not interfere with the ability of TAM to inhibit the growth of rat mammary tumors but 

was highly effective in preventing recurrence. Our findings are consistent with 

observational studies in breast cancer patients showing that those ER+ patients who 

consumed the highest levels of soy foods and isoflavones were least likely to recur (Shu 

et al. 2009; Zhang et al. 2012; Kang et al. 2010; Chi et al. 2013; Nechuta et al. 2012). 

Studies that addressed interactions between endocrine therapy and soy intake also have 

found soy to be beneficial for breast cancer prognosis (Kang et al. 2010; Nechuta et al. 

2012). 

 

In contrast to lifetime GEN intake, rats that started consuming GEN for the first time 

when they were treated with TAM exhibited an increased risk of recurrence. These 

findings are in agreement with the data generated in athymic nude mice inoculated with 

human ER+ MCF-7 breast cancer cells and treated with GEN plus either TAM (Ju et al. 

2002; Du et al. 2012) or the aromatase inhibitor letrozole (Ju, Doerge, and Helferich 

2008). Thus, GEN has a preventative effect in TAM treated animals only if it is 

consumed before tumors start to develop. We are currently investigating if similar data 

are obtained in rats fed soy flour that contains the same amount of GEN used here (500 

ppm). According to an earlier study, growth of MCF-7 human tumor cells was not 

increased in soy flour fed athymic nude mice (Allred et al. 2004).  

 

To identify pathways that may explain the differing effects of lifetime GEN intake versus 

starting GEN consumption during antiestrogen treatment, we focused on three 

interconnected biological systems. First, the effects on UPR and autophagy were 
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investigated, since these are causally linked to the development of antiestrogen resistance 

(Cook, Shajahan, and Clarke 2011; Cook et al. 2012; Clarke et al. 2011). Earlier studies 

have reported downregulation of GRP78 by GEN in prostate and liver cancer cells 

(Misra, Wang, and Pizzo 2009; Yeh et al. 2007), but using pharmacological doses that are 

not achievable by isoflavone or soy intake in humans. We did not detect any changes in 

UPR in the mammary glands or tumors that were not exposed to TAM therapy. However, 

after TAM treatment GRP78 expression was downregulated in the TAM treated 

mammary tumors in rats consuming GEN through their lifetime or during prepuberty. 

These changes may be linked to their increased responsiveness to TAM therapy.  

 

ATF4 and Beclin-1 protein levels were also significantly reduced in the tumors of 

lifetime GEN group, compared with controls, indicating that autophagy may be reduced, 

as these transcription factors both induce autophagy (B'chir et al. 2013). Earlier data 

generated in cancer cell lines in culture also have reported reduced autophagy by 

physiological doses of GEN (Nazim and Park 2015). Our results are consistent with data 

showing that increased autophagy is linked to impaired response to endocrine therapy (F. 

Liu et al. 2011; Takenaka et al. 2013a).  

 

GRP78 levels were increased in the non-tumor bearing mammary glands of rats 

consuming GEN through their lifetime, as were the levels of CHOP and ATF6, and 

ATF6’s downstream target Xbp1 and spliced Xbp1. Thus, upregulation of UPR may be a 

successful defense against malignant transformation. Upregulation of Xbp-1 in C. 

elegans was recently found to confer a stress-resistant phenotype and increased longevity 
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(Taylor and Dillin 2013), raising the possibility that in mammary glands elevated Xbp-1 

expression also is linked to increased resistance to EnR stress.  

 

Next, we studied if GEN affects markers of cytotoxic T-cells and Tregs that are key 

players in tumor immune responses and associated with breast cancer survival.  Immature 

T-cells are differentiated either to cytotoxic CD8+ T-cells that activate tumor immune 

responses (Mao et al. 2014; Huang et al. 2015) or to anti-inflammatory Tregs, marked by 

expression of Foxp3, that help cancer cells to escape immune system attack (Kim et al. 

2014). Additional markers of changes in Tregs include upregulation of TGFβ, since 

TGFβ1 induces differentiation of Tregs, and Foxp3 in turn upregulates TGFβ1 (Huber 

and Schramm 2006; Chen and Wahl 2003). Here we found down-regulation of Foxp3 and 

TGFβ in rats that consumed GEN before TAM therapy. In addition, lifelong GEN 

consumption increased the expression of Cd8a in the mammary tumors. The increase was 

seen in the lifelong GEN group also after TAM treatment, compared with control rats. 

Since Tregs promote immunosuppression and high expression of Foxp3 in tumor-

infiltrating lymphocytes of ER+ breast cancer is associated with poor prognosis (Liu et 

al. 2014; Liu et al. 2011; Takenaka et al. 2013a), lifelong GEN intake may inhibit tumor 

immunosuppression. Further, as cytotoxic T-cells eliminate tumor cells by activating 

anti-tumor immune responses and high expression is linked to increased survival of 

breast cancer (Kim et al. 2013; Ali et al. 2014; Mao et al. 2014; Liu et al. 2012; 

Mahmoud et al. 2011),  an increase in CD8 levels in the lifelong GEN group may be 

linked to their reduced risk of local mammary tumor recurrence. 
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Pro- and anti-inflammatory cytokines are produced by several different immune cells and 

they have a profound influence on the development and function of T-lymphocytes. 

Serum IL-12 levels were non-significantly increased in rats consuming GEN at the time 

of measurement (life-time and adult GEN intake groups), compared with control or 

prepubertal GEN groups. However, tumor bearing rats fed GEN during prepuberty, but 

not at the time the cytokine panel was assessed, had significantly higher serum levels of 

IL-1α and IL-6 than control rats. Since IL-1α or IL-6 both can attenuate Treg function 

(La Cava 2008), these changes may explain the reduced expression of Foxp3 in the 

mammary tumors of prepubertally GEN fed rats. Lifetime GEN intake did not modify the 

levels of either IL-1α or IL-6, suggesting that the presence of GEN reversed the increase 

in cytokine levels caused by prepubertal GEN intake. This is supported by the finding 

that adult GEN intake significantly reduced IL-6 levels, in accordance with findings 

reported by others (Huang et al. 2005). 

 

It remains to be determined if timing of GEN intake and its effects on tumor immune 

responses may explain why starting GEN intake during endocrine therapy is harmful. A 

previous study found that GEN did not prevent DMBA-induced skin carcinogenesis in 

immunodeficient mice, while in immunocompetent mice GEN reduced cancer growth but 

only if given prior to tumor induction (Guo et al. 2007). These mice, but not those 

receiving GEN after tumors were detected, exhibited increased activity of cytotoxic T-

cells and natural killer (NK) cells, and decreased presence of Tregs in the spleen (Guo et 

al. 2007).  
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In summary, we used a recently validated preclinical model to study the response of ER+ 

mammary tumors to TAM in rats when the animals also were fed GEN. The results show 

that lifetime GEN consumption improves responsiveness of ER+ mammary tumors to 

TAM. Similar data were obtained in rats consuming GEN only before puberty onset and 

starting again during TAM treatment, indicating that improved response to endocrine 

therapy is pre-programmed early in life. Further, adult GEN intake almost completely 

eliminated local recurrences. However, animals that received GEN for the first time 

during TAM treatment were at an increased risk of recurrence. Since no changes in tumor 

ERα or PgR levels were seen in any GEN group, the differences cannot be caused by 

alterations in hormone receptor expression. Rather, we found differences in tumor UPR, 

autophagy and immune response markers that may explain why rats consuming GEN 

through their lifetime are highly responsive to TAM. If true for breast cancer patients, our 

results suggest that it is beneficial to continue to consume soy foods after diagnosis to 

prevent recurrence.  
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Chapter 3  Maternal obesity increases offsprings’ risk of 
mammary cancer recurrence after tamoxifen 

treatment and impairs anti-tumor immune 
responses  

 

3.1  Introduction 

In 2013, over 230,000 women in the USA were diagnosed with breast cancer and about 

40,000 died of this disease (Siegel, Naishadham, and Jemal 2013). Approximately 70% 

of the diagnosed patients had estrogen receptor positive (ER+) breast cancer and were 

treated with endocrine therapy consisting of either antiestrogens, such as tamoxifen 

(TAM), or aromatase inhibitors. These therapies prevent recurrence in ~50% of breast 

cancer survivors, but the other half either do not respond to endocrine therapy or they 

acquire resistance to it and recur (Early Breast Cancer Trialists' Collaborative Group 

(EBCTCG) 2005; Ring and Dowsett 2004). Factors involved in driving resistance remain 

largely unknown, although multiple candidates have been identified (reviewed in (Cook, 

Shajahan, and Clarke 2011; Gonzalez-Angulo, Morales-Vasquez, and Hortobagyi 2007)). 

Of these factors, chronic activation of unfolded protein response (UPR) and dysfunction 

of autophagy have been causally linked to antiestrogen resistance (Cook, Shajahan, and 

Clarke 2011; Clarke et al. 2011; Clarke et al. 2012; Fulda et al. 2010), and thus may serve 

as potential targets to reverse TAM resistance (Li et al. 2015). Autophagy generally acts 

to oppose apoptosis (Hassan et al. 2013), and thus favors cancer cell survival by 

degrading damaged proteins and organelles and providing energy for cancer cells (Clarke 

et al. 2012). However, disruption of autophagy and accumulation of p62 indicative of 

protein aggregation is also found to predict for poor survival in breast cancer patients 
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(Ladoire et al. 2016) and be adverse prognostic indicator in other cancers (Rusten and 

Stenmark 2010; Burdelski et al. 2015). 

 

Pre-existing differences in transcription factors, including those that regulate UPR and 

autophagy, in seemingly similar ER+ breast tumors can be used to predict the risk of 

recurrence (Wang et al. 2005; van de Vijver et al. 2002). Some expression patterns may 

already be present in the normal breast (Anjum et al. 2014), perhaps programmed by in 

utero estrogenic environment (Hilakivi-Clarke et al. 2016). Maternal obesity during 

pregnancy causes a persistent activation of the UPR in the offspring, as determined in the 

hypothalamus, liver and adipose tissue (Wu et al. 2014; Melo et al. 2014). Obesity also is 

reported to increase autophagy in mothers’ oocytes before conception and then adversely 

affect the fetus (Wu et al. 2015). However, in the placenta (Muralimanoharan et al. 2016) 

and liver (Reginato et al. 2016), p62 expression was increased in the offspring of obese 

dams, indicative of incompletion of autophagy. It is not clear whether maternal obesity 

increases daughter’s breast cancer risk, but studies done using high birth weight as a 

proxy of maternal obesity indicate an association (De Assis et al. 2006; Ekbom et al. 

1992; Troisi et al. 2013; Michels and Xue 2006). High birth weight also increases breast 

cancer mortality (Sovio et al. 2013). 

 

Excess adipose tissue activates UPR by inducing a low-grade chronic inflammation 

(Baylin and Jones 2011; Johnstone and Baylin 2010). The impact of maternal obesity on 

the fetal inflammatory environment and postnatal immune responses has been studied in 

some detail. Results indicate that increasing maternal body mass is linked to 
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inflammation in the mother (Aye et al. 2014), and chronic systemic inflammation 

(Leibowitz et al. 2012; Odaka et al. 2010) and changes in the expression of immune 

system genes in the offspring (Guénard et al. 2013). Specifically, Foxp3+ regulatory T-

cells (Tregs) are upregulated and invariant natural killer T (iNKT) cells are 

downregulated by maternal obesity (Gonzalez Espinosa et al. 2016). Adipose-tissue 

resident immune cells, particularly T-cells, play a major role in regulating obesity-

induced inflammation (Ferrante 2007; Lee and Lee 2014). Furthermore, CD8+ cytotoxic 

T-cells in breast cancer predict longer recurrence-free survival (Kim et al. 2013; Mao et 

al. 2014; Ali et al. 2014; Liu et al. 2012), whilst low levels of CD8A and Granzyme B 

(GZMB) are predictive of poor outcome (Liu et al. 2014; Finak et al. 2008). GZMB is the 

most effective serine protease contained in the granules of cytotoxic T-cells and a 

powerful trigger of tumor cell death (Chowdhury and Lieberman 2008).  

 

The prevalence of obesity in the US has increased dramatically over the past three 

decades and, by 2010, more than half of women were overweight or obese at childbearing 

age (Flegal et al. 2012; Ogden et al. 2014). The most recent statistics showed that ~80% 

of Non-Hispanic black women are overweight or obese at childbearing age (Ogden et al. 

2014), among whom 17.5% have severe obesity, with a body mass index (BMI) ≥ 40 

kg/m2. Moreover, although African American breast cancer patients are treated similarly 

by the standard 5-year antiestrogen therapy after the primary ductal carcinoma in situ, 

they exhibited higher risk of secondary breast tumor and higher mortality than Caucasian 

patients (Eley et al. 1994; Jatoi, Becher, and Leake 2003; Field et al. 2005). We studied 

here the effects of maternal overweight, induced by feeding female rats obesity-inducing 
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high fat (OIHF) diet before and during pregnancy, on offspring’s mammary cancer risk 

and risk of recurrence after completion of antiestrogen therapy. The main finding was 

that almost all (91%) OIHF offspring exhibited local recurrence after TAM treatment 

ended, whilst the risk of recurrence was 29% among the control offspring. The high rate 

of recurrence possibly was preceded by activation of UPR and inflammation pathways in 

the developing mammary glands. In addition, in the tumors of OIHF offspring autophagy 

was disrupted, the number of CD8+ T-cells and GZMB+ cells was reduced and markers 

of immunosuppression were elevated, suggesting that maternal overweight can impair 

tumor autophagy and anti-tumor immune responses in the offspring. 

 

3.2  Materials and methods 

3.2.1  Animals and dietary exposures 

Sixteen three-week old female Sprague-Dawley (SD) rats were purchased from Charles 

River Laboratory (Frederick, MD) and housed in the Department of Comparative 

Medicine at Georgetown University Medical Center. Animals were allowed adapt to the 

facility and environment for three days before they started to consume the experimental 

diets. Rats were randomized and divided into two maternal dietary groups: obesity 

inducing high fat (OIHF, n=8) and control (C, n=8). Rats in the OIHF group consumed 

an OIHF diet, which contains 50% calories from mostly saturated fat, for 7 weeks until 

their body weights were significantly higher (p<0.05, Figure 3.1A) than the C rats that 

consumed a matched C diet (13% calorie from fat). The main fat source in the OIHF diet 

was vegetable shortening Crisco (~81% of total fat, Table 3.1) and the C diet also 

contained 50% Crisco to be comparable. Rats in the two maternal dietary groups 
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continued to consume their designated diet for another 4 weeks, maintaining the 

significant difference (p<0.05, Figure 3.1B) in body weight, before mated with normal 

weight male rats of normal weight and through the pregnancy. Upon birth, all the nursing 

dams were switched to control diet and the offspring were cross fostered within the same 

maternal dietary group to achieve a litter-size of 10 pups per dam. Rat offspring were 

weaned and tagged at postnatal day (PND) 21 and the nursing moms were euthanized. 

Animals were housed in a light-, temperature- and humidity-control facility, with free 

access to diet and water, under a 12 hr light-dark cycle. All animal procedures were 

conducted according to the Georgetown University Animal Care and Use Committee 

protocol #13-008. All the diets were customized and purchased from Harlan Laboratories 

(Madison, WI) and the ingredients are listed in Table 3.1.  

 

3.2.2  Mammary tumor initiation and monitor in the female offspring 

At PND 50, in order to examine the effect of maternal OIHF on early MG development 

in the offspring, ten PND 50 female rats from each maternal exposure group were 

randomly euthanized for tissue collection. 10 mg of 7,12-Dimethylbenz[a]anthracene 

(DMBA, freshly dissolved in 1 mL peanut oil) was administered by oral gavage to 

initiate mammary tumor in the remaining female  rat offspring (n=35-55), followed by 

weekly monitoring. Mammary tumors were discovered by palpation and two dimensions 

of each tumor were measured and recorded beginning PND 65. 
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Table 3.1  Ingredients of obesity-inducing high fat and control diets 

Ingredients (g/kg) Control OIHF 

Casein 207.0 207.0 

L-Cystine 3.0 3.0 

Sucrose 100.0 230.0 

Maltodextrin 130.0 100.0 

Corn Starch 412.49 80.65 

Cellulose 50.0 50.0 

Vegetable Shortening, Hydrogenated (Crisco) 25 215.0 

Corn Oil 25 50.0 

Mineral Mix, AIN-93G-MX (94046) 35.0 46.0 

Calcium Phosphate, monobasic, monohydrate 0 1.5 

Vitamin Mix, AIN-93-VX (94047) 10.0 13.5 

Choline Bitartrate 2.5 3.3 

TBHQ, antioxidant 0.01 0.05 

 % kcal from 

Protein 20.1 15.2 

Carbohydrate 67.1 34.9 

Fat 12.8 49.9 

Kcal/g 3.7 4.8 
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Figure 3.1  Weight gain of dams before and during pregnancy.  

(A) Weight gain of dam rats before pregnancy. Seven weeks of OIHF diet feeding led to 
a significant weight gain, compared with control diet. Rats were kept on these diets for 
three additional weeks before mating.  (B) Weight gain during pregnancy in control and 
OIHF diet fed dams. Mean ± SEM, C: black circle, OIHF: red square, *p<0.05, 
**p<0.01, by Student’s t-test. 
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3.2.3  Antiestrogen treatment and tissue collection 

When the rats had at least one tumor larger than 1.3 cm in diameter, they were either 

euthanized for tissue collection (n=11-16) or started on TAM therapy (n=24-29). The 

selection of rats to be anesthetized or on TAM treatment was random. TAM treatment 

was administered in the diet, using the C diet containing 337 ppm TAM citrate. The 

response of tumors to TAM was assessed according to a previous publication (Hilakivi-

Clarke et al. 2016). Briefly, complete response (CR) indicates that the tumors completely 

responded to the TAM treated and tumor disappeared for at least 7 weeks, partial 

response (PR) indicates that the tumor shrank but did not disappear, and de novo 

resistance means the tumor never responded and kept growing.  

 

If a rat had CR tumor(s) that remained tumor free for at least 7 weeks, it was withdrawn 

from the TAM therapy and switched back to the C diet. Recurrence is defined by a CR 

tumor that grew back at the same location while the rat was not being treated by TAM. 

The size of recurrent tumors was also measured and recorded weekly. 

 

At the end of tumor monitoring period, the rats were anesthetized in a CO2 chamber. If 

the rats had a total tumor burden exceeding 10% of their body weight, or if they had 

significant weight loss or were sick, they were euthanized as mandated by the 

Georgetown University Animal Care and Use Committee. After the rats were euthanized, 

the blood was collected by cardiac puncture, and their mammary glands (MG) and tumors 

were removed and snap frozen in liquid nitrogen or fixed in 10% saline-buffered 

formalin. The serum and tissues were stored in a -80 °C freezer for future molecular 
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analysis. Formalin fixed tissues were paraffin embedded for future 

immunohistochemistry or apoptosis analysis.  

 

3.2.4  Tumor incidence and burden 

Tumor incidence was assessed weekly by palpation and the percentage of animals 

without a measurable tumor was calculated and plotted against the time. Tumor burden is 

the average tumor area, calculated by adding the width times the length of each tumor per 

animal.  

 

3.2.5  Tumor pathological evaluation 

Mammary tumors were fixed in formalin for 24-48 hours before embedding in paraffin 

and cutting into 5 µm sections. Hematoxylin and eosin (H&E) stained tumor sections 

were used for the pathological evaluation, by an experienced pathologist at ARUP 

Laboratory (Salt Lake City, Utah). 

 

3.2.6  RNA extraction and cDNA synthesis 

By using a mortar and pestle, one hundred grams of frozen mammary tissue was ground 

in liquid nitrogen. Total RNA was isolated from the mammary glands using RNeasy 

Lipid Tissue Mini Kit (Qiagen, MD), following the manufacturer’s instructions. Total 

RNA from mammary adenocarcinomas was extracted using RNeasy Tissue Mini Kit 

(Qiagen, MD), according to manufacturer’s instructions. Quantity and quality of RNA 

was determined according to the optical density ratio (OD260/OD280) using a ND1000 

Nanodrop spectrophotometer (Thermo scientific, MA). A total of 2 µg RNA per sample 



 91 

was used to generate cDNA via reverse transcription in a T-100 thermal cycler (Bio-Rad, 

CA) using the following steps: initiation at 25ºC for 10 min, reverse transcribing at 37ºC 

for 2 hours and deactivation at 85ºC for 5 min.  

 

3.2.7  Quantitative real time polymerase chain reaction (qRT-PCR) 

To measure the relative mRNA abundance of UPR and immune related genes, 

quantitative real-time PCR was conducted as previously described in Chapter 2. Briefly, 

12.5 µg cDNA was used as a template with primers specific Ki67, Tgfβ1, Il-6, Il-12a, Il-

17c, Il-17f and Hprt using 5 µL EvaGreen Mastermix-ROX in a 10 µL reaction (Egfie, 

VA). Table 3.2 includes the primers for qRT-PCR. 

 

Serially diluted cDNA samples, whose concentration ranged from 20 ng/µL to 0.625 

ng/µL, were included with each primer to obtain the cDNA level of the gene. To 

determine the relative quantity of the gene, the expression was normalized to the level of 

the house-keeping gene Hprt. qRT-PCR reactions were carried out in an ABI Prism 7900 

Sequence Detection System (Life Technologies, Carlsbad, CA) with the following 

thermo cycler setting: activation of the enzyme at 95ºC for 15 min, 40 cycles of 

denaturing at 95ºC for 15 sec, annealing at 60ºC for 30 sec, and elongation at 72ºC for 30 

sec, followed by one step of dissociation to ensure the purity of the product. The primers 

used in the real-time PCR were designed using Vector NTI software (Life Technologies) 

and are listed in Table 3.2. The result of the reaction was checked and exported using 

SDS 2.4 software (Life Technologies). The highest efficiency of the machine was 
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confirmed by making sure that the R2 of the standard curve was higher than 0.98 and that 

the slope was within 3.3 ± 0.3.  

	  



 93 

 

Table 3.2  Primers used for qRT-PCR in Chapter 3 

Gene Sequence 

Ki67_forward 5’- ATTCAGGCCCTGCGAAGCCG -3’ 

Ki67_reverse 5’- GCGTTGAAGGTAGGTGCCCCA -3’ 

Tgfβ1_forward 5’- CCTGAGTGGCTGTCTTTTGA -3’ 

Tgfβ1_reverse 5’- CGTGGAGTACATTATCTTTGCTG -3’ 

Il-6_forward 5’- TTGCCTTCTTGGGACTGATG -3’ 

Il-6_reverse 5’- GTGGTATCCTCTGTGAAGTCTC -3’ 

Il-12a_forward 5’- CCTGCCTCCACAAAAGACTTC -3’ 

Il-12a_reverse 5’- CTGGAACTCTGACTGGTACATC -3’ 

Il-17c_forward 5’- GAAGCTGACACCCACGAG -3’ 

Il-17c_reverse 5’- ACCCCGACACAAGCATTC -3’ 

Il-17f_forward 5’- CAAAACCAGGGCATTTCTGTC -3’ 

Il-17f_reverse 5’- GTTGATACAGCCTGAGTGTCTG -3’ 

Hprt_forward 5’- CCCCAAAATGGTTAAGGTTGC -3’ 

Hprt_reverse 5’- AACAAAGTCTGGCCTGTATCC -3’ 
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3.2.8  Protein isolation and western blotting 

Protein isolated from mammary glands and adenocarcinomas was used to determine 

protein levels of markers of UPR, autophagy, inflammation and tumor immune function. 

Briefly, one hundred grams of frozen mammary gland or tumor was ground using a 

mortar and pestle in liquid nitrogen, lysed in RIPA lysis buffer (1% NP-40, 0.1% SDS, 

50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Sodium Deoxycholate, 1 mM EDTA, 1 

mM Sodium Orthvandate, 10 mM Glycocerophophate, 5 mM Pyrophosphate, 1 mM 

PMSF) with cOmplete Mini Protease Inhibitor (Roche, Mannheim, Germany). Cell 

debris and chromatin were precipitated by centrifugation and discarded. Protein 

concentration was measured using the BCA Protein Assay Kit (Thermo Scientific, 

Rockford, IL) according to the manufacturer’s protocol. Thirty micrograms of the protein 

were separated on a NuPage 4-12% Bis-Tris gel (Life Technologies) and transferred to 

nitrocellulose via iBlot Transfer Stack and Blotting System (Life Technologies). The 

nitrocellulose membrane was blocked in 5% skim milk in TBS with 0.1% Tween-20 

(0.1% TBST) at room temperature (RT) for 1 hr and incubated with antibodies (diluted in 

TBST) against the following: IRE1α (3294, Cell Signaling), peIF2α (9721, Cell 

Signaling), eIF2α (2103, Cell Signaling), PACT (PA5-19586, Thermo), PKR (3072. Cell 

Signaling), pIRS1 (2381, Cell Signaling), IRS1 (2382, Cell Signaling), pIKKα/β (9958, 

Cell Signaling), β-Actin (sc-1616, Santa Cruz), Beclin-1 (3738, Cell Signaling), NBR1 

(9891, Cell Signaling), p62 (610832, BD Biosciences), LC3B (2775, Cell Signaling), 

CD8 (ab33786, Abcam), Foxp3 (ab22510, Abcam), VEGFR-2 (2749, Cell Signaling), 

GRP78 (3177, Cell Signaling), PERK (5683, Cell Signaling), ATF4 (11815, Cell 

Signaling), ATF6 (IMG-273, Imgenex), CHOP (2895, Cell Signaling), PI3K (4249, Cell 
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Signaling), HIF-1α (AP7759c, Abgent), pp38 (9211, Cell Signaling), p38 (9212, Cell 

Signaling), pAKT (9271, Cell Signaling), AKT (9272, Cell Signaling), ERα (VP-E613, 

Vector Laboratories, Burlingame, CA), and erb2/HER2 (AH01011, Invitrogen). 

Membranes were incubated with primary antibodies at 4ºC with gentle shaking overnight, 

followed by 3 times of washing with TBST for 10 minutes each. The membrane was 

incubated with horseradish peroxidase (HRP) conjugated secondary antibody (1:5000 

dilution, Santa Cruz) in TBST plus 1% milk at RT for 1 hr followed by three 10 minute 

washes in TBST. HyGLO Chemiluminescent HRP antibody detection spray was applied 

to the membrane and the signal was detected in the dark room. The protein level was 

determined by the intensity of the bands using Quantity One software (Bio-Rad). 

 

3.2.9  Immunohistochemistry and quantification 

Immunohistochemistry (IHC) was conducted using the formalin fixed and paraffin 

embedded tumor sections in order to determine the numbers of CD8+ and GZMB+ cells, 

using a secondary antibody and visualization system (DAKO, CA) following 

manufacturer’s instruction. Briefly, tissue sections were deparaffinized and rehydrated 

before antigen retrieval in a pressure cooker when submerged in citrate buffer (PH 6.0, 

DAKO), followed by one 5-minute wash with TBST. Endogenous enzyme was blocked 

by applying 3% hydrogen peroxide directly to the section and incubated for 10 minutes at 

RT, followed by rinsing with distilled water and leaving in PBS until primary antibody. 

The sections were then incubated with PBS diluted CD8A (1:100, ab33786, Abcam) or 

GZMB (1:100, ab4059, Abcam), antibody at RT for 30 minutes before rinsing with 

distilled water and incubation with labeled polymer-HRP for 30 minutes at RT. 
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Substrate-chromogen solution was applied to cover the specimen until the color started to 

change to brown and the sections were then immediately rinsed with distilled water 

before counterstaining with hematoxylin. The stained specimen were dehydrated and 

mounted with Permount. Tissue staining was examined under a bright field microscope 

and 20-30 pictures were captured from each sample to represent the entire section. 

Positively stained cells were quantified by a macro function in ImageJ and the average of 

CD8A+ and GZMB+ cells were calculated. 

 

3.2.10  TUNEL analysis 

To evaluate the levels of apoptosis in the mammary tumors, TUNEL assay was carried 

out using the apoptotic cell detection kit (Millipore, MA) following the manufacturer’s 

instruction. Briefly, deparaffinized tumor sections were pretreated with 20 µg/mL 

proteinase K for 15 minutes and washed with distilled water before being blocked with 

3% H2O2 for 5 minutes, followed by washing with PBS two times for 5 minutes each. 

Equilibration buffer was then added to the slides and immediately tapped off before the 

tumor sections were treated with TdT enzyme, which was prepared in reaction buffer, at 

37°C for one hour. One slide was used as a negative control by incubating the section 

with equilibration buffer. Stop/wash buffer was then applied to the slides and left for 10 

minutes to stop the reaction, followed by three 1-minute washes with PBS. The slides 

were treated with anti-digoxigenin conjugate at RT for 30 minutes and washed with PBS 

four times. Lastly, peroxidase substrate was applied to the conjugated sections, followed 

by counterstaining with 0.5% methyl green and dehydration in 100% n-butanol and 

Xylene. The stained slides were mounted and dried for at least 48 hours before being 
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analyzed under a bright field microscope. For each sample, 20-30 unrepeated pictures 

were captured at 20X magnification and the number of apoptotic cells was analyzed in 

ImageJ. 

 

3.2.11  Statistical analysis 

Tumor incidence and overall survival was compared between the offspring from control 

and OIHF diet fed dams by Kaplan-Meier analysis. Maternal body weight before and 

during pregnancy and the tumor burden in the offspring during and after TAM treatment 

were compared between control and OIHF diet fed offspring weekly by Student’s t-test. 

Differences in the response of mammary tumors to TAM treatment and the rate of 

recurrent tumors among the rats with complete responding tumors were assessed by Chi-

square analysis. The comparison of protein and mRNA levels in the mammary glands of 

offspring on PND50 was made by Student’s t-test. The comparison of data generated in 

Western blotting (protein), immunohistochemistry and RT-qPCR (mRNA) markers in the 

mammary glands and tumors between offspring were done by two-way ANOVA 

followed by post-hoc analysis with Holm-Sidak test using maternal diet and TAM 

treatment as variables. The specific p-values of each two-way ANOVA analyses were 

shown in the Figure legends under each figure and the asterisks on the Figures indicate 

statistical difference by post-hoc analysis between two given groups. P-values shown in 

the Results section were from post-hoc analysis unless elsewhere stated. All statistical 

analysis was carried out in SigmaStat (CA) and statistical significance was determined if 

p<0.05, unless elsewhere stated.  
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3.3  Results 

Mammary tumors were initiated in Sprague-Dawley rat offspring of dams fed a control 

(C) or obesity-inducing high fat (OIHF) diet before and during pregnancy. The offspring 

were all fed the C diet upon birth and treated with tamoxifen (TAM) when at least one 

tumor reached 1.3 cm in diameter. The initial response of them to TAM treatment was 

categorized as de novo response (not responding and kept growing), partial response (PR, 

stabilized but not disappeared), and complete response (CR, disappeared).  

 

3.3.1  Tumor incidence, mortality, and burden during TAM treatment 

The mean tumor latency among the OIHF offspring was non-significantly shorter by 1.42 

weeks, compared with control offspring (survival analysis: p=0.15, Figure 3.2A). All of 

the offspring born either to the control or OIHF diet fed dams developed at least one 

measurable tumor during the tumor monitoring period, and thus no difference in tumor 

incidence was seen. Tumor mortality during the period from DMBA administration 

through 40 weeks of tumor growth monitoring was significantly higher in the OIHF 

offspring than the controls (survival analysis: p=0.02, Fig. 1B). The main cause of 

mortality was unresponsiveness of tumor to TAM therapy or tumor recurrence: rats with 

tumors that exceeded 10% of body weight had to be euthanized, as required by our 

Institutional Animal Care and Use Committee (IACUC).  

 

Tumor burden was calculated weekly from the beginning of TAM treatment as the total 

area of mammary tumors per offspring. OIHF offspring had a significantly higher tumor 
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burden than the control offspring from week 17 onwards, and the difference was 

maintained throughout the rest of the tumor monitoring period (p<0.05, Figure 3.3A). 

 

3.3.2  Tumor response to TAM therapy 

Approximately half of the mammary tumors in both the control (56%) and OIHF (57%) 

diet fed offspring exhibited complete response to TAM therapy. Although not statistically 

different, maternal OIHF slightly increased the percentage of de novo TAM resistant 

tumors (33%) in the offspring when compared with control offspring (25%). The 

percentage of PR tumors in the OIHF offspring was 10% and in the controls 19% (Figure 

3.3B). 

 

3.3.3  Recurrence rate in rats with completely responding tumors 

After a complete response, TAM treatment continued for an additional 7 weeks, 

corresponding to 5 human years (Sengupta 2013) that is standard therapy used by most 

physicians, and then rats were taken off TAM treatment. Recurrence was defined as a 

tumor exhibiting a CR to TAM (lasting for at least 7 weeks) that grew back in the 

location where it was detected earlier. The tumor also had to reach a size of 1.3 cm in 

diameter to be considered recurrent. Although the rate of CR tumors was not different in 

the offspring of control and OIHF diet fed dams, 91% of these tumor recurred in the 

OIHF offspring compared with 29% in the control offspring (Χ2 test, p<0.001, Figure 

3.3C).  
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Figure 3.2  Mammary tumor incidence and mortality in the female offspring.  

(A) Percentage of rats with at least one measurable mammary tumor between weeks 0 
and 30 after DMBA administration in the offspring of obesity-inducing high fat (OIHF) 
(red) and control diet (black) fed dams (n=38 and n=32, respectively). Maternal OIHF 
diet non-significantly shortened the tumor latency. (B) Percentage of OIHF (red) and 
control (black) offspring alive between weeks 0 and 38 after DMBA. Rats were 
euthanized when tumor burden reached 10% of body weight or at the end of tumor 
monitoring period. Mortality was significantly higher among the offspring of OIHF diet 
fed dams than the control offspring (Log Rank test; p=0.02, and hazard ratio (HR) with 
95% CI are shown). 
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Figure 3.3  Tumor burden, responses of mammary tumors to tamoxifen (TAM) 
treatment and the rate of recurrence in the offspring.  

(A) Tumor burden (sum of tumor length x width for all tumors per rat) during TAM 
treatment in the offspring of dams fed obesity-inducing high fat (OIHF) (red) and control 
diet (black). From week 17 of TAM treatment onwards, tumor burden was significantly 
higher in the OIHF offspring than in the control offspring. Mean ± SEM, *p<0.05 by 
Student’s t-test. (B) Percentage of complete responses (CR, green), partial responses (PR, 
blue) and de novo resistant (G, red) tumors in the offspring of OIHF or control diet fed 
dams. Total number of tumors monitored was 52 in the OIHF offspring and 32 in the 
control offspring. No significant differences in tumor responses to TAM therapy were 
seen between offspring. (C) TAM therapy continued for 7 weeks after CR was recorded, 
and then the percentage of local recurring tumors (brown) was monitored. Of the 14 CR 
tumors in the control offspring, 4 recurred (29%), whilst of the 22 CR tumors in the 
OIHF offspring, 20 recurred (91%). Maternal OIHF exposure significantly increased the 
rate of breast cancer local recurrence in the female offspring (χ2; p<0.001). 
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3.3.4  UPR and related inflammation pathway markers in developing 
mammary gland 

Protein levels of UPR and autophagy pathway genes were first assessed in the normal 

mammary glands of offspring on postnatal day (PND) 50 by western blotting (Figure 3.4 

and Figure 3.5). The mammary glands of OIHF offspring exhibited higher levels of 

IRE1α (t-test: p=0.02, Figure 3.4C) and phospho-EIF2A (p=0.01, Figure 3.4D) than the 

mammary glands of control offspring. The other UPR and autophagy pathway genes in 

the mammary glands did not differ between the offspring of control and OIHF diet fed 

dams (Figure 3.5).  

 

Besides protein kinase RNA-like endoplasmic reticulum kinase (PERK, not differentially 

expressed here), EIF2A also can be activated directly through obesity-induced 

inflammatory pathways, such as protein kinase interferon-inducible double stranded RNA 

dependent activator (PRKRA) and Eukaryotic Translation Initiation Factor 2-Alpha 

Kinase 2 (EIF2AK2, also called PKR). We found upregulation of PRKRA (p=0.02, 

Figure 3.4E) and PKR (p=0.03, Figure 3.4F), and EIF2A inflammatory downstream 

genes phospho-IRS1 (p=0.04, Figure 3.4G), and phospho-IKKα/β (p<0.001, Figure 

3.4H) in the offspring exposed to maternal OIHF diet in utero. These findings show that 

some aspects of UPR and associated inflammatory pathways were elevated in the 

mammary glands of OIHF diet offspring. 
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Figure 3.4  Protein levels of unfolded protein response (UPR) and related 
inflammatory genes in the mammary glands (MG) of PND 50 female offspring.  

(A) Representative western blots of UPR and related inflammatory genes and (B) 
schematic diagram of the activated pathways. Quantifications of protein levels for (C) 
IRE1α (UPR), (D) phospho-eIF2α (UPR), (E) PACT (upstream of PKR), (F) PKR 
(upstream of phospho-eIF2α), (G) phospho-IRS1 serine 307 (downstream of PKR), and 
(H) phospho-IKKα/β (downstream of IRS1) in the MG of offspring on postnatal day 
(PND) 50 of control and obesity-inducing high fat (OIHF) diet fed rat dams. Protein 
levels were calculated as a ratio to β-Actin loading control, or for phospho-eIF2α and 
phospho-IRS1 as a ratio to total protein. N=9 for control and n=9 for OIHF offspring for 
each protein assessed. Mean ± SEM, black circles represent data-points for control 
offspring and red squares for OIHF offspring, *p<0.05, ***p<0.001, by Student’s t-test. 
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Figure 3.5  Protein levels of unfolded protein response (UPR) and autophagy 
genes in the developing mammary glands.  

(A) Representative western blots of UPR and autophagy genes in the mammary glands on 
postnatal day (PND) 50 in the control (C) and obesity-inducing high fat (OIHF) 
offspring. Protein levels of (B) GRP78, (C) PERK, (D) ATF4, (E) ATF6, (F) CHOP, (G) 
Beclin-1, (H) LC3II, and (I) p62 did not differ between C and OIHF offspring. Mean ± 
SEM, C: black circle, OIHF: red square, No differences by Student’s t-test.  
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3.3.5  UPR and autophagy markers in the mammary glands of DMBA-
treated offspring 

The protein levels of UPR and some of their down-stream targets (GRP78, IRE1α, ATG6 

and PERK, and PERK’s downstream signaling targets eIF2α, ATF4 and CHOP), and 

autophagy pathway genes (Beclin1, LC3II and p62) in the mammary glands of offspring 

exposed to DMBA were assessed before TAM treatment and in TAM treated animals. 

TAM treatment did not alter expression of any of these genes among C and OIHF 

offspring. In TAM treated glands of OIHF offspring, significant reductions in ATF6 p50 

(p=0.009, Figure 3.6G), Beclin-1 (p=0.024, Figure 3.6H) and p62 (p=0.016, Figure 

3.6I) protein levels were seen, compared with the control offspring. No other differences 

were observed (Figure 3.6A and B-F and J). 

 

3.3.6  UPR and autophagy markers in mammary adenocarcinomas 

Comparison of the markers in tumors before and after TAM treatment showed that 

CHOP protein levels were higher after TAM treatment in the OIHF offspring (p=0.02, 

Figure 3.7F). The increase was seen both in de novo and recurring tumors. No other 

changes in UPR were observed (Figure 3.7A-F).  

 

Assessment of autophagy markers revealed that Beclin-1 was increased in the OIHF 

offspring before TAM treatment (p=0.05) and in TAM treated de novo and recurring 

mammary tumors (p=0.006, Figure 3.8A). However, the levels of LC3II were unaltered 

(Figure 3.8D), and the indicators of protein aggregation clearance, NBR1 (p=0.04, 

Figure 3.8B) and p62 (p=0.024, Figure 3.8C) were increased after TAM therapy in de 
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novo and recurring tumors in the OIHF offspring. These changes may signal disruption of 

autophagy (Mizushima et al. 2008).  

 

3.3.7  Cytotoxic T-cell markers CD8A and GZMB in the tumors 

We measured the protein levels of the cytotoxic T-cell marker CD8A in the 

adenocarcinomas of offspring before and after TAM therapy. TAM did not affect the 

expression in C offspring, but a reduction in CD8A protein levels was seen after TAM 

treatment in the tumors of OIHF offspring, when compared with tumors before TAM in 

the OIHF offspring (p<0.001) and the TAM treated tumors in the control offspring 

(p=0.016; Figure 3.9A and 3.9B). We then applied IHC to assess CD8A+ and GZMB+ 

positive cells in the paraffin embedded tumor samples in TAM treated samples only. 

These results further confirmed that maternal OIHF diet reduced CD8+ in offspring’s 

tumor-infiltrating lymphocytes (TILs) (t-test: p=0.01, Figure 3.9C upper panel and 3.9D 

in TAM treated tumors. Additionally, the number of GZMB+ cells was non-significantly 

reduced in TAM treated tumors of female offspring from OIHF fed dams (t-test: p=0.09, 

Figure 3.9C lower panel and 3.9E). Further analysis compared the changes in cytotoxic 

T cell markers between maternal C and OIHF exposed offspring by separating recurring 

and de novo resistant tumors: the reduction in CD8+ (p=0.002) and GZMB+ (p=0.009) in 

TILs by maternal OIHF exposure was seen only in the recurring tumors but not in de 

novo resistant tumors (Figure 3.10A-D). 
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Figure 3.6  Protein levels of unfolded protein response (UPR) and autophagy 
pathway genes in the mammary glands of DMBA exposed offspring.  

(A) Representative western blots of UPR and autophagy genes in the mammary glands of 
DMBA exposed control (C) and obesity-inducing high fat (OIHF) offspring. Maternal 
diet did not change the protein levels of (B) PERK, (C) IRE1α, (D) GRP78, (E) phospho-
eIF2α, (F) Chop, and (J) LC3II in the mammary glands of offspring, either before or after 
TAM treatment. The protein levels of (G) ATF6 p50 (p=0.03 for TAM treatment x 
maternal diet interaction), (H) Beclin-1 (p=0.007 for maternal diet), and (I) p62 (p=0.004 
for TAM treatment x maternal diet interaction) were significantly reduced in TAM 
treated mammary glands of OIHF offspring, in comparison to TAM treated C mammary 
glands. Mean ± SEM, C: black circle, OIHF: red square, two-way ANOVA, *p<0.05, 
**p<0.01, by post-hoc analysis with Holm-Sidak test.  
	 	



 111 

Figure 3.7  Protein levels of unfolded protein response (UPR) pathway genes in 
the tumors.  

Representative western blots and quantification of protein levels of (A) GRP78, (B) 
PERK, (C) ATF6, (D) IRE1α, (E)phospho-eIF2α, and (F) CHOP. TAM treatment 
increased CHOP levels in the OIHF offspring (p=0.021 for TAM treatment). Mean ± 
SEM, C: black circle, OIHF: red square, two-way ANOVA, *p<0.05, by post-hoc 
analysis with Holm-Sidak test. 
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Figure 3.8  Maternal OIHF diet activated autophagy signaling but did not 
complete it in the TAM treated tumors of female offspring.  

Representative western blots and protein levels for (A) Beclin-1 (autophagy-initiation 
marker, p=0.002 for maternal diet), (B) NRB1 (p=0.045 for maternal diet), (C) p62 
(p=0.018 for maternal diet), and (D) LC3II (autophagy marker) in the tumors 
(adenocarcinomas) of control (black circles) and OIHF offspring (red squares) before and 
after TAM treatment. Tumors obtained after TAM treatment were de novo resistant 
(obtained during TAM treatment) and recurring tumors (no differences in protein levels 
were seen between these two conditions). Elevated levels of NRB1 and p62 are indicative 
a failure of clearing protein aggregation and accumulation of autophagosomes. Mean ± 
SEM, n=4-10 per protein and maternal exposure, two-way ANOVA, *p<0.05, by post-
hoc analysis with Holm-Sidak test.  
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3.3.8  Markers of tumor immunosuppression  

Foxp3 levels were significantly higher in TAM treated vs non-treated mammary tumors 

(two-way ANOVA: p=0.017, Figure 3.9A and 3.9F, consistent with an earlier study in 

MCF-7 human breast cancer cells treated with TAM (Joffroy et al. 2010). We did not 

observe differences in the offspring between maternal C and OIHF exposures. Therefore, 

we studied changes in two additional factors linked to tumor immunosuppression: 

transforming growth factor-β (TGFβ) and vascular endothelial growth factor receptor-2 

(VEGFR-2). TGFβ signaling plays a critical role in the induction and maintenance of 

Foxp3+ (Marie et al. 2005; Shevach 2009), and therefore also is immunosuppressive. 

Further, TAM resistance is reported to be reversed by blocking TGFβ activity (Arteaga et 

al. 1999). VEGFR-2 is expressed in Foxp3+ Treg cells (H. Suzuki et al. 2010) and it 

activates myeloid-derived suppressor cells (MDSCs) to further increase Treg cell 

numbers (Achyut and Arbab 2014). High VEGFR-2 levels are linked to elevated M2-like 

tumor-associated macrophage recruitment (Dineen et al. 2008) that induce 

immunosuppression and inhibit anti-tumor immune responses (Chanmee et al. 2014).  

 

VEGFR-2 levels were increased by maternal OIHF treatment in the mammary 

adenocarcinomas (two-way ANOVA: p=0.004). Further, protein levels of VEGFR-2 

were higher in the TAM treated tumors of offspring exposed to maternal OIHF diet than 

in the control offspring (p=0.003, Figure 3.9A and 3.9G). However, downstream targets 

of VEGFR-2 that control the conventional vascular growth factor pathway (HIF-1, 

AKT2, PI3K, and p38) did not change between maternal dietary exposure groups (Figure 

3.11A-D). The mRNA levels of Tgfβ1 also were increased in TAM treated tumors (de 
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novo resistant and recurring tumors) of OIHF offspring (t-test: p=0.04, Figure 3.9A and 

3.9H). 

 

3.3.9  Cytokine expression in the tumors 

mRNA levels of cytokines IL-6 (t-test: p=0.01), IL-12a (p=0.05), and IL-17f  (p=0.04) 

were all increased and IL-17c (p=0.06) was non-significantly increased by maternal 

OIHF diet intake in TAM treated tumors in the offspring  (Figure 3.12A-D). The 

increase was seen both in de novo resistant and recurring tumors.  

 

3.3.10  Hormone receptor levels in the tumors before and after TAM 

therapy 

ERα protein levels were higher in TAM treated tumors of OIHF offspring, when 

compared with OIHF tumors before (p=0.05) or C tumors after TAM therapy (p=0.002; 

Figure 3.13A). Protein levels of HER2 did not change (Figure 3.13B). 

 

3.3.11  Apoptosis and proliferation levels in the tumors 

Apoptotic cells were detected using the TUNEL assay. No differences between the 

maternal dietary groups were seen. However, significantly less apoptotic cells were seen 

in recurring tumors than in de novo TAM resistant tumors (two-way ANOVA: p=0.002) 

(Figure 3.14A and 3.14B). This finding is consistent with earlier studies showing that 

TAM increases apoptosis (Hawkin et al. 2000). The marker of cell proliferation, Ki67, 

determined using qRT-PCR, did not change among the control and OIHF offspring 

(Figure 3.14C). 
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Figure 3.9  Maternal OIHF exposure affected tumor immune function in TAM 
treated offspring.  

(A) Representative Western blots and quantitation of (B) CD8a (p=0.001 for TAM 
treatment x maternal diet interaction) in the adenocarcinomas of control (black circles) 
and OIHF (red squares) offspring before and after TAM treatment. (C) Representative 
pictures of immunohistochemically stained CD8A+ and GZMB+ in TAM treated 
mammary tumors in tumor infiltrating lymphocytes (TILs) in the control and OIHF 
offspring. 20X. Quantitative analysis of 10-30 areas of each slides (n=4-6 for the two 
offspring group) showed that maternal OIHF diet significantly reduced the number of (D) 
CD8A+ TILs and (E) non-significantly reduced the number of GZMB+ in the tumors 
from TAM treated offspring, when compared with tumors obtained from control 
offspring. Quantifications of (F) Foxp3 (p=0.017 for TAM treatment) and (G) VEGFR-2 
(p=0.004 for maternal diet) protein levels in tumors of C and OIHF offspring. Tumors 
obtained after TAM treatment were de novo resistant (obtained during TAM treatment) 
and recurring tumors (no differences in protein levels were seen between these two 
conditions). (H) Maternal OIHF diet significantly increased Tgfβ1 mRNA levels in the 
TAM treat tumors of female offspring (t-test: p=0.05). Mean ± SEM, n=4-10 offspring of 
both control and OIHF groups are shown. Two-way ANOVA, *p<0.05, **p<0.01, 
***p<0.001, by post-hoc analysis with Holm-Sidak test.  
	  



 118 

	
Figure 3.10  Maternal OIHF diet altered markers of tumor immune function.  

(A) Representative staining and (B) quantification of CD8A staining. CD8A+ was 
reduced in tumor infiltrating lymphocytes (TILs) in the recurrent tumor section in 
obesity-inducing high fat (OIHF) offspring (p=0.01 for maternal diet and p=0.039 for 
tumor type x maternal diet interaction) (lower panel in A), but not in the de novo resistant 
tumors (upper panel in A), compared with control (C) offspring. (C) Representative 
staining and (D) quantification of GZMB+ TILs. Number of GZMB+ TILs was 
significantly reduced in recurrent tumors (lower panel) of OIHF offspring, compared with 
C offspring (p=0.041 for tumor type x maternal diet interaction). Mean ± SEM, C: black 
circle, OIHF: red square, two-way ANOVA, *p<0.05, **p<0.01, by post-hoc analysis 
with Holm-Sidak test. 
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Figure 3.11  Vascular growth factors--related downstream targets of VEGFR-2 
were not altered by maternal diet or TAM treatment.  

Representative western blots and quantification of protein levels of PI3K (A), HIF-1α 
(B), phospho-p38 (C), and phospho-AKT (D) show that they did not differ between 
maternal dietary groups. Mean ± SEM, C: black circle, OIHF: red square, two-way 
ANOVA. 
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Figure 3.12  mRNA levels of cytokines in TAM treated tumors.  

Maternal OIHF diet increased (A) IL-6 (p=0.01), (B) IL-12a (p=0.05), (C) IL17c (not 
significant), and (D) IL17f (p=0.04) levels in the TAM-treated tumors of offspring (red 
squares), compared with tumors in controls (black circles). Mean ± SEM, n=4-10 are 
shown. *p<0.05, by Student’s t-test  
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Figure 3.13  Estrogen receptor (ER) levels in the mammary tumors of female 
offspring before and after TAM treatment.  

(A) Maternal OIHF diet increased ERα protein level in the TAM treated tumors, when 
compared to TAM treated C tumors or OIHF tumors before TAM therapy (p=0.017 for 
TAM treatment). (B) HER2 protein level did not differ among the groups, regardless 
maternal diet or TAM treatment. Mean ± SEM, C: black circle, OIHF: red square , two-
way ANOVA, *p<0.05, **p<0.01, by post-hoc analysis with Holm-Sidak test. 
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Figure 3.14  Ki67 proliferation marker levels and apoptosis, assessed using 
TUNEL, in the mammary tumors of female offspring after TAM treatment.  

(A) Representative western blots of TUNEL assay of the TAM treated tumors from 
offspring of maternal control (C, upper panel) and obesity-inducing high fat (OIHF, 
lower panel) diet exposed dams. The left panel shows TUNEL result of de novo resistant 
adenocarcinomas and the pictures on the right show result of recurring adenocarcinomas 
from both groups. 20X. (B) Quantification of 10-30 pictures of each slide showed 
maternal diet did not alter the numbers of apoptotic cells in either the de novo resistant 
tumors or the recurrent tumors. However, comparison within the maternal dietary groups 
revealed significant reduction in apoptotic cell numbers in recurrent tumors, compared 
with de novo resistant tumors (p=0.002 for TAM treatment). (C) mRNA level of Ki67 
proliferation marker in the tumor did not differ among the C and OIHF diet offspring. 
Mean ± SEM, C: black circle, OIHF: red square. By two-way ANOVA, *p<0.05, by 
post-hoc analysis with Holm-Sidak test. 
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3.4  Discussion 

Maternal obesity increases the risk of pregnancy complications (Cedergren 2004; Baeten, 

Bukusi, and Lambe 2001; Weiss et al. 2004) and impairs health of the offspring, 

including possibly increasing breast cancer risk (Ekbom et al. 1992; Troisi et al. 2013; 

Michels and Xue 2006; De Assis et al. 2006). Here we investigated, using a preclinical 

rat model, if an obesity-inducing high fat intake before and during pregnancy affects 

breast cancer recurrence and mortality among offspring. Offspring developed ER+ 

mammary tumors and received TAM to recapitulate the standard 5 year endocrine 

therapy used in ER+ breast cancer patients. Our results indicate that whilst no significant 

differences in TAM responsiveness were observed between the offspring of control and 

OIHF diet fed dams, after TAM therapy was completed, the risk of recurrence was 3-

times higher in the OIHF offspring than in controls. Over 90% of the mammary tumors 

recurred in the OIHFD offspring, whilst less than one third of the control offspring 

recurred.  

 

Our findings bear resemblance to the racial difference in breast cancer incidence and 

mortality between African American and Caucasian women. African American women 

develop breast cancer at a younger age (Amend, Hicks, and Ambrosone 2006) and have 

worse breast cancer outcomes (Eley et al. 1994; Jatoi, Becher, and Leake 2003; Field et 

al. 2005) than White patients. We observed here a trend of earlier onset of mammary 

cancer in the OIHF offspring. In our previous study, maternal OIHD diet shortened 

offsprings’ mammary tumor latency (De Assis et al. 2006), and thus, similar to African 

American women, the offspring developed mammary tumors earlier than did the control 
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offspring. Further, in accordance with the findings obtained in the offspring of OIHF diet 

fed dams, the increase in breast cancer mortality in African American patients is not 

caused by de novo resistance to TAM, which is similar in African American and White 

women (McCaskill-Stevens et al. 2004). Rather, as in our animal model, increased 

mortality may reflect high risk of recurrence. In two separate studies, the risk of 

ipsilateral breast cancer recurrence was significantly higher in African American than 

White patients, regardless of comparable clinical presentation and treatment (Stark et al. 

2012; Liu et al. 2014). 

 

It is not known whether maternal obesity could explain some of the racial differences in 

breast cancer recurrence and mortality. The incidence of obesity during pregnancy was 

low in the 1960’s when women diagnosed with breast cancer today were born, but it was 

over 2.5 times higher among African American mothers than White mothers (16.9% 

versus 6.4%) (Bresnahan et al. 2007). At present time, over 50% of pregnant women are 

overweight or obese (Flegal et al. 2016; Ogden et al. 2014), and African American 

women continue to be more likely to be obese than White women during pregnancy 

(Flegal et al. 2012). Thus, it is possible that the higher rate of maternal obesity among 

African American mothers at least partly explains the elevated risk of recurrence and 

mortality in their daughters. 

 

It is critical to identify signaling pathways that may explain higher incidence of 

recurrence in the OIHF offspring, as these pathways could serve as targets to prevent 

recurrence and reduce mortality in the daughters of obese mothers. We focused here on 
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studying pathways that have been previously linked to obesity and breast cancer. These 

are UPR and autophagy pathways, as well as pathways linked to tumor immune 

responses. During the pathogenesis of human cancer and its response to cancer therapies, 

UPR, autophagy and related inflammatory pathways are activated sensing the 

endoplasmic reticulum (ER) stress (Hetz 2012) Maternal obesity has been previously 

found to activate UPR and inflammatory pathways in the hypothalamus, liver and 

adipose tissue of female offspring(Wu et al. 2014; Melo et al. 2014) . We observed that 

IRE1α and eIF2α and the related inflammatory pathway components PKR, IRS1, and 

IKKα/β were upregulated in the normal mammary glands of OIHF exposed offspring. 

However, changes in UPR genes between the offspring of OIHF and control diet fed 

dams were not observed in the mammary tumors.  

 

Beclin-1 was upregulated in the adenocarcinomas of the OIHF offspring, compared with 

the control group, regardless of TAM treatment, indicating increased initiation of 

autophagy associated with maternal obesity. Earlier studies have reported that maternal 

obesity activates autophagy in dams’ oocytes (Wu et al. 2015) and in placenta of male 

fetuses (Muralimanoharan et al. 2016). However, in our study autophagy was not 

completed after TAM therapy, as indicated by an increase in the level of p62 and NBR1 

proteins in the recurring tumors. Similar findings have been obtained in the liver of male 

mouse offspring born to dams fed obesity-inducing diet (Reginato et al. 2016). In 

addition to inhibition of autophagy, accumulation of p62 is linked to rapid tumor cell 

proliferation and is an adverse prognostic indicator in cancer (Rusten and Stenmark 2010; 

Burdelski et al. 2015). As we found increased p62 levels in the tumors of offspring of 
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OIHF diet fed dams, autophagy appears to be dysregulated in these tumors, and this could 

contribute to their significantly higher rate of mammary tumor recurrence. 

 

Maternal obesity is reported to alter inflammatory responses and immune parameters in 

the offspring (Leibowitz et al. 2012; Guénard et al. 2013), including upregulating Foxp3 

regulatory T cells (Gonzalez Espinosa et al. 2016). The adverse changes in immune 

system are exacerbated in the offspring that themselves consume obesogenic diet through 

their life span (Odaka et al. 2010; Mouralidarane et al. 2013). However, in contrast to 

changes seen in the offspring, obese individuals exhibit a reduction in Tregs in the 

adipocytes (Ferrante 2007) and increased levels of cytotoxic CD8 T lymphocytes (Lee 

and Lee 2014). How these changes are related to increased breast cancer recurrence 

(Chan et al. 2014) in obese women is not apparent, as Foxp3+ Tregs suppress immune 

responses (Hori, Nomura, and Sakaguchi 2003), and the number of tumor infiltrating 

Foxp3+ Tregs negatively correlates with overall survival in breast cancer patients (Shang 

et al. 2015). Although we did not observe any changes in Foxp3 expression in the 

mammary tumors by maternal diet, offspring of OIHF diet fed dams exhibited 

upregulation of VEGFR-2, a marker of increased tumor immunosuppression (Achyut and 

Arbab 2014; Chanmee et al. 2014), and upregulation of Tgfβ1 that activates Foxp3 

(Marie et al. 2005; Shevach 2009) In addition, maternal obesity significantly reduced 

CD8+ and GZMB+ cytotoxic T-cells recurring tumors of TAM treated offspring, 

indicative of impaired anti-tumor immune responses (Ali et al. 2014; S. Liu et al. 2012; 

Liu et al. 2014; Chowdhury and Lieberman 2008). Our results, thus, suggest that 
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maternal obesity promotes tumor immunosuppression and reduces anti-tumor immune 

responses in the offspring. 

 

Intratumoral cytokines that are secreted by the immune cells are reflective of the function 

of these cells. Interleukin (IL) -17 family has six members (from Aa to Ff) and they are 

primarily secreted by T-helper 17 (Th17) cells. Increased circulating and intratumoral 

levels of IL-17 promote breast cancer progression and metastasis, and are indicative of 

poor overall survival (Coffelt et al. 2015; Benevides et al. 2015). IL-17 also promotes 

tumor progression through VEGF and another pro-inflammatory cytokine IL-6 (Chung et 

al. 2013; L. Wang et al. 2009). Therefore, our observation of increased mRNA expression 

of IL-6, IL-17c and IL-17f in the mammary tumors of OIHF offspring is consistent with 

the increase in VEGFR-2 levels and breast cancer recurrence in these animals. IL-12 is 

often inhibitory against tumor growth. However, this effect is dependent on the induction 

of cytotoxic CD8+ T-cells and GZMB expression, as well as inhibition of angiogenesis 

within the tumor microenvironment (Tugues et al. 2015; Ruffell et al. 2014). Our findings 

of increased IL-12A mRNA and the reduced expression of CD8A and GZMB in the 

tumors of OIHF offspring suggest that IL-12 was ineffective in preventing their tumor 

growth. 

 

In summary, by using a novel preclinical model to study responses to antiestrogen 

therapy (Hilakivi-Clarke et al., n.d.) we discovered that maternal intake of OIHF diet 

dramatically increased offspring’s mammary cancer recurrence following TAM treatment 

that modeled 5-year TAM therapy in human patients. UPR and inflammation pathways 
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were upregulated only in the developing mammary glands of OIHF offspring, but not in 

the carcinogen-exposed glands or mammary tumors. Maternal OIHF diet may have 

initiated more autophagy in the offspring’s mammary tumors, but disrupted its 

completion. Further, down-regulation of tumor CD8a and GZMB indicate reduced anti-

tumor immune responses and upregulation of VEGFR-2 and TGFB increased 

immunosuppression in the mammary tumors of OIHF offspring.  Future research will 

reveal if our results are relevant for racial disparity (higher risk of recurrence (Stark et al. 

2012; Liu et al. 2014) and increased mortality (Eley et al. 1994; Jatoi, Becher, and Leake 

2003; Field et al. 2005)) in breast cancer in African American breast cancer patients, as 

pregnant African American women are more likely to be obese than pregnant white 

women (Bresnahan et al. 2007; Flegal et al. 2012). Further, additional studies will reveal 

if mammary cancer recurrence in the offspring of overweight and obese mothers can be 

prevented by compounds that target autophagy and/or improve anti-cancer immune 

responses. 
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Chapter 4  Summary and Perspectives 

 

In this thesis, I investigated the effects of timing of dietary exposures on tamoxifen 

responsiveness and breast cancer recurrence in female Sprague-Dawley rats. ER+ 

mammary tumors were induced using DMBA, as this model was used to identify 

tamoxifen as a highly effective therapy against ER+ breast cancer (Jordan and Dowse 

1976). We have recently validated this model to be used to study de novo and acquired 

tamoxifen resistance and recurrence of breast cancer (Hilakivi-Clarke et al., n.d.). Since 

the activation of UPR pathway was observed in antiestrogen resistant breast tumors and 

its inhibition led to reversal of antiestrogen resistance (Cook et al. 2012; Clarke et al. 

2012), I further studied the expression of UPR and related autophagy and inflammation 

pathways in the normal mammary glands and tumors of rats treated with antiestrogen 

tamoxifen. Furthermore, since EnR stress and UPR activation in the tumor cells cross talk 

with components of the tumor micro-environment, I examined the expression of tumor 

infiltrating cytotoxic T-cell and Tregs markers in the tumors and intratumoral tissues, and 

serum cytokine concentrations. 

 

First, I found that lifetime GEN intake reduced de novo resistance to TAM, compared 

with rats that started GEN consumption during tamoxifen treatment (post-diagnosis GEN 

group). Risk of recurrence was lower both in the lifetime and adult GEN groups 

(consumption started after rats were exposed to breast cancer initiating carcinogen 

DMBA) than in the post-diagnosis GEN group. I observed downregulation of UPR and 

autophagy related genes (GRP78, IRE1α, ATF4 and Beclin-1), and genes linked to 
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immunosuppression (TGFβ and Foxp3), and upregulation of cytotoxic T cell marker 

CD8a in the tumors of the lifetime GEN group mimicking Asian soy food intake patterns, 

compared with controls, post-diagnosis, and/or adult GEN groups. Thus, lifetime GEN 

intake improved response of mammary tumors to TAM therapy, and this effect was 

linked to reduced activity of pro-survival UPR/autophagy signaling and increased anti-

tumor immunity. 

 

Next, by using the same DMBA-induced breast cancer model, I studied breast cancer 

responsiveness and recurrence in the female offspring of dams fed an obesity-inducing 

high fat (OIHF) diet. I found that maternal intake of OIHF diet during pregnancy 

increased the offspring’s risk of mammary cancer recurrence and mortality after 

treatment with tamoxifen. Maternal OIHF activated unfolded protein response (IRE1α 

and eIF2α) and inflammation (PKR, PACT, IRS1 and IKKα/β) pathways in the 

offsprings’ mammary glands. In the tumors of OIHF offspring, autophagy was induced 

(increased Beclin 1) before TAM therapy, and then disrupted by TAM therapy (LC3II did 

not change, and p62 and NBR1 accumulated), compared with tumors in the controls. In 

addition, in the TAM treated tumors of OIHF offspring, VEGFR-2 and Tgfβ1 expression 

was higher and the number of CD8+ and granzyme B+ (GZMB) cells was lower, 

compared with control offspring. Specifically, the lost expression of CD8A and GZMB 

happened in recurring tumors but not de novo resistant tumors of OIHF offspring. These 

findings indicate that offspring of mothers that were overweight or obese during 

pregnancy had significantly higher risk of recurrence and mammary cancer mortality, and 

their tumors exhibited impaired autophagy and anti-tumor immune responses. 
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The findings of this thesis, for the first time, connected the changes of tamoxifen 

responsiveness caused by dietary exposures earlier in life to the distinct alterations in 

UPR, autophagy, and the related inflammation pathways in the mammary glands and 

tumors. Collectively, better tamoxifen responsiveness and reduced risk of recurrence are 

linked to activation of ATF6 of UPR arm by lifetime genistein consumption and higher 

levels of ATF6, p62, and Beclin1 in maternal control offspring in the normal mammary 

glands of tamoxifen treated rats. Indeed, activated UPR and functional autophagy in the 

normal mammary gland of adult animals may help to fight against tumorigenesis through 

pro-death mechanism of transformed cells and pro-survival of normal mammary 

epithelial cells (Gajewska, Zielniok, and Motyl 2013). Using three dimensional cell 

culture model, researchers confirmed that the induction of functional autophagy is 

required for the alveoli formation during mammary gland development (Debnath et al. 

2002; Mills et al. 2004). My findings suggest that the activation of UPR and functional 

autophagy in response to metabolic stress or carcinogen-related EnR stress protects the 

mammary glands from tumor formation. In contrast, defective autophagy and/or inactive 

UPR compromise cells ability to adapt to metabolic stress, may lead to accumulation of 

mitochondria damages, resulting elevated ROS, DNA damage and genomic instability 

and the growth of tumor cells. Therefore, higher expression of UPR and related 

autophagy in the normal mammary glands of lifetime genistein exposed rats protected 

them against tumorigenesis. Reduced expressions of UPR and autophagy genes in the 

mammary glands of OIHF offspring that were treated with tamoxifen may indicate the 

defective stress response in the mammary glands of those rats. 



 132 

 

Interestingly, in the mammary tumors, reduced UPR and autophagy markers were 

associated with better tamoxifen responsiveness and less recurrence. These findings may 

have been caused by the pro-survival function of UPR and autophagy leading to survival 

of tumor cells (Gajewska, Zielniok, and Motyl 2013). Further, activated UPR contributes 

to the immunosuppressive phenotype in the tumor and its microenvironment (Zanetti, 

Rodvold, and Mahadevan 2016; Gajewski, Schreiber, and Fu 2013). Therefore, the 

reduction of UPR and autophagy genes in the mammary tumors of lifetime genistein 

exposed rats and elevated Chop and Beclin-1 levels in the tamoxifen treated tumors of 

OIHF offspring further confirm that UPR has a dual-sword identity in breast cancer.  

 

Functional UPR and autophagy stimulate anti-tumor immune responses, and they also 

play a critical role in tumor cell elimination by apoptosis. In tumors, functional 

UPR/autophagy and apoptosis are required for the elimination of cancer cells at the very 

early stage of tumor formation (Zanetti, Rodvold, and Mahadevan 2016). Defective 

autophagy/inactive UPR and defective apoptosis further worsen the effects of metabolic 

stress induced by tumor progression (Gajewska, Zielniok, and Motyl 2013). My findings 

of dysfunctional autophagy shown by increased Beclin-1 expression, and accumulation of 

p62 and NBR1 protein aggregation, in tamoxifen treated tumors from OIHF offspring, 

suggest defective autophagy caused by maternal OIHF exposure. It remains to be 

determined if these changes might be causally responsible of increase breast cancer 

recurrence in the OIHF offspring.  
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The most important changes that I observed in this thesis work that may better explain 

the different tamoxifen responsiveness and tumor recurrence caused by dietary factors are 

changes in tumor infiltration cytotoxic T-cells and immunosuppression markers. I 

detected higher CD8A and lower Foxp3 and Tgfβ1 expression levels in the group of rats 

that exhibited better tamoxifen responsiveness and less breast cancer recurrence (lifetime 

genistein group). Offspring of OIHF diet fed dams that were found to be at increased risk 

of recurrence exhibited opposite changes. Due to the emerging evidence of TILs as 

markers of solid tumor prognosis (Takenaka et al. 2013b; Liu et al. 2008; Liu et al. 2011; 

Liu et al. 2012; Mahmoud, Paish et al. 2011; Ali et al. 2014; Mahmoud et al. 2011) and 

the possibility of restoring treatment sensitivity by inhibiting the tumor immune 

inhibitory mechanisms (Gajewski, Schreiber, and Fu 2013; Bracci et al. 2014), I am 

excited to find that these immune markers are linked to affecting the tumor progression in 

offspring of OIHF diet fed dams and in rats fed genistein through their lifetime. 

 

In summary, by using a recently characterized rat ER+ breast cancer model to study 

antiestrogen responsiveness, I address the critical questions regarding the safety of 

genistein consumption among breast cancer patients and the impact of maternal obesity 

on breast cancer recurrence in the offspring. My findings suggest that breast cancer 

patients who had the history of continuous genistein consumption would benefit from 

continuing the consumption during anti-estrogen therapy to increase tamoxifen 

responsiveness and prevent recurrence. Patients who have not consumed soy foods earlier 

should not to start taking genistein for the first time during antiestrogen treatment. I also 

found that offspring of obese dams had three times increased risk of recurrence, possibly 
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due to the loss of CTLs in the adenocarcinomas. Further studies addressing the exact 

mechanisms behind the dietary effects on drug responsiveness and recurrence are 

warranted. Since I have found the changes in UPR and related immune responses are 

altered by dietary exposures, future investigation may focus on the tumor 

microenvironment and how the different cell types or stromal components affect the UPR 

and immunity changes. Targeting the tumor immune inhibitory mechanism (CTLA-4, 

PD-L1, and IDO), or trying to restore T cell cytotoxicity in the animals that exhibit 

resistance or recurrence, could also be tested.  

 

Research in this thesis demonstrated the impact of genistein and in utero OIHF diet 

exposures on tamoxifen responsiveness and breast cancer recurrence. I reported changes 

in UPR and tumor immune markers associated with the dietary-affected mammary tumor 

responses to tamoxifen. Future studies are needed to prevent the adverse effects of 

maternal obesity in daughter’s breast cancer risk.  

 

4.1  Translational significance 

The research in my thesis demonstrated novel findings of soy isoflavone intake and 

antiestrogen treatment in rats with ER+ breast cancer and added to the current 

understanding towards the safety of using genistein by breast cancer patients who are 

treated with tamoxifen. First, I found that prepubertal and lifelong genistein consumption 

improves tamoxifen responsiveness and reduces the risk of breast cancer recurrence in 

rats. Second, adult genistein exposure that started after the initiation of mammary tumors 

significantly reduced the risk of local recurrence without altering tamoxifen 
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responsiveness. Furthermore, post-diagnosis genistein intake that started during 

tamoxifen treatment significantly impaired animals’ response to tamoxifen and increased 

mammary tumor recurrence. Taken together, genistein, as a phytoestrogen, affect 

tamoxifen responsiveness differently if consumed at different s in the life. Genistein 

intake has protective effect only if consumed before tumor onset. Our findings are 

consistent with the findings of other researchers showing that genistein consumption 

before DMBA administration activates anti-tumor immunity and protects the animals 

from developing melanoma (Guo et al. 2001; Guo et al. 2007). Oncologists do not 

recommend soy products or isoflavone supplements to their breast cancer patients due to 

the potential growth-promoting and tamoxifen-negating effects of soy foods (Ju et al. 

2002; Hsieh et al. 1998; Shike et al. 2014a). The results of my thesis indicate that 

continuing soy consumption in fact may have beneficial effects on breast cancer 

prognosis. However, my results also support the concerns of starting soy food intake or 

genistein supplementation for the first time in patients undergoing antiestrogen treatment.  

 

By studying the offspring of high fat fed rat dams that had DMBA-induced ER+ 

mammary tumors, I demonstrated that they had non-significantly shortened tumor 

latency, unchanged tamoxifen responsiveness, and significantly increased risk of local 

mammary cancer recurrence. The unchanged tamoxifen responsiveness, increased risk of 

recurrence, and worse overall survival among the female offspring of obese mother are 

similar to the breast cancer patients among African American women. In US, more than 

half (58.5%) of the pregnant women are overweight or obese, regardless of their ethnicity 

or race (Ogden et al. 2014). Among these women, about 80% of African American 
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women exhibited overweight or obesity at childbearing age. Furthermore, although black 

women respond similarly to antiestrogen treatment, they had increased risk of breast 

cancer recurrence and overall worse survival (Amend, Hicks, and Ambrosone 2006; 

McCaskill-Stevens et al. 2004; Stark et al. 2012; Jatoi, Becher, and Leake 2003; Field et 

al. 2005), which correlates well with our findings in daughters of obese dam rats. 

Findings of another preclinical experiment (data not shown in this thesis) show that 

continued tamoxifen therapy over a period modeling 5-year treatment prevented 

recurrence in the offspring of obese dams. Therefore, my results suggest that African 

American breast cancer patients, who are offspring of obese mothers and at high risk of 

breast cancer recurrence, should continue to take tamoxifen for longer period in order to 

prevent recurrence. However, due to the increased risk of endometrial cancer among 

patients treated with tamoxifen (Fisher et al. 1994),  physicians need to better weigh the 

benefits and risk factors before changing the therapy. Furthermore, recent findings by  

others have unveiled the positive effect of fasting (water feeding only) on promoting anti-

tumor cytotoxicity by inducing CD8+ CTLs and inhibiting Tregs (Seton-Rogers 2016; Di 

Biase et al. 2016). Thus, we need further studies to determine the effects of weight loss 

before pregnancy on tamoxifen responsiveness and recurrence in the daughters. 

 

Another interesting outcome of my thesis may be recommendation to limit the usage of 

vegetable shortening Crisco, rather than the animal fat lard, during pregnancy. Lard is 

more widely used in nutritional research as an obesity-inducing diet than Crisco. The 

reasons why I used Crisco in my study are: 1) Crisco-based high fat diet is easier to be 

pelleted and therefore more convenient to use when feeding animals, 2) a previous study 



 137 

in our lab that used Crisco-based high fat diet already demonstrated its detrimental effects 

in increasing breast cancer risk in the offspring of obese dams (De Assis, Khan, and 

Hilakivi-Clarke 2006). Findings of my study support these observations and thus the 

rationale of using the same ingredient here, 3) Andrade et al. reported previously that 

maternal lard-based high fat diet exposure reduced mammary tumorigenesis in the female 

offspring (de Oliveira Andrade et al. 2014), 4) Crisco and hydrogenated vegetable 

shortening are more often used in cooking nowadays than lard. The result of my study 

using Crisco-based high fat diet rather than lard-based high fat diet is more relevant to 

inform the effects of maternal obesity on tamoxifen responsiveness in the offspring.  

 

With regards to the mechanisms behind the changes caused by timing of dietary 

exposures, epigenetic modifications may mediate them. Previous studies have connected 

maternal dietary exposures with changes of gene expression and risk of disease in the 

offspring (Dolinoy, Huang, and Jirtle 2007; Zhang et al. 2011; Wu et al. 2014). 

Epigenetic modifications, including DNA methylation and histone modification, should 

be studied in the altered genes in the offspring. In this thesis, although I did not focus on 

determining the epigenetic changes in genes in the adult animals that were consuming 

different types of diets earlier in their lives, potential involvement of epigenetic 

mechanisms cannot be excluded. For instance, I established correlations between higher 

risk of breast cancer recurrence and loss of CD8+ TILs among tamoxifen treated OIHF 

offspring and rats from the post-diagnosis GEN group. Besides the reduced CD8A 

protein level and CD8+ TILs in the recurrent tumors of OIHF offspring (Chapter 3.3.7), I 

also found that Cd8a mRNA expression was reduced in those tumors (data not shown). 
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Since CD8 expression and the lineage choice of CD8+ immune cells are epigenetically 

regulated (Crompton et al. 2016), further studies are needed to test the hypothesis that 

maternal OIHF exposure caused the loss of CD8 expression through epigenetic 

modifications in the offspring. Additionally, epigenetic modifiers are being tested of their 

effects in treating cancer patients in clinical trials (Duenas-Gonzalez et al. 2014); I am 

interested to know whether hydralazine (a DNA methyltransferase inhibitor) and valproic 

acid (a histone deacetylase inhibitor) could restore CD8 expression through epigenetic 

changes and further reduce cancer recurrence.  

 

Lastly, an important and interesting finding of my thesis is the reduced cytotoxic T-cell 

marker and increased Treg markers in the recurrent tumors. I have correlated the higher 

risk of recurrence in rats with post-diagnosis GEN exposure and offspring of OIHF dams 

with loss of tumor cytotoxicity and increased immune suppression. Therefore, targeting 

tumor immunity, trying to restore the CTLs or inhibit Treg markers, in combination with 

the anti-estrogen tamoxifen therapy may be useful to prevent breast cancer recurrence in 

the OIHF offspring or post-diagnosis GEN exposed individuals. Recently, compounds 

that target PD-1, PD-L1, CTLA-4 have been approved to treat solid tumors, for instance 

the success of nivolumab in treating non-small cell lung cancer and renal cell carcinoma. 

Limited evidence is available to show their effects in treating breast cancer recurrence. 

Our model of mammary tumor recurrence well characterized the reduction of CTLs 

among recurred tumors of OIHF offspring and would be useful to study the effects of 

agents that restore immune cytotoxicity in those animals. Also, since Treg marker Tgfβ 

expression was increased in tamoxifen treated tumors of OIHF offspring, Tgfβ 
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suppressor may also be tested for its ability to prevent or treat breast cancer recurrence in 

them (Bendle et al. 2013). In summary, my findings of tumor immunity changes in 

animals with different dietary exposures created a valuable platform to study the effect of 

combinations of immune therapy with anti-estrogen tamoxifen treatment.   
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Appendix  Maternal obesity-inducing high fat diet altered 
whole-genome expression pattern in the 

mammary glands of female offspring rats at 
post-natal day 50  

1  Introduction 

As discussed in Chapter 1 and 3, in utero exposure to obesity-inducing high fat (OIHF) 

diet increased breast cancer recurrence in the offspring after they completed anti-estrogen 

tamoxifen treatment. I observed activated UPR and inflammation pathways in the 

mammary glands (MGs) of OIHF offspring at postnatal day (PND) 50. To identify 

additional alterations in the OIHF offspring, I performed RNAseq on their mammary 

glands. As a tool of detecting differentially expressed genes (with lower coverage) and de 

novo isoforms and single nucleotide polymorphisms (with high coverage), RNAseq is 

more powerful than microarray in transcriptome analysis (Wang, Gerstein, and Snyder 

2009). I studied morphology of MGs in PND 50 offspring by analyzing whole mounts 

and hematoxylin and eosin stained sections. RNAseq and analysis was carried out at the 

same age to compare the transcript abundance between control and OIHF offspring. I 

predicted that the findings could be helpful in identifying pathways that lead to increased 

susceptibility to mammary cancer recurrence.  
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2  Materials and methods 

2.1  Animals and tissue collection 

As described in Chapter 3, offspring of dams fed a control or obesity-inducing high fat 

(OIHF) diet were kept on control diet upon birth. Ten offspring from each group were 

euthanized at PND 50 and at least one offspring from each of the 16 dam rats was 

included for this experiment. The fourth mammary gland (MG) on the left was fixed in 

10% saline-buffered formalin before embedded in paraffin and the one on the right was 

snap frozen in liquid nitrogen after removing the lymph node. Hematoxylin and eosin 

stained MG sections were prepared by the Histopathology and Tissue Shared Resources 

core facility at Lombardi Comprehensive Cancer Center. The third MG on the left was 

used for whole mount preparation. 

 

2.2  Mammary gland whole mounts preparation 

The mammary gland whole mounts were prepared according to a previously developed 

protocol (De Assis et al. 2010). Briefly, the entire mammary gland (including the distal 

portion) was removed and spreaded onto a glass slide representing its size and shape in 

situ. After the gland properly attached to the slide, it was fixed in the Carnoy's fixative 

(75% glacial acetic acid, 25% absolute ethanol) at room temperature for at least two days. 

The slides were washed at 70% ethanol for one hour before rinsed in distilled water for 

30 minutes. Carmine Alum stain (1 g of carmine and 2.5 g of aluminum potassium boiled 

in 500 mL distilled water) was used to stain the properly fixed slides for two days. A 

serial of diluted ethanol (70%, 95%, and then 100%) was then used to wash the slides 
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before delipidation of the gland in xylene for two days. Permount was applied to the 

slides with cover slips and completely dried in the fume hood before analysis.  

 

2.3  Mammary gland whole mounts analysis 

Whole mount slides were analyzed to determine the number of terminal end buds (TEBs) 

in female offspring. Whole mounts of PND 50 female rats were visually analyzed for 

number of TEBs. TEBs were defined as bulbous structures at the end of the ducts that 

were at least 100 microns thick within the zone C as described by Russo and Russo, 1978 

(Russo and Russo 1978).  Whole mounts were visualized with the microscope and 

bulbous structures that met the criteria were counted when n=5-10/treatment. 

Additionally, mammary epithelial ductal length was measured using Olympus 5ZX12 at 

3.5X magnification. As the nipple region was missing from several whole mounts the 

length of the lymph node was measured, and the distance between the middle of the 

lymph node to the most distal TEB was measured and recorded.  

 

2.4  Mammary adipose tissue analysis 

To determine whether maternal high fat diet altered the tumor microenvironment, we 

determined the size of the mammary adipocytes in normal mammary glands at PND50. 

Hematoxylin and Eosin (H&E) stained mammary gland sections were visualized with the 

microscope (Olympus BX61, Japan). Six (6) images per section were taken at 20X 

magnification. Images were taken at different locations of the mammary fat pad to get a 

thorough characterization of the mammary adipocytes. These included areas 3 with ductal 

epithelium, 1 with ductal epithelium proximal to the lymph node, and 2 distal and without 
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ductal epithelium. Images were imported into Adiposoft software program (CIMA, 

University of Navarra) that automatically analyzes adipose tissue cellularity. The data 

was corrected by one staff member to remove erroneous values from analysis. Values 

from the 6 sections were averaged for each section and then those values were averaged 

for each treatment group where n=6-9.  

 

2.5  RNA sequencing and analysis 

To determine the differentially expressed genes between C and OIHF offspring, RNA 

sequencing (RNAseq) was carried out in MGs at PND 50. Frozen MGs were ground and 

pulverized by mortar and pestle in liquid nitrogen. Total RNA was extracted from the 

MG of PND 50 female rats by using the Lipid Tissue RNA extraction kit (Qiagen, 

Germantown) according to the manufacturer’s instruction. Before submitting to Genewiz 

(NJ), the quality of total RNA was evaluated in 2100 BioAnalyzer (Agilent, CA) to 

assure the RNA integrity number (RIN) higher than 7.0 and concentration higher than 80 

ng/µL. Sequence was performed on the Illumina HiSeq2500 platform, in a 1x50bp, 

single-read configuration in Rapid Run mode, with a total of 120 million reads per lane. 

All raw data passed the FastQC quality check. We used Rsem (Li and Dewey 2011) to 

quantify transcript abundance, using the rat reference genome Rattus norvegicus (Rn.) 

6.0. Briefly, rat genome sequences and gene annotation files (Ensembl Genome Browser 

84) and the files containing RNAseq reads were uploaded to R. The rsem-calculate-

expression script automatically aligned the reads against reference transcript sequences 

and calculated the relative abundance. We used the measure of abundance that estimated 

the fraction of transcripts made up by a given gene and converted the quantified transcript 
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abundance to reads per kilobase of exon model per million mapped reads (RPKM) 

(Mortazavi et al. 2008). The RPKM of each sample were then used in statistical analysis. 

In order to retain the statistical power, we removed the gene that has at least one 0 RPKM 

in the sample since there are only three samples in each group of our experiment design. 

We selected 17122 unique genes for further statistical analysis. The final 147 genes were 

uploaded to Ingenuity Pathway Analysis for functional analysis. 

 

2.6  Verifications of RNAseq analysis 

To verify the detection of differentially expressed genes, qRT-PCR was carried out in 

cDNA samples of PND 50 MGs. As described in Chapter 2 and 3, HT7900 PCR machine 

was utilized for the qRT-PCR experiments. Additional three samples from each group 

were included to increase the statistical power and prevent bias from merely using the 

original three samples used in RNAseq. From the 147 differentially expressed genes 

detected by RNAseq analysis, mRNA levels of Cyp26b1, Gpx2, Mpz, Mstn, Prx, and PgR 

were tested to verify (n=6). Primers used were listed in Table A.1.  

 

2.7  Statistical analysis 

Numbers of TEBs, ductal length of the MG, size of mammary adipocytes, and mRNA 

levels of verifying genes were compared between C and OIHF offspring by Student’s t-

test in Microsoft Excel. Statistical significance was determined when the p-value of the 

comparison was less than 0.05. For the mammary ductal epithelial length, data was 

shown in centimeters as mean ± standard error of means (SEM). For the size of 

mammary adipocytes, value was shown in square micrometers as mean ± SEM. 
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Statistical analysis of gene expressions in RNAseq was carried out in R using the limma 

package (Ritchie et al. 2015) to detect differential expressed genes at false discovery rate 

< 0.05 and |log(fold-change)| > 1 as cut off points. mRNA levels of genes verified were 

shown as the relative levels to mRNA levels of internal control gene (Hprt1) in the form 

of means ± SEM.  

	  



 146 

Table A.1  Primers used for qRT-PCR 

Gene Sequence 

Cyp26b1_forward 5’- ATGACCATGCAGGAGCTG -3’ 

Cyp26b1_reverse 5’- TGATCAAGGATGTGCTGG -3’ 

Gpx2_forward 5’- CTAGTGGTTCTCGGCTTC -3’ 

Gpx2_reverse 5’- ACATACTTGAGGCTGTTCAGG -3’ 

Mpz_forward 5’- AAAACCCACCGGACATAGTG -3’ 

Mpz_reverse 5’- CAACACCACCCCATACCTAG -3’ 

Mstn_forward 5’- TGATCTTGCTGTAACCTTCCC -3’ 

Mstn_reverse 5’- CCTCTTGGGTGTGTCTGTTAC -3’ 

Prx_forward 5’- AGAAGGAATCTTTGTCCGCG -3’ 

Prx_reverse 5’- CGCTCAGAAGTTCCC -3’ 

PgR_forward 5’- TCACAACGCTTCTATCAACTTACAAA -3’ 

PgR_reverse 5’- GGCAGCAATAACTTCAGACATCA -3’ 

Hprt_forward 5’- CCCCAAAATGGTTAAGGTTGC -3’ 

Hprt_reverse 5’- AACAAAGTCTGGCCTGTATCC -3’ 

Primers were designed for quantitative realtime PCR and listed. 
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3  Results 

3.1  Terminal end buds and ductal length 

To determine the changes in mammary cancer susceptibility and increased risk of 

recurrence in rats exposed in utero to OIHF diet, the number of TEBs from whole mounts 

of PND 50 MGs was analyzed. No difference between the C and OIHF offspring was 

detected in TEB numbers (Figure A.1A) or epithelial ductal lengths (Figure A.1B). 

 

3.2  Size of mammary adipocytes 

Mammary epithelial and the surrounding stromal tissues determine the molecular 

signaling, exposure to carcinogen, and therefore risk of breast cancer (Wiseman and 

Werb 2002). Mammary adipocytes are critical members in mammary stroma and 

increased size may be associated with breast cancer risk. To determine the difference in 

mammary adipocytes and change of MGs morphology, H&E stained sections were 

analyzed. I did not observe a statistical significance in the size of mammary adipocytes 

(Figure A.1C) or changes in mammary characteristics (Figure A.1D) between control 

and OIHF offspring.  
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Figure A.1  Maternal obesity-inducing high fat diet exposure did not cause 
mammary gland morphologic changes.  

(A) Numbers of terminal end buds (TEBs) did not differ between in uterus control (C, 
open bar) and obesity-inducing high fat (OIHF, black bar) diet exposed offspring. (B) 
Length of epithelial ducts did not differ between C and OIHF offspring. (C) Size of 
mammary adipocytes was not altered by maternal OIHF exposure. (D) Change in 
mammary characteristics by maternal diet was not observed. Data was presented as mean 
± SEM, representative pictures of hematoxylin and eosin stained MG sections were 
shown. 
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3.3  Differentially expressed genes in MG of C and OIHF offspring at 
PND 50 

To further understand how maternal OIHF diet affected transcriptome of offspring’s 

MGs, we performed RNAseq using the MG RNA of PND 50 offspring. Principal 

component analysis revealed significant variations between C and OIHF groups (Figure 

A.2). Furthermore, analysis of RNAseq revealed 147 differentially expressed genes 

(DEGs, FDR<0.05 and |log(fold-change)|>1, Figure A.3A) between OIHF and C 

offspring. Among these genes, 93 were up-regulated and 54 were down-regulated by 

maternal OIHF exposure.  

 

Additionally, volcano plot of FDR-log(fold-change) was adapted to visualize the changes 

of MGs between C and OIHF offspring. In addition to the 147 DEGs shown in heat map 

(Figure A.3A), FDR was raised to 0.1 for better visualization of more differences caused 

by maternal OIHF exposure. Among the 570 DEGs (FDR<0.1 and |log(fold-change)|>1), 

232 genes were up-regulated and 338 were down-regulated by maternal OIHF diet 

(Figure A.3B). We further validated the result of RNAseq analysis by randomly picking 

six identified DEGs (Cyp26b1, Gpx2, Mpz, Mstn, Prz, and PgR) and confirmed the 

changes in their mRNA levels using qRT-PCR in six MG samples (3 from RNAseq and 3 

additional ones, per group) obtained from PND 50 offspring (Figure A.4). The top ten 

down-regulated (log(fold-change)<-1) and up-regulated (log(fold-change)>1) genes are 

listed in Table A.2 (FDR<0.05). 
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Figure A.2  Principal component analysis of RNAseq results.  

Showed by the result of principal component analysis of reads per kilobase of exon 
model per million mapped reads (RKPM), C (red dots, n=3) and OIHF (green dots, n=3) 
MGs were well separated.  
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Figure A.3 Differentially expressed genes were revealed between C and OIHF 
offspring.  

(A) Heat map of differentially expressed genes (DEGs) of MGs between C and OIHF 
offspring. False discovery rate (FDR) <0.05 and |log(fold-change)|>1 as cut off. One 
hundred and forty seven DEGs were determined by RNAseq analysis, among which 93 
were up-regulated (red) and 54 were down-regulated (green) by maternal OIHF exposure. 
(B) Volcano plot of log(fold-change) against FDR of transcripts comparing OIHF with C 
offspring. 
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Figure A.4  Verification of DEGs in the MGs between C and OIHF offspring.  

Determined by quantitative real-time PCR, mRNA levels of (A) Cyp26b1, (B) Gpx2, (C) 
Mpz, (D) Mstn, (E) Prx, and (F) Pgr were confirmed to be differentially expressed in the 
MGs between C and OIHF offspring. Data are mean ± SEM, **p<0.01, ***p<0.001, by 
Student’s t-test.  
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Table A.2  Top ten regulated genes by maternal OIHF exposure 

Gene name Gene description FDR Log(fold-change) 

Top 10 up-regulated genes 

Sox2 SRY (Sex determining region Y)-Box 2 0.028 2.45 

Lect1 Leukocyte cell derived chemotaxin 1 0.038 2.37 

Mpz Myelin protein zero 0.031 2.19 

Mag Myelin associated glycoprotein 0.036 2.15 

Vat1l Vesicle amine transport 1-like 0.028 2.13 

Snca Synuclein alpha 0.040 2.13 

Ncmap No-compact myelin associated protein 0.039 2.10 

Cyp26b1 Cytochrome P450 family 26 subfamily B member 1 0.031 2.06 

Bank1 B-cell scaffold protein with ankyrin repeats 1 0.027 1.97 

Hist1h1d Histone cluster 1, H1d 0.038 1.95 

Top 10 down-regulated genes 

Mstn Myostatin 0.037 -4.27 

Gpx2 Glutathione peroxidase 2 0.039 -4.05 

Ptprt Protein tyrosine phosphatase, receptor type T 0.049 -3.67 

Xirp1 Xin actin binding repeat containing 1 0.035 -3.52 

Shisa2 Shisa family member 2 0.039 -2.97 

Slc35f3 Solute carrier family 35 member F3 0.037 -2.86 

Dok5 Docking protein 5 0.036 -2.72 

Ddit4l2 DNA-damage-inducible transcript 4-like 2 0.033 -2.71 

Lmx1b LIM homeobox transcription factor 1 beta  0.028 -2.68 

Smoc2 SPARC related modular calcium binding 2 0.039 -2.63 

Top ten up-regulated (descending by fold-change) and down-regulated (ascending by 
fold-change) genes by maternal obesity are listed. To identify differentially expressed 
genes, the RPKM result of RNAseq was analyzed by limma package in R. False 
discovery rate<0.05, |log(fold-change)|>1.  
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3.4  Pathways analysis of DEGs 

To determine the diseases and signaling networks associated with maternal OIHF 

exposure, we carried out pathway analysis using the RNAseq-identified DEGs in 

Ingenuity. The software determines the overrepresented disease by calculating the ratio of 

number of DEGs related with this disease to the total number of transcripts related with 

this disease. The top five associated diseases and disorders are cancer (p<0.02, 422 

molecules involved), dermatological disease and conditions (p<0.02, 232 molecules 

involved), organismal injury and abnormalities (p<0.02, 431 molecules involved), 

reproductive system disease (p<0.02, 252 molecules involved), and hereditary disorder 

(p<0.02, 111 molecules involved, Figure A.5). The top three networks associated with 

the DEGs of maternal OIHF exposure are 1) Dermatological Diseases and Conditions, 

Developmental Disorder, Organismal Injury and Abnormalities (Figure A.6A); 2) 

Cellular Development, Embryonic Development, Organismal Development (Figure 

A.6B); and 3) Organismal Survival, Nervous System Development and Function, Tissue 

Morphology (Figure A.6C). Additionally, human embryonic stem cell pluripotency 

(p=0.0003), planer cell polarity (p=0.003), Wnt/-catenin signaling (p=0.006) are the top 

three canonical pathways identified from the DEGs that are associated with changes in 

the MGs caused by in utero OIHF exposure. Including Wnt4 (down-regulated), nine Wnt 

signaling genes were differentially expressed between C and OIHF offspring, such as 

Cdh2 (up-regulated, OIHF to C), Wnt10b (up-regulated), Ppp2r3a (down-regulated), 

Wnt7b (down-regulated), Wnt9a (down-regulated), Sfrp5 (up-regulated), Sox11 (down-

regulated), and Wnt5b (down-regulated), indicating a profound and complex signaling 

affected by maternal obesity.   
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Figure A.5  List of top diseases and disorders involved with the observed DEGs.  

Cancer and reproductive system disease were listed as the top 5 diseases and disorders 
that are predicted by the DEGs between maternal OIHF and C exposures. 
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Figure A.6  Number 1 gene networks determined by Ingenuity Pathway analysis.  

Using the DEG list from RNAseq analysis, the top network associated was determined: 
Dermatological Diseases and Conditions, Developmental Disorder, Organismal Injury 
and Abnormalities. Red: up-regulated, green: down-regulated genes, by maternal OIHF 
exposure. 
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Figure A.7  Number 2 gene networks determined by Ingenuity Pathway analysis.  

Using the DEG list from RNAseq analysis, the top network associated was determined: 
Cellular Development, Embryonic Development, Organismal Development. Red: up-
regulated, green: down-regulated genes, by maternal OIHF exposure. 
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Figure A.8  Number 3 gene networks determined by Ingenuity Pathway analysis.  

Using the DEG list from RNAseq analysis, the top network associated was determined: 
Organismal Survival, Nervous System Development and Function, Tissue Morphology. 
Red: up-regulated, green: down-regulated genes, by maternal OIHF exposure. 
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4  Discussion 

The most recent statistics of obesity prevalence indicated that 58.5% of women are 

overweight or obese (based on body mass index (BMI) ≥ 25 kg/m2) at childbearing age, 

among whom 31.8% are obese (BMI > 30 kg/m2) (Ogden et al. 2014). By using a 

DMBA-induced ER+ mammary tumor model, I previously found that the offspring of 

OIHF diet fed dams had 91% of breast cancer recurrence while the control offspring had 

29% risk of recurrence, indicating a three times higher risk of recurrence caused by 

maternal obesity. Molecular analysis revealed defective autophagy, reduced activity of 

cytotoxic T-cells, and increased immunosuppression to be associated with increased risk 

of recurrence in the mammary adenocarcinoma. In the present study, we sought to 

determine possible changes in the mammary gland (MG) morphology and differentially 

expressed genes (DEGs) caused by maternal obesity. These changes may predispose 

offspring’s mammary glands to develop tumors that exhibit high risk of recurrence. 

 

Terminal end buds (TEBs) are multicellular structures located at the tips of long, 

infrequently branching ducts of prepubertal rodent MGs (Gajewska, Zielniok, and Motyl 

2013). Since TEBs are mammary components that are highly susceptible to carcinogen 

and mammary cancer initiation, its quantification is used to estimate the risk of breast 

cancer later in life (Hilakivi-Clarke 2007; Russo and Russo 1978). In this study, we did 

not observe differences in TEBs between control and OIHF mammary glands in PND 50 

offspring. The lack of effect correlates with the lack of changes in tumor incidence and 

non-significantly shortened mammary tumor latency (Chapter 3.3).  
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One hundred and forty seven DEGs were identified from the RNAseq results and 

pathway analysis of these genes narrowed down the targeted canonical signaling 

pathways related to embryonic stem cell and Wnt/β-catenin signalings that are ranked 

high on the list and the related markers of inflammation. Expression of human embryonic 

stem cell pluripotency pathway genes Nanog and Sox2 increased dramatically in the 

mammary glands of OIHF offspring. Previous findings have shown that induction of 

Nanog expression, with Wnt-1 overexpression, promotes breast cancer formation and 

metastasis in MMTV-mouse model (Lu et al. 2014). Sox2, but not Nanog or Oct-4, has 

been detected in human breast cancers, indicating its unique function in early stage 

tumorigenesis (Leis et al. 2012). Furthermore, high Sox2 expression was observed in 

tamoxifen resistant cells, and reduction of Sox2 reduced cancer stem cell/pluripotent cell 

population (Piva et al. 2014). The authors sensitized the resistance cells (with high Sox2 

expression) to tamoxifen treatment with Wnt inhibitor. Additional analysis of human 

breast cancer samples indicated that Sox2 expression remained high between early stage 

breast cancers and patients who relapsed to tamoxifen treatment. These findings suggest 

that high expression of cancer stem cell markers in the normal mammary glands may 

increase risk of recurrence of breast cancer later in life. 

 

Interestingly, stem cell markers cross talk with Wnt signaling and regulate mammary 

gland development. Early study of stem cell genes found that the maintenance of stem 

cell population relies on the activation of Wnt signaling (Sato et al. 2004). Wnt (Wnt4) 

signaling also maintain stem cells (Rajaram et al. 2015) and regulate mammary gland 

development through progesterone expression (Brisken et al. 2000; Brisken 2013). 



 161 

Indeed expression and activation of Wnt4/PgR signaling are essential during normal MG 

development (Brisken et al. 2000), whilst their over-expression later in adult animals 

leads to tumorigenesis  (Vouyovitch et al. 2016). Research on invasive lobular carcinoma 

(ILC) found that ILC cells drive the estrogen induced proliferation through induction of 

the progesterone-mediated Wnt4 signaling (Sikora et al. 2014), which is critical for MG 

expansion (Sikora et al. 2016). Over-expression of Wnt4 was later identified in ILC 

tamoxifen resistance in vitro and in patients. Our results of significantly reduced Wnt4 

may indicate impaired MG development in young offspring caused by maternal obesity 

that contributed to the higher risk of recurrence later in life. Further evaluation is needed 

to analyze Wnt4 and PgR expression levels in mammary glands and tumors of adult rat.  

 

Furthermore, genes with other functions were also found to differentially express and 

affect breast cancer. Identified by IPA, the top 10 analysis-ready down-regulated genes 

are Lmod2, Lbx1, Sbk2, Mstn, Gpx2, Agbl1, Clca2, Ccdc129, Csrp3, and Abra. For 

instance, Gpx2, an antioxidant defense gene, was down regulated by maternal obesity, 

rendering the MGs of OIHF offspring less able to react to oxidative stress and higher risk 

of ROS accumulation (Yan and Chen 2006). The down-regulation of Gpx2 correlates 

well with the UPR and inflammation activation in those MGs of young offspring 

(Chapter 3.3), indicating an induction of the stress signaling in reactive to maternal 

obesity without a proper anti-stress defending system, which may thus seed the 

possibility of breast cancer recurrence later in life. Interestingly, as a breast tumor 

suppressor gene Clca2 was found down-regulated in several breast cancer cell lines and 

tumors (Li, Cowell, and Sossey-Alaoui 2004). Li et al. further identified the methylated 
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promoter in the gene associated with the loss of expression, which was reversed by 

treatment of demethylation agent. These findings raised interesting possibilities of 

epigenetic regulation of tumor suppressor gene Clca2 by maternal OIHF exposure in the 

MGs of female offspring. Indeed, maternal high fat diet exposure was shown to 

epigenetically affect gene expression in the offspring, through histone modifications 

(Strakovsky et al. 2011; Zhang et al. 2011; Strakovsky et al. 2014) and DNA methylation 

(Laker et al. 2014). Further confirmation and investigation of the mechanisms are 

warranted involved of epigenetic modification in the offspring caused by maternal 

obesity.  

 

The top 10 analysis-ready up-regulated genes are Zic1, Insl3, Cyp26a1, C12orf42, Sox2, 

Tmprss11f, Lect1, Pmp2, Mpz, and Mag, exhibiting direct or indirect participation in 

cancer development and drug resistance. Insl3 expression promotes the thyroid cancer 

cell mobility and angiogenesis, contributing to human thyroid tumorigenesis (Hombach-

Klonisch et al. 2010). A study of Bmp4 signaling in breast cancer cells documented 

C12orf42 as one of the most up-regulated genes after Bmp4 treatment (Rodriguez-

Martinez et al. 2011). Since Bmp4 is involved in many cellular signaling pathways that 

regulate cell growth, proliferation migration, as well as Wnt pathway (Miyazono, Maeda, 

and Imamura 2005), our finding of change in the Bmp4 signaling may indicate more 

profound effects of maternal malnutrition on the development of MG in the offspring. 

Further studies to confirm the specific function of DEGs in altering the risk of breast 

cancer recurrence caused by maternal obesity are needed. 
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In summary, we identified 147 DEGs in the MGs between control and OIHF offspring. 

Pathway analysis revealed that these genes are involved in Wnt/β-catenin, human 

embryonic stem cell pluripotency, and calcium signaling pathways, which are important 

players during mammary gland development. Our data indicate that maternal obesity may 

have increased the risk of breast cancer recurrence by altering the genes involved in 

normal MG development, implicating their negative effects on breast cancer recurrence. 

Future mechanistic studies are warranted to investigate the significant role of DEGs and 

signaling pathways identified in this thesis in affecting later risk of breast cancer 

recurrence after tamoxifen treatment. Further investigations of the DEGs on their 

potential epigenetic modifications caused by maternal obesity would also be interesting 

and helpful in determining the mechanisms of changes in transcript abundance.  
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