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ABSTRACT 
 

Maternal high fat (HF) intake before and/or during pregnancy increases female 

offsprings’ mammary cancer risk in several preclinical models. Here I studied if maternal 

HF intake during pregnancy cause transgenerational increase in mammary cancer risk, 

and if the increase is reversible by treating adult offspring with inhibitors of histone 

deacetylases (HDAC) or DNA methyltransferases (DNMT).  

 

Pregnant C57BL/6NTac mice were fed either a diet high in n-6 polyunsaturated fatty 

acids (HF) or control diet (CON). HF diet was given from gestational day (GD) 10 – 20 

to target fetal primordial germ cell formation and differentiation to germ cells. Offspring 

in subsequent F1-F3 generations were only fed CON diet. Mammary tumor incidence, 

induced by 7,12-dimethylbenz[a]anthracene (DMBA), was significantly higher in F1 and 

F3 HF offspring, than in the controls. Tumor latency was shorter and burden higher in F1 

HF, with similar trends, though not statistically significant, in F3 HF.  

 

RNA-sequencing of normal mammary glands revealed 1587 and 4423 differentially 

expressed genes between HF and CON offspring in F1 and F3, respectively, of which 48 

genes were similarly altered in both generations. Ingenuity Pathway Analysis identified 

genes associated with Notch signaling as key alterations in HF mammary glands. 
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Knowledge-fused Differential Dependency Network analysis identified 10 node genes in 

HF offspring uniquely connected to genes linked to increased cancer risk, therapy 

resistance, poor prognosis, and impaired anti-cancer immunity.   

 

Next, I studied whether HDAC and DNMT inhibitor treatment in adulthood of the 

offspring, prior to tumor formation, could reverse the increased mammary cancer risk 

caused by in utero HF exposure. CON and HF offspring were given valproic acid and 

hydralazine in drinking water (epi-treatment), starting one week after tumor initiation by 

DMBA. Epi-treatment significantly decreased tumor burden in HF offspring, potentially 

through reactivation of silenced tumor suppressors CLCA1 and CDKN2A, but adversely 

affected CON offspring. These adverse effects were linked to upregulation of PERK, p62 

and HIF-1α in CON. 

 

In summary, maternal HF intake during pregnancy induced transgenerational increase in 

offsprings’ mammary cancer risk, causes persistent changes in the expression of genes 

linked to increased breast cancer risk, and epi-treatment in adulthood may reduce this 

risk.		 	
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Chapter 1 INTRODUCTION 

 

1.1  Breast Cancer Facts and Statistics 

With 1.7 million new cases in 2012, breast cancer is the most common cancer in women 

worldwide, and the incidence is projected to continue growing [Ferlay et al. 2015]. In the 

United States, about 12% of women will develop invasive breast cancer over the course 

of their lifetime, with an estimated 246,660 new cases diagnosed in the year 2016 [Siegel 

et al. 2016]. Despite advancements in diagnosis and treatments, breast cancer remains as 

one of the leading causes of death by cancer in the United States, coming in second with 

an estimated 40,450 deaths in women in 2016, accounting for 14% of all deaths caused 

by cancer in women [Siegel et al. 2016]. Given the gravity of these figures, it is 

imperative to learn more about the risk factors associated with breast cancer and how to 

better prevent or manage and control its onset. 

 

1.2  Breast Cancer Risk Factors 

Risk factors can be divided into two main groups, the first being factors increasing breast 

cancer risk that are unpreventable and unchangeable by the individual. These include: 

being female, age (older), Ashkenazi Jewish heritage, BRCA1 or BRCA2 gene mutation, 

family history of breast cancer, birthweight, early menstruation and late menopause, 

breast density (high), height (taller), hyperplasia of the breast tissue, high insulin-like 

growth factor 1 (IGF-1) prior to and after menopause, ductal and lobular carcinoma in 

situ (DCIS and LCIS), personal history of cancer, race and ethnicity [Masson and Bahl 

2013, Komen 2016]. The second group of risk factors are those which can be affected by 
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the individual, to a certain degree, and these include: age at first childbirth, alcohol 

consumption, birth control pill use, hormone levels (androgens, estrogens, prolactin) 

before and after menopause, body weight and weight gain, obesity, bone density (high), 

light at night and off hours shift work, menopausal hormone therapy, radiation exposure, 

smoking, exercise levels, and various dietary choices (such as high meat consumption) 

[Komen 2016]. Despite all these documented risk factors, cancer as a whole, especially 

breast cancer, is thought of as a genetic disease, even though only 5-10% of breast 

cancers are attributed to a genetic cause [Antoniou and Easton 2006; Oldenburg et al. 

2007]. This leaves over 90% of breast cancers to be caused by some other factor, namely, 

the aforementioned risk factors. In effort to curb the incidence and mortality of breast 

cancer, focus should be on the preventable risk factors or those that reduce breast cancer 

risk. It’s estimated that environmental, lifestyle, and dietary exposures account for over 

50% of all causes of cancers. Diet and its resultant risk factors, weight gain and obesity, 

account for 25% of all cancers in the United States, over 140,000 cancer deaths [Colditz 

et al. 2012]. Moving forward, the thesis will focus more on dietary exposures and how 

they may affect breast cancer risk, but will still cover some well-known environmental 

exposures. 

 

1.3 Polyunsaturated Fatty Acids  

As stated above, diet is a critical component of cancer risk, especially in breast cancers. 

One of those dietary factors is fats. I focus here on the role of polyunsaturated fatty acids 

(PUFAs) in breast cancer. These PUFAs are a type of fatty acids named due to the fact 

that they contain less than the maximum number of hydrogen in the carbon chain due to 
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the presence of more than one double bond; fatty acids with one double bond are referred 

to as monounsaturated fatty acids and those without any are called saturated fatty acids 

(Fig. 1.1a). There are two main groups of PUFAs, n-3 and n-6 PUFAs, that are critical to 

human physiology and development. The nomenclature of PUFAs is based on the 

location of the first double bond from the methyl end, also referred to as the omega end 

or n- end, of the carbon chain. Therefore the n-3 PUFA has its first double bond on the 

third carbon from the methyl end (Fig. 1.1b) and n-6 PUFA has its first double bond on 

the sixth carbon from the methyl end (Fig. 1.1c). Both n-3 and n-6 PUFAs are considered 

essential polyunsaturated fatty acids (EFA), meaning that they are not synthesized by the 

human body, due to lack of the desaturase enzymes, and thus must be ingested through 

diet and supplementation [Wiktorowska-Owczarek et al. 2015]. The n-3 PUFA is alpha-

linolenic acid (ALA) and the n-6 PUFA is linoleic acid (LA). Of course there are other 

PUFAs aside from n-3 and n-6, such as the n-5 myristoleic acid, the n-7 palmitoleic acid, 

n-9 oleic acid, and n-10 sapienic acid, just to name a few. However, due to the status of 

ALA and LA as an EFA and how well these two PUFAs have been studied, the 

remainder of this review will focus on the n-3 and n-6 PUFAs and their relation to human 

health and disease. 
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Figure 1.1. Fatty acids structure.  A) palmitic acid, a saturated fatty acid. B) alpha-

linolenic acid, an n-3 polyunsaturated fatty acid and C) linoleic acid, an n-6 

polyunsaturated fatty acid. *indicates methyl end. [adapted from Marventano et al. 2015] 
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1.3.1  n-3 polyunsaturated fatty acids 

The three types of n-3 PUFA important in human physiology are the short chain alpha-

linolenic acid (ALA), and the long chain n-3 PUFAs eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) (Fig. 1.2). ALA is the only n-3 PUFA truly considered to 

be an EFA due to the fact that it cannot be synthesized by the human body. EPA and 

DHA can be synthesized by the body from the shorter chain ALA, though at a very low 

efficiency. The conversion from ALA to EPA and DHA is extremely low, 8% and 4% 

respectively [Gerster 1998]. It is interesting to note that women are more efficient than 

men at converting the short chain ALA to long chain [Burdge and Calder 2005]. EPA and 

DHA can therefore also be considered forms of essential fatty acids due to the low 

endogenous synthesis. ALA can be found in plant sources such as walnut, edible seeds, 

flaxseed, and various other vegetable oils. EPA and DHA can be found in marine food 

sources, especially oily fish, such as salmon and mackerel [Innis et al. 1995].  

 

n-3 PUFAs have been shown to be associated with improvements in many areas of 

human health.  DHA has been shown to be positively associated with cognitive function 

and performance as well as improvements concerning breast cancer, where ingestion of 

long chain n-3 PUFA from marine sources is associated with reduced risk of additional 

breast cancer events [Van De Rest et al. 2008, Patterson et al. 2010]. Though studies have 

shown n-3 PUFAs to be associated with reduced breast cancer risk, the evidence is not 

entirely conclusive and many more studies need to be done to better understand how n-3 

PUFAs affect cancer progression and treatment [Pala et al. 2001, Zheng et al. 2013]. 

Aside from the cohort studies, animal studies have shown n-3 PUFAs intake to inhibit 
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mammary tumorigenesis [Rose et al. 1991 and 1995]; though it sometimes is dependent 

on the timing and overall fat consumption, Olivo-Marston et al. have shown that a 

prepubertal exposure to a low fat diet, but one comprised of n-3 PUFA, lowered 

mammary cancer risk by upregulating antixodiant genes, whereas a prepubertal exposure 

to a high fat diet comprised of n-3 PUFA upregulated proliferation genes and 

downregulated apoptosis and DNA damage repair in rats [Olivo-Marston et al. 2008]. 

Multiple mechanisms of actions for n-3 PUFAs have been identified, but they are not 

reviewed here, as the main focus of my work is on n-6 PUFAs [Jing et al. 2013, Fabian et 

al. 2015]. Our lab found that maternal exposure to a high fat n-3 PUFA diet reduced 

mammary cancer risk in the offspring compared to maternal exposure to a high fat n-6 

PUFA diet [Hilakivi-Clarke et al. 2002]. Therefore it is important to consider n-3 PUFAs 

in relation to n-6 PUFAs, which will be covered in the following sections. 

 

1.3.2 n-6 polyunsaturated fatty acids 

The essential fatty acid LA is the shortest chained form of n-6 PUFAs, the predominant 

type of n-6 PUFAs in vegetation, and can be found in various sources of seeds, nuts, and 

plant oils. Other rich source of n-6 PUFAs include red meat [Blasbalg et al. 2011]. LA is 

the precursor of arachadonic acid (AA), which in turn is the precursor of various pro-

inflammatory eicosanoids such as prostaglandin and leukotrienes, thus is considered as a 

proinflammatory compound (Fig. 1.2) [Schmitz and Ecker 2008]. The two 

aforementioned AA derived n-6 PUFAs play a myriad of roles in the inflammatory 

process. Prostaglandins have been associated with neuroinflammatory disease and 

inflammation due to allergic reactions by regulation of lymphocyte function [Giudetti and 
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Cagnazzo 2012]. It has also been implicated in inflammatory bowel disease along with 

other AA derived eicosanoids [Masoodi et al. 2013].  Leukotrienes have been shown to 

increase COX-2 expression in its role with immune and mast cells to result in 

bronchoconstrictor effect [Paruchuri et al. 2008]. 

 

Early findings that n-6 PUFAs lowers circulating blood lipids and, by association, lower 

cardiovascular disease resulted in their use flooding the markets starting the second half 

of the 1900s (Calder 2010). As a result, the intake of LA and other n-6 PUFAs soared, 

with adipose lipid levels of LA increased over two-fold since the 1950s, further skewing 

the ratio between n-3 and n-6 PUFAs in a general diet already low in intake of n-3 PUFA 

sources [Guyenet and Carlson 2015].  
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n-6 PUFA Enzyme n-3 PUFA 
	  	
Linoleic acid (LA)  Alpha-linolenic acid (ALA) 

  ê	 Delta-6-desaturase   ê	
Gamma-linolenic acid  Octadecatetraenoic acid 

  ê	
Elongase   ê	

Dihomo-gamma-linolenic acid  Eicosatetraenoic acid 

  ê	
Delta-5-desaturase   ê	

Arachidonic acid (AA)  Eicosapentaenoic acid (EPA) 

  ê	
Elongase   ê	

Ardenic acid  Docosapentaenoic acid 

  ê	
Elongase   ê	

Tetracosatetraunoic acid  Tetracosapentaenoic acid 

  ê	
Delta-6-desaturase   ê	

Tetracosapentaenoic acid  Tetracosahexaenoic acid 

  ê	
Beta-oxidation   ê	

Docosapentanoic acid  Docosahexaenoic acid (DHA) 

 
Figure 1.2. Polyunsaturated fatty acid biosynthesis 
 
[adapted from Marventano et al. 2015]  
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1.3.3 n-3:n-6 ratio and human health 

The modern “westernized” diet, observed in many developed European and American 

countries, is high in fats, particularly saturated fats, but also high in polyunsaturated fats 

as well. In particular, this diet is disproportionately skewed towards n-6 PUFAs with a n-

3:n-6 ratio between 1:15-30 [Simopoulos 2009]. This is in severe contrast with ancestral 

diets with a PUFA ratio of 1:1. Diets more in balance with the traditional equal n-3:n-6 

ratio have been shown to associate with better metabolism and metabolic status [Grosso 

et al. 2013]. More so, it has been shown to decrease risk of various diseases and 

conditions such as cardiovascular disease, neurological depression, and various types of 

cancer [Grosso et al. 2013, Psaltopoulou et al. 2013, Sofi et al. 2013]. 

 

As stated in the previous section on n-6 PUFAs, the misinformed findings from 

randomized control trials on PUFAs found n-6 to be associated with decreased 

cardiovascular disease risk despite the fact that both n-3 and n-6 PUFAs were used, thus a 

conclusion for n-6 alone should not have been stated [Czernichow et al. 2010]. Therefore 

it is only recently that the effects of n-6 PUFAs and their participation in inflammation 

and related diseases were addressed [Das 2008].  

 

It is recommended that n-3 PUFA consumption make up 1-2% of total energy intake in a 

day with an equivalent amount of other PUFAs to maintain balance [Joint WHO/FAO 

Expert Consultation on Diet, Nutrition, and the Prevention of Chronic Diseases]. This 

comes out to a minimum of 300 mg/day of, preferably, EPA and DHA. Consumption of 

longer chain n-3 PUFAs are encouraged due to the low efficiency at which ALA is 
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converted to EPA and DHA. Also, n-3 and n-6 PUFAs compete with each other for the 

same metabolic enzymes, further hindering the biosynthesis of longer chain n-3 PUFAs 

when considering the magnitude of difference in available concentrations in the diet. 

Couple this with the absence in humans of the n-3-desaturase, n-6 PUFAs cannot be 

converted to n-3, thus making them both functionally and metabolically distinct [Das 

2008] (Fig. 1.2).  

 

Part of the competition for metabolic enzymes highlights the different mechanisms that n-

3 and n-6 PUFAs are responsible for. n-3 PUFAs are shown to be anti-inflammatory 

through their production of lipid mediators responsible for such action versus the already 

established pro-inflammatory nature of n-6 PUFAs.  

 

1.3.4 PUFAs and cancer risk 

Several studies have found that higher PUFA intake correlates with a significant 

reduction in breast cancer risk [Boyd et al. 2003], however, many of these studies fail to 

separate out n-6 PUFA from n-3 PUFA intake.  

 

Overall, results indicate that n-3 PUFA consumption is protective in cancers. DHA has 

been shown to decrease incidence and growth of colon cancer in vivo [Janakiram et al. 

2011, Skender et al. 2012]. In a large meta-analysis, involving over 500,000 participants, 

split between the highest category intake and lowest category intake for n-3 PUFAs 

reported a 14% reduction in breast cancer risk [Zheng et al. 2013]. This difference was 

not specific to ALA. In specific cohort studies, it was found that n-3 PUFA acquired from 
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marine sources were protective against, breast, prostate, and other hormone-related 

cancers [Wakai et al. 2005, Voorips et al. 2002, Terry et al. 2003]. In men, consumption 

of ALA at quantities greater than 1.5 g/day decreased prostate cancer risk over those that 

did not; as well as decreased colorectal cancer but not in women [Carayol et al. 2010, 

Shen et al. 2012]. Studies with DHA and EPA, however, have been associated with a 

reduced risk in breast cancer [Patterson et al. 2010, Pala et al. 2001]. Various 

mechanisms have been proposed to mediate the protective effects of n-3 PUFAs on 

cancer risk. High doses of EPA and DHA have been shown to increase apoptosis and 

decrease growth in vivo [Serini et al. 2011].   

 

Studies involving n-6 PUFAs have been shown in animal studies to increase breast 

cancer risk with higher n-6 PUFA consumption, but in particular this is seen when n-6 

PUFA consumption is timed during sensitive growth periods such as pregnancy [Carroll 

and Hopkins 1979, Hilakivi-Clarke et al. 1997, de Assis et al. 2012]. Despite these 

findings in animal models, the results concerning n-6 PUFAs and cancer risk in humans 

remain controversial. However, studies have shown that higher n-6 PUFA consumption 

exhibit increases in traits that are considered to be risk factors for breast cancer such as 

increased mammary density and increased progesterone levels [Diorio and Dumas 2014, 

Lof et al. 2009]. It has also been suggested that elevated n-6 PUFA intake involve 

promotion rather than initiation of cancers [Rose 1997]. 

 

Studies comparing the consumption of n-3 vs. n-6 PUFA on cancer risk have been mixed 

and inconclusive for the most part, but the ones that do show differences generally 
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highlight n-3 PUFAs as protective over n-6 PUFAs, with emphasis between the ratio of 

the two PUFAs. In a study of the ratio of n-3:n-6, Liu et al. found that an elevated n-3:n-6 

ratio suppressed mTORC1 and prevented mutant APC colorectal carcinogenesis [Liu et 

al. 2016]. In a Singaporean study, higher consumption of n-6 PUFA coupled with low 

intake of marine n-3 PUFAs was associated with an increased risk of breast cancer 

[Gago-Dominguez et al. 2003].  

 

1.3.5 n-6 PUFA associated mechanisms of cancer risk 

Considering the different outcomes in cancer risk between n-3 and n-6 PUFA, it is 

necessary to look at the components and players of the n-6 PUFA biogenesis and analyze 

their potential participation in cancer risk 

 

n-6 PUFA derived eicosanoids  

AA can be metabolized by either cyclo-oxygenases (COX) enzymes or lipoxygenase 

(LOX) enzymes to be converted to prostaglandins (PGE2) and thromboxane (TX) or 

leukotrienes (LT), respectively. These eicosanoids have been implicated in tumor growth 

and metastasis, thereby affecting cancer risk [Rose 1997]. Once synthesized, PGE2s are 

released outside the cell to bind prostanoid receptors, of which there are four main forms: 

EP1, EP2, EP3, EP4 [Breyer et al. 2001]. The interaction of PGE2 with their prostanoid 

receptors might explain how n-6 PUFAs are involved in cancer. EP1 activates and 

interacts with c-Src and AKT pathways, EGFR, HER-2/NEU, which are all implicated in 

cancer, associating it to colon, breast, and ovarian cancers [Su et al. 2004, Han and Wu 

2005, Watanabe et al. 1999, Thorat et al. 2008, Rask et al. 2006]. EP2 activities include 
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PGE2-induced VEGF in prostate cancer cells, decreasing PTEN function, promoting 

cellular proliferation and implicated in esophageal squamous-cell carcinoma [Wang and 

Klein 2007, White et al. 2005, Castellone et al. 2005, Yu et al. 2008]. EP3 activation is 

different from the previous prostanoid receptors in that it has been associated with 

reduced tumorigenesis [Macias-Perez et al. 2008, Axelsson et al. 2005]. EP4 is similar to 

the first two, with tumorigenic tendencies, activating PI3K/AKT pathway, and inducing 

TNFa, cyclin D, and angiogenesis [Dey et al. 2006, Regan 2003]. Antagonists of the 

receptor inhibits metastasis in a mouse model [Fulton et al. 2006] 

 

Cyclo-oxygenase  

As the enzyme responsible for the conversion of AA to PGE2, COX certainly has 

potential to be implicated in cancer. COX has three isoforms, with COX-2 being the one 

associated to cancer, due to a positive feedback loop between PGE2 and COX-2 when 

free AA is available [Muller-Decker and Furstenberger 2007]. Overexpression of this 

COX isoform in mice is enough to induce mammary tumors [Liu et al. 2001]. COX-2 has 

also been linked to colon, prostate, skin, and ovarian cancers [Reddy and Rao 2002, 

Singh et al. 1997, Hussain et al. 2003, Rundhaug and Fischer 2008, Rask et al. 2006]. 

 

1.4  Timing of Dietary Exposures and Breast Cancer Risk 

Along with the type of dietary exposures, such as n-6 PUFA versus n-3 PUFA, the timing 

of these exposures is critical to understanding the initiation, progression, and treatment of 

breast cancer. Human and animal studies have shown that timing of dietary exposures at 

key developmental periods, such as during fetal or prepubertal development, could have 
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different effects than an exposure during adult life, on the subject’s breast cancer risk 

[Hilakivi-Clarke et al. 1996, Cabanes et al. 2004, Hilakivi-Clarke et al. 1999]. While in 

utero exposure to high n-6 PUFA diet increased mammary tumorigenesis in animals [], n-

3 PUFA exposure reduced tumorigenesis [Hilakivi-Clarke et al. 1997 and 2002, Stark et 

al. 2003, Walker 1990]. Prepubertal exposures of PUFAs are mixed for n-3 PUFA, where 

a low fat n-3 PUFA diet is protective, but a high fat n-3 PUFA diet has increased 

mammary cancer risk [Olivo and Hilakivi-Clarke 2005]. Prepubertal exposure of n-6 

PUFA has no effect on breast cancer risk [Olivo and Hilakivi-Clarke 2005]. Pregnancy 

exposure to n-6 PUFA, increases the mother’s mammary cancer risk [Hilakivi-Clarke et 

al. 1996], not to be confused with in utero PUFA exposure which is in reference to the 

developing offspring despite being the same exposure. I will focus here on reviewing the 

literature regarding maternal exposures during pregnancy and offspring’s breast cancer 

risk. 

 

1.4.1 Developmental plasticity theory 

The developmental plasticity theory states that during the critical period of early life 

development, environmental and dietary exposures could alter the epigenome of the 

individual that could have lasting impact on that individual’s lifelong health [Burdge et 

al. 2008] (Fig. 1.3). Some of these exposures, especially at key periods during in utero 

growth and development, could have lasting impact across multiple generations [de Assis 

et al. 2012, Skinner et al. 2013]. This can be explained by the idea of transgenerational 

epigenetic inheritance, which will be covered a little later. Briefly, a single in utero 

exposure, in the case of a female offspring, affects not only the mother who is directly 
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exposed as well as the daughter whose somatic tissues are exposed, but also the 

daughter’s germ cells are exposed.  By extension of the developmental plasticity theory, 

within a single exposure, three generations are affected, potentially permanently altering 

the lifetime health of the affected individuals. However there is also the possibility for 

generations after that affected as well, based upon transgenerational inheritance of 

epigenetic marks [Skinner et al. 2010]. The following section touches upon potential 

environmental exposures that could alter the lifetime health of the developing embryo 

and potentially the generations after. 
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Figure 1.3. Developmental plasticity theory.   
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1.4.2 Maternal exposures affecting fetal hormonal environment and breast cancer 

There have been many dietary and environmental exposures, through material used or 

ingested, that have been linked to increases in breast cancer. As the focus of the thesis is 

on estrogen receptor positive (ER+) breast cancer, I will choose to focus more on 

environmental exposures to endocrine disrupting chemicals (EDC), which are compounds 

that interfere with the endocrine system, and dietary components that alters the 

circulating estrogen levels in subjects. These are referred to as EDCs due to their 

interference with the endocrine system at certain doses. 

 

Diethylstilbestrol 

Diethylstilbestrol (DES) is one of the hallmark EDC compound exposure that comes to 

mind when one thinks of estrogenic compounds linked to breast cancer. This is in part 

due to a report tying prenatal treatment of DES to cancer in women exposed in utero to 

the synthetic estrogen [Herbst et al. 1971]. DES was developed in 1938 and is nearly 5 

times more potent than its natural counterpart, estradiol [Korach et al. 1978]. Human 

cohort studies and animal models have shown increase in daughter’s cancer risk with 

maternal exposure to DES [Harremoes et al. 2001; Palmer et al. 2006, Newbold et al. 

1998; Umekita et al. 2011]. There have also been observations of increased defects in 

male offspring exposed to DES in utero, including genital tract, esophagus, and 

musculoskeletal and circulatory defects [Toumaire et al. 2016], The retrospective cohort 

study confirmed a transgenerational inheritance of male genital tract defects in DES 

exposed male offspring [Toumaire et al. 2016]. Mouse studies showed that DES was 
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toxic to spermatocytes and there were DNA methylation patterns altered due to DES 

exposure [Yin et al. 2015].  

 

Bisphenol-A 

Another well studied EDC is bisphenol-A (BPA), formerly commonly used in the 

production of plastics until suspicion that BPA exposure had deleterious effects on 

human health. However, BPA is pervasive in the environment as it is used in many types 

of coatings and products and can be detected in the urine of nearly 95% of the population 

according to one study [Vandenberg et al. 2007, Calafat et al. 2005]. As a transplacental 

xenoestrogen, BPA has been detected in maternal and fetal serum [Schonfelder et al. 

2002). BPA has been found to increase mammary carcinogenesis in prenatally exposed 

rodents given DMBA to induce carcinogenesis [Betancourt et al. 2010; Jenkins et al. 

2009). 

 

High fat diets 

Parental fat exposure has been associated with increased mammary cancer risk among 

female offspring in several preclinical animal studies [Andrade et al. 2015, Fontelles et 

al. 2016, de Assis et al. 2012, Hilakivi-Clarke et al. 1996 and 1997]. In these studies, the 

fat source has been either mostly saturated fats (lard) or n-6 PUFA (corn oil). Further, the 

fat diets have either been isocaloric with energy content being adjusted by adding fiber to 

a high fat (HF) diet or the HF diet contained more energy per gram of food and induced 

maternal overweight [Hilakivi-Clarke et al. 1997, de Assis and Hilakivi-Clarke 2006]. 

Isocaloric HF diet, but not energy dense HF diet, increases circulating plasma 
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concentrations of estrogens during pregnancy [Hilakivi-Clarke et al. 1997, de Assis and 

Hilakivi-Clarke 2006]. In humans, only a link between maternal intake of obesity-

inducing high fat diets and daughter’s breast cancer risk has been studied using birth 

weight as a proxy of HF intake. These studies show that high birth weight increases 

daughter’s risk of developing breast cancer [de Assis and Hilakivi-Clarke 2006, Lof et al. 

2007]. 

 

1.5  Epigenetic Mechanisms 

For the following sections, I will present the background information on epigenetics and 

the role epigenetics play in the inheritance of traits and diseases. Epigenetics was first 

coined by Conrad Waddington back in the early 1900s as “the branch of biology which 

studies causal interactions between genes and their products, which bring the phenotype 

into being” [Waddington 1940]. In the 2008, a meeting hosted by Cold Spring Harbor 

Laboratory was called to define the growing field of epigenetics and give an operational 

definition of epigenetics and all its relevant terms for future communications on the 

matter. Epigenetics was defined as “a stably heritable phenotype resulting from changes 

in a chromosome without alterations in the DNA sequence” [Berger et al. 2009]. Stably 

heritable in this context refers to the trait or change being both mitotically and meiotically 

stable [Skinner et al. 2010]. At the same meeting, a proposed set of steps were described 

highlighting the three necessary phases of an epigenetic modification and inheritance: 

epigenator, epigenetic initiator, and epigenetic maintainer [Berger et al. 2009]. An 

epigenator is defined as everything, including the environmental factor or cue that 

triggers the epigenetic change, occurring upstream of any chromosomal event. The 
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epigenator signal is thought to be transient, goes from an extracellular cue to intracellular 

pathway, and lasting long enough to activate the next phase, the epigenetic initiator. The 

initiator can be any sort of interaction, such as a non-coding or small RNA or DNA 

binding proteins, that would then establish a position or location on the chromosome 

where the modifications are to take place. The epigenetic initiator does not necessarily 

need to disband like the epigenator, but can persist through feedback mechanisms along 

with the epigenetic maintainer. The epigenetic maintainer, true to its name, maintains the 

modification to the chromosome, resulting in the final expression of the gene. Epigenetic 

maintainers are commonly referred to as the epigenetic mechanisms. These include DNA 

methylation, histone modifications, and other chromatin remodeling mechanisms that 

will be expanded upon in this section [Berger et al. 2009]. 

  

1.5.1 DNA methylation 

DNA methylation was the first molecular epigenetic mechanism to be discovered back in 

the 1970s [Holliday and Pugh 1975]. It is the process by which methyl groups are added 

to the DNA molecule, which can then affect the expression of the gene or activity of the 

DNA segment without affecting the DNA sequence. Typically, DNA methylation is 

associated with repression of gene activity, especially when the methylation is located in 

the promoter region of a gene [Deaton and Bird 2011]. Of the four DNA nucleotides, 

DNA methylation can be found on cytosine and adenine, the former being the more 

common and better studied. Cytosine methylation can be found in plants, animals, other 

eukaryotes, and some prokaryotes. Adenine methylation has more recently come into 

research light after being found in some mammalian DNA, but have been more typically 
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found in bacterial and plant DNA [Sun et al. 2015, Zhang et al. 2015]. For the purposes 

and focus of this thesis, all DNA methylation mentioned, henceforth unless stated 

otherwise, will refer to cytosine methylation.  

 

Cytosine methylation 

Methylation of cytosine to form 5-methylcytosine, is very well conserved across 

vertebrate, and in particular mammalian, DNA. Methylation of cytosine occurs at the 5th 

atom on the pyrimidine ring. DNA methylation can be found at CpG dinucleotides, which 

comes to 60-90% of CpG being methylated in somatic cells [Erlich et al. 1982, Jabbarl 

and Bernardi 2004]. CpG denotes the 5’à 3’ cytosine followed by guanine linked by a 

single phosphate. Methylated cytosine has a tendency to spontaneously deaminate to 

thymine and thus considered highly mutagenic [He et al. 2015]. This spontaneous 

deamination results in an almost entirely CpG poor methylated genome with a very small 

amount, 2% or less, of unmethylated CpG islands [Gardiner-Garden and Frommer 1987]. 

CpG islands are pockets in the genome defined as being greater than 200 bp in length, 

C+G content greater than 50%, and an observed CpG ratio greater than 0.6 [Gardiner-

Garden and Frommer 1987]. Approximately 70% of gene promoters contain a CpG 

island, and it is the methylation of these CpG islands or its approximate sites, called 

“CpG island shores,” that cause the silencing of genes during growth, development, and 

disease states [Deaton and Bird 2011]. 
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DNA methyltransferases 

Methylation of DNA requires an enzyme, from the family of DNA methyltransferases 

(DNMTs), to catalyze the transfer of the methyl group from a methyl donor to DNA. The 

methyl donor in mammalian DNA methylation is always S-adenosyl methionine (SAM). 

Cytosine methylation is specifically catalyzed by C-5 cytosine-specific DNA methylase, 

also referred to as m5C methyltransferases [Kumar et al. 1994]. In mammals, there are 

three recognized active DNMTs: DNMT1, DNMT3A, and DNMT3B. DNMT2 was 

initially found as a DNMT homolog but was discovered to not methylate DNA, but 

instead targets cytosine 38 in tRNA; therefore it has been renamed as tRNA 

methyltransferase TRDMT1 [Goll et al. 2006]. The general structure of all three DNMTs 

consist of two parts: the N-terminal part consisting of multidomains responsible for 

nuclear localization and regulatory functions and the C-teriminal catalytic portion 

containing the ten amino acid motifs present in all m5C methyltransferases [Cheng 1995] 

(Fig. 1.4).  
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Figure 1.4. DNA methyltransferase structure. All DNMTs have a n-terminal 

regulatory and nuclear localization domain and a catalytic c-terminal domain, containing 

the ten amino acid motifs characteristic of all m5c methyltransferases. [adapted from 

Sadakierska-Chudy et al. 2015]  
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DNMT1 was the first DNA methyltransferase to be cloned and characterized and is 

considered the major methyltransferase responsible for the maintenance of methylation 

patterns post DNA replication due to its preference and affinity for hemimethylated DNA 

[Bestor et al. 1988, Jeltsch 2006]. Hemimethylated DNA is the patterning created after 

each round of DNA replication consisting of a parental strand with methylated marks and 

a daughter strand devoid of methylation [Holliday and Pugh 1975]. DNMT1, positioned 

at the replication foci during S phase, then comes in and re-establish the methylation 

marks present on the parental strand on to the daughter strand. The PCNA (proliferating 

cell nuclear antigen) binding domain (PBD) of DNMT1 is responsible for the targeting of 

DNMT1 to the replication foci [Chuang et al. 1997] along with the targeting sequence 

domain (TS) [Leonhardt et al. 1992]. Due to a sequence specific interaction between the 

enzyme active site and the hemimethylated CpG sites, DNMT1 has a 30-40 fold greater 

preference for hemimethylated DNA over unmethylated DNA [Jeltsch 2006]. However, 

more recent studies have shown that DNMT1 can also have de novo methylation activity 

in in vitro experiments [Fatemi et al. 2001, Vilkaitis et al. 2005, Goyal et al. 2006]. In 

models of double knockout of DNMT3A/DNMT3B in embryos detected residual DNA 

methylation, further supporting the idea that DNMT1 could also have de novo 

methylation activity along with its established maintenance role [Okano et al. 1999].  

 

As part of the epigenetic network, DNMT1 interacts with many of the other methylation 

components and epigenetic mechanisms such as the DNMT3A and DNMT3B as well as 

the histone deacetylase, covered in the later sections, HDAC1 and HDAC2 [Kim et al. 

2002, Fuks et al. 2000, Rountree et al. 2000]. DNMT1 also interacts with various 
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transcription factors such as Rb and E2F1 and many others in carrying out its methylation 

function [Robertson et al. 2000].  

 

The other members of the DNMT family are the DNMT3 enzymes, comprised of 3 

members, the previously mentioned catalytically active DNMT3A and DNMT3B and the 

inactive DNMT3L.  The DNMT3s are typically seen as de novo DNA methyltransferases, 

but, like DNMT1, exhibit some DNA methylation maintenance activity when present 

with DNMT1 [Okano et al. 1998, Gowher and Jeltsch 2001, Kim et al. 2002, Jeong et al. 

2009]. Unlike DNMT1, DNMT3s do not have a preference between unmethylated and 

hemimethylated DNA [Okano et al. 1998, Gowher and Jeltsch 2001]. Due to their de 

novo function, both DNMT3A and DNMT3B are up-regulated in embryonic tissues and 

during early development, while down-regulated in well-differentiated cells. Similar to 

DNMT1 in structure, DNMT3s have both an N-terminus for targeting and regulatory 

function and a C-terminus containing the catalytic domain. Whereas the catalytic domain 

with the ten amino acid motifs are similar across the DNMTs, the N-terminus is quite 

different between DNMT1 and DNMT3s [Cheng 1995]. The N-terminus of DNMT3s 

contain the cysteine-rich ATRX-DNMT3-DNMT3L (ADD) domain and the PWWP 

domain, which are essential for chromatin targeting and localization [Chen et al. 2004, 

Ge et al. 2004]. The ADD domain allows for the interaction of DNMT3s with proteins, 

transcription factors, and other epigenetic machinery such as HDAC1 [Argentaro et al. 

2007, Darvekar et al. 2012, Fuks et al. 2001]. The PWWP domain can be found in over 

20 chromatin associated proteins and is essential for this interaction as well as the 

targeting of the DNMT3s [Bachman et al. 2001, Ge et al. 2004, Zhang et al. 2010] 
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Functions of DNA methylation 

With the many intricate interactions that DNMTs play in maintaining and regulating gene 

expression patterns, methylation plays many key functions in our biology, especially 

those concerning development and disease.  

 

DNMT1 is critical in early embryonic development, as evidenced by both in vitro and in 

vivo studies. In embryonic stem cells, lack of or disruption of DNMT1 still produce 

viable cells with little or no abnormalities in morphology or growth despite a strong 

reduction in DNA methylation, yet when induced to differentiate these cells all die [Li et 

al. 1992]. There is also greater mutagenicity and genomic instability with the loss of 

DNMT1, resulting in elevated mitotic recombination and chromosomal rearrangements 

[Chen et al. 1998]. Embryonic lethality occurs with the disruption or loss of DNMT1 in 

mice, as it is essential in early development [Li et al. 1992]. This is also coupled with the 

loss of imprinting [Howell 2001] and alteration of X chromosome inactivation [Sado et 

al. 2000].  

 

Both DNMT3A and DNMT3B are also critical for embryonic development. Loss or 

disruption of DNMT3A results in runt offsprings in mice that die shortly after birth, and 

knockouts of DNMT3B die in utero, along with exhibiting multiple physical defects 

[Okano et al. 1999]. In humans, mutation of DNMT3B results in ICF (immunodeficiency, 

centromere instability, facial abnormalities) syndrome, a rare autosomal disease. These 
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all point to the fact that DNA methyltransferases are critical to healthy embryonic 

development and that mutations of these DNMTs lead to disease states or death. 

 

As established earlier, it is imperative then that methylation during embryonic 

development be established properly for a healthy phenotype. This starts with extensive 

demethylation following fertilization and formation of the zygote [Smith et al. 2014, 

Wang et al. 2014]. This occurs via Tet3 enzymes oxidizing 5-methylcytosine, causing its 

demethylation [Wang et al. 2014, Guo et al. 2014]. DNMT3A and DNMT3B then 

establish the methylation marks through de novo methylation [Okano et al. 1999]. This 

establishes the totipotent state of the cells. Despite being called a global demethylation 

event, not all cytosine methylation is eliminated.  About 7% of cytosine methylation 

escapes this first wave [Wang et al. 2014]. During the formation and development of the 

primordial germ cells (PGCs) comes another wave of reprogramming, but again a small 

percentage of cytosine methylation survives. The majority of the surviving methylation 

resides in repeat elements such as intracisternal type-A particle transposons (IAP) 

[Rakyan et al. 2002, Wang et al. 2014]. There are also methylation patterns that escape 

global demethylation despite not being in a repeat region [Seisenberger et al. 2012, Tang 

et al. 2015, Hackett et al. 2013].  

 

Methylation and cancer 

In many disease states, cancer being one of them, CpG islands of gene promoters can 

acquire a hypermethylated state. Hypermethylation of key tumor suppressor genes or 

DNA repair genes could result in acquisition of mutations that lead to cancer [Khan et al. 
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2016]. On the other end of the spectrum, hypomethylation could also result in cancer. 

This could occur from hypomethylating oncogenes or proto-oncogenes, turning them on 

from a normal quiescent state. Hypomethylation could also lead to chromosomal 

instability that results in a mutation leading to cancer or loss of imprinting [Chen et al. 

1998].  

 

1.5.2 Histone modifications 

Histone modifications were identified in the 1990s and shown to regulate gene expression 

and promoter activity [Turner 1998]. Histones are small, highly alkaline proteins found in 

the nuclei that package and order structural units of DNA called nucleosomes [Rando 

2007]. Every nucleosome core has two core histone copies of H2A, H2B, H3, and H4 and 

one copy of H1. The DNA is wrapped around these cores, with the N-terminal tail of 

histones extending outwards, allowing for substituents to link to the side chains for 

possible histone modifications. Histones can be modified by methylation, 

phosphorylation, or acetytlation, which alter the DNA secondary structures to allow, or 

prevent, access to the gene promoter regions by transcription factors [Kouzarides 2007]. 

Of the aforementioned histone modifications, the remainder of this section will focus on 

histone acetylation and deacetylation. 

 

Histone acetylation or deacetylation is the process by which lysine residues of the histone 

N-terminal tail are modified with the addition or removal of an acetyl group in the 

process of gene regulation. Acetylation of the lysine residue results in removal of the 

positive charge on the histone, decreasing the interaction to the negatively charged DNA 
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(or more specifically the negatively charged phosphate in DNA), resulting in a more 

relaxed structure allowing for greater ease of access for transcription factors to bind 

[Inche and La Thangue 2006, Kouzarides 2007]. This relaxed state is referred to as 

euchromatin. The reverse happens when the histone lysine residues are deacetylated, now 

forming a tighter chromatin structure associated with decreased levels of gene 

transcription [Haberland et al. 2009]. This condensed chromatin structure is referred to as 

heterochromatin.  

 

Histone acetyltransferase and histone deacetylase 

The two enzymes responsible for the addition and removal of acetyl groups from histone 

lysine residues are histone acetyltransferases (HATs) and histone deacetylases (HDACs), 

respectively. HATs are a group of enzyme families with the ability to transfer a 

functional acetyl group from Acetyl-CoenzymeA to the N-terminal lysine residue of 

histones. Some of the HATs families are GNAT family, MYST family, and p300/CBP 

family, and many others that also have acetylating abilities. HDACs are classified into 

four main classes, with HDAC1-11 split into class I, IIa,IIb, IV and class III HDACs 

referred to as sirtuins [Olzscha et al. 2015]. 

 

The coverage of the HATs families will be brief as HDACs are more regularly implicated 

in cancers, with therapies designed to target them, thus aligning more with the focus of 

this thesis. The GNAT family of HATs includes the factors ELP3, GCN5, GCN5L, 

HAT1, HPA2, and PCAF [Yang and Seto 2007, Torok and Grant 2004]. The key 

similarity between these and other HATs is the conserved bromodomain, which is 
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integral as part of the acetyl-lysine targeting motif [Marmorstein 2001]. The MYST 

family of HATs are made up of members of MOZ, YBF/SAS3, SAS2, and TIP60 

[Marmostein 2001]. The third mentioned family of HATs is the p300/CBP family, made 

up of the members mentioned in their name. They have the longest HAT domain 

compared to the earlier mentioned families at around 500 residues long and contain the 

characteristic bromodomains as the others [Marmostein 2001]. Beyond these three HAT 

families there are other proteins that have acetylating properites, SRC1 and ATF-2 just to 

name a few.  

 

HDACs have a total of four classes, separated based upon their sequence homology 

[Gallinari et al. 2007] (Fig. 1.5). The HDACs will be covered by their class. Class I 

HDACs include HDAC1, HDAC2, HDAC3, and HDAC8. Within this class, HDAC1 and 

2 are the most homologous at 82% [de Ruijter et al. 2003]. They are part of three major 

protein complexes: Co-Rest, nucleosome remodeling and deacetylating complex (NuRD), 

and Sin3 [Gallinari et al. 2007]. Both HDAC1 and 2 are found exclusively in the nucleus, 

are inactive when isolated away from their cofactors, and have regulatory roles in cell 

cycle [Gallinari et al. 2007]. In a HDAC1 knockout mouse experiment, it was found that 

these mice die during embryogenesis with reduced overall production, but increased 

expression, of p21 and p27 [Lagger et al. 2002]. Attempted rescue by upregulation of 

other Class I HDACs were not able to compensate for the loss of HDAC1. The other two 

class I HDACS, HDAC3 and 8, are most homologous to each other. HDAC3 contains a 

nuclear localization signal (NLS) and nuclear export signal (NES), the presence of both 

suggests HDAC3 can travel between the nucleus and cytoplasm, unlike the other class I 
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HDACs [Longworth and Laimins 2006]. HDAC8 is the only class I HDAC or any other 

HDAC to be enzymatically active when isolated and regulates telomerase activity [Lee et 

al. 2006] (Fig. 1.5).  

 

Class II HDACs are further divided into two classes, class IIa and IIb. Class IIa HDACs 

are HDAC4, HDAC5, HDAC7, and HDAC9. These are characterized by their expression 

in specific tissues, mainly muscle and cartilage [Verdin et al. 2003]. They interact with 

MEF and Runx families transcription factors to control cellular hypertrophy and 

differentiation in muscle [Zhang et al. 2002, Chang et al. 2004]. Class IIb HDACs are 

HDAC6 and HDAC10; both have a duplicated catalytic domain, but the second domain 

of HDAC10 is dysfunctional [Hubbert et al. 2002]. HDAC6 may play a role in protein 

folding [Kovacs et al. 2005, Bali et al. 2005] and is the only known HDAC to act on 

tubulin [Hubbert et al. 2002, Matsuyama et al. 2002]. Class III HDACs, as previously 

mentioned, are referred to as SIR2 proteins or sirtuins. Class IV only has HDAC11, 

which was cloned and characterized in 2002 with relatively little known about its 

function other than its interaction with IL-10 and HDAC6 [Gao et al. 2002, Cheng et al. 

2014]. 
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Figure 1.5. Histone deacetylase structure. 
 
[adapted from Wang et al. 2015]  
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HDACs and cancer  

Histone acetylation and deacetylation is one of the key epigenetic mechanisms regulating 

gene transcription. Overexpression of HDACs have been reported in many cancer types 

and is characteristic of tumorigenesis and metastasis [Glozak and Seto 2007]. In cancers, 

HDACs have been shown to decrease cell cycle inhibiton, differentiation, apoptosis, and 

cellular adhesion; while also increasing angiogenesis, invasion, and migration 

[Sambucetti et al. 1999, Yamada et al. 2006, Chao et al. 2006, Hellebrekers et al. 2006, 

Kim et al. 2001, Whetstine et al. 2005, Matsuyama et al. 2002]. Overexpression of 

HDAC1 or HDAC2 drives down the expression of p21 leading to increased cellular 

proliferation [Halkidou et al. 2004]. HDAC activity has been implicated in TGF-β 

signaling, with inhibition of HDAC1 restoring TGF-β sensitivity [Ammanamanchi et al. 

2004]. Overexpression of HDAC1 represses p53 and VHL while at the same time 

increases expression of VEGF and HIF-1α thereby increasing angiogenesis [Kim et al. 

2001]. The changes in acetylation patterns are not done isolated from the other epigenetic 

mechanisms, therefore a better understanding of how histone modifications play with 

DNA methylation and other parts of the epigenetic machinery is imperative to 

understanding the role of HDACs in cancer.  

   

1.6 Transgenerational Inheritance of Breast Cancer Risk 

An increase in offspring’s mammary cancer risk originating from a maternal HF diet has 

been shown in many studies including those from our lab [Hilakivi-Clarke et al. 1997, de 

Assis et al. 2012, Stark et al. 2003, Walker 1990, Luijten et al. 2004]. It has also been 

shown that increased breast cancer risk can be inherited across multiple generations [de 
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Assis et al. 2012, Heard and Martienssen 2014]. These inherited risks are suggested to be 

brought about by the epigenetic mechanisms covered above. The question then is whether 

it is possible that inherited risks could be the result of a permanent but reversible change 

in the epigenome of the mammary glands and germline of that lineage.  

 

1.6.1 Defining transgenerational inheritance 

Transgenerational epigenetic inheritance (TEI) is the “transmission of non-DNA base 

sequence information between generations via the germline” [Blake and Watson 2016, 

Heard and Martienssen 2014]. For that we have to first define the parameters of TEI. A 

transgenerational inheritance of a trait or risk must be present in the first generation that 

was not directly exposed [Skinner 2011]. In the case of an in utero exposure through the 

female lineage, the pregnant mother (F0), the daughter (F1), and granddaughter (F2) are 

all exposed directly. The F0 generation is exposed directly to her somatic and germline 

tissues. F1 generation had her somatic tissues exposed in utero. F2 generation was 

exposed as the germ cells of F1. Therefore, the first generation where it would be 

considered a transgenerational inheritance (without any direct exposure) is in the great-

granddaughter (F3), for she had no exposure of any cell in her being to the original 

environmental factor and would have only inherited any changes through the germline. In 

paternal lineage, it is only necessary up to the F2 generation to ascertain transgenerational 

inheritance [Blake and Watson 2016]. On a cellular level, this means that the epigenetic 

marks or modifications must be “mitotically stable” [Skinner 2011], meaning that over all 

the cellular divisions and proliferation across many generations, the epigenetic marks are 

maintained, only then is it considered TEI.  
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1.6.2 Escaping the epigenetic erasure 

Among the epigenetic mechanisms, the contribution of DNA methylation is one of the 

best studied in relation to TEI. However, we know that during the embryonic and fetal 

periods there are two rounds of global reprogramming consisting of nearly complete 

DNA demethylation and re-establishment of methylation marks by DNMT3A and 

DNMT3B to establish a clean, totipotent state of cells. Our lab has seen that HF exposure 

from prior to the beginning of the pregnancy only results in a penetrance of breast cancer 

risk up to the F2, most likely due to these rounds of global reprogramming generation [de 

Assis et al. 2012]. However, in that same study, an in utero exposure of EE2 starting 

from the second half of the pregnancy increased mammary tumorigenesis up to F3 

generation, indicating that it was possible to escape the epigenetic erasure during fetal 

development.  

 

One possible explanation for this involves the repeat sequences, such as intracesternal A 

particles (IAPs), that are resistant to reprogramming [Wang et al. 2014]. Most of the 

surviving methylation marks over the two global reprogramming resides within these 

repeat sequences [Rakyan et al. 2002, Wang et al. 2014].   

 

1.6.3 Targeting primordial germ cells 

Another possible explanation is the targeting of the primordial germ cells (PGCs). 

Primordial germ cells are the direct progenitors of sperm and oocytes. Owing to the fact 

that PGCs arise from somatic cells, their emergence is followed by the second wave of 
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global demethylation [Duan et al. 2016]. In mice, PGCs are induced by bone 

morphogenic protein (BMP) at around day 6.5, leading to B-lymphocyte-induced 

maturation protein (BLIMP1 also known as PRDM1) mediated transcriptional regulation 

of epiblast cells [Saitou et al. 2005, Ohinata et al. 2005, Vincent et al. 2005]. They arise 

from the epiblast at around E7.25 and at this time are influenced by the epigenetic traits 

present in the epiblast [Ohinata et al. 2009]. It is at this period that many studies have 

chosen to target their transgenerational exposure. Many studies, including those from our 

lab, have shown that a timed in utero exposure at this critical period of PGC development 

and migration to endocrine disruptors such as ethinyl estradiol (EE2), 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), vinclozolin, or DDT in rats, or bisphenol A or 

epilepsy drug valproic acid in mice, cause transgenerational alterations seen in F3 

generation offspring [de Assis et al. 2012, Ma et al. 2015, Anway et al. 2006, Skinner et 

al. 2013, Ziv-Gal et al. 2015, Choi et al. 2016]. 

 

1.7 Targeting the Epigenetic Mechanisms to Treat Disease 

 

1.7.1 DNA methyltransferase inhibitors 

In the US, there are currently two Food and Drug Administration (FDA) approved 

DNMT inhibitors (DNMTi) for use in patients, azacytidine (Vidaza; Celgene) and 

decitabine (Dracogen; SuperGen). I will cover the basics of these two DNMT inhibitors 

as well as hydralazine, a drug treatment for hypertension that may get repurposed. 
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Azacitidine 

Azacitidine, sold under the trade name Vidaza, is a chemical analog of cytidine, a 

nucleoside in DNA and RNA and mainly used in the treatment of myelodysplastic 

syndrome [FDA 2016]. It was approved for its current purpose on May 19, 2004. 

Azacitidine has also been approved for use in patients with acute myeloid leukemia 

[Estey 2013]. Given at low doses, azacitidine is a pan DNMT inhibitor, causing 

hypomethylation of DNA [Gnyszka et al. 2013]. At higher doses, it is cytotoxic through 

its incorporation into DNA and RNA, preventing DNA synthesis and interfering with 

transfer RNA, respectively, resulting in cell death [Stresemann and Lyko 2008]. It is 

targeted to cancer cells by its mechanism of action: azacitidine activity occurs after it is 

integrated into the genome during the S phase of rapidly proliferating cells [Yang et al. 

2010]. Once incorporated, azacitidine covalently binds DNMTs to the DNA, forming an 

adduct, and triggering the DNA damage signaling to target and degrade the bound 

DNMTs [Santi et al. 1984]. This results in loss of cytosine methylation after replication. 

However, being a ribonucleoside, azacitidine primarily binds RNA over DNA, roughly at 

a ratio of 9:1 [Hollenbach et al. 2010].  

 

As of January 2017, there are 167 open clinical trials incorporating azacitidine, with 523 

studies registered to clinicaltrials.gov. Of the 50 most recent ongoing studies, 45 are 

further testing azacitidine’s efficacy and safety in different types of hematological based 

cancers and disorders such as myelodysplastic syndrome and acute myeloid leukemias. 5 

of the 50 most recent active studies are testing azacitidine’s effects on solid tumors such 
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as colorectal and breast cancers (NCT02811497) and in recurrent or advanced non-small 

cell lung cancer (NCT02009436) [clinicaltrials.gov] 

  

Decitabine 

Decitabine, sold under the trade name Dacogen, is the deoxy derivative of azacitidine and 

is also used in the treatment of myelodysplastic syndrome [Gnyszka et al. 2013]. Same as 

azacitidine, decitabine is a DNMT inhibitor classified as a nucleic acid synthesis 

inhibitor. Unlike azacitidine, which is a ribonucleoside, decitabine is a 

deoxyribosenucleoside so can only incorporate into DNA [Stresemann and Lyko 2008], 

but thus makes it more efficacious. It follows similar mechanism to azacitidine, but as 

such it presents similar cytotoxicity, thus can only be taken at low inhibitory doses. It has 

also received EU approval for use in acute myeloid leukemia.  

 

As of January 2017, there are 80 open clinical trials incorporating decitabine, with 244 

studies registered to clinicaltrials.gov. of the 50 most recent ongoing studies, 34 are 

further testing azacitidine’s efficacy and safety in different types of leukemias, 

lymphomas, and myelodysplastic syndromes. There are several studies testing 

decitabine’s effect with thrombocytopenia (NCT02487563) and 12 studies testing it in 

solid tumors. This further breaks down to 3 studies testing in pancreatic cancers 

(NCT02959164, NCT02847000, NCT02685228), 2 studies testing in ovarian cancers 

(NCT03017131, NCT02159820), and one study testing in breast cancer (NCT02957968), 

with the rest testing various other cancer types [clinicaltrials.gov].  
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Hydralazine 

Hydralazine, sold under many brand names, one of which is Apresoline, is used in the 

treatment of severe hypertension [WHO 2009]. Its DNMTi function was discovered and 

the drug was repurposed for use as a potential cancer therapy [Singh et al. 2009]. The 

therapeutic potential of hydralazine is promising, with studies showing that it can induce 

gene activation of important tumor suppressor genes [Segura-Pacheco et al. 2003, Song et 

al. 2009] and shown to be effective in clinical trials as well [Zambrano et al. 2005, Arce 

et al. 2006], especially when paired with histone deacetylase inhibitors such as valproic 

acid [Candelaria et al. 2007, De la Cruz-Hernandez et al. 2011, Duenas-Gonzalez et al. 

2014].   

 

Hydralazine is a more recently discovered drug, therefore it currently only has 45 studies 

registered on clinicaltrials.gov. Of these 45, only 10 are currently open or recruiting. Due 

to its very recent discovery as a potential cancer therapy, there is only one active study 

testing hydralazine’s effect in cancer (NCT02446652). Several other studies involving 

hydralazine as a therapy for cancer has either been withdrawn or the current status is 

unknown. No studies have tested hydralazine as a preventive treatment for cancer. 

However, there are several studies testing hydralazine’s DNMTi function as preventive 

treatment for other conditions (NCT01041963, NCT02228408) [clinicaltrials.gov]. 

 

1.7.2 Histone deacetylase inhibitors 

There area four classes of histone deacetylase inhibitors (HDACi), separated according to 

chemical structure: hydroxymates, benzamides, cyclic peptides, and aliphatic acids 
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[Damaskos et al. 2017]. HDACi have been shown to have antitumor capabilities, but 

mostly in hematological cancers [Mann et al. 2007, Marks 2007, Barbarotta and Hurley 

2015]. Their efficacy with solid tumors such as breast cancer has been studied, with great 

promise, in combination with other therapies [Munster et al. 2011, Chen et al. 2010, 

Schech et al. 2015, Hilakivi-Clarke et al. 2015]. 

 

Vorinostat/SAHA 

SAHA (vorinostat), as it is better known, falls into the hydroxymates class and is a pan-

HDAC inhibitor, meaning that it targets all HDACs without specificity [Damaskos et al. 

2017]. It was first approved by the FDA in 2006 to treat T-cell lymphoma [Mann et al. 

2007] and has been used in other clinical trials since to target different cancers such as 

breast [Luu et al. 2008], however results were inconclusive, with most results not 

reaching adequate response to be considered as a monotherapy [Therasse et al. 2000]. 

SAHA has seen good clinical success when used in combination with tamoxifen 

[Munster et al. 2011]. 

 

Currently there are 246 studies registered on clinicaltrials.gov with vorinostat as the 

therapeutic agent. Of those 246, there are 33 open or active studies, all of which are phase 

1 or 2 testing efficacy and safety of vorinostat in solid tumors.  Studies have proposed 

vorinostat as an adjuvant therapy for breast cancer (NCT02395627, NCT01655004). All 

studies have been classified as treatment [clinicaltrials.gov]. 
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Valproate 

Valproate or valproic acid (VPA) is a member of the aliphatic class of HDACi and 

targets both class I and class II HDACs [Gottlicher et al. 2001]. It was originally 

developed for the treatment of neurological disease such as epilepsy and bipolar disease 

[Kurwale et al. 2016, Peselow et al. 2016]. VPA inhibits HDAC activity by binding to the 

active pocket and blocking the substrate [Sami 2008]. However, HDACi is only one of 

the functions of VPA. VPA is also a potent GSK3β inhibitor, and interferes in Akt, ERK, 

and phosphoinositol pathways [Kostrouchova et al 2007]. VPA inhibition of GSK3β 

could play a potential role in how cancers progress due to its interference with β-catenin 

in the Wnt pathway [Jope et al. 2007].  

 

Currently there are 352 VPA studies registered on clinicaltrials.gov. 46 studies are 

currently open or active. Nearly half, 22 studies, are testing VPA in the context of 

neurological disorders such as epilepsy or bipolar disease. There are 12 open trials 

studying the effects of VPA on cancers, with one specifically on breast cancer 

(NCT01900730). Although it is not a preventive study, this clinical trial is attempting to 

establish a tolerable long term dose of VPA in the treatment of breast cancer 

[clinicaltrials.gov]. 

 

1.7.3 HDACi/DNMTi combination therapy 

Preclinical studies and clinical trials have found some success in combining these two 

drugs with traditional therapy in an effort to treat cancers due to their low toxicity and 
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ability to resensitize therapy-resistant cancer cells [Hilakivi-Clarke et al. 2016, Bauman 

et al. 2014, Duenas-Gonzalez et al. 2014, Arce et al. 2006, Mani et al. 2014]. 

 

1.8 DMBA ER+ Mammary Tumorigenesis Rodent Model 

Due to the imprecise nature of recall of dietary exposures of a pregnancy long past as 

well as the time and cost to follow a human cohort for several generations, it is necessary 

to employ animal models to mimic the mammary tumorigenesis observed in humans, 

potentially across several generations. In this project, DMBA was used to induce ER+ 

tumors in C57BL/6NTac mice (Russo et al. 1978 and 1996). In mice, this entails priming 

with medroxyprogesterone acetate (MPA) at postnatal week 6, followed on postnatal 

week 7 by DMBA given once per week for a total of 3-4 weeks. Administration of 

DMBA at this age is due to the maximum presence of the terminal end buds (TEBs), a 

mouse mammary structure akin to the human terminal ductal lobular unit (TDLU), the 

source of most breast cancer precursors [Russo and Russo 2004]. Shortly after this 

period, the TEBs regress [Sternlicht et al. 2006]. The use of this model produces estrogen 

receptor positive (ER+) breast tumors that recapitulates what would be seen in humans 

[de Assis and Hilakivi-Clarke 2006, Russo and Russo 2004]. 

 

Using this DMBA rodent model, the lack of transgenerational inheritance in the offspring 

of HF diet fed dams from de Assis et al. 2012 was puzzling, since previously other 

studies have discovered that several different exposures during pregnancy lead to 

transgenerational increase in mammary cancer risk and other adverse health effects in F1, 

F2 and F3 generations. Specifically, transgenerational inheritance of adult-onset diseases 
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and abnormalities, such as mammary cancer, prostate disease, and obesity has been found 

in offspring of dams that were exposed to compounds like EE2, vinclozolin, and DDT 

during pregnancy [de Assis et al.  2012, Anway et al. 2006, Skinner et al. 2013]. 

Common to all these studies was that the maternal exposure took place after fetal 

implantation, whilst HF diet that resulted only multigenerational increase in mammary 

cancer risk started before conception [de Assis et al. 2012]. To test a possibility that 

maternal HF intake induces a transgenerational inheritance of mammary cancer risk, the 

following hypothesis and aims were proposed. 

 

1.9  Hypothesis and Study Aims 

My thesis is based on the following hypothesis: 

Timing of maternal exposure to a HF diet during pregnancy in the F0 generation 

induces a subsequent transgenerational increase in mammary cancer risk in F1-F3 

offspring through epigenetic mechanisms. 

 

To test this hypothesis, there are two specific aims: 

Aim 1: Determine whether maternal exposure to a HF diet during pregnancy from 

GD10-GD20 increases mammary cancer risk up to the F3 offspring, and to 

identify the possible signaling pathways responsible for the transgenerational 

inheritance of risk (Chapter 2). 
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Aim 2: Determine whether the increase in mammary cancer risk due to in utero 

exposure to a HF diet can be reversed by treating the offspring in adulthood with 

HDAC and DNMT inhibitors (Chapter 3).  
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Chapter 2 MATERNAL INTAKE OF HIGH N-6 POLYUNSATURATED 

FATTY ACID DIET DURING PREGNANCY CAUSES 

TRANSGENERATIONAL INCREASE IN MAMMARY CANCER 

RISK IN MICE  

 

2.1 Introduction 

With 1.7 million new cases in 2012, breast cancer is the most common cancer in women 

worldwide, and the incidence is projected to continue growing [Ferlay et al. 2015]. 

Although cancer is typically thought of as a genetic disease, only 5-10% of breast cancers 

are attributed to a genetic cause [Antoniou and Easton 2006, Oldenburg et al. 2007]. This 

leaves over 90% of breast cancers to be caused by some other factor. It is believed that 

environmental and life-style factors, such as diet, plays a critical role in affecting breast 

cancer risk [Symonds et al. 2009]. 

 

Studies show that a Western dietary pattern, one higher in dietary fats from meats or oil 

sources other than olives, have been increasing around the world, and may be linked to 

increased breast cancer risk [Albuquerque et al. 2014, Blasbalg et al. 2011, Cordain et al. 

2005]. Intake of dietary fats, especially saturated fatty acids (SFA) and n-6 

polyunsaturated fatty acids (n-6 PUFA), has been climbing over the years, with intake of 

n-3 PUFAs proportionally declining [Blasbalg et al. 2011, Cordain et al. 2005, Guyenet 

and Carlson 2015, Grosso et al. 2013, Marventano et al. 2015]. A HF diet, especially one 

where n-6 PUFA is high, increases estrogenic activities and is inflammatory, which can 

stimulate breast cancer growth [Hilakivi-Clarke et al. 1996 and 1997, Zhang et al. 2007, 
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Schmitz and Ecker 2008]. Our lab and others have shown in animal models that maternal 

exposure to a HF diet during pregnancy increases female offspring’s mammary cancer 

risk [Hilakivi-Clarke et al. 1997, de Assis et al. 2012, Stark et al. 2003, Walker 1990, 

Luijten 2004]. In addition, we found earlier that maternal intake of a HF n-6 PUFA diet 

before and during pregnancy increased mammary cancer risk of daughters (F1) and 

granddaughters (F2), but not of great-granddaughters (F3), indicating multi-generational 

but not transgenerational inheritance [ de Assis et al. 2012, Heard and Martienssen 2014].   

 

The lack of transgenerational inheritance in the offspring of HF diet fed dams was 

puzzling, since previously we and others discovered that several different exposures 

during pregnancy lead to transgenerational increase in mammary cancer risk and other 

adverse health effects in the F1, F2 and F3 generations. Specifically, transgenerational 

inheritance of adult-onset diseases and abnormalities, such as mammary cancer, prostate 

disease, obesity, and autism-like phenotype  has been found in the offspring of dams that 

were exposed to compounds like ethinyl estradiol, vinclozolin, 

dichlorodiphenyltrichloroethane (DDT), and VPA during pregnancy [de Assis et al. 2012, 

Anway et al. 2006, Skinner et al. 2013, Choi et al. 2016]. Common to all these studies 

was that the maternal exposure took place after fetal implantation, whilst HF diet that 

resulted in only multigenerational increase in mammary cancer risk started before 

conception [de Assis et al. 2012]. 

  

Mammals undergo two rounds of global DNA demethylation and remethylation during 

embryonic and fetal periods [Seisenberger et al. 2012]. It is possible that in our previous 
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study the reason why we did not see true transgenerational inheritance of increased breast 

cancer risk was due to introducing the HF exposure both during the first round of DNA 

methylation erasure in a zygote, followed by remethylation, and the second round that 

took place in primordial germ cells (PGCs), followed by re-establishment of epigenetic 

marks on mature germ cells [Skinner et al. 2013].  Since PGCs originate from the 

posterior endoderm of the blastocyst, the second round of epigenetic programming may 

have been affected by the presence of HF diet already during the first round. To test a 

possibility that maternal HF intake induces a transgenerational inheritance of mammary 

cancer risk, we timed the HF exposure to start on gestation day (GD) 10.  

 

Our study shows that maternal intake of a HF diet between GD10-20 caused a 

transgenerational increase in mammary cancer risk without any other intervening 

exposures. Results from RNA sequencing analysis suggested that there is a difference in 

how mammary cancer risk is affected in F1 and F3 generation offspring by maternal HF 

intake; i.e., whether the exposure directly affected fetal somatic cells or the germline. 

 

2.2  Materials and Methods 

 

2.2.1 Breeding and dietary exposure 

Male and female C57BL/6NTac mice were obtained from Taconic Biosciences 

(Germantown, NY) and housed in standard rodent housing at constant temperature, 

humidity, and a 12-hr light/dark cycle at Georgetown University’s Department of 
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Comparative Medicine (DCM), in accordance with all institutional and federal 

regulations. 

 

To generate F1 offspring (Fig. 2.1a), 7 week old mice were mated by housing 2 females 

together with 1 male per cage. Upon mating, mice were randomly divided into two 

groups and fed a CON AIN93G diet until pregnancy was verified by a presence of a 

mucus copulatory plug in the vaginal opening (GD0). From GD10-20, the pregnant dams 

(F0) were divided into two groups and fed either a HF diet containing 43% energy from 

fat, 18% corn oil (CO) and 1% soybean oil (SBO) (Table 2.1), or continued on the CON 

diet (17% energy from fat, 6% CO, 1% SBO, Table 2.1). The HF diet was made 

isocaloric with the CON diet by replacing some carbohydrates with non-energy 

containing cellulose (fiber). Corn oil contains high levels of n-6 PUFAs. Both diets 

contained 1% SBO to ensure that pregnant dams received sufficient level of n-3 PUFAs. 

All subsequent generations (F1-F3) were fed only CON diet. 

 

To obtain F3 generation offspring, female F1 HF offspring were mated to F1 HF males, 

respectively. No sibling matings were performed. The CON group was mated similarly. 

Pregnant dams of both groups were fed CON diet. These steps were repeated with F2 

offspring to obtain F3 generation. F2 generation was used for breeding purposes only; 

i.e., no experiments were performed or tissues collected from them. 
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Figure 2.1. Transgenerational study design. A) Pregnant C57BL/6NTac mice (F0) 
were fed either high fat (HF, n=10) or control (CON, n=10) diet.  HF diet was fed to 
dams from gestational day (GD) 10 to GD20.  All offspring were fed CON diet for the 
remainder of the study, including during pregnancy of F1 and F2 generation offspring.  
B) All pups were cross-fostered at birth (post-natal day, PND1) to a CON mother to 
eliminate litter bias.  Pups were weighed on PND2-3 and weaned on PND21.  
Tumorigenesis was initiated on PND42 by priming female mice with 
medroxyprogesterone acetate (MPA, 15 mg/kg) followed by oral gavage of 7,12-
dimethylbenz(a)anthracene (DMBA, 1 mg/dose/week) the following week for 3 weeks.  
Tumorigenesis was monitored by palpation once per week, starting 3 weeks after final 
DMBA administration, up to 20 weeks post-DMBA, and mammary glands (MGs) and 
tumors were collected and processed. MGs also were obtained from female offspring 
unexposed to DMBA on PND30, 50, and 100 for whole mounts and on PND100 to 
perform RNA sequencing analysis. Red boxes indicate animals exposed to DMBA. Blue 
boxes denote collection to tissues from animals without DMBA exposure. *indicates 
difference in timing of HF exposure compared to de Assis et al. 2012 study. 
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Table 2.1. Nutritional content of control and high fat n-6 PUFA diets fed to 
pregnant mouse dams. 
Diet Control (CON) High Fat (HF) 
Energy from fat  17.2%  

3.8 Kcal/g 
42.7%  
4.0 Kcal/g 

       
Formula  g/Kg   g/Kg  
Casein  200.000   215.000  
L-Cystine  3.000   3.000  
Corn Starch  397.386   162.386  
Maltodextrin  132.000   132.000  
Sucrose  100.000   100.000  
Corn Oil  60.000   180.000  
Soybean Oil  10.000   10.000  
Cellulose  50.000   150.000  
AIN-93G-MX  35.000   35.000  
AIN-93-VX  10.000   10.000  
Choline Bitartrate  2.500   2.500  
TBHQ, antioxidant  0.014   0.014  
Yellow food color  0.100     
Orange food color     0.100  
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2.2.2  Terminal end buds 

To assess early risk of mammary cancer, mammary glands were obtained from F1 and F3 

generation female offspring that were euthanized on post natal day (PND) 50 (Fig. 2.1b). 

Whole mounts were prepared according to established protocol [de Assis et al. 2010]. For 

that purpose, the 4th abdominal mammary glands were stretched onto a slide, fixed, and 

stained with carmine aluminum solution. Slides were examined blindly under microscope 

to determine the total number of terminal end buds (TEBs). These are the structures that 

give rise to malignant mammary tumors in mice and rats [Russo and Russo 1996], and 

similar structures in humans, called TDLU, also are the sites of most breast cancers 

[Russo et al. 2000]. 

 

TEB count between HF and CON group were analyzed by t-test in both generations 

separately. 

 

2.2.3 Mammary tumorigenesis 

To induce mammary tumors (Fig. 2.1b), female C57BL6/NTac mice were first primed 

with 15 mg/kg of MPA (Greenstone, Peapack, NJ) at PND42. One week later, 1 mg of 

DMBA (Sigma, St. Louis, MO) was administered by oral gavage for 3 times at one week 

intervals between doses. After the last DMBA dose, tumor development was monitored 

by palpation once a week for 20 weeks. If tumors were detected, their sizes were 

measured by calipers. The following endpoints were determined: incidence (number of 

mice with tumors), latency (time to first tumor), multiplicity (number of tumors per 

mouse), and burden (total tumor volume per mouse). Overall health of mice was 
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monitored daily. A mouse was euthanized prior to the end of tumor monitoring period if 

it lost significant amount of weight or if tumor reached 10% of mouse’s body weight. 

Tumor histopathology was assessed by certified pathologist.  

 

Kaplan-Meier survival curves were used to assess differences in tumor incidence between 

groups, followed by log rank test. Tumor latency and multiplicity differences were 

assessed by t-test. Difference in tumor burden was assessed by repeated measure 

ANOVA. 

 

2.2.4 Tissue collection  

At the end of tumor monitoring period, experimental animals in F1 and F3 generations 

were euthanized, and whole blood was collected via cardiac puncture and placed into 

serum gel separator tubes. We then collected mammary glands and tumors, resected a 

portion for formalin-fixed paraffin embedding and flash froze the remaining tissues in 

cryotubes in liquid nitrogen.  

 

2.2.5 RNA sequencing  

To attempt to elucidate the mechanism driving increased mammary cancer risk in HF 

exposed offspring, used RNA sequencing (RNAseq) to identify differentially expressed 

genes (DEGs) between HF-exposed and CON offspring of F1 and F3 generations. We 

used mammary glands obtained on PND100 from mice that were unexposed to DMBA. 

Total RNA was extracted from the mammary glands by using Qiagen RNeasy Lipid 

Tissue kit (Qiagen, MD) with on column DNAse digestion (Qiagen, MD) per the 
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manufacturer’s protocol. Concentration and purity of the extracted RNA was determined 

by Nanodrop 1000 spectrophotometer (Thermo Scientific, DE). Quality of the samples 

was assessed in the 2100 Agilent Bioanalyzer (Agilent Technologies, CA) for RNA 

integrity number (RIN > 7.0) and concentration (minimum 70 ng/µL). RNAseq was 

performed by Genewiz (South Plainfield, NJ). Illumina HiSeq2500 platform was used for 

RNA sequencing, in a 1x50 bp single-read configuration in Rapid Run mode, with a total 

of at least 120 million reads per lane, over 5 lanes with a read depth of at least 10 million 

reads per sample.  

 

Rsem was used to quantify transcript abundance, using the mouse reference genome Mus 

musculus. Following a strict cutoff criteria of no “0” value for any gene expression, with 

a p-value cutoff of 0.05, we obtained 5620 DEGs for further analysis. Comparison 

between F1 and F3 CON by PCA saw no statistical difference. We then selected those 48 

DEGs that were seen in both F1 and F3 offspring, with the direction (up-or 

downregulation) of differential expression being similar in the two generations, and 

performed Ingenuity Pathway Analysis (IPA) to assess function of the DEGs. 

Knowledge-fused differential dependency network (KDDN) analysis was also performed 

on the 48 DEGs to assess transcriptional gene interaction unique to either CON or HF 

offspring [Tian et al. 2015]. 
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2.2.6 Validation of RNAseq data by quantitative real-time polymerase chain 

reaction  

Of the 48 DEGs, we attempted to validate the expression of 13 genes that were selected 

based on their reported association with breast cancer. RNA was extracted from the same 

group of animals also used for the RNAseq using the RNeasy Lipid Tissue Mini Kit 

(Qiagen, MD) per manufacture’s protocol. Concentration, purity, and quality of RNA 

samples were assessed as described above. Two µg RNA per sample was used to generate 

cDNA via reverse transcription using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, CA) and run on a PTC-100 thermal cycler (Bio-Rad, CA). 

Product cDNA was brought to a working concentration of 5 ng/µL and mixed with 

Absolute qPCR SYBR Green ROX mix (Thermo Fisher Scientific, MA) and gene 

specific forward and reverse primers. Primers used in qPCR analysis were designed using 

IDT tool primer design (Integrated DNA Technologies, IA, primer sequence found in 

Table 2.2). Real-time qPCR was carried out using a 7900HT Real-Time PCR system 

(Applied Biosystems, CA). Expression of target gene was calculated by Relative 

Standard Curve Method normalized to the housekeeping gene GAPDH. 

 

Statistical difference between CON and F1 HF and F3 HF groups assessed by one way 

ANOVA. 
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Table 2.2. Primer sequences used in Chapter 2 
Gene ID Sequence 
mAKT2 F TGCCATTCTACAACCAGGAC 
mAKT2 R CCTCTGCTTTGGGTCCTTC 
  

mEGR3 F AATCTGTACCCCGAGGAGAT 
mEGR3 R ATCACATTCTCTCTCCCACCG 
  

mHES1 F GTCTACACCAGCAACAGTGG 
mHES1 R GACTTTACGGGTAGCAGTGG 
  

mID4 F TGAACAAGCAGGGTGACAG 
mID4 R CGGTGGCTTGTTTCTCTTAATTTC 
  

mJAM3 F AAGATTCAAGGAGACCTGGCA 
mJAM3 R TAGAGCAACGACCTCACAGC 
  

mPCDHGA8 F GACTCTCCAGCTTTCCGTAAG 
mPCDHGA8 R CCATGCCTGTGTTGATTCTTG 
  

mSLC26A10 F CTCAGTGGAATCGAAAGGGAG 
mSLC26A10 R CGATAGAAAGGTGGACAGGAC 
  

mTBX2 F CACAAACTGAAGCTGACCAAC 
mTBX2 R GAAGACATAGGTGCGGAAGG 
  

mIGFBP6 F GCTCTATGTGCCAAACTGTG 
mIGFBP6 R TGAGTGCTTCCTTGACCATC 
  

mOAS3 F GCCTGCTTTTGATGCTGTG 
mOAS3 R GGAGGGCAAGTGTTTATGAAG 
  

mP21 F CTGTCTTGGACTCTGGTGTCTGA 
mP21 R CCAATCTGCGCTTGGAGTGA 
  

mSLFN1 F CATAGAGGAATGGATCAAGCTCC 
mSLFN1 R AAACCCTTCCAACATCCCC 
  

mZBP1 F GGACAGACGTGGAAGATCTAC 
mZBP1 R ATGGAGATGTGGCTGTTGG 
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2.2.7  Statistical analysis 
 
TEB count between HF and CON group were analyzed by t-test in both generations 

separately. Kaplan-Meier survival curves were used to assess differences in tumor 

incidence between groups, followed by log rank test. Tumor latency and multiplicity 

differences were assessed by t-test. Difference in tumor burden was assessed by repeated 

measure ANOVA. Statistical difference in qRT-PCR between CON and F1 HF and F3 

HF groups assessed by one way ANOVA. 

 

2.3 Results 

 

2.3.1 Effect of isocaloric high fat diet on birth weight of offspring 

Weight of offspring was measured between PND2 – 3. There were no statistical 

difference between the HF-exposed offspring and the CON offspring for F1 (Fig. 2.2a, 

p=0.125, CON n=63, HF n=68) and F3 (Fig. 2.2b, p=0.224, CON n=42, HF n=41) 

 

2.3.2 Offsprings’ mammary gland morphology  

Mammary gland morphology was assessed using whole mounts obtained from female 

offspring at PND 50. The number of TEBs (indicated by the arrows in Fig. 2.3a) was 

counted and found to be significantly higher in HF-exposed offspring for both F1 (Fig. 

2.3b, p<0.035) and F3 generations (Fig. 2.3c, p<0.023). 
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Figure 2.2 Effect of isocaloric high fat diet on birth weight of offspring. Birthweight 

of A) F1 (p=0.125, CON: Mean=1.894, Std.Dev=0.271, n=63, HF: Mean=2.016, 

Std.Dev-0.5681, n=68 ) and B) F3 (p=0.224, CON: Mean=3.568, Std.Dev=0.709, n=42, 

HF: Mean=3.780, Std.Dev-0.692, n=41)   
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Figure 2.3. Effect of maternal high fat exposure on offsprings’ mammary gland 

development. A) The left 4th mammary gland were obtained on PND50 for whole 

mounts.  Terminal end buds (TEBs), structures in the enlarged image indicated by the 

arrows, were counted for B) F1 (p<0.035, CON: Mean=6.375, SEM=1.625, n=8, HF: 

Mean=14.170, SEM=4.02, n=6) and C) F3 (p<0.023, CON: Mean=7.800, SEM=0.970, 

n=5, HF: Mean=13.000, SEM=2.082, n=4).   
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2.3.3 Effect of maternal high fat intake on offsprings’ mammary tumorigenesis 

Maternal exposure to a HF diet during pregnancy did not affect the distribution of benign 

versus malignant mammary tumors among the offspring.   Among the CON offspring, 

58.3% and 64.3% were malignant in the F1 and F3 generations, respectively (Fig. 2.4a), 

compared with 66.0% and 77.3% in the F1 and F3 generation HF offspring (Fig. 2.4b).  

 

When assessing differences in tumor incidence, only those with malignant phenotype 

were included to the analysis.  Female offspring exposed to HF diet through a pregnant 

dam exhibited increased tumor incidence in F1 (Fig. 2.5a, p<0.016) and F3 generations 

(Fig. 2.5b, p<0.040) when compared with CON offspring. Mammary tumor burden was 

also increased in F1 generation (Fig. 2.5c, p<0.027), but the increase failed to reach 

statistical significance in F3 generation (Fig. 2.5d, p<0.242).   

 

Maternal HF exposure during pregnancy induced earlier onset of mammary cancer in F1 

generation (Fig. 2.5e, p<0.028), and had a similar, though not statistically significant, 

trend in F3 generation offspring (Fig. 2.5f, p<0.110). Mammary tumor multiplicity was 

unaffected by maternal HF exposure (Fig. 2.6). 
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Figure 2.4. Tumor histopathology of all tumors collected from F1 and F3 generation 

offspring of dams exposed to either control (CON) or high fat (HF) diet during 

pregnancy. A) Tumor status of CON offspring and B) tumor status of HF offspring. 
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Figure 2.5. Transgenerational effect of maternal high fat exposure on offsprings’ 

mammary tumorigenesis.  Mammary tumor incidence in A) F1 (p<0.016, CON: n=30, 

HF: n=28) and B) F3 (p<0.040, CON: n=19, HF: n=24) generation female offspring of 

dams fed either control (CON) or high fat (HF) diet during pregnancy.  Mammary tumor 

burden in C) F1 (p<0.027, CON: n=11, HF: n=19) and D) F3 (p<0.242, CON: n=4, HF: 

n=13) generation female offspring. Mammary tumor latency in E) F1 (p<0.028, CON: 

Mean=17.800, SEM=0.885, n=30, HF: Mean=14.430, SEM=1.220, n=28) and F) F3 

(p<0.110, CON: Mean=19.420, SEM=0.777, n=19, HF: Mean=17.330, SEM=0.953, 

n=24) generation female offspring. 
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Figure 2.6. Maternal high fat exposure effect on offsprings’ mammary tumor 

multiplicity. A) F1 (p<0.664, CON: Mean=1.364, SEM=0.203, n=11, HF: Mean=1.263, 

SEM=0.129, n=19) and B) F3 (p<0.080, CON: Mean=2.250, SEM=0.750, n=4, HF: 

Mean=1.308, SEM=0.175, n=13) generation offspring.    
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2.3.4 Differentially expressed genes in the mammary gland of high fat exposed 

offspring 

To elucidate the potential differences in mammary cancer risk in the F1 and F3 

generation offspring of HF diet fed dams, RNAseq was performed on normal mammary 

glands. In the F1 generation 1587 DEGs were identified, and in the F3 generation 4423 

DEGs were seen (Fig. 2.7).  Of these, 390 were the same genes in both F1 and F3 HF 

offspring. However, only 48 of the DEGs were altered in the same direction (up- or 

downregulated) in both generations (heatmaps of these genes shown in Fig. 2.8a and 

2.8b, Table 2.3). 

 

Analysis from IPA indicated that the top pathways different between HF and control 

offspring in both F1 and F3 generations were related to VDR/RXR activation, PTEN 

signaling, FXR/RXR activation, hereditary breast cancer signaling, and Notch signaling 

(Table 2.4). Top upstream regulators of these pathways were IRF3 and IRF7 linked to 

interferon and macrophage regulation, and DLL3, JAG1 and MSGN1 that all are linked to 

Notch signaling [ Gonzalez et al. 2015, Penton et al. 2012, Chalamalasetty et al. 2011] 

(Table 2.4). Top diseases and biofunctions involved development, cellular functions, 

cancer and tumor morphology, and inflammatory response (Table 2.5). 

 

KDDN analysis (Fig. 2.9a and 2.9b, Table 2.6) that identifies unique gene signaling 

interactions present either in the HF or control offspring, highlighted the following 10 

genes as nodes: ALG6, DPF3, GRHL3, MAGIX, MT-TS2 and OPTC (upregulated in HF 

offspring), and AKR1C14, SLC5A3, SLC6A2 and ZBP1 (downregulated in HF offspring). 
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The node genes in HF offspring were linked to changes in genes that are indicative of 

increased cancer risk (ANKEF1, IGFBP6, SEMA5B), increased resistance to cancer 

treatments (EGR3, SLC26A3), poor cancer prognosis (ID4, JAM3, TBX2), increased risk 

of metastasis (GPCPD1) and impaired anti-cancer immune response (ZBP1, EGR3). In 

contrast, the 10 node genes in the mammary glands of the control offspring were linked 

to changes in the expression of genes indicative of reduced cancer risk (downregulation 

of DPF3, SNORA41) and improved immune functions (upregulation of ZBP1, ZFP683, 

downregulation of EGR3).  These differences potentially play a regulating role in causing 

transgenerational inheritance of increased mammary cancer risk in the HF offspring. 
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Figure 2.7. Differentially expressed genes in mammary glands of F1 and F3 

generation offspring of F0 dams fed either control or high fat diet. RNA sequencing 

analysis identified 1587 DEGs in F1 and 4423 DEGs in F3 generation mammary glands 

obtained on postnatal day (PND) 100. 390 common DEGs were found in F1 and F3 

generations, with 48 regulated in the same direction in both generations.  
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Figure 2.8. Heatmap of common 48 differentially expressed genes. A) F1 mammary 

glands and B) F3 mammary glands.  
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Table 2.3. Common differentially expressed genes in F1 and F3 generation offspring 
of dams fed high fat n-6 PUFA diet during pregnancy. 

Gene ID F1 F3 
Log fold change p-value Log fold change p-value 

Akr1c14 -0.690  0.006 -1.020  0.006 
Akt2 0.457  0.017 0.231  0.042 
Alb -1.010  0.010 -0.788  0.014 
Alg6 0.450  0.023 0.376  0.042 
Amigo3 0.327  0.014 0.546  0.010 
Ankef1 -0.318  0.033 -0.348  0.009 
Atp5sl 0.356  0.018 0.503  0.024 
Atp6v1g2 0.697  0.016 0.659  0.027 
Ccl8 -0.756  0.044 -1.317  0.004 
Cdh24 0.622  0.015 0.821  0.036 
Cdkn1a -0.912  0.048 -1.183  0.034 
Dpf3 0.935  0.005 0.825  0.009 
Egr3 0.963  0.002 0.953  0.023 
Ephb3 0.409  0.039 0.696  0.031 
Faap100 0.407  0.015 0.263  0.043 
Gdpd2 -1.946  0.043 -0.963  0.021 
Gpcpd1 0.377  0.045 0.254  0.038 
Grhl3 0.894  0.026 1.457  0.032 
Hes1 1.103  0.021 0.875  0.045 
Id4 0.497  0.032 1.362  0.003 
Ier5l 0.940  0.008 0.779  0.012 
Igfbp6 -0.829  0.007 -0.578  0.022 
Itih4 1.017  0.026 1.089  0.045 
Izumo4 0.340  0.047 0.390  0.050 
Jam3 0.307  0.009 0.325  0.009 
Lfng 0.374  0.014 0.389  0.046 
Lppr2 0.463  0.011 0.511  0.035 
Magix 0.773  0.019 0.897  0.000 
mt-Ts2 -2.078  0.016 -0.664  0.037 
Oas3 -0.766  0.018 -0.884  0.004 
Optc 0.662  0.042 0.601  0.018 
Parp8 0.269  0.034 0.453  0.008 
Pcdhga8 0.354  0.009 0.258  0.032 
Rnase10 -0.743  0.013 -1.246  0.006 
Sema5b 0.791  0.022 0.853  0.025 
Slc26a10 1.114  0.005 1.060  0.003 
Slc26a3 0.966  0.030 2.172  0.031 
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(Table 2.3 continued) 

Gene ID F1 F3 
Log fold change p-value Log fold change p-value 

Slc5a3 -0.739  0.003 -0.578  0.025 
Slc6a2 -1.048  0.010 -1.115  0.012 
Slc6a9 0.406  0.025 0.523  0.027 
Slfn1 -0.857  0.043 -1.179  0.002 
Snora41 1.841  0.010 0.733  0.040 
St8sia2 0.960  0.020 2.104  0.002 
Tbx2 0.607  0.016 0.630  0.019 
Tcea2 0.397  0.018 0.837  0.002 
Zbp1 -0.531  0.043 -0.596  0.015 
Zfp467 0.435  0.034 0.392  0.035 
Zfp683 -1.226  0.032 -1.380  0.001 
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Table 2.4. Top differentially expressed pathways and predicted upstream regulators 
in F1 and F3 offspring of control or high fat fed dams, identified in Ingenuity Pathway 
Analysis. 
Top Pathways p-value 
VDR/RXR Activation 7.03 x 10-4 
PTEN Signaling 2.32 x 10-3 
FXR/RXR Activation 2.79 x 10-3 
Hereditary Breast Cancer Signaling 2.92 x 10-3 
Notch Signaling 3.25 x 10-3 
  
Top Predicted Upstream Regulators p-value 
IRF7 2.11 x 10-5 
DLL3 2.61 x 10-5 
JAG1 4.34 x 10-5 
IRF3 6.61 x 10-5 
MSGN1 9.09 x 10-5 
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Table	2.5.	Top	differentially	expressed	diseases	and	biofunctions	between	F1	
and	F3	offspring	of	dams	fed	control	or	high	fat	diet	during	pregnancy,	
identified	using	Ingenuity	Pathway	Analysis.	
Name	 p-value	
Embryonic	development	 2.43	x	10-2	–	3.24	x	10-6	
Lymphoid	tissue	structure	and	development	 1.87	x	10-2	–	3.24	x	10-6	
Organ	development	 2.43	x	10-2	–	3.24	x	10-6	
Organismal	development	 2.43	x	10-2	–	3.24	x	10-6	
Tissue	development	 2.43	x	10-2	–	3.24	x	10-6	
Cellular	growth	and	proliferation	 2.43	x	10-2	–	1.46	x	10-5	
Cellular	development	 2.43	x	10-2	–	9.80	x	10-5	
Cellular	function	and	Maintenance	 1.74	x	10-2	–	9.80	x	10-5	
Cell	morphology	 1.99	x	10-2	–	1.74	x	10-4	
Cell	cycle	 2.43	x	10-2	–	3.74	x	10-4	
Respiratory	disease	 2.21	x	10-2	–	3.04	x	10-4	
Cancer	 2.21	x	10-2	–	6.19	x	10-4	
Organismal	injury	and	abnormalities	 2.43	x	10-2	–	6.19	x	10-4	
Tumor	morphology	 1.99	x	10-2	–	6.19	x	10-4	
Inflammatory	Response	 2.43	x	10-2	–	1.71	x	10-3	
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Figure 2.9. Knowledge-fused differential dependency networks (KDDN) cluster map 

of nodes uniquely connected to genes in high fat or control offspring. A) F1 

generation, B) F3 generation. Single lined, green connections indicate gene interaction in 

HF offspring mammary gland. Double lined, red connection indicate gene interaction in 

CON offspring mammary gland. 
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Table 2.6. Upregulated and downregulated node genes in normal mammary glands of F1 and F3 generation mouse offspring of high fat 
fed dams, and their unique signaling connections, identified via KDDN analysis. Connection of the node genes in control offspring also 
shown. 
Upregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Alg6 
Encodes 
glucosyltransferase, critical 
role in N-glycosylation 
[Edlund et al. 2006] 

Sema5b↑ O-glycosylation of TSR domain-
containing proteins, Implicated in 
clear cell renal cell carcinoma [Hirota 
et al. 2006] as well as other age-
related diseases including cancer [He 
et al. 2016] 
 

Akr1c14↑ 3α-hydroxysteroid dehydrogenase 
enzyme; catalyzes conversion of 
potent testosterones into less potent 
forms [Bellemare et al. 2006] 

Dpf3 
Chromatin remodeling; 
associated with increased 
breast cancer risk, tumor 
size, earlier onset of 
disease, and lymph node 
metastases [Hoyal et al. 
2005]; also implicated in 
chronic lymphocytic 
leukemia through STAT5 
regulation [Theodorou et 
al. 2013] 
 
 
 
 
 
 
 
 
 

Ankef1↓ Calcium ion binding; found as 
significant predictor of prostate cancer 
in GWAS SNPs study [Jin et al. 2016] 

Parp8↓ Upregulated in acute leukemia 
[Fleischmann et al. 2014]; catalyzes 
post-translational modification of 
protein by addition of ADP-ribose 
moieties, contributes to survival of 
injured proliferating cells [Ame et 
al. 2004] 
 

  Mt-Ts2↑ RNA gene, affiliated with non-
coding RNA class, possible 
association with mitochondrial 
disorders [Tuppen et al. 2012] 
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(Table 2.6 continued)     
Upregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Grhl3 
Regulator of 
developmental processes; 
overexpression increases 
cell migration and invasion 
by downregulating E-
cadherin [Zhao et al. 
2016]; strongly implicated 
in breast cancer [Xu et al. 
2013] 

Id4↑ A lineage-dependent proto-oncogene 
that is overexpressed and amplified in 
a subset of basal-like breast cancers 
and confers a poor prognosis 
[Molyneux et al. 2010]. Suppresses 
BRCA1 [Baker et al. 2016, Huang and 
Esteller 2010] 
 

Gpcpd1↓ Downregulation reduces the 
migration capacity of tumor cells, 
and is a prognostic indicator of 
good outcome in endometrial and 
ovarian cancer [Lesjak et al. 2014] 

Igfbp6↓ 
 

IGF-1 binding protein; lower 
expression in malignant breast cancer 
compared to benign tumors [Kaulsay 
et al. 1999]; also overexpressed in 
lung cancer and rhabdomyosarcomas 
[Bach et al. 2013] 
 

Snora41↓ Long non-coding RNA linked to 
embryonic stem cell differentiation 
[Kiss et al. 2004]; upregulated in 
lung cancer [Bao et al. 2016] 

Magix 
Function not known 

Slc26a3↑ Glycoprotein, a marker of 
chemoresistance in ER+ breast cancer 
[de Ronde et al. 2012]  

Egr3↓ Mediates E2-induced breast cancer 
metastasis [Suzuki et al. 2007]; 
upregulated in endocrine resistant 
breast cancers  [Vareslija et al. 
2016]; increases aromatase in breast 
tissue [To et al. 2013]; maintains 
tumor immunosuppression 
[Sumitomo et al. 2013] 
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(Table 2.6 continued)     
Upregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Optc 
Extracellular matrix 
glycoprotein [Le Goff et 
al. 2012], found 
translocated to nucleus in 
chronic lymphocytic 
leukemia cells [Mikaelsson 
et al. 2013] 

Tbx2↑ Regulator of developmental processes; 
increased expression predicts poor 
prognosis for many cancer types, 
including head and neck cancers 
[Huang et al. 2014], gastric cancer [Yu 
et al. 2015], and breast cancer 
[Douglas et al 2013]; contributes to 
drug resistance in breast cancer 
[Wansleben et al. 2013] 
 

Slc6a2↑ Induces norepinephrine uptake  
[Torres et al. 2003]; upregulation 
lowers risk of pancreatic ductal 
adenocarcinoma [Li et al. 2013] and 
non-small-cell lung cancer [Sloan et 
al. 2009]  

Zbp1↓ Activator of innate immune response 
[Takaoka et al. 2007, Wang et al. 
2008] with potential to promote 
effective antitumor CD8+ T cell 
immunity [Lladser et al. 2009] 
 

Zfp683↑ Essential for formation of mature 
thymic natural killer cells [Vieira 
Braga et al. 2015] 

Downregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Akr1c14 
3α-hydroxysteroid 
dehydrogenase enzyme; 
catalyzes conversion of 
potent testosterones into 
less potent forms 
[Bellemare et al. 2006] 

Cdh24↑ Induces cell adhesion; mutation target 
in cancers with microsatellite 
instability, particularly gastric and 
colorectal cancers [An et al. 2014] 

Alg6↓ Encodes glucosyltransferase, 
critical role in N-glycosylation 
[Edlund et al. 2006] 

  Snora41↓ Long non-coding RNA linked to 
embryonic stem cell differentiation 
[Kiss et al. 2004]; upregulated in 
lung cancer [Bao et al. 2016] 
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(Table 2.6 continued)     
Downregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Mt-Ts2 
RNA gene, affiliated with 
non-coding RNA class, 
possible association with 
mitochondrial disorders 
[Tuppen et al. 2012] 

Egr3↑ Mediates E2-induced breast cancer 
metastasis [Suzuki et al. 2007]; 
upregulated in endocrine resistant 
breast cancers  [Vareslija et al. 2016]; 
increases aromatase in breast tissue 
[To et al. 2013]; maintains tumor 
immunosuppression [Sumitomo et al. 
2013]  
 

Dpf3↓ Genetic polymorphisms in Dpf3 
associated with increased breast 
cancer risk, tumor size, earlier onset 
of disease, and lymph node 
metastases [Hoyal et al. 2005] 

Parp8↑ Upregulated in acute leukemia 
[Fleischmann et al. 2014]; catalyzes 
post-translational modification of 
protein by addition of ADP-ribose 
moieties, contributes to survival of 
injured proliferating cells [Ame et al. 
2004] 
 

Zbp1↑ Activator of innate immune 
response [Takoaka et al. 2007, 
Wang et al. 2008] with potential to 
promote effective antitumor CD8+ 
T cell immunity [Lladser et al. 
2009]  

Pcdhga8↑ Establishes cell-cell connections 
[Kirov et al. 2003] 
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(Table 2.6 continued)     
Downregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Slc5a3 
Transporter, 
downregulation impairs 
cellular functions by 
causing accumulation of 
myoinositol, 
downregulated in type 2 
diabetes  [Lin et al. 2009] 

Gpcpd1↑ Decreased expression increases the 
migration capacity of tumor cells, and 
worsens prognosis of endometrial and 
ovarian cancer [Lesjak et al. 2014] 
 

Ier5l↓ Immediate early response gene; 
may mediate actions on PUFAs 
[Ferguson et al. 2016] 

Zfp467↑ Promotes adipocyte differentiation and 
inhibits osteoblast differentiation 
[Quach et al. 2011] 

Faap100↓ Required for E3 ligase function 
[Huang et al. 2014] 

  Lppr2↓ Peptide-ligand binding, GPCR 
signaling [Theofilopoulos et al. 
2008] 
 

Slc6a2 
Norepinephrine uptake 
regulator  [Torres et al. 
2003]; downregulation 
increases risk of pancreatic 
ductal adenocarcinoma [Li 
et al. 2013] and non-small-
cell lung cancer [Sloan et 
al. 2009] 

Jam3↑ Cell-cell adhesion; upregulation 
associated with poor prognosis for 
non-small cell lung cancer [Hao et al. 
2014] and gastric cancer [Hajjari et al. 
2013]; promotes ovarian tumor in 
mice [Leinster et al. 2013] 
 

Optc↓ Extracellular matrix glycoprotein 
[Le Goff et al. 2012], found 
translocated to nucleus in chronic 
lymphocytic leukemia cells 
[Mikaelsson et al. 2013] 

Slc6a9↑ Transporter that inhibits glycine 
signaling [Liu et al. 2009]; solute 
carrier 6 family is implicated in many 
cancers [Bhutia et al. 2016] 

Zbp1↑ Activator of innate immune 
response [Takoaka et al. 2007, 
Wang et al. 2008] with potential to 
promote effective antitumor CD8+ 
T cell immunity [Lladser et al. 
2009] 
 

  Zfp683↑ Essential for formation of mature 
thymic natural killer cells [Vieira 
Braga et al. 2015] 
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(Table 2.6 continued)     
Downregulated gene 
(function) 

Connections in 
HF offspring 

Consequence Connections in 
CON offspring 

Consequence 

     
Zbp1 
Activator of innate 
immune response 
[Takoaka et al. 2007, 
Wang et al. 2008] with 
potential to promote 
effective antitumor CD8+ T 
cell immunity [Lladser et 
al. 2009] 

Pcdhga8↑ Establishes cell-cell connections 
[Kirov et al. 2003] 

Slc6a2↑ Induces norepinephrine uptake  
[Torres et al. 2003]; upregulation 
lowers risk of pancreatic ductal 
adenocarcinoma [Li et al. 2013] and 
non-small-cell lung cancer [Sloan et 
al. 2009] 
 

Optc↑ Extracellular matrix glycoprotein [Le 
Goff et al. 2012], found translocated to 
nucleus in chronic lymphocytic 
leukemia cells [Mikaelsson et al. 
2013] 

Jam3↓ Cell-cell adhesion; downregulation 
linked to better  prognosis for non-
small cell lung cancer [Hao et al. 
2014] and gastric cancer [Hajjari et 
al. 2013];  upregulation promotes 
ovarian tumor in murine model 
[Leinster et al. 2013] 
 

   Mt-Ts2↑ RNA gene, affiliated with non-
coding RNA class, possible 
association with mitochondrial 
disorders [Tuppen et al. 2012] 
 

   Slc6a9↓ Transporter that inhibits glycine 
signaling [Liu et al. 2009]; solute 
carrier 6 family is implicated in 
many cancers [Bhutia et al. 2016] 
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2.3.5 Verification of RNAseq differential gene expression 

Attempts to validate the changes in gene expression seen in the RNAseq analysis 

between offspring of HF and CON fed dams indicated that of the 13 genes we chose to 

focus on, all were validated to the same direction as in RNAseq analysis (Fig. 2.10). 

However, the validation applied mostly to F3 generation offspring that exhibited a 

significant upregulation of all 8 upregulated genes studied:  AKT2, EGR3, HES1, ID4, 

JAM3, PCDHGA8, SLC26A10, and TBX2. None were significantly upregulated in F1 

generation offspring. Of the 5 downregulated genes (IGFBP6, OAS3, P21, SLFN1, and 

ZBP1), 3 were significantly and 2 non-significantly downregulated in F3 generation. In 

the F1 generation, 4 were significantly down-regulated.  
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Figure 2.10. Verification of differential gene expression. Validation by qRT-PCR of 

the following 13 DEGs identified in RNA sequencing analysis: A) Akt2 B) Egr3 C) Hes1 

D) Id4 E) Jam3 F) Pcdhga8 G) Slc26a10 H) Tbx2 I) Igfbp6 J) Oas3a K) p21 L) Slfn1 

M) Zbp1 (p<0.05, *different from CON, **different from F1 HF, ***different from F3 

HF; p<0.06, #marginal). 
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2.4 Discussion 

We found here that maternal intake of a HF n-6 PUFA diet, starting on GD 10 during the 

2nd half of pregnancy and continuing until the end of pregnancy, increased estrogen 

receptor positive (ER+) mammary cancer risk in F1 and F3 generation mouse offspring.  

It has been debatable if epigenetic changes induced by maternal exposures during 

pregnancy can persist in F3 generation embryos, because when F1 generation germ cells 

become fertilized parental DNA methylation patterns are erased in the zygote [Heard and 

Martienssen 2014, Seisenberger et al. 2012, Skinner  et al. 2013]. However, a growing 

number of studies indicate that some genes in preimplantation zygotes can escape the 

complete loss of methylation marks that were established during reprogramming events 

of germ cells [Chalamalasetty et al. 2011, Orozco et al. 2014]. Further, it has been shown 

that changes in histone marks in the preconception oocytes can be transmitted across 

generations [Gaydos et al. 2014]. Results of our studies, as well as multiple other studies, 

indicate that various maternal exposures given after the 1st week of gestation, such as 

endocrine disruptors EE2, TCDD, vinclozolin, or DDT in rats, or bisphenol A or VPA in 

mice, cause transgenerational alterations seen in F3 generation offspring[de Assis et al. 

2012, Ma et al. 2015, Anway et al. 2006, Skinner et al. 2013, Ziv-Gal et al. 2015, Choi et 

al. 2016]. 

 

Why then is the F3 generation not affected, if the exposure starts before conception and 

involves both preimplantation period and the period when PGCs travel to the genital 

ridge[de Assis et al. 2012]?  It is possible that although F1 generation PGCs are affected 

directly by HF environment in both our earlier study and here, the changes can be 
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transgenerationally inherited only if the somatic cells in the blastocyst giving rise to 

PCGs were not also affected [de Assis et al. 2012]. If true, maternal exposures that start 

before conception and continue through pregnancy can only have multigenerational 

effects involving F1 and F2 generations, but not F3 generation.  

 

To determine if similar changes occur in gene transcription in F1 and F3 generations, 

when they are caused by a direct exposure in F1 generation or inherited in F3 generation 

through the germ line, we performed RNAseq analysis using normal mammary glands, 

unexposed to the carcinogen DMBA, obtained from 100 day-old offspring of HF and 

CON fed dams. Surprisingly, over 3 times more DEGs were seen in F3 than in F1 

generation mammary glands. Other groups have also reported greater gene transcription 

differences in F3 generation of dams exposed after the 1st week of gestation.  Jing Ma et 

al. found that maternal exposure to TCDD between GD 8-14 resulted in a greater increase 

in both mRNA and protein expression of the imprinted gene insulin-like growth factor-2 

(IGF2) in the rat liver of F3 than F1 offspring [Ma et al 2015]. The increase was not 

caused by differences in DNA methylation patterns, which appeared similar in F1 and F3 

generation offspring [Ma et al. 2015]. Consistent with these data, the differences in DNA 

methylation we found in F1 and F3 generations between control and maternal EE2 

exposure groups were similar [de Assis et al. 2012]. Thus, other mechanisms than 

changes in DNA methylation likely explain the increase in DEGs in the F3 generation 

offspring, compared with F1 generation offspring. 
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From all the DEGs found in our RNAseq analysis, we selected the ones that were 

similarly altered in both F1 and F3 HF offspring compared with their controls for further 

analysis, as there possibly exists a connection between these DEGs and the 

transgenerational inheritance of increased breast cancer risk. According to IPA, top 

biological functions of DEGs were (i) development (cellular, embryonic, organ, 

organismal, and tissue), (ii) cellular functions (cell cycle, proliferation, and morphology) 

as well as (iii) cancer and tumor morphology and (iv) inflammatory response (Table 2.5). 

Considering that the main component of our HF diet is corn oil, a source of n-6 PUFA, it 

is unsurprising to find inflammatory response on this list of affected biofunctions. As a 

precursor for arachidonic acid (AA), which can then be converted into various 

eicosanoids, n-6 PUFAs and its AA-derived eicosanoids is considered proinflammatory 

and associated with many inflammatory diseases, such as various types of cancer [Rose 

1997, Su et al. 2004, Yu et al. 2008, Liu et al. 2001].  

 

Five top upstream regulators of the 48 DEGs were DLL3 (Notch ligand), JAG1 (Notch 

ligand), MSGN1 (transcriptional activator of a notch signaling program), and IRF3 and 

IRF7 that are both key transcriptional regulators of interferons and macrophages [Penton 

et al. 2012, Chalamalasetty et al. 2011, Gonzalez et al. 2015]. Notch signaling may also 

regulate IRF activity [Zhou et al. 2014]. These results suggest that Notch signaling may 

be altered by maternal HF intake. Notch signaling was among the five top pathways 

altered by maternal high fat intake, in addition to VDR/RXR and FXR/RXR activation, 

hereditary breast cancer signaling and PTEN signaling. Earlier studies have found that 

maternal HF intake increases offsprings’ Notch signaling in the hippocampus and neural 
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stem cells in mice [Mendes-da-Silva et al. 2015, Yu et al. 2014].  As the Notch pathway 

regulates stem cell maintenance, cell fate specification, differentiation, proliferation, 

motility and survival during embryonic development and in cancers, our findings indicate 

that upregulation of Notch signaling in the normal mammary glands in F1 and F3 

generation offspring of HF fed dams may contribute to their increased mammary cancer 

risk [Penton et al. 2012].   

 

To further characterize the functional roles of the DEGs, the networks hosted by these 

genes were constructed using knowledge-fused differential dependency network (KDDN) 

analysis [Tian et al. 2015]. KDDN identifies differential connections among transcription 

factors that exist only in the mammary glands of offspring of HF fed dams or only in the 

control offspring. In the HF group, genes identified to be connected to the node genes 

were related to poor prognosis (SEMA5B, ID4, TBX2, GRHL3, DPF3), increased cellular 

proliferation and migration (GRHL3, PARP8, JAM3), and altered immune response 

(ZBP1 and EGR3). As an example, the KDDN analysis indicated that upregulated 

GRHL3 interacted with ID4 and IGFBP6 in HF group, whilst its downregulation in 

control group interacted with GPCPD1 and SNORA41. Upregulation of GRHL3 is 

strongly implicated in breast cancer, possibly by increasing epithelial-mesenchymal 

transition [Xu et al. 2014, Zhao et al. 2016].  ID4, upregulated in HF offspring, is 

associated with poor prognosis of breast cancer, inhibits BRCA1 function in basal-like 

breast cancer and promotes chemoresistance [Baker et al. 2016, Qi et al. 2016].  IGFBP6 

was downregulated in HF group, and it is generally considered a tumor suppressor 

[Lesjak et al. 2014]. The interactions of downregulated GRHL3 in the control group with 
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downregulation of GPCPD1 and SNORA41 are indicative of good cancer prognosis 

[Lesjak et al. 2014, Bao et al. 2016, Harrison et al. 2010].  Changes in the expression of 

these cancer-related genes suggest that maternal HF n-6 PUFA diet may not only lead to 

a transgenerational increase in breast cancer risk, but it may also increase breast cancer 

mortality. This conclusion is consistent with our recent finding showing that maternal 

EE2 exposure during pregnancy increased resistance of ER+ mammary tumors in the 

offspring to antiestrogen therapy [Hilakivi-Clarke 2016]. 

 

2.5 Conclusion 

Our findings indicate that starting consuming a HF n-6 PUFA diet between GD10 – 20 

during pregnancy causes a transgenerational increase in mammary cancer risk in mice. 

We also observed over 3-fold more changes in the mammary gland transcriptome in F3 

than F1 generation offspring of HF fed dams suggesting that germline inheritance of 

increased mammary cancer risk may involve additional pathways than those altered in the 

adult mammary gland by a direct exposure of the fetal somatic cells.   
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Chapter 3 REVERSING MAMMARY CANCER RISK FROM IN UTERO 

HIGH FAT DIET BY TARGETING THE EPIGENETIC 

MECHANISM 

 

3.1  Introduction 

As of 2016, 1 in 8 women in the United States will develop breast cancer within their 

lifetime with an estimated 40,450 to die from it annually [Ferlay et al. 2015, Komen 

2016]. Studies show that in utero subjection to hormonally affecting exposures, such as a 

diet high in n-6 PUFA, plays a critical role in affecting the offsprings’ breast cancer risk 

[Symonds et al. 2009, Hilakivi-Clarke et al. 1997]. The estrogenic activity [Hilakivi-

Clarke et al. 1996 and 1997] and inflammatory characteristic [Schmitz and Ecker 2008] 

of a HF n-6 PUFA diet can modify the fetus and increase its later susceptibility to breast 

cancer [Hilakivi-Clarke et al. 1997, de Assis et al. 2012, Stark et al. 2003, Walker 1990, 

Luijten et al. 2004].  

 

The epigenetics of environmental exposures and lifestyle choices greatly affect an 

individual’s breast cancer risk, with genetics attributed to less than 10% of all cases of 

breast cancer in the US [Basse and Arock 2015, Antoniou and Easton 2006, Oldenburg et 

al. 2007]. Epigenetic alterations acquired during early development are the heritable 

changes in gene expression without affecting DNA sequence, and include mechanisms 

such as DNA methylation and histone modifications [Berger et al. 2009, Holliday and 

Pugh 1975, Turner 1998]. These alterations could lead to silencing of key tumor 

suppressor genes or to the activation of oncogenic genes [Dworkin et al. 2009]. The 
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upside to these epigenetic changes are that they are potentially reversible [Basse and 

Arock 2015]. Several epigenetic drugs (epi-drugs) has been developed in an effort to 

target these alterations in cancers, particularly focused on the mechanisms of DNA 

methyltransferase (DNMT) activity of methylation of cytosine to methylcytosine and 

histone deacetylase (HDAC) removal of acetyl groups from lysine residues on histone 

tails [Estey 2013, Gnyszka et al. 2013, Singh et al. 2009, Damaskos et al. 2017, 

Gottlicher et al. 2001]. These inhibitors of DNMTs (DNMTi) and HDACs (HDACi) have 

had some success in treatment of cancer, with several drugs approved by the Food and 

Drug Administration for use in cancer therapy.  

 

The problems with some current cancer epigenetic drug therapy is the inconclusiveness 

of results when given as monotherapy; while other drugs, such as azacytidine and its 

derivatives, have proven benefit but toxicity is too high, making their use extremely risky 

[FDA 2016, Therasse et al. 2000, Stresemann and Lyko 2008]. Given how long and 

expensive it is to develop new drugs, drug repurposing has gained steam as an alternative, 

by taking FDA approved therapy with proven low toxicity and potential epigenetic 

properties; testing them for effectiveness in cancers. VPA was originally developed for 

the treatment of neurological disease such as epilepsy and bipolar disease but has been 

tested in the treatment of cancer due to its HDACi effects [Gottlicher et al. 2001, 

Kurwale et al. 2016, Peselow et al. 2016]. Hydralazine is a hypertension medication 

successfully used in treatment of myelodysplastic syndrome due to its DNMTi properties 

[WHO 2009]. Preclinical studies and clinical trials have found some success in 

combining these two drugs with traditional therapy in an effort to treat cancers due to 
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their low toxicity [Hilakivi-Clarke et al. 2016, Bauman et al. 2014, Duenas-Gonzalez et 

al. 2014, Arce et al. 2006] and ability to resensitize therapy-resistant cancer cells [Mani et 

al. 2014, Hilakivi-Ckarke et al. 2016]. From a previous study, we found that rats exposed 

to EE2 in utero responded better to tamoxifen treatment when given in combination with 

VPA and hydralazine, suggesting that the epigenetic reversal by these drugs could 

prevent in utero exposures to increasing later breast cancer risk [Hilakivi-Clarke et al. 

2016]. Owing to the original purpose of VPA and hydralazine, these drugs can be given 

chronically, allowing for long-term use of the medication [Kurwale et al. 2016, WHO 

2009, Hilakivi-Clarke et al. 2016]. We propose that VPA and hydralazine in combination 

could be given at low chronic doses to reverse the increased risk of breast cancer 

associated with in utero exposures to hormonally high fetal environment caused by a 

maternal diet high in n-6 PUFA.   

 

To test the possibility that HDACi and DNMTi given as a preventative measure could 

reverse the increased mammary tumorigenesis risk seen in in utero HF exposed female 

offspring, we gave VPA and hydralazine in drinking water (epi-treatment) to 

C57BL/6NTac mice following carcinogen induction of mammary tumors by DMBA. Our 

study shows that mammary cancer risk increased by in utero exposure to HF diet can be 

reduced by taking HDACi and DNMTi in adulthood as a preventive measure prior to 

mammary tumor formation. Analysis of tumorigenesis data reveals that this preventive 

treatment is effective only in in utero HF exposed offspring, indicating that it is critical to 

identify at risk individuals before giving them epi treatment.  
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3.2  Materials and Methods 

 

3.2.1  Breeding and dietary exposure 

Male and female C57BL/6NTac mice were obtained from Taconic Biosciences 

(Germantown, NY) and housed in standard rodent housing at constant temperature, 

humidity, and a 12-hr light/dark cycle at Georgetown University’s Department of 

Comparative Medicine (DCM), in accordance with all institutional and federal 

regulations. 

 

(Fig. 3.1a) 7 week old mice were mated by housing 2 females together with 1 male per 

cage. Upon mating, mice were randomly divided into two groups and fed a CON diet 

until pregnancy was verified by a presence of a mucus copulatory plug in the vaginal 

opening (GD0). From GD10-20, the pregnant dams (F0) were divided into two groups 

and fed either a HF diet containing 43% energy from fat, 18% CO and 1% SBO (Table 

2.1), or continued on the CON diet (17% energy from fat, 6% CO, 1% SBO, Table 2.1). 

The HF diet was made isocaloric with the CON diet by replacing some carbohydrates 

with non-energy containing cellulose (fiber). Corn oil contains high levels of n-6 PUFAs. 

Both diets contained 1% SBO to ensure that pregnant dams received sufficient level of n-

3 PUFAs. Offspring of both groups were fed only CON diet. 
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Figure 3.1. Histone deacetylase inhibitor and DNA methyltransferase inhibitor 
(HDACi/DNMTi) study design. A) Pregnant C57BL/6NTac mice (F0) were fed either 
high fat (HF, n=10) or control (CON, n=10) diet.  HF diet was fed to dams from 
gestational day (GD) 10 to GD20.  All offspring were fed CON diet for the remainder of 
the study. B) All pups were cross-fostered at birth (post-natal day, PND1) to a CON 
mother to eliminate litter bias.  Pups were weighed on PND2-3 and weaned on PND21.  
Tumorigenesis was initiated on PND42 by priming female mice with 
medroxyprogesterone acetate (MPA, 15mg/kg) followed by oral gavage of DMBA (1 
mg/dose/week) the following week for 3 weeks.  Tumorigenesis was monitored by 
palpation once per week, starting 3 weeks after final DMBA administration, up to 20 
weeks post-DMBA, and mammary glands (MGs) and tumors were collected and 
processed. Animals were treated with 1.2 g/kg VPA and 5 mg/kg hydralazine in drinking 
water starting one week after final DMBA. MGs also were obtained from female 
offspring unexposed to DMBA on PND30, 50, and 100 for whole mounts.  
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3.2.2 Mammary tumorigenesis 

To induce mammary tumors (Fig. 3.1b), female C57BL6/NTac mice were first primed 

with 15 mg/kg of MPA (Greenstone, Peapack, NJ) at PND42. One week later, 1 mg of 

DMBA (Sigma, St. Louis, MO) was administered by oral gavage for 3 times at one week 

intervals between doses. After the last DMBA dose, tumor development was monitored 

by palpation once a week for 20 weeks. If tumors were detected, their sizes were 

measured by calipers. The following endpoints were determined: incidence (number of 

mice with tumors), latency (time to first tumor), multiplicity (number of tumors per 

mouse), and burden (total tumor volume per mouse). Overall health of mice was 

monitored daily. A mouse was euthanized prior to the end of tumor monitoring period if 

it lost significant amount of weight or if tumor reached 10% of mouse’s body weight. 

Tumor histopathology was assessed by certified pathologist.  

 

Kaplan-Meier survival curves were used to assess differences in tumor incidence between 

groups, followed by log rank test. Tumor latency and multiplicity differences were 

assessed by t-test. Difference in tumor burden was assessed by repeated measure one-way 

ANOVA. 

 

3.2.3 Administration of hydralazine and valproic acid 

(Fig. 3.1b) One week following the final dose administration of DMBA, female offspring 

from both CON and HF exposed groups were randomly selected for epi-treatment will 

receive water with 1.2 g/kg VPA (Sigma, Milwaukee, WI) and 5 mg/kg hydralazine 

(Sigma, Milwaukee, WI) based off of subjects’ body weight. Treatment animals have 
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unlimited access to epi water. VPA and hydralazine water packs made fresh weekly. 

Administration of epigenetic water continues until end of study at 20 weeks following 

final DMBA administration.  

 

3.2.4 Tissue collection 

At the end of tumor monitoring period, experimental animals were euthanized, and whole 

blood was collected via cardiac puncture and placed into serum gel separator tubes. We 

then collected mammary glands and tumors, resected a portion for formalin-fixed paraffin 

embedding and flash froze the remaining tissues in cryotubes in liquid nitrogen.  

 

3.2.5 RNA extraction and cDNA synthesis 

Total RNA was extracted from the mammary glands and tumors by using Qiagen RNeasy 

Micro kit (Qiagen, MD) with on column DNAse digestion (Qiagen, MD) per the 

manufacturer’s protocol. Concentration and purity of the extracted RNA was determined 

by Nanodrop 1000 spectrophotometer (Thermo Scientific, DE). Quality of the samples 

was assessed in the 2100 Agilent Bioanalyzer (Agilent Technologies, CA) for RNA 

integrity number (RIN > 7.0) and concentration (minimum 70ng/µL). RNA (2 µg) per 

sample was used to generate cDNA via reverse transcription using the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, CA) and ran on a PTC-100 

thermal cycler (Bio-Rad, CA).  
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3.2.6 Quantitative real-time polymerase chain reaction 

Product cDNA was brought to a working concentration of 5 ng/µL and mixed with 

Absolute qPCR SYBR Green ROX mix (Thermo Fisher Scientific, MA) and gene 

specific forward and reverse primers. Primers used in qPCR analysis were designed using 

IDT tool primer design (Integrated DNA Technologies, IA, primer sequence found in 

Table 3.1). Real-time qPCR was carried out using a 7900HT Real-Time PCR system 

(Applied Biosystems, CA). Expression of target gene was calculated by Relative 

Standard Curve Method normalized to the housekeeping gene GAPDH. 

 

Statistical differences between CON and F1 HF and F3 HF groups assessed by one way 

ANOVA. 
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Table 3.1. Primers used in Chapter 3 
Gene ID Sequence 
mDnmt1 F GACCTACTTGAGAGCATCCAG 
mDnmt1 R TTCCCTTTCCCTTTGTTCCC 

  mDnmt3a F GGACTTTATGAGGGTACTGGC 
mDnmt3a R GATGTCCCTCTTGTCACTAACG 

  mDnmt3b F GTACCCCATCAGTTGACTTGAG 
mDnmt3b R TTGATCTTTCCCCACACGAG 
mHdac2 F TGGTGATGGTGTTGAGGAAG 
mHdac2 R CTCATGGGAAAATTGACAGCATAG 

  mHdac1 F TGTCTCAATGTGCCCTTACG 
mHdac1 R CCTAATCGATCACAGCCCAG 

  mClca1 F ATAGGAGCATGTGGAGAAAAGG 
mClca1 R TCATTAAACACTCCCCATCGG 

  mCdkn2a F GAACTCTTTCGGTCGTACCC 
mCdkn2a R CAGTTCGAATCTGCACCGTAG 
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3.2.7 Protein isolation and immunoblotting 

Protein levels were assessed by Western blot in MGs and tumors. Total protein was 

extracted from tissues using RIPA lysis buffer (0.1% SDS, 0.5% Sodium Doxycholate, 

1% NP-40, 1 mM EDTA, 1 mM sodium orthvandate, 1 mM PMSF, 5 mM 

pyrophosphate, 10 mM glycocerophosphate, 50 mM Tris-HCl pH 7.4, 150 mM NaCl) 

with Complete Mini Protease Inhibitor (Roche, Germany). Protein concentration was 

measured using BCA Protein Assay kit (Thermo Scientific) per manufacturer’s protocol.  

Protein extracts were separated on a 4-12% gradient denaturing poly-acrylamide gel 

(SDS-PAGE). Proteins were then transferred to a nitrocellulose membrane using the 

Invitrogen iBlot 7-min Blotting System.  This was followed by blocking with 5% nonfat 

dry milk, then incubated with the specific primary antibody overnight at 4°C. After 

several washes, membranes were incubated with secondary antibody at room temperature 

for 1 hour. Membranes were developed using HyGLO Chemiluminescent HRP antibody 

detection spray and developed on Amersham imaging system. Protein level was 

determined by band intensity using Quantity One software (Bio-Rad). 

 

3.3  Results 

 

3.3.1 Effect of HDACi/DNMTi on in utero high fat exposed mammary 

tumorigenesis 

Treatment with VPA and hydralazine increased the distribution of malignant versus 

benign mammary tumor among the offspring, irrespective of dietary exposure. Offspring 

not given epi-treatment had 58% and 66% malignant mammary tumors in CON and HF, 
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respectively (Fig. 3.2a). Offspring who received epi-treatment had 88% and 90% 

malignant mammary tumors in CON and HF, respectively (Fig. 3.2b).  

 

When assessing differences in tumor incidence, only those with malignant phenotype 

were included to the analysis. Female offspring exposed to HF diet through a pregnant 

dam, but did not receive epi-treatment exhibited increased tumor incidence  (Fig. 3.3a, 

p<0.016) over their untreated CON counterparts. Female offspring exposed to both the 

HF diet in utero and the epi-treatment had no significant difference in their tumor 

incidence (Fig. 3.3b, p=0.126) compared to their CON epi-treated counterpart. However, 

starting from week 13, there is a separation of the two groups, with the CON-epi group 

have higher tumor incidence. Among the offspring exposed to in utero HF, there is no 

difference in tumor incidence (Fig. 3.3c, p=0.278). Among the CON offspring, the ones 

treated with epi-water had a significantly increased tumor incidence (Fig. 3.3d, p=0.010) 

over their untreated counterparts.  

 

Tumor burden followed a similar trend, with offspring not given epi-treatment seeing a 

significantly increased tumor burden in HF exposed offspring (Fig. 3.4a, p=0.027) over 

CON. When both dietary exposure groups are treated with epi-water, there is a significant 

decrease of tumor burden in the HF exposed animals (Fig. 3.4b, p=0.008) compared to 

the CON-epi group. Among the HF exposed offspring, epi-treatment significantly 

lowered tumor burden (Fig. 3.4c, p<0.0001). And between the CON offspring, epi-

treatment significantly increased mammary tumor burden (Fig. 3.4d, p=0.008).  
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Tumor latency was significantly decreased by HF exposure (Fig. 3.5a, p=0.028), though 

was not significantly affected by the epi-treatment in the HF animals, seeing no 

difference compared to CON-epi (Fig. 3.5b, p=0.176) or to untreated HF offspring (Fig. 

3.5c, p=0.121). However, among the CON offspring, epi-treatment significantly 

decreased tumor latency time (Fig. 3.5d, p=0.044).  

 

Tumor multiplicity saw no differences due to diet, nor to epi-treatment (Fig. 3.6).  
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Figure 3.2. Effect of HDACi/DNMTi on mammary tumor pathology.  A) Tumor 

status of untreated CON and HF offspring and B) tumor status of epi-treated CON and 

HF offspring  
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Figure 3.3. Effect of HDACi/DNMTi on mammary tumor incidence. A) No epi 

treatment, CON vs HF: p<0.016, CON: 36.7%, n=30, HF: 67.9%, n=28. B) CON-epi vs. 

HF-epi: p=0.126, CON-epi: 77.8%, n=18, HF-epi: 56.67%, n=30 C) HF vs. HF-epi: 

p=0.278, HF: 67.9%, n=28, HF-epi: 56.67%, n=30 D) CON vs. CON-epi:p=0.010, CON: 

36.7%, n=30, CON-epi: 77.8%, n=18. 
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Figure 3.4. Effect of HDACi/DNMTi on mammary tumor burden. A) No epi-

treatment, CON vs. HF: p=0.027, CON: n=11, HF: n=19 B) CON-epi vs. HF-epi: 

p=0.008, CON-epi: n=14, HF-epi: n=16 C) HF vs. HF-epi: p<0.0001, HF: n=19, HF-epi: 

n=16 D) CON vs. CON-epi:p=0.008, CON: n=11, CON-epi: n=14. 
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Figure 3.5. Effect of HDACi/DNMTi on mammary tumor latency. A) No epi-

treatment, CON vs. HF: p=0.028, CON: Mean=17.800, SEM=0.885, n=30, HF: 

Mean=14.430, SEM=1.220, n=28 B) CON-epi vs. HF-epi: p=0.176, CON-epi: 

Mean=14.830, SEM=1.109, n=18, HF-epi: Mean=16.730, SEM=0.84, n=30 C) HF vs. 

HF-epi: p=0.121, HF: Mean=14.430, SEM=1.220, n=28, HF-epi: : Mean=16.730, 

SEM=0.84, n=30 D) CON vs. CON-epi:p=0.044, CON: Mean=17.800, SEM=0.885, 

n=30, CON-epi: Mean=14.830, SEM=1.109, n=18.   
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Figure 3.6. Effect of HDACi/DNMTi on mammary tumor multiplicity. A) No epi-

treatment, CON vs. HF: p=0.664, CON: Mean=1.364, SEM=0.203, n=11, HF: 

Mean=1.263, SEM=0.129, n=19 B) CON-epi vs. HF-epi: p=0.832, CON-epi: 

Mean=1.286, SEM=0.125, n=14, HF-epi: Mean=1.250, SEM=0.112, n=16 C) HF vs. HF-

epi: p=0.940, HF: Mean=1.263, SEM=0.129, n=19, HF-epi: Mean=1.250, SEM=0.112, 

n=16 D) CON vs. CON-epi:p=0.736, CON: Mean=1.364, SEM=0.203, n=11, CON-epi: 

Mean=1.286, SEM=0.125, n=14.  
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3.3.2 Effect of HDACi/DNMti on DNA methyltransferase and histone deacetylase 

enzymes in the mammary gland. 

To determine the targets of our epigenetic preventive therapy, we looked at the gene 

expression of the epigenetic enzymes using qRT-PCR. In the mammary gland, we found 

DNMT1 to be unaffected by the epi-treatment (Fig. 3.7a). However, DNMT3A (Fig. 

3.7b), DNMT3B (Fig. 3.7c), HDAC1 (Fig. 3.7d), and HDAC2 (Fig. 3.7e) were all 

increased significantly in the CON offspring treated with VPA and hydralazine.  

 

3.3.3 Effect of HDACi/DNMti on DNA methyltransferase and histone deacetylase 

enzymes in the mammary tumors. 

We then looked at the gene expression of these enzymes in the mammary tumors and 

found a similar trend, except that this time the epi-treatment significantly increased all 

three DNMTs and HDAC1 in both the CON and HF offspring (Fig. 3.8). 
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Figure 3.7. Effect of HDACi/DNMti on DNA methyltransferase and histone 

deacetylase enzymes in the mammary gland.  qRT-PCR of DNA methyltransferase and 

histone deacetylase enzymes in mammary tumor. (*p<0.05, by two-way ANOVA) 
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Figure 3.8. Effect of HDACi/DNMti on DNA methyltransferase and histone 

deacetylase enzymes in the mammary tumor.  qRT-PCR of DNA methyltransferase 

and histone deacetylase enzymes in mammary tumor. (*p<0.05, by two-way ANOVA) 
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3.3.4 Tumor suppressor gene expression affected by HDACi/DNMTi treatment 

Gene expression analysis of tumor suppressor genes revealed CLCA1 to be 

downregulated in the HF offspring and was subsequently rescued by epi-treatment (Fig. 

3.9a). This was also observed in the case of the tumor suppressor CDKN2A in the 

mammary tumors, downregulation of the tumor suppressor by in utero HF exposure, and 

brought back up to the same level as CON offspring by epi-treatment (Fig. 3.9b). 

 

3.3.5 HDACi/DNMTi effect on endoplasmic reticulum stress, autophagy, and 

hypoxia  

To further ascertain what these effects had downstream of gene regulation, we performed 

protein isolation and immunoblotting on the mammary tumors and found proteins related 

to endoplasmic reticulum stress, hypoxia, and autophagy. PERK protein levels were 

elevated in in utero HF exposed offspring, epi-treatment raised PERK levels in the CON 

offspring (Fig. 3.10a). This was observed for the autophagy marker p62 (Fig. 3.10b) and 

the hypoxia marker HIF-1α (Fig. 3.10c).  
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Figure 3.9. Tumor suppressor expression affected by HDACi/DNMTi. Gene 

expression analysis of tumor suppressor genes by qRT-PCR A) CLCA1 and B) CDKN2A 

(*p<0.05, by two-way ANOVA)  
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Figure 3.10. HDACi/DNMTi effect on enoplasmic reticulum stress, autophagy, and 

hypoxia. Western blot analysis in mammary tumors: A) PERK B) p62 C) HIF-1α (* 

p<0.05 by two-way ANOVA, normalized to ACTIN) 
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3.4 Discussion 

We found here that administration of the HDACi VPA and DNMTi hydralazine in 

adulthood, starting soon after mammary tumors were initiated with DMBA and prior to 

tumor formation, was able to reduce the increased ER+ breast tumor burden observed in 

in utero HF exposed mice. We had previously reported that a maternal diet high in n-6 

PUFAs increases pregnancy estrogen levels and thus fetal estrogenic environment, 

potentially increasing the offspring’s later risk for breast cancer in adult life [Hilakivi-

Clarke et al. 1997, de Assis et al. 2012]. It was hypothesized that these in utero derived 

changes could be driven by epigenetic mechanisms, evidenced by the global epigenetic 

reprogramming that takes place during fetal development [de Assis and Hilakivi-Clarke 

2006, Hilakivi-Clarke and de Assis 2006, Wang et al. 2014].  

 

Current aims with epigenetic therapy are to treat the cancer, once diagnosed, with HDAC 

and DNMT inhibitors in conjunction with traditional therapy to improve response to the 

standard treatment or resensitize cancer cells that have become resistant to those 

aforementioned treatments [Flis et al. 2014]. Our study, on the other hand, proposed to 

identify individuals at high risk of breast cancer, based upon in utero exposures, and give 

epi-drugs as a preventative measure at low doses and over an extended period of time.  

This is attained by using VPA and hydralazine, two FDA approved drugs with abilities to 

act as HDAC and DNMT inhibitors, respectively. Further, these two drugs are safe to be 

taken by healthy individuals for prolonged time, as they exhibit minimal toxicities and 

are well-tolerated [WHO 2009, Kurwale et al. 2016]. We are able to treat the animals 

chronically with these drugs due to the nature of disease that the drugs were originally 
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designed to target; i.e., epilepsy and bipolar disease for VPA and hypertension for 

hydralazine [WHO 2009, Kurwale et al. 2016, Peselow et al. 2016]. All these illnesses 

require chronic intake of therapeutic agents. Previous preclinical studies have shown that 

combination therapy of HDACi and DNMTi to be efficacious in targeting breast cancers 

in vitro and in vivo [Yamanegi et al. 2012, Hilakivi-Clarke et al. 2016]. Clinical trials 

have had success in combining specifically these two drugs with traditional therapy in the 

treatment of cancers [Bauman et al. 2014]. In particular, our lab has shown that ER+ 

mammary tumors in animals exposed in utero to estradiol responded better to tamoxifen 

when co-treated with VPA and hydralazine [Hilakivi-Clarke et al. 2016].  

 

Although VPA and hydralazine have relatively low toxicities, the issue concerning 

specificity of these drugs could not be addressed here. Hydralazine, as a pan-inhibitor of 

DNMTs, and VPA, as an inhibitor of both class I and class II HDAC, both have a host of 

targets [Gottlicher et al. 2001, Singh et al. 2009]. Aside from its HDACi function, VPA is 

also a potent GSK3β inhibitor and interferes in Akt, ERK, and phosphoinositol pathways 

[Kostrouchova et al 2007]. The interaction of VPA with β-catenin and the Wnt pathway 

may potentially explain the increase in tumorigenesis observed in the CON offspring 

given epi-treatment [Jope et al. 2007]. Whether our data can be explained by the action of 

VPA and hydralazine through the other targets, remains to be investigated.  

 

We noted here that in contrast to the ability of VPA and hydralazine to reduce increased 

mammary tumor burden in the in utero HF exposed mice, the CON offspring did not 

benefit from these drugs. Rather, CON offspring treated with HDAC and DNMT 
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inhibitors exhibited an increase in tumorigenesis over their untreated counterpart, 

suggesting the benefits of this preventive therapy is limited to those exposed to elevated 

in utero HF environment. This is not altogether surprising considering that control mice 

have not undergone epigenetic modifications reported to be caused by maternal HF diet, 

and therefore the drugs could have caused upregulation of oncogenes, instead of tumor 

suppressor genes potentially silenced by in utero dietary modifications [de Assis et al. 

2012].  

 

To ascertain the targets of our epigenetic therapy, we assessed the expression of DNMTs 

and HDACs in the mammary glands and tumors of in utero HF or control diet fed 

animals, both treated and untreated with epi-drugs. We found that in the DMBA-induced 

mammary glands in VPA and hydralazine -treated CON mice, there was an upregulation 

of DNMT3A and DNMT3B over their untreated counterpart, indicating an increase in de 

novo methylation activity [Okano et al. 1998, Gowher and Jeltsch 2001]. We also found 

HDAC1 and HDAC2 to be significantly elevated in epi-treated CON offspring. The 

increase in methylation could potentially increase epigenetic silencing of key 

proapoptotic, cell cycle-inhibitor, or DNA repair genes [Lustberg and Ramaswamy 2011, 

Esteller et al. 2002, Radpour et al. 2011]. However, we found no evidence of gene 

suppression in the CON group. Expression of DNMTs and HDACs was unaffected in the 

mammary glands of HF offspring treated with VPA and hydralazine. These findings do 

not rule out the possibility that the two drugs acted as HDAC and DNMT inhibitors and 

reversed increased methylation of some key tumor suppressor genes, leading to 

prevention of increased mammary cancer risk in HF offspring.  
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In the mammary tumors, VPA and hydralazine increased the expression of DNMT1, 

DNMT3a, DNMT3b and HDAC1 in both the control and HF offspring. This could 

indicate that these drugs alone are not beneficial in animals with mammary tumors. Our 

earlier study in the offspring of dams exposed to EE2 or vehicle during fetal development 

through a pregnant dam support this conclusion, as starting VPA and hydralazine 

treatment when ER+ mammary tumors were detectable did not prevent their growth 

[Hilakivi-Clarke et al. 2016].  In the present study, we found no evidence that 

upregulation of the epigenetic enzymes in the mammary tumors by VPA and hydralazine 

prevented cancer-related increase in oncogene expression. In contrast, we observed that 

oncogene Kras mRNA was upregulated in the mammary tumors in control rats treated 

with VPA and hydralazine [Hilakivi-Clarke et al. 2016]. In the HF offspring, tumor 

suppressor CDKN2A mRNA expression was significantly downregulated in the 

mammary tumors, and treatment with VPA and hydralazine reversed this 

downregulation. Thus, despite increasing the expression of DNMTs and HDACs in the 

mammary tumors of HF offspring, VPA and hydralazine were able to normalize the 

levels of a key tumor suppressor gene CDKN2A. CDKN2A is decreased in the HF 

offspring. Matching with earlier results that show reactivation of CDKN2A in cancer cells 

exposed to hydralazine and in human patients, CDKN2A may be one of the key tumor 

suppressor genes downregulated in cancer by epigenetic means and a potential target to 

inhibit increased mammary cancer risk in the offspring exposed to HF environment 

through a pregnant dam [Segura-Pacheco et al. 2003, Zambrano et al. 2005, Khan et al. 

2016]. 
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We found mRNA expression of calcium-activated chloride channel regulator 1 (CLCA1) 

to be downregulated in the mammary glands by maternal HF diet, compared with control 

offspring, and upregulated by VPA and hydralazine treatment. CLCA1 has been found to 

be decreased in colorectal cancer, and CLCA1 and its paralogs CLCA2, -3, and -4, found 

to have tumor suppressor function, possibly in breast cancer [Yang et al. 2013 and 2015, 

Li et al. 2004, Muranen et al. 2011]. CLCA family genes have been found to be 

epigenetically silenced due to hypermethylation of CpG island promoters in breast cancer 

cell lines [Li et al. 2004].  The loss of CLCA1 could explain the increased tumorigenesis 

in HF-exposed offspring and their resultant decreased tumorigenesis once epi-treatment 

rescued CLCA1 expression. 

 

Knowing that both VPA and hydralazine increase endoplasmic reticulum (ER) stress, we 

assessed changes in ER stress pathways in mammary tumors [Palsamy et al. 2014, Ruiz-

Magana et al. 2016]. We found PERK, an EI2F-a kinase and type 1 ER membrane 

protein, to be increased in the tumors of HF offspring. PERK activation and subsequent 

phosphorylation of EIF2-a are closely linked to increased tumor progression [Rozpedek 

et al. 2016]. In the CON tumors, but not in HF tumors, VPA and hydralazine increased 

PERK levels, suggesting an adverse effect by these epigenetic inhibitors in the control 

animals. Similar with PERK, HIF-1α, an anti-apoptotic transcription factor implicated in 

hypoxia driven tumorigenesis, was elevated by in utero HF exposure, and treatment with 

VPA and hydralazine increased the expression in CON but not HF offspring.  VPA has 

been shown to be able to overcome hypoxia-induced resistance to apoptosis  [Cipro et al. 
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2012]. With ER stress and hypoxia related proteins implicated in the mammary tumors of 

HF offspring, it was unsurprising that we found p62, a pro-oncogenic autophagy adaptor 

to be elevated in HF tumors as well as CON tumors in mice treated with VPA and 

hydralazine [Moscat et al. 2016].  

 

The majority of the mammary tumors in the mice treated with VPA and hydralazine were 

histopathologically malignant (88% and 90% for CON and HF, respectively), whilst the 

tumors in mice receiving no epigenetic inhibitors were significantly less likely to be 

malignant (58% and 66% for CON and HF, respectively). These findings suggest caution 

should be taken with VPA and hydralazine treatment, especially in the CON mice with 

no in utero mammary cancer inducing exposures that modify the epigenome.  

 

3.5 Conclusion 

The results suggest that the interaction of DNA methylation and histone acetylation play 

a critical role in the development of breast cancer in offspring exposed in utero to a 

maternal HF diet, and that it may be possible to reverse the elevated breast cancer risk of 

offspring with chronic treatment of VPA and hydralazine. This treatment reversed 

downregulation of two tumor suppressor genes: Clca1 and CDKN2A, in the offspring of 

HF fed dams. However, HDAC and DNMT inhibitor treatment was only effective in 

offspring that were in utero exposed to HF diet, and may had slightly increased 

mammary tumorigenesis in the control offspring. Therefore, if our data are true for 

women, it is critical to develop effective screening methods to identify at risk individuals 

who would benefit from treatment with VPA and hydralazine.  
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Chapter 4  SUMMARY AND PERSPECTIVES 

 

To summarize my thesis, I investigated the possibility that maternal intake of a n-6 PUFA 

HF diet during pregnancy from GD10 – 20 induced a transgenerational increase of breast 

cancer risk in a preclinical DMBA mouse model.  

 

In the first study, I found that if C57BL/6 mouse dams start consuming the n-6 PUFA HF 

diet at a time when offsprings’ PGCs travel to the genital ridge and undergo erasure of 

DNA methylation patterns, the offspring will have a transgenerational increased breast 

cancer risk [Smith et al. 2014, Wang et al. 2014]. In a previous study, maternal HF intake 

that started before pregnancy and continued through it increased offsprings’ mammary 

tumorigenesis only in F1 and F2, but not F3; i.e., the increase was not transgenerational 

[de Assis et al. 2012]. The difference in the present study and our earlier study likely 

reflects exposures either during the two rounds of global DNA demethylation and 

remethylation (earlier study), or only one round (this study). The first occurs shortly after 

fertilization, where global demethylation occurs, most likely through Tet3 enzymes 

oxidizing 5mC, followed by DNMT3A and DNMT3B coming in to establish the 

methylation marks through de novo methylation [Wang et al. 2014, Guo et al. 2014, 

Okano et al. 1999]. These events establish the necessary totipotent state of the embryonic 

cells. Therefore, most epigenetic modifications through environmental exposures, such as 

diet, if established prior to fertilization gets erased, except those that affect imprinted 

genes. However, as maternal exposures ranging from pre-pregnancy period through 

pregnancy lead to an increased mammary cancer risk in the F1 and F2 generation 
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offspring, both of which were directly exposed to the F0 maternal environment, the 

changes in these generations are persistent through the exposed generation [de Assis et al. 

2012].  

 

During the first wave of reprogramming of DNA methylation patterns, at about 

embryonic day 7.25, PGCs arise from the epiblast, induced by BMP [Saitou et al. 2005, 

Ohinata et al. 2005]. PGCs undergo a second wave of global demethylation and 

remethylation when they travel to genital ridge and mature to germ cells. The start of the 

2nd wave of epigenetic reprogramming coincided with the time period in which the F0 

was exposed to the HF diet. Our lab and others had previously shown that targeting of the 

experimental exposure during this period, results in a true transgenerational inheritance of 

risk, as was seen with exposure to EE2, vinclozolin, DDT, bisphenol A, and valproic acid 

[de Assis et al. 2012, Ma et al. 2015, Anway et al. 2006, Skinner et al. 2013, Ziv-Gal et 

al. 2015, Choi et al. 2016].  

 

A possible reason that exposure during this period works is because the PGCs arise from 

somatic tissue, specifically from the posterior endoderm of the blastocyst [Duan et al. 

2016]. Therefore, not having any additional exposures during the start of the first global 

reprogramming may allow HF and other exposures to cause persistent epigenetic changes 

in the germline. There is a growing number of studies that some genes in preimplantation 

zygotes can escape the complete loss of cytosine methylation established during germ 

cell reprogramming [Chalamalasetty et al. 2011, Orozco et al. 2014]. These may also 

impact other epigenetic mechanisms such as histone modifications.  It has been shown 
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that changes in histone marks in the preconception oocytes can be transmitted across 

generations [Gaydos et al. 2014].  

 

In my study, maternal HF intake during pregnancy induced a transgenerational increase 

of breast cancer risk persisting up to the F3 generation. In addition to the increase in 

mammary carcinogenesis, I saw that TEB number in normal mammary glands before 

mammary cancer initiation also was increased in the HF offspring in both F1 and F3 

generations.  

 

To better understand the mechanism behind transgenerational inheritance of breast cancer 

risk due to the HF exposure, I performed RNAseq analysis on mammary glands of 

offspring not exposed to DMBA of both dietary groups and of both F1 and F3 

generations.  The reason I chose mammary glands unexposed to the carcinogen was to 

avoid DMBA from further modifying changes in gene expression patterns caused by F0 

maternal exposure. Interestingly, despite a more significant increase in mammary 

tumorigenesis in F1 compared with F3 offspring, RNAseq results revealed that there 

were a greater number of DEGs in F3 compared with F1 generation offspring (4423 

DEGs in F3 vs. 1587 DEGs in F1). Other groups have also observed this where exposure 

starting after the 1st week of fetal development resulted in greater F3 than F1 generation 

gene transcription differences [Ma et al. 2015]. However, DNA methylation differences 

were of similar magnitude in F1 and F3 generations in our previous transgenerational 

EE2 study as well as studies by others [de Assis et al. 2012, Ma et al. 2015]. It seems 

likely then that due to the difference in how the cells of each generation were exposed to 
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the HF diet (F1 had direct somatic exposure while F3 had no direct exposure to the diet 

and only inherited changes through the germline) results in the differences in DEGs. 

  

However, rather than focusing on the differences between F1 and F3 generations, I chose 

to focus on DEGs that were similarly altered in the two generations to better understand 

the mechanisms mediating transgenerational inheritance of increased mammary cancer 

risk. Of all the DEGs, only 48 were similarly altered in F1 and F3 generations between 

the control and HF group.  I assessed those 48 DEGs in Ingenuity Pathway Analysis. I 

found that the top biological functions of DEGs were (i) development (cellular, 

embryonic, organ, organismal, and tissue), (ii) cellular functions (cell cycle, proliferation, 

and morphology) as well as (iii) cancer and tumor morphology and (iv) inflammatory 

response. All were consistent with the fact that n-6 PUFA diet is inflammatory [Schmitz 

and Ecker 2008]. I also found that the top upstream regulators identified by IPA were 

associated with Notch signaling (DLL3, JAG1, MSGN1) and interferon and macrophage  

transcriptional regulation (IRF3 and IRF7). A study has shown that Notch signaling could 

regulate IRF activity [Zhou et al. 2014]. Notch signaling was one of the top five 

pathways indicated by IPA in my study. Notch signaling has been reported to be 

implicated in other maternal HF studies [Mendes-da-Silva et al. 2015, Yu et al. 2014]. As 

the Notch pathway regulates stem cell maintenance, cell fate specification, 

differentiation, proliferation, motility and survival during embryonic development and in 

cancers, our findings indicate that upregulation of genes associated with Notch signaling 

in the normal mammary glands in F1 and F3 generation offspring of HF fed dams may 

contribute to their increased mammary cancer risk [Xu et al. 2014]. 
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I also did a KDDN analysis to identify differential connections among the transcription 

factors unique in the mammary glands of each (control versus HF) dietary exposure. In 

the HF group, I was able to identify five node genes related to poor prognosis (SEMA5B, 

ID4, TBX2, GRHL3, DPF3), three to increased cellular proliferation and migration 

(GRHL3, PARP8, JAM3), and two related to altered immune response (ZBP1 and EGR3). 

Among these genes, or possibly incorporating all of them, the modification leading to 

their altered expression levels could be key in identifying individuals at higher risk for 

breast cancer due to maternal intake of a HF diet during pregnancy.  

 

In the second study of this thesis, I attempted to address the epigenetic modifications that 

led to increased breast cancer risk in the offspring exposed to maternal HF diet. I did this 

by proposing to use an HDAC and DNMT inhibitor combination therapy as a preventive 

measure against breast tumor formation. I have already proposed that the increased 

mammary tumorigenesis observed in the HF offspring may have been due to targeting the 

epigenetic reprogramming during PGC development.  Therefore, all those gene changes 

identified by RNAseq, IPA, and KDDN analysis were potentially epigenetically modified 

by the HF exposure in utero. The purpose of this combined HDAC and DNMT inhibitor 

therapy was to investigate if I can reverse the genes possibly responsible for the increased 

cancer risk. 

  

HDAC and DNMT inhibitors have been used previously to treat many cancer types 

[Estey 2013, Gnyszka et al. 2013, Singh et al. 2009, Zambrano et al. 2005, Arce et al. 

2006, Mann et al. 2007, Munster et al. 2011, Cipro et al. 2012]. They have also been used 
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in combination with each other or coupled with other treatments to increase the 

effectiveness of the treatment or reverse the resistance of the cancer to the treatment 

[Bauman et al. 2014, Duenas-Gonzalez et al. 2014].  Different from these previous 

studies, I proposed to use HDAC and DNMT inhibitors as a preventive treatment rather 

than as a therapy after cancer has been established. A preventive treatment should have 

low toxicity, can be taken chronically over a long time period, and delays the onset of 

disease. I chose the HDAC inhibitor VPA and the DNMT inhibitor hydralazine because 

they fit the first two criteria, with the potential of fulfilling the third (delay or prevention 

of disease onset). VPA was originally developed for the treatment of neurological disease 

such as epilepsy and bipolar disease but has been tested in the treatment of cancer due to 

its HDACi effects [Kurwale et al. 2016, Peselow et al. 2016, Sami et al. 2008]. 

Hydralazine is a hypertension medication successfully used in treatment of 

myelodysplastic syndrome due to its DNMTi properties [WHO 2009, Singh et al. 2009, 

Zambrano et al. 2005]. These are two FDA approved other drugs for these purposes, and 

thus have the added benefit of already being acknowledged as safe for use in “healthy” 

patients. 

 

Given in the animal’s drinking water, VPA and hydralazine eliminated the increase in 

mammary tumor burden in the HF offspring; i.e., they and control offspring also treated 

with VPA and hydralazine exhibited similar mammary tumor latency, incidence and 

burden. Compared with untreated HF offspring, HDAC and DNMT exposed HF 

offspring exhibited reduced tumor burden. The treatment also tended to reduce tumor 

incidence in the HF offspring. In contrast, among the CON mice VPA and hydralazine 
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significantly increased tumorigenesis compared with untreated CON mice. This suggests 

that the benefits of VPA and hydralazine may be limited to individuals exposed to an 

elevated in utero HF environment, and be harmful in individuals not exposed to an 

environment that modified epigenetic programming in utero. For example, it is possible 

that within the control offspring, the drugs had a different effect, potentially upregulating 

oncogenes rather than the silenced tumor suppressor genes caused by in utero dietary 

modifications [de Assis et al. 2012].  

 

As stated before in chapter 3, VPA has many other functions, one of which is its function 

as a GSK3β inhibitor [Kostrouchova et al 2007]. GSK3β, in its function as a 

serine/threonine kinase, interacts with and phosphorylates β-catenin [Jope et al. 2007]. β-

catenin in turn is a vital part of the Wnt signaling pathway. With VPA inhibiting GSK3β, 

β-catenin can accumulate in the cytoplasm and potentially activate the Wnt pathway 

[Morin 1999]. Wnt,pathway activation, implicated in many cancers, potentially could be 

implicated in the increase in tumorigenesis observed in the CON-epi offspring due to 

VPA. VPA has also recently been implicated in the epithelial mesenchymal transition of 

colorectal cancer cells through its function as a GSK3β inhibitor by upregulating Snail 

[Feng et al. 2015]. Moving forward, GSK3β could be a potential player in how this 

treatment can be administered.  

 

Assessment of gene expression in the mammary glands of mice receiving VPA and 

hydralazine indicated that two tumor suppressor genes that were suppressed in non-

treated HF offspring, were upregulated by these drugs.  In the HF offspring, tumor 
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suppressor CDKN2A mRNA expression was significantly downregulated in the 

mammary tumors, and treatment with VPA and hydralazine reversed this 

downregulation. Matching with earlier results that show reactivation of CDKN2A by an 

exposure to hydralazine in cancer cells and in human patients [Segura-Pacheco et al. 

2003, Zambrano et al. 2005], CDKN2A may be one of the key tumor suppressor genes 

downregulated in cancer by epigenetic means and a potential target to inhibit increased 

mammary cancer risk in the offspring exposed to HF environment through a pregnant 

dam [Khan et al. 2016]. 

 

In addition, I found mRNA expression of CLCA1 to be downregulated in the mammary 

glands by maternal HF diet, and reversed by VPA and hydralazine. CLCA1 has been 

found to be decreased in colorectal cancer, and CLCA1 and its paralogs CLCA2, -3, and -

4 have tumor suppressor properties, possibly including in breast cancer [Yang et al. 2013 

and 2015, Li et al. 2004, Muranen et al. 2011]. CLCA family genes have been found to 

be epigenetically silenced due to hypermethylation of CpG island promoters in breast 

cancer cell lines [Yu et al. 2013].  Reduced expression of CLCA1 could explain the 

increased tumorigenesis in HF-exposed offspring and their resultant decreased 

tumorigenesis once epi-treatment rescued CLCA1 expression. 

 

ER stress associated markers were also affected by VPA and hydralazine, but only in the 

control offspring. PERK was increased by maternal HF diet and epi-treatment increased 

PERK in the CON offspring, potentially explaining the increase in mammary 

tumorigenesis in the control offspring by VPA and hydralazine [Rozpedek et al. 2016]. 
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HIF-1α and p62 were similarly increased in HF offspring, compared with control 

offspring, and VPA and hydralazine treatment increased the expression in the control 

group. These results suggest that hypoxia-induced resistance to apoptosis and an increase 

in autophagy may be linked to increased mammary tumorigenesis in my study.  

 

Neither VPA nor hydralazine are specific inhibitors. VPA inhibits both class I (HDAC1, 

HDAC2, HDAC3, and HDAC8) and class II HDACs (HDAC4, HDAC5, HDAC6, 

HDAC7, HDAC9, HDAC10). Hydralazine is a pan-inhibitor of DNMTs, thus affecting 

all three DNMTs (DNMT1, DNMT3A, DNMT3B). Further, they have multiple other 

biological effects besides modifying the epigenome, and these effects could have affected 

our findings. 

 

4.1 Future Directions 

Moving forward, it is important to validate many of the genes identified in this 

transgenerational study to better grasp how n-6 PUFAs increases cancer risk across 

multiple generations and how to potentially reverse it. The KDDN nodal genes identified 

in chapter 2 merits further exploration as there is potential that the association between 

HF diet and breast cancer risk can be elucidated from them. However, it is necessary to 

validate the results from this study with another preclinical model. It would be best to use 

a genetically modified model of breast cancer to confirm that results observed are not due 

to the C57BL6/NTac breed or DMBA dependent.  
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Another possibility to consider, but not addressed thus far in the thesis is transmission of 

the inherited risks through the paternal lineage. Observational studies in the past have 

suggested links of paternal influence in transgenerational inheritance [Fabia and Thuy 

1974]. Preclinical rodent studies have shown the effects of paternal fat-based diets and 

paternal overweight and the association with female offsprings’ breast cancer risk 

[Fontelles et al. 2016 and 2016]. Differences in spermatogenesis, chromatin packaging, 

and methylation patterns have been observed from sperm in rodent exposed to different 

diets [Radford et al 2014, Carone et al. 2010, Wei et al. 2014]. The paternal side is 

important to keep in mind when moving forward with the transgenerational study, as it 

could vary effects observed in each generation.  

 

As for the epi-treatment to prevent tumor onset in in utero exposed individuals, further 

studies are necessary to understand the increased tumorigenesis observed in the CON-epi 

and how the HF-epi had reduced tumor burden. As a preventive treatment, the 

assumption is that the treatment was given prior to formation of tumors. However, due to 

the DMBA model, primed with MPA at week 6 followed by 3 weeks of DMBA gavage, 

it is not absolutely certain that there were no tumors prior to administration of the epi-

treatment. This question can be answered by administering the epi-treatment to in utero 

exposed offspring at different time points for each group (post-weaning, prepubertal, 

adulthood, post-pregnancy, etc) to better understand the effects of these inhibitors and 

determine the best course of action when moving into the clinic. 

 

 



	 124	

4.2 Translational Importance 

My results with the treatment of HF offspring using VPA and hydralazine show that these 

drugs may be useful as breast cancer preventive epigenetic therapy. These drugs are well 

tolerated and therefore can be used by healthy individuals to prevent a disease. However, 

previous studies have shown that they or other HDAC and DNMT inhibitors do not 

prevent the growth of already established tumors, but need to be given in a combination 

with traditional therapies  [Hilakivi-Clarke et al. 2016]. The results obtained in the CON 

offspring that were treated with VPA and hydralazine indicate that these compounds 

could potentially promote breast cancer risk in some individuals. The next step would be 

to accurately identify at risk individuals that would benefit from this epigenetic 

preventive therapy rather than be harmed by it. Better understanding of the genes found 

in my RNAseq analysis, particularly those related to Notch signaling, might allow for 

design of a biomarker panel to indicate an individual’s history of in utero exposure. The 

KDDN analysis allows for novel insight into the interactions important in HF exposed 

offspring and how that translates to transgenerational differences in cancer risk.  

 

My two studies suggest that epigenetics plays a critical role in the inheritance of 

increased breast cancer risk caused by maternal HF consumption during pregnancy. With 

the western dietary patterns, high in fats, sugars, and processed foods, steadily increasing 

around the world, consumption of dietary fats high in n-6 PUFAs has been on the rise 

[Albuquerque et al. 2014, Blasbalg et al. 2011, Cordain et al. 2005]. With the results from 

my study showing the potential of in utero HF exposure to epigenetically increase breast 

cancer risk for offspring up to the great grandchildren, it is pivotal that steps be taken to 
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return to a diet that contains more n-3 PUFAs from fish and other sources, and less n-6 

PUFAs.  Considering that lifestyle factors and diet may explain over 50% of our cancer 

risk [Colditz et al. 2012], it’s easier and more cost effective to just get our diets under 

control, for our sake and the sake of our offspring.  
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