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Abstract

Women are using estrogens for many purposes, such as to prevent pregnancy or miscarriage, or to
treat menopausal symptoms. Estrogens also have been used to treat breast cancer which seems
puzzling, since there is convincing evidence to support a link between high lifetime estrogen
exposure and increased breast cancer risk. In this review, we discuss the findings that maternal
exposure to the synthetic estrogen diethylstilbestrol during pregnancy increases breast cancer risk
in both exposed mothers and their daughters. In addition, we review data regarding the use of
estrogens in oral contraceptives and as postmenopausal hormone therapy and discuss the opposing
effects on breast cancer risk based upon timing of exposure. We place particular emphasis on
studies investigating how maternal estrogenic exposures during pregnancy increase breast cancer
risk among daughters. New data suggest that these exposures induce epigenetic modifications in
the mammary gland and germ cells, thereby causing an inheritable increase in breast cancer risk
for multiple generations.
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Estrogens are needed for many normal physiological functions in the woman’s body,
including in the brain, heart, liver, bone, adipose tissue, breast and uterus. Although
estrogens act through the estrogen receptors (ERa and ER) in these tissues, the specific
tasks of estrogens differ from tissue to tissue. For example, in the central nervous system
estrogens protect against neurodegenerative diseases, and in adipose tissue, estrogens
regulate adipogenesis, adipose deposition and adipocyte differentiation [1,2]. Consequently,
loss of estrogens at menopause increases a woman’s risk of developing osteoporosis,
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neuroregenerative diseases, including Altzheimer’s disease and Parkinson’s disease, and
cardiovascular diseases [2]. Menopause also is associated with weight gain [3, 4].

Interestingly, results obtained in the Women’s Health Initiative (WHI) study indicate that
treatment with estrogen alone, or estrogen and progestin in combination, does not protect
against stroke or cardiovascular and neurodegenerative diseases, but in fact may increase
them [5, 6]. In the bone and adipose tissue, estrogen therapy has beneficial effects [5-7].
Mechanisms driving these opposing effects of hormone therapy (HT) on different estrogen
target tissues are poorly understood.

Breast cancer risk also increases after menopause: over 80 % of breast cancers in the
Western world are diagnosed in women aged 50 and over. [8]. The drop in estrogens and
increased breast cancer risk seem to be in conflict with the findings showing that high total
lifetime exposure to estrogens, including estradiol, estrone and estriol, increases breast
cancer risk [9], and blocking estrogen receptor activation with antiestrogens reduces the risk
[10,11]. To complicate the issue further, estrogens can prevent the development of some
breast cancers [12] and can be effective in treating this disease [13]. Thus, the complex
associations between estrogens and breast cancer remain to be elucidated.

In this review, the evidence that estrogens not only promote the growth of existing breast
cancer cells [14], but also can be used to prevent their growth is first briefly reviewed. Then
we discuss findings regarding the effects of estrogenic exposures on breast cancer risk when
women take them during pregnancy, premenopausally and postmenopausally. Our focus will
be on the exposures that occur during pregnancy and their effect on breast cancer risk in
daughters. We also will discuss our recent findings showing that maternal exposure during
pregnancy to synthetic estradiol or a high fat (HF) diet that elevates pregnancy estradiol
levels [15, 16] increases breast cancer risk in multiple generations of female offspring [17].

Estrogens and Breast Cancer: General Observations

Estrogens Increase Breast Cancer Risk

Endogenous factors linked to increased breast cancer risk include those that lead the breast
tissue being exposed to high levels of hormones for extended periods of time, such as early
age of menarche, and late age of first preghancy and menopause [18]. Other factors that alter
the hormonal environment and, thus, affect breast cancer risk include obesity [19] and
antiestrogens [20].

We highlight here three examples of the complex association between estrogenic
environment and breast cancer risk. First, women who started menstruating early (before age
12) and/or went through menopause later (after age 55), and thus have a higher number of
menstrual cycles and longer lifetime exposure to hormones, are at a slightly elevated risk of
breast cancer [21, 22]. However, while a short menstrual cycle (the time from menses to
menses) and therefore a higher lifetime exposure to estrogen in some studies is associated
with an increased risk of breast cancer [23-26], in some studies no link has been found [27,
28]. Results of a recent meta-analysis, involving 117 epidemiological studies, suggest that
the effects of early menarche and late menopause on breast cancer risk are not caused simply
by the lengthening of a woman’s total number of reproductive years [22].

Second, since adipose tissue contains high levels of aromatase that converts androgens to
estrogens, obesity is linked to increased estrogen levels [29, 30]. However, the increase is
seen mostly in postmenopausal women [19], and not in premenopausal women [31]. This
difference may be because an increase in adipose-derived estrogens suppresses ovarian
estrogen production in premenopausal women. Interestingly, premenopausal obesity

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hilakivi-Clarke et al.

Page 3

provides a protective effect, while postmenopausal obesity increases breast cancer risk. A
pooled analysis of seven prospective cohort studies clearly shows a direct association of
obesity with risk of postmenopausal breast cancer (RR=1.26; Cl1=1.09-1.46) and the inverse
association of obesity with risk of premenopausal breast cancer risk (RR=0.54; CI=0.34—
0.85) [32]. A subsequent prospective study of 12,159 postmenopausal women reported an
increased risk in women with a BMI >28.5 (RR=1.54; CI=1.01-2.35) [33]. In this study,
postmenopausal breast cancer risk was increased in women who were obese either pre- anad/
orpostmenopausally.

Postmenopausal HT may mask the effects of obesity on breast cancer. In the European
Prospective Investigation into Cancer and Nutrition (EPIC) study, a significant association
between obesity and breast cancer was found only in women who were not using HT
(m7=78,541 women; RR=1.31; ClI=1.08-1.59) [34]. In the same EPIC study, 24,314
postmenopausal women reported using HT (either estrogen alone or in combination with
progestin) and their risk of developing breast cancer tended to be inversely linked to obesity
(RR=0.71; C1=0.50-1.01). Other studies have confirmed that breast cancer risk is not
increased in obese HT users, compared with lean HT users [35, 36]. Both lean and obese
women using HT have a higher risk of breast cancer than lean non-users [34].

Estrogens perhaps not only mask, but may shield against the adverse effects of obesity,
especially in premenopausal women. Among healthy premenopausal women at high risk of
developing breast cancer and therefore taking antiestrogens (tamoxifen or raloxifen), obesity
is associated with an increased risk of invasive breast cancer, compared with normal weight
women (HR=1.70, p=0.01) [20]. As already mentioned, obese premenopausal women who
are not using endocrine therapy are at lower risk of developing breast cancer than lean
premenopausal women. Data for this study were obtained from two recent antiestrogen-
based breast cancer prevention trials: (i) the National Surgical Adjuvant Breast and Bowel
Project (NSABP) P-1 trial that involved 300 centers in the USA and Canada, and (ii) the
STAR (The Study of Tamoxifen and Raloxifene) trial that was conducted by the NSABP
and involved 500 centers across USA, Canada and Puerto Rico.

Obese pre- and postmenopausal women differ from each other not only regarding the effects
of adipose tissue on their circulating estrogen levels, but also where the fat is stored. Among
men and postmenopausal women, excess fat tends to accumulate as visceral fat in the waist
area, while in premenopausal women fat is stored in the hips and thighs [37]. Excess visceral
fat is linked to an increased risk of insulin resistance and type 2 diabetes, conditions which
are associated with elevated breast cancer risk [38]. The mechanism mediating the effects of
insulin resistance and type 2 diabetes on breast cancer risk remain to be identified.

Third, high mammographic density is one of the strongest risk factors for breast cancer [39,
40], and among postmenopausal women with high breast density, this risk further increases
by 1.7-fold with the use of HT [41]. Nevertheless, the interactions between breast density
and changes in the hormonal environment seem complex [42, 43]. For example, findings
regarding the effect of antiestrogens on mammographic density are conflicting, with some
studies reporting a reduction in density [44, 45] and some reporting no effect with
antiestrogen use [46].

Estrogens and Prevention of Breast Cancer

Findings obtained in animal studies suggest that estrogens can reduce breast cancer risk. In
the early 1960’s, Huggins et al. [47] reported that administration of high levels of 17-p
estradiol (E2) and progesterone (P) in rats prior to carcinogen (9,12-
dimethylbenz[a]anthracene; DMBA) exposure inhibited mammary tumorigenesis in rats. We
have obtained similar findings in rats treated prepubertally with E2 alone. [48]. These data
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indicate that E2 or E2+P exposure of a developing pre-pubertal mammary gland alters its
sensitivity to carcinogens that initiate mammary tumorigenesis. The protective effects of
estrogens appear not to be limited to exposure during mammary gland development (e.g.,
prepubertal exposure), as short-term exposure to high levels of E2 and P after treatment with
the carcinogen methylnitrosourea (MNU) is as effective as ovariectomy in preventing
mammary carcinogenesis [49]. Thus, this hormone combination can inhibit both the
susceptibility of epithelial cells to carcinogens and the carcinogenic process at its initial
stages. Perhaps the most unexpected discovery regarding estrogens and breast cancer is that
in postmenopausal women estrogen only based HT reduces the risk of developing breast
cancer by almost one quarter [50, 51].

Estrogen levels are high during pregnancy, and since first pregnancy before age 20 reduces
breast cancer risk by 50 % [52], the protective effects of estrogens reported by Huggins et
al., [47] and Grubbs et al., [49] may reflect physiological changes that occur in the
mammary gland during pregnancy. Therefore, many subsequent studies utilized doses of E2
and P that mimic the levels seen during pregnancy. Using this approach, both Grubb’s [53]
and Sivaraman’s groups [54] found that rats exposed to pregnancy-mimicking doses of E2
and P for 3 or 5 weeks had at least 4-fold lower incidence of mammary tumors than the
control rats. Guzman and collaborators [12, 55] subsequently showed that E2 alone was as
effective as E2 combined with P in reducing mammary tumorigenesis. Treatment with P
alone enhanced mammary carcinogenesis [12]. These findings provide convincing evidence
that estrogen exposure during pregnancy reduces later mammary cancer risk.

Several explanations have been offered as to why early pregnancy and high pregnancy
estrogen levels reduce breast cancer risk (reviewed by Britt et al. [56] and Russo & Russo
[57]). The proposed mechanisms include (i) altered sensitivity of the mammary gland to
later hormonal exposures [56]; (ii) reduction in the number of stem/progenitor cells [56, 58]
and consequently, elimination of targets for malignant transformation; and (iii) changes in
gene expression patterns resulting in reduced proliferation and increased differentiation [59-
61]. Most likely, all three are involved in protecting the breast against cancer.

Estrogens and Treatment of Breast Cancer

Over half a century ago the synthetic estrogen diethylstilbestrol (DES) was used to treat
metastatic breast cancer, and was replaced by tamoxifen (TAM) in the early 1980’s as TAM
has fewer side effects [62]. Since then TAM and other antiestrogens have been successfully
used to treat ER positive breast cancers. However, about 30 % of these cancers recur [63]. It
was recently discovered that 46 % of women with metastatic breast cancer who developed
resistance to multiple antiestrogen treatments exhibit clinical response to high-dose
estrogens, including DES [64]. Further, even a low dose of E2 is reported to cause growth
arrest or shrinkage of the tumor in one third of women with metastatic breast cancer who
stop responding to antiestrogens [65]. This effect may be caused by estrogens inducing
apoptosis and killing antiestrogen resistant cancer cells [13]. Thus, estrogens can inhibit the
growth of existing breast tumors.

Maternal Synthetic Estrogen Use and Breast Cancer

Synthetic estrogens are compounds obtained by chemical synthesis that possess estrogenic
activity. One such compound is ethinyl estradiol (EE2); it is used alone or in combination
with progestins as an oral contraceptive and some forms of menopausal HT, and also to treat
advanced breast and prostate cancers. DES is another type of synthetic estrogen, and
because it contains diethyl substitution at the ethylenic bond of stilbestrol, it is a highly
potent estrogen (Fig. 1). From the early 1940’s until 1970’s, DES was given to pregnant
women to prevent miscarriage, which is often proceeded by a decline in estrogen levels. It
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later became apparent that DES treatment was mostly ineffective in preventing miscarriage
[66], but nevertheless physicians continued prescribing DES to pregnant women. A recent
article summarizes the effects of maternal exposure to DES during pregnancy and its
adverse effects on pregnancy and fetal development in women [67], and show that this
exposure increased 29 trimester miscarriage by 3.8 -fold.

The recommended DES regimen in women started at 5 mg per day in the 7th and 8th week
of pregnancy, increasing every other week by 5 mg per day through the 14th week, then
increasing every week by 5 mg per day from 25 mg per day in the 15th week to 125 mg per
day in the 35th week of pregnancy [68]. The FDA banned DES in 1971 when physicians
reported several cases of a rare type of cancer, clear cell adenocarcinoma (CCA) of the
vagina and cervix in young women whose mothers took DES. It soon was discovered that
women whose mothers were prescribed DES during pregnancy had a 40 times greater risk of
developing this type of cancer than unexposed women [69].

Maternal Exposure to DES During Pregnancy and Breast Cancer Risk Among Daughters

Findings in Human Studies—Increased incidence of CCA in young daughters of DES
exposed mothers was not the only long-term adverse outcome. These daughters also develop
more breast cancers [67, 70, 71]. In addition, breast cancer incidence is increased in the
mothers themselves [72].

Several studies have been published that investigate breast cancer risk in the daughters of
DES mothers, the majority of which are cohort studies done in the US. The same cohort of
daughters has been followed in many of these studies, and as the women in the cohort grew
older, their breast cancer risk grew higher, compared with matched non-exposed controls
[67, 70, 71, 73, 74]. These studies clearly indicate that when both groups of women are old
enough to develop breast cancer, the incidence is at least 2-fold higher in the daughters of
DES-exposed mothers.

Many pregnant women in Europe and Australia also used DES, but the peak exposure
occurred later than in the USA. Fig. 2 shows that the peak exposure in the USA was in the
early 50’s, while in France it was in the late 1960’s and early 70’s. The fact that the
daughters of DES-exposed mothers in Europe are younger than the daughters in the USA
probably explains why a recent study done in Europe found a trend but not a significant
increase in breast cancer risk among them [75]. Once the European daughters reach the age
when breast cancer is more commonly detected, they too are likely to exhibit increased
breast cancer risk. In summary, the findings in humans provide strong evidence that
maternal DES exposure during pregnancy increases their daughters’ breast cancer risk. In
the UK and France, half a million pregnant women may have taken it, and 740,000 in
Australia. The exact number of pregnant women who used DES during pregnancy is not
known, but it is estimated to have been approximately 5 to 10 million women worldwide.
These numbers may be an underestimation, as DES was marketed by several drug
companies and under several different trade names.

Findings in Animal Studies—Many animal studies have investigated the effect of /n
utero DES exposure on later mammary tumorigenesis [76-81]. The amount of DES given to
pregnant mice or rat dams varied from study to study (0.2-12,000 pg/day, which translates
in rats to approximately 1 pug/kg — 60 mg/kg DES per day; in pregnant women the DES dose
ranged from 100 pg/kg to 2 mg/kg), as did the route of administration (subcutaneous
injection or via feed) and mammary tumor model used (spontaneous, carcinogen-induced, or
ACI rats which develop mammary tumors upon estrogen exposure). The animal studies
show that the doses of DES relevant to pregnant women increased later risk of developing
mammary tumors. The increase did not occur with the highest doses and exposures which
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started early in pregnancy [81, 82], probably because they prevented implantation or caused
miscarriage in most of the exposed dams.

Other Estrogenic Exposures in Utero and Breast Cancer Risk

The increase in breast cancer risk due to maternal exposure to DES is not limited to this
synthetic estrogen. We have been studying the effects of maternal exposure to excess natural
(E2) or synthetic (EE2) estrogens during pregnancy on mammary tumorigenesis in rat
models of human breast cancer. Both natural and synthetic estrogens can lead to an increase
in mammary tumorigenesis in the offspring [16, 17]. In addition, we have found that
maternal exposure to a HF diet elevates pregnancy E2 levels [15] and leads to elevated
mammary cancer risk among offspring [16, 17]. Similar results have been seen in another rat
model of mammary tumorigenesis [83]. Further, findings in mice show that a maternal HF
diet during pregnancy increases the offsprings’spontaneous (out-bred CD-1 mice) [84] and
genetically-induced (ErbB2/c-neu mice) mammary tumorigenesis [85].

These findings indicate that dietary factors which elevate maternal estrogen exposure during
pregnancy may increase daughter’s later risk of developing breast cancer. These estrogens
can originate from various sources, such as from livestock treated with estrogens to promote
their growth: cattle was exposed to DES until it was banned in 1973, and thereafter cattle
has been given other estrogenic growth stimulating products [86, 87]. In addition, humans
are daily exposed to many industrial chemicals with estrogenic properties that may end up in
the food and drinking water consumed by pregnant women.

Mechanisms Involved in Mediating the Effects of Elevated in Utero Estrogenic
Environment on Later Increase in Breast Cancer Risk

Fetal Mammary Gland Development—The length of gestation in mice and rats is 21
days. Development of the mammary gland starts with the formation of the mammary lines
on gestation day 10 in the mouse [88]. Within 24-36 h, five pairs of placodes are formed on
the ectoderm surface, from where they invaginate into the underlying mesenchyme and form
a mammary bud. This process is completed on gestational day 14 [88]. Ductal branching
morphogenesis begins on gestational day 16 when epithelial cells from the mammary bud
grow down into the mesenchyme and the mammary fat pad, which consists of
preadipocytes. At this point, mammary epithelial cells start to form the ductal tree which
contains 10-15 branches until the mouse reaches puberty during postnatal week 4 [89, 90].

Development of the mammary lines, placodes and mammary buds, and outgrowth of the
mammary ducts are driven by several signaling molecules, including members of the Wnt/p-
catenin pathway, fibroblast growth factors (FGF) and their receptors, T-box-containing
transcription factor 3 (TBX3), parathyroid hormone-related protein (PTHrP) and parathyroid
hormone 1 receptor (PTH1R), bone morphogenic protein 4 (BMP4), members of the insulin-
like growth factor (IGF) family, and the homeodomain-containing transcription factors
MSX1 and MSX2 [90]. These genes are expressed in the epithelial cells and/or mesenchyme
[90, 91], and interactions between these two types of tissue are critical for mammary gland
development [91].

The estrogen receptors are first present in the mesenchyme [91, 92], and only sparse ER
staining in the mouse mammary epithelial cells has been detected during the fetal period
[92]. These findings are consistent with the data from human studies showing “punctate”
expression of ER in some, but not all fetal mammary glands [93, 94]. After birth, the
expression of ER is clearly seen in the prepubertal mammary epithelium in humans and
rodents, and is markedly higher than during fetal development [94]. Findings obtained in
mice without functional ER-a. (ERKO [95] or ENERKI [96]) show that estrogens are not
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needed for fetal mammary gland development but they are necessary for ductal and alveolar
development from puberty onwards. This seems puzzling, since /n utero or neonatal
exposure to estrogens, including DES, alters fetal and neonatal mammary gland
development in humans [97] and mice [98]. As discussed in more detail below, maternal
hormonal exposures during pregnhancy also lead to changes in postnatal mammary gland
development among the offspring.

A likely explanation for these findings is that estrogen is not required for fetal mammary
gland development but can modify the process. All the genes that are essential for fetal
mammary gland development are either regulated or they interact with estrogens and ER:
Whnt/B-catenin family [99], FGF [100, 101] and IGF [102] families, TBX3 [103], PTHrP and
PTH1R [104-106], BMP4 [107], and MSX1/2 [101]. Expression of ER itself is affected by
the fetal estrogenic environment. We have observed that ER protein levels are reduced in the
mammary glands [108] and hypothalamus [109] of 2-month-old female offspring of dams
fed a HF diet that elevates pregnancy E2 levels. Neonatal exposure to high, but not low or
moderate doses of DES, down-regulates ER in the uterus and vagina [110]. A similar
reduction in ER-a expression is seen in the offspring of E2 exposed dams, but only before
the onset of puberty [111]. After puberty onset, this receptor is up-regulated in in utero E2
exposed rats [111]. Up-regulated ER-a. expression also is seen in the postpubertal mammary
glands of rats exposed to alcohol /n utero, alcohol consumption increases E2 levels in
pregnant dams and elevates mammary cancer risk in their offspring [112]. Mechanisms
explaining persistent changes in ER expression in /n utero estrogen exposed individuals are
likely to be epigenetically induced (see below).

In summary, several signaling pathways in the fetal mammary mesenchyme and epithelium
are required to ensure normal development. Although rudimentary mammary gland can
form in the absence of estrogens and ER, this hormone and its receptors nevertheless are
important regulators of the process. Mammary gland seems to develop differently in the
presence of excess estrogens (such as an exposure to DES) than normally (see below), and
these differences can be manifested at different times during postnatal life, particularly after
the onset of puberty.

Changes in Postnatal Mammary Gland Morphology—/n utero estrogenic exposures
have many different effects on mammary gland development. Most frequently reported
changes include dilated ducts and cyctic alveolar structures [113-115]. In addition, these
exposures lead to an increase in the number of terminal end buds (TEBs) [116]. TEBs are
located at the tips of growing epithelial ducts and consist of a mass of body cells and a top
layer of cap cells. They lead the growth of the mammary epithelial tree, and give rise to
malignant mammary tumors in carcinogen-treated animals [117]. Similar structures in the
human breast, terminal ductal lobular units 1 (TDLUL), appear to be the sites of breast
cancer initiation in most women [118]. The reason why tumors arise from TEB/TDLUL1 is
not entirely clear, but might be related to increased cell proliferation in this structure [119]
that, in turn, is associated with increased levels of DNA adducts and reduced capacity to
repair DNA damage [120]. Bifurcation of TEBs gives rise to ducts and alveolar buds, which
further differentiate to lobules, and when TEBs reach the edges of the fat pad in adult mice
and rats, they regress to terminal buds [117].

The number of TEBs in the mammary gland has been proposed to directly correlate with
breast cancer susceptibility [116, 117]. Importantly, /n utero estrogenic exposures that
increase susceptibility to mammary tumorigenesis often lead to an increase in TEB numbers,
either before the onset of puberty or at 50 days of age when the gland is most susceptible to
malignant transformation [116]. Neonatal exposure to DES also increases the number of
TEBs in the mammary gland [82, 121].
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Changes in the Expression of Estrogen-Regulated Genes—Relatively little is
known about long-term changes in the transcriptome of the mammary glands in animals
exposed to estrogen /n utero. We have found that maternal exposure to estrogenic
compounds during pregnancy induces persistent changes in estrogen-regulated genes in the
female offspring [111, 116, 122]. These genes include caveolinl, pAkt, BCL-2, EGFR and
NFKkB [111, 122]. Further, our on-going studies indicate that many polycomb target genes
(PgTGs) are significantly down-regulated in the mammary glands of adult rats exposed to
E2 /n utero, consistent with increased methylation of these genes [17]. As these genes are all
linked to breast cancer, they might be associated with the observed increase in mammary
cancer risk among female offspring.

The effect of neonatal exposure to DES (1 pg/kg) on gene expression in the TEBs has been
investigated by Umekita et al. [121] using a dose of DES known to increase the number of
TEBs in the mammary gland [82]. The most significant change in gene expression seen in
this study involved the NFkB signaling pathway, which is linked to breast cancer
progression [123, 124] and anti-estrogen resistance [125].

Epigenetic Processes

A potential mechanism of developmental programming of cancer susceptibility by in utero
estrogenic exposures may be related to alterations in the epigenome. Embryonic and
primordial germ cells in the developing fetus undergo extensive epigenetic programming
during fetal life, and the epigenome then interprets the information in the genetic code by
means that do not involve a change in DNA sequence [126]. It has been reported by us [17]
and others [127, 128] that /n utero estrogenic exposures modify the epigenome by altering
DNA methylation, enzymes which regulate histones, polycombs, and miRNA expression,
and thus leave a permanent epigenetic mark on estrogen-sensitive cells.

Changes in DNA Methylation—Alterations in the methylation of CpG islands within the
promoter region of genes are the most frequently studied epigenetic modifications in cancer.
DNA methyltransferases (DNMTSs) catalyze the methylation of genomic DNA by adding a
methyl group (CHz) onto the 5-carbon of the cytosine ring within CpG dinucleotides. These
enzymes include DNMT1 and DNMT3a and 3b [129, 130]. Studies in vitro show that
overexpression of DNMT1 induces genomic hypermethylation and loss of imprinting [131],
while RNAi-induced depletion of DNMT1 leads to demethylation of CpG islands in breast
cancer cells [132]. /n utero exposure to DES is reported to increase the expression of
DNMT1 in the epididymis [128] and uterus [127]. In the uterus of DES exposed mice,
DNMT1 was significantly reduced immediately after birth, but at puberty, DNMT1 levels
were higher in the DES exposed mice than in the controls [127]. Our findings indicate that
expression of DNMT1 is increased in the mammary glands of rats exposed to EE2 in utero
when determined approximately three weeks after puberty onset [17]. Several other maternal
exposures also modify the offspring’s epigenome, such as dietary intake of folic acid [133],
genistein [134, 135] and Bisphenol A [136].

Maternal exposure to DES during pregnancy has been reported to alter methylation patterns
of Hox genes [137, 138], c-fox [139], and Nsbpl [134] in estrogen-regulated tissues in the
offspring. We identified several genes which exhibited either increased or reduced DNA
methylation in the mammary glands of offspring exposed to synthetic EE2 during pregnancy
[17].

Histone Modifications—Histone modifications are complex, as they involve not just
methylation but also acetylation and deacetylation and other changes. These modifications
occur in the N-terminal tails of histones and affect the “openness” of the chromatin, which
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determines whether a gene is expressed or silenced (e.g., acetylation allows for transcription,
while deacetylation represses transcription) [140, 141]. Histone H3 trimethylation at lysine
K4, and acetylation of histones H3 and H4 are all associated with gene activation, whereas
trimethylation of H3 at lysine K27 induces gene silencing [142, 143]. During development,
those genes that induce differentiation of stem cells, including PcTGs, are repressed by the
polycomb and H3K27me3 complex [144].

Methylation of H3K27 is catalyzed by the Polycomb Enhancer of Zeste-2 (EZH2), the
catalytic subunit of Polycomb repressive complex PCR2. This complex also contains
polycombs SUZ12 and EED, and it is important in the establishment and maintenance of
silencing of PcGTs and tumor suppressor genes (TSGs) [145]. For example, PCR1 contains
Bmi-1 and Ringl with YY1 binding protein, and it recognizes chromatin marked with
methylated H3K27, and consequently mediates transcriptional repression. As an increase in
EZH2 expression in the mammary glands of mice exposed to DES /n utero has been
reported [146], this process seems to be influenced by maternal exposure to synthetic
estrogens during pregnancy.

Together, the PCR1/PCR2/H3K27me3 complex recruits DNMTs, which then methylate
PcGTs. PcGTs are defined as genes to which either EZH2, SUZ12, EED or H3K27me3 bind
in human embryonic stem cells (hESC) [147] or embryonic fibroblasts [144]. Over 2,500
PcGTs have been identified [144, 148], many of which are known TSGs. For example, of
the nine TSGs methylated in peripheral blood and Random Periareolar Fine-Needle
Aspiration (RPFNA) in women at high risk for breast cancer (RARB, ER-a,, INK4a/ARF,
BRCAL, PRA, PRB, RASSF1A, HIN-1, and CRBP1) [149], four (44 %) are PcGTs (PcGTs
are underlined). We have found that maternal exposure to the synthetic estrogen EE2 during
pregnancy causes a permanent increase in the methylation of several PcTGs [17]. These
genes control stem cell differentiation [150-153] and are known to be methylated in cancer
cells [154-156].

Although most studies thus far have focused on investigating long-lasting changes in DNA
methylation in estrogen’s target organs in /n utero estrogen exposed animals, histone
modifications also have been found. For example, maternal HF diet during pregnancy
induces alterations in fetal hepatic H3 acetylation [157], and in postnatal hepatic H4
acetylation [158]. In the mammary gland, maternal HF intake during pregnancy is reported
to reduce acetylation of histone H4 and increase recruitment of HDAC3 within p16 in the
offspring, silencing the expression of this tumor suppressor [159]. There is some evidence
that /n utero exposure to DES alters histone methylation in the uterus [160]. Since DNA
methylation and histone modification are closely associated and cross-regulated processes, it
is possible that a change in either DNMT or HDAC activity is sufficient to alter the
epigenome and cancer risk.

MicroRNAs (mMiRNAs)—miRNAs are short non-coding single stranded RNAs composed
of approximately 21-22 nucleotides that regulate gene expression by sequence-specific
basepairing with the 3’-untranslated region (3’UTR) of target mMRNAs. miRNA binding
induces the post-transcriptional repression of target genes [161], either by inducing
inhibition of protein translation or mRNA degradation. miRNA target genes can be
identified by searching for conserved sequences complementary to the seed region of
miRNAs. It has been estimated that each miRNA binds to as many as 200 targets [162], and
thus they regulate the expression of at least one third of human mRNAs [163], and likely
more [164]. A single miRNA can target, and potentially silence, several hundred genes.
Futher, any given gene can be targeted by several miRNAs [162].
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Expression of many miRNAs is suppressed by estrogens [165, 166]. The mechanisms
involved in this suppression are currently unknown but may include the inhibition of
miRNA maturation from pri-miRNAs via Drosha and Dicer RNases [167-169]. In our on-
going study [170], we noted that /n utero exposure to EE2 lowers the expression of many of
the same miRNAs in the adult mammary gland as have been reported to be down-regulated
by E2 in MCF-7 human breast cancer cells [165]. Since miRNAs can be silenced by
methylation [171-173], the increase in DNA methylation by /n utero estrogenic exposures
might explain these findings. Further, miRNAs also can suppress polycombs [174, 175] and
polycombs in turn can regulate miRNAs [176], suggesting that some histone modifications
interact with miRNAs. Therefore, the increase in mammary cancer risk caused by maternal
exposure to excess estrogens may also involve persistent changes in the expression of
miRNAs, especially those that target oncogenes.

Epigenetics and Mammary Gland Morphology—Changes in the mammary gland
morphology in /n utero exposed animals may be driven by changes in the epigenome [177].
For example, mammary stem cell differentiation and lineage determination is regulated
epigenetically [178-181] Further, similar to DNA methylation, miRNAs are key regulators
of normal development [182, 183], including the development of the mammary gland [178,
184, 185]. Therefore, epigenetic modifications induced by an exposure to estrogenic
compounds /n utero might have caused persistent alterations in the mammary gland
morphology.

Maternal Exposure to Excess Estrogens During Pregnhancy Induces a Transgenerational
Increase in Mammary Cancer Risk

If epigenetic changes occur in germ cells after fetal estrogen exposure, they may be inherited
across multiple generations. To study this possibility we fed pregnant rat dams diets
containing synthetic estradiol EE2 or a HF diet that elevates pregnancy estradiol levels [15,
16]. Maternal exposure to a HF diet during pregnancy increased mammary cancer risk in
daughters and granddaughters, whilst maternal exposure to EE2 increased mammary cancer
risk in daughters, granddaughters and great granddaughters [17]. In addition, the increase in
risk was associated with a higher number of TEBs in the mammary glands of all three
generations.

The increase in mammary cancer risk in the F1-F3 generations of female offspring of dams
exposed to EE2 during pregnancy was associated with an increased expression of DNMTs
(in the F1: Dnmt1, and in the F2-F3 generation offspring: Dnmti, Dnmt3aand Dnmt3b)in
the offspring’s mammary glands [17]. In addition, methylation patterns were altered in the
same 375 gene promoter regions in the mammary glands of daughters, granddaughters and
great granddaughters. Methylated genes included PgTGs. This epigenetic signature is likely
induced and maintained by the high levels of DNMTSs, but it remains to be seen whether the
altered DNA methylation explains the multigenerational increase in mammary cancer risk
observed in /n utero estrogen exposed offspring.

In summary, a high maternal estrogenic environment during pregnancy, especially the
increase induced by synthetic estrogens such as DES, increase later breast cancer risk in the
exposed daughters. While the precise pathways mediating this increase in breast cancer risk
have not been conclusively established, the key change likely involves epigenetic
modifications in genes which regulate (i) proliferation and differentiation of progenitor cells,
(if) apoptosis and autophagy, (iii) DNA repair, (iv) metabolism, and (v) immune functions
[111, 116, 122, 186]. Changes in any of these five functions may increase susceptibility of
the mammary gland to malignant transformation upon exposure to a breast cancer initiating
factor, such as carcinogens or radiation.
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Estrogens During Pregnancy and Mother’s Breast Cancer Risk

There is both direct and indirect evidence that an elevated estrogenic environment during
pregnancy increases a mother’s risk of developing breast cancer. Direct evidence comes
from observations that women who exhibited the highest estrogen levels, either in the first
[187] or third trimesters of pregnancy [188], subsequently had elevated breast cancer risk. In
the case of high early pregnancy E2 levels, an increase in breast cancer risk was seen only
before age 40 [187]. Mothers who used the synthetic estrogen DES during pregnancy also
are at increased breast cancer risk [72]. Indirect evidence comes from studies showing that
breast cancer risk is elevated in women who suffered from severe pregnancy-related nausea
[189] or gave birth to heavy newborns [190]. These women exhibit elevated pregnancy
estrogen levels [191, 192].

Pregnancy permanently alters gene expression in the mammary gland, both in animal
models [59, 60] and humans [193], and these are thought to explain the protective effects of
an early first pregnancy. These changes include suppression of several growth factors or
their key down-stream targets, such as IGF-1, growth hormone receptor and amphiregulin,
and suppression of genes which induce an epithelial-mesenchymal transition, including
fibronectin 1, lumican, and collagens Col5a2 and Collal. Importantly, the changes in the
transcriptome do not reflect distinct morphological changes that take place in the mammary
gland during pregnancy. Breasts of nulliparous women contain mainly TDLU1 and 2, which
during pregnancy mature to TDLU3 and 4 [57]. The differentiated TDLU3 and 4 lobules
persist until menopause, but are then converted back to TDLU1/2, making the breast tissue
of postmenopausal parous and nulliparous women morphologically indistinguishable from
each other [57, 194].

Using a preclinical rodent model we have investigated whether an exposure to E2 during
pregnancy alters gene signaling in the dam’s mammary gland [195]. The analysis of gene
expression patterns by microarrays and verification by PCR indicate that pregnancy E2
exposure reverses the reported protective changes in several genes induced by pregnancy,
which have been observed in both rodent models and humans, including transforming
growth factor B3 (TGFB3). Most of the genes that were down-regulated in the mammary
glands of rats treated with E2 during pregnancy are those that are markers of differentiation
(casein alpha s1, ceruloplasmin, lactalbumin) or immune functions (lipocalin 2,
lipopolysaccharide binding protein), while up-regulated genes were associated with
increased angiogenesis (VegfA), growth (growth hormone receptor, pleitrophin), or
epithelial to mesenchymal transition (collagen type 1 alpha 1). Since cell proliferation also
remained elevated in the mammary gland of parous rats exposed to E2 during pregnancy, it
is possible that excess estrogens during pregnancy prevent differentiation of mammary stem
and progenitor cells, an explanation that was proposed to explain the protective effects of
pregnancy against breast cancer [58, 196, 197].

Estrogen Use in Adult Life

There are two main categories of estrogenic compounds that are used by adult women: (a)
oral contraceptives (OC), which are used during the reproductive years, and (b) HTs, which
are used during and after menopause.

Premenopausal Oral Contraceptive Use

Hormonal contraceptives came to the market in the 1960’s, and since then three generations
of oral contraceptives have been available. The first generation OCs contained more than 35
ug of estrogens and more than 2.5 mg of progestin. The second generation contained less of
both, and the progestin source was norethindrone or levonorgestel. In the third generation
OCs, progestin is either norgestimate or desogestrel. Further, the latest generation of OC
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drugs contain approximately five times less estrogen and four time less progestin than the
first pills.

OCs work primarily by preventing ovulation, as a consequence of inhibiting pituitary
gonadotropin secretion [198]. In addition to OC, other routes of administration are currently
available, including transdermal and transvaginal routes, allowing for the use of lower doses
of estrogen and progesterone than in OC. Contraceptives also are available via intramuscular
injection or through an intrauterine device using progesterone only [199]. Consistent with
their ability to inhibit ovulation, contraceptives reduce circulating levels of E2 and
progesterone [200], and depending on the level of these hormones in the contraceptives, the
overall estrogen exposure is the same or lower in women using contraceptives as it is in
those who do not use them.

Effects on Breast Cancer Risk—A number of older epidemiological studies reported
that current or recent OC use slightly increased the risk of developing breast cancer,
compared with women who had never used OC. A meta-analysis of 54 studies, published
over 15 years ago, found an increased risk (relative risk [RR], 1.24, 95 % CI, 1.15-1.33) of
breast cancer in women using OCs [201]. The risk was highest for women who had started
using OC as teenagers [201]. However, the risk returned to normal 10 years after a woman
stopped using OC [201, 202]. Results from another meta-analyses [202], and a study
involving slightly over 100,000 women [203], reported an increased risk for breast cancer
among current/recent users of OCs versus woman who had never used hormonal
contraception. Results were similar for combined and progestin-only OCs [203]. In the
Nurses’ Health Study [204], lifetime OC use and breast cancer incidence were assessed
among 116,608 young women (age<42 years). Past use of any oral contraceptive was not
linked to breast cancer risk, while current use was (multivariate RR, 1.33; 95 % ClI, 1.03-
1.73). This increase may be explained almost solely with current use of triphasic
preparations with levonorgestrel as the progestin (RR, 3.05, 95 % ClI, 2.00-4.66).
Interestingly, in women diagnosed with breast cancer who had stopped using OC over 10
years the cancer was less likely to be advanced than in women who had never used OC [201,
202], implying a persistent protective influence on breast biology.

The most recent meta-analysis, containing data published between 1996 and 2011, and
obtained from women who likely had taken 3rd generation OC, found no indication of an
increase in premenopausal breast cancer risk in OC users [205]. This analysis included 12
studies that compared whether women had ever used vs. never used OC. Eight of these
studies contained information on past use. Data obtained in a recent multicenter, population-
based, case—control investigation confirm the results obtained over the past few years. In a
multivariable analysis containing 10 different contraceptive formulations (7=50 women per
formulation), breast cancer risk was not affected by any of the OC formulations [206].

In conclusion, several studies over a number of years investigating whether OC use
increases breast cancer risk suggested that current, but not past use may slightly increase
risk. However, the most recent studies provide no evidence that current use of any of the
contraceptives available, increase breast cancer risk. This is likely due to the fact that OCs
used by women today are less estrogenic and contain less progestin than those available
decades ago.

Postmenopausal Hormone Therapy

Menopausal HT with estrogen alone or estrogen combined with progesterone has been used
for many years to help relieve symptoms of menopause and prevent osteoporosis [207, 208].
The estrogens in HT originate from a variety of animal (conjugated equine estrogens) and
plant (bioidentical HT) sources, or are synthetic estrogens (ethinyl estradiol). The
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conjugated equine estrogens are derived from the urine of pregnant mares, The chemical
structure of all these hormones is similar to natural hormones produced by women’s bodies.

Initially, findings obtained in observational studies were interpreted to indicate that HT
might have other health benefits, such as protection from cardiovascular disease (Nurses’
Health Study 1981; Barrett-Connor et al. 1998; PEPI trial 1995) [208-210]. However, the
WHI study, which was the first large, randomized, placebo-controlled clinical trial of
postmenopausal hormone treatment, provided surprising results. These results dramatically
challenged the previous view, and raised questions about the short-term risks and long-term
benefits of HT [211]. The HERS study (Heart and Estrogen/progestin Replacement Study),
which is a randomized, double-blind, placebo-controlled trial of combination HT for
secondary prevention of coronary heart disease in postmenopausal women, also
demonstrated that there was no benefit of initiation of HT in women with established
coronary heart disease [212].

Combination HT—The WHI trial, launched by the NIH in 1991, included a
postmenopausal Hormone Therapy trial with two separate treatment arms: the estrogen-plus-
progestin arm (conjugated equine estrogens, CEE, 0.625 mg daily and medroxyprogesterone
acetate, MPA, 2.5 mg daily) involving women with a uterus, and the estrogen-alone arm
involving women who had undergone hysterectomy [6, 211, 213]. Progestin was given to
prevent estrogen’s stimulatory effect on the endometrium. A total of 16,608 women, aged 50
through 79 years, participated in the study. In both study arms, women were randomly
assigned to receive either the hormone medication or placebo. Primary end points of the
study were invasive breast cancer and coronary heart disease. The unexpected results
indicated more harm than benefits and caused the trial to be terminated 3 years early in 2002
after 5.6 years of follow-up. Analysis of the WHI data for the first 3 years of HT
intervention indicated a greater risk of fatal and non-fatal malignancies, the global risk index
being 12 % higher in women on CEE plus MPA compared with placebo [211]. No increase
in cardiovascular diseases was observed 3 years after the termination of the intervention
[211].

In the Nurses’ Health Study, which is observational and thus did not include any trial or
intervention, no increase in coronary heart disease risk was seen, but breast cancer risk was
increased with HT use [214]. The discrepancy in cardiovascular disease risk between these
two studies might be largely explained by differences in the distribution of time between the
onset of menopause and the start of HT [214]. This is supported by findings obtained in the
follow-up of the WHI trial [50], performed 10 years after the termination of the study. A
detailed re-analysis of the data indicated that most of the adverse effects (increased risk of
breast cancer, heart disease and stroke) that led to the early termination of the study,
occurred in women who had started HT an average of 12 years past menopause and were in
their 60s and 70s. In contrast, among women aged 50 to 59, those on HT had less heart
disease and were less likely to die for any reason than women taking the placebo. Regardless
of age when HT was initiated, an increase in breast cancer risk from combined HT was seen
as soon as 2 years after the start of use [50, 211].

The most recent large scale intervention study concerning the potential benefits/risks of HT
in postmenopausal women [41] followed almost 13,000 women between the ages of 50 and
79 (average age 64 at the start of the study) for 11 years. The results indicate that women on
combination HT (CEE plus MPA, which was used by 95 % of U.S. women at the time the
intervention study began) had a greater risk of more aggressive cancers and death compared
to women not taking HT. Thus, estrogen plus progestin could have direct effects on the
biology of the cancer, making them grow more aggressively. This conclusion is in contrast
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to earlier studies which suggested that HT increased the risk of less malignant breast tumors
[215, 216].

Estrogen-Alone HT—This treatment has been an option only for women who have had a
hysterectomy, as progesterone protects against estrogen’s stimulatory effect on the
endometrium. Some studies have suggested that estrogen actually lowers the risk of breast
cancer. Although the NIH discontinued the estrogen-alone arm of the WHI study due to an
increased risk of stroke and no reduction in risk of coronary heart disease in these women
[217], the initial data found that treatment with CEE alone for 7.1 years yielded a 20 %
lower risk of invasive breast cancer compared with those in the placebo group [6]. However,
due to the presence of abnormalities in the previous mammograms, treatment with CEE
increased the frequency of mammography screening. When used long term (for more than
10 years), estrogen alone has been found to increase the risk of ovarian cancer in some
studies [213].

As a result of the findings regarding HT, the use of combination HT by menopausal and
postmenopausal women dropped by almost 70 % from 2002 to 2003 [218]. Consequently,
between 2001 and 2004, the overall incidence of postmenopausal breast cancer went down
by 8.6 % [219]. The rates of estrogen receptor-positive breast cancer dropped by 14.7 % in
women between the ages of 50 and 69, which further suggests that stopping HT played a
role in the decline.

Based upon these findings, the current consensus is that combination HTs increase breast
cancer risk, but OCs do not. The biological basis for these opposing findings remains to be
discovered, but may be related to the presence versus absence of ovarian estrogens in pre-
and postmenopausal women, respectively.

HT and Mammographic Density—Mammographic density drops at menopause, and
this improves the ability of imaging techniques to detect abnormalities in the mammary
epithelium. Combined estrogen plus progestin therapy adversely affects breast cancer
detection by mammograms and breast biopsies due to maintaining higher mammographic
density (cumulative frequency of mammograms with abnormalities in HT vs placebo: 35.0
% vs 23.0 %; £<0.001; cumulative breast biopsy frequency: 10.0 % vs 6.1 %; £<001) [220].
Even 12 months after discontinuation of combined HT, the adverse effect of breast density
on mammographic detection was still seen (£ <0.001) [220].

Separate studies by the Breast Cancer Surveillance Consortium [41] and Gierich et al. [221]
(the Breast Imaging Reporting and Data System, BIRADS) using data from seven registries,
representing more than 580,000 women with normal BMI and nearly 1,350,000 screening
mammograms, focused on women with dense breast tissue as determined by radiologists’
mammogram scores. The results confirmed several previous studies which show that women
with dense breasts are at an increased risk of developing breast cancer compared with
women whose breasts are of average density, the association being strongest for
premenopausal women. Combination HT increased the risk of postmenopausal breast cancer
by up to twofold [41]. For postmenopausal women who used HT and had low or average
breast density, their 5-year risk ranged from 0.3 to 2.5 %, whereas it ranged from 1.1 to 4.4
% for women with dense or very-dense mammaographic density [41]. The risk was slightly
higher for those who used combination HT versus estrogen alone. It is not known whether
HT slows the natural atrophy of the mammary gland after menopause, or whether it
stimulates the growth of existing premalignant or malignant cells, or both.

The conclusions of the WHI post-trial analysis and newer studies have led to current
guidelines suggesting that HT should only be used for the treatment of severe hot flashes
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and for no longer than 5 years in women who have recently entered menopause. Estrogen
plus progestin and estrogen alone decreased the risk for fractures, but increased the risk for
stroke, thromboembolic events, gallbladder disease, and urinary incontinence [51]. Estrogen
plus progestin increased the risk for breast cancer and dementia, whereas estrogen alone
decreased the risk of breast cancer [41, 51, 222].

Conclusion

Women use estrogens for many purposes. During pregnancy, synthetic estrogen DES was
used to prevent miscarriage and promote healthy pregnancy, although it turned out to cause
the opposite. During the reproductive years when a woman’s own estrogen levels are high,
women use synthetic estrogens as contraceptives. Since estrogens play an important role in
normal physiological functions in women, some menopausal and postmenopausal women
use estrogen supplementation to regain the benefits of natural estrogens.

The effects of estrogens on breast cancer risk differ depending upon when during a woman’s
life time they are used. Maternal exposure to DES during pregnancy increases breast cancer
risk in mothers and their daughters. The adverse effects of synthetic estrogen exposure
during pregnancy may not be limited to mothers and their daughters. Our preclinical study in
rodents showed that maternal exposure to EE2 increases breast cancer risk in daughters,
granddaughters, and great granddaughters. The first generation of OCs increased breast
cancer risk at the time women were taking them, but the increase in risk was not permanent.
The current, third generation contraceptives do not increase breast cancer risk. Menopausal
and postmenopausal HT, if it contains both estrogens and progestin, increases a woman’s
breast cancer risk, and recent data suggest that tumors developing during therapy are more
aggressive than those in women not using HT. Estrogen-only HT does not increase breast
cancer risk, and might even reduce it. However, due to other adverse effects of estrogen-
only HT, it is not recommended beyond using it to control the most severe menopausal
symptoms.

We are beginning to understand how the increase in breast cancer risk following /n utero
exposures to synthetic estrogens occurs. It most likely involves long-term epigenetic
changes in genes that are important in determining the risk for breast cancer development,
such as tumor suppressor genes, PcTGs and oncogenes. The proposed sequence of events
from the fetal estrogen exposure to an increase in breast cancer risk is illustrated in Fig. 3.
Briefly, an exposure to synthetic estrogens during the fetal period induces modifications in
the epigenetic reprogramming of the genome, leading to changes in mammary gland
morphology, and gene and protein expression. Some of these changes are transient, such as
an increase in the number of TEBs in rodents, and some persist, such as an altered gene and
protein expression involving tumor suppressor genes and oncogenes. Together,
epigenetically induced modifications in the mammary gland morphology and gene
expression increase the likelihood that environmental carcinogens and radiation induce
malignant transformation, and evetually breast cancer. The next challenge is to determine
whether the increase in risk can be reversed by reversing epigenetic changes that occur as a
consequence of early life exposure to synthetic estrogens.
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17B-estradiol DES EE,

Fig. 1.
Structures of natural estradiol (E2) and synthetic estrogens diethylstilbestrol (DES) and
ethinyl estradiol (EE2)
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Difference in the peak intake of DES during pregnancy in the USA and France (from http://

diethylstilbestrol.co.uk)
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Fig. 3.
Proposed sequence of events from maternal exposure to estrogens during pregnancy to an
increase in daughter’s breast cancer risk

J Mammary Gland Biol Neoplasia. Author manuscript; available in PMC 2014 March 01.



