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Abstract Diethylstilbestrol (DES) and bisphenol-A (BPA)
are estrogen-like endocrine-disrupting chemicals that in-
duce persistent epigenetic changes in the developing uterus.
However, DES exposure in utero is also associated with an
increased risk of breast cancer in adult women. Similarly,
fetal exposure to BPA induces neoplastic changes in
mammary tissue of mice. We hypothesized that epigenetic
alterations would precede the increased risk of breast
neoplasia after in utero exposure to endocrine disruptors.
Enhancer of Zeste Homolog 2 (EZH2) is a histone
methyltransferase that has been linked to breast cancer risk
and epigenetic regulation of tumorigenesis. We examined
the effect of BPA and DES on EZH2 expression and
function in MCF-7 cells and in mammary glands of mice
exposed in utero. DES and BPA treatment approximated
human exposure. EZH2 functional activity was assessed by
measuring histone H3 trimethylation. Treatment of MCF-7
cells with DES or BPA led to a 3- and 2-fold increase in
EZH2 mRNA expression, respectively (p<0.05) as well as
increased EZH2 protein expression. Mice exposed to DES
in utero showed a >2-fold increase in EZH2 expression in
adult mammary tissue compared with controls (p<0.05).
EZH2 protein was elevated in mammary tissue of mice
exposed to DES or BPA. Histone H3 trimethylation was
increased in MCF-7 cells treated with BPA or DES.
Similarly, mice exposed to BPA or DES in utero showed

increased mammary histone H3 trimethylation. Develop-
mental programming of EZH2 is a novel mechanism by
which in utero exposure to endocrine disruptors leads to
epigenetic regulation of the mammary gland.
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Introduction

Endocrine-disrupting chemicals (EDCs) are exogenous sub-
stances that alter endocrine function due to their hormone-like
activity. Humans are widely exposed to these compounds,
which have been implicated in disruption of normal develop-
ment [1]. Exposure to estrogen-like EDCs (xenoestrogens)
during critical stages of development can interfere with
normal hormonal signaling and result in persistently altered
gene expression. Diethylstilbestrol (DES) is a non-steroidal
synthetic estrogen that is known to have teratogenic and
carcinogenic effects. An estimated 10 million Americans
have been exposed to DES. While DES-related genital tract
abnormalities are well described, exposure in utero has also
been associated with abnormalities outside of the reproduc-
tive tract. Women exposed to DES while pregnant show a
modest increase in the incidence of breast cancer with
relative risks (RR) ranging from 1.33 to 1.4 [2–5]. Daughters
born after in utero exposure to DES have a RR of 2.5 for
developing breast cancer after the age of 40 when compared
with unexposed women of the same age [6]. Animal studies
have also demonstrated associations between in utero DES
exposure and breast cancer [7–9].

Bisphenol-A, a known EDC, is a monomer commonly
used in the production of polycarbonate plastics and epoxy
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resins. It is present in many plastics leading to almost
ubiquitous human exposure [10, 11]. Fetuses and young
infants are commonly exposed to bisphenol-A (BPA) by
transplacental transfer of maternal BPA and through
ingestion of maternal milk or formula in BPA containing
plastic bottles [12, 13]. Studies reporting BPA exposure in
humans have detected plasma BPA levels of 0–2 ng/mL in
non-pregnant subjects, 0.3–18.9 ng/mL in pregnant sub-
jects, 0.2–9.2 ng/mL in fetal serum (sampled from
umbilical vein), and 0.55–8.3 ng/mL in amniotic fluid
[13–16]. BPA is structurally similar to DES; both are non-
steroidal and have estrogenic effects (Fig. 1). BPA has been
associated with adverse reproductive outcomes in both
humans and animal models. Similar to DES, BPA alters
expression of key developmental regulators such as HOX
genes in the reproductive tract [17–19]. Perinatal exposure
to BPA alters mammary gland development in mice [20].
Mice exposed to BPA in utero demonstrate altered
morphology of mammary tissue, increased estradiol sensi-
tivity, increased cell proliferation, decreased apoptosis, and
altered timing of development [21]. Rats exposed in utero
to BPA have an increased incidence of carcinoma in situ in
the mammary glands as adults [22]. Pre-neoplastic lesions,
such as intraductal hyperplasias, are also increased in rats
after in utero BPA exposure. BPA exposure in utero also
promotes breast neoplasms in rats after exposure to a
known carcinogen at a dose that does not cause cancer in
control (non-BPA treated) mice [23].

Epigenetic gene regulation produces heritable changes in
expression of genes that are mediated through changes in
DNA methylation as well as modification of histone and
chromatin structure, without changes to the genomic DNA
sequence. These changes modify chromatin structure and
change the accessibility of DNA to transcription factors,
thereby causing alterations in gene expression. CpG DNA

hypermethylation within promoter regions of tumor suppress-
ing genes can lead to tumor formation [24]. Methylation of
histone lysine residues by histone methyltransferases is a
common modification resulting in gene silencing associated
with cancer [25, 26].

The polycomb repressive complex 2 (PRC2) enzyme
complex is a histone methyltransferase known to be
involved in gene silencing and tumorigenesis. It acts by
methylating lysine-27 of histone H3 (H3-K27). PRC2 can
add up to three methyl groups to the lysine side chain, and
the trimethylated form of H3-K27 is known as histone H3
(tri methyl K27) [27]. The catalytic subunit of the PRC2
enzyme complex, enhancer of Zeste homolog 2 (EZH2),
provides the methyltransferase activity [28, 29]. Over-
expression of EZH2 has been described in a number of
human cancers, including breast, prostate, lymphoma,
myeloma, bladder, colon, skin, liver, uterine, lung, and
stomach [30–33]. In breast cancer, elevated EZH2 levels
are associated with aggressive forms of disease [32, 34, 35].
Engineered over-expression of EZH2 leads to increased
invasiveness of cells in vivo and tumorigenesis in mice [32,
36]. EZH2 may also act to link two epigenetic systems of
gene silencing, specifically histone methylation (by Poly-
comb group enzyme activity) and DNA methylation (by
DNA methyltransferases) [37–39]. Histone methylation by
EZH2 leads to chromatin alterations that “mark” the DNA
for methylation by DNA methyltransferases. EZH2 over-
expression in mammary tissue also impairs DNA repair
mechanisms by decreasing expression of RAD51 paralogs
known to function in homologous recombination, a process
by which double-strand DNA breaks are repaired [40].

EZH2 may be a marker for increased risk of breast
cancer development. Women without breast cancer with
breast biopsies demonstrating increased EZH2 expression
were more likely to subsequently develop breast cancer
than women with biopsies with low expression of EZH2
[41]. However, EZH2 expression is not increased in all pre-
invasive lesions of the breast.

We have recently shown that in utero exposure to DES
or BPA causes hypermethylation of HOXA10 in the
endometrium [42, 43]. We hypothesized that epigenetic
changes may similarly occur in the mammary gland after
exposure to DES and other estrogen-like endocrine-
disrupting chemicals, such as BPA. We examined the
expression of known epigenetic regulators in mammary
tissue after exposure to DES or BPA in utero. As elevated
EZH2 is associated with human breast cancers and is
known to decrease expression of DNA repair mediators, we
specifically examined EZH2 expression after DES or BPA
exposure. We also assessed the histone methyltransferase
activity of EZH2 after DES and BPA exposure by
examining expression of trimethylated histone H3 at lysine
27(histone H3 tri methyl K27).

Fig. 1 Structure of diethylstilbestrol (DES) and bisphenol-A (BPA)
structure of the endocrine-disrupting compounds diethylstilbestrol and
bisphenol-A.
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Materials and Methods

Cell Culture and In Vitro DES and BPA Exposure

MCF-7 cells, a well-differentiated breast cancer cell line
known to express estrogen receptor α, estrogen receptor β,
and progesterone receptor, were obtained from the Amer-
ican Type Collection (Rockville, MD, USA) [44, 45].
MCF-7 cells were cultured in phenol-free Eagle’s MEM
(Life Technologies, Inc, Gathersburg, MD, USA) contain-
ing 10% (v/v) charcoal-stripped fetal bovine serum and
supplemented with penicillin/streptomycin (100 µg/mL),
L-glutamine (2 mM), and sodium pyruvate (1 mM). Cells
were grown to confluence in plastic flasks (75 cm2, Falcon,
Franklin Lakes, NJ, USA) and maintained at 37°C in a
humidified atmosphere (5% CO2 in air). The 70–80%
confluent monolayers were harvested by trypsinization,
seeded in a six well plate, and maintained in serum-free
medium for 24 h. The cells were subsequently treated with
five concentrations of DES (5×10−6, 5×10−7, 5×10−8, 5×
10−9, or 5×10−10M; Sigma, St. Louis, MO, USA), five
concentrations of BPA (2.5×10−4, 2.5×10−5, 2.5×10−6,
2.5×10−7, or 2.5×10−8M; Sigma), or dimethyl sulfoxide
(control) for 48 h. RNA was isolated using the RNEasy Kit
(Qiagen, Valencia, CA, USA) according to the manufac-
turer’s protocol. RNA samples were stored at −80°C until
use. Each experiment was repeated three times and
performed in triplicate.

Animal Care

CD1 mice were obtained from Charles River Laboratories
(Wilmington, MA, USA). The mice were housed in
standard polypropylene cages in a temperature controlled
room (22°C) with a 14-h light, 10-h dark cycle. Food (Purina
Chow, Purina Mills, Richmond, IN, USA) and water were
provided ad libitum. Eight-week-old CD-1 female mice were
bred to male mice of the same strain and examined every 12 h
until the presence of a vaginal plug was detected. Detection of
a vaginal plug was considered day 0 of pregnancy. Pregnant
mice were the housed individually and treated with intraper-
itoneal injection of DES (N=15) (Sigma) in sesame oil at a
dose of 10 µg/kg, BPA (N=15) (Sigma) in sesame oil at a
dose of 5 mg/kg, or sesame oil alone (control, N=15) on
days 9–26 of gestation. These doses have been previously
described and lead to alterations in the uterus of exposed
mice [17, 18, 46]. Each experiment consisted of an N of five
animals and was conducted in triplicate resulting in an N of
15 for each exposure. All experiments were conducted in
accordance with Yale University Animal Care Committee
Guidelines.

Female offspring with in utero exposure were euthanized
by cervical dislocation under CO2 inhaled anesthesia at

6 weeks after birth. Inguinal mammary glands were
removed. Mammary tissue was divided, with half being
used for mRNA analysis and the other half being used for
protein analysis. The mammary tissue intended for mRNA
analysis was then placed in 1 mL TRIZOL per 100 mg tissue
(Invitrogen, Carlsbad, CA, USA). Tissue was homogenized
on ice, and total RNA was isolated using methodology
described by the manufacturer.

Measurement of Plasma BPA Levels

Pregnant mice were treated with daily intraperitoneal
injections of BPA (Sigma) in sesame oil at a dose of
5 mg/kg or sesame oil alone (control) daily beginning at
day 9 of gestation. On day 13, blood samples were obtained
by cardiac puncture using 25 gauge needles. Mice had
blood drawn at 1, 6, 12, and 18 h after their last dose of
BPA or control (sesame oil). N=8 (four controls and four
BPA-treated) at each time point. Blood samples (50 µL)
were diluted with an equal volume of methanol and
subjected to centrifugation. A volume of 50 µL of solution
was transferred to a 1.5-mL tube, and 50 µL acetonitrile was
added followed by a second centrifugation. Separation was
then performed on an Agilent 1200 Series rapid resolution
liquid chromatography machine (Agilent Technologies, Santa
Clara, CA, USA) with a Waters YMC (C18) Column (3 µM,
4.6×150 mm) (Waters, Milford, MA) and a 26-min gradient
of water to methanol. Determinations of plasma BPA levels
were performed on an Applied Biosystems 4000 Q Trap
Mass-spectrometer (Applied Biosystems, Foster City, CA,
USA) in negative mode. Stock solutions of BPA (Sigma) were
prepared for use as internal standards. Each blood sample was
measured in triplicate.

Quantitative RT-PCR

Total RNA (500 ng) was reverse transcribed in 20 μl of
reaction mixture using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA). The reaction mix was
incubated for 5 min at 25°C, 30 min at 42°C, and 5 min
at 85°C using the Eppendorf Mastercycler (Eppendorf
North America). Quantitative real time RT-PCR reactions
were prepared using the iQ SYBR Green Supermix (Bio-
Rad). Each PCR reaction consisted of the following: 1 μl
of cDNA template, 1 μl of forward primer (1 µM), 1 μl
of reverse primer (1 μM), 9.5 μl of nuclease-free H2O,
and 12.5 μl of iQ SYBR Green Supermix. EZH2 intron-
spanning primers were designed using PerlPrimer version
1.1.14. Primers designed for human EZH2 yielded a
156-bp amplicon. Primers designed for murine EZH2
yielded a 168-bp amplicon. β-Actin was used as a
housekeeping gene. β-Actin primers have been described
previously [18].

148 HORM CANC (2010) 1:146–155



EZH2 Primers

Human: Forward—5 ′-TAATGTGCTGGAATCA
AAGG-3′
Reverse—5′-TGGCTTCATCTTTATTGGTG-3′
Mouse: Forward—5′-TCCGAATAACAGTAGCAGAC-3′
Reverse—5′-ACACCGAGAATTTGCTTCAG-3′

The Bio-Rad iCycler iQ system (Bio-Rad) was used to
quantify fluorescence of PCR products during amplification.
RT-PCR reactions were performed for 45 cycles at 95°C for
2 s and 60°C for 5 s, and 72°C for 18 s. Melting curve data
were collected for analysis. Relative gene expression was
determined by analyzing data using the 2�ΔΔCT method to
adjust for expression of β-actin [47]. Specificity of the
amplified products and the absence of primer-dimmers were
confirmed via melt curve analysis. All products obtained
yielded the predicted melting temperature. All experiments
were conducted in triplicate. Samples without cDNA
template were used as negative controls.

Western Blot

MCF-7 cells were treated with DES (5×10−8M), BPA
(2.5×10−6M), or dimethyl sulfoxide (control) for 48 h.
Pregnant CD1 mice were treated with intraperitoneal
injection of DES (Sigma) in sesame oil at a dose of
10 µg/kg, BPA (Sigma) in sesame oil at a dose of 5 mg/kg,
or sesame oil alone (control) on days 9–26 of gestation.
Protein was extracted from MCF-7 cells and homogenized
murine mammary gland tissue using the Nuclear Extract
Kit (Active Motif, Carlsbad, CA, USA) according to the
manufacturer’s protocol for whole-cell protein extraction.
The protein was quantified by the Bradford method using a
protein assay kit (Bio-Rad). Aliquots (60 µg) were loaded
on to a 6% SDS polyacrylamide gel, size fractioned, and
transferred to a nitrocellulose membrane using a transblot
apparatus (Bio-Rad). The membrane was incubated in
blocking buffer (1× TBS, 0.1% Tween-20 with 5% w/v
nonfat dry milk) at room temperature for 1 h, washed for
5 min×3 in TBS/T (1× TBS, 0.1% Tween-20) and then
incubated overnight with primary antibody at 4°C. The
primary antibody for EZH2 was a 1:1,000 dilution of
mouse polyclonal EZH2 antibody (Cell Signaling Technol-
ogy, Danvers, MA, USA). The primary antibody for histone
H3 was a 1:250 dilution of rabbit monoclonal histone H3
antibody (Abcam, Cambridge, UK). The primary antibody
for histone H3 trimethylated at lysine 27 (histone H3 tri
methyl K27) was a 1:5,000 dilution of mouse monoclonal
histone H3 (tri methyl K27) antibody (Abcam). The
primary antibody for β-actin is a 1:500 dilution of mouse
monoclonal β-actin antibody (Abcam). After incubation
with primary antibody, the membrane was washed with

TBS for 5 min at room temperature and incubated for 1 h
with a 1:2,500 dilution of secondary antibody. Donkey anti-
mouse IgG-horseradish peroxidase (Santa-Cruz, San Fran-
cisco, CA, USA) was the secondary antibody used for
EZH2, histone H3 (tri methyl K27), and β-actin Western
blotting. Donkey anti-rabbit IgG-horseradish peroxidase
(Santa-Cruz, San Francisco, CA, USA) was used for
histone H3 Western blotting. Following treatment with
secondary antibody, the membrane was then washed twice
in TBS for 5 min at room temperature and immersed in a
horseradish peroxidase color developer buffer (Bio-Rad) for
30 min. Photographs were taken immediately following
color development. β-Actin was used as a loading control.
All experiments were conducted in triplicate. Densitometry
was performed on scanned images using ImageJ (NIH).
Mean gray values and areas were measured for each band.
Background measurements were also obtained. Mean gray
values were subtracted from background and multiplied by
band area. Band values were normalized to β-actin to
obtain relative densitometric intensity.

Statistical Analysis

Differences in EZH2 mRNA expression between treatment
groups and the control were compared using Student’s t
test. Relative densitometric intensities of Western blot data
were also compared using Student’s t tests. p<0.05 was
considered statistically significant.

Results

DES and BPA Exposure In Vitro Alter EZH2 Expression
in Mammary Cells

To define the effect of DES and BPA on adult human breast
cells, the effects of these compounds on EZH2 expression
were evaluated in MCF-7 cells. Cells were treated with DES
in five concentrations ranging from 5×10−10 to 5×10−6, BPA
in five concentrations from 2.5×10−8 to 2.5×10−4M, or
dimethyl sulfoxide (control) for 48 h. EZH2 mRNA levels
(normalized to β-actin levels) were measured by quantitative
RT-PCR (Fig. 2).

Treatment with DES at 5×10−10 and 5×10−9M did not
significantly alter EZH2 expression. Expression of EZH2
was increased 2-fold in cells treated with DES at 5×10−8M
(p<0.05), increased 2.5-fold in cells treated with DES at 5×
10−7M (p<0.05), and increased 4-fold in cells treated with
DES at 5×10−6M (p<0.05), when compared with controls.

Treatment with BPA at 2.5×10−8 and 2.5×10−7M did
not significantly alter EZH2 expression. EZH2 expression
increased over 2-fold in cells treated with BPA at 2.5×10−6

(p<0.05) and 2.5×10−5M (p<0.05) when compared with
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controls. Treatment of cells with BPA at a concentration of
5×10−4M was toxic to cells.

We also investigated whether treatment of MCF-7 cells
with DES and BPAwould alter EZH2 protein. Western blot
analysis (Fig. 3) was performed to measure EZH2 protein
expression. Densitometry was then performed to quantify
changes in protein expression. Cells treated with vehicle
control demonstrated low, but detectable, EZH2 protein
expression. DES treatment resulted in increased EZH2 protein
expression when compared with control cells (p<0.05).
Treatment with BPA also increased EZH2 protein expression
when compared with controls (p<0.05). There were no
changes in β-actin associated with exposure.

DES and BPA Exposure In Vitro Alters Net EZH2
Functional Activity in Mammary Cells

In order to assess functional consequences resulting from
changes in EZH2 expression in MCF-7 cells in response to
in vitro treatment with DES or BPA, we examined the
expression of histone H3 (tri methyl K27) in these cells.
Western blots were also performed for total histone H3.
Western blot data from MCF-7 cells treated with DES, BPA,
and control is shown in Fig. 4. Cells treated with vehicle
control showed low but detectable histone H3 (tri methyl
K27) expression. Cells exposed to DES for 48 h had
increased expression of histone H3 (tri methyl K27) when
compared with control cells (p<0.05). Treatment with BPA
also increased expression of histone H3 (tri methyl K27)
when compared with control cells (p<0.05). Total histone
H3 expression and β-actin expression did not change after
treatment with either DES or BPA.

Plasma BPA Levels After Treatment of Pregnant Mice

While DES administration has been well established, BPA
dose and resultant serum levels are not well characterized.
BPA levels were determined in pregnant mice treated with

Fig. 2 DES and BPA exposure in vitro induce EZH2 mRNA expression
in human mammary cells. a Quantitative RT-PCR performed on MCF-7
cells treated with DES at five concentrations. Treatment with 5×10−8

and 5×10−7M DES resulted in a greater than 2-fold increase in EZH2
mRNA compared with controls. Treatment with 5×10−6M DES caused
a 4-fold increase in EZH2 mRNA expression. Results are representative

of three independent experiments performed in triplicate. *p<0.05. b
Quantitative RT-PCR performed on MCF-7 cells treated with four
concentrations of BPA. Treatment with 2.5×10−6 and 2.5×10−5M BPA
resulted in greater than 2-fold increases in EZH2 mRNA when
compared with controls. Results are representative of three independent
experiments performed in triplicate. *p<0.05.

Fig. 3 DES and BPA exposure in vitro increase EZH2 protein
expression in human mammary cells. a Western blotting demonstrates
that BPA and DES treatment of MCF-7 cells for 48 h results in
increases in EZH2. EZH2 was present in low, but detectable, amounts
in vehicle-treated control cells. DES-treated cells showed an increase
in EZH2. BPA-treated cells also showed an increase in EZH2. β-Actin
was used to as a loading control. b Densitometric analysis of Western
blots confirm increased EZH2 expression in BPA and DES-treated
MCF-7 cells. Values were normalized to β-actin to obtain relative
densitometric intensity. *p<0.05.
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intraperitoneal injections of BPA at a dose of 5 mg/kg on days
9–13 of gestation. Plasma BPA levels were measured 1–18 h
after receiving an intraperitoneal dose of BPA, or control
vehicle, on day 13 of pregnancy (Fig. 5). One hour after
treatment, animals administered BPA had mean plasma BPA
levels of 24.69 ng/mL, while control mice had mean plasma
BPA levels of 1.70 ng/mL. Mice had mean plasma BPA
levels of 3 ng/mL 6 h after treatment with BPA. By 18 h
after intraperitoneal administration of BPA, plasma BPA
levels in treated animals (1.67 ng/mL) were indistinguishable
from those of controls (1.77 ng/mL). These levels approx-
imate the mean levels reported in plasma from pregnant
women sampled between 32 and 41 weeks of gestation
(ranging 0.3 to 18.9 ng/mL, mean 3.1 ng/mL) [13].

DES and BPA Exposure In Utero Alter EZH2 Expression
in Adult Mammary Tissue

To evaluate whether in utero DES or BPA exposure would
alter EZH2 expression in mammary tissue, pregnant mice were
treated with DES (10 µg/kg, n=15), BPA (5 mg/kg, n=15), or
empty vector (sesame oil, n=15) on days 9–26 of gestation.
The female offspring of the treated mice were killed at
6 weeks of age, and EZH2 mRNA and protein expression

were examined in inguinal mammary glands. DES exposure
in utero led to a 2-fold increase in EZH2 mRNA expression
(p<0.05). BPA exposure did not have an effect on EZH2
mRNA (Fig. 6).

EZH2 protein levels were measured by Western blot
analysis in mammary tissue of female mice with in utero
exposure to DES, BPA, or control (Fig. 7). Control-treated
mice had low, but detectable, EZH2 protein expression.
Exposure to DES in utero resulted in increased EZH2
protein (p<0.05). Similarly, BPA exposure in utero led to
increased EZH2 protein expression (p<0.05). There were
no changes in β-actin.

DES and BPA Exposure In Utero Alters Net EZH2
Functional Activity in Adult Mammary Tissue

To evaluate the effect of in utero exposure to the endocrine-
disrupting chemicals DES and BPA on EZH2-mediated
histone methyltransferase activity, we treated pregnant
female mice with DES (10 µg/kg, n=15), BPA (5 mg/kg,
n=15), or vehicle control (sesame oil, n=15) on days 9–26
of gestation. The female offspring of the treated mice were
killed at 6 weeks of age, and Western blots were performed
to assess the effect on expression of trimethylated histone
H3 (histone H3 tri methyl K27). Western blots were
performed with primary antibodies against histone H3 (tri
methyl K27). Western blots were also performed for total
histone H3. Western blot results from female mice with in
utero exposure to DES, BPA, or control vehicle are shown
in Fig. 8. Mice treated with vehicle control had detectable
levels of histone H3 (tri methyl K27). DES exposure in
utero increased histone H3 (tri methyl K27) when com-
pared with control mice (p<0.05). BPA exposure in utero
also increased histone H3 (tri methyl K27) (p<0.05). In
utero exposure to DES or BPA did not change the amount
of total histone H3.

Discussion

DES and BPA are endocrine-disrupting chemicals with well-
known developmental effects. Many of their effects are
mediated through their estrogen-agonist activity. However,
many of the effects of these endocrine disruptors persist well
after exposure, with lasting changes in gene expression that
cannot be explained simply as a result of their direct estrogenic
effects [48–50]. We have previously shown that DES or BPA
exposure causes epigenetic changes in HOXA10 expression
in the reproductive tract by altered DNA methylation [42,
43]. Epigenetic changes as a result of exposure to EDC may
predispose to malignancies in adulthood. In women, expo-
sure to DES in utero is associated with an increased incidence
of breast cancer as an adult [5, 6]. Rodent studies have shown

Fig. 4 DES and BPA exposure in vitro increase net EZH2 functional
activity in mammary cells. a Western blot demonstrates that in vitro
BPA and DES exposure results in increases in EZH2 protein function,
assessed by blotting with antibody specific to histone H3 (tri methyl),
the target of EZH2 methyltransferase activity. Histone H3 (tri methyl
K27) was low, but detectable, in vehicle-treated control cells.
Treatment with DES increased histone H3 (tri methyl K27). BPA-
treated cells also showed an increase in histone H3 (tri methyl K27).
Total histone H3 protein expression was not changed by treatment
with DES or BPA. b Densitometric analysis of Western blots confirm
increased histone H3 (tri methyl K27) in BPA and DES-treated MCF-
7 cells. Values were normalized to β-actin to obtain relative
densitometric intensity. *p<0.05.
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that BPA exposure in utero causes molecular changes in
mammary tissue, altering estrogen sensitivity and predispos-
ing to mammary ductal hyperplasia and an increase in
carcinoma in situ of the breast [21, 22, 51]. Here we examine
the mechanisms by which DES and BPA exert these
epigenetic effects in mammary tissue.

Recently, epigenetic changes involving DNA methyla-
tion and chromatin remodeling as a result of histone
modifications (methylation, acetylation, etc.) have been
implicated in the process of carcinogenesis. Interestingly,
nearly half of the tumor suppressor genes known to cause
certain cancer syndromes can be activated by DNA
promoter hypermethylation in sporadic cancers [52]. As
described above, histone methylation by EZH2 is a known
epigenetic modifier in breast cancers.

Because of the possible role of EZH2 in the development
of breast cancer, we investigated the effects of exposure to
two well described EDCs, DES and BPA, on expression of
EZH2. DES was administered to pregnant women at high
dose, while BPA is a ubiquitous environmental contami-
nant. Here, plasma BPA concentrations in treated mice were
found to be similar to those commonly reported in pregnant
women [19–23]. Exposure to either DES or BPA in human
MCF-7 cells increased EZH2 mRNA and protein expres-
sion. After in utero exposure to DES or BPA, mice
demonstrated lasting increases in EZH2 expression in the
adult. DES exposure in utero caused an increase in EZH2
mRNA and protein levels. Interestingly, after in utero
exposure to BPA, EZH2 protein expression was increased,
while there was no apparent change in EZH2 mRNA in

Fig. 5 Plasma BPA concentra-
tion in treated animals and con-
trols as determined by mass
spectroscopy. a Representative
LC/MS chromatography from
untreated and BPA-treated mice
sampled 1 h after administration
of BPA. Top panel demonstrates
quantification of BPA in control
mice. Bottom panel shows
quantification of BPA after
treatment. b Plasma BPA
concentration was determined
after administration of BPA or
vehicle control to pregnant
mice. Plasma was obtained at 1,
6, 12, and 18 h after BPA
administration.
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mice. This suggests that BPA increases EZH2 protein by
increasing translation or decreasing protein degradation.
BPA may decrease microRNAs specific to EZH2 mRNA,
thus increasing protein translation without any significant
changes in mRNA expression. Alternatively, BPA might
stabilize EZH2 protein by a mechanism-decreasing protein
catabolism.

We also assessed the functional significance of increased
EZH2 protein levels by examining the expression of histone
H3 (tri methyl K27). We found increases in histone H3 (tri
methyl K27) in MCF-7 cells treated with DES or BPA.
Mice exposed to DES or BPA in utero also showed
increased histone H3 (tri methyl K27) levels. Because the
epigenetic effect of EZH2 is mediated largely due to its
histone methyltransferase activity at lysine 27 of histone
H3, our data confirm that both DES exposure and BPA
exposure in utero cause epigenetic alterations in mammary
tissue.

In breast cells, an interesting target of EZH2-mediated
histone methyltransferase activity is p57 (CDKN1C), a-
cyclin dependent kinase inhibitor that functions in the
maintenance of the cell cycle, which has recently been
shown to be repressed by EZH2-mediated methylation of

Fig. 6 DES, but not BPA, exposure in utero increases EZH2 mRNA
expression in adult murine mammary tissue. Quantitative RT-PCR was
performed in mammary tissue from 6-week-old mice after in utero
exposure to DES or BPA during days 9–26 of gestation. DES treatment
resulted in a 2-fold increase in EZH2 mRNA expression when compared
with control mice. BPA treatment did not alter expression of EZH2
mRNA. Results are representative of three independent experiments
using five animals in each treatment group in each experiment. *p<0.05.

Fig. 7 DES and BPA exposure in utero increases EZH2 protein levels in
adult murine mammary tissue. aWestern blot demonstrating that in utero
BPA or DES exposure during days 9–26 of gestation increases EZH2
protein within mammary tissue of 6-week-old female mice. EZH2 was
present in low, but detectable, amounts in control animals. DES-treated
animals showed an increase in EZH2. BPA-treated animals also showed
an increase in EZH2. b Densitometric analysis of Western blots confirm
increased EZH2 expression in adult murine mammary tissue subsequent
to in utero BPA or DES exposure. Values were normalized to β-actin to
obtain relative densitometric intensity. *p<0.05.

Fig. 8 DES and BPA exposure in utero increase net EZH2 functional
activity in adult murine mammary tissue. a Western blot demonstrates
that in utero BPA and DES exposure during days 9–26 of gestation
increases EZH2 protein function, assessed by blotting with antibody
specific to histone H3 (tri methyl), the target of EZH2 methyltransfer-
ase activity. Histone H3 (tri methyl K27) was low, but detectable, in
control mammary glands. Treatment with DES increased histone H3
(tri methyl K27). BPA-treated mice also showed an increase in histone
H3 (tri methyl K27). Total histone H3 protein expression was not
changed by treatment with DES or BPA. b Densitometric analysis of
Western blots confirm increased histone H3 (tri methyl K27) in adult
murine mammary tissue subsequent to in utero BPA or DES exposure.
Values were normalized to β-actin to obtain relative densitometric
intensity. *p<0.05.
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histone H3 at lysine 27 in breast cancer cells [53].
Repression of this cell cycle regulator may lead to the
increase in cell proliferation seen in breast tumors with
elevations in EZH2 [33, 34]. Another important target gene,
repressed by EZH2-mediated histone methylation, is E-
cadherin. E-Cadherin is important in cell–cell adhesion, and
its disruption has been associated with increased invasive-
ness and metastases of cancers [54]. E-Cadherin is
transcriptionally silenced by EZH2 by methylation of
histone H3 at lysine 27 [55]. The increased invasiveness
seen in breast cancers with elevated EZH2 levels could
therefore involve repression of E-cadherin.

In conclusion, we have demonstrated a novel mechanism
by which endocrine-disrupting chemicals regulate develop-
mental programming in the breast. Exposure to DES or
BPA in utero alters mammary tissue expression of EZH2, a
histone methyltransferase with known associations to
tumorigenesis. EZH2 function, measured by examination
of histone H3 (tri methyl K27), also increases as a result of
exposure to DES or BPA. Increased expression of EZH2
within the breast, even in morphologically normal appearing
tissue, may prove to be a marker of increased breast cancer
risk [41]. The increase in EZH2 expression and function
shown here in mice after in utero exposure to these
chemicals is a potential mechanism for the increased risk
of breast cancer as a result of exposure to these EDCs. This
study also generates important safety concerns about
exposures to environmental endocrine disruptors such as
BPA and suggests a potential need to monitor women
exposed to these chemicals for the development of breast
lesions as adults.

Disclosures The authors have nothing to disclose in this paper.
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