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Abstract

During development, epigenetic programs are “installed” on the genome that direct differentiation
and normal tissue and organ function in adulthood. Consequently, development is also a period of
susceptibility to reprogramming of the epigenome. Developmental reprogramming occurs when an
adverse stimulus or insult interrupts the proper “install” of epigenetic programs during
development, reprogramming normal physiological responses in such a way as to promote disease
later in life. Some of the best examples of developmental reprogramming involve the reproductive
tract, where early life exposures to environmental estrogens can increase susceptibility to benign
and malignant tumors in adulthood including leiomyoma (fibroids), endometrial and prostate
cancer. Although specific mechanism(s) by which environmental estrogens reprogram the
developing epigenome were unknown, both DNA and histone methylation were considered likely
targets for epigenetic reprogramming. We have now identified a mechanism by which
developmental exposures to environmental estrogens reprogram the epigenome by inducing
inappropriate activation of nongenomic estrogen receptor (ER) signaling. Activation of non-
genomic ER signaling via the PI3K pathway activates the kinase AKT/PKB in the developing
reproductive tract, which phosphorylates the histone lysine methyltransferase (HKMT) EZH2, the
key “installer” of epigenetic histone H3 lysine 27 trimethylation (H3K27me3). AKT
phosphorylation inactivates EZH2, decreasing levels of H3K27 methylation, a repressive mark
that inhibits gene expression, in the developing uterus. As a result of this developmental
reprogramming, many estrogen-responsive genes become hypersensitive to estrogen in adulthood,
exhibiting elevated expression throughout the estrus cycle, and resulting in a “hyper-estrogenized”
phenotype in the adult uterus that promotes development of hormone dependent tumors.
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Developmental Reprogramming by Early Life Environmental Exposures

Early life exposures to environmental agents can have profound effects on adult disease
outcome via an epigenetic process termed developmental reprogramming (Gluckman and
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Hanson, 2004; Jirtle and Skinner, 2007). The developmental reprogramming hypothesis
proposes that exposure of developing tissues to an adverse stimulus or insult can
permanently reprogram normal physiological responses, and so give rise to metabolic and
hormonal disorders later in life (Barker, 2002; Couzin, 2002; Frankel and others, 1996;
Hattersley and Tooke, 1999). Developmental reprogramming can also be induced by early
life exposures to environmental agents, such as xenoestrogens that mimic the female
hormone estrogen and act as estrogen receptor (ER) agonists. There are now many examples
of developmental reprogramming by environmental estrogens increasing susceptibility to
adult diseases such as obesity and cancer.

From the 1940-70s, the xenoestrogen diethylstilbestrol (DES) was extensively prescribed to
pregnant women at risk for miscarriage. Women exposed to DES in utero during critical
periods of reproductive tract development developed several types of reproductive tract
abnormalities, as well as an increased incidence of cervical-vaginal cancer later in life
(Herbst and others, 1971). Animal studies that simulate the human DES experience have
since shown that exposure of the developing reproductive tract of CD-1 mice to DES
imparts a permanent estrogen imprint that alters reproductive tract morphology, induces
persistent expression of the lactoferrin and c-fos genes and induces a high incidence of
uterine adenocarcinoma (Li and others, 2003; Newbold and others, 1990; Newbold and
others, 1997). DES exposure also induces changes in the expression of several uterine genes
involved in tissue patterning, such as Wnt7a, Hoxa9, Hoxal0 and Hoxall, contributing to
changes in tissue architecture and morphology (Block and others, 2000; Ma and others,
1998; Miller and others, 1998). DES-induced developmental programming has been
demonstrated to require estrogen receptor a (ERa) (Couse and others, 2001), suggesting that
signaling through this receptor is crucial for establishing the imprint. These initial
observations with DES firmly established the developmental period as a window of
susceptibility during which an inappropriate xenoestrogen exposure can induce
developmental programming and increase risk for diseases, including cancer, later in life.

We have recently shown that developmental reprogramming induced by environmental
estrogens can increase susceptibility to uterine tumorigenesis by increasing the penetrance of
a tumor suppressor gene defect in adulthood (Cook and others, 2005). Utilizing rats carrying
a germline defect in the tuberous sclerosis complex 2 (Tsc-2) tumor suppressor gene that are
predisposed to uterine leiomyomas, we found that an early life exposure to diethylstilbestrol
(DES) during development of the uterus increased tumor suppressor gene penetrance from
65% to >90%, increased tumor multiplicity and size in genetically predisposed animals, but
failed to induce tumors in wild-type rats. Importantly, we found that DES exposure had
imparted a hormonal “imprint” on the developing uterine myometrium that was independent
of the genetic defect (i.e. occurred in both wild-type and carrier females), causing an
increase in expression of estrogen-responsive genes prior to the onset of tumors. Like many
other benign and malignant reproductive tract tumors, uterine leiomyoma are hormone
dependent (Walker and Stewart, 2005). Transcriptional profiling of tumors compared to age-
and stage-matched myometrium identified 171 genes differentially expressed in leiomyomas
relative to normal myometrium (Greathouse and others, 2008). Of the estrogen-responsive
genes analyzed, over half were reprogrammed in the adult myometrium as a result of
developmental exposure to DES. Reprogramming caused these estrogen-responsive genes to
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become hyper-responsive to hormone, resulting in increased expression during the estrous
cycle when estrogen was high, and sustained expression even when estrogen levels were
low. Importantly, this reprogramming was observed in the adult myometrium 8-10 months
prior to the onset of tumors. When this developmental reprogramming of estrogen-
responsive genes occurred in the presence of the Tsc-2 tumor suppressor gene defect, the
reprogrammed “hyperestrogenized” phenotype of the myometrium promoted the
development of leiomyomas in genetically susceptible animals.

Ho and colleagues have reported similar data for the developing male reproductive tract.
They found that neonatal exposure of male rats to the environmental xenoestrogen bisphenol
A (BPA) predisposed them to develop prostate cancer (PCa) or high-grade prostatic
intraepithelial neoplasia (HG-PIN) later in life (Ho and others, 2006). They went on to
demonstrate that this early life exposure could induce aberrant DNA methylation of CpG
islands in the promoter region of specific genes such as Pde4d4, leading to inappropriate
gene expression in the adult prostate. These data indicate that in both males and females,
environmental exposures during development can permanently reprogram the developing
reproductive tract and lead to increased susceptibility to develop tumors in adulthood.

Histone Methylation: An Epigenetic Mechanism for Developmental
Reprogramming

Epigenetics refers to heritable changes in gene expression not mediated by changes in DNA
sequence. Feinberg (Feinberg and Tycko, 2004) has classified epigenetic information into
three categories: cytosine methylation at CpG sites in the DNA, genomic imprinting (parent-
of-origin-specific allele silencing which may also occur via cytosine methylation) and
histone modifications. Importantly, although epigenetic alterations are heritable and stably
maintained, they are potentially reversible pharmacologically (e.g. by treatment with 5-
azacytadine which reduces cytosine methylation) or nutritionally (for example with folate
supplementation which can increase levels of 5-methyl cytosine). Therefore, elucidating the
epigenetic alterations induced by environmental agents not only broadens our understanding
of the mechanisms of action of these agents, but potentially opens new avenues to reverse or
prevent their adverse health effects.

Until recently, epigenetic analyses for developmental reprogramming have focused on
changes in DNA methylation. However, our group has recently demonstrated that epigenetic
histone modifications are direct targets for developmental reprogramming by environmental
estrogens. Histones are the architectural proteins that make up nucleosomes, the basic repeat
unit of chromatin. The nucleosome is composed of DNA packaged in units of 146 base-pairs
wrapped around a histone octamer composed of two units each of histones H2A, H2B, H3,
and H4 (Luger and Richmond, 1998). Nucleosomal DNA is further compacted by linker
histone H1 and other, non-histone proteins into higher order chromatin. Post-translational
modification of histone proteins alters chromatin conformation and regulates gene
expression (Cheung and Lau, 2005; Sims and others, 2003; Zhang and Reinberg, 2001).
These post-translational modifications include acetylation, phosphorylation, methylation,
ADP ribosylation, glycosylation, SUMOylation and ubiqutination. Covalent modifications
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of histones affect the structural dynamics of the nucleosome and modulate DNA
accessibility.

Different covalent modifications, alone or in combination, occur at multiple sites on
different histones, generating tremendous diversity in histone/nucleosome structure. Several
histone methyltransferase (HMT) enzymes have been identified, each of which covalently
modifies specific lysine (HKMTS) or arginine (PRMT) residues on core histones. HMTs
catalyze the mono- and di-methylation of arginine and mono-, di-, and trimethylation of
lysine residues on histone proteins H1, H2A, H3, and H4 (Bannister and others, 2002;
Jenuwein, 2006; Lachner and others, 2003; Zhang and Reinberg, 2001), with histone H3 and
H4 containing the majority of characterized histone methylation sites. While acetylation and
phosphorylation are reversible and generally associated with inducible gene expression,
histone methylation can be stably inherited by daughter cells after cell division and is an
epigenetic regulator of gene expression.

In contrast to DNA methylation, histone methylation can result in either activation (eg
H3K4 and H3R17) or silencing (eg H3K9 and H3K27) of transcription (Berger, 2007; Lee
and others, 2005). Site-specific methylation of histones generates binding sites for various
chromatin remodeling complexes as well as other epigenetic effectors, such as DNA
methyltransferases (Bannister and others, 2001; Lachner and others, 2001; Smallwood and
others, 2007; Vire and others, 2006; Zhao and others, 2009). Different combinations of
histone modifications are believed to comprise a “histone code” that directs cellular
processes by the recruitment of specific chromatin associated proteins, resulting in distinct
gene expression outcomes (Jenuwein and Allis, 2001; Rice and Allis, 2001; Strahl and Allis,
2000; Turner, 2000). Since epigenetic reprogramming occurs during development, it is
evident that it must also be possible to reset histone methylation patterns. Three classes of
enzymes that can remove arginine- and lysine-methylation (PAD4, LSD1 and JmjC) have
recently been identified (Metzger and others, 2005; Tsukada and others, 2005; Wang and
others, 2004), however, the role of these enzymes in epigenetic reprogramming is not well
understood at this time.

Although it is clear that histone modifications are heritable, the precise mechanism(s)
responsible for inheritance of these modifications are still being elucidated. Lysine-
methylation is stable and persists through cell division, where parental nucleosomes are
recycled and deposited onto daughter strands, potentially transferring modified histones
from generation to generation (Jackson and Chalkley, 1985; Sogo and others, 1986).
Alternatively, the parental octamer may divide in a semi-conservative manner and segregate
onto the daughter strands, with nucleosome assembly complexes adding newly-synthesized
histones to complete the octamer (Tagami and others, 2004). In both these scenarios, it is
still necessary to faithfully “copy” the histone modifications, either onto the newly
assembled nucleosomes that fill in the gaps once intact octamers are distributed onto the
daughter strands or to the “new half” of the nucleosome from the preexisting “old half”. In
contrast to the well-understood process for faithfully copying DNA methylation patterns
from hemi-methylated DNA, we still know little about the process by which histone
modifications are replicated.
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To date, the sequence of molecular events that establish and maintain heritable chromatin
states has not been fully characterized. Recent studies indicate that histone methylation
precedes or occurs concurrently with DNA methylation (Martin and Zhang, 2007). Enhancer
of Zeste homolog 2 (EZH2) is the histone methyltransferase (HMT) found in the Polycomb
repressive complex 2 (PRC2), which methylates histone H3 lysine 27 (H3K27). Importantly,
H3K27 methylation appears to play a role in de novo DNA methylation in cancer.
Schlesinger et al (Schlesinger and others, 2007) demonstrated that H3K27 methylation
profiles in stem cells direct the silencing of specific gene targets by DNA methylation
during carcinogenesis, suggesting that histone methylation patterns established during fetal
development precede changes in DNA methylation and can have functional consequences
much later in life and/or during pathogenesis.

Nongenomic Estrogen Receptor Signaling by Environmental Estrogens

The classical effects of steroid hormones are mediated by nuclear hormone receptors
functioning as ligand-activated transcription factors. However, it now appreciated that not
all the effects of steroid hormones are manifested by their activity as transcription factors
(Bjornstrom and Sjoberg, 2005; Castoria and others, 1999; Cato and others, 2002; Cheskis,
2004; Edwards, 2005; Levin, 2005; Losel and Wehling, 2003). The effects of steroid
hormones that occur independent from gene transcription have been termed nongenomic to
distinguish them from the direct, or genomic, effects of their receptors as transcription
factors in the nucleus. The nongenomic effects of steroid hormones can be manifested by
both a subpopulation of classical receptors that associate with signaling complexes in the
cytoplasm or plasma cell membrane.

For estrogens, nongenomic receptor interactions occur more rapidly than genomic responses
(minutes to hours), are ligand-mediated, blocked by the pure antiestrogen ICI and can occur
in association with an ER lacking a NLS. Stimulation of PI3K signaling is a well
characterized example of a nongenomic function of the ER. PI3K signaling occurs
downstream of many receptor tyrosine kinases such as the insulin and EGF receptors, and is
involved in key cellular processes including survival, proliferation, growth and motility
(Sulis and Parsons, 2003; Vivanco and Sawyers, 2002). ERs have been shown to directly
associate with the p85 regulatory subunit of PI3K (Simoncini and others, 2000) and caveoli
have been identified as sites for assembly of ER:PI3K complexes that activate AKT (Losel
and others, 2003). In this cellular compartment, caveolin mediates retention of ERs in
caveoli, where they associate with and activate PI3K (Kim and others, 1999; Razandi and
others, 2002; Schlegel and others, 1999). In addition to activating other signaling molecules
downstream from AKT such as mTOR, AKT mediates rapid phosphorylation of eNOS at
the plasma membrane, resulting in production of nitric oxide (Chambliss and others, 2000;
Chen and others, 1999; Dimmeler and others, 1999; Haynes and others, 2000). Caveoli are
abundant in smooth muscle and endothelial cells, and PI3BK/AKT phosphorylation of eNOS
is thought to mediate many of the protective effects of estrogen in the cardiovascular system
such as acute vasodilatation. Ligand-activated ER also associates with and activates the
insulin-like growth factor receptor (IGF-1R) (Kahlert and others, 2000) and can directly
bind to Src and Shc (Castoria and others, 2001; Kousteni and others, 2001; Migliaccio and
others, 2000; Migliaccio and others, 1996; Song and others, 2004; Song and others, 2002a;
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Song and others, 2002b; Song and others, 2005; Wong and others, 2002), leading to
activation of PI3K and MAPK signaling.

Developmental Reprogramming of Histone Methylation in the Developing

Uterus

What are the targets for rapid, nongenomic ER signaling? In some cases it is the steroid
hormone receptors themselves, as their classical genomic action as transcription factors is
potentiated when phosphorylated at specific amino acids (Kato and others, 1995).
Importantly, it now appears that these same signal transduction pathways can phosphorylate
chromatin remodeling proteins and induce alterations in epigenetic histone modifications.

The best data to date involve PI3K signaling via AKT and phosphorylation of EZH2.
Although AKT is activated at the membrane, this kinase subsequently translocates to several
sub-cellular compartments, including the nucleus, to phosphorylate target substrates (Ahmed
and others, 1993; Meier and others, 1997; Neri and others, 2002). As mentioned above,
EZH2 is a member of the polycomb family of HKMTs, which methylates lysine 27 (K27) of
histone H3 to epigenetically silence genes such as HOXA9 (Cao and Zhang, 2004). A
specific AKT phosphorylation site at serine 21 in EZH2 is phosphorylated by this kinase,
inactivating this HKMT and reducing K27 trimethylation of H3 (Cha and others, 2005). As
a result, levels of H3 trimethylated K27 are depressed in cells with activated AKT, which
correlated with derepression of silenced genes including HOXAS9. This study demonstrated
that the HKMT EZH2 was regulated by AKT and that phosphorylation of EZH2 by AKT
suppressed histone H3 methylation, disrupting epigenetic gene regulation (Cha and others,
2005). Importantly, these data demonstrate that activation of cell signaling, and in particular
AKT activation, can result in phosphorylation of chromatin remodeling proteins in the
nucleus, leading to changes in histone modifications, chromatin conformation and changes
in gene expression.

We recently identified a novel role for this non-genomic (or more appropriately pre-
genomic) signaling by xenoestrogens via activation of membrane-associated ER and
regulation of EZH2 to reprogram the developing uterus (Bredfeldt and others, 2010). In
response to both 17-b estradiol (E2) and the xenoestrogen diethylstilbestrol (DES), ER
signaling via PI3K/AKT phosphorylates EZH2 at S21, reducing H3K27Me3 levels in
hormone-responsive cells. During windows of uterine development that are susceptible to
developmental reprogramming, activation of this ER signaling pathway by DES results in
phosphorylation of EZH2 and reduced H3K27Me3 levels in chromatin of the developing
uterus. In response to this inappropriate activation of pre-genomic signaling, the expression
profile of estrogen-responsive genes in uterine myometrial cells is reprogrammed,
suggesting this as a potential mechanism for developmental reprogramming caused by early
life exposure to xenoestrogens. Thus, pre-genomic, rapid ER signaling provides the first
direct linkage between xenoestrogen-induced nuclear hormone receptor signaling and
modulation of the epigenetic machinery during tissue development to induce developmental
reprogramming.
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The emerging picture for epigenetic reprogramming of the developing reproductive tract
involves inappropriate activation of cell signaling via non-genomic ER signaling, post-
translational modification of histone methyltransferases, alteration of histone methylation
patterns and effects on gene expression as shown in Figure 1. Activation of non-genomic
signaling by environmental estrogens to regulate histone methyltransferase activity provides
the first direct pathway linking environmental exposures to the cell’s epigenetic machinery
and developmental reprogramming. While current data support activation of PI13K signaling
and AKT to modulate histone methyltransferase activity, it is clearly possible that activation
of other signaling pathways such as MAPK signaling and ERK, could also be involved, as
these pathways are activated in response to non-genomic signaling as well. Furthermore,
while in the case of EZH2, histone methyltransferase activity is inhibited by
phosphorylation, it is likely that phosphorylation could increase the activity of other histone
methyltransferases, or modulate the activity of histone demethylases to reprogram the
developing epigenome.
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Figure 1.

Non-genomic Signaling Links Xenoestrogen Exposure to Epigenetic Reprogramming.
Exposure to xenoestrogens inappropriately actuates cell signaling pathways such as P13K.
This non-genomic ER signaling can phosphorylate and modify the activity of epigenetic
“writers” such as histone methyltransferases. As a result, epigenetic programs are not
properly “installed”, resulting in developmental reprogramming and enhanced disease
susceptibility.
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