1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

s NIH Public Access
I‘E@" Author Manuscript

Rrens®

Published in final edited form as:
Horm Behav. 2011 March ; 59(3): 338-344. doi:10.1016/j.yhbeh.2010.08.009.

Hormonally-mediated Epigenetic Changes to Steroid Receptors
in the Developing Brain: Implications for Sexual Differentiation

Bridget M. Nugentl, Jaclyn M. Schwarz3, and Margaret M. McCarthyl’2
1Program in Neuroscience, University of Maryland School of Medicine, Baltimore, MD

?Departments of Physiology and Psychiatry, University of Maryland School of Medicine,
Baltimore, MD

3Department of Psychology and Neuroscience, Duke University, Durham, NC

Abstract

The establishment of sex-specific neural morphology, which underlies sex-specific behaviors,
occurs during a perinatal sensitive window in which brief exposure to gonadal steroid hormones
produces permanent masculinization of the brain. In the rodent, estradiol derived from testicular
androgens is a principle organizational hormone. The mechanism by which transient estradiol
exposure induces permanent differences in neuronal anatomy has been widely investigated, but
remains elusive. Epigenetic changes, such as DNA methylation, allow environmental influences to
alter long-term gene expression patterns and therefore may be a potential mediator of estradiol-
induced organization of the neonatal brain. Here we review data that demonstrate sex and
estradiol-induced differences in DNA methylation on the estrogen receptor a (ERa), estrogen
receptor B (ERp), and progesterone receptor (PR) promoters in sexually dimorphic brain regions
across development. Contrary to the overarching view of DNA methylation as a permanent
modification directly tied to gene expression, these data demonstrate that methylation patterns on
steroid hormone receptors change across the life span and do not necessarily predict expression.
Although further exploration into the mechanism and significance of estradiol-induced alterations
in DNA methylation patterns in the neonatal brain is necessary, these results provide preliminary
evidence that epigenetic alterations can occur in response to early hormone exposure and may
mediate estradiol-induced organization of sex differences in the neonatal brain.
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l. Organization of Sex Differences in the Brain

Many sex differences in the rodent brain are the result of permanent, gonadal steroid-
induced alterations in neural morphology arising during a perinatal sensitive period that
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begins embryonically with the onset of gonadal steroidogenesis and ends within the first two
postnatal weeks. Testosterone, synthesized by the male testis, is locally aromatized to
estradiol within developing neurons; and estradiol, via activation of its nuclear receptor,
mediates several developmental sex differences in cell anatomy and physiology. These sex
differences underlie sex-specific regulation of gonadotropin secretion from the anterior
pituitary and sexual behavior, as well as other behaviors exhibited by both males and
females that differ in their frequency or intensity (see for review McCarthy, 2008).

Estradiol derived from testicular androgens during the perinatal sensitive period is necessary
for both defeminization and masculinization of the developing male brain (Gorski, 1985).
Masculinization is the process by which estradiol organizes male-specific neuronal
characteristics and enables the expression of male sexual behavior in the adult.
Defeminization is the process by which female-specific characteristics are removed from or
suppressed in the bi-potential brain, eliminating the capacity for surge release of
gonadotropins (LH and FSH) from the anterior pituitary and female sexual receptivity in
adulthood (Todd et al., 2005).

Two brain regions that show robust estradiol-induced organizational changes are the
preoptic area (POA) and medial basal hypothalamus (MBH), both of which are critical for
sexual behavior. Estradiol-induced organizational changes are perhaps best exemplified
within the POA, an area containing the medial preoptic nucleus (MPN), the sexually
dimorphic nucleus of the preoptic area (SDN-POA) and the anteroventral periventricular
nucleus (AVPV). The MPN is critical to the control of male sexual behavior and the SDN-
POA is a subregion within this nucleus that has been implicated in partner preference
(Houtsmuller et al., 1994). The AVPV is important for gonadotropin secretion and believed
to be the source of control of the LH surge essential for ovulation in adult females (reviewed
by Dungan et al., 2006). In the perinatal male brain, estradiol derived from testosterone
stimulates opposing events in the SDN and AVPV, protecting neurons within the SDN-POA
from apoptosis by enhancing NMDA receptor expression (Hsu et al., 2001), while
provoking expression of pro-apoptotic proteins such as TRIP, Bad, and Bax to induce
apoptosis in the AVPV (Krishnan et al., 2009; Forger et al., 2004). In addition to modulating
cell death, estradiol also mediates sex differences in synaptic patterning in the MPN by
inducing synthesis of the cyclooxygenase enzymes, COX-1 and COX-2, thereby increasing
the production of prostaglandin-E2 (PGE,; Amateau and McCarthy, 2004). Acting via the
EP2 and EP4 receptors, PGE, activates protein kinase A and allows for glutamate-induced
activation of AMPA receptors and formation of dendritic spines (Wright and McCarthy,
2009), the postsynaptic contact points for excitatory synapses. Ultimately, the increased
production of PGE; in the male brain results in a two to three times higher density of
dendritic spine synapses compared to females and, interestingly, this higher spine density
positively correlates with the degree of masculinization of sexual behavior (Wright et al.,
2008). Thus three key cellular responses, cell survival, cell death and synaptogenesis, are all
mediated by estradiol within one brain region, the preoptic area. The divergent effects of
estradiol are mediated via the estrogen receptor (ER), in particular the ERa isoform (see for
review, McCarthy et al., 2009a).

In addition to exerting organizational effects on the physiology of the POA, estradiol also
induces permanent changes in synaptic connectivity in the MBH. The ventromedial nucleus
of the hypothalamus (VMN) is a key region for regulating female sexual behavior. Within
the VMN, male neurons have twice the number of dendritic spines and more dendritic
branches than females as a result of neonatal hormone exposure (Matsumoto and Arai, 1983;
Matsumoto and Arai, 1986; Todd et al, 2007). Estradiol produces sex differences in synaptic
organization in this region by rapid activation of P13 kinase which enhances glutamate
release from presynaptic cells, thus provoking dendritic spine outgrowth from postsynaptic
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neurons (Schwarz et al., 2008). Here too, the ERa isoform is the critical mediator of
estradiol action though the initiating steps in the signal transduction cascade appear to begin
at the membrane via rapid activation of PI3 kinase and, more interestingly, the requirement
for ER is restricted to the presynaptic membrane despite the induction of changes in
neuronal morphology within the postsynaptic neuron.

The enduring organizational changes produced by estradiol within the neonatal brain enable
circulating gonadal hormones in the adult to activate sexually differentiated brain regions,
such as the POA and the MBH, in a sex-specific manner. Thus, in adulthood estrogens and
progesterone act on a female brain to regulate pulsatile LH release, induce estrous cyclicity,
and female sexual receptivity; whereas testosterone reaches a masculinized adult brain to
activate male sexual behavior. Although the Organizational / Activational Hypothesis
(Phoenix et al., 1959) did not specifically articulate the notion of permanent changes to the
neural circuits controlling physiology or behavior, this concept became embedded in the
collective view as details emerged on how steroids altered the developing brain (i.e. cell
death and synaptic patterning). Both of these endpoints, neuron number and circuit wiring,
were considered immutable once established during a sensitive period, and hence the perfect
substrate for “organizational” effects. There was no need for any additional maintenance
once organizational effects occurred, as they were considered permanent. However, in the
intervening years our understanding of the brain has changed such that we now appreciate
that neurogenesis goes on throughout life and that dendritic morphology and synaptic
profiles continuously change in response to extrinsic and intrinsic stimuli. This altered view
requires that we also re-examine the notion of organizational effects of steroids and
reconcile how effects can be permanent in light of such dynamism. Put another way, if we
accept that new neurons are continuously being born in the mature brain and that synapses
are continuously being broken and formed anew, in order for the pattern of responses
established early in life to be maintained there must be some sort of cellular memory. A
potential source of this memory is epigenetic changes that provide maintenance of long-term
hormonal effects on the brain (McCarthy et al., 2009b). The study of epigenetics has
provided insight not only into the ability of extrinsic factors to influence gene expression,
but also on how environmental influences during development can shape neuronal
physiology and behavior later in life. In this review, we aim to summarize what is known
about the impact of neonatal estradiol on the epigenetic process of DNA methylation. We
seek only to demonstrate that such a process occurs and leave evidence of the functional
significance of these epigenetic modifications for future studies.

Il. DNA Methylation and its Role in Development

Methylation at cytosine-guanine (CpG) dinucleotides is one of the most prevalent epigenetic
modifications on the vertebrate genome and plays a critical role in chromatin remodeling
and subsequent gene expression. DNA methylation is an enzymatically-driven process
during which a methyl group (CH3) is added to a cytosine residue at the 5-position of the
pyrimadine ring. Methylation of CpGs changes chromatin conformation and can alter the
transcriptional capacity of a particular gene. For instance, CpG methylation is known to lead
to the recruitment of DNA methyl-binding proteins, such as MeCP2, leading to tightening of
chromatin structure and the repression of gene transcription (Hansen and Gartler, 1990; Fan
and Hutnick, 2005). CpG islands are regions of the genome that contain a high level of these
CpG dinucleotides (> 60%), and are generally localized to the 5’ promoter region of genes,
establishing their importance for gene expression (Caiafa and Zampieri, 2005). While nearly
90% of the CpG dinucleotides outside of a CpG island are methylated, CpGs within a CpG
island are predominantly unmethylated (6-8%), allowing for differential methylation and
subsequently differential gene expression (Jaenisch and Bird, 2003; Illingworth et al., 2008)
as well as other possible regulatory effects.
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DNA methyltransferases (DNMTS) are the enzymes that establish and maintain the
methylation of DNA at individual CpGs. The activity of DNMTSs, and hence the timing and
pattern of methylation, is critically important to numerous developmental processes and
therefore tightly regulated (Okano et al., 1999, Robertson and Wolffe, 2000). There appear
to be two distinct phases of DNA methylation during development (see Geiman and
Muegge, 2009 for review). The first occurs during early embryogenesis with the silencing of
genes from either maternal or paternal origins prior to implantation (Mayer et al., 2000;
Oswald et al., 2000; Rougier et al., 1998). This process predominantly requires DNMT1, as
its activity can maintain or prevent the replication of DNA methylation patterns during rapid
cell division (Cardoso and Leonhardt, 1999). A second phase of DNA methylation occurs
after implantation and into postnatal development wherein cell-specific methylation
mediates tissue-specific gene expression. This process predominantly requires the activity of
the de novo DNMT enzymes, DNMT3a and DNMT3b (Okano et al., 1999). In general the
endpoint of both DNA methylation processes is long-term silencing or expression of genes
from development into adulthood. Hormones, including estrogens, can up-regulate (Cui et
al., 2009; Shafiei et al., 2007; Zama and Uzumcu, 2009) or down-regulate (Yamagata et al.,
2009) DNMT enzymes in peripheral tissues and cancer cells, and this may also be true in the
brain.

The importance of DNA methylation in development is exemplified by its role in the
etiology of several human disorders. Rett syndrome, a neurodevelopmental disorder
involving mental retardation, results from a mutation in the methylation binding protein,
MeCP2. ICF (immunodeficiency, centromeric instability, and facial anomalies) syndrome
results from the loss of DNMT3b function. Fragile X syndrome is characterized by severe
mental retardation as a result of increased DNA methylation along the FMR1 gene, resulting
in decreased expression of FMR1 protein. Notably, both Rett and Fragile X syndromes
exhibit sex differences in their incidences and symptomologies, as the genes carrying these
mutations are X-linked and therefore more severe in males (see Geiman and Muegge, 2009
for review).

lll. Sex and Estradiol-induced Regulation of ER Methylation Patterns

As mentioned above, estradiol exerts its organizational impact primarily by binding to and
activating estrogen receptors (ERSs). These ligand-activated transcription factors belong to
the same nuclear receptor super-family as receptors for other steroid hormones, thyroid
hormone, retinoids, and vitamin D (Beato et al., 1995; Mangelsdorf et al., 1995). Although
they share an endogenous ligand, the two classic ERs, ERa and ERp, are the products of two
independent genes (Greene et al., 1986; Tremblay et al., 1997) and have distinctive
distribution patterns in the brain (Shughrue et al., 1997) and periphery (Hiroi et al., 1999;
Kuiper et al., 1996). The temporal expression patterns for ERa and ERp are also distinct,
suggesting they mediate distinct developmental events. ERp is first detected as early as
embryonic day 10.5, whereas ERa does not appear until E16.5, (Lemmen et al., 1999).

Despite their essential role in brain development, sex differences in ER expression in the
neonatal brain are generally minor and localized to small subregions. Gene expression of
ERa and ER is tightly auto-regulated by estradiol activation of the receptors themselves
(Orikasa and Sakuma, 2004; Stoica et al., 2003). Neonatal exposure to estrogenic
compounds has been shown to induce hypermethylation of the ERB promoter and in turn
decrease the expression of ERp in the ovary (Zama and Uzumcu, 2009), which suggests that
the ER genes may be targets for sex and/or estradiol-induced differences in promoter
methylation in the brain. In the neonatal female, there are higher levels of ERa in the POA
and VMN, which may be due to estradiol-induced down regulation in males (Yokosuka et
al., 1997). However, functional ERa is critical for masculinization of the neonatal rodent
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brain (Kudwa et al., 2006) and administration of the ERa-specific agonist, PPT, to female
rat pups during the critical period induces cell death in the AVPV and promotes cell survival
in the SDN-POA, resulting in male-like morphology of these regions and a loss of female
sexual receptivity (Patchev et al., 2004). Knockdown of ERa with antisense oligonucleotides
impairs hormonally-induced sexual differentiation of the brain (McCarthy et al., 1993) and
ERa knockout mice show impaired female (Ogawa et al., 1996) and male sex behavior
(Ogawa et al., 1997).

Methylation patterns on the ERa promoter within the POA have been extensively classified
in response to alterations in maternal care during early development. Sex differences in
maternal licking and grooming have been shown to alter methylation of the ERo promoter,
ultimately influencing ER expression (Champagne et al., 2006; Kurian et al., 2010). Further
exploration is needed to determine how these alterations in ERa promoter methylation, as
well epigenetic changes induced by other environmental influences, contribute to the
process of sexual differentiation of the brain.

In order to gain insight into the stability of methylation across development and in response
to changes in hormonal milieu, our lab conducted a region-specific analysis of 7 sites within
a CpG island in intron 1 of the ERa 5’ non-coding region during the critical period for
sexual differentiation, prior to the onset of puberty, and in adulthood (Table 1). In the POA,
the overall level of methylation in this region of the ERa gene was significantly higher in
newborn females compared to males and estradiol-treated females, most notably at two CpG
sites. The sex and hormone-mediated difference in methylation diminished by around three
weeks of age, a time point outside the sensitive period but before the onset of hormone
secretion at puberty. In adulthood, a new significant difference in methylation at a different
CpG site emerged, but the magnitude and direction of the difference was consistent with the
pattern observed in newborns (Table 1). The mechanistic basis for how early sex differences
in CpG methylation can recede and reemerge later in life is not yet understood. Considering
that the differences in methylation disappear when gonadal steroids are low, around three
weeks of age, there may be a requirement for circulating hormones to maintain methylation
patterns on this gene.

Methylation of the same 7 CpG sites was examined in the hypothalamus of the same
animals. Similar to the POA, newborn females had significantly higher levels of methylation
at 2 CpG sites on the ERa gene (Table 1). However, estradiol treatment of females did not
significantly impact the methylation status of ERa in this region. Although testosterone-
derived estradiol is a critical hormone for sexual differentiation of the male brain, effects of
genetic sex or other testosterone metabolites, such as DHT, may also influence sex
differences in CpG methylation.

Interestingly, we found that methylation levels on the ERa promoter were nearly doubled at
PN20 and PN60 compared to PN1 in both the POA and hypothalamus (Schwarz et al.,
2010). Developmental increases in methylation of the ERa gene have also been observed in
the cortex (Westberry et al., 2010). Increased methylation of the ERo promoter during
maturation of these brain regions may reflect an overall decrease in ERo. receptor sensitivity
following the critical period for sexual differentiation of the brain.

While ERa activation is necessary for masculinization of the neonatal brain, ERJ has been
implicated in defeminization of the brain (Kudwa et al., 2005) and its overlapping
distribution and co-localization with important neuroendocrine peptide hormones, such as
oxytocin, vasopressin, prolactin, corticotropin-releasing hormone, and gonadatropin-
releasing hormone, suggest it is an important player in neuroendocrine functions (for review
see Bodo and Rissman, 2006). ER's involvement in defeminization has mainly been
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understood through the use of ERpB knockout mice and the ERpB-selective agonist, DPN.
Administration of DPN during the perinatal sensitive period impairs lordosis behavior
(Kudwa et al., 2006) and causes defeminization of the AVPV gonadotropin surge generator
(Bodo et al., 2006), resulting in persistent estrous (Patchev et al., 2004). Consistent with a
role for ERp in defeminization of sexual behavior, male ERpB knockout mice show higher
levels of lordosis behavior than their wild-type littermates (Kudwa et al., 2005). Its
localization to regions associated with sexual behavior, ERp is highly expressed in the
hippocampus (Shughrue et al., 1997) and has been implicated in controlling stress and
learned-helplessness and related behaviors associated with depression (Krezel et al., 2001;
Imwalle et al., 2005; Rocha et al., 2005).

One day after birth, the methylation patterns on 3 CpG sites within exon 1 of the ERp gene
in the POA, hypothalamus and hippocampus are not significantly impacted by sex or
hormonal manipulation (Table 1). This is not necessarily surprising given that ERpB-
mediated defeminization occurs closer to the end of the developmental sensitive period
(Kudwa et al., 2005). In adulthood, we found region-specific differences in methylation
levels in all three brain areas. Males have significantly higher methylation at one CpG site in
the POA compared to both vehicle and estradiol-treated females, however the opposite
pattern is observed in the hypothalamus where females have significantly higher CpG
methylation at two sites compared to both males and estradiol-treated females. In the
hippocampus, estradiol-treated females had significantly higher methylation at one CpG site
compared to both males and females. Just as activation of ERo and ER[ contribute to
independent aspects of developmental organization of the brain, sex and estradiol appear to
exert differential patterns of control over the DNA methylation of these genes. Whereas
differences in ERo promoter methylation are most prevalent during the critical period,
hormonally-induced differences in methylation of the ERp promoter do not appear until
after sexual differentiation of the brain. Puberty is now considered a second sensitive period
during which further organizational effects can occur (reviewed in Schulz et al., 2009) and
perhaps the changes we observed in adolescents are related to this phenomenon.

V. Regulation of Progesterone Receptor Methylation

One of the most dynamically regulated hormone receptors within the brain is the
progesterone receptor (PR). Neuronal expression of PR is necessary for neonatal
masculinization of the brain (Lonstein et al., 2001), critical for the ovulatory surge in
luteinizing hormone (LH), and essential for the expression of female sexual behavior in
adulthood (Parsons et al., 1982; Brown et al., 1990; Shughrue et al., 1997). Progesterone
receptor expression in specific brain regions is dependent on prior exposure to estradiol
(MacLusky and McEwen, 1980); but even this regional specificity is dependent on sex, age,
and previous hormonal exposure during development (Lauber, Romano, and Pfaff, 1991).
Within the developing POA, males have significantly greater progesterone receptor
expression than females as early as embryonic day 17 (Wagner et al., 1998), and this sex
difference in PR expression persists throughout the critical period for sexual differentiation
(Wagner et al., 2001). In spite of this, we found no sex differences in the pattern or levels of
methylation at any CpG site analyzed across a large CpG island within exon 1 of the PR
gene at three developmental time points (Table 1), suggesting that methylation of the PR
gene is not the mechanism by which sex differences in PR expression within the POA are
regulated.

In contrast to the POA, the female hypothalamus contains significantly higher levels of the
progesterone receptor than the male hypothalamus throughout the critical period of sexual
differentiation. This neonatal sex difference in PR expression, however, is neither
established by, nor responsive to estradiol. After the close of the critical period, at around 2
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weeks of age, treatment of females with estradiol results in a reliable increase in PR
expression within the hypothalamus similar to that of adult cycling females. In males,
however, estradiol treatment after the critical period of sexual differentiation does not induce
PR expression, suggesting males have become refractory to the PR-inducing effects of
estradiol (Quadros and Wagner, 2008). Whether epigenetic changes play a role in this
process remains to be determined but based on these observations we predicted that a late
emerging male bias in PR promoter methylation would appear. This was precisely the
pattern we observed, with no sex difference in PR promoter methylation in newborns but
significantly greater levels in males than females when assessed in adolescence. Treatment
of neonatal females with estradiol during the critical period for sexual differentiation
induced a pattern similar to that seen in males. By adulthood, there were no sex differences
in methylation levels detected at any of the CpG sites along the PR promoter, indicating that
the organizational sex difference detected at adolescence is eliminated in the mature adult,
possibly via the influence of circulating hormones in the adult. These findings support the
hypothesis that PR expression in the adult hypothalamus is epigenetically silenced by
estradiol exposure during the critical period of sexual differentiation in the male, a process
that is essential for the defeminization of behavior into adulthood. However, other aspects of
this data suggest that PR expression is not directly tied to methylation levels of the
promoter, and vice versa, methylation changes in the promoter do not necessarily predict sex
differences in PR expression.

VI. Additional Thoughts and Unanswered Questions

Many questions remain regarding the mechanisms of hormonally-induced neural
organization and how neonatal changes are manifested across the lifespan. The term
“organization” carries the inherent expectation that structural changes established early in
life are permanent, a notion pushed further by use of terms such as “neuroarchitechture” and
“circuit wiring”, as so often done by ourselves and others. Nevertheless, it is time for a
reexamination of this old idea in light of new knowledge depicting the myriad of ways in
which the brain continues to change into adulthood, a concept captured by the ubiquitous
use of the word “plastic”. We now know that many, if not all, synapses are temporary, axons
and dendrites sprout and retract, astrocytes reshape themselves and new neurons continue to
be born, differentiate, and integrate into the neuropil. All of these endpoints are profoundly
and importantly altered by gonadal steroids in adulthood, and estradiol in particular has been
shown to affect each one (Olmos et al., 1989; Woolley et al., 1990; Burke et al., 1998;
Goldstein and Sengelaub, 2004; Torres-Aleman et al., 1992; Pawluski et al., 2009; Brock et
al., 2010). This leaves us with a conundrum: how can the effects of estradiol on the
developing brain be permanent while many of the same effects in the adult are temporary?
Moreover, in light of this, how is it that early hormonal exposure dictates hormonal and
behavioral responses elicited in the adult? Epigenetic changes to the genome are often
referred to as a form of memory, a way in which experience or environment can remind the
body and, in particular, the brain of past events. In the context of sexual differentiation,
epigenetic changes offer a plausible mechanism by which developmental hormonal effects
could be coded into the genome to restrict and direct adult hormonal and behavioral
responses. The challenge is to identify which genes might be the source of this “memory”.
The data reviewed here demonstrate the potential for estradiol to influence gene methylation
on the promoters of its own and related receptors in discrete brain regions of the developing
brain and attest to the potential for many other yet to be discovered epigenetic changes.

The notion that steroid receptors themselves are a source of genetic memory is worthy of
consideration. Steroid hormone receptors are dynamically regulated during the organization
of the brain (Walker et al., 2009). A change in the expression or the activity of ERs or PR
can disrupt the differentiation of sexually dimorphic brain regions and impair sexual
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behavior, supporting the concept that proper regulation of these receptors is critical. The
determinants of ER and PR expression are subtle, as evidenced by the presence of multiple
complex promoters and receptor isoforms (Kos et al., 2001; Flouriot et al., 1998; Price et al.,
2000; Giangrande and McDonnell, 1999). Estradiol tightly regulates the expression of both
varieties of ER as well as PR. Traditionally this regulation is achieved via activation of ERs,
which exert direct transcriptional control over gene promoters containing estrogen response
elements. Additional control may be achieved by influencing proteasome-mediated receptor
turnover to ensure continual estrogen responsiveness (Reid et al., 2003). Estrogen action
impacts the methylation status of both ER and PR promoters (Zama and Uzumcu, 2009;
Schwarz et al., 2010), providing an additional mechanism by which estradiol maintains
control over the expression of its own receptors. Thus, differing estradiol levels in distinct
cell types and brain regions can also influence receptor responsiveness (Schreihofer et al.,
2000).

However, a straightforward regulation of gene expression may not be the entire story of
epigenetic influence on sexual differentiation of the brain. There is clear evidence that early
life experience exerts enduring effects on the methylation status and subsequent expression
levels of several genes associated with changes in adult behavior (see Roth and Sweatt, this
issue). But so far this does not appear to be the case for the enduring consequences of early
hormone exposure during the process of sexual differentiation, at least not for the three
genes explored to-date. Results from the recent analyses of 16,000 promoters in the human
epigenome reveal that while DNA methylation is sufficient to inactivate CpG rich gene
promoters, it is not necessary as many hypomethylated CpG rich promoters are inactive
(Weber et al., 2007). This and other studies are beginning to reveal the potential for other
regulatory aspects of epigenetic changes, or even that epigenetics reflect past history of gene
expression as much as future regulation. The complexity of ER expression is expanded by
the finding that methylation at individual ERa promoters causes differential expression of
ERa isoforms (Sasaki et al., 2001a) and promoter utilization and hormone receptor isoform
expression can be cell line and tissue-specific (Grandien et al., 1993; Grandien et al., 1995).
For example, in endometrial cells selective methylation at the ERa-C and PR-B promoters
can silence the expression of the ERa-C and PR-B isoforms, whereas ERa-A, ERa-B, ERB,
and PR-A remain freely expressed (Sasaki et al., 2001a; Sasaki et al., 2001b). The opposite
is true in prostate cancer cell lines, which have high levels of methylation on the ERa-A and
B promoters and low expression levels of their corresponding transcripts, and no differences
in PR promoter methylation or expression (Sasaki et al., 2002). Estrogens either increase or
decrease the use of individual ERa promoters depending on the cell line (Donaghue et al.,
1999), and this effect may be the result of estrogen-induced differences in promoter
methylation. Furthermore, estrogenic compounds can influence differential expression of
ERa isoforms in the developing POA (Monje et al., 2007). Although the function of
individual ER and PR isoforms in sexual differentiation of the brain is unknown, estradiol-
induced differences in methylation at specific promoters may influence the expression of
receptor subtypes and potentially result in differential estrogen-mediated responses.

The data presented here highlight the undiscovered potential for sex differences in promoter
methylation that may be involved in masculinization and defeminization of the neonatal
brain. However, a functional role for these changes has yet to be discovered. A fair
assessment of the current understanding of dynamic changes in gene methylation in the
brain across the lifespan is, well, dynamic.
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Table 1
Summary of region-specific, sex and estradiol-induced differences in hormone receptor

methylation across development
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Methylation status of individual CpG sites within CpG islands in or around the estrogen receptor a, estrogen
receptor B, and progesterone receptor promoter regions was analyzed in males (M), females (F), and females
neonatally treated with estradiol (F+E2). Methylation at different CpG sites varied between groups based on

age and brain region.
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