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Abstract

There are numerous examples of sex differences in brain and behavior and in susceptibility to a
broad range of brain diseases. For example, gene expression is sexually dimorphic during brain
development, adult life, and aging. These differences are orchestrated by the interplay between
genetic, hormonal, and environmental influences. However, the molecular mechanisms that
underpin these differences have not been fully elucidated. Because recent studies have highlighted
the key roles played by epigenetic processes in regulating gene expression and mediating brain
form and function, this chapter reviews emerging evidence that shows how epigenetic mechanisms
including DNA methylation, histone modifications, and chromatin remodeling, and non-coding
RNAs (ncRNAS) are responsible for promoting sexual dimorphism in the brain. Differential
profiles of DNA methylation and histone modifications are found in dimorphic brain regions such
as the hypothalamus as a result of sex hormone exposure during developmental critical periods.
The elaboration of specific epigenetic marks is also linked with regulating sex hormone signaling
pathways later in life. Furthermore, the expression and function of epigenetic factors such as the
methyl-CpG-binding protein, MeCP2, and the histone-modifying enzymes, UTX and UTY, are
sexually dimorphic in the brain. ncRNAs are also implicated in promoting sex differences. For
example, X inactivation-specific transcript (XIST) is a long ncRNA that mediates X chromosome
inactivation, a seminal developmental process that is particularly important in brain. These
observations imply that understanding epigenetic mechanisms, which regulate dimorphic gene
expression and function, is necessary for developing a more comprehensive view of sex
differences in brain. These emerging findings also suggest that epigenetic mechanisms are, in part,
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responsible for the differential susceptibility between males and females that is characteristic of a
spectrum of neurological and psychiatric disorders.
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Introduction

Decades of research have focused on characterizing sexually dimorphic features in
mammalian brain form and function. These range from differences in higher order cognitive
and behavioral traits to those found at cellular and molecular levels. These include but are
not limited to language abilities; social and reproductive behaviors; pain perception;
responses to hormonal stimuli; overall and regional brain volumes; trajectories of brain
development; patterns of neural network activation; region-specific neuronal numbers,
morphology, and connectivity; and synaptic plasticity (Becker, 2008). Significant efforts
have concentrated on elucidating the mechanisms responsible for promoting these sex-
specific characteristics and revealed that sex steroid hormones and sex chromosomes play
key roles in brain sexual differentiation during developmental critical periods and in brain
sexual dimorphism throughout the life span (Becker, 2008). Sex differences in brain and
behavior have been attributed to the effects of sex hormones including permanent
(“organizational”) effects, such as those that promote masculinization and defeminization,
and reversible (“activational”) effects. Brain sexual dimorphism is also mediated by the
complement of genes encoded on the sex chromosomes, which are expressed in a sex-
specific manner that is independent of the effects of sex hormones. In fact, in the genomic
era, it has become increasingly clear that sex chromosome and autosomal gene expression
and post-transcriptional RNA processing (e.g., alternative splicing) are sexually dimorphic
in the brain in a region-, cell type-, and developmental stage-specific manner (Berchtold et
al., 2008; Blekhman et al., 2010; Galfalvy et al., 2003; Lahr et al., 1995; Mayer et al., 1998;
Reinius and Jazin, 2009; Reinius et al., 2008; Vawter et al., 2004; Weickert et al., 2009; Xu
et al., 2002; Yang et al., 2006). However, the factors responsible for regulating sex-specific
gene expression and function are not well characterized. Recent evidence has begun to
unravel how epigenetic mechanisms, in a complex regulatory network that involves sex
steroid hormone activity and sex chromosomes, promote sex differences in neural gene
expression and function (Dunn et al., 2010; McCarthy et al., 2009).

The emerging field of epigenetics has already revolutionized our understanding of brain
structure and function because it explains how specific genes and gene networks are
dynamically regulated during development, homeostasis, and plasticity (Mehler, 2008).
These epigenetic processes include DNA methylation, post-translational histone
modifications, higher order chromatin remodeling, and non-coding RNA (ncRNA)
regulation (Mehler, 2008). These epigenetic mechanisms are now being implicated in the
molecular underpinnings of sex differences in the brain (Dunn et al., 2010; McCarthy et al.,
2009). For example, sex differences have been noted in profiles of DNA methylation,
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histone modifications, and ncRNAs as well as in the expression of various epigenetic
effector proteins (see below). The organizational effects of sex steroid hormone exposure
during sexual differentiation are mediated, at least in part, by these epigenetic processes.
Furthermore, X chromosome inactivation (XCI), the cellular mechanism by which female
cells transcriptionally silence one X chromosome to compensate for having two genomic
doses of X genes, is mediated by a series of epigenetic modifications that is initiated by an
ncRNA (Brown et al., 1991). Epigenetic mechanisms are also responsible for governing
gene-hormonal—environmental interactions, including the transgenerational programming
that occurs in response to dietary influences and stress (Mehler, 2008). Furthermore,
epidemiological studies have shown that the incidence of diverse neurological and
psychiatric diseases is sex biased (Becker, 2008). These include a spectrum of
neuroimmunological, neurodevelopmental, neurodegenerative, and psychiatric disorders.
Because epigenetic factors play roles in promoting sex-specific neural gene expression and
function, understanding these mechanisms may provide insights into the underpinnings of
well-documented but often poorly explained sex differences in the susceptibility to these
neurological and psychiatric disease states.

Sex differences in gene expression

Gene expression is sexually dimorphic in the brains of various species including humans and
is important for mediating sex differences in brain and behavior. A number of studies have
focused on characterizing the expression profiles for genes found on sex chromosomes as
well as those on autosomal chromosomes during brain development, adult life, and aging
(Berchtold et al., 2008; Galfalvy et al., 2003; Lahr et al., 1995; Mayer et al., 1998; Reinius
and Jazin, 2009; Reinius et al., 2008; Vawter et al., 2004; Weickert et al., 2009; Xu et al.,
2002; Yang et al., 2006). For example, an examination of whole brain preparations from
adult mice showed that 612 genes are expressed in a sexually dimorphic manner, including
355 with female-biased and 257 with male-biased expression (Yang et al., 2006). Functional
analysis of this entire set of genes revealed significant enrichment for RNA helicase activity,
highlighting the potential roles of RNA metabolism in mediating sex differences in the brain
(see below). Furthermore, genes encoding chemokine ligands, heat shock proteins, and
histocompatibility antigens were overrepresented in male-biased genes, whereas genes
involved in Janus Kinase-Signal Transducer and Activator of Transcription (JAK-STAT)
signaling and lactation pathways were overrepresented in female-biased genes. A
complementary study of the developing mouse brain revealed that 51 genes are expressed in
a sexually dimorphic manner at embryonic day (E) 10.5, which is prior to the secretion of
gonadal hormones (Dewing et al., 2003). These include genes with key roles in neural
development, such as Gli3 and Wht10b, which exhibit female- and male-enhanced
expression, respectively. These factors are members of seminal signaling pathways that
regulate brain patterning and cell fate specification within the E10.5 developmental time
window (Hebert and Fishell, 2008). In fact, at E10.5, the volume of the ventral
telencephalon is 50% greater in mice lacking functional Gli3 than in wild-type mice (Yu et
al., 2009). The higher level of Gli3 expression in female brains during development is
consistent with one of the well-characterized sex differences in the brain—female brains are
typically smaller compared to their male counterparts.
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Studies performed utilizing human brain tissues have revealed complementary dimorphic
gene expression profiles, highlighting sex differences in genes that are encoded on sex and
autosomal chromosomes. For example, in adult humans, SRY and ZFY were found in the
hypothalamus and frontal cortex of the male but not female brain (Mayer et al., 1998); nine
Y and two X chromosome-encoded genes displayed significant sex differences in prefrontal
cortex (Galfalvy et al., 2003); and six genes, including X inactivation-specific transcript
(XIST) (see below), were expressed in a sexually dimorphic manner in the dorsolateral
prefrontal cortex, anterior cingulate cortex, and cerebellum (Vawter et al., 2004). A study of
human brain development revealed that, at mid-gestation, some of the most significant sex
differences in gene expression are found for genes encoded on the male-specific region of
the Y chromosome (Reinius and Jazin, 2009). These genes included RPS4Y1, PCDH11Y,
DDX3Y, USP9Y, NLGN4Y, EIF1AY, UTY, ZFY, TMSB4Y, CYorf15B, and PRKY, and
the majority (10 out of 11) are expressed widely throughout the brain—in all 12 regions
analyzed. Notably, these profiles overlap but are distinct from those present in rodents. For
example, some of these human genes have rodent homologs, encoded on somatic
chromosomes or on the X chromosome, that are not expressed dimorphically in the brain, or
they do not have known rodent homologs. These observations suggest, not surprisingly, that
sex differences in the human brain have evolved along with increasing complexity in brain
form and function. Similarly, a recent analysis of gene expression in the human prefrontal
cortex during development and adult life revealed sex differences, especially in infancy, for
130 transcripts (Weickert et al., 2009). These include zinc finger transcription factors,
intracellular signaling molecules, and heat shock proteins. Among these, the Y-chromosome
transcripts, PCHD11Y and NLGNA4Y, are highly expressed in infant males and may have
roles in promoting male-specific cortical network formation as these factors are implicated
in mediating neuronal connectivity.

Furthermore, a study of 55 individuals cognitively intact and 20-99 years of age at the time
of death revealed that changes in profiles of gene expression occurring during human brain
aging are sexually dimorphic (Berchtold et al., 2008). Intriguingly, males exhibited
expression changes for more than three times as many genes as females. The majority of
these (66%) were down regulated and the most significant changes were found in the
transition to the sixth and seventh decades of life. In contrast, females had an equivalent
number of upregulated and downregulated genes and exhibited progressive expression
changes with aging that were most significant in the eighth and ninth decades. Functional
analysis of these gene sets revealed that downregulated genes in males are uniquely enriched
(compared to females) for categories related to energy production, RNA metabolism, and
protein synthesis/transport, suggesting a global decrease in metabolic capacity with aging. In
contrast, down-regulated genes in females are uniquely enriched for categories related to
cell-cell communication and neuronal morphogenesis. For upregulated genes, sex
differences in enriched categories are less prominent but still present including, for example,
RNA catabolism in males and integrin signaling in females. Moreover, this analysis was
performed utilizing tissue from the hippocampus, entorhinal cortex, superior frontal gyrus,
and postcentral gyrus and demonstrated region-specific sexually dimorphic patterns of
aging. These observations suggest that sex differences in brain aging may play a role in the
differential susceptibilities to the onset and progression of brain disorders.
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Additional evidence suggests that sex differences in gene expression are evolutionarily
conserved in the primate brain. A gene expression microarray study performed using cortex
preparations from adult humans, macaques, and marmo-sets demonstrated that 85 genes
exhibit common sex-biased expression in humans and macaques and that two genes, XIST
and heat shock factor binding protein 1 (HSBP1), exhibit female-biased expression in all
three species (Reinius et al., 2008). This study further demonstrated that the coding regions
of genes with female-biased expression are more evolutionarily constrained compared to
genes with male-biased and non-sex-biased expression (Reinius et al., 2008).

Sex determining region Y (SRY) is a high mobility group (HMG) box transcription factor
encoded on the Y chromosome that is crucial for promoting differentiation of the bipotent
gonadal primordium into the testis (Berta et al., 1990). In fact, it is referred to as the testis-
determining factor because it is necessary and sufficient for male sex determination and
because it leads to disorders of sexual development when mutated. Remarkably, sex
differences in the brain can, at least in part, be attributed to the expression and function of
SRY not only in the testis but also in the male brain. In adult male mice, SRY is found in the
hypothalamus and midbrain (Lahr et al., 1995). Specifically, in adult male mice, SRY is
expressed in tyrosine hydroxylase (TH)-expressing neurons within the locus coeruleus,
substantia nigra, and ventral tegmental area where it may play a role in regulating TH
expression and catecholamine biosynthesis (Milsted et al., 2004). When SRY is down
regulated in male rat brains utilizing antisense oligonucleotides, TH expression decreases
and motor functions are compromised though no effect on neuronal numbers is observed
(Dewing et al., 2006). Similarly, in adult male humans, SRY is expressed in the
hypothalamus and frontal and temporal cortex (Mayer et al., 1998). In a human male-
derived neuroblastoma BE(2)C cell line, SRY serves as a transcriptional regulator of
monoamine oxidase-A (MAO-A), an enzyme involved in catecholamine metabolism that is
encoded on the X chromosome (Wu et al., 2009). These observations suggest that, through
diverse mechanisms, SRY has effects on sexual dimorphism in adult brain function and
potentially in neurological and psychiatric disorders associated with disruption of
catecholaminergic pathways.

R-spondin 1 (RSPOL1) is a more recently described factor encoded on an autosomal
chromosome that acts as an active ovarian determinant (Parma et al., 2006). In addition to
being expressed in the ovaries, it is also found transiently but at significant levels in regions
of the developing murine central nervous system, including the roof plate of the neural tube
with prominent expression in the forebrain (peak expression between E10 and E11) (Kamata
et al., 2004). These findings imply that RSPO1 plays a role in mediating neural
development, where it may be involved in Wnt and associated B-catenin signaling similar to
its involvement in these pathways in the ovaries (Kamata et al., 2004). It is not clear whether
this neural developmental expression is sexually dimorphic and whether RSPOL plays a role
in promoting sex differences in brain and behavior. However, it is intriguing to speculate
that, because SRY represses the effects of RSPO1 signaling on gene expression in the
developing gonads (Lau and Li, 2009), a similar mechanism of action may exist in neural
cells where these factors are co-expressed.
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Some genes found on sex chromosomes are expressed in specific patterns in the brain,
implying that they are important for mediating particular brain functions. One hypothesis is
that homologous gene pairs from the X and Y chromosomes are functionally equivalent.
However, homologous genes may be differentially regulated in a temporal and spatial
manner, suggesting that the two genes are not comparable (Xu et al., 2002). For example,
Usp9x and Usp9y are homologous ubiquitin-specific proteases derived from the X and Y
chromosomes, respectively. One study of sex differences in Usp9x expression in mice
reported that Usp9x is clearly found in fetal, neonatal, and adult female brains, while UspQy
is expressed in fetal and neonatal males but only weakly in the adult (Xu et al., 2002). This
sexually dimorphic expression profile for Usp9x in the adult mouse brain is related to the
complement of sex chromosomes (Xu et al., 2005a). Further studies observed that in adult
mice Usp9x is specifically expressed in neocortex, hippocampal subregions, cerebellar
Purkinje cells, and the rostral migratory stream (Friocourt et al., 2005; Xu et al., 2005b),
where it is implicated in diverse processes including synaptic development and plasticity
(Xu et al., 2005b) and self-renewal, differentiation, and migration of neural progenitors
(Friocourt et al., 2005; Jolly et al., 2009). These findings highlight how sexual dimorphism
in the expression of homologous genes may be responsible for promoting sex differences in
important neurobiological processes.

Sex differences in epigenetic regulatory mechanisms

DNA methylation

Recent evidence suggests that DNA methylation may play a key role in mediating sex
differences in brain and behavior. DNA methylation refers to the covalent modification of
cytosine dinucleo- tides in DNA that occurs in gene regulatory regions as well as in inter-
and intragenic sequences (Fig. 1) (Mehler, 2008). It is an important mechanism for
regulating genes associated with these regions and more global gene expression as well as
for mediating additional epigenetic processes, such as XCI and imprinting (Mehler, 2008).
Members of the DNA methyltransferase (DNMT) family of enzymes catalyze DNA
methylation. MethylCpG-binding domain proteins (MBDs) bind to methylated DNA and
mediate the effects of DNA methylation on gene transcription and other processes. The
expression and function of these factors in neural cells is tightly regulated and is activity
dependent (Sharma et al., 2008). Dynamic changes in DNA methylation are involved in
modulating cell-, tissue-, and developmental stage-specific gene expression. Furthermore,
these DNA methylation profiles are linked to a broad spectrum of processes including neural
development, homeostasis, and plasticity (Feng et al., 2010; Mehler, 2008; Miller et al.,
2010).

DNA methylation controls the expression of important sexually dimorphic genes, such as
SRY, during gonadal development (Nishino et al., 2004). DNA methylation may be similarly
relevant in the brain for regulating the expression of sexually dimorphic genes. For example,
a recent study showed that Usp9x is expressed at higher levels in adults than in newborn
mice. Correspondingly, the Usp9x promoter and gene body were less methylated in adults
than in newborns (Xu, 2005). These observations suggest that decreased methylation is
responsible for promoting increased expression of Usp9x. Similarly, another study found
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that, in the cortex of male and female mice, expression of the estrogen receptor-a (ERQ) is
high in early postnatal development and begins to decline at postnatal day (PN) 10,
becoming absent in the adult (Westberry et al., 2010). This decrease in ERa expression was
associated with significant hypermethylation of ER«a gene regulatory regions for both sexes.
Furthermore, this study found that methyl-CpG-binding protein 2 (MeCP2), an MBD, is
recruited to the ERa promoter at PN10 and that MeCP2 mutants have increased ERa
expression at subsequent postnatal time points. These observations suggest that DNA
methylation regulates ERa expression in an MeCP2-dependent manner.

MeCP2 binds to methylated genomic loci and recruits additional epigenetic regulatory
factors, which, in turn, modulates gene expression and local and long-range chromatin
structural and functional dynamics. Interestingly, a recent study of rat brain development
found sex differences in the expression of mecp2 in the amygdala and ventromedial
hypothalamus (VMH) but not within the preoptic area (POA) at PN1, with males expressing
significantly less mecp2 than females (Kurian et al., 2007). The sex differences in mecp2
expression were transient, largely disappearing by P10. However, they were found, at least
in part, in sexually dimorphic brain regions during steroid-sensitive periods of brain
development, suggesting that MeCP2-mediated epigenetic regulation could be important for
promoting these sex differences in the brain. An additional study that focused on decreasing
mecp?2 expression within the developing amygdala supported this conclusion. It
demonstrated that targeted disruption of mecp2 expression within the developing amygdala
reduced juvenile social play behavior in males without altering juvenile sociability or adult
anxiety-like behavior (Kurian et al., 2008). Juvenile social play behavior in females was not
affected. These observations highlight the role of MeCP2 in organizing sex-specific
behavior.

In addition, DNA methylation profiles are sexually dimorphic within the brain. A recent
study found that male rats exhibit higher levels of ERa promoter methylation than females
within the developing preoptic area, a sexually dimorphic brain region (Kurian et al., 2010).
Also, these profiles of DNA methylation can be modulated by hormonal and other
influences. Estradiol exposure altered ERa promoter methylation. Simulated maternal
grooming of females, which represents a maternal interaction that is sexually dimorphic
during the neonatal period, resulted in masculinization of ERa promoter methylation and
gene expression.

Histone modifications and chromatin regulation

Recent evidence suggests that histone modifications and chromatin regulation may also play
roles in mediating sex differences in brain and behavior. Chromatin refers to the packaging
of DNA, and modulation of chromatin structure regulates the accessibility and activity of
regulatory and functional DNA sequences, including their transcriptional activation (Fig. 1)
(Mehler, 2008). Chromatin encompasses DNA and histone proteins that form a “beads on a
string” structure, nucleosomes that serve as the basic units of chromatin, and higher order
chromatin structures. Histone modifications, nucleosome repositioning, and chromatin
remodeling are key epigenetic mechanisms for regulating specific genes and more extensive
genomic regions. Specific classes of enzymes (e.g., histone acetytransferases [HATS] and
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histone deacetylases [HDACs]) mediate reversible histone modifications (Mehler, 2008).
These modifications may include but are not limited to acetylation, methylation,
phosphorylation, ubiquitylation, SUMOQylation, and ADP-ribosylation. ATP-dependent
chromatin remodeling enzymes play a critical role in modulating higher order chromatin
structure. Specific histone modifications and chromatin remodeling enzymes and associated
macromolecular complexes may promote diverse cellular processes including but not
limited to activation or repression of transcription.

The expression of a number of histone and chromatin regulatory factors is sexually
dimorphic within the brain. For example, SET nuclear oncogene (SET) is expressed in a
sexually dimorphic manner in the brain (Reinius et al., 2008). It encodes a histone chaperone
that is partly responsible for regulating the access of transcription machinery to chromatin
(Gamble and Fisher, 2007). The cell cycle regulator and cell fate determinant, Geminin is
expressed in a sexually dimorphic manner in the brain (Yang et al., 2006). It has been shown
to control the timing of neurogenesis by blocking the activity of proneural basic helix-loop-
helix (bHLH) proteins through inhibition of their interactions with Brg1l, a member of the
SWitch/Sucrose NonFermentable (SWI/SNF) family of chromatin remodeling proteins (Seo
et al., 2005). H2A histone family member Z (H2A.Z), a histone variant, is implicated in
diverse cellular processes including gene activation, chromosome segregation,
heterochromatin silencing, and progression through the cell cycle. Furthermore, it serves as
a key component of ERa signaling pathways. H2A.Z is incorporated into the promoter
regions of ERa target genes when these are activated, and ERa directly associates with the
H2A.Z promoter modulating its expression (Gevry et al., 2009; Svotelis et al., 2010)

Utx is a H3K27-specific demethylase (Hong et al., 2007), and a recent study reported that it
has sex-specific regional expression profiles in mouse brain (Xu et al., 2008). Utx levels
were higher in females than in males in all brain regions tested except the amygdala. This
study also reported higher levels of expression of Utx compared with its paralog, Uty, in XY
P19 embryonal carcinoma (EC) cell-derived neurons attributable to higher levels of
H3K4Me2 within the Utx promoter and H4K16Ac in the gene body (Xu et al., 2008). Both
of these histone marks are associated with transcriptional activation. These observations
suggest that differences in the regional expression profiles of Utx and Uty in the male brain
—Utx is expressed preferentially in the amygdala and Uty in the paraventricular nucleus
(PVN) of the hypothalamus—may arise because of differential profiles of histone
modifications.

One interesting hypothesis is that Utx and perhaps Uty may play a role in neural
developmental processes. In fact, Utx is known to be involved in regulating HOX genes
(Agger et al., 2007), which are important for brain development. Uty is also implicated in
modulating cell fate. Furthermore, Utx and Uty are targeted in a cell type-specific manner in
mouse forebrain-derived neural cells by the epigenetic regulators, Repressor element-1
silencing transcription factor (REST) and corepressor for element-1-silencing transcription
factor (CoREST) (Abrajano et al., 2009a,b). These factors are, in turn, responsible for
promoting neuronal and glial cell fate decisions. Utx has been associated with regulating
neural gene families such as protocadherins and olfactory receptors (Wang et al., 2010).
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Histone modification profiles are sexually dimorphic within the brain. For example, a recent
study found sex differences in specific histone modifications that are associated with brain
development in mice (Tsai et al., 2009). Specifically, males exhibited higher levels of
H3K9/14Ac and H3K9Me3 in the cortex and hippocampus. Sex differences in acetylation
were detected at E18 and PNO, whereas sex differences in methylation were observed at
PN6. These modifications are associated with gene activation and repression, respectively.
Furthermore, prenatal treatment of females with testosterone resulted in the masculinization
of H3K9/14Ac profiles but did not affect H3K9Me3 levels linking sex steroid hormone
activity with differential effects on the regional profiles of histone modifications during
developmental critical periods.

Histone madifications and chromatin remodeling may control sexual differentiation in brain
structures, such as the principal nucleus of the bed nucleus of the stria terminalis (BNSTp).
A greater volume and number of cells are typical of the BNSTp in male mice compared to
females as a result of developmental testosterone exposure. A recent study found that the
histone deacetylase inhibitor (HDACI), valproic acid, specifically prevents masculinization
of the BNSTp in males and in testosterone-treated females but does not affect females not
treated with testosterone (Murray et al., 2009). These observations suggest that the effects of
testosterone on the developing BNSTp are mediated by histone acetylation. Similarly,
valproic acid treatment may also promote the masculinization of vasopressin expression in
female mice (Murray et al., 2009).

The testis-determining factor, SRY, is a transcription factor that exerts its effects on target
genes, at least in part, through interactions with chromatin remodeling complexes. SRY
associates directly with the KRAB-O protein and recruits the KAP1 core-pressor machinery
(KAP1-NuRD-SETDB1-HP1) to silence its target genes (Oh et al., 2005; Peng et al., 2009).
Intriguingly, a recent study reported that KRAB/KAPL recruitment is established by the
long-range spreading of H3K9Me3 marks and HP1p, potentially implicating SRY in
transcriptional repression through the spread of heterochromatin (Groner et al., 2010). One
caveat is that SRY target genes in the brain are presently unknown. However, KAP1 is
expressed at high levels in the mouse brain and is necessary for KRAB-mediated epigenetic
regulation of gene expression in the hippocampus (Jakobsson et al., 2008).

Nuclear receptor function is mediated by the recruitment of various epigenetic coregulatory
complexes to specific genomic loci. For example, sex steroid hormone receptor activity is
associated with the nuclear receptor corepressor (NCoR) (Zhang et al., 1998). This
coregulatory complex includes HDAC3 and interacts with MBDs, including MeCP2. One
study showed that NCoR levels are sexually dimorphic and likely to be estradiol mediated,
with females expressing higher levels in the developing amygdala and hypothalamus (Jessen
et al., 2010). Furthermore, manipulations of NCoR levels in the amygdala during
development suggest that it has organizational effects on juvenile social play and anxiety-
like behavior (Jessen et al., 2010).

Short non-coding RNAs

Non-protein-coding DNA comprises the vast majority of mammalian genomes, including
more than 98% of the human genome (Mehler and Mattick, 2006). Recent studies have
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demonstrated that these sequences are pervasively transcribed forming numerous classes of
short ncRNAs including but not limited to short-interfering RNAs (siRNASs), microRNAs
(miRNAs), P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs), small
nucleolar RNAs (snoRNAs), and long ncRNAs (IncRNAs; i.e., transcripts longer than 200
nucleotides) (Fig. 2). These ncRNAs are expressed in distinct cell-, tissue-, and
developmental stage-specific profiles and are involved in nearly every biological process
(Amaral et al., 2008). The mechanisms of actions for these ncRNAs are still emerging, but
they include regulating aspects of DNA methylation, chromatin architecture, transcription,
post-transcriptional RNA processing, and translation (Mattick et al., 2009). Various classes
of ncRNAs have roles in promoting the mammalian sexual phenotype (McFarlane and
Wilhelm, 2009). For example, a number of studies have reported that hundreds of sSiRNAs,
miRNAs, piRNAs, and snoRNAs are expressed in the mouse testes and ovaries (Ahn et al.,
2010; Mishima et al., 2008). Similarly, genes with key roles in sex determination in the
gonad, such as FOXL2 and WT1, are associated with antisense IncRNASs that may regulate
their expression and function (Campbell et al., 1994; Cocquet et al., 2005). Also, a
significant percentage of transcriptional units on the Y chromosome are thought to encode
IncRNAs, including many that are expressed in the testis and potentially involved in
spermatogenesis (Makrinou et al., 2001; Skaletsky et al., 2003).

The roles of short ncRNAS in sexual dimorphism in the brain have not been studied in detail.
One preliminary study revealed that miRNAs are expressed in a sexual dimorphic manner in
various regions of the adult murine brain, including hippocampus, frontal cortex, and
cerebellum (Koturbash et al., 2010). In females relative to males, three miRNAs (miR-181b,
miR-34c, and miR-488*) were up regulated in the hippocampus and one miRNA (miR-130b)
was up regulated in the cerebellum. By contrast, in males relative to females, four miRNAs
(miR-206, miR-214, miR-329, and miR-124a) were up regulated in the hippocampus and two
miRNAs (miR-182 and miR-183) were up regulated in the frontal cortex. These miRNAs are
likely to be important for modulating the expression of sex-specific gene networks within
these brain regions and may underlie sexual dimorphism in brain form and function. For
example, miR-329 is essential for activity-dependent dendritic outgrowth of hippocampal
neurons (Khudayberdiev et al., 2009). Sex differences in hippocampal dendritic spine
morphology and plasticity are well documented, suggesting that miR-329 may play a role in
mediating these differences. Indirect evidence also supports a role of miRNAs in promoting
brain sexual dimorphism. miRNAs in other dimorphic tissues, such as liver, are subject to
regulation by sex steroid hormones (Delic et al., 2010). Furthermore, in silico analysis
reveals that genes expressed in the brain in a sexually dimorphic manner may be regulated
by miRNAs. For example, the human SRY transcript is a predicted target of 10 miRNAs,
including let-7a and let-7e, members of the let-7 family of miRNAs that are highly
expressed in brain (Betel et al., 2008).

Other classes of short ncRNAs may be dimorphically expressed and play roles in sex
differences in brain function but these remain to be elucidated (Fig. 2). One interesting
example may be the recently characterized enhancer RNAs (eRNASs) that are transcribed
from neuronal enhancers (Kim et al., 2010). These eRNAs are expressed in an activity-
dependent manner and their levels correlate with the levels of mMRNA synthesis at nearby
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genes. They have also been linked to the function of nuclear receptors (Kim et al., 2010).
Therefore, it may be possible that eRNAs mediate the relatively well-recognized effects of
sex steroid hormones on neurotransmission and synaptic plasticity (Foy et al., 2010).

Long non-coding RNAs and X chromosome inactivation

In contrast to short ncRNAs, it is not known whether many INcRNAs are expressed in the
brain in a sexual dimorphic manner. It seems likely that they are because of extensive
experimental and bioinformatic evidence for thousands of IncRNA genes in mammalian
genomes, including many with seminal roles in epigenetic regulation in the brain (Qureshi et
al., 2010). Sex differences in the expression of one INcRNA, XIST, have been well
characterized in the brain (see above). XIST is transcribed from the X inactivation center
(Xic) on the X chromosome to be inactivated (Xi) and plays a key role in XCI (Chow and
Heard, 2009). XIST initiates XClI by coating and silencing the inactive X-chromosome in cis.
TS X, an IncRNA encoded within the Xic that is transcribed antisense to XIST, plays a
crucial role in XClI as well. It represses XIST activity thereby designating which of the X-
chromosomes will remain active.

In general, XClI is thought to occur randomly with respect to the parental origin of the X
chromosome (Chow and Heard, 2009); however, a recent study challenges this hypothesis
(Gregg et al., 2010a,b). This high-resolution transcriptomic analysis in mice identified
preferential expression from the maternally inherited X chromosome in various neuronal
subpopulations, including glutamatergic neurons of the female cortex (Gregg et al., 2010a).
In addition, while the majority of genes on the Xi are transcriptionally silenced, some genes
escape XClI and are expressed from the Xi where they may contribute to dimorphic gene
expression, including in brain. For example, PCDH11X expression levels in brain are
sexually dimorphic because of its inactivation status (Lopes et al., 2006). One study of
human females found that 15% of X-linked genes escape XCI and an additional 10% have
variable patterns (Carrel and Willard, 2005). Another study performed in mice demonstrated
that genes escaping XCI lack H3K27Me3, a developmentally regulated histone modification
associated with XCI (Yang et al., 2010). Humans and mice exhibit a great deal of variability
in genes escaping XCI in somatic tissues. Genes escaping XCI are subject to stronger
purifying selection than inactivated genes, particularly those with Y chromosome homologs
(Park et al., 2010a). These genes may be important contributors to sexually dimorphic
features. Intriguingly, ncRNAs may be subject to escape from XCI as well (Song et al.,
2009) though this has not been well established in the brain.

Genomic imprinting
Genomic imprinting is an epigenetic mechanism for gene silencing that is mediated by DNA
methylation, histone modifications, and ncRNAs (Bartolomei, 2009). Imprinted genes are
monoallelically expressed in a parent-of-origin-dependent manner and implicated in various
biological processes, including development. Imprinting is particularly relevant within the
brain, as evidenced by the aberrant neurobiological phenotypes associated with perturbations
in imprinting, linkage analyses showing associations sensitive to the parental origin of the
region of interest, and preferential transmission of neurological and psychiatric disorders
from a single parent (Davies et al., 2008). Furthermore, the profiles of imprinting are highly
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complex within the brain and exhibit temporal, spatial, cell type-specific, sex-specific, and
inter-individual variability (Davies et al., 2005b, 2008; Gregg et al., 2010a,b). Notably,
studies of Turner syndrome (45, XO) have found X-linked parent-of-origin effects on brain
development and cognitive functioning, suggesting that imprinted genes on the X
chromosome may be important in mediating these effects. Studies in mice have found that
XIr3b, Xlrdb, and XIr4c are maternally expressed X-linked genes imprinted in the brain and
that Xlr3b, a factor putatively involved in DNA repair and/or chromatin remodeling, may
play roles in behavioral phenotypes associated with a mouse model of Turner syndrome
(Davies et al., 2005a, 2006; Kopsida et al., 2010). Intriguingly, FAM9B is a human ortholog
of Xlr3b, whose normal function is unknown (see below) (Kopsida et al., 2010; Thomas et
al., 1999). Furthermore, a recent genome-wide study of adult mouse cortex and
hypothalamus found sex-specific parent-of-origin allelic effects for 347 autosomal genes
(Gregg et al., 2010a,b). For example, females had 150 genes and males had 48 genes
exhibiting sex-specific imprinted features in the POA, a sexually dimorphic region. These
observations suggest that it is important to consider how imprinted genes, including those
encoded on the X chromosome and on autosomes, may contribute to sex differences in brain
and behavior.

Clinical correlations

There are many examples of complex diseases with sex-specific features ranging from
asthma and diabetes to multiple sclerosis (MS), autism, and depression. The interplay
between genetic, hormonal, and environmental factors is responsible for these sex
differences and is likely to be mediated by epigenetic alterations that, in turn, dynamically
regulate sexually dimorphic gene expression and function (Kaminsky et al., 2006). Herein,
we call attention to diverse neurological and psychiatric disorders whose incidence and
natural history are different between men and women and highlight emerging evidence that
suggests how epigenetic mechanisms are responsible for the sex-specific pathophysiology of
these disorders.

Neuroimmunological disorders

MS is an immune-mediated, demyelinating, and neurodegenerative disease that is caused by
genetic and environmental factors (Mechelli et al., 2010). Genetic epidemiology suggests
that the major histocompatibility complex (MHC) class 11 genes account for a significant
percentage of MS genetic risk. However, the concordance rate for monozygotic twins is only
30%, highlighting the importance of environmental factors in disease pathogenesis.
Epigenetic mechanisms have been implicated in MS, consistent with their roles in a range of
other autoimmune disorders (AIDs) (Brooks et al., 2010). For example, the peptidyl
argininedeiminase 2 (PAD2) gene promoter is selectively hypomethylated in MS brains
(Mastronardi et al., 2007) and is associated with abnormal expression of this enzyme, which
compromises the integrity of myelin. Similarly, deregulation of miRNA expression may
play a role in the pathophysiology of MS, possibly through effects on T-cell differentiation
and maturation (Du et al., 2009; Keller et al., 2009). The HDACI, Trichostatin A (TSA), has
been shown to ameliorate experimental autoimmune encephalomyelitis, an animal model of
MS (Camelo et al., 2005). The entire MHC class Il gene family and the adjacent histone

Prog Brain Res. Author manuscript; available in PMC 2015 June 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qureshi and Mehler

Page 13

cluster are strongly induced by the application of TSA (Gialitakis et al., 2006). Furthermore,
environmental factors associated with MS risk such as vitamin D, Epstein—Barr virus, stress,
diet, and smoking are all associated with effects on the epigenome.

In terms of sex differences, MS is approximately three times more common in women than
in men, and current data reveal that this ratio is increasing in many populations (Koch-
Henriksen and Sorensen, 2010). Male sex is a prognostic factor for a more severe disease
course. Furthermore, MS susceptibility is subject to maternal parent-of-origin effects and
increased penetrance in females. Recent studies implicate epigenetic modifications at MHC
gene loci in mediating some of these sex differences in MS (Chao et al., 2009, 2010). MS
pathophysiology is also sensitive to hormonal factors and is characterized by a decrease in
disease activity during pregnancy and worsening of symptoms in the post-partum period
(Niino et al., 2009). These effects are linked to estrogens and may be related to expression of
ERa, which is epigenetically regulated (Imamura, 2010).

While skewing of XCI has been found in other AIDs, one study of XCI in patients with MS
revealed no significant differences in the frequency of skewing in affected females
compared to controls (Knudsen et al., 2007). However, skewing of XCI was more common
in progressive MS rather than relapsing remitting forms of the disease, suggesting that
skewing of XCI is associated with more severe or advanced disease. One caveat is that this
analysis was performed utilizing blood, and the degree of correlation between XClI in blood
and neural tissues is not well characterized, particularly in the context of disease. As
discussed above, there is potential variability in genes escaping XClI in somatic tissues. This
is particularly relevant because regions of the X chromosome, particularly Xp22.1, that
contain genes in polyamine pathways have the potential to become deregulated, and these
have been linked to various AIDs. It is well established that polyamines, such as spermine,
are ubiquitous nuclear components with functions in chromatin compaction, maintenance of
DNA structure, RNA processing, and translation (Childs et al., 2003). Endogenous retroviral
elements found in patients with MS may also be implicated in epigenetic regulation and sex
differences in MS. For example, human endogenous retroviral family W (HERV-W) RNA is
present in circulating viral particles that may be responsible for activating pro-inflammatory
and autoimmune cascades. HERV-W RNA has been linked to MS pathogenesis, and
intriguingly, HERV-W copies are present on the X chromosome (Perron et al., 2009).
Furthermore, sex-specific imprinting in the brain has been observed for interleukin-18 (1118)
(Gregg et al., 2010a), a pleiotropic cytokine that is implicated in mediating
neuroinflammatory and neurodegenerative processes in MS (Alboni et al., 2010).

Neurodevelopmental disorders

Various epigenetic regulatory factors are encoded on the X chromosome and lead to
neurodevelopmental disorders when they are mutated. For example, a-thalassemia mental
retardation X-linked protein (ATRX) is an SWI/SNF chromatin remodeling protein that
plays a role in brain development, globin regulation, and sexual development (Tang et al.,
2004). ATRX mutations lead to X-linked a-thalassemia, mental retardation, and gonadal and
urogenital abnormalities. Similarly, the histone demethylase, JARID1C/SMCX, has been
linked to mental retardation and to autism spectrum disorders (ASDs) (Abidi et al., 2008;
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Adegbola et al., 2008; Claes et al., 2000; Jensen et al., 2005; Santos et al., 2006). ASDs
exhibit a strong male preponderance. Some theories consider ASDs to be the result of
differential manifestations of male behavioral traits. The pathogenesis of ASDs is unknown
but has been linked to epigenetic mechanisms that may play sex-specific roles. For example,
factors that are expressed in the brain in a sexually dimorphic manner, such as RORA, may
be differentially regulated in the autistic brain and subject to epigenetic regulation (Dewing
et al., 2003; Nguyen et al., 2010). Imprinted and X-linked genes have been associated with
ASDs. Notably, patients with Turner's syndrome only exhibit ASDs when the maternal X
chromosome is present. In addition, ASDs are associated with micro-deletions that
encompass FAM9B, the human homolog of the mouse X imprinted XIr3b gene (Thomas et
al., 1999). A deletion of the ANKRD15 gene that exhibits imprinting-like inheritance is
similarly linked with congenital cerebral palsy (Lerer et al., 2005). Affected individuals
harbor a paternal deletion and a normal maternal allele that is repressed. The only difference
between the alleles is differential methylation in the CpG island flanking the DMRT gene
located 3’ of the ANKRD15 gene. Interestingly, DMRT is involved in sex determination and
its Drosophila homolog is required for the development of male-specific neurons and sexual
behavior (Rideout et al., 2010). Additional studies have linked sex chromosome aneuploidy
with neurodevelopmental phenotypes (Lenroot et al., 2009).

Other neurological and psychiatric disorders

Sex differences have been noted in the incidence of neurodegenerative disorders such as
Alzheimer's and Parkinson's diseases (AD and PD) and may be influenced by underlying
epigenetic mechanisms. The risk of AD is higher in women than in men (Musicco, 2009).
Various studies suggest a role for genomic imprinting and parent-of-origin effects in AD
pathogenesis (Bassett et al., 2002). For example, selective patterns of hypometabolism have
been noted in maternally inherited AD (Mosconi et al., 2010). Furthermore, amyloid
precursor protein (APP) is a gene that causes certain forms of early onset AD. APP
promoter methylation is higher in females and differentially regulated by sex steroids in
mouse cerebral cortex (Mani and Thakur, 2006). Also, APP has been linked to male sexual
behavior (Park et al., 2010b). In contrast to AD, men are about 1.5 times more likely to
develop PD than women. Interestingly, a study performed utilizing nigral dopaminergic
neurons from postmortem brains of sporadic PD patients revealed that major cellular
signaling pathways involved in PD pathogenesis have distinct patterns of deregulation
between males and females (Simunovic et al., 2010). This sex-specific molecular
pathophysiology may be linked to the effects of SRY on catecholaminergic pathways in the
basal ganglia and cortex (see above).

Moreover, sex differences have been found in the incidence of brain cancers (Deorah et al.,
2006) and in sex-specific toxicity profiles and therapeutic outcomes (Borgmann et al.,
2009). These, too, may have epigenetic underpinnings. For example, mutations of the
histone H3K27 demethylase, UTX, which is expressed in neurons in a sexually dimorphic
manner, have been found in human cancers including glioblastoma multiforme (GBM) (van
Haaften et al., 2009). Sex-specific responses to brain radiation exposure have also been
noted in the expression of miRNAs in the hippocampus, cerebellum, and frontal cortex of
mice (Koturbash et al., 2010). Moreover, alterations in multiple components of the
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epigenome have been implicated in the pathogenesis of a spectrum of primary nervous
system tumors and in signaling pathways mediating CNS cancer initiation, progression, and
responses to therapy (Mehler, 2008). These observations suggest that sexually dimorphic
epigenetic regulatory mechanisms may represent promising avenues for better understanding
and treating brain cancers.

In addition to neurological diseases, a number of psychiatric disorders are also characterized
by sex differences that may be influenced by epigenetic factors. Sex differences are
commonly found in the incidence of psychiatric diseases, and sex-specific epigenetic
interactions have been noted across the life span in association with these disorders (Vigod
and Stewart, 2009). Furthermore, the heritability of psychiatric diseases, such as major
depression, is greater in women than in men (Kendler et al., 2006). Potential epigenetic
mechanisms explaining these observations include, for example, that imprinted genes
mediate susceptibility to psychiatric disorders (Kopsida et al., 2010). There is an ever-
expanding body of evidence for a continuum of epigenetic mechanisms and for sex
differences in neuropsychiatric diseases. Future studies will be necessary to delineate the
complex interrelationships between these pathogenic factors and their contributions to
disease susceptibility, onset, progression, and response to treatment.
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Epigenetic mechanisms. This diagram represents major classes of epigenetic mechanisms,
including DNA methylation, histone modifications and chromatin remodeling, genomic

imprinting, and X chromosome inactivation.
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Non-coding RNA (ncRNA) transcription. This schematic shows how multiple interleaved
and overlapping RNAs are encoded within the genome. These include protein-coding RNAs
and various classes of nNcRNAs, which are described in the text as well as others.
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