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DNA methylation patterns are set up in a relatively fixed programmed manner during normal embryonic develop-
ment and are then stably maintained. Using genome-wide analysis, we discovered a postnatal pathway involving
gender-specific demethylation that occurs exclusively in the male liver. This demodification is programmed to take
place at tissue-specific enhancer sequences, and our data show that the methylation state at these loci is associated
with and appears to play a role in the transcriptional regulation of nearby genes. This process is mediated by the
secretion of testosterone at the time of sexual maturity, but the resulting methylation profile is stable and therefore
can serve as an epigenetic memory even in the absence of this inducer. These findings add a new dimension to our
understanding of the role of DNAmethylation in vivo and provide the foundations for deciphering howenvironment
can impact on the epigenetic regulation of genes in general.
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Although males and females are derived from genomes
that differ only in their X and Y chromosomes, there ap-
pear to be many gender-specific functions that actually
use autosomal genes, and very little is known about the
mechanisms involved in this process. It has been shown,
for example, that genes are differentially expressed in the
male and female liver as a result of postnatal hormone
secretion, and this is accompanied by changes in chroma-
tin structure at nearby regulatory sequences (Waxman and
Holloway 2009; Ling et al. 2010). These alterations not
only bring about gender-specific changes in metabolic
function but also may explain the predisposition to hepa-
tocellular carcinoma seen specifically in the male. Other
tissues of the body are also characterized by select gen-
der-derived expression patterns (Yang et al. 2006).
DNA methylation is a key epigenetic factor that is

known to play a role in gene regulation during develop-
ment (Cedar and Bergman 2012), but aside from a few
observations on individual genes (Weaver et al. 2004;
Takasugi et al. 2013), little is known about how this mod-
ification may take part in the control of postnatal dynam-
ics, as in the case of gender-specific gene expression. The
basic DNA methylation pattern of animals is initially
erased in the early embryo and then re-established at the

time of implantation through a wave of global de novo
methylation, with CpG islands being protected on the
basis of underlying sequence motifs. Although the ability
to de novo methylate the genome is only transient and
subsequently undergoes down-regulation, once the origi-
nal pattern is set up in the implanted embryo, it is then
stably maintained through every cell division. Further
adjustments then occur exclusively in a stage- or tissue-
specific manner during embryonic development or adult
stem cell differentiation (Sheaffer et al. 2014), with the
changes being driven in a programmed manner by trans-
acting factors that recognize the target sequences (Cedar
and Bergman 2012).
One of the first events to occur after implantation is

the inactivation of pluripotency genes such as Oct-3/4.
Interestingly, this takes place in a three-step process by
which the transcription of these genes is first turned off
by repressor factors, and this is followed by G9a-mediated
heterochromatinization. De novo methylation is a later
event. Even though this epigenetic modification is not
directly involved in repression, it does provide long-term
stability, effectively preventing any reactivation (Feldman
et al. 2006; Epsztejn-Litman et al. 2008). In a similar
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manner, tissue-specific genes undergo activation through
interactions between trans-acting factors and cis-acting
sequences, and this is accompanied by DNA demethy-
lation, which may not only boost transcription but also
contribute to stable gene accessibility (Cedar and Berg-
man 2012).While a considerable number of tissue-specific
gene promoters have been shown to undergo preferential
demethylation in their cell type of expression during de-
velopment, recent high-throughput studies indicate that
many other regulatory sequences are also differentially
unmethylated in a tissue-specific manner (Hon et al.
2013; Ziller et al. 2013), but it is not yet known whether
these changes take place as a part of normal embryonic de-
velopment or occur postnatally.

Sexual dimorphism has an enormous effect on metabo-
lism and physiology that has been documented in an ex-
tensive manner over the past 50 years (Waxman and
Holloway 2009), with emphasis on the molecular biology
of gene expression. In this study, we used high-throughput
analysis to systematically characterize tissue differences
in DNA methylation between males and females. We
found that these variations come about as a result of pro-
grammed changes in methylation that take place at regu-
latory sequences and are driven by secretion of the male

hormone testosterone. These gender-specificmethylation
patterns are stable and appear to influence gene expres-
sion in vivo.

Results

Gender-specific DNA methylation

In order to obtain a comprehensive picture of possible
methylation differences between males and females, we
isolated adult (20 wk) liver DNA and carried out reduced
representation bisulfite sequencing (RRBS), which can
scan a relatively large number of small loci with a high
degree ofmolecular depth (Boyle et al. 2012). Under the as-
sumption that theremay be variations between individual
animals, we assayed a large number of mice in each cate-
gory. Using a strict statistical cutoff, wewere able to iden-
tify 160 individual 100-base-pair (bp) tiles that were at
least 25% less methylated in male as opposed to female
animals, and these differences were all specific to the liver
(Fig. 1; Supplemental Fig. S1A). Strikingly, we did not
detect any equivalent sites that are significantly less
methylated in the female. We also validated (Supplemen-
tal Fig. S1B,C) these results by carrying out a sample

Figure 1. Tissue-specific demethylation in
the male liver. (A) Heat map and histogram
(average methylation for each sample) com-
parison (P < 10−4; see the Materials and
Methods) of 160 tiles for male and female
liver samples (n = 4–10) as a function of age
as noted. Each column represents a single
tissue sample. (B) Average methylation lev-
els (±SD) for these same 160 tiles in different
tissues in male (blue) and female (red) sam-
ples (n≥ 3) from individual animals. A heat
map of these samples is presented in Supple-
mental Figure S1. (C ) Whole-genome bisul-
fite sequencing (WGBS) analysis shows the
average differential methylation levels for
all 160 tiles in the male liver as a function
of distance from the original 100-bp tile de-
tected by RRBS.
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experiment using whole-genome bisulfite sequencing
(WGBS), which demonstrated that, on average, these un-
dermethylated regions span ∼400 bp (Fig. 1C). Further-
more, WGBS revealed that in the whole genome, there
may be >1000 400-bp tiles that are specifically differen-
tially undermethylated (>35%) in themale (Supplemental
Fig. S1D,E), suggesting that this is indeed a widespread
phenomenon.
Since all of the male-specific sites were found to be

highly methylated in other adult tissues as well as in the
early embryo (embryonic day 6.5 [E6.5]–E7.5) (Fig. 1B;
Supplemental Fig. S1A), it seemed likely that these se-
quences are initially de novomethylated at the time of im-
plantation andmaintained in thismanner in all cell types,
suggesting that the profile observed in the male liver was
probably generated through a process of demethylation.
Indeed, by following the modification patterns of gender-
specific loci from the time of birth, we were able to
confirm that, like the rest of the genome, these select
sequences are, without exception, all methylated equi-
valently in both sexes as the mouse emerges from its em-
bryonic development stage but then undergo a clear-cut
process of demethylation specifically in the male (Fig.
1A,B), and this was confirmed by WGBS analysis as well
(Supplemental Fig. S1). We also measured DNA methyla-
tion in purified neonatal versus adult hepatocytes (Materi-
als and Methods), where the differences were found to be
even more dramatic (Supplemental Fig. S1F), suggesting
that this represents an inherent cell-autonomous process
and cannot be the result of changes inwhole liver cell com-
position during postnatal development.

Testosterone directs male-specific
demethylation

We next asked whether this effect may be caused by hor-
monal differences that develop between male and female
animals. To this end, we examinedDNAmethylation pat-
terns in male mice castrated at the age of 20 d. Strikingly,
these mice did not undergo any appreciable demethyla-
tion during postnatal development, suggesting that it is
the male hormones that are responsible for this process
(Fig. 2; Supplemental Fig. S2A). Furthermore, administra-
tion of testosterone following castration almost complete-
ly restored the demethylation pattern. These data strongly
suggest that this hormone is both necessary and sufficient
to drivemale-specific demethylation in the liver, probably
by bringing about the pulsatile secretion of GH from the
pituitary gland (Waxman andO’Connor 2006). In contrast,
ovariectomy of female mice was found to have no effect
on these (Fig. 2) or any other DNA methylation sites.
Since testosterone is first secreted a few weeks after birth
(Selmanoff et al. 1977), the presence of this hormone
seems to act as an “internal environmental factor” that
can influence DNA methylation at specific sites. Indeed,
these identical changes can even be induced in female
mice by long-term administration of testosterone (Fig.
2). All of these findings were also confirmed for individual
sites using single-molecule bisulfite analysis (Supplemen-
tal Fig. S2B).

Characterization of differentially methylated regions
(DMRs)

Wenext asked about the nature of theDNA segments that
undergo specific demethylation in response to testos-
terone. Very few were identified as known promoters
(Fig. 3A). In contrast, chromatin immunoprecipitation
(ChIP) combinedwithdeep sequencing (ChIP-seq) analysis
adapted from the literature (Rosenbloom et al. 2013; Suga-
than and Waxman 2013) indicated that they are highly
enriched in histone H3K4me1 and H3K27Ac, specifically
in the adult liver (Fig. 3B), suggesting that this sequence
set may be composed of enhancer elements (Heintzman
et al. 2007), and bioinformatics analysis shows that it in-
deed contains a numberof different common transcription
factor-binding motifs (Fig. 3C) that are unique to non-
promoter regulatory sites (Supplemental Fig. S3A), with
some of these known to be associated with sexual dimor-
phism in the liver (Laz et al. 2009). Furthermore, by using
previously published data (Zhang et al. 2012; Kosters et al.
2013), wewere able to demonstrate that some of these fac-
tors actually bind physically to their target sequences but
only in the male liver, (Fig. 3D), suggesting that demethy-
lation itself may contribute to factor accessibility.
It is well established that there are many hormone-

responsive differences in expression between male and
female livers (Wauthier and Waxman 2008; Waxman
and Holloway 2009). Thus, on the assumption that the
DMRs detected in our assay represent regulatory ele-
ments, we attempted to identify possible gene targets.
To this end, we first selected (Fig. 4A) all of the demethyl-
ated tiles obtainedbyWGBSanalysis that are locatedwith-
in or adjacent to (±50 kb) known gene sequences (n = 1034)
and then characterized them for the presence of H3K4me1
or H3K27Ac as well as the binding of transcription fac-
tors (BCL6, STAT5, and RXR). Using RNA sequencing
(RNA-seq) to assay the expression profiles in male and fe-
male livers, we found that a significant percentage of these
(n = 171) are associated with genes (n = 88) that are differ-
entially expressed (P < 0.05) inmalemice,with the highest
enrichment (∼30%) observed for those sites carrying
histone and protein marks signifying active enhancers
(Fig. 4B).
By using hierarchical clustering, we demonstrated that

these 88 genes not only are expressed at higher levels in
adult males than in females but are characterized by low
activity in young animals as well as in castrated males,
where these presumed enhancer elements aremethylated.
Furthermore, they show increased transcription in both
females and castrated males treated with testosterone
(Fig. 4C; Supplemental Fig. S4). Taken together, these
data show that enhancer demethylation in the liver is
highly correlated (P < 10−14) with gender-specific expres-
sion, and bioinformatics analysis indicates that it is prefer-
entially associated with liver function (Fig. 4D), mainly
lipidmetabolism and drug detoxification,well-known fea-
tures of sexual dimorphism.
The distribution of factor binding and histone

H3K4me1 and H3K27Ac packaging (Fig. 4A) provides
valuable information about the molecular events that
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are associated with demethylation. First, it should be not-
ed that many tiles that have undergone demethylation
do not carry either of these marks, suggesting that the
demethylationmay occur in amanner that is independent
of thesemodifications. Furthermore, the fact that this epi-
genetic change is gender-specific raises the possibility
that it may serve as the basis for selective binding of the
transcription factors STAT5, BCL6, and RXR that are
present ubiquitously in both male and female liver cells.
Bioinformatics analysis shows that the lack of transcrip-
tion factor binding to other demethylated sites is due to
the absence of motifs for these factors. Interestingly, all
of the demethylated sites are highly enriched for the
HNF6 motif regardless of the presence or absence of

other factors, perhaps suggesting that this family of liv-
er-specific factors may actually be involved in initially
recognizing these sequences and bringing about their
demethylation.

Long-term effects of demethylation

It is well accepted that hormones can influence gene ex-
pression, but these effects are usually transient in the
sense that transcription returns to normal levels after its
removal. In order to test whether methylation changes
induced by testosterone also respond in this manner,
we castrated normal male mice at the age of 20 wk, at a
time when gender-specific sites had already undergone
maximum demethylation. We then followed the epige-
netic fate of these loci over time (2mo). Despite castration
and the resulting removal of testosterone, the underme-
thylated DNA pattern in these regions remained relative-
ly stable (Fig. 2; Supplemental Fig. S2A). This suggests
that the methylation state serves as an epigenetic memo-
ry even though the original induction factors are no longer
present.

We next tested whether the DNA methylation pattern
at the enhancer sequences could also serve as a mecha-
nism for regulating the expression patterns of target genes.
To this end, we used RNA-seq to examine the expression
patterns of all of the sexually dimorphic genes associated
with enhancer demethylation (n = 88) in castrated males
(with methylated enhancers) given an artificial pulse of
testosterone at 20wkof age. Expression of the target genes
remained low as compared with control animals harbor-
ing undermethylated enhancers (Fig. 5A; Supplemental
Fig. S5C). Since the level of testosterone is similarly
high in both cases (Supplemental Fig. S5A), this ex-
periment clearly indicates that the original state of en-
hancer methylation serves as a molecular memory that
can predetermine the effect of transcription factors on
gene expression. In a similar manner, we analyzed males
castrated at 3 wk as compared with males castrated at
20 wk (Fig. 5B). Despite the fact that testosterone levels
are very low in both of these cases (Supplemental Fig.
S5A), a sample of genes (n = 24) associated with an under-
methylated enhancer (old castrated males) is expressed
at a higher level, and this was further confirmed by high-
resolution RT–PCR analysis on selected hallmark genes
(Supplemental Fig. S5B). This suggests that for some
genes, the low methylation state initially induced by ex-
posure to testosterone in the young male represents a sta-
ble memory marker for gene activation even after this
hormone is no longer present.

DMRs contain methyl-sensitive enhancers

Interestingly, all of the testosterone-responsive genes de-
tected in our study have promoters that are equally mod-
ified in male and female DNA (Supplemental Fig. S3B).
Thus, epigenetically, their differential expression pattern
is best correlated with enhancer demethylation. In order
to test whether these differentially methylated sequences
do indeed represent enhancers, we cloned a sample of

Figure 2. Demethylation is mediated by testosterone. Heat map
(A) and average methylation levels (±SD) (B) of individual mice
(each column) castrated (CasY) or oviarectomized (OvaY) by re-
moval of the gonads or sham-operated (control) at 3 wk of age; liv-
er DNA was assayed at 20 wk (n = 3–10). These same mice were
treated with testosterone (Tes) or saline (control) starting at 8
wk for a period of 3 mo by means of an implanted pump; male
mice were also castrated (CasA) or sham-operated (control) at
20 wk and assayed for liver DNAmethylation after an additional
8 wk. A full heat map of the control samples is presented in Sup-
plemental Figure S2.

Reizel et al.

926 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 14, 2017 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


these loci into reporter plasmids containing a minimal
promoter driving the luciferase gene (Hoivik et al. 2011)
and transfected them into a hepatocyte cell line (Rienhoff
and Groudine 1988). This experiment revealed that four
out of five of these sequences indeed have the ability to en-
hance expression, but this effect was attenuated when the
plasmids were artificially methylated in vitro prior to
transfection (Fig. 5C). Since the entire test vector used
in this experiment was designed to be lacking any CpG
residues (Hoivik et al. 2011), the effect on expression can
only be attributed to DNA methylation specifically on
the putative enhancer sequences. These experiments
thus provide strong evidence that testosterone-mediated
demethylation itselfmay directly serve to functionally ac-
tivate gene enhancers.

Gender-specific methylation in human livers

We next asked whether the epigenetic dimorphism seen
in mouse livers is also a feature of human tissues. To
this end, we carried out RRBS analysis on liver DNA
from multiple adult individuals of both sexes. Strikingly,
we were able to detect >450 tiles that are significantly
undermethylated in the males (Fig. 6A), and, judging by
their level of methylation in other tissues, it appears
that this comes about through a process of demethylation
(Fig. 6B). This phenomenon is very similar to what hap-
pens in mice, since these tiles are in nonpromoter regions
that are highly enriched for H3K4me1, a strong indicator

of enhancer activity. Furthermore, these presumed regu-
latory sequences carry transcription factor-binding motifs
similar to those identified in mice (data not shown) and
are highly associated with sexually dimorphic gene ex-
pression in human livers (Fig. 6C–E). Taken together,
these data suggest that methylation could play a general
role in regulating male/female characteristics indepen-
dent of sex determination itself.

Discussion

We demonstrated that, while there are no apparent differ-
ences in DNA methylation in male and female livers at
birth, gender-specific patterns can be generated postnatal-
ly through the influence of testosterone in the male. This
demethylation takes place mostly on putative enhancer
sequences, with a large percentage of them located within
genes expressed differentially in themale liver, and exper-
iments in tissue culture and in vivo strongly suggest that
undermethylation itself may be a key factor in modulat-
ing the activity of these genes (Fig. 5). We envision that
secretion of testosterone triggers a molecular pathway
involving site- and tissue-specific factors that are able to
recruit the demethylation machinery, thereby causing a
slow progressive decrease in local methylation levels,
which further “opens” these enhancers to increased activ-
ity, as reflected in their histone acetylation (Rosenbloom
et al. 2013; Sugathan and Waxman 2013) and factor-bind-
ing patterns (Fig. 3).

Figure 3. Enhancer regulation. (A) Genome dis-
tribution of demethylated regions (as determined by
RRBS). (B) ChIP-seq (as adapted from Rosenbloom
et al. 2013; Sugathan and Waxman 2013) of demethyl-
ated regions (RRBS) as a function of distance from their
center tile for H3K4me1 and H3K27Ac in male (blue),
female (red), and a mixture of other tissues (grey). (C )
Motif analysis of demethylated regions as determined
by WGBS. (D) ChIP-seq data of demethylated regions
(RRBS) for transcription factors in male (blue) and fe-
male (red) liver DNA samples were adapted from the
literature (Zhang et al. 2012; Kosters et al. 2013) and
normalized as described in theMaterials andMethods.
Similar results forA, B, andDwere also obtained using
data from WGBS (data not shown).
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These studies have revealed a new class of liver-specific
genes that are expressed at low levels in both themale and
female livers at birth aswell as in other tissues (Fig. 4C), in
keeping with their being driven by constitutively unme-
thylated promoters (Supplemental Fig. S3B). They then
appear to undergo male-specific induction as a result of
nearby enhancer demethylation. ChIP-seq analysis has

shown that many of these gender-specific enhancers are
packaged with nucleosomes carrying H3K4me1 over a
very broad region of DNA (Fig. 4A) in both the male and
female, and this marking most likely takes place after
birth but prior to (Y Reizel, O Sabag, andHCedar, unpubl.)
and independent of (Fig. 4A) the much more localized
demethylation event. Overall, this process appears to be

Figure 4. Correlation with expression. (A) Heat map of methylation differences between male and female, histone marks (either
H3K27Ac or H3K4me1), and transcription factor (TF) binding (STAT5, BCL6, or RXR) at 1034 demethylated regions (WGBS) that are lo-
cated within or adjacent to (±50 kb) known gene sequences as a function of distance from their center tile. (B) Enhancement (Y-axis) of
male-specific (blue) or female-specific (red) expression of all DMRs as compared with control regions that have none of these markers
(χ2 test of proportions). Note that DMRs (asterisk) specifically labeled with histone marks and protein binding (n = 384) are highly en-
riched, with almost 30% of the tiles showing a correlation with male-specific expression as opposed to female-specific expression, and
this is sixfold higher than a random sample of control regions. (C ) Tissue expression level (arbitrary units; RNA-seq) heat map of 88
male-enhanced genes that harbor putative enhancer sequences ordered by unsupervised hierarchical clustering of normal young (Male
Y) and adult (Male A and Female A) livers, gonadectamized (at 3 wk) livers (Cas Y and Ova Y) with or without the addition of testosterone
(Tes), and other tissues. Enrichment of each cluster is statistically significant (P < 0.05, pvclust) (Suzuki and Shimodaira 2006). Each lane
shows average data for at least two biological replicates. Testosterone levels and controls are presented in Supplemental Figure S5. (D)
Gene ontology of male-specific demethylated regions (n = 1034).
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involved in the fine-tuning of gene expression as an adap-
tive response to testosterone secretion in the male, per-
haps serving to stably tailor liver function, including
lipid metabolism and drug detoxification, in a gender-spe-
cific manner.
Once formed, the DNAmethylation state at these sites

remains stable over a long period of time and does not
change even when the original trigger, testosterone, is
no longer present. This provides a new perspective on
the nature of postnatal gender-specific expression. Rather
than being exclusively regulated by transcription factor
interactions in a plastic manner, they actually appear to
be programmed epigenetically and thus become a perma-
nent feature in the adult. Themost blatant sign of this cis-
acting mechanism is the observation that several key
transcription factors are bound to enhancer sequences ex-
clusively in the male (Fig. 3D) even though these proteins
are present ubiquitously and at similar levels in both the
male and female livers (Zhang et al. 2012). In a sense,

this process constitutes a continuation of the epigenetic
programming that occurs during embryogenesis, whereby
factor-induced alterations in DNA methylation serve
as secondary effectors for stablymaintaining developmen-
tal decisions over time (Kirillov et al. 1996; Feldman et al.
2006; Epsztejn-Litman et al. 2008; Stadler et al. 2011).
This study provides the first identification of a factor

that is capable of altering DNA methylation patterns in
differentiated cells postnatally. As proof of this concept,
we show that treatment of female animals with testoster-
one can also bring about enhancer-specific demethylation
even though females are normally exposed to only very
low concentrations of this hormone. Many cases of poly-
cystic ovary syndrome, a disease associated with abnor-
mally high levels of testosterone in the female, develop
complications of metabolism (Franks 1995), and it is
compelling to think that alterations in DNAmethylation
may be involved. In contrast, adultmaleswho have under-
gone feminizationwith its consequent loss of testosterone
could theoretically still carry male-specific demethy-
lation marks, such as those seen in the liver, and thus
may retain some memory of male-type expression.
Pioneering experiments by Meany and colleagues

(Weaver et al. 2004) have shown that maternal behavior
can induce a gene-specific change in DNA methylation
in pups during the first week after birth that is then main-
tained in the adult, and our data on postnatal demethyla-
tion in the mouse liver suggest that this may be part of a
more general phenomenon. In support of this concept,
we demonstrated that there are extensive male-specific
undermethylated sites in the human liver as well, and,
here too, they seem to be associated with gender-specific
gene expression (Fig. 6). Interestingly, previous studies
have shown that every tissue of the body contains thou-
sands of cell type-specific, undermethylated sites that
are enriched for enhancer sequences (Hon et al. 2013; Zil-
ler et al. 2013). While it is usually thought that these are
established during prenatal development, there is already
evidence that some sites actually undergo demethylation
postnatally (Gilsbach et al. 2014). Furthermore, it has re-
cently been shown that macrophages all over the body
may adapt to local tissue environment in the adult by ac-
tivating specific enhancers (Gosselin et al. 2014; Lavin
et al. 2014), and it is very likely that this is accompanied
by changes in methylation as well. Taken together, these
observations suggest that there may be a wide range of
non-stem cell-related epigenetic changes that take place
postnatally.
Even though many methylation changes in the genome

are programmed to occur as part of embryonic develop-
ment, it has been postulated that environmental factors
may be able to further impact on DNA methylation, per-
haps in a stochasticmanner (Jaenisch and Bird 2003), in ei-
ther the embryo (Kaminen-Ahola et al. 2010) or the adult
(Meaney and Szyf 2005). Our studies provide a newmodel
for how this may occur by showing that the “internal en-
vironment” of an animal (e.g., hormones) can actually act
in a programmedmanner to bring about extensive postna-
tal changes in DNA methylation by using specific pro-
tein factor DNA interactions at enhancer sequences. In
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between normal and castrated animals. (C ) Putative enhancer
sequences were cloned into a CpG-free reporter vector that was
either left unmethylated (blue) or methylated (red) in vitro and
transfected into a hepatocyte cell line, and the medium was
then assayed for Luciferase activity (arbitrary units) after 48
h. For all cloned sequences, enhancement over control was signif-
icant (P < 10−4, n≥ 10, t-test).
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a similar manner, “external environmental” factors may
operate by impacting on a variety of signaling molecules
or metabolites that may be capable of inducing specific
changes in DNA methylation.

Materials and methods

Mice

C57/bl mice were sacrificed at different ages, and their liver,
spleen, cerebellum, and muscle were isolated. Hepatocytes
were prepared as described (Erhardt et al. 2011). Mice were anes-
thetized and either sham-operated or castrated by removal of the
gonads at the age of 3 or 20wk. Testosterone (5mg/mL) or vehicle
alonewas dissolved as described (Shao et al. 2006) and then inject-
ed into an osmotic pump (Alzet, model 2004) that was incubated
in saline for 48 h at 37°C and then implanted subcutaneously
into castrated males or females. For long-term testosterone ad-
ministration, the pumps were replaced every 28 d. All animal ex-
periments were performed in accordance with the guidelines of
the Institutional Committee for the Use of Animals for Research.

RRBS

DNA was isolated from snap-frozen mouse tissues or frozen hu-
man samples (purchased from Cancer Center Tissue and Tumor

Bank of the University of Massachusetts Medical School) and in-
cubated in lysis buffer (25 mM Tris-HCl at pH 8, 2 mM EDTA,
0.2% SDS, 200 mM NaCl) supplemented with 300 μg/mL pro-
teinase K (Roche) followed by phenol:chloroform extraction and
ethanol precipitation. RRBS libraries were prepared as described
(Boyle et al. 2012) and were found to be highly robust and repro-
ducible. Samples were run on HiSeq 2500 (Illumina).

Bisulfite methylation analysis

Bisulfite conversion of genomic DNA was carried out and ana-
lyzed using tissue samples from individual mice using the
Zymo bisulfite kit according to the manufacturer’s instructions.
Specific primers of chosen tilesweredesignedwithMethylPrimer
Express software version 1.0 (Applied Biosystems). After PCR
amplification, the DNAwas extracted from the gel with the Qia-
gen MiniElute gel extraction kit and sequenced by MiSeq (Illu-
mina). Reads were trimmed using trim galore (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore), and meth-
ylation levels were called using Bismark (Krueger and Andrews
2011). The average coverage of the sequenced regions was >1000.

WGBS

Genomic DNAwas isolated and pooled from eight individual an-
imals per sample. Unmethylated λ phageDNAwas spiked in for a

Figure 6. DMRs in human livers. (A) Heatmap
of 460 tiles significantly (P < 10−4; see theMate-
rials and Methods) more methylated in female
versus male human livers. Each column repre-
sents a single tissue sample (n = 4–5) from adult
tissue (average, 40 yr old). (B) Average methyla-
tion levels (±SD) for these same 460 tiles in a
collection of different tissues (n > 8) in male
(blue) and female (red) individual samples.
(C ) ChIP-seq adapted from the literature (Bern-
stein et al. 2010) of demethylated regions for
H3K4me1 in the male (blue) and female (red).
(D) Enhancement of male-specific (blue) or fe-
male-specific (red) expression for regions under-
methylated in the male as compared with
random tiles (P < 10−17, χ2 test of proportions)
using published RNA-seq data (GSM916093
and GSM1067795). (E) Heat map of promoter
methylation for genes (n = 73) that correlate
with enhancer demethylation.
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final concentration of 0.5%. One microgram of gDNA was soni-
cated using the S2 Sonicator (Covaris, Inc.) to the desired range
of∼125-bpmedian size,with themajority of inserts fallingwithin
the range of 100–200 bp as determined by Agilent Bioanalyzer
examination and quantified using the Kapa Biosystems kit. End
repair, A-tailing, and adapter ligation were carried out using the
standard Illumina TruSeq protocol. We used the methylated
bar-coded adapters included in the Illumina TruSeq DNA sample
preparation kit. Sodium bisulfite conversion of all DNA samples
following adapter ligation was performed using the EZ DNA
methylation gold kit or the EZ DNA methylation lightning
kit (ZymoResearch). Four to eight rounds of PCRwere performed
using the KAPA HiFi +uracil DNA polymerase (Kapa Biosys-
tems). AMPure XP purification (Agencourt) was used to retain
fragments with insert sizes between 100 and 200 bp, and this
range was verified after sequencing. Cluster generation and 75-
bp paired-end sequencing were performed on the HiSeq 2000
instrument.

Gene expression

RNAwas isolated from tissues using the RNeasy kit according to
the manufacturer’s instructions (Qiagen). One microgram of
RNAwas taken from different samples and reversed to cDNAus-
ing the verso kit. Specific primers for RT–PCR to different genes
were designedwith Primer3 software, and the expression levels of
these genes were tested and normalized to three different house-
keeping genes. For RNA-seq experiments, RNA was isolated us-
ing miRNeasy (Qiagen), and TruSeq RNA sample preparation
kit version 2 (Illumina) was used for library preparation.

Enhancer assay

DNAwas amplified by PCR using presumed enhancer tile prim-
ers containing AvrtII/BamHI restriction sites and cloned into a
CpG-free vector containing a minimal promoter and reporter
gene (Invivogene). Cloned tiles were transfected into a trans-
formed hepatocyte cell line (BNL) grown in DMEMmedium sup-
plemented with 10% FCS, 2 mM glutamine, 1000 U/mL
penicillin, and 100 μg/mL streptomycin. After 48 h, medium
was collected, and reporter expression levels were measured us-
ing the Renilla kit (Promega). To test the effect of methylation,
templateswere in vitromethylatedwith SssImethylase (NewEn-
gland Biolabs) prior to transfection.

Data analysis

All data have been deposited in the Gene Expression Omnibus
(GEO) under accession number GSE60012. One-hundred-base-
pair paired-end sequencing reads from RRBS were obtained using
the HiSeq 2500. Adapter trimming and quality filtering were per-
formedwith the trim galore software using default parameters for
RRBS analysis. BSMAP (Xi and Li 2009) was used for read align-
ment (genome builds mm9 and hg19) and extraction of single-
base resolution methylation levels. One-hundred-base-pair tiles
and DMRs were calculated with the MethylKit package (Akalin
et al. 2012) using a minimum coverage of 10 per tile, a methyla-
tion difference of 25%, and a Q-value ≤0.01. In order to increase
sensitivity, DMRs were further filtered for multiple alignments
in the genome using blat (Kent 2002) and excluding tiles that
were mapped more than once. The statistical significance of the
DMR set was calculated by repeating the above steps on random
permutations of male and female samples. For each permutation,
the number of DMRs was calculated, and a P-value was obtained
bymeasuring the quantile of the original DMRs. For tissues with

at least eight samples (liver and muscle), we included the condi-
tion that the difference between the second highest and second
lowest values would not exceed 30%.
DMR tiles were subject to extensive bioinformatics analysis.

Transcription factor-binding sites and their promoter associa-
tion were analyzed usingGenomatix (http://www.genomatix.de).
Gene ontology analysis was performed using GREAT (McLean
et al. 2010). RNA-seq 50-bp single-end reads were obtained
from the HiSeq 2500 and analyzed by TopHat2 (Kim et al.
2013). Differential expression between male and female mice
was analyzed by CuffDiff (Q-value≤ 0.01) (Trapnell et al. 2010).
Promoter methylation levels were calculated by summing the
methylated calls of all single CpGs in the promoter and dividing
by the sum of their coverage. Regions with a minimal total cov-
erage of 10 were reported. Motif analysis was carried out by HO-
MER (Heinz et al. 2010). ChIP-seq data were obtained from the
publicly available GEO database: BCL6 and STAT5 (GSE31578)
, RXR (GSE21696), histone modification of the male and female
(GSE44571) (see the Supplemental Material from Sugathan and
Waxman 2013), H3K4me1 and H3K27Ac (ENCODE annotation
data) (Rosenbloom et al. 2013), and human tissues (GSE17312).
Genomic distribution was analyzed using HOMER (annotate-
Peaks.pl).

WGBS data analysis

Quality score recalibration, local realignment, and methylation
calling were performed using the Bis-SNP version 0.82.1 pipeline
(Liu et al. 2012). Average bisulfite conversion was determined to
be >99.65% for all libraries. After removing PCR duplicates and
improperly paired read pairs, genomic coverage was determined
to be 14.2× (20 d male), 14.7× (20 wk female), and 14.9× (20 wk
male). One-hundred-base-pair tiles and methylation levels were
calculated as was done for the RRBS data, and the methylation
difference (20-wk male minus 20-wk female) profile (DMRs)
was determined. In order to reduce noise, we analyzed 400-bp
tiles and required a minimum coverage of 20 and a threshold of
35%.Wemarked aDMRas valid only if the 20-dmethylation lev-
el was at least 25% higher than the adult methylation level. This
yielded 1630 DMRs hypomethylated in the 20-wk male sample
and only 600DMRshypomethylated in the 20-wk female sample.
In order to validate the significance of theseDMRs, we performed
ChIP-seq analysis for H3K4me1, H3K27Ac, BCL6, STAT5, and
RXR. As seen in Figure 4, A and B, many of the 1630 male hypo-
methylated regions exhibit a pattern of “enhancer-like” behavior,
similar to the RRBS DMRs. In contrast, the 600 female hypome-
thylated regions did not show significant enrichment for any of
thesemarkers (data not shown). In addition, the correlation to ex-
pression for the male demethylated DMRs was also found to be
much more significant than the female demethylated DMRs.
Since no significant female demethylated sequences were detect-
ed in the RRBS data set, we assume that the large majority of
female demethylated tiles from the WGBS (n = 600) probably rep-
resents noise resulting from low sample density. Considering that
there may be an equivalent number of nonspecific male demeth-
ylated DMRs, we estimate that there are ∼1000 authentic male
demethylated regions in the liver.
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