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DNA methylation at gene promoters in a CG context is associated
with transcriptional repression, including at genes silenced on the
inactive X chromosome in females. Non-CG methylation (mCH) is a
distinct feature of the neuronal epigenome that is differentially
distributed between males and females on the X chromosome.
However, little is known about differences in mCH on the active
(Xa) and inactive (Xi) X chromosomes because stochastic
X-chromosome inactivation (XCI) confounds allele-specific epige-
nomic profiling. We used whole-genome bisulfite sequencing in a
mouse model with nonrandom XCI to examine allele-specific DNA
methylation in frontal cortex. Xi was largely devoid of mCH,
whereas Xa contained abundant mCH similar to the male X
chromosome and the autosomes. In contrast to the repressive
association of DNA methylation at CG dinucleotides (mCG), mCH
accumulates on Xi in domains with transcriptional activity, includ-
ing the bodies of most genes that escape XCI and at the
X-inactivation center, validating this epigenetic mark as a signature
of transcriptional activity. Escape genes showing CH hypermethy-
lation were the only genes with CG-hypomethylated promoters on
Xi, a well-known mark of active transcription. Finally, we found
extensive allele-specific mCH and mCG at autosomal imprinted
regions, some with a negative correlation between methylation
in the two contexts, further supporting their distinct functions.
Our findings show that neuronal mCH functions independently
of mCG and is a highly dynamic epigenomic correlate of allele-
specific gene regulation.
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In diploid mammals, the equivalence of the two parental alleles
is violated by allele-specific epigenetic regulation in a small,

but critical, subset of the genome. Genomic imprinting, or par-
ent-of-origin–dependent gene regulation (1), is critical for em-
bryonic development and plays a role in neuronal differentiation
(2). In females, epigenetic inactivation of one X chromosome
silences transcription of most genes to equalize gene expression
with males (3). Both imprinting and X-chromosome inactivation
(XCI) are critical to healthy brain development (4, 5). Despite
the importance of allele-specific gene regulation in the brain, the
epigenetic mechanisms controlling these patterns are not com-
pletely known, in part, due to the challenge of allele-specific epi-
genomic profiling. In particular, DNA methylation patterns can
reflect allelic asymmetries in autosomal gene regulation (6), but
their correlation with XCI has not been fully addressed.
XCI has unique advantages as a case study for the investiga-

tion of allele-specific epigenomic regulation. The inactivated allele
is selected stochastically during early development and maintained
through subsequent cell divisions (7), yielding a mosaic pattern
of allelic expression in adult female tissues. Despite extensive
inactivation of one X chromosome, some genes escape silencing
and are expressed from the inactive X chromosome (Xi): ∼3% of
X-linked genes in mice (8) and 15% in humans (9). Analysis of
peripheral blood showed that XCI and escape from XCI are

correlated with high or low levels of DNA methylation at CG
dinucleotides (mCG) in promoter regions, respectively (10). How-
ever, different epigenetic profiles may be associated with XCI and
escape from XCI in the brain because the DNA methylation
landscape of neurons is distinct from other cell types. In particular,
neurons accumulate methylation at millions of genomic cytosines in
CA and CT dinucleotides during postnatal brain development be-
ginning at 1 wk of age in mice (6, 11). This non-CG methylation
correlates with reduced gene expression and inactivation of distal
regulatory elements in a highly cell type-specific manner (12). Al-
though the functional relevance of non-CG methylation
(mCH) is unclear, it is bound by the transcriptional repressor
methyl-CpG binding protein 2 (MeCP2) as neurons mature,
and is enriched at genes that are up-regulated in Rett syn-
drome (13, 14).
Mosaic XCI prevents discrimination of methylation on the

active X chromosome (Xa) and Xi alleles by conventional
methylome profiling. We reasoned that understanding the allele-
specific distribution of neuronal mCH in the context of X in-
activation and imprinting could yield new insights into this
unique aspect of the brain epigenome. Therefore, we profiled
allele-specific DNA methylation, as well as transcription, in
mouse frontal cortex using a Xist mouse mutant hybrid in which
the paternal allele was deterministically inactivated in all cells
(8). To assign sequencing reads to alleles, we used female
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Fig. 1. Ultrasparse mCH on Xi correlates with escape domains. (A) Allele-specific mCG and mCH levels on autosomes and chromosome X. Browser view of
methylation and expression for the Kdm5c locus (B) and the XIC (C). Ticks show the methylation level at individual cytosine positions (CG, green; CH, blue) on
the forward (upward ticks) and reverse (downward ticks) strands. Combined tracks show both alleles, whereas the Xa and Xi tracks include only reads sorted
using SNPs between C57 and spretus. Monoallelically expressed genes (Iqsec2 and Chic1) and intergenic regions harbor mCH on Xa only, whereas diallelically
expressed escape genes (Kdm5c) and the Xi-expressed noncoding RNA Xist contain dense mCH on Xi. Male X data are from 6-wk-old frontal cortex (11). chrX,
chromosome X; R1, replicate 1; R2, replicate 2.
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F1 mice from crosses between C57BL/6 Xist mutant and Mus
spretus wild-type mice (8), and analyzed species-specific genetic
variants (∼42 million single-nucleotide polymorphisms (SNPs),
including 1.95 million SNPs on the X chromosome). Our data re-
veal distinct allele-specific patterns of mCG and mCH at X-linked
genes that reflect the accessibility of chromosomal domains during
brain development. At autosomal imprinted regions, we found large
domains of differential methylation that show a dissociation be-
tween mCG and mCH and point to independent regulation of these
features of the neuronal epigenome.

Results
Allele-Specific Global Levels of CG and Non-CG DNA Methylation on
Female X Chromosomes. Using female interspecific F1 transgenic
mice with deterministic X inactivation (8, 15), we examined
global levels of mCG and mCH on Xa and Xi in the adult frontal
cortex. mCG is present throughout nonpromoter regions of the
genome from the earliest stages of brain development, whereas
mCH accumulates gradually during postnatal development
starting at 1 wk of age in mice (11). We therefore reasoned that
the silencing of Xi, established during random XCI in the em-
bryonic inner cell mass (7), may block the accumulation of mCH
on Xi. By contrast, nonpromoter mCG may be less affected by
the chromosomal inactivation because it is established and epi-
genetically inherited from the early embryonic stage (16).
Consistent with this reasoning, we found significantly increased

levels of mCG at promoters on Xi (69.4%) compared with Xa
(40.4%; P = 0.003, paired t test) and autosomes (30–33%; P = 0.006)
(Fig. 1A). By contrast, mCG at nonpromoter regions was lower on
Xi (75.6%) compared with Xa (85.6%; P = 0.013) and autosomes
(84–85%; P = 0.012). Strikingly, Xi is nearly devoid of mCH (0.02%)
compared with Xa and autosomes (1.01%; P < 0.001). Xi thus re-
sembles mCH deserts: large regions (median size of 1.8 Mbp) on
autosomes that lack mCH, are transcriptionally silent, and are
marked by inaccessible chromatin (11). The pattern of methylation is
likewise less correlated across the two X alleles (mCG: r = 0.27,
mCH: r = −0.08; correlation using 10-kb bins) compared with the
autosomes (mCG: r = 0.90, mCH: r = 0.91). These results suggest
that Xi is largely inaccessible to the de novo DNA methyltransferase
Dnmt3a, which is responsible for establishing mCH in neuronal
genomes starting in the second postnatal week (14).

Differential Methylation Patterns at Genes Known to Escape XCI. A
subset of X-linked genes escapes from XCI, allowing expression from
Xi. Comparison of male and female brain samples from both mice
and humans showed a striking enrichment of mCH in females within
the gene bodies of several escape genes (11, 17). Our allele-specific
analyses show that this mCH signature of escape genes derives ex-
clusively from the Xi. The pattern is exemplified by the allele-specific
expression and methylation profiles of a known escape gene, Kdm5c,
and two neighboring nonescape genes, Iqsec2 and Kantr (Fig. 1B). By
sorting reads based on the presence of SNPs that vary between
C57 and spretus genomes (Methods), we identified sequencing reads
originating fromXa and Xi for both expression and methylation data.
As expected, Iqsec2 and Kantr were monoallelically expressed from
Xa, whereas Kdm5c escaped XCI and showed diallelic expression
(Fig. 1B, mRNA tracks). These expression patterns correlated with
a differentially methylated region (DMR) at the promoter of Kantr
that is hypermethylated at CG sites (repressed) on Xi (Fig. 1B, box
1). In contrast, we observed CG hypomethylation on both Xi and
Xa in the CpG island at the promoter of the escape gene Kdm5c, as
expected (10) (Fig. 1B, box 2).
Gene body mCH has been associated with transcriptional re-

pression in mammalian brain cell types (6, 11, 12). Consistent with
this repressive association, mCH on Xa is highest in the intergenic
region upstream of Iqsec2 and relatively lower in gene bodies of
expressed genes Iqsec2, Kdm5c, and Kantr. This pattern is similar to
the distribution of mCH on the male X (r = 0.94). In contrast,

mCH on Xi presents an opposite (positive) correlation with tran-
scription: Xi is remarkably void of mCH except in the gene body of
the escape gene, Kdm5c, where mCH is enriched (3.09%) and
more abundant than on Xa (0.26%; P = 0.001).
Allele-specific mCH is also evident within the X-inactivation

center (XIC), a 10- to 20-Mb region that controls the estab-
lishment and maintenance of XCI (7, 18). As expected, Xist, the
long noncoding RNA (lncRNA) that triggers inactivation in cis,
is monoallelically expressed from Xi; the escape gene, Ftx, is
diallelically expressed; and Chic1 is monoallelically expressed
from Xa (Fig. 1C). Promoter mCG is consistent with this pattern
of expression: Chic1 is hypomethylated on Xa, Xist is hypo-
methylated on Xi, and Ftx is hypomethylated on both Xa and Xi
(no DMR) (Fig. 1C, boxes 1–3). Gene body mCH is relatively
high throughout the XIC on Xa, particularly in bodies of un-
expressed genes (Cdx4, Tsx, Tsix, and Xist), and lowest in bodies
of expressed genes (Chic1 and Ftx). Once again, this pattern is
very similar to male X (r = 0.96). By contrast, mCH on Xi is
associated with transcriptional activity. It is enriched throughout
a region upstream of Xist that includes the escape genes Jpx and
Ftx and, to a lesser extent, within Xist itself.
At the XIC, allele-specific regulation of expression on the

X chromosome is maintained, in part, through physical segregation
of epigenetically defined chromatin regions called topologically
associated domains (TADs) (19). We found that the start of the
mCH-enriched region upstream of Xist aligns precisely with the
boundary between two TADs identified by ∼20-kb-resolution
chromosome conformation capture (19). We further examined
this correspondence throughout the ∼5-Mb region surrounding Xist
and found an additional block of enriched mCH on Xi (Fig. S1).
This region coincides with the boundaries of a TAD comprising two
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Fig. 2. Escape genes are marked by unique mCG and mCH patterns.
(A) Allele-specific expression for each gene on chromosome X demonstrates
nonrandom X inactivation and identifies escape genes. Each point corre-
sponds to a gene, and the color of the point indicates the density of genes.
Genes with a significant number of reads originating from Xi in both rep-
licates are indicated as escape genes (Table 1). (B) mCH in gene bodies is
virtually absent from Xi, except at a subset of escape genes, genes involved
in X inactivation (Jpx), and a few additional loci. (C) Most gene promoters
harbor dense mCG on Xi, whereas the bulk of escape genes have unme-
thylated promoters. A subset of escape genes (Tceal5, Gpr34, Slc16a2, and
Gpm6b) violate this pattern and contain high levels of promoter mCG.
(D) Comparison of gene body mCH (x axis) and expression (y axis) between
Xa and Xi reveals the clustering of escape genes.
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escape genes, Pbdc1 and 5530601H04Rik (19) (Fig. S1). This cor-
respondence suggests that mCH accumulates within topologically
defined domains of accessible chromatin (i.e., active TADs) on Xi.
These results demonstrate mCH at escape genes, and the XIC

is positively correlated with expression from Xi, in contrast to the
repressive association observed for both mCG and mCH on Xa
and autosomes.

Differential mCH and mCG Between Xa and Xi Predict Escape Genes.
To examine the relationship between escape genes and DNA
methylation more broadly, we profiled our MethylC-Sequencing
(Seq) and RNA-Seq data across all X-linked genes. The distri-
bution of RNA, mCG, and mCH was dramatically different on
Xi and Xa (Fig. S2). First, we identified escape genes in mouse
frontal cortex using a binomial model that detects genes with a
significant proportion of mRNA-Seq reads from Xi (Methods).
In all, we found 11 genes that escaped inactivation (Fig. 2A and
Table 1). Nine of these escape genes (Xist, Ddx3x, Kdm6a, Kdm5c,
Eif2s3x, 5530601H04Rik, Ftx, Slc16a2, and Gpm6b) are consistent
with a previous survey in whole mouse brain samples (8). In addi-
tion, we detected diallelic expression of Tceal5 and Gpr34, sug-
gesting they may be novel escape genes in frontal cortex.
We then compared gene body mCH between Xa and Xi for all

X-linked genes. On Xa, the median mCH level of gene bodies
was 0.88% (range: 0.00–4.53%), and the pattern was similar to
the male X (r = 0.93; Fig. S3). In contrast, mCH was statistically
undetectable on Xi within the majority of gene bodies covered by
our data (980 genes; Fig. 2B). In all, we identified 13 genes with
statistically significant gene body mCH on Xi (Table 1). These
genes included seven known escape genes (Ddx3x, Xist, Eif2s3x,
Kdm5c, Kdm6a, 5530601H04Rik, and Ftx), representing a statistically
significant overlap (P < 10−19, hypergeometric test). In addition,
three genes with gene body mCH on Xi had significant expression

from Xi in one of our two replicates and have been previously
reported as escape genes in whole brain (Firre and Pbdc1) (8) or eye
(Tmem29) (20). One other gene, Jpx, with mCH enrichment is lo-
cated within the XIC and plays a direct role in XCI but is not
significantly expressed from Xi. Finally, we identified significant
mCH at the lncRNA 4933407K13Rik, which is expressed from the
macrosatellite locusDxz4, a region that binds CTCF on Xi and plays
a role in organizing the topology of Xi (21, 22).
In contrast to the enrichment of mCH on Xi at gene bodies of

escape genes, we found strong depletion of mCG at the promoters of
many of these genes (Fig. 2C) as previously observed for human
escape genes in blood (10). Whereas the promoters of most X-linked
genes are marked by increased mCG on Xi, seven of the escape
genes showed significant hypomethylation on Xi. Pbdc1 was also
significantly hypomethylated on Xi, consistent with being an escape
gene as previously reported (8). Xist was the only escape gene
hypermethylated at its promoter on Xa, which is consistent with its
silencing on Xa.
Integrating our findings for mCG, mCH, and gene expression (Fig.

2D), we observe the following pattern: Seven escape genes (Ddx3x,
Xist, Eif2s3x, Kdm5c, Kdm6a, 5530601H04Rik, and Ftx), and possibly
Pbdc1, have distinct methylation patterns with hypomethylated CG
promoters and hypermethylated CH gene bodies, and four other
escape genes (Slc16a2, Gpm6b, Gpr34, and Tceal5) have Xi meth-
ylation patterns similar to nonescape genes with CG hyper-
methylation and CH hypomethylation. Considering prior surveys of
escape from XCI (8), we observe that all CG-hypomethylated and
CH-hypermethylated genes escape XCI across multiple tissues.
Gpm6b was reported to escape XCI only in brain and lacks the
unique DNA methylation signatures we observed at genes that
ubiquitously escape XCI. Comparisons of DNA methylation and
expression levels show that escape genes form a highly distinctive

Table 1. Escape genes and CH-hypermethylated genes

Gene

Gene body, %
mCH

Gene
promoter, %

mCG
Diallelic RNA

abundance, FPKM

Allele-specific RNA
abundance, SRPM

Xa Xi Xa Xi Xa Xi

Escape genes with mCH on Xi
5530601H04Rik 0.19 2.40 3.7 2.1 6.49 36.9 12.3
Ddx3x 0.17 1.89 0.2 6.3 44.8 84.9 44.5
Eif2s3x 0.10 1.67 3.4 1.4 22.5 30.5 24.4
Ftx 0.42 2.47 11.6 10.1 6.05 67.0 7.65
Kdm5c 0.28 3.11 1.2 3.0 7.40 57.9 25.0
Kdm6a 0.39 2.22 0.4 0.02 5.43 22.7 8.25
Xist 1.79 0.79* 86.0 0.5 24.9 5.74 546
Firre 0.94 1.16 7.8 73.6 6.25 64.2 1.91*
Pbdc1 0.52 3.27 3.7 2.1 4.40 17.2 4.02*
Tmem29 0.43 1.52 6.1 27.8 10.2 28.8 3.52*

Escape genes without mCH on Xi
Gpm6b 0.57 0.04 13.7 79.1 121 252 27.2
Gpr34 1.15 0.04 65.9 59.8 3.62 13.9 4.01
Slc16a2 1.15 0.16 0.1 74.3 5.31 34.1 3.91
Tceal5 0.00 0.12 33.2 67.9 16.7 23.5 9.93

Other CH-hypermethylated genes
Gm38020† 0.07 3.85 93.5 93.4 2.76 43.7 4.99
Jpx† 0.77 3.46 6.8 26.5 1.21 7.51 0.815
4933407K13Rik‡ 0.25 1.05 5.9 51.2 0.565 8.40 0.10

Bold italic values indicate significant gene body mCH on Xi, significant CG promoter hypomethylation on Xi,
or Xi RNA abundance (FDR < 0.05 in both replicates).
*Genes significant in one replicate only.
†Occurs within the XIC. Gm38020 overlaps the escape gene Ftx, and Jpx has previously been reported to
escape (42).
‡Located at the Dxz4 macrosatellite, which is involved in Xi chromosome topology.
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compartment in which a relative increase in mCH on Xi com-
pared with Xa marks genes that escape X inactivation (Fig. 2D).

Analyses of Intergenic Regions. To include intergenic regions in our
analysis, we next examined DNA methylation in 2.5-kb bins across
the X chromosome. Fig. 3A shows the location of escape genes on
the X chromosome (triangles), of significantly methylated bins on
Xi (blue ticks), and of genes identified as CH-hypermethylated
(stars), highlighting the chromosome-wide distribution of these
genes. On Xi, mCH is absent throughout most intergenic regions,
punctuated by 12 significant peaks of enriched mCH corresponding
to the previously identified CH-methylated genes (Fig. 3B). In con-
trast, mCG is high throughout Xi, with a few exceptions corre-
sponding to escape genes and the XIC (Fig. 3D). To quantify these
patterns, we usedMethylSeekR (23) to call CG unmethylated regions
(CG-UMRs), which typically correspond to promoters of expressed
genes. We identified 437 significant CG-UMRs on Xa but only 37 on
Xi [false discovery rate (FDR) < 0.05, coverage by five or more reads
in ≥30% of CG sites; Dataset S1]. Thirty-two CG-UMRs on Xi
correspond to genes located in the XIC and to escape genes.
We noted that 14% of CG-UMRs on Xi fall within or proxi-

mal to Bcor, which does not appear to escape in brain based on
our RNA-Seq analyses but was listed as an escape gene in a cell
line in a previous study (8) (Fig. 3D, arrowhead and Fig. S4).
Bcor, a gene in which mutations can lead to oculofaciocardio-
dental (OFCD) syndrome, was previously shown to be half as
methylated in females (Xa + Xi) as in males in human blood and
buccal tissue (24). This pattern runs counter to the pattern at
other nonescape genes, where males show lower mCG compared
with females, suggesting a unique pattern at Bcor. Our results
reveal that Bcor contains multiple CG clusters hypomethylated
on Xi on the paternal allele. This finding is consistent with the
previous finding in humans, suggesting a conserved epigenomic
pattern. Wamstad et al. (25) suggested that Bcor is unlikely to be
a maternally expressed imprinted gene because the observed

mother-to-daughter transmission of Bcor mutations in OFCD is
not lethal. Here, we further reason that Bcor is unlikely to be
imprinted to express only the paternal allele because we should
not observe a phenotype in mother-to-daughter transmission if
the maternal allele is not expressed. Therefore, the allele-specific
methylation observed at Bcor is most likely specific to the acti-
vation state of the chromosome rather than the parental origin.

Allele-Specific Methylation and Imprinting. In addition to its role in
XCI, allele-specific DNA methylation plays a key role in regu-
lating autosomal imprinted regions. A previous study profiled
DNA methylation using MethylC-Seq in brain samples from
male Cast/129 F1 hybrid mice and identified imprinted autoso-
mal methylation in both CG and CH contexts (6). The C57/
spretus F1 female mice in our study have twice as many SNPs
(41.7 million compared with around 20 million for Cast/129 hy-
brids). Although our Xist mutant mouse line could not be used to
produce a reciprocal cross (i.e., maternal spretus × paternal C57)
to distinguish species-of-origin vs. parent-of-origin effects, we
nevertheless analyzed maternal vs. paternal differences in methyl-
ation at known imprinted regions to confirm and extend prior ob-
servations using a different genetic background. We compared
maternal and paternal mCG levels at promoters of all autosomal
genes (Fig. 4A). As expected, most genes have equal mCG levels on
the two alleles. We then identified genes with allelic differences in
mCG (allele1 > 75% and allele2 < 25%) and a significant DMR in
the promoter. Our results recapitulate the imprinted loci previously
identified (6). In addition, we found maternal mCG at the
imprinted Nnat promoter, a gene Xie et al. (6) could not examine
due to a lack of SNPs in their cross.
We next sought to connect allelic differences in methylation

with expression. We found 77 autosomal genes that were dif-
ferentially expressed between alleles in both replicates (FDR <
0.05 and log2-fold change > 1.5). Differential expression of these
genes was significantly correlated with allelic differences in both
promoter mCG (r = −0.558, P < 1e-6) and gene body mCH
(r = −0.312, P = 0.0027) (Fig. 4B). Focusing on DMRs previously
reported to be imprinted in a parent-of-origin–dependent man-
ner using reciprocal crosses (6), we found largely consistent
mCG differences. Several imprinted DMRs identified in the
Cast/129 F1 hybrids (Casc1 intragenic, 6330408a02Rik 3′ end,
FR149454 promoter, FR085584 promoter, Myo10 intragenic,
Vwde promoter, and Pvt1 promoter) fail to show allele-specific
CG methylation in our data, suggesting they might not be con-
served across mouse species (Fig. 4C and Dataset S2).
Whereas CG DMRs were localized to discrete regions (900-bp

median size), we found substantial allele-specific differences in
autosomal mCH that extended over much larger domains
encompassing one or more gene bodies, as observed previously (6).
Surprisingly, we found that allele-specific mCH could exhibit either
the same asymmetry as allele-specific mCG or the reverse asym-
metry. For example, the imprinting control region for the Kcnq1
gene, located at the promoter of the antisense transcript Kcnq1ot1,
is a 2.5-kb DMR with allele-specific mCG on the maternal allele.
However, there is a much larger mCH DMR, spanning the entire
Kcnq1ot1 transcript (87.6 kb), that is also hypermethylated on the
maternal allele (Fig. 4D). A reciprocal example is the maternally
imprinted locus on chromosome 12 containing Meg3, Rian, and
Mirg, where the paternal allele is marked by discrete allele-specific
mCG and more diffuse mCH (Fig. 4E).
In contrast, we observed the reverse asymmetry (i.e., lower mCG

on the paternal allele and lower mCH on the maternal allele) at
the ∼3.6-MB region of chromosome 7 containing imprinted Snrpn,
Snurf, and Magel2 (Fig. 4F). Genetic variants in this region can
cause Prader–Willi or Angelman syndrome, depending on which
allele is affected. This locus contains a large CH DMR spanning
∼3.6 MB that is hypomethylated on the maternal allele, whereas
CG hypomethylation is restricted to the paternal allele and occurs

Ddx3x
Kdm6a Eif2s3x

Gpr34
5530601H04Rik

Ftx, Gm38020 Slc16a2
Xist

Kdm5c
Gpm6b

Tceal5

0 20 40 60 80 100 120 140 160
X Chromosome position (Mbp)

0

50

100

%
m

C
G

 X
i

0

50

100

%
m

C
G

 X
a

0

2.5

%
m

C
H

 X
i

%
m

C
H

 X
a

Bcor

5.0

0

2.5

5.0

Utp14a

Firre
Jpx

Tmem29Pbdc14933407K13Rik

A

E

D

C

B

CG hypo- and CH hyper-
methylated escape genes

Other escape genes Other CH hypermethylated

CH hypermethylated
bins on Xi

CH hypermethylated genes
escaping in one replicate

Fig. 3. X-chromosome–wide landscape of allele-specific DNA methylation.
(A) Locations of genes escaping X inactivation, mCH-enriched regions (blue
ticks), and mCH-enriched genes. (B and C) mCH is abundant across Xa but
sparsely distributed on Xi. (D and E) mCG is abundant across both Xi and Xa
but locally depleted at promoter regions of nonescape genes on Xa.

E2886 | www.pnas.org/cgi/doi/10.1073/pnas.1611905114 Keown et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611905114/-/DCSupplemental/pnas.1611905114.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611905114/-/DCSupplemental/pnas.201611905SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1611905114/-/DCSupplemental/pnas.1611905114.sd02.xlsx
www.pnas.org/cgi/doi/10.1073/pnas.1611905114


mainly at the promoters of imprinted genes within the locus. An-
other example of a reverse asymmetry between allele-specific mCG
and mCH occurs within the Nesp/Gnas/Nespas locus (Fig. S5).
Together, these patterns of allele-specific autosomal mCG and
mCH suggest a complex relationship between the two types of
methylation, with both positive and negative correlations.
As with X inactivation, our analysis of methylation at imprinted

autosomal loci reveals that mCG and mCH have contrasting allele-
specific distributions indicating at least partly independent roles in
gene regulation.

Discussion
Allele-specific regulation of domains of active and inactive
chromatin is critical for healthy brain development in mammals,
yet the landscape of DNA methylation within these domains has

largely been studied without allele-specific resolution. Using
MethylC-Seq and RNA-Seq in the frontal cortex of female
transgenic mice with deterministic XCI, we obtained allele-
specific, base-resolution DNA methylation and transcription
profiles. In all, we identified 11 genes escaping XCI. Methylation
profiling showed that the Xi chromosome was largely devoid of
CH methylation, whereas most gene promoters showed CG
hypermethylation. Seven escape genes (plus Pbdc1, a previously
reported escape gene that escaped in one of our replicates)
showed a pattern of CH hypermethylation in gene bodies and
CG hypomethylation at promoters on Xi. Findings of hypo-mCG
at promoters of escape genes are consistent with previous studies
that analyzed CG methylation across multiple tissues in humans
(10, 26). However, mCH had not been previously examined on
Xi and Xa. Although the only genes with hypo-mCG on Xi were
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also CH-hypermethylated, there were three additional genes
with only hyper-mCH, suggesting distinct roles for the DNA
methylation in these contexts.
mCH accumulates during postnatal development of frontal

cortical neurons, reaching high levels in the adult mouse and hu-
man brain (6, 11). Indeed, the abundance of mCH is comparable to
the abundance of mCG in adult neurons, and mCH is found in
both excitatory and inhibitory neuron types (12). Our findings show
that mCH is a high-fidelity epigenomic marker of allele-specific
active chromatin domains, such as genes escaping X inactivation,
which can be used for functional genomic annotation. However,
the functions of mCH, if any, are unknown (27). Promoter mCG
and gene body mCH are associated with transcriptional repression
and are generally correlated. Our findings in genomic regions af-
fected by XCI and parental imprinting demonstrate a partial dis-
sociation between the CG and CH contexts of DNA methylation.
First, we identified hypo-mCG and hyper-mCH at a subset of

escape genes. Most of these escape genes have been reported to
escape across multiple tissues, so it is unclear if the presence of
mCH, which is specific to the brain, is necessary for escaping in-
activation or if it is a consequence of chromatin accessibility. Second,
we identified three genes with hyper-mCH on Xi that lacked allele-
specific CG hypomethylation. Because these cells are postmitotic
and there is no known active mechanism for removing mCH, the
presence of mCH at these regions may serve as a marker of pre-
viously active chromatin. Tissue type-specific or cell type-specific
differential mCG in adult cells has been shown to reflect early de-
velopmental processes at so-called vestigial DMRs (12, 28). Third,
we examined numerous imprinted genes and identified a complex
and variable relationship between mCG and mCH. Although CG
and CH sites are often hypomethylated on the same allele, as in
the case of Kcqn1ot1 and Meg3, we also identified a striking
pattern in the Prader–Willi/Angelmann syndrome-associated
region of chromosome 7, where allele-specific mCG and mCH
were oppositely regulated.
A previous study that identified escape genes in whole brain

reported 17 escape genes (8), and nine of the escape genes we found
in frontal cortex overlap with these results. Our results demonstrate
the presence of a DNAmethylation signature at the large majority of
escape genes. The absence of a methylation signature at other es-
cape genes suggests there may be more than one pathway to escape
from XCI. For example, Gpm6b has been previously reported to
escape inactivation only in the brain. The characteristic escape gene
hypo-mCG, which presumably occurs early in development in a
precursor cell type, would be inconsistent with its escape only in
brain. Therefore, there may exist a brain-specific mechanism to
support the later escape of Gpm6b. In addition to tissue specificity,
our results may suggest temporal dynamics to escape genes in the
brain, as has been previously reported in mouse embryo (29). If
mCH on Xi indeed marks active chromatin, then the nonescape
genes with mCH may escape earlier in development and be down-
regulated in adults. Alternatively, it is possible these genes are
expressed from Xi continuously over brain development at levels too
low to achieve significance in our analysis.
Finally, our findings also contribute to the evidence of sex

differences in the epigenome (30, 31). Sex chromosomes and
XCI are genetic drivers of sex differences that, together with the
effect of sex hormones, result in sexually dimorphic brain structure
and cognition. Sex-specific DNA methylation can help us to un-
derstand how genes are regulated differentially between sexes and
to develop efficacious treatments for disease in both sexes, an im-
portant objective set forth by the NIH (32). To this point, our
analysis shows that DNA methylation on female Xa and male X is
largely similar in both CG and CH contexts (Fig. S3). The differ-
ences we identified here are specific to Xi and support a role for
escape genes in the development of sex differences, particularly
in humans, where escape genes are far more numerous than in
mice (33). The results may also shed light on the nonverbal

learning disabilities and attention deficit hyperactivity disorder-like
symptoms exhibited in Turner syndrome (45,X) females missing the
Xi (4). If differences between typical females and those females with
Turner syndrome are restricted to escape genes and the nonescape
genes with hyper-mCH, then these genes likely play a critical role
in healthy female brain development.

Materials and Methods
Mouse Model/Animals. Xist is an lncRNA that initiates inactivation in cis.
Previous work has shown that deletion of a proximal A repeat inhibits Xist
transcription and prevents inactivation (15). To profile allele-specific DNA
methylation and transcription in a deterministic model of XCI, we used
14-wk-old female F1 progeny of C57BL/6 Xist mutant female mice and
M. spretus wild-type male mice (The Jackson Laboratories) (8). Due to the
deletion, the maternal X chromosome (C57) failed to inactivate and was the
Xa in all cells, whereas the paternal chromosome (spretus) was ubiquitously
inactivated (Xi). Furthermore, the genetic variability between the two mouse
species allowed us to assign sequencing reads to the parent of origin. We col-
lected samples from four biological replicates at 14 wk of age. Animals were
weaned in groups of three to five per cage. Female F1 pups were genotyped at
weaning to confirm the presence of the mutant allele.

Animals were anesthetized with CO2, followed by cervical dislocation.
Brains were removed and rinsed in cold PBS. For dissection, whole brains
were placed in cold DMEM supplemented with 10% (vol/vol) FBS. The pre-
frontal cortex (PFC) was obtained by first removing the cerebellum, followed
by slicing coronally 1 mm at the bregma and carefully isolating the frontal
cortical tissue under a dissecting microscope. PFC samples were rapidly fro-
zen on dry ice until processing. DNA and RNA were isolated from pooled PFC
samples obtained from two individuals from separate litters. All protocols
were approved by the University of Washington’s Institutional Animal Care
and Use Committee.

MethylC-Seq. Libraries were sequenced as single-end reads and prepared
using the following procedure: Genomic DNA was extracted from ground,
frozen tissue using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA).
Two micrograms of genomic DNA was spiked with 10 ng of unmethylated
cl857Sam7 Lambda DNA (Promega). The DNA was fragmented with a Covaris
S2 instrument to 150–200 bp, followed by end repair and addition of a 3′ A
base. Cytosine-methylated adapters provided by Illumina were religated to
the sonicated DNA at 16 °C for 16 h with T4 DNA ligase (New England
Biolabs). Adapter-ligated DNA was isolated by two rounds of purification
with AMPure X P beads (Beckman Coulter Genomics). Adapter-ligated DNA
(≤450 ng) was subjected to sodium bisulfite conversion using the Methyl
Code Kit (Life Technologies) as per the manufacturer’s instructions. The
bisulfite-converted, adapter-ligated DNA molecules were enriched by four
cycles of PCR with the following reaction composition: 25 μL of Kapa Hi Fi
Hotstart Uracil+Readymix (Kapa Biosystems) and 5 μL of TruSeq PCR Primer
Mix (Illumina) (50 μL final). The thermocycling parameters were 95 °C for
2 min; 98 °C for 30 s; and then four cycles of 98 °C for 15 s, 60 °C for 30 s, and
72 °C for 4 min, ending with one 72 °C 10-min step. The reaction products
were purified using AMPure X P beads. Two separate PCR reactions were
performed on subsets of the adapter-ligated, bisulfite-converted DNA,
yielding two independent libraries from the same biological sample for
subsequent sequencing using a HiSeq 2500 system (Illumina).

mRNA-Seq Library Preparation. Ribosomal RNA was removed from samples
using a Ribo-Zero rRNA Removal Kit (Illumina). mRNA-Seq libraries were then
generated using the TruSeq Stranded RNA LT Kit (Illumina) according to the
manufacturer’s instructions. Samples were sequenced using the HiSeq 2500 system.

Reference Genomes. The mm10 reference genome is the reference for the
C57BL/6J strain. For M. spretus, we created a pseudo-reference genome by
updating the mm10 reference with known C57-spretus SNPs as reported by the
Sanger Institute (34) (www.sanger.ac.uk/science/data/mouse-genomes-project).
We only retained high-confidence SNPs that passed all quality filters (denoted
in the file as FI = 1), resulting in ∼1.95 million SNPs on chromosome X. Before
allele sorting, our reads covered 89.1% of the genome. We were able to assign
68.6% of reads to one of the alleles, yielding broad and deep coverage for C57
(78.2% covered, 11.93× average read depth) and spretus alleles (70.1% covered,
9.79× average read depth). High coverage (at least five reads) was achieved at
67.0% of the genome in C57 and at 51.6% of the genome in spretus.

Mapping of MethylC-Seq Data. Sequencing reads were mapped separately to
both the C57 and spretus reference genomes using Methylpy (11).
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Unmethylated phage lambda DNA was spiked into each sequencing run,
allowing us to estimate the bisulfite nonconversion rate directly (0.36%
and 0.40% for the two replicates, respectively). Reads that mapped to one
or both of the reference genomes were then pooled and assigned to the
parent of origin, corresponding to Xa (C57) and Xi (spretus). Only reads
containing one or more SNPs that matched 100% to one parental refer-
ence or the other were retained and used in the analysis. We noted that a
small proportion (∼2.5%) of CH sites were covered by reads that contained
sequence mismatches potentially consistent with a CG position. To prevent
contamination from these ambiguous sites, we excluded them from our
analysis.

Mapping of mRNA-Seq Data. The mRNA-Seq data were mapped as previously
reported (8). The mRNA-Seq reads were mapped separately to both the
C57 and spretus reference genomes using TopHat2 (35) with default pa-
rameters. The transcriptome included only exons as defined in the GENCODE
release M7 (level 3) comprehensive gene annotation file (www.gencodegenes.
org/). High-quality reads (mapping quality score MAPQ ≥ 30) that mapped to
one or both of the reference genomes were then pooled and assigned to the
parent of origin, corresponding to Xa (C57) and Xi (spretus). Only reads con-
taining SNPs that matched 100% to one parental reference or the other were
retained for analysis.

Data Analysis. Browser representations were created using Anno-J (www.
annoj.org) (36). Pearson correlations were used except where stated other-
wise. P values were <0.01 unless otherwise stated.

MethylC-Seq Analysis.Methylation was analyzed separately for the CG and CH
(i.e., CA, CC, CT) contexts. We examined mCG at promoters and mCH in gene
bodies, both of which correlate with transcriptional repression in the brain (6,
11, 12). Gene transcription start and end sites were taken from GENCODE
release M7 (level 3), and promoters were defined as ±1,000 bases from the
transcription start site. Methylation was quantified as the number of
methylated cytosine base calls (m) divided by total cytosine base calls (c), and
was corrected for the nonconversion rate (NCR; calibrated using spike-in
lambda DNA) using the maximum likelihood formula:

mC =g
�
m=c−NCR
1−NCR

�
,

g½x�=
�
0,   x < 0
x,   x ≥ 0

.

Importantly, MethylC-Seq cannot distinguish between methylcytosine and
hydroxymethylcytosine, which is present at significant levels in brain in the CG
context (11, 37). However, prior studies using Tet-assisted bisulfite se-
quencing have shown that there is no detectable hydroxymethylation at
non-CG sites (11, 38). Therefore, although differences in CG methylation

could be driven by changes in one or more types of methylation, our anal-
yses regarding CH methylation are not affected by this ambiguity.

mRNA-Seq Analysis. Identification of escape genes using mRNA-Seq adhered
to previously published methods (8). First, reads that mapped to C57, spretus,
or both reference genomes were aggregated and used to quantify diploid
expression in fragments per kilobase of transcript per million mapped reads
(FPKM) with Cufflinks (39). Next, reads were assigned to the Xa or Xi only if
all SNPs within a read corresponded to either the C57 (Xa) or spretus (Xi)
reference. Reads that did not meet these criteria or that contained no SNPs were
discarded. We then quantified haploid expression as allele-specific reads per
10 million mapped reads (SRPM). Finally, a binomial model was used to compute
a confidence interval for the expression of each gene on Xi (8). A gene was said
to escape inactivation significantly if diploid expression FPKMs were ≥1, Xi-SRPM
was ≥1, and the lower bound of the 99% confidence interval from the binomial
model was >0.

Definition of CH-Hypermethylated and CG-Hypomethylated Genes. We mod-
eled the methylation of genes on Xi using a mixture distribution that we fit
using an iterative procedure. We first fit a beta-binomial distribution for the
apparent CH methylation levels of all gene bodies on the inactive Xi by
maximum likelihood. We then used this beta-binomial distribution to com-
pute a P value for each gene (i.e., the likelihood of observing that gene’s
mCH level, given the null distribution) and marked any genes with signifi-
cantly greater mCH (FDR < 0.05 using the Benjamini–Yekutieli correction) as
“hyper-mCH” genes. We then repeated our fitting procedure using only
genes that were not marked as hyper-mCH. This procedure was repeated
until it converged on a set of hyper-mCH genes. Only genes with significant
mCH in both replicates were reported in our results. The same analysis was
applied on CG methylation in promoters to identify significantly CG-
hypomethylated genes on Xi.

Additional Datasets. MethylC-Seq data for 6-wk-old male mouse frontal
cortex and fetal brain tissue (embryonic day 13.5, mixed male and female)
were from a previously published study (11). These datasets were mapped to
mm10 and processed using the same methods described above.

Data Access and Browser. Data are accessible in the Gene Expression Omnibus
(GEO) database (accession no. GSE83993). Data are also displayed via a web-
based browser at brainome.ucsd.edu/mm_xist_hybrid.
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