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In many whole genome studies of gene expression or modified cytosines, data from probes localized to the
X-chromosome are removed from analyses due to gender bias. Previously, we observed population differences in
cytosine modifications between Caucasian and African lymphoblastoid cell lines (LCLs) on the autosomes using whole
genome arrays to measure modified cytosines. DNA methylation plays a critical role in establishment and maintenance
of X-chromosome inactivation in females. Therefore, we reasoned that by investigating cytosine modification patterns
specifically on the X-chromosome, we could obtain valuable information about a chromosome that is often disregarded
in genome-wide analyses. We investigated population differences in cytosine modification patterns along the
X-chromosome between Caucasian and African LCLs and identified novel sites that escape methylation on the inactive
X-chromosome (Xi) in females. We characterized the chromatin state of these loci by incorporating the extensive
histone modification ChIP-seq data generated by ENCODE. To explore the relationship between DNA and histone
modifications further, we hypothesized that BRD4, a protein that binds acetylated histones, could be preventing some
sites from becoming de novo methylated. To test this, we treated 4 female LCLs with JQ1, a small molecule inhibitor of
BRD4, but found that JQ1 treatment induced minor changes in cytosine modification levels, and the majority of sites
escaping methylation on the Xi remained unmethylated. This suggests that other epigenetic mechanisms or
transcription factors are likely playing a larger role in protecting these sites from de novomethylation on the Xi.

Introduction

Whole genome genetic, epigenetic, and gene expression studies
in cell lines and preclinical studies often neglect sex-based consider-
ations in their analyses.1 However, female and male cells have dif-
ferent responses to chemical and microbial stressors, and several
journals are now requiring specification of sex- and gender-related
information in their publications.1 Most animal studies use male
mice, which can neglect important sex differences that may impact
clinical studies. This preponderance of male dominated preclinical
studies has led the National Institutes of Health to require more
rigorous studies evaluating the effects of sex differences.1

X-chromosome biology is an important difference between
male and female cells. Studying cytosine modification patterns
on the X-chromosome is especially interesting because de novo
DNA methylation is an essential step during X-chromosome
inactivation in females.2,3 X-chromosome inactivation involves

a sporadic choice to silence one of the 2 X-chromosomes along
with transcription of the XIST long non-coding RNA.4-6 XIST
spreads along the chromosome, coating and condensing the chro-
mosome in cis.7 DNA methylation is thought to stabilize and
lock the inactivated X-chromosome (Xi) in its condensed confor-
mation.8 X-chromosome inactivation is an excellent example of
long-range changes in chromatin structure, requiring interplay
between long-noncoding RNA, histone modifications, and DNA
methylation to convert the entire chromosome to heterochroma-
tin. Therefore, observing specific epigenetic alterations within
the context of other epigenetic marks will give a more compre-
hensive view of the chromatin state.

Epigenetic patterns are capable of predicting genes that escape
inactivation on the Xi, because both lack of DNA methylation and
presence of activating histone modifications, such as H3 acetylation
and H3K4 methylation, are associated with sites that escape inacti-
vation.9-13 In addition, SNP allelic dosage has been used previously
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to characterize genes that have expression of 2 copies of X-linked
genes in female cells.14 Although the majority of sites that escape
inactivation are common across tissues, methylation of a subset of
genes showed different patterns in different tissues.11

The Illumina Infinium HumanMethylation450 BeadChip
(450K) array is a widely used technique for measuring cytosine
modification levels genome-wide. The 450K array measures
over 480,000 CpGs across all chromosomes. The X-chromo-
some contains 11,232 probes and the Y-chromosome contains
416 probes. Pseudoautosomal regions are homologous nucleo-
tide sequences on the X- and Y-chromosomes and are expressed
by both copies of the X-chromosome in females. Only 13
probes on the 450K array are located in a pseudoautosomal
region on the X-chromosome, and they are all in pseudoautoso-
mal region 1 (Xp22). A scan of recent articles that published
450K array data showed that approximately half of the studies
removed data from the X- and Y-chromosomes from down-
stream analyses. Those studies that do retain data from the
X- and Y-chromosomes generally deal with them by correcting
for gender in their analyses. However, very few studies use the
450K array data to look specifically at the X-chromosome cyto-
sine modification patterns in their samples.

Recently, we generated 450K array data for 60Caucasian (CEU:
Caucasians of Northern/Western European descent residing in
Utah) and 73 African (YRI: Yoruba people from Ibadan, Nigeria)
lymphoblastoid cell lines (LCLs) and identified population-specific
cytosine modification patterns, the genetic architecture of modified
cytosines, and their contribution to gene expression patterns.15,16

Similar to previous research by many groups, we had removed the
X- and Y-chromosome probes due to the gender bias in cytosine
modification patterns. However, we reasoned that analyzing the sex
chromosomes separately could provide useful information regard-
ing the biology of these chromosomes, which is frequently disre-
garded. Therefore, we aimed to investigate cytosine modifications
specifically on the X-chromosomes of our Caucasian and African
LCL samples. Although we started with cytosine modification data,
we sought to incorporate histone modification and DNA binding
protein data available from ENCODE17,18 to obtain a more com-
prehensive understanding of the chromatin state across the entire
chromosome and put our observations regarding cytosinemodifica-
tion patterns in a more inclusive epigenetic context.

Results

Population-specific X-chromosome
cytosine modification patterns

We hypothesized that the CEU and
YRI female and male samples would
show some population-specific cytosine
modification patterns on the X-chromo-
some. We analyzed female and male
samples separately due to the gender dif-
ferences in cytosine modification distri-
butions (Fig. 1A). We found that 763
CpGs were differentially modified
between CEU and YRI females at a false
discovery rate (FDR) < 0.01 (10.8% of
total CpGs analyzed), and 119 of those
CpGs were also significant at Bonferroni
corrected P < 0.05 using the Wilcoxon
Rank-Sum test. The 119 CpGs account
for 1.7% of all CpGs on the X-chromo-
some and correspond to 82 unique genes
(Fig. 1B and Table S1). The male sam-
ples showed much less variation in X-
chromosome cytosine modification
between populations, as 344 CpGs were
differentially modified between CEU
and YRI males at FDR < 0.01 (4.9% of
total CpGs analyzed) and only 17 CpGs
were significant at Bonferroni corrected
P < 0.05 using the Wilcoxon Rank-sum
test, accounting for 0.2% of the total
number of CpGs on the X-chromosome
(Table S2). The observation of females
showing more variation is perhaps to be
expected, as female LCLs have higher

Figure 1. Overview of X-chromosome cytosine modification data (A) Distribution of X-chromosome
cytosine modification levels in females (purple) and males (green). (B) Distribution of X-chromosome
cytosine modification levels in CEU (blue) and YRI (red) female LCLs. (C) Principal Component Analysis
of X-chromosome cytosine modification levels in LCLs, diffuse large B cell lymphomas (DLBCL), hae-
matopoietic stem/progenitor cells (HSC/prog), and pre-B cell acute lymphoblastic leukemia (pre-B
ALL) samples. (D) Correlation matrix of X-chromosome cytosine modification levels in LCLs, DLBCL,
HSC/progenitor cells, and pre-B cell ALL samples.
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median cytosine modification values on the X-chromosome com-
pared with male LCLs, and that allows more room for variation.
Of the 82 genes showing differential modification between CEU
and YRI females, there were 4 genes that had greater than 2
probes that showed differential modification: acyl-CoA thioester-
ase 9 (ACOT9), lysosomal-associated membrane protein 2
(LAMP2), O-linked N-acetylglucosamine transferase (OGT), and
phosphatidylinositol glycan anchor biosynthesis, class A (PIGA).
PIGA also showed a population difference in males. Further-
more, we found that PIGA, ACOT9, and LAMP2 were differen-
tially expressed between CEU and YRI females (Fig. S1),
demonstrating that the variation of cytosine modification pat-
terns on the X-chromosome corresponds with differences in gene
expression phenotypes between these 2 populations. At the cut-
off of FDR < 0.01, there were 80 CpGs that were different
between CEU and YRI among both genders. Overall, the num-
ber of differentially modified CpGs on the X-chromosome in
both genders is less than the proportion of population-specific
CpGs on the autosomes reported in our previous work, where we
found 13% of CpGs on autosomes to be differentially modified
between CEU and YRI at FDR<0.01.15

Comparison of X-chromosome cytosine modification
patterns in LCLs with other haematopoietic cell types

To demonstrate the robustness of LCLs as a model for haema-
topoietic cell types, we compared the LCL 450K array data with
450K array data from diffuse large B cell lymphomas (DLBCL),
renal cell carcinomas, and breast carcinomas available from The
Cancer Genome Atlas (TCGA) and found they are most closely
clustered with DLBCLs compared with the other 2 cell types
(Fig. S2). Furthermore, there is not a separation between the cell
lines and the primary tissue, which demonstrates that the LCL
immortalization by EBV transformation did not significantly
alter cytosine modification patterns to the point where it did not
closely resemble tissue-specific patterns. Next, we compared the
cytosine modification data from the X-chromosome to publicly
available 450K array data from haematopoietic stem/progenitor
cells (GSE40799),19 pediatric pre-B cell acute lymphoblastic leu-
kemias (pre-BALL) (GSE38235),20 and DLBCLs (TCGA) to
investigate the extent to which the X-chromosome cytosine mod-
ification patterns in LCLs resembled other haematopoietic cell
types. Principal Component Analysis demonstrated a clear sepa-
ration by gender along the first principle component in all cell
types (Fig. 1C). We found that the X-chromosome cytosine
modification patterns from LCLs were significantly positively
correlated to the 3 other cell types in both genders (Fig. 1D).
Female LCLs showed the highest correlation with DLBCL (r D
0.88) (Fig. 1D). It has been reported previously that methylation
patterns change over the course of cellular differentiation, aging,
and neoplastic transformation, so the marginal differences
between these cell types was expected.

Identification of CpGs that escape X-chromosome DNA
methylation

In addition to extending the population-specific work we
had performed on the autosomes, we were interested in

using these data to investigate cytosine modification varia-
tion on the X-chromosome and its relation with other epi-
genetic marks in these 2 human populations. When plotting
the frequency distribution of the averaged b-values across all
females, we observed a small portion of CpGs that remained
lowly methylated (Fig. 2A). We hypothesized that we could
use this dataset to identify sites that escape methylation on
the Xi. The probes located within pseudo-autosomal regions
were not included in our analyses because of the propensity
of those probes to bind other regions of the genome (specif-
ically, the Y-chromosome) (Table S3). Furthermore, these
sites are already known to escape inactivation in females.
Cotton et al. previously published a study that investigated
sites that escape methylation on the Xi in females.11 Their
decision tree for predicting which sites escaped methylation
required both males and females to have an average b-value
less than 0.15 (<15% methylated). We used a model for
prediction of CpGs that escape methylation on the Xi simi-
lar to that used by Cotton et al., therefore including CpGs
that have an average b-value less than 0.15 in males and
females.

Due to the LCLs being oligoclonal, the silenced X-chro-
mosome may be mosaic within each sample. Using this deci-
sion tree for identifying loci that escape methylation, we are
able to detect CpGs that are lowly methylated on both
X-chromosomes, regardless of whether the cell line is mono-
or oligo-clonal (Fig. S3). We identified 225 CpGs that
showed less that 15% methylation in female and male sam-
ples, suggesting that these sites are lowly methylated on both
chromosomes in the female samples. As a comparison, 452
CpGs had an average of less than 20% methylation in
females and males. We kept our cut-off at the more stringent
level of 15% to minimize false positives. The CpGs showing
less than 15% methylation correspond to 104 unique genes,
and are located across the length of the X-chromosome,
aligned using the hg19 version of the human genome refer-
ence (Fig. 2A and Table S4).

To evaluate the validity of our approach for correctly identify-
ing genes that are escaping inactivation on the Xi, we compared
our results to those from other studies that have identified genes
as escaping inactivation on the Xi using cytosine modification
data. We compared the 104 genes found to escape inactivation in
our study with 2 studies that used the Illumina 27K array11 and
the 450K array,21 and found that 12 genes overlapped with the
results from the 27K array study and 48 genes overlapped with
the 450K array study.

Some genes that have previously been predicted to escape
did not meet our criteria for escaping methylation on the Xi.
The 450K array does not distinguish between 5-hydroxyme-
thylcytosine (5hmC) and 5-methylcytosine (5mC). Therefore,
we hypothesized that some of the CpGs at these genes may
be hydroxymethylated instead of methylated, resulting in pro-
tection from bisulfite conversion and exclusion from our list
of CpGs that escape methylation. We analyzed 2 genes by
Tet-assisted bisulfite sequencing (TAB-Seq)22 that had been
shown to escape inactivation in previous studies, Collagen,
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type IV, a 6 (COL4A6) and Protein kinase X-linked
(PRKX),11,14,23 to detect 5hmC near the promoter regions of
these genes in 2 female LCLs. We found low levels of 5hmC
in COL4A6 in 3 of the 10 CpGs analyzed by TAB-Seq
(Fig. 2B). However, we did not observe any 5hmC in the
PRKX promoter region. Therefore, 5hmC may contribute to
the cytosine modification levels of some genes on the X-chro-
mosome, but other genes, such as PRKX, are likely among
the subset of genes that are more variable in their inactivation
status between tissues.

Genes predicted to
escape X-chromosome
inactivation show higher
levels of expression

We hypothesized that
the genes containing lowly
methylated CpGs on the Xi
would show higher levels of
expression in females com-
pared with males. Using
Affymetrix exon array data
generated previously for
these LCL populations,24

we found that genes that
were lowly methylated were
more highly expressed in
females compared with
males, whereas there was no
gender difference among
genes that were methylated
on the Xi (Fig. 3A–B). We
next compared our set of
genes predicted to escape
inactivation to studies that
used expression-level data
to predict escape from
X-chromosome inactivation.
Cotton et al. 14 used SNP
allelic dosage in a similar
cohort of HapMap LCLs to
identify genes as escaping
inactivation, and found 43
genes to be expressed on
the Xi. Twenty-seven of
those genes contained a
CpG measured by the
450K array that passed our
quality control criteria, and
among those 27 genes, we
found 25 of them escape
methylation on the Xi
(93% overlap) (Table S4).
Therefore, our prediction
for genes that escape inacti-
vation at the level of DNA
methylation is highly corre-

lated with results from a similar cohort of LCLs that used a
measure at the level of transcription. In addition, Carrel et al.23

identified 94 genes as escaping inactivation by employing a
human/rodent somatic cell hybrid system. Among the genes
they investigated, 41 genes were included in our analyses, and
23 of those were also predicted to escape methylation on the Xi
in our data set. This higher discordance with this study may be
due to the difference in tissues used.

Overall, by comparing our results to other publicly available
datasets, we demonstrated that our analyses identified 46 genes

Figure 2. Identification of CpGs that escape methylation on the Xi (A) Location of CpGs that escape methylation
(top) or are subjected to methylation (bottom) on the Xi. The location of the non-coding RNA XIST is denoted with
an arrow. (B–C) Tet-assisted bisulfite sequencing of 2 genes, COL4A6 (B) and PRKX (C). Each pie chart represents a
CpG captured by the bisulfite PCR. The proportion of 5mC is shown in black, the proportion of 5hmC is shown in
gray, and the proportion of unmodified cytosine is shown in white.
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that are likely escaping inactivation that
were not found in the studies that used
DNA methylation or expression-level
data. Of those genes, 10 of them con-
tained more than one CpG that was
predicted to escape inactivation, includ-
ing Forkhead box O4 (FOXO4), Ephrin-
B1 (EFNB1), and cysteine-rich hydropho-
bic domain 1 (CHIC1) (Table S4).

CpGs that escape DNA methylation
on the Xi show distinct chromosomal
features

Next, we aimed to determine
whether CpGs that escape DNA meth-
ylation on the Xi were enriched in cer-
tain chromosomal features. First, we
investigated whether these CpGs were
more likely to be found in distinct genic
contexts. We found by Chi-squared
tests that the CpGs that escape methyla-
tion were more likely to be located near
the transcriptional start site of a gene (P
D 0.007) and within a CpG island (P D
0.003). They were significantly less
likely to be localized in a gene body
(P D 0.008) (Fig. 4A).

We were interested in investigating
possible mechanisms that may be promoting an open chromatin
state and inhibiting DNA methylation from being established at
these loci. Histone modifications are known to play a critical role
in X-chromosome inactivation, as hypoacetylation and methyla-
tion of H3K9 both occur immediately after Xist RNA coating
and before transcriptional silencing of the Xi.25,26 Therefore, we
hypothesized that CpGs escaping DNA methylation would be
located in regions associated with activating histone marks,
including H3 acetylation.

We specifically analyzed the 97 CpGs located in TSSs that
escape methylation on the Xi and tested for co-localization with
histone modification ChIP-seq data from the ENCODE Tier 1
female LCL GM12878. We found that CpGs within TSSs that
escape DNA methylation on the Xi were associated with activat-
ing histone marks after correcting for multiple testing, including
H3K9ac (P D 1.7 £ 10¡4), H3K4me-1, ¡2, ¡3 (P D 5.9 £
10¡7, P D 1.33 £ 10¡6, and P D 4.9 £ 10¡4, respectively), and
H3K27ac (P D 3.6 £ 10¡5) (Fig. 4B). They were not more
likely to be associated with the repressive histone modifications
H3K27me3 and H3K9me3 (Fig. 4B). We also tested the co-
localization for CpGs that escape methylation outside of TSSs
with histone marks and found results to be similar (Fig. S4). Fur-
thermore, all CpGs that escaped methylation were enriched in
DNase hypersensitive regions, which is consistent with their
localization to regions of open chromatin (P D 0.0001)
(Fig. 4A).

We hypothesized that, in addition to activating histone marks,
proteins that bind DNA may be inhibiting DNA methylation

from occurring at these sites. CTCF has been shown to protect
DNA from becoming methylated on the X-chromosome during
development, and this protection is associated with H3 acetyla-
tion.13 Therefore, we compared our data to CTCF ChIP-Seq
data, including CTCF, for the GM12878 female cell line from
ENCODE. CTCF showed higher overlap among all sites that
escape DNA methylation on the Xi compared with those that do
not, both inside and outside of TSSs, suggesting that CTCF may
play a role in protecting sites from inactivation (Fig. S5). Fur-
thermore, we found that 67 of the 96 CpGs (72%) that escape
DNA methylation at CTCF binding sites co-localize with
H3K9ac and H3K27ac, whereas none of the methylated cyto-
sines at CTCF binding sites co-localize with H3 acetylation. This
suggests that CTCF binding along with H3 acetylation is a better
predictor of CpGs that escape DNA methylation on the Xi than
CTCF binding alone.

Relationship between histone acetylation and DNA
methylation on the Xi

The interaction between histone modifications and DNA
methylation is thought to be important in mediating chromatin
accessibility and transcription regulation. Previous studies have
investigated methylation and gene expression changes on the Xi
in response to epigenetic therapies, such as histone deacetylase
inhibitors and DNA hypomethylating agents.25,26 Considering
the evidence that proteins that bind DNA, such as CTCF, can
protect DNA on the Xi from becoming methylated, we hypothe-
sized that proteins that bind acetylated histones may be

Figure 3. Genes with CpGs predicted to escape inactivation have increased levels of expression (A–B)
Expression values for genes containing CpGs that escape methylation compared with genes contain-
ing CpGs that are subject to methylation on the Xi in the CEU population (A) and the YRI population
(B). P-values were calculated using the Student’s t-test.
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protecting CpGs from becoming methylated on the Xi. Bromo-
domain containing 4 (BRD4) binds to acetylated histones to
mediate transcription. JQ1 is a small molecule inhibitor of BET
bromodomains with the highest affinity for the first bromodo-
main of BRD4.27,28 To determine whether inhibition of BRD4
could result in changes to DNA methylation on the Xi, we
treated 4 female LCLs with either 250 nM JQ1 or vehicle control
(DMSO) for 48 h and assayed cytosine modification levels using
the 450K array. We anticipated that sites that are lowly methyl-
ated may gain methylation in the absence of BRD4. The LCLs
express DNMT1, DNMT3A, and DNMT3B (Fig. S6); therefore,
regaining methylation after exposure to JQ1 is possible through
both maintenance and de novo DNA methylation pathways.

First, we found the array results to be robust, because the
experimental variation (within the same individual) between the

original run and this second
run was smaller than the
inter-individual variation
(Table 1). We found that
JQ1 treatment did not
change the genome-wide
cytosine modification levels
substantially, as all 4 cell
lines had a very strong cor-
relation between DMSO
control and JQ1-treated
b-values on all autosomes
(r > 0.99). We looked spe-
cifically at CpGs on the
X-chromosome, and found
that JQ1 resulted in modest
gains and losses of methyla-
tion across the X-chromo-
some in all 4 cell lines,
where approximately 600
CpGs gained at least 3%
methylation in each of the
cell lines, but few achieved
greater than a 10% gain in
methylation (Table S6).
CpGs that did gain methyl-
ation (an increase in
b-value of at least 0.03)
were enriched in H3K27ac
and H3K9ac compared
with sites that lost methyla-
tion (a decrease in b-value
of at least 0.03) in each of
the cell lines (Fig. 4C–D).
We found no enrichment
in sites that gain methyla-
tion that overlap with
H3K27me3, a histone
modification that should
remain unaffected by JQ1
treatment, in 3 of the 4 cell

lines (Fig. 4E). We did observe downregulation of MYC in all 4
cell lines at the dose and time point used in this experiment, con-
firming that JQ1 treatment resulted in transcriptional repression
of a known target gene. (Fig. 4F–G). Therefore, there may be
some interaction between BRD4 loss at acetylated histones and
subsequent gain of DNA methylation, but it is not sufficient to
fully restore DNA methylation levels at CpGs that escape meth-
ylation on the Xi.

Discussion

In this work, we demonstrated how analyses of cytosine
modification variation could be performed for the X-chromo-
some using the Illumina 450K array. We focused on the

Figure 4. Investigation of the relationship between cytosine modification and histone marks on the Xi (A) Proportion
of overlap of CpGs that escape methylation and those that do not with certain genic contexts. (B) Proportion of over-
lap of CpGs within TSSs that escape methylation and those that do not with histone modifications and transcription
factor binding sites obtained from the ENCODE Tier 1 LCL GM12878. (C–E) Proportion of overlap of CpGs that gain
methylation or lose methylation following JQ1 treatment with H3K27ac (C), H3K9ac (D), and H3K27me3 (E). Asterisks
denote P < 0.05 calculated by the Chi-squared test. (F–G) Western blot of Myc protein levels in 4 LCLs treated
with DMSO vehicle control or JQ1 (F). Densitometry quantification analyses performed with ImageJ software (G).
(*) denotes P < 0.05 by Chi-squared tests.
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X-chromosome in particular because of the importance of DNA
methylation in X-chromosome biology. We identified a small
percentage of CpGs that showed differential modification
between CEU and YRI female and male LCLs. Interestingly,
males showed less variation between populations, and this could
be because females have a higher median methylation level,
which may increase variation, and males only have one X-chro-
mosome, which may reduce variation. We investigated CpG
loci that escape methylation on the Xi and compared our results
with several other studies investigating escape from X-chromo-
some inactivation.11,14,21,23 The correlation between our study
and the other studies ranged from over 90% overlap to approxi-
mately 50% overlap. This may be attributable to differences in
the CpGs included in the analyses, such as whether the analysis
was limited only to CpGs in the promoters of genes, or the
variety of tissue types examined, as it has been reported that
there is some tissue-specificity in X-chromosome inactivation.11

Overall, we identified 46 novel genes containing CpGs that
escape methylation on the Xi, and we correlated these sites with
H3 acetylation and H3K4 methylation, suggesting an open
chromatin formation.

The interaction between epigenetic modifications on the Xi is
complex, and we are still working toward understanding how
each epigenetic modification is regulated to establish and main-
tain the Xi. It has been shown that azacitidine, a hypomethylating
agent, can induce re-expression of several X-linked genes, provid-
ing experimental evidence for the essential role of DNA methyla-
tion in X-chromosome inactivation.2,3 In addition, azacitidine
and decitabine have also been shown to cause the Xi to decon-
dense and shift its replication from later to earlier in the cell
cycle.29,30 DNA methylation is believed to work synergistically
with histone hypoacetylation in maintaining X-chromosome
inactivation,26 but additional work is needed to understand the
unique and overlapping functions of these marks in establishing
and maintaining the Xi.

We were interested in testing whether a protein such as
BRD4, which binds acetylated histones, blocks DNA methyla-
tion from occurring at these sites that escape methylation on the
Xi. JQ1 is a small molecular inhibitor of BRD4, and it has
important therapeutic potential in MYC-driven cancers because
it causes downregulation of MYC.31,32 However, the extent to

which JQ1 influences DNA methylation has not been studied
previously. Here, we demonstrated that JQ1 caused only minor
changes in DNA methylation patterns on the X-chromosome.
The majority of the CpGs that escape methylation on the Xi
remained unaffected, suggesting that they are being protected
from de novo methylation by other mechanisms. It will be inter-
esting to uncover whether there are other transcription factors or
histone modifying proteins that play a role in keeping these loci
in a euchromatic state. Other groups that generate genome-wide
data, especially 450K array data, could take a similar approach as
demonstrated here and analyze the X-chromosome separately to
learn more about cytosine modification patterns specifically on
the X-chromosome.

To address the matter of accounting for sex differences in bio-
medical research, the National Institutes of Health is calling for
changes in program oversight, review and policy, and publishing
criteria.1 This call to action is the result of minimal progress that
has been made in balancing male and female models in cell and
animal studies. Instead of disregarding information that can shed
light on the differences between males and females, biomedical
researchers need to account for these differences and utilize all
relevant information in their studies. X-chromosome biology is
an important difference between male and female cells, and our
work has demonstrated the utility of including the X-chromo-
some in analyses of human epigenetic variation.

Materials and Methods

Identification of population-specific X-chromosome cytosine
modification patterns

The cytosine modification data generated from the 450K
array on 60 CEU and 73 YRI LCLs (GSE39672) was processed
as described in our previous publication.15 Cytosine modification
levels were summarized with the Illumina GenomeStudio-Modi-
fication Module v1.9 (GenomeStudio). The b-value was calcu-
lated as the proportion of modified probe intensity over the sum
of the modified and unmodified probe intensities. Similar to the
approach taken in our previous work, the M-value was used to
detect population-specific cytosine modifications, which is
defined as the log2 ratio of the intensities of the methylated probe
vs. the unmethylated probe. The M-value reduces the heterosce-
dastic distribution observed in the b-value distributions and has
been shown to provide better detection sensitivity at extreme
modification levels.33 After removing probes with common
SNPs and that map ambiguously to the genome, as described in
our previous publication,15,34 we included 7,033 CpGs on the
X-chromosome in our analyses. Cytosines that were differentially
modified between the CEU and YRI females and males, sepa-
rately, were detected by 2 statistical approaches. The first was a
linear model: cytosine modification level~population C gender
C error. FDR was estimated by 100 permutations across samples
using an approximate test.35 Positive betas indicate CEU>YRI
and negative betas indicate CEU<YRI. Second, a Wilcoxon
Rank-Sum test was performed and CpGs that met Bonferroni
corrected P<0.05 were considered differentially modified

Table 1. Within-individual variation is smaller than inter-individual variation
in cytosine modification levels across arrays.We compared b-values from
the original 450K array to the more recent 450K array results and found that
the 3 samples included in both arrays showed a higher level of intra-individ-
ual (across different runs) correlation, measured by the correlation coeffi-
cient (r) compared with inter-individual correlations of different samples
run on the same chip

Within-individual variation Inter-individual variation

GM07055 GM12815 GM12892 GM07055 GM12815 GM12892

GM07055 0.83
GM12815 0.93 0.77
GM12892 0.81 0.69 0.65
GM12878 0.80 0.73 0.64
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between the 2 populations to correct for multiple comparisons
(Table S1–2).

Comparison of LCL data with other publicly available data
sets

We obtained publicly available 450K array data from haema-
topoietic stem/progenitor cells (GSE40799),19 pediatric pre-B
cell acute lymphoblastic leukemias (pre-BALL) (GSE38235),20

diffuse large B cell lymphomas, renal carcinomas, and breast car-
cinomas (The Cancer Genome Atlas) to compare with our LCL
data. We performed quantile normalization across all datasets fol-
lowed by Principal Components Analysis (PCA).

Analysis of CpGs that escape methylation on the Xi, gene
expression levels, and ChIP-seq data sets

We modeled our methods of identifying CpGs that escape
methylation on the Xi after the decision-tree of Cotton et al.11

We considered CpGs that showed an average of <15 % methyla-
tion in both female and male samples to be unmethylated on the
Xi (b-value < 0.15). Theoretically, CpGs subject to X-chromo-
some inactivation should be at least 50% methylated in females.
We used a stringent cut-off of 15% to limit false positives. A
graph showing the number of CpGs predicted to escape methyla-
tion at several cut-offs ranging from 10-30% methylation is
depicted in Fig. S7.

The gene expression data used in this study were previously
generated by our group using the Affymetrix Human Exon
1.0ST Array (GSE7851).24 The difference between the average
expression level in females and males was calculated for genes
that are predicted to escape methylation and genes predicted to
be subject to methylation on the Xi, and the Student’s t-test was
used to test for statistically significant differences between the 2
groups. We used the 450K array annotation file to characterize
the genic context of CpGs escaping methylation on the Xi. As
denoted in the annotation file, “near the transcriptional start site”
(TSS) is defined as within 1500 bp of the TSS. In order to com-
pare the 450K data to transcription factor and histone modifica-
tion data, we downloaded the data for GM12878, a Tier 1
female cell line in ENCODE. A description of all proteins and
histone modifications analyzed is in Table S6. We specifically
analyzed the CpGs that were within TSSs and outside of TSSs
separately, and Chi-squared tests were used to determine a signif-
icant enrichment of CpGs that escape methylation with specific
DNA binding proteins and histone modifications.

TAB-Seq
TAB-Seq was performed using the WiseGene 5hmC TAB-

Seq kit (cat. no. K001). Five mg of DNA was sonicated to
400 bp and conjugated to UDP-glucose with b-glycosyltransfer-
ase. After reaction cleanup, conjugated DNA was oxidized using
mTet1, and bisulfite treated. Glycosylated DNA without mTet1
oxidation was used for quantification of modified and unmodi-
fied cytosines. After PCR amplification with ZymoTaq polymer-
ase (Zymo Research Co., cat. no. E2001), products were TOPO
TA cloned (Life Technologies, cat. no. K4575-02) and
sequenced at The University of Chicago DNA Sequencing and

Genotyping Facility. Primers used for amplification are listed in
Table S7.

Cell lines and JQ1 treatment
Four female LCLs (GM07055, GM12815, GM12878 and

GM12892) were cultured in RPMI supplemented with 15% fetal
bovine serum and 1% L-glutamine at 37�C. Cells were passaged
every 2-3 d JQ1 was generously provided by Dr. James Bradner’s
Laboratory. For JQ1 treatment, cells were split at 350,000 cells/
mL in T25 flasks and treated with 250 nM JQ1 24 h after split-
ting. Cells were pelleted 48 h after treatment.

450K array profiling and data processing
DNA was isolated from cell pellets using phenol-chloroform

extraction and quantified using the Qubit fluorometer (Life tech-
nologies). The University of Chicago Genomics Core Facility
was provided with 1 mg of DNA in 50 mL of water for bisulfite
conversion with the Zymo EZ DNA methylation KitTM (Zymo
Research Co.). Cytosine modification levels were profiled using
the Illumina Infinium HumanMethylation450 BeadChip (Illu-
mina, Inc.), according to manufacturer’s protocols using an
Illumina HiScan System. Approximately 150 ng of bisulfite-con-
verted DNA from each samples was used for array hybridization.
Quantile normalized cytosine modification data for the
X-chromosome of the 4 LCLs are in Table S5. The raw 450K
data were processed as described in our previous publication.15

The raw and processed 450K data are available on Gene Expres-
sion Omnibus with accession number GSE62111.

Western blot
Western blot was performed to confirm that c-Myc protein

levels decreased following JQ1 treatment in the LCLs. Protein
lysates were run on a 12% polyacrylamide gel, transferred to a
nitrocellulose membrane, and incubated in primary antibody for
MGMT (cat. no: ab69629, Abcam) and rabbit secondary anti-
body (cat. no: 401393, Millipore). Anti-b tubulin (cat. no:
05-661, Millipore) with mouse secondary antibody (cat. no: sc-
2005, Santa Cruz Biotechnology) was used as a loading control.
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