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Gene Body–Specific Methylation on
the Active X Chromosome
Asaf Hellman and Andrew Chess

Differential DNA methylation is important for the epigenetic regulation of gene expression.
Allele-specific methylation of the inactive X chromosome has been demonstrated at
promoter CpG islands, but the overall pattern of methylation on the active X (Xa) and
inactive X (Xi) chromosomes is unknown. We performed allele-specific analysis of more than
1000 informative loci along the human X chromosome. The Xa displays more than two
times as much allele-specific methylation as Xi. This methylation is concentrated at gene
bodies, affecting multiple neighboring CpGs. Before X inactivation, all of these Xa gene
body–methylated sites are biallelically methylated. Thus, a bipartite methylation-demethylation
program results in Xa-specific hypomethylation at gene promoters and hypermethylation
at gene bodies. These results suggest a relationship between global methylation and
expression potentiality.

DNA methylation is essential for many
developmental processes, including main-
taining the silenced Xi state (1–3). Xi-

specific methylation is seen at CpG islands (4–9),
but the global distribution of Xi-specific meth-
ylation along the chromosome is unknown.
Although silenced chromatin regions are usually
hypermethylated, cytogenetic studies have sug-
gested a global hypomethylation of the Xi (10);
also, studies of mammalian hypoxanthine-guanine
phosphoribosyltransferase (HPRT) genes have
shown that at least one site within the tran-
scribed region of the gene is methylated only
on Xa in opposition to the Xi-specific meth-
ylation of the 5′ CpG island (6, 9, 11). This
unexplained divergence led us to conduct a
comprehensive analysis of the Xa and Xi allele–
specific methylation patterns of the human X
chromosome.

We modified the Affymetrix 500,000 (500K)
single-nucleotide polymorphism (SNP) mapping
array (12) to allow allele-specific analysis of
DNA methylation (13). We digested genomic
DNA with a cocktail of five methyl-sensitive
restriction enzymes (MSREs) (14). Together,
these frequent cutters recognize ~40% of all
CG dinucleotides in the genome (15), allowing
an efficient analysis of regions with both high
and low GC content. After this pretreatment,
fragments of 200 to 1100 base pairs contain-
ing the polymorphic sites were polymerase
chain reaction (PCR) amplified, and the re-
sulting amplicons were then labeled and hy-
bridized to the array. Thus, an unmethylated
MSRE site present on a given amplicon will
lead to allele-specifically reduced intensity cor-
responding to the resident SNP (Fig. 1A). This
allowed us to use either genotype calling or
copy-number algorithms to identify transitions
from a heterozygous state to a hemizygous state

after the MSRE treatment. The assay is robust—
replicate analyses of the same DNA never
reveal allele-specific methylation status chang-
ing from one allele to the other [supporting

online material (SOM) text 1]. Single locus
validation included DNA sequencing of spe-
cific PCR products before and after MSRE
treatment (table S1), and also bisulfite analy-
ses (fig. S2).

Genotyping individuals from three genera-
tions of Centre d’Etude du Polymorphisme
Humain (CEPH) pedigree 1332 (fig. S3) re-
solved the parental origins of 1948 heterozy-
gous SNPs in the mother GM10849 and/or her
daughter GM13130. Sequence analysis sug-
gested that 1269 (65.1%) of them were suit-
able for our methylation assay, in that they
had at least one methyl-sensitive restriction
site on their respective amplicons (table S2).
These informative SNPs were distributed
along the chromosome (fig. S4) with an aver-
age distance of 120.1 kb between succeeding
SNPs. Moreover, 351 SNPs mapped to 135 dif-
ferent genes (for an average of 2.6 SNPs per
gene), representing ~9% of the known X-linked
genes (table S2).

We resolved the active and inactive X copies
in clones originated from single cells of GM10849
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Fig. 1. Hypermethyla-
tion of the active X chro-
mosome. (A) An example
of hybridization intensities
(brighter yellow indi-
cates higher signal) for
the six probe sets que-
rying a particular SNP
(rs16999756). When
examining the perfect-
match (pm) probes, one
can observe both alleles
in genomic DNA, but
only one allele in each
clone after MSRE treat-
ment. This is due to meth-
ylation differences at an
MSRE site present within
the amplicon (fig. S1).
Mismatch (mm) probes
contain a single mismatch
at a site distinct from the
polymorphic site and serve
as controls. (B) Presenta-
tions of Xa (black) and Xi
(yellow) monoallelic meth-
ylation fractions in four
clones from two individu-
als. The parental origin of
Xa for each clone is indi-
cated, and the numbers
of occurrences of mono-
allelic methylation are
marked blue (paternal)
or red (maternal). Results
from the Nsp I or the Sty I halves of the 500K array are presented. (C) Frequency of switching from
heterozygous to hemizygous call after MSRE treatment for each chromosome. Data are presented for all
informative 500K SNPs for GM13130 clone 7 and GM13130 clone 16. Potential monoallelic methylation at
parentally imprinted regions, as well as technical artifacts resulting from MSRE site polymorphisms or
allelic bias of the genotyping algorithm, were filtered out by requiring at least one clone switch from AB
to A0, and one clone switch from AB to B0 per each SNP.
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and GM13130 using reverse transcription (RT)–
PCR to examine allele-specific mRNA expres-
sion (table S3). Replication timing analyses fur-
ther confirmed the direction of X inactivation.
We selected four clones, one paternal active
(Xap) and one maternal active (Xam) from each
individual, for further analysis. By definition,
these clones must originate from four indepen-
dent X inactivation events.

As a prelude to determining which hetero-
zygous SNPs switch to a hemizygous state after
digestion with the MSRE cocktail, we first fil-
tered out SNPs that would show loss of hetero-
zygosity as a result of polymorphism in their
linked MSRE sites (fig. S1). We then analyzed
the methylation status of the remaining 913 in-
formative SNPs (table S4).

A pattern appeared when we related the
SNPs to Xa and Xi: We always observed a sig-
nificant excess of monoallelically methylated
loci on the Xa. The average Xa:Xi ratio was
2.4 (Fig. 1B). The allele-specific methylation
we observed is unique to the X chromosome, as
shown by control analyses of autosomes, which
show a vastly lower level of switching and no
parent-of-origin effects (Fig. 1C and fig S5).

Because this global Xa hypermethylation
is contrary to the reports of Xi-specific meth-
ylation at CpG islands, we sought to rule out
the possibility that the clones we analyzed
have unusual Xi methylation patterns. Two in-
formative SNPs reside on amplicons that
overlap with CpG islands: rs17139585 at phos-
phoglycerate kinase 1 and rs864570 at calcium/
calmodulin-dependent serine protein kinase. As
expected, these two SNPs are monoallelically
methylated on their Xi alleles, indicating that our
clones were not abnormal in their Xi methyla-
tion. Analysis of allele-specific methylation of
the androgen receptor gene (16) further con-
firmed normal Xi promoter methylation (fig. S6).

To see if this methylation targets a unique
set of loci, we analyzed overlapping among
four clones by adding two more GM13130
clones (fig. S3). The extent of overlap among
all combinations of three and four clones (table
S5) was significantly higher than expected
from a random distribution of Xa methylated
amplicons along the chromosome (P < 0.001).
Thus, a set of chromosomal locations are con-
sistently Xa methylated.

We next examined whether these Xa-
methylated sites related to genes. Out of the
116 SNPs that were Xa methylated in at least
one Xam and one Xap clone, 57 (49.1%) were
within known genes (Fig. 2 and table S6). This
ratio is significantly higher (P = 0.0009) than
the occurrence of gene SNPs in the entire in-
formative set (251 out of 913 = 27.5%) (SOM
text 2). Considering overlap in three and in four
clones further highlighted gene exclusivity
(table S7). All 17 amplicons displaying mono-
allelic Xa methylation in all four GM13130
clones were found either within genes or <50 kb
from a gene (Fig. 2).

The CpG frequency in gene-body amplicons
displaying Xa methylation is similar to the
genome-wide average (table S8), well below
the frequency seen in CpG islands. Neverthe-
less, nearby CpGs within different amplicons
distantly present in the same gene (Fig. 2 and
table S4), and neighboring CpGs within indi-
vidual amplicons (fig. S7) tend to have the same
Xa-specific methylation pattern.

Silencing tissue-specific genes does not
explain Xa-specific gene-body methylation;
indeed, mining public databases for tissue spec-

ificity and B cell line expression levels showed
that both expressed and silenced genes under-
go Xa-specific methylation (table S9). Fur-
thermore, genes subject to Xa methylation do
not share a common biological function or
expression pattern (17). We cannot rule out a
specific need for shutting down spurious tran-
scription (e.g., from transposable elements) at
active regions (i.e., genes), but the absence of
a methylation bias toward repetitive elements
embedded in genic amplicons (table S9) is a
probable hint against this hypothesis. The list

Fig. 2. Genes are prefer-
able targets for Xa-specific
methylation. (Top) Enrich-
ment of Xa-methylated
SNPs at gene regions.
The distributions of Xa-
methylated SNPs (black)
and all informative SNPs
(gray) are shown. SNPs
were ranked according to
distance from the near-
est gene (table S6).
(Bottom) The complete
list of the SNPs showing
Xa-specific methylations
in all four clones from
GM13130 is presented,
with the methylated allele
indicated for each clone
(maternal in pink and
paternal in blue).

Fig. 3. Comparison methylation of the
female X chromosomes with the male X
chromosome and with the X chromo-
some before X inactivation. (A) Inferred
copy number for five males and five
female individuals from the pedigree.
A shift to the left after the enzyme treat-
ment indicates mono- or biallelically
unmethylated amplicons. (B) Methylation
status of all informative amplicons that
are heterozygous in both GM13130 and
hES-H7 cells.
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of Xa-methylated genes contains several genes
shown to escape X inactivation (18). However,
given that these genes still have an elevated Xa
expression level (18), the overall correlation
between gene-body methylation and expression
potentiality is maintained.

Male-to-female comparisons showed a more
complete methylation level on the male X (Fig.
3A and fig. S8). Furthermore, the sites that are
gene-body Xa-methylated in females are among
the most highly methylated sites in males,
highlighted even on the almost-complete meth-
ylation background of the male X chromosome
(fig. S9).

An Xa-specific methylation present in
somatic cells could reflect either methylation
occurring only on Xa or demethylation oc-
curring on Xi. The human embryonic stem
(ES) cell line hES-H7 represents a stage of
development just before X inactivation (19)
and has been shown to stably maintain the
appropriate characteristic methylation pattern
for this stage, including allele-specific meth-
ylation (20). At this stage of development, the
genome has presumably already undergone
global demethylation and the wave of de novo
methylation (2, 21). Hence, we analyzed these
cells using the 500K array. Out of the 116
amplicons shown to be gene-body Xa meth-
ylated, 50 also have a heterozygous genotype
in H7 cells. We found that all 50 are bi-
allelically methylated. When examining all 154
amplicons informative both for H7 and for
13130 clones, we observed that only five are
monoallelically methylated in H7 cells, where-
as the expected one-third are monoallelically
methylated in the somatic clones (Fig. 3B).
Bisulfite sequencing further verified biallelic
methylation (fig. S10). Thus, given that bi-
allelic methylation is the beginning state, de-
methylation of the Xi must account for the
Xa-specific monoallelic pattern observed in
somatic cells.

A simple model may explain both the Xa
versus Xi and the gene versus intergenic dif-
ferential methylation we observed: Constantly
inactive regions, such as gene-poor regions
and the entire Xi, may be more prone to loss of
methylation maintenance (even if originally
highly methylated). The resulting methylation
decrease, for the entire Xi and for Xa intergenic
regions, would thus highlight Xa gene body–
specific methylation. At the same time,
promoter CpG islands, which are protected from
methylation on Xa, would remain more meth-
ylated on Xi.

In contrast to the widely held view that X
chromosome allele–specific methylation is
restricted to CpG islands on the inactive X,
our global allele-specific methylation analy-
ses uncovered extensive methylation specifi-
cally affecting transcribable regions (gene
bodies) on the active X whether it is in the
male or the female. One aspect of sex chro-
mosome dosage compensation is the require-

ment for a chromosome-wide, likely epigenetic
mechanism with the ability to double X-linked
gene expression when necessary (i.e., in so-
matic cells but not in haploid germline cells).
Indeed, such a phenomenon was recently de-
scribed in mammals (22). Our finding of global
elevation of methylation levels at gene bodies
of both male and female active X chromo-
somes hints at such a chromosome-wide epi-
genetic control. Another example of a possible
role for methylation in (potentially) active chro-
matin regions recently came from plants, in
which extensive specific methylation of gene
bodies was discovered (23). These results, to-
gether with the findings introduced here, should
prompt reevaluation of the role of global DNA
methylation that occurs away from gene pro-
moters as well as the apparently complex rela-
tionship with chromatin activity.

Note added in proof. A second manuscript
reporting gene body methylation in plants was
recently published (29).
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Reversal of Neurological Defects in a
Mouse Model of Rett Syndrome
Jacky Guy,1 Jian Gan,2 Jim Selfridge,1 Stuart Cobb,2 Adrian Bird1*

Rett syndrome is an autism spectrum disorder caused by mosaic expression of mutant copies of
the X-linked MECP2 gene in neurons. However, neurons do not die, which suggests that this is
not a neurodegenerative disorder. An important question for future therapeutic approaches to this
and related disorders concerns phenotypic reversibility. Can viable but defective neurons be
repaired, or is the damage done during development without normal MeCP2 irrevocable? Using a
mouse model, we demonstrate robust phenotypic reversal, as activation of MeCP2 expression leads
to striking loss of advanced neurological symptoms in both immature and mature adult animals.

Mutations in the X-linked MECP2 gene
are the primary cause of Rett syn-
drome (RTT), a severe autism spec-

trum disorder with delayed onset that affects

1 in 10,000 girls (1). MECP2 mutations are also
found in patients with other neurological condi-
tions, including learning disability, neonatal en-
cephalopathy, autism, and X-linked mental
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