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Embryonic stem (ES) cells are important tools in the study of
gene function and may also become important in cell therapy
applications1. Establishment of stable XX ES cell lines from
mouse blastocysts is relatively problematic owing to frequent
loss of one of the two X chromosomes. Here we show that DNA
methylation is globally reduced in XX ES cell lines and that this
is attributable to the presence of two active X chromosomes.
Hypomethylation affects both repetitive and unique sequences,
the latter including differentially methylated regions that
regulate expression of parentally imprinted genes. Methylation
of differentially methylated regions can be restored coincident
with elimination of an X chromosome in early-passage
parthenogenetic ES cells, suggesting that selection against loss of
methylation may provide the basis for X-chromosome instability.
Finally, we show that hypomethylation is associated with
reduced levels of the de novo DNA methyltransferases Dnmt3a
and Dnmt3b and that ectopic expression of these factors
restores global methylation levels.

DNA methylation is thought to have evolved as a genome defense
mechanism and to have acquired a role in gene or genome regulation

during development2. In mammals, where methylation occurs sym-
metrically on cytosine residues of CpG dinucleotides, B70% of
available sites are methylated. High concentrations occur in repetitive
sequences, but methylation is generally excluded from CpG rich islands
found at the 5¢ end of many genes. Exceptions to the latter include
differentially methylated regions (DMRs), associated with imprinted
genes and CpG islands of genes on the inactive X chromosome.

In the course of analyzing DNA methylation in an XX ES cell line,
PGK12.1, we observed reduced methylation levels in pericentric major
satellite repeats (Fig. 1a). We also observed hypomethylation in two
other XX ES cell lines, LF2 (Fig. 1a) and TMA (data not shown).
Major satellite repeats were fully methylated in XY ES cell lines
(Fig. 1b) and differentiated XX cells (Fig. 1c,d), consistent with
previous reports3. Major satellite repeats were also fully methylated
in two different X0 ES cell lines (Fig. 1e), indicating that hypomethy-
lation in XX ES cells is attributable to the presence of two (active)
X chromosomes rather than to the absence of a Y chromosome.

We also observed hypomethylation in XX ES cells at repetitive
C-type retroviral sequences (Fig. 2a), in an intragenic region
located 30 kb upstream of the X-linked gene Mtm1 (Fig. 2b), in an
intronic region in the X-linked gene Hprt1 (Fig. 2c) and, consistent

M HM HM HM HM HM HM HM HM HM HM H
A11B3129/1PGK

XX ES XY ES X0 ES

PGK LF2

XX ES XY ES XX ES XX

Efc-1 129/1 Undiff Diff Kid

a b c d e Figure 1 Hypomethylation of major satellite
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with previous findings4–6, in the promoter region of the mouse
Xist locus (Fig. 2d). Taken together, these observations indicate
that DNA hypomethylation is a general feature of XX ES cells.
To confirm this possibility, we quantified global methylation levels
using nearest-neighbor analysis (Fig. 2e). We found that B70% of
CpG sites were methylated in XY and XX somatic cells and in two
different XY ES cell lines, similar to previously reported estimates using
this method7. In XX ES cells, however, 35% or less of available CpG
sites were methylated.

We went on to assess methylation levels at DMRs associated with
imprinted genes. The H19 DMR, which is normally methylated on the
paternal allele, was hypomethylated specifically in XX ES cells (Fig. 3a).
Similarly, KvDMR1 located on chromosome 7 and the Igf2r-Air DMR
located on chromosome 17, both normally methylated on the maternal
allele8,9, showed complete hypomethylation in XX ES cells (Fig. 3b,c).
Methylation was not restored in XX ES cells differentiated in vitro
(Fig. 3b,c), unlike the major satellite repeat sequences (Fig. 1c).

In light of our data, we considered that hypomethylation could
provide the selective pressure favoring deletion of sequences from one
of the two X chromosomes. Instability of the XX karyotype has
previously been characterized in a series of diploid parthenogenetic
ES cell lines10. There is also evidence that maternal imprints are
unstable in parthenogenetic ES cells11; moreover, parthenogenetic ES
cells frequently show progressive loss of methylation at the imprinted
gene U2af1-rs1 (methylated on the maternal allele) during serial

passaging12. With these observations in mind, we analyzed methyla-
tion of the Igf2r-Air DMR during serial passaging in six previously
described independent parthenogenetic cell lines12 (Fig. 4a). We then
correlated methylation of this DMR with the X:autosome ratio
(Fig. 4b). The Igf2r-Air DMR is predicted to be almost fully methy-
lated in parthenogenetic ES cells, because both alleles are of maternal
origin. This was the case in the earliest passages for all six cell lines.
In subsequent passages, however, there was a progressive loss of
methylation, except in cell line PR1. In cell lines PR9 and PR13,
methylation was lost initially but recovered in the latest passage
analyzed. Overall, these results correlate well with previous analysis
of the maternally methylated gene U2af1-rs1 (ref. 12), suggesting
that progressive hypomethylation in parthenogenetic ES cells
occurs genome-wide.

To assess X-chromosome dosage, we quantified Southern blots
hybridized with X-linked and autosomal markers (Fig. 4b). In cell
line PR1, all passages had an X:autosome ratio similar to that seen in
control XY cells, indicative of deletion of one of the two X chromo-
somes before passage 7. This in turn correlates with retention of
methylation at the Igf2r-Air DMR during serial passaging. In all other
cell lines, the X:autosome ratio was more similar to that of control
XX cells, correlating with progressive loss of Igf2r-Air methylation. In
PR9 cells, where restoration of methylation followed initial loss,
later-passage cells had a reduced X:autosome ratio consistent
with the population becoming X0 during serial passaging.
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Figure 2 Global hypomethylation of the genome in XX ES cells. (a) Southern-blot analysis of methylation of C-type retrovirus sequences (pMo probe) after

digestion with MspI (M) or HpaII (H), showing hypomethylation in PGK12.1 XX ES cells (PGK) compared with 129/1 XY ES cells. Bands corresponding to

methylated (M) sequences and unmethylated (U) sequences are indicated. (b,c) Bisulphite sequence analysis of methylation in (b) a 667-bp intragenic

region located 30 kb upstream of the Mtm1 locus encompassing four ‘methylatable’ CpG dinucleotides (1–4) in 129/1 XY and PGK12.1 (PGK) XX ES cells

and (c) a 380-bp region in intron 4 of the Hprt locus encompassing five ‘methylatable’ CpG sites (1–5). Methylated (filled circles) and unmethylated (open

circles) CpG dinucleotides are shown for a number of independently sequenced templates (horizontal lines). (d) Quantitative Southern-blot analysis of SacII

and MluI restriction sites in promoter region I of the mouse gene Xist in XX and XY ES cell DNA. DNA was cut with EcoRI and then with either SacII (left

panel) or MluI (right panel). Control (C) shows sample cut with EcoRI alone. The percentage of methylation in each sample (shown below each panel) was

quantified using analysis of phosphorimager screen exposure. (e) Nearest-neighbor analysis quantifying global methylation levels. The selected area shows

signal for dCp and methylated dCp (mdCp). DNA was from XY and XX mouse kidney (somatic) or from ES cell lines as indicated. Quantification of
methylated dCp as a percentage of the total dCp on the basis of phosphorimager analysis is shown in the graph.
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Late-passage PR13 cells also had a reduced X:autosome ratio, albeit to
a lesser extent, which might reflect a mixed population of XX and XO
cells where selection is still ongoing. These data support the hypothesis
that retention of methylation provides a selective pressure for deletion
of all or part of one X chromosome.

To study the mechanism of hypomethyla-
tion in XX ES cells, we analyzed levels of the
enzymes involved in de novo (Dnmt3a and
Dnmt3b; refs. 13,14) and maintenance methy-
lation (Dnmt1; ref. 15) by western blotting
(Fig. 5a). Levels of Dnmt3a were markedly
lower in XX than in XY ES cell lines. Dnmt3b
levels also seemed to be lower in XX cells, but
this was more variable in the different cell
lines. Levels of Dnmt1, on the other hand,
were equivalent in XX and XY ES cells.

Levels of Dnmt3a2 and Dnmt3b1 (the
major isoforms seen in ES cells) initially
increased and then declined after in vitro
differentiation of ES cell cultures (Fig. 5b).
We observed similar patterns in both
XY and XX ES cells, although overall levels
of Dnmts were lower at all stages in XX cells.
The transient increase during early dif-
ferentiation stages could account for the
reacquisition of methylation at major satel-
lite repeats (Fig. 1c). Qualitative assess-
ment of the distribution of Dnmt enzymes
using immunofluorescence detected no dif-
ferences between XY and XX ES cells (data
not shown).

To test whether reduced levels of de novo Dnmts contributed to
global hypomethylation, we transfected XX ES cells with Dnmt3a and
Dnmt3b expression constructs. Western-blot analysis detected
increased levels of the proteins in many of the transgenic cell lines,
although levels were generally not as high as those observed in control
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Figure 3 Hypomethylation of imprinted DMRs in XX ES cells. (a) Bisulphite analysis

of regions a and b of the H19 DMR. Each horizontal line represents an independently

sequenced template with CpG methylation indicated by filled circles. Samples were XY

and XX kidney DNA (somatic) and XY or XX ES cell line DNA. Approximately one-half

of sequenced templates from somatic samples and XY ES cells were highly methylated

(presumed paternal allele). But in XX ES cells, templates had little or no DNA

methylation in region a or b. (b) Southern-blot analysis of methylation status of a

diagnostic methylation-sensitive EagI site in the KvDMR1. DNA was digested with

PvuII (P) and then with EagI (E). Southern-blot analysis with the KvDMR1 probe

illustrates relative levels of methylated (4.1-kb parent PvuII band) and unmethylated

(2.9-kb EagI-cut band) DNA. DNA samples were from mouse kidney DNA (Som), ES

cell lines or PGK12.1 XX ES cells differentiated (Diff) in vitro. Approximately 50% of

somatic and XY ES samples remained undigested by EagI (methylated, presumed

maternal allele), whereas no methylation was detectable in XX ES cells before or after

differentiation. (c) Analysis of maternally methylated Igf2r-Air DMR as in b except

DNA was digested with PvuII (P) and the methylation-sensitive enzyme MluI (M), and

the Southern blot was probed with the Igf2r-Air probe. Hypomethylation occurred

specifically in XX ES cells.
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XY ES cells (Fig. 6a). Ectopic expression of Dnmt3a and Dnmt3b
increased methylation levels in the Xist promoter region, generally
B10–30% higher than in the parental PGK12.1 XX ES cells
(Fig. 6b,c). In cell line Dnmt3b cl8, methylation levels approached
those observed in normal XY ES cells.

We analyzed global methylation levels in selected transgenic cell
lines. In Dnmt3a d1 and Dnmt3b cl10 cells, CpG methylation was
elevated to a level intermediate between the levels observed in XX and
XY ES cells (Fig. 6d). In Dnmt3b cl8 cells, which showed the highest
levels of Xist promoter methylation, methylation levels were essentially
indistinguishable from those observed in XY ES cells. Taken together,
these results indicate that the methylation deficit in XX ES cells could
be complemented by ectopic expression of either Dnmt3a or Dnmt3b.
Methylation at the KvDMR1 and Igf2r-Air DMR was not restored in
transgenic XX cell lines (Fig. 6e). This is probably because methylation
at imprinted DMRs (unlike repeat sequences such as the major
satellite; Fig. 1) is completely lost. This could also explain why
methylation at imprinted DMRs does not recover after differentiation
of XX ES cells (Fig. 3b,c).

Hypomethylation of the genome in XX ES cells may account for
previously unexplained findings, including Xist promoter hypo-

methylation4–6, elevated levels of chromatin modifications asso-
ciated with gene activity on the X chromosome in XX ES cells16,
and hypomethylation of the H19 DMR in XX but not XY embryo-
nic germ cells17,18. Our findings also provide a possible explanation
for instability of the XX karyotype in ES cells, although we cannot
rule out alternative explanations at this time. The fact that some
XX ES cell lines, notably PGK12.1 and LF2 used in this study,
tolerate hypomethylation and retain both X chromosomes may
indicate that a secondary mutation compensates for the proposed
selective disadvantage.

Hypomethylation in XX ES cells seems to be attributable to reduced
levels of de novo methyltransferases, most notably Dnmt3a. This is
consistent with the demonstrated role of these enzymes in mainte-
nance of methylation in ES cells7,19,20. We speculate that the
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Figure 6 Ectopic expression of de novo methyltransferases restores

methylation in XX ES cells. (a) Western-blot analysis illustrating levels of

de novo methyltransferases in control 129/1 XY and PGK12.1 (PGK) XX ES

cells and in a series of PGK12.1 derivative cell lines obtained by stable

transfection with constructs expressing one of the two major isoforms of

Dnmt3a (Dnmt3a and Dnmt3a2) or the major isoform of Dnmt3b

(Dnmt3b1). LaminB was used as a loading control. In the case of Dnmt3a,

only the short 100-kDa isoform (normally the predominant isoform in ES

cells21) was overexpressed, regardless of whether the Dnmt3a or Dnmt3a2

construct was used. This suggests that the translation initiation codon for

the short form is preferentially selected in ES cells. Molecular weights

(kDa) are shown to the right. (b) Southern-blot analysis to estimate

methylation levels at MluI and SacII sites in the promoter (P1) of the
gene Xist (as in Fig. 2d). Molecular weights (kb) are shown to the right.

(c) Quantitative analysis of Southern blots in b showing methylated fraction

as percentage of total. Solid and dashed lines highlight methylation levels

in control PGK12.1 (PGK) cells. (d) Quantification of nearest-neighbor

analysis showing percentage of total dCp that is methylated (mdCp) in

control XY (129/1) and XX (PGK12.1) ES cells and in transgenic cell lines

Dnmt3a (3a) d1 and Dnmt3b (3b) cl8 and cl10. (e) Southern-blot analysis

of methylation levels in KvDMR1 and Igf2r-Air DMR (as in Fig. 3b,c) in

control XY (129/1) and XX (PGK12.1) ES cells and in transgenic cell lines

Dnmt3b (3b) cl8 and cl10.
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X chromosome encodes a modifier locus whose product represses
de novo methyltransferases. Cells with two active X chromosomes will
overexpress the modifier and therefore have reduced levels of the
enzymes. Additional factors may also be involved in genome-wide
hypomethylation, particularly because the rate of loss of methylation
at imprinted DMRs in parthenogenetic ES cells is much more rapid
than the reported loss of methylation in ES cells lacking both Dnmt3a
and Dnmt3b (refs. 7,14,19,20).

What are the possible implications of our findings? A first con-
sideration is whether similar hypomethylation occurs in human XX ES
cells. Such epigenetic instability would have important consequences
for the use of ES cells in cell therapy. A second consideration is that
both X chromosomes are active during certain stages in normal
development. In these cases there are probably insufficient cell divi-
sions to cause a marked reduction in CpG methylation, but more
subtle effects could occur. Possibly related to this, Beckwith-Wiede-
man syndrome associated with hypomethylation of the KvDMR1
occurs at a relatively high frequency in monozygotic twins, and in
almost all cases, the affected twins are female21,22. It will be impor-
tant to examine this connection further and also to determine whether
female bias occurs in association with other diseases with an
epigenetic component.

METHODS
Cell lines and mouse strains. ES cell lines PGK12.1, LF2, 129/1 and Efc-1, and

standard methods for maintaining and differentiating ES cells, have been

described in detail elsewhere4,5. Parthenogenetic ES cell lines were described

previously12. B3 cells, a subline of PGK12.1 XX ES cells, and A11 cells, a line

that arose in the course of deriving new ES cells, were both verified to be 39 X0

by karyotypic analysis and DNA FISH using X- and Y-linked probes. XX and

XY somatic cell DNA was prepared from kidneys of (C57Bl6 � CBA) F1 mice

using standard methods.

We generated the Dnmt3a and Dnmt3a2 expression constructs by cloning

their respective cDNAs into the pEF6-V5-His-TOPO vector (Invitrogen). The

vector contains the human EF1a promoter for constitutive expression, and the

cDNAs were expressed as C-terminal fusions with the V5 and polyhistidine

tags. To make the Dnmt3b1 expression construct, we initially cloned the cDNA

into pIND-V5-HISA plasmid for fusion with the V5 and polyhistidine tags and

then cloned the fusion construct into the pCAG1-Puro expression vector (a gift

from S. Sheardown; Glaxo Smith-Kline, Harlow, UK), which contains the

chicken b-actin promoter for constitutive expression in mammalian cells. We

prepared stable PGK12.1 derivative cell lines by transfection of the constructs

using Lipofectamine 2000 (Invitrogen). We expanded blasticidin-resistant

(Dnmt3a and Dnmt3a2) or puromycin-resistant (Dnmt3b) colonies to produce

stable cell lines for further analysis.

Methylation assays. For Southern-blot assays, DNA was digested with ap-

propriate restriction enzymes in accordance with the manufacturers’ recom-

mendations (New England Biolabs) and then separated by electrophoresis

on 1% agarose gels and Southern blotted using standard procedures. We

probed blots with radioactively labeled pGammasat (mouse major satellite

repeats, gift from N. Dillon; MRC-CSC, London, UK), pMo (C-type retro-

virus, gift from L. Lefebvre; Life Science Center, Vancouver, Canada), MG1

(ref. 4; Xist promoter), sc24 probe23 (KvDMR1), a 330-bp PCR probe

described previously24 (Igf2r-Air DMR), a 385-bp probe from exons 1–3 of

Smc1l1 generated by PCR from genomic DNA (Smc1l1) or l5 probe D

(genomic DNA probe from the mouse l5vpreB locus; gift from N. Dillon).

Blots were exposed on a phosphorimager, and the results quantified

using ImageQuant 5.1.

For bisulphite assays, we processed DNA samples using a bisulphite assay kit

(Chemicon International) in accordance with the manufacturer’s protocols.

After nested PCR amplification, we cloned samples into the vector

pCR-4-TOPO (Invitrogen) and sequenced them. For the H19 DMR, we used

PCR primers in regions a and b as described25. Other primer sequences are

given in Supplementary Table 1 online.

We carried out quantitative nearest-neighbor analysis as described

previously26.

Western-blot analysis. We prepared whole-cell extracts as described27.

We separated proteins by electropheresis on SDS-PAGE (8% or 4–15%

gradient) gels and wet-blotted them in 10 mM Tris, 8.3 mM NaAc and

0.5 mM EDTA (pH 7.8). We carried out western blotting using TBS (0.9%

NaCl, 100 mM Tris). We obtained antibodies to Dnmt3a and Dnmt3b from

Alexis Biochemicals. The Dnmt3a antibody, which recognizes Dnmt3a and

Dnmt3a2 isoforms and also cross-reacts with Dnmt3b (ref. 28), was diluted

1:250. The Dnmt3b antibody recognizes all isoforms of Dnmt3b and was

used at a 1:250 dilution. The Dnmt1 antibody was from Abcam (ab5208) and

was diluted 1:10,500. LaminB antibody was from Santa Cruz and was

diluted 1:2,000. We used secondary antibodies linked to horseradish peroxi-

dase and carried out ECL detection (Amersham) in accordance with the

manufacturer’s recommendations.

Note: Supplementary information is available on the Nature Genetics website.
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