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It has been reported that DNA methyltransferase 1-deficient (Dnmt1�/�) embryonic stem (ES) cells are hypo-
methylated (20% CpG methylation) and die through apoptosis when induced to differentiate. Here, we show
that Dnmt[3a�/�,3b�/�] ES cells with just 0.6% of their CpG dinucleotides behave differently: the majority of
cells within the culture are partially or completely blocked in their ability to initiate differentiation, remaining
viable while retaining the stem cell characteristics of alkaline phosphatase and Oct4 expression. Restoration
of DNA methylation levels rescues these defects. Severely hypomethylated Dnmt[3a�/�,3b�/�] ES cells have
increased histone acetylation levels, and those cells that can differentiate aberrantly express extraembryonic
markers of differentiation. Dnmt[3a�/�,3b�/�] ES cells with >10% CpG methylation are able to terminally
differentiate, whereas Dnmt1�/� ES cells with 20% of the CpG methylated cannot differentiate. This demon-
strates that successful terminal differentiation is not dependent simply on adequate methylation levels. There
is an absolute requirement that the methylation be delivered by the maintenance enzyme Dnmt1.

Modifications in chromatin, including DNA methylation and
histone modification, are known to be important epigenetic
determinants of gene transcription. DNA methylation levels
fluctuate markedly in early mouse development. In preimplan-
tation development, the mouse embryo undergoes active and
passive genomic demethylation (3, 15). This is restored at the
time of implantation by the combined action of de novo and
maintenance DNA methyltransferases (Dnmts). Studies of
DNA methyltransferase 1-deficient (Dnmt1�/�) and Dnmt3a/
Dnmt3b-deficient (Dnmt[3a�/�,3b�/�]) mouse embryos have
demonstrated that restoring DNA methylation is essential for
development (13, 19). Dnmt1�/� and Dnmt[3a�/�,3b�/�] em-
bryos exhibit an early-lethal phenotype. At day 9.5 postcoitus,
the embryos appear to have gastrulated but exhibit marked
growth delay, having failed to turn or develop somites. In the
presence of Dnmt1 deficiency, development is thought to fail
because of cell death. Dnmt1-deficient embryoid bodies (EBs)
aberrantly express Xist, down-regulate X-linked genes, and
apoptose when induced to differentiate (20). Late-passage hy-
pomethylated Dnmt[3a�/�,3b�/�] embryonic stem (ES) cells
are unable to form teratomas in vivo, but the cause of their
differentiation failure has not been studied (4).

Early embryonic development is characterized by high levels
of Dnmt3a and Dnmt3b expression. These enzymes clearly
have roles in initiating remethylation of the genome following
preimplantation demethylation, but it is not known whether
continued de novo methyltransferase activity is required for
development once global remethylation has taken place. This
was our reason for studying the differentiation of Dnmt[3a�/�,

3b�/�] ES cells in vitro. These mutant ES cells were derived
from fully methylated wild-type ES cells and would have been
predicted to have retained most of their methylation because
of the continued presence of the maintenance methyltrans-
ferase Dnmt1. In fact, while early-passage Dnmt[3a�/�,3b�/�]
ES cells are well methylated, DNA methylation levels fall pro-
gressively in culture (4). However, the rate of loss and the pre-
cise levels of methylation remaining have not been quantified.
We have used a quantitative assay of DNA methylation to ex-
amine the effects of progressively decreasing genomic methyla-
tion levels on differentiation in vitro. Our studies reveal a clear
but unexpected difference between the behaviors of hypometh-
ylated Dnmt1�/� and Dnmt[3a�/�,3b�/�] ES cells in in vitro
assays of differentiation. At very low levels of DNA methyla-
tion, Dnmt[3a�/�,3b�/�] ES cells demonstrate an inability to
initiate differentiation upon leukemia inhibitory factor (LIF)
withdrawal, remaining viable and retaining markers character-
istic of undifferentiated ES cells.

MATERIALS AND METHODS

ES cell culture. ES cells were maintained on gelatin in a Glasgow modification
of Eagle medium (Invitrogen) supplemented with 10% fetal calf serum, 100 �M
2-mercaptoethanol, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate,
2 mM L-glutamine, and 100 U of leukemia inhibitory factor (LIF)/ml (24).

Alkaline phosphatase assay. To determine the number of self-renewing ES
cells in monolayer or EB culture, single-cell suspensions were prepared by
trypsinization of monolayers or dispase treatment of EBs. Viable cells (103 per
well; trypan blue exclusion) were plated for ES cell suspensions, and 5 � 103 cells
per well were plated for the EB suspensions on gelatin-coated six-well dishes in
Glasgow minimum essential medium (GMEM) supplemented with LIF (100
U/ml) or unsupplemented. After 5 days of culture, the cells were stained for
alkaline phosphatase (86-R; Sigma).

Hematopoietic differentiation. Differentiation of ES cells was performed as
previously described (30). Briefly, 600 to 1,200 cells were plated in Iscove’s
modified Dulbecco’s medium (Invitrogen); 1% methylcellulose (Stem Cell Tech-
nologies); 10% fetal calf serum; erythropoietin (1 U/ml; Roche); insulin (10
�g/ml; Sigma); murine interleukin-3 (2 U/ml; Roche); 2 mM L-glutamine, pen-
icillin, and streptomycin; and 340 �M monothioglycerol (Sigma). The percentage
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of hemoglobinized EBs was scored on day 10, and the percentage of colonies
showing myeloid differentiation was assessed on day 20 of culture.

Cardiomyocyte differentiation. Embryoid bodies were generated by hanging
drop (300 ES cells per 10 �l of GMEM plus LIF) for 2 days. EBs were cultured
in suspension in GMEM without LIF for a further 5 days before being plated on
gelatin-coated 24-well plates (1 EB/well). The percentage of EBs with beating
cardiomyocytes was scored for 10 further days of culture, and a cumulative score
was recorded.

Methylation rescue of demethylated ES cells with Dnmt3a or Dnmt3b trans-
genes. Full-length cDNAs for Dnmt3a and Dnmt3b were generated by reverse
transcription (RT)-PCR and subcloned into pCAGASIZ (a kind gift from A.
Smith), bringing the Dnmt3 cDNAs under the control of the CAG promoter (18)
with an internal ribosomal entry site (IRES) linking zeocin resistance with
methyltransferase expression. Late-passage highly demethylated Dnmt[3a�/�,
3b�/�] P75 ES cells were electroporated with the Dnmt rescue construct.
Three Dnmt3�-rescued and three Dnmt3�-rescued zeocin (15 �g/ml)-resistant
ES cell clones were isolated. The controls were wild-type J1 ES cells and highly
demethylated late-passage Dnmt[3a�/�,3b�/�] ES cells transfected with pCA-
GASIZ (vector control). Three J1 vector control ES cell clones and six Dnmt
[3a�/�,3b�/�] vector-only zeocin-resistant ES cell clones were isolated.

Western blots. ES cells (2 � 105) were lysed in 2� Laemmli sample buffer and
incubated at 95°C for 5 min before being separated by sodium dodecyl sul-
fate–8% polyacrylamide gel electrophoresis and electroblotted onto nitrocellu-
lose; 10 �l/lane was loaded on a sodium dodecyl sulfate–8% polyacrylamide gel
electrophoresis gel and blotted onto nitrocellulose. The blots were blocked
overnight in 5% Marvel–TBST (Tris-buffered saline–0.1% Tween 20) before
incubation with primary antibody diluted in 5% bovine serum albumin–TBST.
The blots were washed in TBST and incubated in horseradish peroxidase (HRP)
secondary antibody before detection in enhanced-chemiluminescence reagent.
The primary antibodies were anti-Oct4 (C10; Santa Cruz), rabbit anti-[acetyl-
K5]H4 antibody (R41; B. Turner); and rabbit anti-H3 (loading control; A. Ve-
rault).

Immunocytochemistry. ES cells cultured in GMEM plus LIF were fixed in 4%
paraformaldehyde before incubation with rat antilaminin monoclonal antibody
(LAMB; Developmental Studies Hybridoma Bank, University of Iowa) or mouse
anti-Oct4 monoclonal antibody (C10). The cells were washed and incubated with
secondary antibodies (anti-mouse antibody–HRP and anti-rat antibody–HRP
[Santa Cruz]) before being developed in True-Blue peroxidase substrate (KPL
Laboratories).

RT-PCR. cDNA was synthesized from total RNA using oligo(dT) and Molo-
ney murine leukemia virus reverse transcriptase (Roche). The PCR primers were
as follows: Oct4, 5�GGCGTTCTCTTTGGAAAGGTGTTC3� and 5�CTCGA
ACCACATCCTTCTCT3�; �H1-globin, 5�AGTCCCCATGGAGTCAAAGA3�
and 5�CTCAAGGAGACCTTTGCTCA3�; �-globin, 5�CTCTCTGGGGAAGA
CAAAAGCAAC3� and 5�GGTGGCTAGCCAAGGTCACCAGCA3�; Xist,
5�GTAACTCATCCCAGTGCAGG3� and 5�CTGTATAGGCTGCAGG3�;
Hnf4a, 5�ACACGTCCCCATCTGAAG3� and 5�CTTCCTTCTTCATGCCAG
3�; PL-1, 5�AGCTGACTTTGAATCTTTCAGGCTCCG3� and 5�TTATGGAT
GTCCCTTTTAATGCAGCGGC3�; Tpbpa, 5�AATCTTCCTAGTCATCCTAT
GCC3� and 5�CGCCACTCTCTGTGTAATCC3�; Albumin, 5�GATGAAACAT
ATGTCCCCAAAGA3� and 5�TGTGTTCCTAGGGTGTTGATTTTA3�; Hprt,
5�GCCTGTATCCAACACTTCG3� and 5�AGCGTCGTGATTAGCGATG3�;
�-tubulin, 5�GGAACATAGCCGTAAACTGC3� and 5�TCACTGTGCCTGAA
CTTACC3�; Brachyury, 5�ATGCCAAAGAAAGAAACGAC3� and 5�AGAGG
CTGTAGAACATGATT3�; and Gapdh, 5�GGGTGGAGCCAAACGGGTC3�
and 5�GGAGTTGCTGTTGAAGTCGCA3�.

5Methylcytosine quantification. 5Methylcytosine was quantified by nearest-
neighbor analysis (22).

RESULTS

Dnmt[3a�/�,3b�/�] ES cells progressively lose methylation
after prolonged passage in vitro. Wild-type (J1); Dnmt1�/�,
null s allele (13); and Dnmt[3a�/�,3b�/�] ES cells (clone 7)
(19) were cultured in GMEM plus 100 U of LIF/ml. At various
passage numbers, samples were taken for DNA extraction
and quantitative methylation analysis. The methylation lev-
els of wild-type and Dnmt1�/� ES cells remained constant at
65 and 20%, respectively, throughout (Fig. 1A). Single-mutant
Dnmt3a�/� and Dnmt3b�/� ES cells had methylation levels

just less than those of wild-type ES cells, and a second, inde-
pendently derived early-passage clone of Dnmt[3a�/�,3b�/�]
ES cells (clone 10; passage 5 [P5]) had 45% of the CpG meth-
ylated (Fig. 1A). The fraction of CpG dinucleotides methyl-
ated was found to fall continuously in the Dnmt[3a�/�,3b�/�]
ES cells, with the lowest level of 0.6% seen in P75 cells (Fig.
1B).

Dnmt1 has a global maintenance fidelity of �98% in ES
cells. The tendency for Dnmt[3a�/�,3b�/�] ES cells to lose
methylation in culture indicates that Dnmt1 alone is unable to
maintain methylation levels in these cells. Pulse-labeling of
exponentially growing Dnmt[3a�/�,3b�/�] ES cells with triti-
ated thymidine indicated a doubling time of 18.6 h compared

FIG. 1. (A) Percent CpG methylation in the indicated ES cell lines
as determined by nearest-neighbor analysis. The error bars indicate
standard deviations. (B) Percent CpG methylation levels fall in Dnmt
[3a�/�,3b�/�] ES cells with continued culture. The relative intensities
of the dCp and mdCP spots reflect the frequencies CpG and mCpG at
MboI sites. (C) Histone H4 lysine-5 acetylation ([acetyl-K5]H4) levels
are increased in Dnmt[3a�/�,3b�/�] P75 ES cells and restored in
Dnmt3a and Dnmt3b cDNA-rescued Dnmt[3a�/�,3b�/�] P75 ES cell
lines. Acetylation levels are not appreciably increased in Dnmt1�/� ES
cells. Separate experiments showing (i) [acetyl-K5]H4 ([ac-K5]H4)
levels in Dnmt[3a�/�,3b�/�] P75 ES cells compared with wild-type cells
(total H3 serves as a loading control) and (ii) [acetyl-K5]H4 levels in
Dnmt1�/� ES cells and the rescued Dnmt[3a�/�,3b�/�] cell lines 3b3
and 3a10 compared with wild-type ES cells. (D) Relative [acetyl-
K5]H4 calculated by densitometry after normalization to a total his-
tone H3 loading control.
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with 14 h in wild-type J1 ES cells (data not shown). As the
late-passage Dnmt[3a�/�,3b�/�] ES cells were grown for 165
days, the rate of loss of DNA methylation from 22 to 0.6% of
CpG between passage 20 and passage 75 accords with �216
population doublings and a maintenance methylation fidelity
of 98.3% [	216 
 0.6/22; � 	 
 0.0272731/216 
 0.983]. This esti-
mate assumes that DNA methylation falls exponentially, with
the fraction lost every cell division being proportionate to the
amount of methylation that remains. If one assumes that the
number of population doublings (i.e., 216) could be incorrect
by a factor of 30% either way, this would indicate a mainte-
nance fidelity range of 97.7 to 98.7% (based on 151 to 281
population doublings). This estimate of the fidelity of mainte-
nance methylation is considerably lower than previous esti-
mates based on the maintenance of methylation at a specific
genomic segment (21). In wild-type ES cells, the de novo meth-
yltransferases Dnmt3a and Dnmt3b are clearly necessary for
countering methylation losses due to imperfect maintenance of
methylation by Dnmt1.

Stable integration of a Dnmt3 cDNA transgene into the
hypomethylated Dnmt[3a�/�,3b�/�] ES cell genome restores
DNA methylation. We restored DNA methylation to the de-
methylated cells by random stable integration of a Dnmt3a or
Dnmt3b cDNA transgene under the control of the CAG pro-
moter (18) using an IRES-zeocin-selectable marker. To assist
in the interpretation of subsequent differentiation experiments,
a single subclone of Dnmt[3a�/�,3b�/�] P75 ES cells was used
for integration of the cDNA transgenes. Three Dnmt3a-res-
cued clones (3a4a, 3a10, and 3a16), three Dnmt3b-rescued
clones (3b3, 3b17, and 3b23), and six mock-rescued clones (no
Dnmt transgene; mock 1 to 6) were derived, and the methyl-
ation levels of the rescued clones were determined by nearest-
neighbor analysis. The methylation levels approached those of
wild-type ES cells (60 to 70% of the CpG methylated) in all but
one clone, 3a4a, in which 26% of the CpG was methylated.
Western blotting indicated that this clone had the lowest ex-
pression of the transgene (data not shown). Methylation levels
were very low (�1% of CpG) in all mock-rescued clones.

Severe DNA hypomethylation causes global histone H4 ly-
sine-5 hyperacetylation, which is reversed when DNA methyl-
ation is restored. As previous studies have shown that there is
a biochemical association among DNA methylation, proteins
that interact with methylated DNA (methyl-CpG binding pro-
teins), and histone deacetylase (HDAC), we investigated wheth-
er histone acetylation levels were affected by a near absence
of DNA methylation. Western blots of ES cell lysates using an
antibody specific for the acetylated lysine-5 residue of histone
H4 ([acetyl-K5]H4) demonstrated that acetylation is increased
in hypomethylated Dnmt[3a�/�,3b�/�] ES cells (Fig. 1C). How-
ever, Dnmt1�/� ES cells and Dnmt3a- and Dnmt3b-rescued
ES cells showed wild-type levels of [acetyl-K5]H4 (Fig. 1C).
Quantification of the Western blotting results from indepen-
dent experiments showed that Dnmt[3a�/�,3b�/�] P75 ES cells
had approximately twice the level of [acetyl-K5]H4 as wild-type
ES cells, suggesting that very low levels of DNA methylation
result in less histone deacetylase activity being recruited to the
chromatin.

Maintenance but not de novo methylation is required for
efficient ES cell differentiation in vitro. We studied the differ-
entiation of Dnmt[3a�/�,3b�/�] ES cells with specific levels of

overall DNA methylation (at different passage numbers) and
compared this with passage-matched wild-type and Dnmt1�/�

ES cells, both of which had a constant level of DNA methyl-
ation. This enabled us to determine the importance of Dnmt3-
related de novo methylation compared with Dnmt1-related
maintenance methylation in ES cell differentiation.

Methylcellulose hematopoietic progenitor assay. The meth-
ylcellulose hematopoietic progenitor assay determines the abil-
ity of ES cells to differentiate into hematopoietic lineages in
the presence of interleukin-3 and erythropoietin. In wild-type
ES cells, erythroid colonies typically have a localized accumu-
lation of hemoglobin at the periphery of the colony and were
scored on day 10 of the assay (Fig. 2A). Myeloid cells emerge
and spread outward from the central core and were scored on
day 20 (Fig. 2B). Cell lines that failed to differentiate typically
showed no obvious hemoglobinization by eye (Fig. 2C), but

FIG. 2. Dnmt[3a�/�,3b�/�] ES cells lose differentiation capacities
with prolonged passage and progressive demethylation. Photomicro-
graphs of normal erythroid (day 10) (A) and myeloid (day 20) (B) dif-
ferentiation of wild-type ES cell colonies. Examples of absent (C) and
atypical (diffuse low-level) (D) erythroid differentiation are also shown.
Bar charts depicting the extent of DNA methylation (meth.) (E), per-
centage of colonies showing erythroid differentiation (diff.) (F), mye-
loid differentiation (G), and EBs showing cardiomyocyte differentia-
tion (H) are shown for wild-type, Dnmt1�/�, and Dnmt[3a�/�,3b�/�]
ES cells of different passages. The x axis labels shown in panel H are
the same for all graphs. The error bars indicate standard deviations.
Asterisks indicate a low level of diffuse hemoglobinization.
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occasionally low-level diffuse hemoglobinization was observed
(Fig. 2D).

Dnmt1�/� ES cells (20% of CpG methylated) showed mark-
edly reduced differentiation into erythroid colonies, and no
myeloid colonies were observed (Fig. 2F and G). The single-
knockout Dnmt3a�/� and Dnmt3b�/� ES cell lines showed
both erythroid and myeloid differentiation (data not shown).
However, ES cells with combined deletions of Dnmt3a and
Dnmt3b exhibited erythroid and myeloid differentiation that
was apparently dependent on the level of genomic methylation.
Thus, early-passage Dnmt[3a�/�,3b�/�] P15 ES cells from
clone 7 (39% of CpG methylated) and P5 cells from clone 10
(45% of CpG methylated) (data not shown) were able to dif-
ferentiate into erythroid and myeloid colonies that were indis-
tinguishable from wild-type colonies. However with increasing
passage number and declining DNA methylation, the Dnmt
[3a�/�,3b�/�] ES cells lost the ability to differentiate. By pas-
sage 30, the Dnmt[3a�/�,3b�/�] ES cells had lost the ability to
form myeloid colonies, and by passage 75, no colonies could be
scored as having erythroid differentiation typical of that seen in
wild-type ES cells, though an atypical pattern of hemoglo-
binization could be seen in 5% of the colonies (Fig. 2D and F).

Cardiomyocyte differentiation. We determined whether meth-
ylation loss would result in a defect in cardiomyocyte differen-
tiation. The cardiomyocyte assay measures the proportion of
EBs that beat (spontaneous contractions) within a 5- to 15-day
period after LIF withdrawal. Very low-level differentiation was
observed in Dnmt1�/� EBs independent of the passage num-
ber. Early-passage Dnmt[3a�/�,3b�/�] P15 ES cells with 39%
CpG methylation differentiated well (Fig. 2H). Two single-
knockout ES cell lines (Dnmt3a�/� and Dnmt3b�/�) were both
shown to have near-normal levels of DNA methylation and
were also able to differentiate efficiently (data not shown).
Dnmt[3a�/�,3b�/�] P30 EBs differentiated well, but highly de-
methylated Dnmt[3a�/�,3b�/�] P75 EBs failed to differentiate
within 15 days of LIF withdrawal (Fig. 2H). Beyond 15 days of
differentiation, occasional EBs (�5%) showed intermittent
beating in a small number of cells.

Differentiation is rescued by remethylation of the Dnmt
[3a�/�,3b�/�] genome. All Dnmt3-rescued ES cell lines except
3a4a showed wild-type levels of DNA methylation (Fig. 3A),
and with the exception of 3b17, all showed levels of cardio-
myocyte and erythroid differentiation, whereas mock-rescued
clones failed to differentiate (Fig. 3B and D). Indeed, cardio-
myocyte differentiation was absent in all six mock-rescued
clones within 15 days of LIF withdrawal. Very low-level cardi-
omyocyte differentiation was observed in 3b17 EBs, and heme
production was observed only after benzidine staining (data
not shown). Some level of myeloid differentiation was restored
in the rescued cell lines, but the level of restoration was less
marked than that observed with cardiomyocyte and erythroid
differentiation (Fig. 3C). Taken together, the success of the
rescue experiments indicated that differentiation failure in the
Dnmt[3a�/�,3b�/�] P75 ES cell line is the result of methylation
loss rather than prolonged passage.

Hypomethylated Dnmt[3a�/�,3b�/�] P75 EBs retain large
numbers of undifferentiated cells following differentiation in-
duction and fail to cavitate. To investigate the cause of differ-
entiation failure, we analyzed EB morphology. Cavitation is an
early structural feature of EB differentiation (14). We analyzed

the morphology of EBs to determine whether these cystic
structures were present in the hypomethylated EBs. In fact,
all EBs that failed to differentiate were small and lacked cav-
ities (unpublished data). EBs derived from late-passage Dnmt
[3a�/�,3b�/�] P75 ES cells were the smallest of all the cell lines
studied. Alkaline phosphatase staining showed that these EBs,
though small, consisted almost entirely of alkaline phospha-
tase-positive cells. To confirm that viable undifferentiated ES
cells were retained in the Dnmt[3a�/�,3b�/�] P75 EBs, we
disaggregated them and replated the cells at cloning density in
100 U of LIF/ml. Large numbers of undifferentiated colonies
per 5 � 103 viable cells plated were recovered from the Dnmt
[3a�/�,3b�/�] P75 and 3b17 EBs, but not from the wild-type
Dnmt1�/� EBs or Dnmt3-rescued EBs (Fig. 4).

Hypomethylated Dnmt[3a�/�,3b�/�] P75 ES monolayers
fail to initiate differentiation on LIF withdrawal. Since large
numbers of undifferentiated stem cells remain in the Dnmt
[3a�/�,3b�/�] P75 EBs 18 days after LIF withdrawal, we ques-
tioned whether this was an inherent feature of the hypometh-
ylated cells or whether the close cell contact with an EB was in
some way exacerbating the failure to differentiate. We there-

FIG. 3. Differentiation is restored by random integration of Dnmt3a
and Dnmt3b expression vectors into the Dnmt[3a�/�,3b�/�] P75 ES
genome. Nearest-neighbor analysis shows the extent of CpG methyl-
ation (meth.) in Dnmt3a-rescued (3a4, 3a10, and 3a16) and Dnmt3b-
rescued (3b3, 3b17, and 3b23) clones and a mock-rescued clone 1 (A).
The percentages of colonies showing erythroid differentiation (diff.)
(B) and myeloid differentiation (C) and the percentage of EBs showing
cardiomyocyte differentiation (D) are shown. The x axis labels shown
in Fig. 3D are the same for all graphs. The error bars indicate standard
deviations. ND, not determined. *, occasional beating seen after 15
days.
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fore studied differentiation in monolayer cultures at low den-
sity (cloning density) and at standard densities for culturing ES
cells.

Wild-type, Dnmt mutant, and Dnmt3-rescued ES cell lines
were cultured either with LIF or without LIF for 7 days. On
day 7, 103 cells were seeded into six-well plates in triplicate in
either 0 or 100 U of LIF/ml. After a further 5 days of culture,
the colonies were stained for alkaline phosphatase and scored
as either stem cell (totally undifferentiated and alkaline phos-
phatase-positive), mixed (retaining alkaline phosphatase in
part of the colony), or differentiated (with little or no evidence
of alkaline phosphatase staining) colonies (17).

All cell lines showed a tendency to plate less efficiently in
0 U of LIF than in 100 U of LIF/ml (data not shown). In gen-
eral, �20 to 30% of ES cells plated produced colonies in 100
U of LIF/ml at cloning density. However, in 0 U of LIF/ml, the
plating efficiency could be as low as 10%. The reduction in
plating efficiency upon LIF withdrawal indicates that a propor-
tion of ES cells die when induced to differentiate. There was no
correlation between plating efficiency in 0 U of LIF/ml and the
ability of the various cell lines to differentiate as embryoid
bodies.

We examined the morphology of ES colonies plated in 0 U
of LIF/ml (Fig. 5A). Quantification of these morphologies is
shown in Fig. 5B. The results demonstrate that while wild-type
Dnmt1�/� ES cells and early-passage Dnmt[3a�/�,3b�/�] ES
cells form predominantly differentiated colonies when plated
in 0 U of LIF/ml, a considerable impediment to differentiation
is observed in the hypomethylated Dnmt[3a�/�,3b�/�] P75 ES
cells and the mock-rescued Dnmt[3a�/�,3b�/�] P75 ES cells.
In these cell lines, �30% of the colonies remained undiffer-
entiated, 30% were partially differentiated, and 40% were dif-
ferentiated. The observation of differentiated Dnmt1�/� and
Dnmt[3a�/�,3b�/�] colonies in 0 U of LIF/ml demonstrates
that, despite the reported death by apoptosis upon differ-
entiation induction in Dnmt1�/� ES cells (20), a significant
fraction of these cells do not die. We have also shown by
pulse-labeling with tritiated thymidine that Dnmt1�/� ES cells
continue to grow at a reduced rate 7 days after LIF withdrawal
(unpublished data). The growth of Dnmt[3a�/�,3b�/�] P75 ES
cells is less affected by LIF withdrawal because of the number
of undifferentiated cells remaining in the culture.

FIG. 4. Quantification of alkaline phosphatase-positive undifferen-
tiated ES cells remaining in day 15 EBs by colony assay in 100 U of
LIF/ml. The error bars indicate standard deviations.

FIG. 5. Hypomethylated Dnmt[3a�/�,3b�/�] P75 ES cells fail to
initiate differentiation upon LIF withdrawal. ES cells were cultured
either with LIF (100 U/ml) or without LIF before being replated at low
density into 100 or 0 U of LIF/ml. (A) Alkaline phosphatase staining
of colonies previously cultured in LIF (100 U/ml) and replated into 0 U
of LIF/ml. (B) Percentages of stem cell (black), mixed (grey), and dif-
ferentiated (white) colonies observed in panel A. (C) ES cell colonies
recovered (100 U of LIF/ml; alkaline phosphatase stain) after growth
with and without LIF for 7 days. (D) Total numbers of stem cell (black),
mixed (grey), and differentiated (white) colonies recovered after 7 days
without LIF. (E) Oct4 and SHP2 Western blot of ES cells grown in 100
or 0 U of LIF/ml for 7 days.
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ES cells that have been grown without LIF for 7 days would
be predicted to differentiate and lose their capacity to form
undifferentiated colonies or colonies of any kind when plated
back into LIF. When LIF was withdrawn from wild-type ES
cells, this was indeed the case. Only 23 colonies were recovered
per 103 wild-type cells plated, and just 5 of these colonies were
stem cell colonies (Fig. 5C and D). Thus, as expected, the wild-
type ES cells differentiate upon LIF withdrawal and lose their
potential to form colonies. In contrast, in the case of the Dnmt
[3a�/�,3b�/�] P75 ES cells, �300 colonies could still be de-
rived from the cultures after 7 days without LIF (Fig. 5C and
D). This indicates that a large number of cells within the cul-
tures were incapable of differentiating in the absence of LIF.
While the number of ES cell colonies recovered from the
Dnmt1�/� ES cell cultures and from the early-passage Dnmt
[3a�/�,3b�/�] ES cell cultures was also a little greater than that
from the wild-type cultures (50 to 100 versus 25 per 103 cells
plated), the degree of differentiation inhibition was far less
than that observed with the Dnmt[3a�/�,3b�/�] P75 ES cells. A
Western blot analysis using protein lysates from cultures be-
fore and after LIF withdrawal confirmed that Oct4, a marker
of undifferentiated ES cells, was down regulated in the wild-
type cultures but not in the Dnmt[3a�/�,3b�/�] P75 or Dnmt
[3a�/�,3b�/�] P75 mock-rescued cultures (Fig. 5E).

Five out of six Dnmt3a- and Dnmt3b-rescued cell lines re-
covered the ability to differentiate in the absence of LIF to
various extents (Fig. 5A, B, C, and D). The differentiation
defect was most efficiently rescued in the Dnmt3b-rescued cell
lines 3b3 and 3b23 and was less efficiently rescued in the
Dnmt3a-rescued cell lines. When the 3b3 and 3b23 cell lines
were cultured in LIF and subsequently replated in 0 U of
LIF/ml, �80% of the resulting colonies were completely dif-
ferentiated, almost 20% were partially differentiated, and vir-
tually none were completely undifferentiated (Fig. 5B). How-
ever, not all rescued clones differentiated well. Under identical
conditions, 8% of the 3b17 colonies were completely undiffer-
entiated and a further 80% were partially differentiated. A
substantial proportion of the Dnmt3a-rescued colonies (80 to
95%) were also scored as partially differentiated.

LIF signaling through Stat3 is normal in demethylated
Dnmt[3a�/�,3b�/�] P75 ES cells. We sought a mechanism that
might explain the differentiation inhibition observed in the
Dnmt[3a�/�,3b�/�] P75 ES cells. First, conditioned medium
derived from these cells was diluted 1 in 2 with fresh medium
and tested for its ability to support and maintain the growth of
undifferentiated wild-type ES cells. No evidence for a Dnmt
[3a�/�,3b�/�] P75 ES cell-derived inhibiting factor was ob-
served (data not shown). We next asked whether Stat3, a down-
stream target of the LIF signaling pathway (5), might be phos-
phorylated (activated) in the absence of exogenous LIF in the
Dnmt[3a�/�,3b�/�] P75 ES cells. However, Western blots us-
ing an antibody specific for phosphorylated tyrosine-705 re-
vealed that there was no constitutive tyrosine-705 phosphory-
lation and that Stat3 was phosphorylated normally in response
to LIF in the Dnmt[3a�/�,3b�/�] P75 ES cells (unpublished
data).

Expression analysis of lineage-specific markers in Dnmt
[3a�/�,3b�/�] P75 ES cells. Having established that differen-
tiation into cardiomyocytes and hematopoietic progenitors was
defective in the Dnmt1�/� and Dnmt[3a�/�,3b�/�] P75 cells,

we were interested to see whether other markers of lineage
commitment were affected in the differentiating EBs.

Hypomethylated Dnmt[3a�/�,3b�/�] P75 ES cells exhibit
low-level spontaneous extraembryonic differentiation into pa-
rietal endoderm in the presence of LIF. Hypomethylated Dnmt
[3a�/�,3b�/�] P75 and mock-rescued subclones have a spo-
radic tendency to differentiate in the presence of LIF into cells
that have a cobblestone appearance suggestive of parietal
endoderm. This was not a feature of the Dnmt[3a�/�,3b�/�]
P75 ES cells that had been rescued with either Dnmt3a or
Dnmt3b transgenes. We confirmed by immunocytochemistry
that these differentiated cells were of extraembryonic lineage,
because they failed to express Oct4 and alkaline phosphatase
but expressed high levels of laminin B1, a protein specific for
yolk sac parietal endoderm (29) (Fig. 6A). As laminin B1-
positive cells were not conspicuous in the wild-type or Dnmt-
rescued ES cells, we conclude that their presence was a direct
result of hypomethylation.

Oct4 mRNA levels are maintained after differentiation in-
duction in Dnmt[3a�/�,3b�/�] P75 EBs. Consistent with the
complete inability of 30% of the hypomethylated Dnmt[3a�/�,
3b�/�] P75 ES cells to initiate differentiation, we also found a
delay in the down regulation of Oct4 mRNA levels after LIF
withdrawal (Fig. 6B). Interestingly, while Dnmt1�/� EBs down
regulated Oct4 at the expected time, the gene was reexpressed
at day 20 post-LIF withdrawal (Fig. 6B). Also, and as expected,
Xist mRNA expression was markedly deregulated by DNA
hypomethylation, with expression increasing on differentiation
induction in both the Dnmt[3a�/�,3b�/�] P75 and Dnmt1�/�

EBs. This is in agreement with previous findings for Dnmt1�/�

EBs (20).
Dnmt[3a�/�,3b�/�] P75 EBs aberrantly express tropho-

blast-specific mRNA transcripts on induction to differentiate.
We investigated whether other transcripts characteristic of
extraembryonic differentiation might be expressed on LIF
withdrawal. We analyzed placental lactogen 1 (PL-1�) and
trophoblast-specific protein � (Tpbp) (26). These are specific
for trophoblast giant cells, and their expression is not normally
induced upon differentiation of wild-type ES cells. We found
that that PL-1 and Tpbp mRNA transcripts are induced in the
Dnmt[3a�/�, 3b�/�] P75 EBs and to a lesser extent in the
Dnmt1�/� EBs but are not induced significantly in wild-type
EBs (Fig. 6C).

Markers of mesodermal and endodermal differentiation are
deregulated in Dnmt[3a�/�,3b�/�] P75 EBs after differentia-
tion induction. Brachyury, a marker of early mesodermal
differentiation (8), was induced at day 3 as expected in the
Dnmt1�/� EBs but was markedly diminished in the Dnmt
[3a�/�,3b�/�] P75 EBs. The expression profiles of later mark-
ers of mesodermal differentiation (�-globin and �H1-globin)
indicated that these transcripts were being induced at the
expected time (28) but that their expression was not being
maintained in either the Dnmt[3a�/�,3b�/�] P75 EBs or the
Dnmt1�/� EBs (Fig. 6C).

Hnf4 (a marker of visceral endoderm and liver) (6), is not
usually expressed significantly in undifferentiated ES cells (1)
but is induced shortly after LIF withdrawal. Both the Dnmt
[3a�/�,3b�/�] P75 and the Dnmt1�/� EBs expressed higher
levels of Hnf4 than wild-type EBs (Fig. 6C). However, albu-
min, a later marker of endodermal differentiation (expressed
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in fetal liver and yolk sac and in day 10 EBs) (1), was not
induced to the high levels that normally accompany wild-type
EB differentiation. These data, in addition to the expression of
laminin B1, support the notion that hypomethylated ES cells
have an enhanced propensity for differentiation into primitive
and visceral endoderm in both the presence and absence of
LIF. The relatively weak expression of albumin mRNA sug-
gests that later endodermal differentiation is compromised.

Histone deacetylase inhibitors are toxic to differentiated hy-
pomethylated ES cells. To investigate whether this secondary
effect of DNA hypomethylation on histone acetylation might ac-
tually account for the failure of hypomethylated Dnmt[3a�/�,
3b�/�] ES cells to initiate differentiation spontaneously on LIF
withdrawal, we attempted to exacerbate the phenotype by fur-
ther increasing acetylation using agents that inhibit HDAC.
Prolonged treatment (2 to 5 days) with HDAC inhibitors was
found to be toxic to ES cells, but an 8-h pulse with either 50
mM sodium butyrate or 160 nM trichostatin A (TSA) was well
tolerated by wild-type ES cells. Experiments to assess the ef-
fects of HDAC inhibition on histone acetylation levels in both
wild-type and Dnmt[3a�/�,3b�/�] ES cells showed that the
overall effect of HDAC inhibition was marked but was short
lasting in both cell lines (Fig. 7A).

To assess the effect of HDAC inhibition on the cell lines, we
first looked at the effect on cloning efficiency in 0 U of LIF/ml.
In the absence of treatment, there is usually a modest loss in
colony number when ES cells are plated in 0 compared with
100 U of LIF/ml. Prior treatment with the HDAC inhibi-
tor exacerbated this loss markedly in the early-passage Dnmt
[3a�/�,3b�/�] P18 and Dnmt1�/� ES cell lines, but colony
numbers were well maintained in the more severely hypometh-
ylated Dnmt[3a�/�,3b�/�] P75 and wild-type ES cells (Fig.
7B). Maintaining the ES cells in LIF after exposure to the
HDAC inhibitor prevented this effect, indicating that HDAC
inhibitor treatment is most toxic to hypomethylated differen-
tiating ES cells. This was confirmed when the extent of differ-
entiation in the colonies was scored. LIF withdrawal allows the
differentiation of early-passage Dnmt[3a�/�,3b�/�] P18 and
Dnmt1�/� colonies. The overall effect of prior HDAC inhibitor
treatment was to dramatically reduce the number of differen-
tiated and partially differentiated colonies in these cell lines.
However as the more severely hypomethylated Dnmt[3a�/�,
3b�/�] P75 ES cells are resistant to differentiation on LIF
withdrawal, there was a less dramatic effect on total colony
numbers, but close examination of the colonies revealed that
they had lost their differentiated component (Fig. 7C). To-
gether, these findings indicate that HDAC inhibitor treatment
is toxic to differentiating ES cells that are deficient in DNA
methylation.

DISCUSSION

We have investigated the effect of DNA methyltransferase
deletion on DNA hypomethylation upon ES cell differentiation
in vitro using ES cells with targeted deletions of the DNA
methyltransferases Dnmt1, Dnmt3a, and Dnmt3b. The gradual
loss of DNA methylation from Dnmt[3a�/�,3b�/�] ES cells
indicates that the only remaining DNA methyltransferase with-
in these cells, Dnmt1, is not able to maintain methylation with
100% efficiency. The published estimate of the efficiency of
maintenance of methylation is 99.9% (21). This figure is based
on the maintenance fidelity within a specific sequence of DNA.
Our estimate is a global average and is considerably less than
this, lying between 97.7 and 98.7%.

To understand the effect of DNA methyltransferase deletion
and DNA hypomethylation on ES cell differentiation, it is use-
ful to think of the process in two stages. First, the cell must
initiate differentiation. Successful initiation results in the loss

FIG. 6. Deregulated mRNA and protein expression is evident in
Dnmt[3a�/�,3b�/�] P75 ES cells. (A) Dnmt[3a�/�,3b�/�] P75 ES cells
and wild-type and 3b3 rescued ES cells cultured in 100 U of LIF/ml
and stained for alkaline phosphatase (Alk. Phos.), laminin B1, and
Oct4 by immunocytochemistry. Ab, antibody. (B) RT-PCR analysis
of Oct4, Xist, and Gapdh in wild-type, Dnmt[3a�/�,3b�/�] P75, and
Dnmt1�/� EBs after induction to differentiate by LIF withdrawal. diff.,
differentiation. (C) RT-PCR analysis of trophoblast (Tpbp; Pl-1),
endoderm (Hnf4a; albumin), mesoderm (brachyury; �h1 globin and
�-globin), and housekeeping (Hprt and �-tubulin) genes in differen-
tiating EBs generated from wild-type, Dnmt[3a�/�,3b�/�] P75, and
Dnmt1�/� ES cells.
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of stem cell characteristics, such as alkaline phosphatase ex-
pression. Second, the initiated cells must proceed through a
series of stages (most of which are unknown) that lead finally
to the production of a terminally differentiated cell. Differen-
tiation might fail completely because of a failure to initiate
differentiation successfully. Alternatively, it might fail be-
cause, following the successful initiation of differentiation,
there might be failure to progress to a terminally differentiated
cell.

Dnmt1�/� ES cells with 20% of the CpG methylated are
able to initiate differentiation in response to LIF withdrawal
but fail to differentiate efficiently into terminally differentiated
cardiomyocytes or hematopoietic cells. In contrast, differenti-
ation in Dnmt[3a�/�,3b�/�] ES cells depends on their residual
level of DNA methylation catalyzed and maintained by Dnmt1.
Early-passage Dnmt[3a�/�,3b�/�] ES cells are well methylated
and are able to initiate differentiation and proceed to termi-
nally differentiated cardiomyocytes and hematopoietic cells.
The presence of Dnmt1 in these cells may be crucial for the
regulation of certain genes that are essential for differentia-
tion. This observation also demonstrates that neither de novo
methylation catalyzed by the Dnmt3 enzymes nor any protein-
protein interactions that these enzymes may be involved in is
required for ES cell differentiation in vitro. These findings are
in agreement with the observation that early-passage but not
late-passage Dnmt[3a�/�,3b�/�] ES cells can form teratomas
in vivo (4). Furthermore, in the present study, because we were
able to accurately quantify DNA methylation, we have been
able to show that Dnmt[3a�/�,3b�/�] P30 ES cells have less
methylation than Dnmt1�/� cells (11 versus 20% CpG meth-
ylation) but are able to differentiate considerably more effi-
ciently. This indicates that maintenance of methylation by
Dnmt1 is a specific requirement for terminal differentiation.
The preservation of similar or even higher levels of global
DNA methylation by continuous reiterative Dnmt3-related
de novo methylation cannot support terminal differentia-
tion. Maintenance of methylation by Dnmt1, which occurs at
the time of DNA replication, presumably results in a more
stable chromatin structure than continuous reiterative de novo
methylation, which occurs in Dnmt1�/� ES cells. In the latter
case, global methylation levels appear to be reduced but stable,
but the methylation at any particular site may not be preserved
from one cell generation to the next. Maintenance of methyl-
ation may be fundamental in propagating the stepwise changes
in transcription that are necessary for differentiation.

Severely hypomethylated late-passage Dnmt[3a�/�,3b�/�]
P75 ES cells fail to differentiate into hematopoietic cells and
cardiomyocytes. Since these cells retain alkaline phosphatase
and Oct4 expression upon LIF withdrawal, it is clear that
differentiation failure is not a simple consequence of cell
death upon differentiation induction, as has been shown for
Dnmt1�/� ES cells (20). Dnmt[3a�/�,3b�/�] P75 ES cells have
a defect in the initiation of differentiation upon LIF with-
drawal, so that �30% of these cells retain alkaline phospha-
tase, a marker of undifferentiated stem cells, upon LIF with-
drawal. Restoration of DNA methylation to the Dnmt[3a�/�,
3b�/�] P75 ES cells by random integration of Dnmt3a or
Dnmt3b cDNA transgenes rescued this differentiation initia-
tion phenotype and enabled terminal differentiation into he-
matopoietic cells and cardiomyocytes, although some rescued

FIG. 7. DNA hypomethylation exacerbates the toxic effects of his-
tone deacetylase inhibition upon differentiation induction. (A) West-
ern blot of ES cell lysates probed with anti-[acetyl-K5]H4. Time course
to show the return of acetylation levels to baseline 0, 1.5, and 3.5 h
after an 8-h treatment with 50 mM sodium butyrate. (B) Effect on ES
cell differentiation of pretreatment with either 50 mM sodium butyrate
(pBut) or 160 nM trichostatin A (pTSA). (C) Effect of pretreatment
with TSA on the differentiation of Dnmt[3a�/�,3b�/�] P75 ES cell
colonies after LIF withdrawal (i) without TSA pretreatment and (ii)
with TSA (160 nM) pretreatment. ES colonies were stained for
alkaline phosphatase (red).
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cell lines, such as 3b3 and 3b23, were better differentiators than
others.

The Dnmt3-rescued clones were generated after we first
selected and expanded a single clone from the Dnmt[3a�/�,
3b�/�] P75 ES cell culture. This was done to minimize under-
lying differences between the rescued clones. However, there
were still appreciable differences in the abilities of the Dnmt3b-
rescued cell lines to differentiate. Failure to differentiate de-
spite apparent remethylation might have been caused by an
unfavorable integration event. Alternatively, as a result of hy-
pomethylation, secondary changes in chromatin structure (such
as histone modification) might have occurred, making particu-
lar loci more or less amenable to remethylation. For example,
histone methylation has been shown to influence DNA meth-
ylation (12, 25). Apparent resistance to remethylation has been
described for imprinted genes that become biallelically ex-
pressed in Dnmt mutant ES cells (4, 27), possibly for similar
reasons.

We were interested to see if the transcriptional repertoire of
the severely hypomethylated Dnmt[3a�/�,3b�/�] P75 ES cells
was in any way deregulated. Hypomethylated Dnmt[3a�/�,3b�/�]
P75 ES cells tended to differentiate sporadically into laminin
B1-positive parietal endoderm cells (extraembryonic lineage)
even in the presence of LIF. Removing LIF from hypometh-
ylated Dnmt[3a�/�,3b�/�] P75 EBs resulted in a spectrum of
mRNA expression defects. Some genes, such as that for �-glo-
bin, appeared to be expressed as expected for wild-type differ-
entiating EBs. In other cases, the timing of transcript induction
appeared to be normal, but the transcripts were found at re-
duced levels compared with wild-type EBs (brachyury, Bh1
globin, and albumin). However, Hnf4 transcripts, which are
associated with primitive endoderm specification in the early
embryo (6), were markedly increased in hypomethylated Dnmt
[3a�/�,3b�/�] P75 ES cells and embryoid bodies. The tropho-
blast-specific transcripts Pl1 (specific for trophoblast secondary
giant cells) and Tpbp (ectoplacental cone and spongiotropho-
blast) were also expressed in differentiating severely hypometh-
ylated Dnmt[3a�/�,3b�/�] EBs, but not in wild-type ES cells.
These data indicate that hypomethylation leads to a general
loss of embryonic in favor of extraembryonic specification, and
this is likely to contribute to the failure of embryonic meso-
dermal differentiation that we have observed in Dnmt[3a�/�,
3b�/�] P75 ES cells. It is interesting that trophoblast specifi-
cation occurs at a time of extreme global DNA hypomethyla-
tion in the preimplantation embryo (10), whereas the initiation
of embryonic differentiation correlates with embryonic rem-
ethylation (23).

To investigate the cause of the differentiation defect in hy-
pomethylated cell lines, we investigated whether there might
be a secondary effect of DNA hypomethylation on histone
modification. A number of studies have demonstrated bio-
chemical interactions between methyl-CpG binding proteins
and HDACs (7, 16), and a number of other proteins located in
the chromatin are also known to associate with and potentially
recruit HDAC (9). DNA hypomethylation might therefore
have been predicted to cause histone hyperacetylation. West-
ern blot analysis using antibodies specific for the acetylated
lysine-5 residue of histone H4 (anti-[acetyl-K5]H4) demon-
strated a definite increase in the amount of acetylation in late-
passage Dnmt[3a�/�,3b�/�] ES cells in five independent ex-

periments. A similar effect could not be reliably demonstrated
in the Dnmt1�/� ES cells.

We reasoned that histone hyperacetylation might in some
way be responsible for the differentiation failure of hypometh-
ylated ES cells, either by inhibiting differentiation or by pro-
moting death upon differentiation induction. To gain further
insight into these possibilities, we tried to augment any affect
that histone hyperacetylation might have by further increasing
histone acetylation levels using HDAC inhibitors. The effects
(on acetylation) of an 8-h treatment with either TSA or sodium
butyrate were short lasting, indicating that most chromatin-
associated HDAC activity is not DNA methylation dependent.
Pretreatment of the early-passage Dnmt[3a�/�,3b�/�] P18 ES
cell and the Dnmt1�/� ES cells with an HDAC inhibitor re-
sulted in a marked reduction in the number of differentiated
colonies, but there was no gain in the combined number of
undifferentiated or partially differentiated colonies. The mech-
anism of this effect is not known, but normally methylated
wild-type ES cell colonies were apparently not susceptible to
this toxic effect. In the late-passage Dnmt[3a�/�,3b�/�] P75 ES
cells, the loss of differentiated cells from partially differentiated
colonies was striking, but again, there was no net gain in the
number of undifferentiated or partially differentiated colonies.
The toxicity observed toward differentiated cells is likely to be
a specific effect of HDAC inhibition, because it was observed
using two chemically dissimilar inhibitors of HDAC activity. It
is tempting to speculate that, as histone deacetylation and
DNA methylation have additive effects on gene silencing (2),
the transcriptional deregulatory effect of pharmacologically in-
ducing histone hyperacetylation are more profound in hypo-
methylated ES cells than they are in normally methylated cells.
The degree of transcriptional deregulation caused by HDAC
inhibition may correlate with the level of toxicity.

Though histone hyperacetylation was the presumed mecha-
nism of toxicity in the experiment with HDAC inhibitors, the
level of hyperacetylation induced was far higher than that
observed in Dnmt[3a�/�,3b�/�] P75 ES cells in the absence of
HDAC inhibitor. Therefore, it may not be safe to conclude
that histone hyperacetylation causes death when untreated
Dnmt[3a�/�,3b�/�] P75 ES cells are induced to differentiate.
Furthermore, as histone hyperacetylation could not be sus-
tained (because prolonged treatment with HDAC inhibitors
was toxic), we cannot exclude the possibility that moderate
histone hyperacetylation causes the differentiation inhibition
in Dnmt[3a�/�,3b�/�] P75 ES cells. One group has recently
shown that histone deacetylation occurs during the first 24 h of
ES cell differentiation induction and that treatment with much
lower doses of trichostatin A than used here prevents this
deacetylation and inhibits differentiation (11).

In summary, our results show that at equivalent levels of
global DNA methylation, Dnmt1-related maintenance methyl-
ation is qualitatively superior to reiterative Dnmt3-related de
novo methylation in terms of its ability to support terminal
embryonic differentiation in vitro. In vitro, the Dnmt3 enzymes
are not required for differentiation per se but are necessary for
correcting methylation losses due to maintenance failures by
Dnmt1. However, at very low levels of DNA methylation, ES
cells that lack Dnmt3a and Dnmt3b but retain Dnmt1 do fail to
terminally differentiate in vitro. The mechanisms underlying
differentiation failure are complex. We show that the initiation
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of differentiation is defective in very hypomethylated Dnmt
[3a�/�,3b�/�] ES cells. The chromatin of these cells is hyper-
acetylated, and transcription is grossly deregulated upon in-
duction to differentiate. The cells aberrantly express Xist and
tend to express extraembryonic rather than embryonic markers
of differentiation. These features are all likely to be detrimen-
tal to terminal embryonic differentiation.
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