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DNA methylation plays an important role in transcriptional repression. To gain insight into the dynamics
of demethylation and de novo methylation, we introduced a proviral reporter, premethylated at different
densities, into a defined chromosomal site in murine erythroleukemia cells and monitored the stability of the
introduced methylation and reporter gene expression. A high density of methylation was faithfully propagated
in vivo. In contrast, a low level of methylation was not stable, with complete demethylation and associated
transcriptional activation or maintenance-coupled de novo methylation and associated silencing occurring with
equal probability. Deletion of the proviral enhancer increased the probability of maintenance-coupled de novo
methylation, suggesting that this enhancer functions in part to antagonize such methylation. The DNA
methyltransferases (MTases) Dnmt3a and Dnmt3b are thought to be the sole de novo MTases in the mam-
malian genome. To determine whether these enzymes are responsible for maintenance-coupled de novo
methylation, the unmethylated or premethylated proviral reporter was introduced into DNA MTase-deficient
embryonic stem cells. These studies revealed the presence of a Dnmt3a/Dnmt3b-independent de novo meth-
yltransferase activity that is stimulated by the presence of preexisting methylation.

DNA methylation is essential for mammalian development
(27, 37), playing an important role in maintaining transcrip-
tional silencing of genes on the inactive X chromosome, im-
printed genes, and parasitic elements (2, 5). In mammals, DNA
methylation occurs predominantly on cytosines (m5C) in the
context of the 5�-CpG-3� dinucleotide, and this epigenetic
mark is propagated on both parent and nascent strands after
DNA replication. Recent experiments suggest that DNA meth-
ylation may serve as a tag for the recruitment of methyl DNA
binding domain proteins and the histone deacetylase com-
plexes with which they interact (24, 35) to generate a chroma-
tin structure that is repressive for transcription (33). However,
why some genes or CpG sites are susceptible to methylation
while others remain methylation free remains to be deter-
mined.

Using in vitro-methylated constructs and transient-transfec-
tion assays, a number of studies have shown that enhancers and
associated transcription factor complexes play an important
role in overcoming the repressive effects of methylation (25,
51). Transcription of an �-globin reporter construct methyl-
ated at low density, for example, only occurs in the presence of
an enhancer (6, 7), but even in the presence of this enhancer,
dense methylation prevents transcription. Similarly, the degree
of repression of an episomal Rous sarcoma virus promoter
construct is correlated with increasing methylation density,
with a high level of methylation extinguishing expression com-
pletely (20). While these experiments reveal the antagonistic

relationship between DNA methylation density and transcrip-
tional activity, the methods used preclude analysis of the dy-
namic relationship between transcription and propagation of
the methylation imprint. Furthermore, while Dnmt1 is regard-
ed as the “maintenance” DNA methyltransferase (MTase),
based on its preference for hemimethylated CpGs (3), and the
Dnmt3a and Dnmt3b MTases show strong “de novo” activity
(38), the interplay among these enzymes in vivo is not well
understood (28, 42).

Using a proviral construct, we showed previously that a high
density of methylation is stably propagated in vivo (33). In
contrast, we show here that in the same integration site, a low
density of proviral methylation is inherently unstable, with
daughter cells harboring proviral cassettes that are completely
demethylated and transcriptionally active or de novo methyl-
ated and transcriptionally silent. Elaboration of these distinct
states occurs stochastically but with equal probability. Deletion
of the Moloney murine leukemia virus 5� long terminal repeat
(LTR) enhancer decreases the probability of demethylation,
suggesting that the enhancer antagonizes maintenance of the
epigenetic imprint.

The observed de novo methylation is dependent upon existing
methylation, since it does not occur on initially unmethylated
templates. To address whether Dnmt3a and/or Dnmt3b is solely
responsible for the methylation-dependent de novo methylation,
unmethylated and low density methylated provirus was intro-
duced into an embryonic stem (ES) cell line in which the catalytic
domains of both of these MTases have been deleted genetically
(37). Surprisingly, de novo methylation of the provirus was still
detected, particularly in the presence of preexisting methylated
sites, suggesting the existence of a Dnmt3a/b-independent de
novo MTase activity in mammalian cells.
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MATERIALS AND METHODS

Generation and in vitro methylation of L1-MFGhGFP-1L constructs. The
Moloney murine leukemia virus-based construct L1-MFGhGFP-1L which in-
cludes the humanized green fluorescent protein (hGFP)-encoding proviral ge-
nome flanked by mouse genomic sequence (11) and loxP sites, was derived from
the proviral vector MFGhGFP (1, 32), as described previously (33). To generate
a 5�LTR enhancer deletion (�enh) construct, an XhoI/BglII fragment containing
the 5�LTR of the MFGhGFP vector was cloned into the vector SL1180 (Phar-
macia), generating SL1180-5�LTR. This construct was digested with NheI and
XbaI and self-ligated, yielding a truncated 5�LTR lacking the tandem repeat
enhancer and upstream region of U3 (Fig. 1). The XhoI/BglII fragment from this
construct was subsequently cloned into the L1-MFGhGFP-1L vector, generating
L1��enhMFGhGFP-1L.

In vitro methylation of the �enh and wild-type L1-MFGhGFP-1L constructs
with SssI methylase (NEB), which methylates all CpGs, was performed as de-
scribed previously (45). In vitro “partial” methylation of these constructs with
HpaII and HhaI methylases (NEB) was performed simultaneously according to
the manufacturer’s protocol for HhaI methylation. To determine whether the
reactions were carried to completion, following organic extraction and ethanol
precipitation, methylated DNA was digested with the methylation-sensitive re-
striction enzymes HpaII and HhaI or the methylation-insensitive enzyme MspI
and visualized by electrophoresis on a 0.7% agarose gel.

Tissue culture, transfection, and selection. MEL cells were cultured in growth
medium as described previously (33). Approximately 4 � 106 cells were electro-
porated in the presence of 15 �g of CMV-CRE, 100 �g of sonicated salmon
sperm DNA, and 25 �g of L1-MFGhGFP-1L plasmid, as previously described
(45). After 3 days in nonselective medium, the cultures were supplemented with
10 �M ganciclovir and cultured for 7 days to select against cells expressing the
hygromycin-thymidine kinase (HYTK) fusion protein. Ganciclovir-resistant cells
were cloned by limiting dilution and screened for Cre-mediated exchange by
Southern blot. For all experiments, greater than 80% of the clones analyzed

contained a cassette integrated in one of the two possible orientations at the RL5
genomic site.

Dnmt1c/c�/� (c stands for disruption of the catalytic domain) (26), Dnmt2�/�

(39), Dnmt3a/b�/� double-knockout (37), and wild-type J1 ES cells were cul-
tured in the presence of leukemia inhibitory factor, as described previously (27),
with the exception of the omission of feeder cells. ES cells were electroporated
with 20 �g of linearized proviral vector and 5 �g of supercoiled BSKSII�actinhis
(encoding the selectable marker gene histidinol dehydrogenase [hisD]) at 250 V
and 500 �F using a BTX 300 electroporator. After 48 h in culture, 3 mM
L-histidinol (Sigma) was added to the electroporated cells. Histidinol-resistant
clones were pooled after 10 to 12 days of selection and cultured for further
analyses in the absence of histidinol.

Flow cytometry and cell sorting. For flow cytometry analysis, MEL (32) or ES
(27) cells were harvested as described previously and resuspended in staining
medium (phosphate-buffered saline [PBS] supplemented with 3% calf serum)
supplemented with 1 �g of propidium iodide per ml for live/dead discrimination.
Data were collected on a FACSCalibur (Becton Dickinson) equipped with the
standard fluorescein filter set. Data were collected on a minimum of 10,000 live
cells, and fluorescence distribution was determined with FlowJo software (Tree-
star). MEL cells were sorted by electronic gating based on GFP fluorescence,
using a Vantage cell sorter (Becton Dickinson).

Southern blot hybridization and methylation blotting. Preparation of high-
molecular-weight wild-type genomic DNA, restriction digests, membrane trans-
fers, and preparation of the DNA probe were performed as described previously
(33). The GFP probe used for Southern hybridization was generated by digestion
of MFGhGFP with NcoI and BamHI, yielding a restriction fragment including
the 720-bp hGFP gene. Clones harboring a single-copy integrant at the RL5
integration site were identified by digestion of genomic DNA with BglII, which
cuts once in the MFGhGFP provirus, followed by Southern blot analysis with the
GFP probe.

The methylation status of the provirus was determined by digestion of 5 to 10

FIG. 1. In vitro methylation and targeting of L1-MFGhGFP-1L. (a) Map of the L1-MFGhGFP-1L cassette, including the proviral LTRs, splice
donor (SD), splice acceptor (SA), GFP gene, loxP sites (L1 and 1L), and flanking mouse genomic DNA. Primers specific for the 5�LTR (open
arows) and GFP coding sequence (solid arrows) used for bisulfite sequencing, and the GFP probe (black line) used for Southern analysis are also
shown. Flanking plasmid DNA includes vector sequence flanking the L1-HyTK-1L vector at the RL5 integration site. CpG sites methylated in vitro
with SssI (194 sites) or HpaII and HhaI (34 sites) methylases are also shown. (b) Map of the 5�LTRs of the wild-type and 5� LTR enhancer deletion
(�enh) L1-MFGhGFP-1L constructs. The transcription start site (arrow), U3, R, and U5 regions are shown, along with the NheI and XbaI
restriction sites used to generate the deletion. The HpaII sites within the deleted tandem enhancer (solid squares) are also shown. (c) Methylation
state of the unmethylated (�) or HpaII and HhaI methylated (�) wild-type and �enh constructs was determined by digestion with the
methylation-sensitive restriction enzyme HpaII (H) and the methylation-insensitive restriction enzyme MspI (M). Digestion products were
separated by agarose gel electrophoresis and visualized by ethidium bromide staining.
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�g of genomic DNA with BamHI alone or in combination with the methylation-
sensitive enzyme HpaII. To estimate the proviral copy number in transfected ES
cells, genomic DNA was digested with NcoI and XbaI (both of which cut within
the proviral construct, yielding a 1.1-kb fragment, including the GFP gene) and
subjected to Southern blot hybridization with the GFP probe. Subsequently, the
blot was stripped and reprobed with a fragment specific for a 1.8-kb fragment of
the endogenous �-globin locus.

Bisulfite analysis. Bisulfite conversion was carried out, with minor modifica-
tions, by the protocol of Clark et al. (10), as described previously (32). Briefly,
mixtures containing 5 �l of bisulfite-treated DNA (50 �l final volume) were
subjected to 27 to 30 amplification cycles with a GeneAmp PCR system 9700
(Perkin Elmer), with denaturation at 94°C, annealing at 49 to 56°C, and exten-
sion at 72°C. Nested or seminested amplification was performed with 2 �l of
product from the first round in a 50-�l reaction. Primers were designed to favor
amplification of bisulfite-converted DNA. If the template strand included a CpG,
degeneracy was incorporated in the primer at the nucleotide position corre-
sponding to the cytosine so that no bias for amplification of methylated template
was introduced. Primers used for the 5�LTR were bis�25� (TAGGTTTGGTA
AGTTAGTTTAAGTAAYGTT), bis�1080� (TAAAAAAATAATAACAAACT
AACCCRAAC), bis�25� (TTGTAAGGTATGGAAAAATATATAATTG), and
bis�665� (TAAATTACTAACCAACTTACCTCCCRATAA) in the second
round. Primers used for the GFP gene were GFP�1870� (ATTATTTTCTAG
ATTGTTATGGTGAGTAAGGG) and GFP�2300� (CTCAAGCTTATAAT
TATACTCCAACTTATACCCCA) in the first round and GFP�1903� (GAG
GAGTTGTTTATYGGGGTGGTGTTT) and GFP�2300� in the second
round.

RT-PCR analysis. Total RNA was isolated with the Trizol reagent (Gibco-
BRL) according to the manufacturer’s protocol. Superscript II reverse transcrip-
tase was used for first-strand cDNA synthesis, and PCR was conducted according
to the manufacturer’s protocol (Gibco-BRL) with 10 ng of cDNA template.
Reverse transcription (RT)-PCRs for the MTases (primer sequences available
on request) were conducted in a 32-cycle PCR with a 59°C annealing tempera-
ture. MFGhGFP-specific primers �548LTR (TCTGAGTGATTGACTACCCG
TC) and RhoGFP#2 (GCAAGCTGCCCGTGCCCT), which yield a product of
563 bp from the spliced proviral cDNA template, were used in a 28-cycle PCR.
�-Actin-specific primers (Promega) G581A (TCATGAAGTGTGACGTTGA
CATCCGT) and G588A (CTTAGAAGCATTTGCGGTGCACGATG) were
used in a 24-cycle PCR. The last two reactions were conducted with a 65°C
annealing temperature.

RESULTS

Previously, we used the Cre/loxP-based recombination sys-
tem recombinase-mediated cassette exchange (RMCE) (14,
15) to introduce a single-copy provirus encoding the green
fluorescent protein (GFP), either unmethylated or methylated
in vitro at all CpG sites, into the RL5 genomic site in MEL
cells (33). While the methylated provirus remained densely
methylated and transcriptionally silent, the unmethylated pro-
virus remained methylation free and transcriptionally active
with long-term passage. The faithful propagation of DNA
methylation and the associated heritability of proviral silencing
led us to address whether methylation density influences the
stability of this epigenetic mark.

The wild-type proviral construct L1-MFGhGFP-1L (33)
(Fig. 1a), was methylated in vitro at all CpG sites with SssI
MTase (194 CpGs; 4.2 mCpGs/100 bp) or at low density with
HpaII and HhaI MTases (34 CpGs; 0.7 mCpGs/100 bp), which
methylate CCGG and GCGC sites, respectively. To establish
that the methylation reactions were carried out to completion,
aliquots of the in vitro-methylated DNA were digested with the
m5C-sensitive restriction enzyme HpaII and the m5C-insensi-
tive isoschizomer MspI (Fig. 1c) or with the m5C-sensitive
restriction enzyme HhaI (data not shown). This in vitro-meth-
ylated DNA was introduced by RMCE (14) into the RL5 and
RL6 integration sites in MEL cells (Fig. 2a), and ganciclovir-
resistant cells were cultured for further analysis.

Initial methylation density influences the probability of ex-
pression and the fidelity of maintenance methylation. To de-
termine the influence of DNA methylation density on proviral
expression from the RL5 integration site, pools of ganciclovir-
resistant cells were analyzed for GFP expression by flow cy-

FIG. 2. Opposing influences of the 5�LTR enhancer and CpG
methylation density on the probability of proviral silencing at a defined
genomic site. (a) Principle of Cre-RMCE-mediated targeting of pro-
viral DNA. A MEL cell line containing a stably integrated HYTK
fusion gene flanked by inverted loxP sites (solid triangles) is trans-
fected with a construct (also flanked by inverted loxP sites) together
with a Cre recombinase expression plasmid. Recombination between
the loxP sites in the two constructs results in exchange of the cassettes
and thus loss of the TK selectable marker. Alternatively, recombina-
tion between the inverted loxP sites on the same DNA molecule oc-
curs, resulting in the inversion of the intervening DNA. Cells that have
undergone the latter recombination event still express the HYTK gene
and thus can be selected against with ganciclovir, allowing isolation of
cells that have undergone the targeting reaction. (b) GFP expression
analysis of wild-type or �enh cassettes introduced at the RL5 integra-
tion site by RMCE. RL5 MEL cells were transfected with wild-type
(WT) or �enh constructs, either unmethylated (�), methylated at low
density (with HpaII and HhaI MTases), or fully methylated (with SssI
MTase). Ganciclovir-resistant cells were pooled, and GFP expression
was analyzed by flow cytometry. Results of a representative experiment
are shown for each of the constructs introduced. The percentage of
GFP-positive cells, as determined by electronic gating, is shown for
each sample. Histograms of control untransfected MEL cells are also
shown (grey lines). (c) The percentage (mean 	 standard deviation) of
cells expressing GFP was determined for three independent transfec-
tions of the low-density-methylated (gray histograms) or unmethylated
(white histograms) wild-type and �enh constructs.

7574 LORINCZ ET AL. MOL. CELL. BIOL.



tometry (Fig. 2b). While the unmethylated wild-type provirus
showed expression in 
90% of cells and the fully methylated
cassette showed expression in �2% of cells, the cassette meth-
ylated at low density (with HpaII and HhaI) looked like a
composite of the two, showing expression in �50% of the cells
analyzed.

The influence of initial methylation density on the probabil-
ity of expression was confirmed in three independent experi-
ments (summarized in Fig. 2c). Surprisingly, GFP� cells har-
boring the partially methylated wild-type provirus showed a
level of GFP expression indistinguishable from that of the
unmethylated wild-type provirus, with median fluorescence
values of 118 and 119, respectively. These results suggest that
the initial methylation density influences the probability rather
than the rate of expression. Similar results were found at the
RL6 integration site (data not shown).

The presence of expressing and nonexpressing subpopula-
tions in the pools derived from the low-density-methylated
construct might be explained by the binary nature of enhancer-
driven transcription, as these elements function in part by
increasing the probability of expression (49). However, the role
of methylation density in the formation of two distinct expres-
sion states has not been previously addressed.

In order to determine whether the underlying methylation
state of the expressing cells differs from that of the nonexpress-
ing cells, clones were derived from the pools of ganciclovir-
resistant cells. Regardless of initial methylation density,
greater than 80% of ganciclovir-resistant clones harbored the
proviral cassette integrated at the RL5 site (Fig. 3a and data
not shown), consistent with our previous experiments showing
that the efficiency of the Cre-loxP-mediated recombination
event is not influenced by the methylation state of the intro-
duced cassette (33, 45).

The methylation state of six clones from each population of
transfected cells was initially evaluated with the methylation-
sensitive restriction enzyme HpaII and Southern blotting (data
not shown). Clones transfected with the unmethylated cassette
showed no de novo methylation, while clones transfected with
the fully methylated cassette revealed efficient maintenance
methylation (with the exception of the proviral enhancer; see
below), results consistent with our previous experiments dem-
onstrating the stability of these methylation states at the RL5
integration site (33).

Despite the fact that the proviral cassette methylated at low
density was initially uniformly methylated at all HpaII sites,
HpaII digestion of genomic DNA isolated from six clones
revealed two distinct digestion patterns, with some clones
showing a complete lack of methylation at these initially meth-
ylated sites and others showing nearly complete maintenance
methylation. Comparison of clonal methylation state and
genomic orientation (Fig. 3a) with expression status (Fig. 3b)
revealed that methylation state is correlated with proviral tran-
scription rather than genomic orientation. Furthermore, the
fraction of clones expressing GFP was similar to the fraction of
GFP� cells detected in the pools from which they were derived
(Fig. 3b and data not shown). Similar results were found for
the RL6 integration site. Taken together, these results indicate
that distinct methylation states underlie the bimodal expres-
sion pattern observed.

The distinct methylation states of the provirus initially meth-

ylated uniformly at HpaII and HhaI sites were studied in
greater detail by bisulfite sequencing. GFP� and GFP� sub-
populations were isolated from the ganciclovir-resistant pool
by flow cytometry, and genomic DNA was extracted from the
sorted cells. Analysis of the 5�LTR revealed the complete
absence of methylation in cells expressing GFP (Fig. 4a). In
contrast, analysis of the GFP� cells revealed that while the
fidelity of maintenance methylation (at HpaII and HhaI sites)
varied, depending on the CpG site, a significant number of
CpGs, particularly in the promoter region and GFP gene (data
not shown), became de novo methylated. Characterization of
expressing (data not shown; 33) and nonexpressing (Fig. 4b)
clones derived from the ganciclovir-resistant pools revealed
that even with long-term culture, this binary pattern of de-
methylation and expression versus de novo methylation and
silencing was stably maintained. Similar results were found at
the RL6 integration site, suggesting that a low density of pro-

FIG. 3. Genomic orientation and expression status of RL5 L1-
MFGhGFP-1L clones. (a) Clones were derived from the ganciclovir-
resistant pool of cells transfected with the HpaII and HhaI methylated
wild-type virus. Genomic DNA isolated from clones 3, 8, 11, and 18
was digested with BamHI and analyzed by Southern blotting with
the GFP probe shown in Fig. 1. Different fragment sizes reflect the
two possible genomic orientations. (b) Flow cytometry analysis of
representative clones harboring the wild-type (WT) unmethylated or
SssI- or HpaII- and HhaI-methylated cassette or the �enh HpaII- and
HhaI-methylated cassette. Two clones in each genomic orientation
(arbitrarily labeled A and B), as determined by Southern analysis, are
shown.
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viral methylation is generally not a stable epigenetic mark in
MEL cells.

Enhancers influence the probability of propagating a re-
pressive epigenetic mark. While the ability of enhancers to
overcome methylation-mediated repression is well docu-
mented, the role of demethylation in this process remains
controversial (50). The reproducible distribution of unmethyl-
ated versus de novo-methylated wild-type proviral integrants
allowed us to address whether the proviral enhancer counter-
acts methylation-mediated repression by disrupting propaga-
tion of the methylation mark. In order to determine the role of
the Moloney murine leukemia virus 5�LTR enhancer, we gen-
erated a proviral cassette (L1��enhMFGhGFP-1L; �enh)
from which this enhancer (and four CpG sites) has been de-
leted (Fig. 1b). The �enh construct, methylated at different

densities, was introduced into the RL5 genomic site, as de-
scribed above for the wild-type construct.

Regardless of initial methylation state, the level of GFP
expression in GFP� cells was twofold lower than that detected
with the wild-type construct (Fig. 2b and data not shown),
revealing that the 5�LTR enhancer influences the rate of tran-
scription. However, the �enh construct methylated at low den-
sity also had a significantly lower probability of establishing a
transcriptionally active state than the wild-type construct,
�20% versus �50%, respectively (Fig. 2c). As with the wild-
type construct, the probability of expression of the �enh con-
struct methylated at high density was reduced to �2%.

Bisulfite analysis of transcriptionally active and inactive (Fig.
3b) clones derived with the �enh construct methylated at low
density revealed that cells expressing GFP lost the methylation

FIG. 4. DNA methylation analysis of HpaII- and HhaI-methylated wild-type and �enh L1MFGhGFP1L cassettes integrated at the RL5 site.
(a) Ganciclovir-resistant MEL cells transfected with the HpaII- and HhaI-methylated wild-type L1MFGhGFP1L construct were sorted by electronic
gating, as shown in the GFP fluorescence histogram. Control RL5 MEL parent cells (gray histogram) are also shown. Genomic DNA was isolated
from the GFP� (�sort) and GFP� (�sort) subpopulations and bisulfite sequenced with primers specific for the 5�LTR (see Fig. 1a for region
amplified). CpGs (E) and CpGs in the context of HhaI or HpaII sites (F) within the region sequenced are shown at the top of the figure, along
with several landmarks in the 5�LTR. Each molecule sequenced is depicted as a gray line. Those CpGs that have been de novo methylated (i.e.,
CpGs not in the context of HpaII or HhaI sites) are depicted as solid red ovals. Note the absence of any mCpGs in the �sort sample. (b) Bisulfite
analysis of clone (cl) 11 isolated from the pool of ganciclovir-resistant cells depicted in a. (c) Bisulfite analysis of clone 31, isolated from the pool
of ganciclovir-resistant cells transfected with the HpaII- and HhaI-methylated �enh construct.
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imprint (data not shown), while nonexpressing cells became de
novo methylated (Fig. 4c). Taken together, these experiments
suggest that de novo methylation of the provirus is stimulated
by preexisting DNA methylation; the proviral enhancer may
counteract this process by inhibiting maintenance methylation,
thereby removing the epigenetic mark that triggers de novo
methylation.

Dnmt3a/b-independent de novo MTase activity. In mamma-
lian cells, establishment and propagation of CpG methyla-
tion are thought to be carried out by different enzymes, the “de
novo” MTases Dnmt3a and Dnmt3b and “maintenance”
MTase Dnmt1, respectively. We wished to establish whether
the apparent methylation-dependent de novo methylation ac-
tivity observed in MEL cells was catalyzed by Dnmt3a and/or
Dnmt3b. Determining whether de novo methylation is stimu-
lated by preexisting methylation in MEL cells is complicated by
the fact that the probability of proviral transcription at the RL5
integration site is inversely correlated with methylation density,
and as described above, once an active transcription state is
established, both maintenance and de novo methylation are
inhibited.

To circumvent this complication, we used murine ES cells,
which do not support transcription from the wild-type Moloney
murine leukemia virus LTR (17, 31) regardless of DNA meth-
ylation state (36). Furthermore, while MEL cells express each
of the known MTases (M. Lorincz, unpublished observations),
ES cells with genetic lesions of the MTase genes are available,
permitting MTase activities to be correlated with specific MTa-
ses (26, 37). J1 ES parent, J1 Dnmt1�/� (26), and J1 Dnmt3a�/

�/Dnmt3b�/� (Dnmt3a/b�/�) double-knockout cells (37) (Fig.
5a) were cotransfected with the wild-type MFGhGFP con-
struct, either unmethylated or methylated at low density (at
HpaII and HhaI sites), and the histidinol selectable marker
BSKSII�actinhis. As with the MEL RMCE system, no selec-
tion for expression from the proviral construct was applied.
Southern analysis of genomic DNA isolated from histidinol-
resistant ES cell pools transfected with the unmethylated MF-
GhGFP construct revealed a proviral copy number of at least
one per cell in each of the ES pools (Fig. 5b). Nevertheless, no
proviral transcription was detected (Fig. 5c,d).

Bisulfite sequencing of genomic DNA isolated 10 days (data
not shown) or 22 days after transfection was conducted on each
histidinol-resistant cell pool. Analysis of J1 ES parent cells
revealed that a significant number of CpG sites in the GFP
gene had become de novo methylated, regardless of initial
methylation state (Fig. 6a). Furthermore, methylation was
maintained at most but not all of the HpaII and HhaI sites in
the premethylated construct, presumably reflecting the incom-
plete fidelity of maintenance methylation (43). In contrast,
analysis of the Dnmt1�/� cells revealed that few of the prem-
ethylated sites were still methylated 22 days postelectropora-
tion, and significantly fewer sites were de novo methylated,
regardless of initial methylation state (Fig. 6b). These results

FIG. 5. The proviral LTR is transcriptionally inactive in ES cells,
regardless of MTase activity. (a) cDNA from Dnmt1�/�, Dnmt3a/b�/�,
and J1 ES parent lines was generated from total RNA with reverse
transcriptase and amplified with primers specific for the catalytic do-
mains of Dnmt1, Dnmt3a, and Dnmt3b, confirming the phenotypes of
the knockout lines. (b) Dnmt1�/�, Dnmt3a/b�/�, and J1 ES cells were
cotransfected with unmethylated MFGhGFP and the HisD expression
vector BSKSII�actinhis. Genomic DNA was isolated from histidinol-
resistant ES cell pools derived from these transfections and from the
MFGhGFP single-copy MEL clone U12 as a control. This DNA was
digested and subjected to Southern blotting with the GFP probe shown
in Fig. 1a. The blot was subsequently stripped and reprobed with a
fragment specific for the endogenous �-globin locus. The relative in-
tensities of the bands detected reveal that the histidinol-resistant ES
cells harbor at least one copy of the proviral construct per cell. (c)
cDNA from the histidinol-resistant ES cell pools and MEL clone U12
(which stably expresses the provirus) was generated and amplified with
primers specific for the proviral mRNA. �-Actin primers were used as
a control for the integrity of the mRNA preparation. Note the absence
of proviral expression in ES cells, even in the absence of the de novo

MTases Dnmt3a and Dnmt3b. (d) Analysis of GFP expression by flow
cytometry from these lines and control J1 ES parent cells (gray histo-
gram) confirms the absence of even rare GFP� cells in these popula-
tions.
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are consistent with the presumed roles of Dnmt1 and of
Dnmt3a and Dnmt3b in maintenance and de novo methyl-
ation, respectively; any de novo methylation is presumably
erased with each round of DNA replication in Dnmt1�/� cells,
mimicking a decrease in de novo methylation efficiency.

Analysis of the Dnmt3a/b�/� cells transfected with the prem-
ethylated construct revealed that, as with the wild-type ES
cells, methylation was maintained at the majority of HpaII and
HhaI sites in the GFP gene (Fig. 6c). Surprisingly, a number of
de novo-methylated CpGs flanking the in vitro-methylated
sites were also detected, a total of 32 in the 18 clones analyzed
(mean  1.8 mCpGs/molecule, not including the premethyl-
ated CpGs). Significantly fewer de novo-methylated CpGs (10
in 19 molecules sequenced; mean  0.53 mCpGs/molecule)
were detected in the Dnmt3a/b�/� cells transfected with the
unmethylated construct, with P values of 3.4 � 10�3 (one-way
t test) and 5.2 � 10�4 (one-way Wilcoxon rank sum test),
respectively. Fewer de novo-methylated CpGs were detected in
the premethylated construct at day 10 postelectroporation (14
in 18 molecules sequenced; mean  0.82 mCpGs/molecule;
data not shown). Taken together, these results reveal the ex-
istence of a Dnmt3a/b-independent de novo MTase activity
that is stimulated by preexisting mCpGs, yielding a progressive
increase in methylation density with time in culture.

DISCUSSION

We introduced a proviral construct, methylated in vitro at
different densities, into the RL5 genomic site in MEL cells.
Analysis of the stability of these predetermined methylation
patterns revealed that propagation of this epigenetic mark is
dependent on the initial methylation density. Unmethylated or
densely methylated epigenetic states were stably maintained,
coincident with transcriptional activity or silencing, respec-
tively. Although methylation of specific CpGs was not neces-
sarily maintained in the latter case, the methylation status of
the proviral cassette was faithfully propagated. In contrast, a
low-density methylation imprint was inherently unstable, with
stochastic demethylation or de novo methylation occurring
with equal probability. In the former case, demethylation co-
incided with transcriptional activation, while in the latter case,
de novo methylation was apparently stimulated by preexisting
methylation, effectively consolidating the methylation imprint.

In order to determine if cis-acting regulatory elements in-
fluence the probability of methylation-mediated de novo meth-
ylation, we introduced a proviral cassette lacking the 5�LTR
enhancer and methylated at low density into the same integra-
tion site. Compared with the wild-type construct, the probabil-
ity of maintenance and de novo methylation and concomitant
transcriptional silencing increased significantly, results consis-
tent with the hypothesis that transcriptionally silent chromatin
is targeted for de novo methylation (5). We propose that the
probability of expression from a given locus is influenced by
local DNA methylation density in addition to the dynamic
interplay between sequence-specific transcriptional activators
and repressors.

For some genes, a low methylation density may be a meta-
stable state, with allelic demethylation or de novo methylation
occurring during differentiation. A predicted consequence
would be stochastic inactivation of expression from one or both

FIG. 6. Dnmt3a/b-independent de novo methylation activity.
Genomic DNA from (a) J1 ES parent, (b) Dnmt1�/�, and (c) Dnmt3a/
b�/� cell pools stably transfected with unmethylated (�) or HpaII- and
HhaI-methylated MFGhGFP DNA was isolated 22 days postelectro-
poration. Methylation state of the GFP gene (see Fig. 1a for region
amplified) was determined by bisulfite sequencing analysis. CpGs (E)
and CpGs in the context of HpaII or HhaI sites (F) are shown at the
top. Each molecule sequenced is depicted as a gray line. Those CpGs
that are methylated as a result of de novo activity (i.e., excluding CpGs
in the context of HpaII or HhaI sites in the HpaII- and HhaI-methyl-
ated samples) are shown (solid red ovals) and totaled on the left-hand
side for each molecule sequenced. For the Dnmt3a/b�/� cell pools
stably transfected with unmethylated or HpaII- and HhaI-methylated
MFGhGFP DNA, 19 or 18 molecules were sequenced, respectively,
and 12 representative molecules of each are shown.
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alleles with a defined probability; such “allelic bias” has been
observed for the interleukin-4 (IL-4) gene (22). In contrast,
sites particularly prone to de novo methylation (16, 34), such as
repetitive elements, may be methylated early in development
at a density that ensures transcriptional silencing regardless of
enhancer strength.

The proviral enhancer studied here was preferentially de-
methylated and rarely de novo methylated regardless of initial
methylation density, suggesting that this enhancer, like other
DNA-regulatory domains (18, 45), is somehow protected from
de novo methylation. The presence of a DNase I-hypersensi-
tive site in the proviral enhancer, irrespective of proviral ex-
pression state (33), reveals that factors constitutively bound to
the Moloney murine leukemia virus LTR enhancer may belong
to a putative group of transcription factors, like Sp1 (8, 46),
that not only bind their cognate binding site regardless of
methylation state (19), but also target bound sites for demeth-
ylation (30) and protect them from subsequent de novo meth-
ylation (21). Localized demethylation may be a prerequisite for
transcriptional activation, as has been shown for other regula-
tory elements (29, 40, 45).

The use of wild-type and DNA MTase-deficient ES cell lines
allowed us to determine which of these enzymes are responsi-
ble for de novo methylation of an unmethylated template and
maintenance and de novo methylation of a premethylated tem-
plate in vivo. While a higher density of methylation was de-
tected in the wild-type ES cells than either the Dnmt1�/� or
Dnmt3a/b�/� cell lines, a significant level of de novo methyl-
ation was detected in the Dnmt1�/� cells. These results are
consistent with a recent study of repetitive elements with the
same MTase knockout cells used here (28), in which the au-
thors proposed that ongoing de novo methylation of these
elements by Dnmt3a and/or Dnmt3b compensates for the in-
efficient maintenance methylation mediated by Dnmt1 (28).

Here, we reveal a de novo MTase activity that is stimulated
by preexisting methylation in cells lacking both of the known
“de novo” MTases. Presumably, Dnmt3a/b-independent de
novo methylation was not detected in the original study of the
Dnmt3a/b�/� cells because Southern blotting rather than the
more sensitive bisulfite sequencing method was used to analyze
DNA methylation state (37). Furthermore, the preferred sub-
strate of the Dnmt3a/b�/� independent de novo MTase activ-
ity, namely, DNA already containing mCpGs, was not surveyed
in this study (37).

Dnmt1 and/or Dnmt2 may be responsible for the Dnmt3a/
b-independent de novo methylation described here. However,
while Dnmt2 shows no CpG MTase activity in vitro (39),
Dnmt1 has de novo activity in vitro (41, 52), and this activity is
stimulated by the presence of preexisting methylation (9, 13,
47). Furthermore, overexpression of Dnmt1 in ES cells (4) or
in human fibroblasts (48) results in de novo methylation of a
subset of normally unmethylated genes or CpG islands, respec-
tively. Taken together, these results suggest that Dnmt1 is
responsible for the observed Dnmt3a/b-independent de novo
MTase activity.

Intriguingly, partially methylated CpG islands are particu-
larly susceptible to de novo methylation in breast cancer cells
(23). Although overexpression of Dnmt1 does not appear to be
responsible for tumor-associated hypermethylation (12, 44), it

is possible that such de novo methylation is mediated by aber-
rant Dnmt1 activity.
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