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We have utilized the Escherichia coli lac repressor-operator system to test whether protein binding can
interfere with de novo DNA methylation in mammalian cells. We find that a DNA binding protein can protect
sites on the episome as well as in the genome from the de novo methylation activity of Dnmt3a. Transcriptional
machinery moving through the binding sites does not affect the de novo methylation of these sites, and it does
not affect the binding protein protection of these sites from de novo methylation. This study and previous
studies provide a possible mechanism for the observation that an Sp1 site can serve as a cis-acting signal for
demethylation and for preventing de novo methylation of the CpG island upstream of the mouse adenine
phosphoribosyltransferase (Aprt) gene. These findings also support the hypothesis that protein binding may
play a crucial role in changes of CpG methylation pattern in mammalian cells.

It has been proposed that protein binding may affect the
DNA methylation pattern during differentiation of mammalian
cells (26) and may protect CpG islands from methylation (1).
It has also been hypothesized that transcription may interfere
with maintenance methylation (20). Studies using prokaryotic
methylases to map chromatin structure imply that sequences
bound by the histones are protected from methylation (12, 13).
It has also been postulated that DNA remains unmethylated at
or near sequences bound by nonhistone proteins (25). Protein-
DNA contacts in the promoter region of the phosphoglycerate
kinase 1 (PGK1) gene have been detected on the active X
chromosome but not on the inactive X chromosome (19, 21). It
is likely that the proteins observed at the PGK1 promoter are
involved in the methylation-free status of the region on the
active X chromosome (21). Sp1 binding has been proposed to
prevent methylation and cause or preserve the hypomethylated
state of the Aprt gene (2, 17). When Sp1 sites are present in an
in vitro-methylated construct, the CpG island upstream of the
hamster APRT gene in the integrated construct becomes de-
methylated in mouse ES cells (2). Also, the presence of Sp1
sites in a transgene can prevent methylation of the Aprt CpG
island in the unmethylated transgene (2, 17). Although the
absence of Sp1 sites and the absence of transcription cannot be
clearly distinguished in this system, it is clear that the Sp1 site
is a cis-acting element for keeping the CpG island upstream of
the Aprt gene free of methylation. It is possible that Sp1
binding can protect Sp1 sites and that Sp1 binding may recruit
other factors to the region, thereby protecting the local region
from de novo methylation under circumstances where the is-
land is initially unmethylated. When the island is methylated in
vitro before integration into ES cells, Sp1 binding can lead to
demethylation of the Sp1 sites (2). There have been studies

demonstrating that protein binding may protect sites from
prokaryotic methylases in Escherichia coli and Saccharomyces
cerevisiae, and some of these methylases have been used to
map chromatin structure or potential protein binding sites in
these organisms (12, 13, 27, 29, 31, 36). However, there is no
direct evidence as to whether protein binding can protect DNA
sites from a mammalian methyltransferase in mammalian cells.
We have demonstrated previously that protein binding can
specify sites for demethylation (9, 14). If protein binding can
also protect sites from de novo methylation, it would provide
an explanation for events observed at the CpG island upstream
from the Aprt gene (2, 17). We are interested in establishing a
system to test whether protein binding can protect sites from
de novo methylation in human cells.

Two murine de novo methyltransferases, Dnmt3a and
Dnmt3b, have been reported recently (18). We have shown
that Dnmt3a and Dnmt3b function in human cells (10), and
others have shown that Dnmt3a can methylate DNA in Dro-
sophila cells (16). Although the levels of endogenous DNMT1,
DNMT3A, and DNMT3B were not measured, we have previ-
ously shown that de novo methylation was not detected using
stable episomes as methylation targets in 293/EBNA1 cells
(10). Interestingly, exogenously expressed murine Dnmt3a
methylates some regions more than others on the episome
(10). Based on this, we reasoned that this episomal system
could be used to test the protein protection hypothesis.

In a previous study, we showed that the E. coli lac repressor
(LacI) binds to the lac operator (lacO) sequence and that
isopropyl-b-D-thiogalactopyranoside (IPTG) can inhibit LacI
binding to lacO in 293/EBNA1 cells (14). We have also shown
that LacI binding to methylated lacO sites can lead to demeth-
ylation at these sites and that the demethylation process is
primarily determined by protein occupancy of both episomal
and chromosomal DNA binding sites (14, 15). Here, we tested
episomes containing the lacO sequences to determine whether
the lacO sequence is a target of murine Dnmt3a. We found
that the lacO sequences on the episomes can be methylated by
Dnmt3a. Moreover, active transcription does not affect de
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novo methylation of the lacO sites by Dnmt3a in 293/EBNA1
cells. We further tested whether LacI can protect lacO sites
from de novo methylation by Dnmt3a. We found that LacI can
protect lacO sites on the episomes from de novo methylation in
cells overexpressing Dnmt3a and that IPTG can abolish this
protection. Furthermore, LacI binding to chromosomal lacO
sites can also protect these sites from de novo methylation by
Dnmt3a. This is the first direct indication that protein binding
can protect sites from de novo methylation in human cells.

MATERIALS AND METHODS

Plasmids. Plasmids pOLucOriP, pOLucRLTR, and pOLucDLTR (14) bearing
the lacO sites were used as targets for de novo methyltransferase in the episomal
experiments. Plasmids pMT3aMyc and pMT3aMut (10) were used to supply the
normal and the mutant murine Dnmt3a, respectively. A 4.1-kb SacII/NheI frag-
ment from pOLucOriP (14) was used for lacO integration. This fragment con-
tains the Rous sarcoma virus (RSV) long terminal repeat (LTR) promoter, the
simian virus 40 (SV40) intron with three copies of the lacO sites, and the
luciferase gene (Fig. 1). pCMVlacI was used to supply LacI in human cells (3).
Plasmid LXSP, bearing the puromycin N-acetyltransferase gene driven by the
SV40 early promoter, was used to provide puromycin resistance for lacO inte-
gration. The hygromycin resistance gene used for pCMVlacI integration was
obtained from plasmid pHyg (28) by a SalI and NruI double digestion.

Cell lines and transfection. The 293/EBNA1 cell line (8) was used in all
experiments utilizing integrated lacO sites. 293/ElacI cells, derived by integrating

LacI into 293/EBNA1 cells (14), and 3a-5 cells, derived by integrating Dnmt3a
into 293/EBNA1 cells (10), were used in experiments with lacO sites on the stable
episome. Throughout the study, the calcium phosphate transfection method was
used to introduce DNA into the human cells (8, 34). The lacO sites (Fig. 1) were
integrated by cotransfecting 1 mg of the SacII/NheI fragment and 150 ng of the
puromycin expression plasmid pLXSP into approximately 106 293/EBNA1 cells.
Puromycin-resistant cell clones were selected by adding puromycin to a final
concentration of 2.5 mg/ml in the tissue culture medium 48 h after transfection.
Twenty-four puromycin-resistant clones were isolated, and the successful inte-
gration and the methylation status of the lacO sites were confirmed by Southern
blotting. These clones are designated LacO1 through LacO24. Two of these cell
clones, LacO13 and LacO21, had clearly unmethylated inserts and easily detect-
able lacO fragments by Southern blotting, and these were used for further
transfection experiments. LacI-expressing pCMVlacI was integrated by cotrans-
fecting a 2-kb SalI/NruI DNA fragment containing the hygromycin resistance
gene at a 10:1 ratio into LacO13 and LacO21 cells. Hygromycin-resistant cell
clones from each cell line were selected using 200 mg of hygromycin per ml
beginning at 2 days after transfection. Twenty-four cell clones from each of the
LacO13 and LacO21 cell lines were isolated. These clones were designated with
an “I” and a number following “LacO13” and “LacO21,” for example, LacO13I1
and LacO21I1. The expression of LacI was tested by immunofluorescent staining
as described previously (6). The cell clones LacO13I12, LacO13I17, and
LacO13I18 from the LacO13 cell line and LacO21I21, LacO21I29, and
LacO21I36 from the LacO21 cell line had high levels of LacI expression by
immunofluorescent staining and, therefore, were used in further experiments.

DNA recovery and analysis. For experiments involving episomes, plasmid
DNA was harvested by the Hirt method (7) when the cells reached confluence
after transfection. A small fraction of the cells was replated for later harvests.

FIG. 1. De novo methyltransferase Dnmt3a methylates lacO sequences. (A) Diagram of pOLucOriP and lacO sites. The SacII/NheI fragment
of 4.1 kb includes the RSV LTR, the SV40 intron harboring three copies of the lacO sequence, and the luciferase gene. (B) Methylation of the
lacO sequences by Dnmt3a. A Southern blot of HindIII- or HindIII- and HhaI-digested pOLucOriP DNA harvested 7 days after transfection
showed a 467-bp band when it was probed with the 467-bp HindIII fragment, indicating methylation at the HhaI sites in the lacO sequence. The
two panels show plasmid DNAs harvested from two independent transfections.
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The plasmid DNA harvested from the transfected cells was singly digested with
HindIII or doubly digested with HindIII and HhaI, fractionated on a 1% agarose
gel, and analyzed by Southern blot analysis using the 467-bp HindIII fragment as
a probe, unless otherwise specified. When cells with integrated lacO sites reached
confluence in the experiments, genomic DNA was harvested by the sodium
dodecyl sulfate lysis-proteinase K-phenol-chloroform method from the remain-
ing cells. Approximately 10 mg of the genomic DNA harvested from each cell line
in the experiment was digested with HindIII or doubly digested with HindIII and
HhaI to assess the methylation status, as described above. The amount of radio-
activity in various fragments on the Southern blots was quantitated using a
phosphorimager (Bio-Rad FX). The radioactivity in the 304-bp band (previously
described in the work of Lin et al. [14] as 338 bp due to a clerical error) was
corrected for the size of the fragment to reflect that only a portion of the probe
can hybridize to this fragment. The percentage of plasmids that become meth-
ylated in each lane is determined by dividing the amount of radioactivity in the
467-bp band by the total radioactivity in the 467- and the 304-bp bands, after
normalization for size.

RESULTS

Murine Dnmt3a can methylate lacO sites on episomes in
human cells. We learned from previous experiments that, in
the absence of expression of LacI and Dnmt3a, the unmethyl-
ated lacO sequences introduced into 293/EBNA1 cells re-
mained free of methylation over long intervals, indicating the
absence of de novo methylation (14). We initially wanted to
test whether the lacO sites are targets of the de novo methyl-
transferase Dnmt3a. Specifically, we wished to test whether the
HhaI sites in the lacO sequences can be methylated in 293/
EBNA1 cells overexpressing Dnmt3a. Plasmid pOLucOriP,
which bears three lacO sites (Fig. 1A), was transfected into
Dnmt3a-overexpressing cells, called 3a-5 cells (10), to test
whether Dnmt3a can methylate the lacO sequences on this
plasmid. A Southern blot of pOLucOriP DNA harvested 7
days (Fig. 1B) and 11 days after transfection and singly di-
gested with HindIII or doubly digested with HindIII and HhaI
was probed with the 467-bp HindIII fragment. If all three HhaI
sites in the lacO sequences remained free of methylation, a
304-bp band would be detected on the Southern blot. If these
three HhaI sites in the lacO sequences were methylated by
Dnmt3a, a 467-bp fragment would be observed on the South-
ern blot. Methylation at one or more of the three HhaI sites
within the lacO sequences would lead to the detection of frag-
ments larger than 304 bp, up to a maximum of 467 bp on the
Southern blot. Two bands of 467 and 304 bp were detected in
the pOLucOriP DNA harvested 7 days after transfection (Fig.
1B). The plasmid DNA harvested 11 days after transfection
showed similar results (data not shown). This finding shows
that the HhaI sites within the lacO sequences were methylated
by Dnmt3a on a substantial fraction of the plasmids. Complete
methylation of a given site has not been observed on any of the
episomes used here or previously (9, 14). This may be because
the expression of Dnmt3a is not the same in all cells even
though these cells were derived from a single cellular clone.
This may also be a reflection of how Dnmt3a functions in the
cell. Dnmt3a may not be as efficient as Dnmt1, and it may not
methylate all of its targets. Nevertheless, the finding that HhaI
sites within the lacO sequences are efficient targets of Dnmt3a
demonstrates the possibility of using this system to test
whether protein binding can protect sites from de novo meth-
ylation.

Transcription does not affect lacO methylation by Dnmt3a.
The lacO sequences on pOLucOriP are located in an SV40

intron placed immediately downstream of the RSV LTR pro-
moter. Active transcription through the lacO sites may play a
role in lacO methylation. To test this, we used constructs in
which the RSV LTR was either deleted (pOLucDLTR) or in
the reverse orientation relative to that of the luciferase gene
(pOLucRLTR). Both of these constructs result in an approx-
imately 100-fold reduction of luciferase gene transcription to
near background levels in cells without LacI expression (14).
Plasmids pOLucDLTR and pOLucRLTR were transfected in-
dividually into 3a-5 cells to test whether lack of transcription
through the lacO sites can alter the methylation of these sites.
Plasmid DNA was harvested 7 and 11 days after transfection,
doubly digested with HindIII and HhaI, fractionated on a 1%
agarose gel, transferred to a Southern blot, and probed with
the 467-bp HindIII fragment. The majority of the plasmid
population was free of methylation at the three HhaI sites in
the lacO sequences, as reflected by the strong hybridization at
the 304-bp band in the DNA harvested 7 days after transfec-
tion (Fig. 2A). The presence of the 467-bp band (Fig. 2A)
indicates that a fraction of the plasmid population acquired
methylation at the three HhaI sites in the lacO sequences. A
Southern blot of plasmid DNA harvested at 11 days after
transfection showed similar results, with nearly equal levels of
hybridization to the 467- and 304-bp bands (Fig. 2B). No ob-
vious difference was observed between the three plasmids at 7
or 11 days after transfection.

Quantitation of the radioactivity in the bands detected in
two independent transfection experiments showed that an av-
erage of 21.7% 6 0.2% of pOLucOriP was methylated at the
three HhaI sites within the lacO sequences at 7 days after
transfection and that an average (6 deviation) of 34.5% 6
1.0% of the plasmids were methylated at these sites at 11 days
after transfection (Fig. 2C). Similarly, 25.3% 6 0.5% of
pOLucDLTR and 27.7% 6 2% of pOLucRLTR became meth-
ylated at the HhaI sites in the lacO sequences at 7 days after
transfection (Fig. 2C). The same analysis showed that 33.6% 6
0.6% of pOLucDLTR and 38.6% 6 0.1% of pOLucRLTR
became methylated at these sites at 11 days after transfection
(Fig. 2C). Repeated experiments showed similar results (data
not shown). These findings indicate that the lacO sequences
became more methylated over time and that a 100-fold differ-
ence in transcriptional activity (14) did not enhance or inhibit
de novo methylation of the lacO sequences by Dnmt3a in
human cells. These findings also suggest that de novo methyl-
ation can occur within the transcriptionally inactive region as
well as within the transcriptionally active regions. This indi-
cates that active transcription is not a requirement for de novo
methylation as some have recently postulated (11) and that the
lacO sites are mostly occupied by the LacI protein instead of
the transcription machinery.

LacI binding specifically protects lacO sites on stable epi-
somes from de novo methylation by Dnmt3a in human cells. It
has been shown that deletion of the Sp1 site upstream of the
murine Aprt gene leads to methylation of the CpG sites in the
surrounding region. It is likely that protein binding can protect
sites from methylation in mammalian cells as reported for E.
coli and yeast (12, 13, 29, 31, 36), but this has not been previ-
ously shown experimentally. It is clear that lacO is a target of
Dnmt3a in vivo. Therefore, it can be used to test the hypothesis
that protein binding can protect sites from de novo methyl-
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ation in human cells. To test this hypothesis, a Dnmt3a expres-
sion vector and lacO-bearing plasmid were cotransfected into
LacI-expressing cells. The experiment has to be done in this
way rather than by cotransfecting a LacI expression vector and
the lacO-bearing plasmid into 3a-5 cells. The latter design risks
the possibility that lacO sites can be methylated by Dnmt3a
before LacI starts to express, and the LacI-expressing plasmid
may become methylated in 3a-5 cells before it starts to tran-
scribe and express less LacI. In contrast, in the former design
the LacI protein is expressed constitutively in 293/ElacI cells,
as described previously (14). If LacI binding to lacO can pro-
tect the HhaI sites in the lacO sequences from methylation by
Dnmt3a, the lacO sites on pOLucOriP should remain free of
methylation upon cotransfection with the Dnmt3a expression
vector pMT3aMyc into 293/ElacI cells. When IPTG is present
in the tissue culture medium to inhibit LacI binding to the lacO
sites, overexpression of Dnmt3a should lead to methylation of
the lacO sites.

To test this, plasmid pOLucOriP was transfected into 293/
ElacI cells with either pMT3aMyc (wild-type Dnmt3a expres-
sion vector) or pMT3aMut (mutant Dnmt3a expression vec-
tor). Although transcription through the lacO sites is not
expected to play a role in lacO site methylation, plasmid
pOLucRLTR was trasfected into 293/ElacI cells with pMT3aMyc
to test that. A parallel experiment was carried out at the same
time with IPTG added to a final concentration of 5 mM in the
tissue culture media prior to transfection and through the time
of first harvest at 9 days after transfection. Plasmid DNA was
harvested and analyzed as described in Materials and Methods.
On the Southern blot, a very faint band at 467 bp and a very
strong band at 304 bp were detected in pOLucOriP and
pOLucRLTR DNAs harvested from 293/ElacI cells overex-
presing Dnmt3a and without IPTG treatment (Fig. 3A). In
contrast, a very strong 467-bp band and a much weaker
304-bp band were detected in the pOLucOriP DNA and the
pOLucRLTR DNA harvested from IPTG-treated 293/ElacI
cells with Dnmt3a overexpression (Fig. 3A). A single 304-bp
band was detected in the pOLucOriP DNA harvested from
293/ElacI cells after cotransfection with the mutant Dnmt3a,
regardless of the presence or absence of IPTG (Fig. 3A). The
467-bp band observed in this experiment is much stronger than
what was observed in the experiment described above using
3a-5 cells, indicating a higher level of methylation in the lacO
sequences with the transiently transfected Dnmt3a expression
vector. This result is most likely due to the higher expression of
Dnmt3a in the cells transiently transfected with the Dnmt3a
expression vector than in cells with stable expression of Dnmt3a.

The fraction of the plasmid that became methylated at the
three HhaI sites in the lacO sequences can be measured by
dividing the radioactivity in the 467-bp band by the total ra-
dioactivity in both the 304- and the 467-bp bands after correc-
tion for the fraction of the probe that can hybridize to the
304-bp band. The average amounts of the DNAs that became
methylated at these HhaI sites from two independent transfec-
tions when no IPTG was added to the tissue culture medium
were 9.4% 6 0.7% and 6.6% 6 3% of pOLucOriP and
pOLucRLTR, respectively. In contrast, 61.9% 6 1.5% and
63.4% 1 1% of pOLucOriP and pOLucRLTR, respectively,
became methylated at these HhaI sites when IPTG was added
to a concentration of 5 mM in the tissue culture media. Dif-

FIG. 2. Transcriptional activity does not affect de novo methylation
of the lacO sites. Plasmid DNAs harvested from transfections were
doubly digested with HindIII and HhaI, fractionated on a 1% agarose
gel, transferred to a Southern blot, probed with the 467-bp HindIII
fragment. (A) Plasmid DNAs harvested 7 days after transfection. The
two lanes in each bracket are independent transfections. The 467-bp
band was observed in DNAs from all three plasmids, indicating lacO
methylation on all three plasmids. (B) Plasmid DNAs harvested 11
days after transfection. The two lanes in each bracket reflect results of
independent transfections. The 467-bp band is stronger than the same
band in panel A relative to the 304-bp band. (C) Quantitation of the
fraction of the plasmid that became methylated. The radioactivity in
the 467-bp band was divided by the total radioactivity in the lane after
correction of the fragment sizes.
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ferences found in the absence and the presence of IPTG were
very reproducible (data not shown).

It is conceivable that the presence of LacI may interfere with
the overall methyltransferase activity of Dnmt3a. If this is the
case, the episome should exhibit an overall lack of methylation
when LacI is present and it should acquire methylation when
both IPTG and LacI are present upon Dnmt3a cotransfection
into the cells with the episome. To examine this possibility, the
same Southern blot used for Fig. 3A was stripped and rehy-
bridized with a probe containing the luciferase coding region.

The luciferase coding region is immediately downstream from
the 467-bp HindIII fragment containing the lacO sequences
(Fig. 1). There is no HindIII site within the entire luciferase
coding region. DNAs doubly digested with HindIII and HhaI
from cells cotransfected with the episome and the mutant
Dnmt3a showed the complete digestion pattern (Fig. 3B). Epi-
somes cotransfected with wild-type Dnmt3a yielded increased-
size HhaI fragments with or without IPTG treatment (Fig. 3B).
This finding indicates that Dnmt3a methylates the luciferase
coding region equally well in the presence and the absence of

FIG. 3. Protection of the lacO sites from de novo methylation by LacI. Shown is a Southern blot of plasmid DNA doubly digested with HindIII
and HhaI harvested from LacI-expressing cells after cotransfection with the Dnmt3a or the mutant Dnmt3a expression vector. (A) The 467-bp
fragment was absent when LacI was present in the cells, and this band was detected in the cells treated with IPTG. In contrast, the 467-bp fragment
was absent in the DNA cotransfected into the LacI-expressing cells with the mutant Dnmt3a expression vector, regardless of the presence or
absence of IPTG, indicating no methylation at the lacO sites by the mutant Dnmt3a. The two lanes in each bracket reflect the results of two
independent transfections. (B) LacI protection is specific for lacO sequences. The same Southern blot shown in panel A was stripped and
rehybridized with a probe containing the luciferase coding region downstream from the lacO sequence. No difference in the increased-size
fragments was observed with or without the presence of IPTG. The two lanes in each bracket reflect the results of two independent transfections.
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LacI protein. This determination supports the conclusion that
LacI protection of sites from de novo methylation by Dnmt3a
is specific to the lacO sites despite the fact that LacI binds to
DNA nonspecifically at a lower affinity. It is noteworthy that
the majority of the plasmids became methylated in the lacO
sequences when IPTG and Dnmt3a were both present (Fig.
3A) but that a majority of the plasmids remained free of
methylation in the luciferase coding region (Fig. 3B). These
findings are consistent with the previous finding that Dnmt3a
has preferred targets on the episome (10).

As shown by our previous study, the methylated HhaI sites
within the lacO sequences on the episome can become demeth-
ylated when LacI is present in the cells (14). We wanted to test
whether the protection of unmethylated lacO sites from de
novo methylation and the targeting of methylated lacO sites for
demethylation can occur in the same cells. The Dnmt3a ex-
pression vector pMT3aMyc was nearly completely lost from
the human cells after several rounds of cell division because it
does not have a replication origin that allows it to replicate in
human cells. We observed a decrease in methylation in the
lacO sites after IPTG was withdrawn from the treated cells
after the first harvest at 9 days after transfection (data not
shown). Conversely, the transfected cells not treated with
IPTG before the first harvest were treated with a final concen-
tration of 5 mM IPTG in the tissue culture media after the first
harvest. We observed no changes in the small amount of lacO
site methylation in these cells (data not shown). This is con-
sistent with the observation that, in many previous experi-
ments, the methylation pattern of the episomes was main-
tained in 293/EBNA1 cells. This observation is also consistent
with our previous finding that LacI binding can lead to de-
methylation of methylated lacO sites since no change in meth-
ylation of lacO was observed when LacI was not allowed to
bind to the lacO sequences.

These findings confirm that methylation of the three HhaI
sites in the lacO sequences is a result of the de novo methyl-
transferase activity of Dnmt3a because mutant Dnmt3a fails to
methylate this sequence. These results also demonstrate that
the presence of LacI can protect lacO sites from the de novo
methylation activity of Dnmt3a and that IPTG can inhibit this
protection. LacI binding to lacO sites can protect these sites
from de novo methylation by Dnmt3a and target these sites for
loss of methylation in the same cells in the presence of LacI
after Dnmt3a is no longer expressed. Furthermore, transcrip-
tional activity through the lacO sites did not interfere with de
novo methylation of these sites by Dnmt3a, as shown above,
and it did not change the role of LacI in protecting the lacO
sites from Dnmt3a. The small fraction of plasmids that became
methylated at the lacO sites when LacI was present indicates
that the amount of LacI in 293/ElacI cells may not be sufficient
to protect all of the lacO sites from Dnmt3a. However, it is
clear that LacI binding is essential for protecting the lacO sites
from being methylated, regardless of the transcriptional activ-
ity through the region. Most importantly, these results clearly
suggest that LacI protection of sites from de novo metylation
by Dnmt3a is very specific to lacO sites.

Dnmt3a can methylate the lacO sites integrated into the
chromosome, and LacI can protect these lacO sites from de
novo methylation by Dnmt3a. To test whether Dnmt3a can
methylate lacO sites in the chromosome, cell lines with un-

methylated lacO sites integrated into the chromosome were
generated. For this, a 4.1-kb SacII/NheI fragment containg the
RSV LTR, an SV40 intron containing three lacO sites, and the
luciferase gene from plasmid pOLucOriP was integrated into
293/EBNA1 cells using puromycin as a selection marker.
Twenty-four puromycin-resistant cell clones were analyzed for
methylation status by probing the Southern blot of HindIII-
and HhaI-digested genomic DNAs from these cell clones with
the 467-bp HindIII fragment. A single 304-bp band should
have been observed if the inserts remained unmethylated at all
three HhaI sites within the lacO sequence. As described ear-
lier, methylation of any copy of the insert at one or more of the
three HhaI sites within the lacO sequences would lead to the
detection of fragments larger than 304 bp and up to 467 bp on
the Southern blot. A single 304-bp fragment was detected in
DNAs doubly digested with HindIII and HhaI from 23 of the
24 cell clones (data not shown). Deletions in this 467-bp
HindIII fragment larger than 40 bp can be detected on the
Southern blot of HindIII-digested DNA. No smaller bands
were detected on the Southern blot of HindIII-digested DNA
from all 24 clones (data not shown), indicating that the SV40
intron containing lacO sites was not grossly rearranged in these
cell clones.

To assess whether LacI can protect the lacO sites in the
chromosome from de novo methylation by Dnmt3a, the cell
clones LacO13 and LacO21, which contain unmethylated lacO
integrants, were used to integrate linearized pCMVlacI with a
hygromycin selection marker. Twenty-four hygromycin-resis-
tant cell clones were isolated from each of the LacO13 and
LacO21 cell lines. LacI expression in these cell clones was
verified by immunofluoresence staining using polyclonal rab-
bit anti-LacI antibody (Stratagene). The level of LacI ex-
pression may vary due to the integration site and copy num-
ber differences in different cell clones. Therefore, three cell
clones from each of the LacO13 and LacO21 cell lines
(LacO13I12, LacO13I17, LacO13I18, LacO21I27, LacO21I29,
and LacO21I36) expressing LacI at high levels were used for
further experiments. Southern blot analysis of genomic DNAs
from these six cell clones confirmed that the HhaI sites in the
lacO sequence remained unmethylated and that no rearrange-
ment occurred in the 467-bp HindIII fragment (data not
shown).

The Dnmt3a expression vector pMT3aMyc was transfected
into the six cell clones with or without IPTG treatment.
Genomic DNAs from these transfected cell clones were har-
vested 9 to 19 days after transfection. The DNA was singly
digested with HindIII or doubly digested with HindIII and
HhaI and analyzed by Southern blotting. A single 467-bp band
was detected in the HindIII-digested DNA from untransfected
LacO21I27 cells, and a single 304-bp band was observed in
the DNA doubly digested with HindIII and HhaI from untrans-
fected LacO21I27 cells (Fig. 4A). A single 304-bp band and a
very faint 467-bp band were detected in genomic DNA har-
vested from the LacO21I27 cells transfected with Dnmt3a and
not treated with IPTG (Fig. 4A). A 304-bp band and a 467-bp
band were clearly detected in the DNA harvested from
LacO21I27 cells transfected with Dnmt3a and treated with
IPTG (Fig. 4A). The other two cell clones, LacO21I29 and
LacO21I36, showed similar results only with no detectable
467-bp band in the DNA harvested from transfected cells not

VOL. 21, 2001 PROTEIN BINDING PROTECTS FROM DE NOVO METHYLATION 3421



treated with IPTG (Fig. 4A and data not shown). The three
clones from the LacO13 cell line also showed similar results;
however, the 467-bp band is much weaker, indicating that lacO
is less methylated in these cells than in the LacO21 cell clones
(Fig. 4A and data not shown). A faint band at 467 bp was also
observed in one of the LacO13 clones, LacO13I12 not treated
with IPTG after transfection (Fig. 4A). The fraction of plasmid
that became methylated at the three HhaI sites within lacO can
be estimated based on the quantitation of the radioactivity in
the 467- and the 304-bp bands from each transfection as de-
scribed above. The average levels of methylation were 35.9%
6 1.5%, 53.6% 6 2.2%, and 43.8% 6 0.6% from independent
transfections of each of the LacO21I27, LacO21I29, and
LacO21I36 cell clones, respectively. The average levels of
methylation were 28.5% 6 1.3%, 12.5% 6 1.3%, and 14.6% 6
1.1% in LacO13I12, LacO13I17, and LacO13I18 cell clones,
respectively, from two independent transfections of each cell
line. Repeated experiments showed similar results (data not
shown). The fractions of lacO sites that became methylated in
the three cell clones derived from the same cell line were very
consistent. This suggests that the integration site may play an
important role in the accessibility of the lacO sites to Dnmt3a.

To examine whether LacI expression can protect sites other
than lacO from de novo methylation by Dnmt3a, the same
Southern blot described above was stripped and rehybridized
with a probe containing the luciferase coding region as de-
scribed above in the episomal experiment. DNA doubly di-
gested with HindIII and HhaI from untransfected LacO21I27
showed the complete digestion pattern (Fig. 4B). LacO21I27
cells transfected with pMT3aMyc showed increased-size HhaI
fragments regardless of the presence or absence of IPTG (Fig.
4B). This finding is consistent with the results using the epi-
some. Similar to what occurred in the episomal experiment,
the lacO sequences were more methylated (Fig. 4A) than the
luciferase coding region (Fig. 4B) when IPTG and Dnmt3a
were both present. This result is consistent with the previous
finding that Dnmt3a has preferred targets on the episome (10).

These findings indicate that Dnmt3a can methylate the HhaI
sites in the lacO sequences in a human chromosome and that
LacI binding to lacO can prevent Dnmt3a methylation of the
HhaI sites within lacO. However, the protection of the lacO
site by LacI may vary depending upon LacI expression or the
amount of Dnmt3a in the cells. These results also indicate that
Dnmt3a can methylate the luciferase coding region integrated
in the chromosome and that the presence of LacI does not
protect this region from de novo methylation. As observed on
the episome, LacI protection of sites from de novo methylation
by Dnmt3a is specific to lacO sites. These findings further
support the conclusion that methylation events occurring on
the episome are a close reflection of those occurring in the
chromosome.

DISCUSSION

Utilizing the well-characterized E. coli lac repressor-opera-
tor system, this study showed for the first time that protein
binding protects DNA sites on the stable episome as well as in
the genome from de novo methylation by methyltransferase,
Dnmt3a, in human cells. The lac operator DNA, lacO, can be
methylated by Dnmt3a in vivo, and this methylation activity is

FIG. 4. LacI protection of lacO sites from de novo methylation in
the chromosome. (A) The Dnmt3a expression vector was transfected
into independent LacI-expressing cell clones containing the lacO se-
quences treated or not treated with IPTG. A single 304-bp band was
detected in the DNA doubly digested with HindIII and HhaI harvested
from untransfected cells, indicating no methylation at the lacO sites
without the presence of Dnmt3a. A single 304-bp band was detected in
the HindIII- and HhaI-digested DNA from transfected cell clones not
treated with IPTG. This indicates that no methylation occurred at the
HhaI sites in the lacO sequences when IPTG was absent and that LacI
was allowed to bind to lacO in the cells. The 467-bp band was present
in the DNA doubly digested with HindIII and HhaI from these cell
clones when IPTG was present. This result demonstrates that Dnmt3a
can methylate lacO when LacI binding to lacO is inhibited by IPTG.
(B) LacI protection is specific for lacO sequences. No difference in the
increased-size fragments was observed when the Southern blot shown
in panel A was stripped and rehybridized with a probe containing the
luciferase coding region, regardless of the presence or absence of IPTG.
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not enhanced or inhibited by transcription through the region
containing the binding sites. When the LacI protein was
present in the same cells, the lacO sequences were protected
from methylation by Dnmt3a and remained free of methyl-
ation. The same protection by LacI protein was also observed
when lacO sites were integrated into the chromosome. The
presence of LacI protein specifically protected the lacO se-
quences from methylation because the presence of LacI did
not affect the methylation of the luciferase gene that is adja-
cent to the lacO sites. This is the first direct evidence that
protein binding to DNA can protect specific sites from de novo
methylation in human cells.

De novo methylation occurs in the lacO sequence on the
episome regardless of the transcriptional activity through the
region. It has been described that transcriptionally silent re-
gions harbor hypoacetylated histones, and hyperacetylated
histones accumulate in transcriptionally active regions (for a
review, see reference 35). The transcriptionally active chroma-
tin has been proposed as being more accessible, and the tran-
scription complex movement may target CpG islands for de
novo methylation (11). This study showed that active transcrip-
tion through the lacO sites did not inhibit the de novo meth-
ylation of this sequence and that active transcription did not
increase the level of methylation in the lacO sites. It is possible
that the near background level of transcription on the plasmids
with no promoter or a reversed promoter is sufficient to specify
a chromatin state that is different than a repressed region. If
the accessibility dictated by basal transcription were sufficient
to target de novo methylation, all DNA with basal transcription
through the region should become methylated when Dnmt3a is
expressed highly in the cells. This is obviously not the case
because the luciferase gene is being actively transcribed, and
de novo methylation of the region is very minimal. This sug-
gests that de novo methylation does not occur during the time
that the LacI protein is displaced by the transcriptional ma-
chinery and that the lacO sites are occupied mostly by LacI and
not by the transcriptional machinery.

In two independent cell clones in the present study, the
protection against methylation by Dnmt3a at the lacO DNA
sites was incomplete even though LacI protein was present in
the cells. This suggests that the protection of lacO sites against
CpG methylation may be the result of LacI protein and
Dnmt3a competing for binding at these sites. The binding
affinity and protein concentration may be crucial as they relate
to the methylation state of these protein binding sites. The
binding of LacI can protect unmethylated lacO sites from de
novo methylation, and it can also lead to methylation loss at
the methylated lacO sites in the same cells. This conclusion is
consistent with the observations that the presence of an Sp1
site can lead to loss of methylation of a methylated CpG island
upstream of the Aprt gene in ES cells and that its presence can
also prevent DNA methylation at this CpG island (2, 17). It is
likely that Sp1 binding plays an essential role in the methyl-
ation state of the CpG island at the Aprt gene. No protein
factors other than Sp1 have been reported to bind to the
promoter of the Aprt gene (17). However, it is possible that Sp1
binding allows the recruitment of other factors to the pro-
moter, forming a complex without the direct binding of the
other factors to the DNA; the presence of such a complex
anchored by Sp1 may be sufficient to protect the region. It is

impossible to distinguish whether the absence of active tran-
scription of the Aprt gene or the absence of the Sp1 site is
important to the methylation of the Aprt gene, because Sp1 is
part of the promoter and the absence of the Sp1 site eliminates
transcription. The present study clearly demonstrates that pro-
tein binding, and not active transcription, protects sites from
de novo methylation.

It is known that DNA methylation patterns are different in
different cell types and that changes occur in cancer cells.
Recently, nonrandom CpG island methylation has been docu-
mented (4). It has been described that the methylation pattern
is determined by the rate of de novo methylation and the rate
of methylation maintenance (20, 24). It has also been postu-
lated that a “determinator protein” may specify sites for loss of
methylation or protect sites from methylation (22, 23). We
have provided evidence in this study and previous studies that
the interaction between a DNA binding protein and its binding
site plays a critical role in targeting sites for loss of methylation
and protecting sites from de novo methylation. It is clear that
protein binding can affect both loss of methylation and de novo
methylation, and it is reasonable to propose that the concen-
tration and affinity of the DNA binding proteins, their inter-
action with other proteins, and the available binding sites in
the cell can dictate the methylation pattern in the cell. A
previously methylated site can become demethylated if the
concentration of the binding protein increases. Conversely, a
previously protected and unmethylated site can become meth-
ylated if the availability of the binding protein decreases.
Therefore, when the balance between the number of DNA
binding sites and DNA binding proteins or the balance be-
tween different proteins is altered during differentiation or
carcinogenesis, it might lead to methylation changes. The dy-
namics of protein-DNA and protein-protein interaction may
also be different in subtle ways that can lead to differences in
DNA methylation patterns in the same cell type. This may
explain the minor variations of methylation pattern observed
by the bisulfite genomic sequencing method, in which single
molecules can be assessed from cells of the same tissue type (5,
30, 32, 33).
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