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It has recently been shown that in Xenopus, DNA demethylation at promoter regions may involve protein-
DNA interactions, based on the specificity of the demethylated sites. Utilizing a stable episomal system in
human cells, we recently mapped the sites and dissected the steps of demethylation at oriP sites bound by
EBNA1 protein. Although it is clear that protein binding is required for demethylation of the oriP sites, it is
uncertain whether this is a unique feature of the replication origin or whether it is a general phenomenon for
all DNA sequences to which sequence-specific proteins are bound. In the present study, we utilize the
well-defined Escherichia coli lac repressor/operator system in human cells to determine whether protein binding
to methylated DNA, in a region that is neither a replication origin nor a promoter, can also lead to demeth-
ylation of the binding sites. We found that demethylation specified by protein binding is not unique to the
replication origin or to the promoter. We also found that transcriptional activity does not influence demeth-
ylation of the lac operator. Isopropyl-b-D-thiogalactopyranoside (IPTG), an inhibitor of the lac repressor, can
prevent demethylation of the lac operator DNA sites and can modulate demethylation of the lac operator by
affecting the binding affinity of the lac repressor. Using this system, a titration of protein binding can be done.
This titration permits one to infer that protein binding site occupancy is the determinant of demethylation at
DNA sites and permits a determination of how this process progresses over time.

CpG methylation is tightly regulated during DNA replica-
tion and differentiation of somatic cells. The preexisting DNA
methylation pattern is maintained by DNA methyltransferase 1
(DNMT1) during DNA replication (14). Changes in the basic
methylation pattern occur throughout development through
the dynamic processes of de novo methylation and demethyl-
ation. Two gene products, DNMT3A and DNMT3B, have
been recently reported to have methyltransferase activity both
in vitro and in vivo (11, 17). These de novo methyltransferases
are believed to be involved in gene regulation, X-inactivation,
genomic imprinting, and methylation of endogenous retrovi-
ruses and transposable elements (for a review, see reference
27). Several demethylases have been described previously (2,
13, 21, 24). Unfortunately, the activities of some of these re-
ported demethylases cannot be reproduced in other laborato-
ries (16, 22), and in one case they cannot be reproduced in the
laboratory reporting the activity (20). It has been found that
genes lose their CpG methylation within the promoter when
they become activated, whereas genes acquire CpG methyl-
ation after they are no longer transcribed (for reviews, see
references 4 and 18). Matsuo et al. (15) suggested that demeth-
ylation may involve protein-DNA interactions in Xenopus em-
bryos, based on the specificity of the demethylated sites. We
have further demonstrated in an episomal system that binding
of proteins specifies sites of demethylation through a two-step
process in human cells (10). There is also evidence arguing that
loss of DNA methylation may be a consequence of transcrip-
tional activation (23). Taking these results together, one can
hypothesize that when a gene is activated, transcription factor

binding can initiate demethylation in the promoter and then
lead to increased transcription.

Utilizing an episomal system in human cells, we were able to
map the sites and dissect the steps of demethylation at oriP
sites bound by EBNA1 protein (10). Although it is clear that
protein binding is required for demethylation of the oriP sites,
it remains uncertain whether this is a unique feature of the
replication origin or whether it is a general phenomenon for all
DNA sequences to which sequence-specific proteins are
bound. In the present study, we utilize the well-defined Esch-
erichia coli lac repressor/operator system to determine whether
protein binding to methylated DNA, in a region that is neither
a replication origin nor a promoter, can also lead to demeth-
ylation of the binding sites. Many reports indicate that the lac
repressor system works in both E. coli and mammalian cells (3,
5, 6, 12) and that isopropyl-b-D-thiogalactopyranoside (IPTG)
can inhibit lac repressor (LacI) binding to the lac operator
(lacO). Therefore, we placed the lacO sequences on the epi-
somes and tested them in cell lines with or without lacI expres-
sion. We found that methylated lacO sequences became de-
methylated in the lacI-expressing cell line but remained
methylated in the cell line with no lacI expression. We also
found that IPTG inhibition of LacI binding to lacO could
modulate demethylation within the lacO sequences. Further-
more, this LacI-specified demethylation was not affected by
transcriptional activity. This is the first example in which pat-
terns of demethylation can be modulated by manipulating the
binding affinity of a sequence-specific binding protein.

MATERIALS AND METHODS

Plasmids. Plasmid pOLuc (Fig. 1) was constructed by replacing the chloramphen-
icol acetyltransferase gene on pOPI3 (Stratagene) with the luciferase reporter gene.
Plasmid pOLucOriP (Fig. 1) has the Epstein-Barr virus EBV latent replication
origin, oriP, inserted at the AatII site of pOLuc. Plasmid pOLucOriP was double
digested by SacII and BglII to construct pOLucDLTR and pOLucRLTR (Fig. 1).
The DNA ends were blunted after digestion and then recircularized to generate
pOLucDLTR, which does not have the Rous sarcoma virus (RSV) long terminal
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repeat (LTR) upstream of the intron containing the lacO sequences. The pOLu-
cRLTR was generated by ligating the RSV LTR fragment in the reverse orientation
back to the SacII-BglII-double-digested pOLucOriP.

In vitro methylation. DNA was methylated with HhaI- or SssI-methylase
overnight under conditions recommended by the manufacturer (New England
Biolabs). The DNA was phenol-chloroform extracted and ethanol precipitated
after in vitro methylation. The status of methylation was confirmed by digestion
using methylation-sensitive restriction endonucleases.

Cell lines and transfection. The 293/EBNA1 cell line has been described
previously (9). The 293E/lacI cell line was generated by cotransfection of the
linearized pCMVLacI (3) with a puromycin expression vector at a ratio of 10:1
into 293/EBNA1 cells. Twenty independent puromycin-resistant cell clones were
isolated and expanded from the transfection. Expression of the LacI protein was
examined by immunofluorescence staining and Western blotting using anti-LacI
antibody (generous gift of K. Mathews, Rice University, Texas). The amount of
LacI protein in the cells was estimated by comparison with a known amount of
the purified LacI protein (generous gift of K. Mathews). Throughout this study,
the calcium phosphate transfection method (25) was used. All transfections were
done in duplicate or triplicate for each experiment, and all experiments were
performed multiple times.

Episome recovery and analysis. Each time the transfected cells reached con-
fluence, 2.5% of the cells were replated into a 100-mm plate and the remaining
cells were harvested for plasmid DNA extraction by the Hirt method (7). For the
luciferase assay, 2.5% of the cells were harvested for each assay. All the trans-
fection experiments were carried out without any selection for the episomal
plasmid. IPTG was added 4 h prior to transfection in all of the IPTG suppression
experiments.

DNA harvested from each transfection was digested with restriction enzymes
to determine the methylation status. The digested DNA was fractionated on 1%
agarose gels, Southern transferred onto nylon membranes, and probed with
either the entire plasmid or the HindIII fragment containing the lacO sequence.
The Southern blots were analyzed using a phosphorimager (GS525; Bio-Rad).

Luciferase expression analysis. An aliquot (2.5%) of the transfected cells was
harvested when the cells became confluent and lysed for luciferase activity
analysis. The luciferase activity was analyzed on a luminometer (Monolight
2020; Analytical Luminescence) as described previously (8). In this study, the

measurement of luciferase gene expression is normalized by the amount of
plasmid DNA in the cells from each transfection. From the Southern blot
described in the previous section, the reading of radioactivity in each lane from
the phosphorimager was divided by that of the lane with the lowest reading to
normalize for the amount of DNA in each transfection. The luciferase reading
was then divided by the normalization factor after subtracting the background
luciferase reading to obtain the normalized luciferase activity. Therefore, the
levels of gene expression from the same quantity of plasmid DNA with different
methylation states were compared in this study.

RESULTS
The lac repressor protein can regulate gene expression in

human cells when the lac operator is placed between the pro-
moter and the coding region. The E. coli lac repressor (LacI)
has been demonstrated to bind to the lac operator (lacO)
positioned immediately downstream of the simian virus 40
(SV40) promoter on a plasmid, pSVlacO, and inhibit the tran-
scription of downstream sequences in mammalian cells (3). For
the studies below, it was necessary to ensure that a stably
integrated lacI could function in 293/EBNA1 cells. The plas-
mid, pOLuc, has an intron between the RSV LTR and the
luciferase reporter gene, and there are three copies of the lacO
sequence within this intron (Fig. 1). When LacI protein is
present in the cells, it is expected to bind to the lacO and
inhibit luciferase expression. The pOLuc plasmid was trans-
fected into 293/EBNA1 and 293/ElacI cells to test the tran-
scriptional inhibition of luciferase by LacI. The luciferase ex-
pression was reduced approximately fivefold in the 293/ElacI
cells compared to that in the 293/EBNA1 cells (Fig. 2). This
indicates that the LacI expression in 293/ElacI cells is sufficient

FIG. 1. Illustration of lacO-bearing plasmids. pOLuc does not have a eukaryotic replication origin. Plasmids pOLucOriP, pOLucDLTR, and pOLucRLTR have an
Epstein-Barr virus latent replication origin inserted at the AatII site of pOLuc.
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to inhibit luciferase expression, most probably by binding to
the lacO positioned between the promoter and the luciferase
gene.

If suppression of the luciferase gene expression in 293/ElacI
cells is due to LacI binding to lacO, the presence of IPTG, a
LacI inhibitor, should reverse the inhibition of transcription.
The effect of IPTG on transcription was tested in the 293/ElacI
cells. IPTG was added to the tissue culture medium to a final
concentration of 5 mM 24 h before transfection. The cells were
trypsinized 24 h after transfection and divided equally between
two tissue culture plates. One of these plates was continuously
treated with IPTG at a final concentration of 5 mM, and the
other was cultured without IPTG. The cells were harvested for
luciferase expression 72 h after transfection. No significant
changes were observed in 293/EBNA1 cells, although approx-
imately a 10% increase in luciferase expression was observed
when the cells were treated with IPTG. In contrast, the lucif-
erase expression was 4.5-fold higher in the IPTG-treated 293/
ElacI cells compared with that in the untreated cells (Fig. 2).
The levels of luciferase expression in the 293/EBNA1 cells and
the IPTG-treated 293/ElacI cells were very comparable. This
indicates that the suppression of luciferase expression is due to
LacI binding to lacO and that this suppression can be reversed
by the presence of IPTG.

The lacO sites become demethylated in a LacI-expressing
cell line. Binding of LacI to lacO should lead to demethylation
of lacO if sites of demethylation are specified by protein bind-
ing. The plasmid, pOLucOriP, which was generated by insert-
ing oriP into pOLuc and can be stably maintained as an epi-
some in 293/EBNA1 and 293/ElacI cells, was used to test this
hypothesis. The unmethylated, HhaI-methylated, or SssI-meth-
ylated pOLucOriP was transfected into 293/ElacI cells and into
293/EBNA1 cells. Transfected plasmid DNA was harvested
from the cells three times, first at 6 or 7 days after transfection,
then at 10 or 11 days after transfection, and finally at 15 or 17
days after transfection. The plasmid DNA was double digested
with HindIII and HhaI, fractionated on a 1% agarose gel,
Southern transferred, and probed with the 467-bp HindIII
fragment (Fig. 3A). There is a single HhaI site at the center of
the palindrome in each of the three ideal lacO sites within the
HindIII fragment. The unmethylated plasmid can be com-

pletely digested by HindIII and HhaI and therefore, should
give rise to a 338-bp fragment and three 43-bp fragments (Fig.
3A). The methylated plasmid is resistant to HhaI enzyme di-
gestion and should give rise only to the 467-bp HindIII frag-
ment. If the HhaI sites within lacO become demethylated in
293/ElacI cells, these HhaI sites on the methylated plasmid
should become demethylated and show the same band pattern
as on the unmethylated plasmid. The unmethylated pOLucOriP
harvested from both 293/EBNA1 and 293/ElacI cells showed
the same 338-bp fragment after HindIII-HhaI double digestion
and probing with the 467-bp HindIII fragment (Fig. 3B). The
same result was observed in all three harvests of the same trans-
fections. This indicates that the HhaI sites within the lacO se-
quence remained unmethylated on the unmethylated pOLucOriP
in cell lines with or without LacI expression. A 467-bp frag-
ment was detected in the HhaI-methylated pOLucOriP har-
vested from 293/EBNA1 cells, while two fragments of 467 bp
(very faint) and 338 bp were detected in the HhaI-methylated
pOLucOriP harvested from 293/ElacI cells (Fig. 3B). The SssI-
methylated plasmid also showed the same results (Fig. 3B).
This indicates that lacO remains methylated at the HhaI sites
on either the HhaI- or SssI-methylated plasmids when LacI is
absent. These results also indicate that a large fraction of the
methylated pOLucOriP episomes become demethylated at the
HhaI sites within the lacO sequence when LacI is present.

It is important to confirm that the presence of LacI does not
lead to overall demethylation of the plasmids in addition to the
lacO sequence. The same blots were stripped and reprobed
with the large HindIII fragment of the pOLucOriP that lacks
the SV40 intronic sequence and the lacO sequences. The un-
methylated plasmid harvested from 293/ElacI cells was di-
gested to completion by HindIII and HhaI (Fig. 3C). Only one

FIG. 2. Transcriptional suppression of the luciferase gene on pOLuc by lac
repressor. The relative luciferase expression from pOLuc transfected into cell
lines with (293/ElacI) and without (293/EBNA1) lac repressor expression is
shown. The bars indicate the standard deviations. FIG. 3. Demethylation of lacO sites. (A) Illustration of the SV40 intron

harboring the three lacO sites and the sizes of HindIII and HhaI restriction
fragments in the region. (B) Southern blot of HindIII-HhaI-double-digested
plasmid DNA harvested 15 days after transfection into cell lines with (1 lacI,
293/ElacI) and without (2lacI, 293/EBNA1) lacI expression. The unmethylated
plasmid can be digested to completion by HindIII and HhaI; therefore, a 338-bp
band is detected. The HhaI- or SssI-methylated plasmids remain methylated at
the three HhaI sites within lacO when LacI is absent, so that a 467-bp band is
detected. In contrast, these HhaI sites are demethylated when LacI is present,
and they are digestable by HhaI to give rise to the 338-bp band. (C) Lack of
demethylation in the vector backbone. There is no detectable difference in the
HhaI-digested vector backbone with or without lacI.
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fragment, of approximately 9 kb, was detected in HindIII-
HhaI-double-digested SssI-methylated plasmid DNA har-
vested from 293/ElacI cells (Fig. 3C). It has been shown that a
small fraction of the HhaI-methylated plasmid demethylates at
HhaI sites in the oriP region and in the herpes simplex virus
HSV thymidine kinase (tk) promoter region in 293/EBNA1
cells (9). Therefore, multiple bands were detected in the
HindIII-HhaI double digestion of HhaI-methylated plasmid
DNA harvested from 293/ElacI cells (Fig. 3C). Furthermore,
the sizes of the HhaI fragments generated from the vector
backbone are not altered when LacI is present in the cells (Fig.
3C). These findings indicate that the presence of LacI specif-
ically leads to demethylation of HhaI sites within lacO.

The percentage of methylated plasmids that become de-
methylated at the HhaI sites in the 293/ElacI cells can be
measured as follows. The radioactivity in the 338-bp band is
divided by the total radioactivity in the 467- and 338-bp bands
after correction for the fraction of the probe that can hybridize
to each band. The HhaI-methylated DNA recovered from the
first of the three harvests at 6 or 7 days after transfection was
approximately 55% demethylated within the lacO sites (Fig. 4).
The percentage of HhaI-methylated plasmids demethylated
within the lacO sites increased to 77.4% at 10 or 11 days after
transfection and to 82.1% at 15 to 16 days after transfection
(Fig. 4). The SssI-methylated plasmid showed the same in-
crease in the fraction of plasmids becoming demethylated
within the lacO sites as did the HhaI-methylated plasmid in the
293/ElacI cells (Fig. 4). This indicates that a larger number of
methylated plasmids become demethylated within the lacO
sites over time. In our experience, the amount of episomal
DNA in the cell drops significantly between 5 and 8 days after
transfection (data not shown). It is possible that not all lacO
sites are occupied by LacI during the first few days after trans-
fection due to the abundance of the episome in the cells.
Therefore, the fraction of plasmids undergoing demethylation
at the lacO sites is limited by ratio of the lacO sites and LacI
protein in the cells (the equilibrium for LacI binding to lacO).

IPTG, a LacI binding inhibitor, can prevent lacO demeth-
ylation. In both E. coli and mammalian cells, IPTG can induce
transcription by binding to LacI, thereby decreasing its affinity
for lacO (equilibrium dissociation constant, 10213 M [19]) to
the background level of general DNA binding (equilibrium
association constant, 3 3 10210 M [1]). We also confirmed that
the presence of 5 mM IPTG in the tissue culture medium can

induce luciferase expression from pOLuc in 293/ElacI cells as
described above. If the demethylation of lacO sites observed in
the 293/ElacI cells is a direct consequence of LacI binding to
lacO, the presence of a sufficient concentration of IPTG should
prevent LacI binding to lacO and inhibit the demethylation of
lacO. Furthermore, the effect of IPTG should be fully revers-
ible. When IPTG is removed from the cells, LacI should be
able to bind lacO and lead to demethylation of the lacO sites.
The experiment was designed to compare the methylation sta-
tus within the lacO sites in the presence and absence of IPTG
in the cells from the same transfection. IPTG was added to the
293/ElacI cells to a final concentration of 5 mM at least 4 h
before transfection. The high-concentration IPTG treatment
ensures that most, if not all, of the repressors are fully occupied
by the inducer before the lacO-bearing plasmid is transfected
into these cells. The cells from each transfection were tryp-
sinized and divided equally between two tissue culture plates 3
days after transfection with HhaI-methylated pOLucOriP.
IPTG was added to one of these plates to a final concentration
of 10 mM, and no IPTG was added to the other plate. Plasmid
DNA was harvested 4 days later, digested with HindIII and
HhaI, fractionated on a 1% agarose gel, and analyzed by
Southern blotting. When the transfected plasmid DNA was
probed with the 467-bp HindIII fragment, only the 467-bp
fragment was detected in the DNA with IPTG present the
entire time (Fig. 5). In contrast, 467- and 338-bp fragments
were detected in the plasmid DNA harvested 7 days after
transfection when IPTG was withdrawn from the culture 3 days
after transfection (data not shown). This was seen for HhaI-
methylated DNA as well as SssI-methylated DNA (data not
shown). IPTG was removed from the cells transfected with
methylated plasmid DNA 15 days after transfection to confirm
that the IPTG effect is reversible after long-term treatment.
Approximately 50% of the plasmids were demethylated within
the lacO sites 4 days after IPTG withdrawal (Fig. 5). This
finding indicates that a high concentration of IPTG can pre-
vent demethylation of the lacO sites on the episome by inhib-
iting LacI binding to lacO and that the IPTG effect is fully

FIG. 5. The presence of a high concentration of IPTG can prevent lacO
demethylation. The 293/ElacI cells were treated with a final IPTG concentration
of 5 mM beginning 4 h before transfection. The cells were divided evenly
between two plates 3 days after transfection. The cells in one plate were treated
with 10 mM IPTG, and the cells in the other plate were not treated with IPTG.
Plasmid DNA was harvested for probing multiple times during a 19-day interval
for Southern blot analysis using the 467-bp HindIII fragment as a probe. When
IPTG was present, the HhaI-methylated plasmid remained methylated at the
HhaI sites within the lacO sequence at 19 days after transfection (lanes 1 and 2).
In contrast, after IPTG was withdrawn from the tissue culture medium 15 days
after transfection, demethylation within the lacO sites could be detected 4 days
later (lanes 3 and 4).

FIG. 4. Quantitation of lacO demethylation observed on pOLucOriP. The
fraction of demethylated lacO increases over time. The radioactivity in the
338-bp band is divided by the total radioactivity in the 467- and 338-bp bands
after correction for the fraction of the probe that can hybridize to each band. The
bars indicate the standard deviations.
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reversible. This suggests that high-affinity protein binding is
crucial for demethylation site targeting.

The IPTG concentration is inversely proportional to the
lacO demethylation. We were interested in determining if the
amount of IPTG in the cells correlates with demethylation of
the lacO sites. The 293/ElacI cells were treated with a final
concentration of 5 mM IPTG 4 h prior to transfection with
HhaI-methylated pOLucOriP. The transfected cells were
trypsinized and divided among five or six plates as needed at 3
or 4 days after transfection, as the cells first became confluent.
Various amounts of IPTG were added to each plate. The goal
of the first few sets of experiments was to find the lowest
concentration of IPTG that can effectively prevent demethyl-
ation of the lacO sites. Various final concentrations of IPTG
over the range of 5 mM to 5 nM were tested and compared
with no IPTG treatment. A similar fraction of the plasmid
became demethylated with an IPTG concentration between 0
and 100 nM (data not shown). No demethylation of the lacO
sites was detected from the HhaI-methylated plasmid when the
IPTG concentration was above 10 mM (data not shown). It is
clear that 100 nM or less IPTG is not sufficient to block LacI-
specified demethylation while 10 mM IPTG can effectively pre-
vent demethylation of the lacO sites. Six different intermediate
concentrations of IPTG, 0.1, 0.3, 1, 1.75, 3, and 5.5 mM, were
further tested with 0 and 10 mM IPTG as controls for inhibi-
tion of lacO site demethylation. A higher percentage of plas-
mid became demethylated with decreasing concentrations of
IPTG (Fig. 6). This demonstrates that demethylation of the
lacO sites is directly modulated by the concentration of IPTG
and the ability of LacI to bind to the lacO sites.

The amount of LacI protein in the 293/ElacI cells was esti-
mated by Western blotting using a known amount of purified
LacI protein as a comparison. There was approximately 0.3 mg
of LacI in 2 3 106 293/ElacI cells, equivalent to 2.7 3 106

molecules per cell. The minimum concentration of IPTG in the
medium needed to inhibit demethylation entirely was 10 mM,
equivalent to approximately 4 3 107 molecules per nucleus
based on the findings in Wyborski and Short (26). From this,
we can calculate that approximately a 20-fold excess of IPTG
over LacI may be needed to suppress LacI binding to the lacO

sites sufficiently to prevent all demethylation at those sites in
this system.

Transcriptional activity does not affect the demethylation of
lacO sites. The lacO sites within an SV40 intron are positioned
between the promoter and the luciferase gene on the episome.
Transcription through this region may affect demethylation in
two possible ways that would lead to opposite effects. It is
possible that active transcription can also interfere with main-
tenance methylation, thereby enhancing demethylation of the
lacO. If this were the case, increased transcriptional activity
should lead to increased demethylation. Alternatively, it is
possible that transcription can displace LacI binding to lacO. If
so, increased transcriptional activity should lead to decreased
demethylation at lacO sites.

We found that only a slightly smaller fraction of the SssI-
methylated plasmid DNA became demethylated compared
with the HhaI-methylated plasmid (as described above), al-
though the luciferase activity of the SssI-methylated plasmid
was more than 100-fold lower than that of its HhaI-methylated
counterpart (data not shown). This suggests that transcription
does not enhance demethylation.

To further test the possible effects of transcription on the
demethylation process, plasmids with the same density of
methylation and different transcriptional activity could be
tested. Plasmid pOLucRLTR was used to vary the transcrip-
tional activity by approximately 40-fold and maintain the same
density of methylation. Plasmid pOLucDLTR was used as
the promoterless comparison. HhaI-methylated pOLucDLTR,
pOLucRLTR, or pOLucOriP was transfected into 293/EBNA1
and 293/ElacI cells. The luciferase activity and the fraction of
plasmid demethylation were measured 6 or 7 days after trans-
fection and 11 or 12 days after transfection. The luciferase
activity was normalized by the amount of plasmid DNA in the
cells and was standardized against the luciferase activity of
HhaI-methylated pOLucOriP plasmid in 293/EBNA1 cells.
The luciferase expression from HhaI-methylated pOLucOriP
in 293/ElacI cells was at 43% of the expression level of its
counterpart in 293/EBNA1 cells (Fig. 7A). The luciferase ex-
pression from HhaI-methylated pOLucDLTR, which does not
have a promoter upstream of the luciferase gene, was 1% of
that of the HhaI-methylated pOLucOriP in 293/EBNA1 cells
(Fig. 7A). The luciferase expression from HhaI-methylated
pOLucRLTR, which has the RSV LTR pointed away from the
luciferase gene, was also approximately 1% of the expression
level of the HhaI-methylated pOLucOriP in the 293/EBNA1
cells (Fig. 7A). Levels of expression from HhaI-methylated
pOLucDLTR and HhaI-methylated pOLucRLTR were similar
in 293/EBNA1 and 293/ElacI cells (Fig. 7A). Southern blot
analysis of HindIII-HhaI-double-digested plasmid DNA har-
vested from 293/ElacI cells showed a similar degree of demeth-
ylation for all three plasmids (Fig. 7B). The fraction of de-
methylated plasmid from each transfection was calculated
based on the radioactivity in the 467- and 338-bp bands as
described above. Despite these dramatic differences in tran-
scriptional activity, there was only a slight decrease in the
fraction of demethylated HhaI-methylated pOLucOriP com-
pared with either HhaI-methylated pOLucDLTR or HhaI-
methylated pOLucRLTR (Fig. 7C). The plasmid DNA har-
vested 11 or 12 days after transfection showed similar results to
the DNA harvested 6 or 7 days after transfection (Fig. 7C).
Despite the 40-fold difference in transcriptional activity, de-
methylation of lacO sites occurred to similar extents on
these plasmids. This indicates that the level of transcription
through a DNA region does not play a major role in the
demethylation process and that the presence of the pro-
moter does not play a role in demethylation at the lacO

FIG. 6. Modulation of demethylation by the IPTG concentration. The 293/
ElacI cells were treated with a final IPTG concentration of 5 mM for 4 h before
transfection with HhaI-methylated pOLucOriP. The transfected cells were di-
vided among several plates and treated with lower concentrations of IPTG. The
fraction of plasmids becoming demethylated in the lacO sites was analyzed as
described previously. A linear and inversely correlated relationship between the
IPTG concentration and demethylation of lacO was observed.
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sites. This also implies that transcriptionally active chroma-
tin is not a requirement for demethylation. LacI is not
known to be associated with a histone acetylase complex;
therefore, demethylation is not likely to involve the recruit-
ment of a histone acetylase complex.

DISCUSSION

This study utilizes a well-characterized system to demon-
strate that (i) lac repressor binding to a lac operator can lead
to demethylation of the lac operator, indicating that demeth-
ylation specified by protein binding is not unique to the EBV
latent replication origin, oriP; (ii) IPTG, an inhibitor of the lac
repressor, can prevent demethylation of the lac operator; (iii)
demethylation of the lac operator by the lac repressor can be
modulated by affecting the binding affinity of the lac repressor;
and (iv) transcriptional activity does not influence demethyl-
ation of the lac operator.

The demethylation of lacO specified by LacI binding
strongly supports our previous finding that protein binding is
essential in the demethylation process. Although we have dem-
onstrated previously that the structure of the replication origin
alone cannot lead to demethylation (10), it has not been ruled
out as a requirement of protein binding-specified demethyl-
ation. This possible requirement is clearly ruled out in this
study since the binding of LacI can lead to demethylation of
the lacO sequence located about 4 kb away from oriP on the
opposite side of the episome.

The binding affinity of the protein appears to be important.
Although LacI can bind to DNA in general, the presence of
LacI does not lead to demethylation of CpG sites on the
plasmid outside of the lacO sequences. When a sufficient
amount of IPTG is present in the cells, demethylation of lacO
can be completely blocked. The equilibrium dissociation con-
stant for the LacI-IPTG complex binding to lacO is 300-fold
weaker than that of free LacI binding to lacO (1). These two
lines of evidence suggest that a strong binding protein is re-
quired to specify sites for demethylation. Different IPTG con-
centrations in the cells can effectively modulate demethylation
of lacO on the plasmid. This modulation appears to be in-
versely correlated in a linear fashion and indicates that the
availability of LacI in the nucleus can directly affect the frac-
tion of plasmids which become demethylated at the lacO se-
quence. These results strongly suggest that demethylation is
determined primarily by occupancy of sites by binding proteins.

In this study, we found that transcriptional activity through
the region of demethylation is neither required for nor inhib-
itory to the DNA demethylation specified by protein binding.
A similar degree of demethylation was observed on episomes
with a 40-fold difference in transcriptional activity. This clearly
indicates that transcription through the protein binding site
does not affect demethylation of lacO. The first step of the
protein binding-specified demethylation appears to be replica-
tion dependent (10). This suggests that transcriptional dis-
placement of LacI binding to lacO does not occur during the
time that DNA is remethylated by the maintenance methyl-
transferase immediately after replication. The promoterless
episome also demethylates to the same extent at a similar rate.
This rules out the possibility that demethylation occurs
through recruitment of a histone acetylase complex as pro-
posed by Matsuo et al. (15). The present study demonstrates
that demethylation specified by protein binding is most likely
to be a general phenomenon that can occur at sites of strong
factor binding. Although this has been found to occur only on
plasmids (10, 15), it is conceivable that it also occurs in the
mammalian genome. The oriP-based episomes are maintained
at a relatively low copy number of 10 to 50 copies in the human
cells. These episomes mimic the chromosomal events very
closely, as described previously (9). We are currently testing
whether protein binding can lead to demethylation in the chro-
mosome and whether protein binding inhibitors can modulate
demethylation in the genome.

FIG. 7. Demethylation of lacO sites is not affected by transcriptional activity
through the DNA sequence. (A) The expression of luciferase from three differ-
ent plasmids was measured and normalized by the amount of plasmid DNA in
the transfected cells. The relative luciferase expression was calculated using the
luciferase expression of pOLucOriP in 293/EBNA1 cells as 100% expression. (B)
Southern blot analysis of lacO demethylation. Three different plasmids showed a
similar fraction of lacO demethylation over time. (C) Quantitation of lacO
demethylation on three different plasmids. The bars indicate the range of
the values. There is 56.9, 60, and 65% demethylated lacO on pOLucOriP,
pOLucRLTR, and pOLucDLTR, respectively, at 6 days after transfection in
panel B, and there is 84.9, 81.1, and 75.7% demethylated lacO on pOLucOriP,
pOLucRLTR, and pOLucDLTR, respectively, at 11 days after transfection in
panel B.

2348 LIN ET AL. MOL. CELL. BIOL.



It has been proposed that DNA methyltransferase can be
excluded by proteins that bind cooperatively to CpG islands
(28). Another model also proposed that unmethylated DNA
regions are either at or near sequences bound by nonhistone
proteins (29). This study provides strong support for these
early models on methylation-free DNA regions on the chro-
mosome. The fact that affinity of the binding protein is crucial
would be consistent with the possibility that cooperative bind-
ing of proteins would also result in methylation-free regions on
the chromosome.
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