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Background:Whether active DNA demethylase(s) exist in vertebrates is under debate.
Results:Mammalian DNA methyltransferases (DNMTs) can directly convert 5-methylcytosine in DNA to cytosine in vitro.
Conclusion: Vertebrate DNMTs can function as Ca2�- and redox state-dependent DNA demethylases.
Significance: The DNA demethylase activities of vertebrate DNMTs could regulate gene expression, development, neuroplas-
ticity, carcinogenesis, etc., through global and/or local genomic demethylation.

Methylation at the 5-position of DNA cytosine on the verte-
brate genomes is accomplished by the combined catalytic
actions of three DNAmethyltransferases (DNMTs), the de novo
enzymesDNMT3AandDNMT3B and themaintenance enzyme
DNMT1. Although several metabolic routes have been sug-
gested for demethylation of the vertebrate DNA, whether active
DNA demethylase(s) exist has remained elusive. Surprisingly,
we have found that the mammalian DNMTs, and likely the ver-
tebrates DNMTs in general, can also act as Ca2� ion- and redox
state-dependent active DNA demethylases. This finding sug-
gests new directions for reinvestigation of the structures and
functions of these DNMTs, in particular their roles in Ca2� ion-
dependent biological processes, including the genome-wide/lo-
cal DNA demethylation during early embryogenesis, cell differ-
entiation, neuronal activity-regulated gene expression, and
carcinogenesis.

In vertebrates, DNA methylation occurs primarily at the
5-position of cytosine (C-5) in CpG dyads, and their genomic
methylation patterns are established/maintained by the DNA
(C-5)-methyltransferases (DNMTs).2 Of the known vertebrate
DNMTs, DNMT1 shows a substrate preference for hemimeth-
ylated DNA and maintains the methylation patterns during
DNA replication (1). On the other hand, DNMT3A and
DNMT3B show equal C-5 methylation activities toward
unmethylated and hemimethylated DNA in vitro, and they are
essential for de novo genomic DNA methylation as well as
development of early embryos (2, 3). The vertebrate DNA
methylation system comprising the above three essential
DNMTs is indispensable for the establishment of the genomic
DNA methylation patterns, globally and locally, and conse-
quently the processes of gene expression (4), neuroplasticity

(5), differentiation (6), carcinogenesis (7, 8), imprinting (9),
X-inactivation (10), and development (9, 11, 12). A fourth
DNMT of vertebrates, DNMT2, can also methylate DNA (13,
14), but no phenotype(s) is associated with DNMT2-deficient
mice (15). In cells, the DNA methyltransferase activities of the
DNMTs are known to be regulated by a number of factors,
including folate intake, redox state of the enzymes, ratio of
S-adenosylmethionine (SAM) to S-adenosylhomocysteine, etc.
(16).
A concerted action of DNA methylation and demethylation

is essential for shaping the vertebrate genomes with specific
patterns of 5-methylcytosine (5-mC) distribution. However, in
contrast to the DNA C-5 methylation catalyzed by the single
family of DNMTproteins mentioned above, multiple pathways
have been proposed to carry out demethylation of the verte-
brate genomes. The methyl-CpG-binding domain protein
MBD2 has been reported to possess demethylase activity (17),
but the result is yet to be reproduced by others. On the other
hand, in parallel to the active DNA demethylation by the base
excision repair (BER) pathways in plants (18), the vertebrate
glycosylases appear to initiate DNA demethylation by directly
removing the 5-mC base (19). Subsequently, the nucleotide
excision repair and conversion of 5-mC to T through deamina-
tion reaction in combination with the BER pathway have been
suggested to be involved in DNAC-5 demethylation of the ver-
tebrate genomes (20–22). More recently, a family of mamma-
lian TET proteins has been shown to convert 5-mC to 5-hy-
droxymethylcytosine (5-hmC), which promotes the idea of
DNA demethylation through TET action and 5-hmC oxidation
(23–25). In an interesting connection, mammalian DNMT3A
and DNMT3B are capable of directly removing the hydroxy-
methyl moiety from 5-hmC in vitro in a redox state-dependent
manner (26). Thus, these two DNMTs in combination with
TET might actively demethylate 5-mC on DNA.
Despite all of the above, it has remained elusive whether

enzyme(s) that can actively and directly convert 5-mC onDNA
into C exist in vertebrates. We report here that in in vitro reac-
tions, mouse and/or human DNMT1, DNMT3A, and
DNMT3B acted as active DNA demethylases, removing the
methyl group from 5-mC on DNA in an Ca2� ion- and redox
state-dependent manner.
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EXPERIMENTAL PROCEDURES

Recombinant Plasmids and Recombinant Proteins—Con-
struction of the expression plasmids used in this study was
described previously (26). The DNA methylation-inactive
mutants of the DNMTs, i.e. DNMT1-PSC, DNMT3A-PS, and
DNMT3B-PS, were generated by insertion of a serine residue
before Cys-1229 in the catalytic site of DNMT1 or by replacing
Cys-706 andCys-657 in the catalytic domains of DNMT3A and
DNMT3B, respectively, with a serine residue. All of the recom-
binant DNMTs, including human DNMT1 (hDNMT1; purity
of �78%), hDNMT3A (purity of �90%), and mouse DNMT3B
(purity of �50%) (supplemental Fig. S1), were purchased from
BPS Bioscience.
Cell Culture and DNA Transfection—293T cells were cul-

tured under 5% CO2 at 37 °C in DMEM (Invitrogen) supple-
mented with 10% FBS (Biological Industries) and 1% penicillin/
streptomycin (Invitrogen). For DNA transfections, the
different expression plasmids were transfected into cells
using either Lipofectamine 2000 (Invitrogen) or MAXifect
(Omics Bio). The cells were collected 2 days later for further
experimentation.
Preparation of Nuclear Extracts—Nuclear extracts were pre-

pared fromporcine sperm and 293T cells by amodifiedmethod
(27). Briefly, the porcine semen was washed three times with
PBS, and the sperm pellet was isolated using Ficoll (GE Health-
care). The pellet was resuspended in hypotonic buffer (10 mM

Tris-HCl (pH 7.4), 10 mM NaCl, 1 mM EDTA, and EDTA-free
protease inhibitors (Roche Applied Science)) on ice for 15 min.
The resuspended sperm were passed 10 times through a
21-gauge needle and then centrifuged at 13,200 rpm for 10min
at 4 °C. The supernatant was removed, and the pellet of the
nuclei was resuspended in resuspension buffer (10 mM Tris-
HCl (pH 7.4), 10 mM NaCl, 1.5 mM MgCl2, and EDTA-free
protease inhibitors), and an equal volume of 1 M NaCl was
added, followed by a 30-min incubation on ice. The solution
was centrifuged at 13,200 rpm for 30min at 4 °C, and the super-
natant (nuclear extract) was dialyzed at 4 °C in buffer B (10 mM

Tris-HCl (pH 7.4), 50mMNaCl, 1.5mMMgCl2, and EDTA-free
protease inhibitors) (26) overnight with 2 changes of the dialy-
sis buffer.
Preparation of the nuclear extract from 293T cells followed

the procedures described above. The transfected cells were
washed three times with PBS and resuspended in hypotonic
buffer on ice for 10 min. The solution was centrifuged at 4000
rpm for 10min, and the supernatant was removed. The nuclear
pellet was resuspended in resuspension buffer, and an equal
volumeof 1MNaClwas added, followed by a 30-min incubation
on ice. The lysate was centrifuged at 13,200 rpm for 30 min at
4 °C, and the supernatant was collected as the nuclear extract,
which was then dialyzed overnight at 4 °C in buffer B.
DNASubstrates for in VitroDNADemethylationAssay—The

5-mC-containing substrate forDNAdemethylation assay of the
porcine sperm nuclear extract was prepared from the 2819-bp
pMR1-8 plasmid containing 185 CpG dyads and 11 MspI
restriction sites. The unmodified pMR1-8 plasmid was ampli-
fied in SCS110 bacteria (Stratagene) and thenmethylated by the
bacterial methyltransferase M.SssI (New England Biolabs) in

NEB Buffer 2 supplemented with 160 �M SAM. The extent of
methylation of the plasmid was checked by HpaII digestion.
C-5-methylated double-stranded DNA substrate (26) was used
in the demethylation reactions with 293T nuclear extract or
recombinant DNMTs (see below) and then analyzed by the
hydrolysis-TLC assay.
In Vitro Reactions of Conversion of 5-mC to C on DNA—For

DNA demethylation reactions of the porcine sperm nuclear
extract, 40 ng of themethylated pMR1-8 plasmidwas incubated
with 100 �g of the nuclear extract in 50 �l of buffer B with 100
�g/ml BSA at 37 °C for 1–4 h. When needed, one of three
divalent cations (Ca2�, Mg2�, or Fe2�; 10 �M to 10 mM),
CRT0044876 (10 �M to 1 mM), 3-aminobenzamide (0.5 �M to
50mM), or tetrahydrouridine (30 �M to 1mM) was added to the
reaction mixtures.
For DNA demethylation reactions of recombinant DNMT

proteins or nuclear extracts from293T cells overexpressing dif-
ferent DNMTs, 40 ng of the 5-mC-containing double-stranded
DNA substrate was incubated with 40 nM recombinant
DNMTs or 100 �g of the 293T nuclear extracts in 50 �l of
buffer B with 100 �g/ml BSA at 37 °C for 0.5–8 h. When
required, 10 �M to 10 mM CaCl2, 5 mM DTT, 2 mM tris(2-
carboxyethyl)phosphine hydrochloride, or 160 �M SAM was
included in the reaction mixtures.
To understand the effect of the oxidation state of the

enzymes, 40 nM recombinant mouse DNMT3B was pretreated
with 10 �M to 10 mM H2O2 in 49 �l of buffer B at 15 °C for 30
min or with 1–5 mM oxidized glutathione (GSSG) in 49 �l of
buffer B at 37 °C for 1 h.After preincubation, 40 ng of the 5-mC-
containing double-stranded DNA substrate was added, and the
incubation was continued for another 4 h at 37 °C.
All reactions were stopped with 1.3% SDS and then treated

with proteinaseK for 20min at 50 °C. TheDNAsubstrateswere
isolated using the QIAquick nucleotide removal kit (Qiagen)
and subjected to the restriction digestion-PCR assay or hydro-
lysis-TLC assay as described previously (26).
In Vitro Reactions of Conversion of C to 5-mC on DNA—

Methylation in vitro of unmodified pMR1-8 plasmid DNA by
the DNMTs was carried out and analyzed by the hydrolysis-
TLC assay. When needed, 1 mM CaCl2 or 5 mM DTT was also
included in the reaction mixture.
Restriction Digestion-PCR Assay of C-5 Methylation on Dou-

ble-stranded DNA Substrate(s)—The procedures used were
those described previously (26). See the legend of supplemental
Fig. S2A for more details.
Hydrolysis-Thin Layer Chromatography (TLC) Assay of

5-mC, 5-hmC, and C on DNA—The experimental procedures
were similar to those described previously (26). For more
details, see the legend of supplemental Fig. S2B.

RESULTS

In Vitro DNA Demethylation by the Porcine Sperm Extract—
Because the level of 5-mC on the paternal genome in the mam-
malian pronuclei decreases rapidly after fertilization without
the need for DNA synthesis, and sperm-derived factor(s)
appear to be involved in this demethylation process (28–30),
we carried out in vitroDNAC-5 demethylation reactions using
nuclear extract prepared from porcine sperm. We also tested
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the effect of Ca2� ion in view of the calcium wave in the oocyte
upon fertilization (31). Remarkably, inclusion of 1–10 mM

Ca2�, but not Mg2� (Fig. 1A, compare lanes 7–10 with lane 6)
or Fe2� (compare lanes 12–15 with lane 11), significantly
reduced the extent of DNA methylation by 20–50% (compare
lanes 4 and 5 with lane 1).

Both DNA cytosine deamination and the BER pathway (in
particular, through its two components APE1 and poly(ADP-
ribose) polymerases) are involved in activeDNAdemethylation
(22, 32–34). However, inclusion of inhibitors of either the BER
pathway (CRT0044876 for APE1 and 3-aminobenzamide for
poly(ADP-ribose) polymerases) or the cytidine deaminase (tet-
rahydrouridine) in the reactions had little effect on the in vitro
DNA demethylation activity of the sperm nuclear extract (Fig.
1, B and C). The data of Fig. 1 suggested that Ca2� ion stimu-
lated a BER- and cytidine deaminase-independent DNA dem-
ethylation activity in the nuclear extract of porcine sperm.

DNA 5-mC Demethylase Activities of Wild-type (but Not
Mutant) Murine DNMT1, DNMT3A, and DNMT3B with
Intact Catalytic Domains—It was not trivial to purify the fac-
tor(s)/enzyme(s) in the nuclear extract of the porcine sperm
that was responsible for the in vitro conversion of 5-mC to C on
DNA. Because the porcine sperm nuclear extract contained
DNMT1/DNMT3A/DNMT3B (data not shown), and the
murine/human orthologs of the latter two DNMTs act in vitro
as DNA 5-hmC dehydroxymethylases under oxidative condi-
tions in the absence of SAM (26), we suspected that under
appropriate conditions, these DNMTsmight also be capable of
converting other modified forms of cytosine, e.g. 5-mC, to C.
In view of the data of Fig. 1, we carried out in vitro DNA

demethylation reactions in the presence of 10 mM Ca2�. The
5-mC-containing double-stranded DNA substrate was incu-
bated with nuclear extracts prepared from 293T cells trans-
fected with plasmids overexpressing enhanced green fluores-

FIGURE 1. DNA demethylation activity of porcine sperm extracts. A, fully methylated plasmid DNA pMR1-8 was incubated at 37 °C for 2 h in the porcine
sperm nuclear extract with increasing concentrations (0, 10, and 100 �M and 1 and 10 mM) of CaCl2 (lanes 1–5), MgCl2 (lanes 6 –10), or Fe(NH4SO4)2 (lanes 11–15).
After the reactions, the extent of DNA demethylation of the plasmid DNA was analyzed by the restriction digestion-PCR assay outlined in supplemental Fig.
S2A. The histograms show the relative proportions of the plasmid DNA resistant to HpaII cleavage. For comparison of bars 2–5 with bar 1, p � 0.05 (*) and p �
0.01 (**) by t test. B, effects of BER inhibitors on the demethylation activities of the porcine sperm nuclear extract. The DNA demethylation reactions were carried
out by incubating fully methylated plasmid DNA pMR1-8 and sperm nuclear extract containing 10 mM CaCl2 and increasing concentrations of APE1 inhibitor
(APE-i; 0, 1, 10, and 100 �M and 1 mM (lanes 2– 6)) or 3-aminobenzamide (3-AB; 0, 5, and 500 �M and 5 and 50 mM (lanes 8 –12)). After the reactions, the extent of
demethylation of the plasmid DNA was analyzed by the restriction digestion-PCR assay. C, effect of the cytidine deaminase inhibitor tetrahydrouridine (THU)
on the demethylation reaction in the porcine sperm nuclear extract. The fully methylated pMR1-8 DNA was subjected to incubation in the extract at 37 °C for
2 h with increasing concentrations of tetrahydrouridine (0, 30, and 100 �M and 1 mM (lanes 1– 4)). The extent of demethylation of the plasmid DNA was analyzed
by the restriction digestion-PCR assay. The histogram shows the relative proportions of plasmid DNA resistant to HpaII cleavage. Lane M, mock control without
incubation. Error bars indicate S.D.
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cent protein (EGFP) and mouse DNMT1, DNMT3A, and
DNMT3B, as well as their mutants. After the reactions, the
DNA products were hydrolyzed as depicted in supplemental
Fig. S2B, and the nucleotides were analyzed by TLC (Fig. 2). As
shown in Fig. 2, under the reaction conditions tested, the
nuclear extracts containing exogenously expressed DNMT1
(lane 4), DNMT3A (lane 6), and DNMT3B (lanes 8) removed
the 5-methyl group from �30% of the 5-mC residues at the
MspI-cleaved ends of the DNA substrates.
Remarkably, the DNA demethylase activities of the three

mouse DNMTs were greatly diminished (by �73–88%) when
amino acid substitutions or insertions were introduced into the
known catalytic sites of C-5 methylation of these enzymes (Fig.
2, compare lanes 10, 12, and 14 with lanes 4, 6, and 8, respec-
tively). The data of Fig. 2 suggested that the two de novo
DNMTs, aswell as themaintenance enzymeDNMT1, could act
as active DNA 5-mC demethylases under appropriate condi-
tions. In addition, themethylation and demethylation activities
of the three DNMTs might share the same catalytic domain(s).
Ca2�- and Redox State-dependent DNA 5-mC Demethylase

Activities of Partially Purified Recombinant DNMTs—To fur-
ther confirm the results of Fig. 2, recombinant mouse
DNMT3B, hDNMT1, and hDNMT3A partially purified from
recombinant baculovirus-infected Sf9 insect cells were exam-
ined for their DNAdemethylation activities. First, recombinant
mouse DNMT3B (�50% purity) (supplemental Fig. S1) was
subjected to incubation with the 5-mC-containing DNA sub-
strate in buffer B containing increasing concentrations (0, 10,
and 100�M and 1, 5, and 10mM) of CaCl2 (Fig. 3A). As shown in
Fig. 3A, recombinant DNMT3B exhibited significant DNA

demethylation activity only in the presence of Ca2� (compare
lanes 3–7with lane 2), with the activity highest in the presence
of 1 mM Ca2� (lane 5). We next tested and compared the DNA
demethylation activities of DNMT3B, hDNMT1 (�70%purity)
(supplemental Fig. S1), and hDNMT3A (�90% purity) (supple-
mental Fig. S1) in buffer B containing 1 mM CaCl2 (Fig. 3B).
Both hDNMT1 andDNMT3B exhibited significant DNA dem-
ethylation activity, converting at least 50%of 5-mCat theMspI-
cleaved ends on DNA to C (Fig. 3B, lanes 2 and 4), whereas
recombinant hDNMT3A showed significantly lower activity
(lane 3). The demethylation reaction with recombinant mouse
DNMT3B also decreased the resistance to HpaII digestion of
the methylated DNA substrate (data not shown). Finally, DNA
demethylation by the DNMTs was most likely the result of
direct conversion of 5-mC to C because similarly low levels of
5-hmC were present in the mock control samples (Figs. 2 and
3), as well as throughout the time course of the DNA demethy-
lation reactions in vitro (supplemental Fig. S3). These data
together demonstrate that the mammalian DNMTs can func-
tion as active DNA demethylases in vitro.

We showed previously that the redox state of de novo
DNMT3A and DNMT3B can influence their DNA dehy-
droxymethylase activities (26). Interestingly, the DNA dem-
ethylation activities of the DNMTs also appeared to be affected
by the redox state of the enzymes. As exemplified byDNMT3B,
preincubation of the enzyme with the reducing DTT (Fig. 4A,
compare lane 5 with lane 3) or tris(2-carboxyethyl)phosphine
hydrochloride (supplemental Fig. S4A, compare lanes 2 and 3)
greatly decreased the extent of conversion of 5-mC toC.On the
other hand, preincubationwith 10mMH2O2 or 5mMGSSGdid

FIGURE 2. DNA 5-mC demethylation activities of mammalian DNMTs. The 5-mC-containing DNA substrates were subjected to incubation in 293T nuclear
extracts in buffer B with 10 mM CaCl2 and exogenously expressed EGFP (lanes 1 and 2) and mouse DNMT1 (lanes 3 and 4), DNMT3A (lanes 5 and 6), and DNMT3B
(lanes 7 and 8), as well as their catalytic mutants (site-directed mutants of the DNA C-5 methylation catalytic sites of the three enzymes): DNMT1-PSC,
DNMT3A-PS, and DNMT3B-PS (lanes 9 –14). The extent of conversion of 5-mC to C was analyzed by the hydrolysis-TLC assay and is shown quantitatively in the
histogram. The amounts of the exogenous wild-type enzyme in lanes 4, 6, and 8 were similar to those of the mutant enzymes in lanes 10, 12, and 14, respectively
(Western blotting data not shown). M, mock control without incubation; R, with incubation. Error bars indicate S.D. *, p � 0.05 by t test comparing bars 4, 6, and
8 with bar 2.
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not affect the DNA demethylation activity of the recombinant
enzyme (data not shown). In interesting contrast to 5-mCdem-
ethylation, the C-5 methylation reaction of DNMTs did not
require Ca2� (data not shown) (3, 35, 36), nor was it affected by
DTT (Fig. 4B, compare lane 6 with lane 4) (26).

Reversibility of the DNA 5-mCDemethylation and 5-CMeth-
ylation Reactions Catalyzed by DNMTs—As exemplified for
DNMT3B in Fig. 4A, the inclusion of SAM, the methyl donor
need for DNA 5-C methylation by the DNMTs, in the reaction
mixture greatly reduced the extent of conversion of 5-mC to C

FIGURE 3. Calcium dependence of DNA 5-mC demethylation activities of recombinant DNMTs. A, results from the hydrolysis-TLC assay of conversion of
5-mC to C by recombinant DNMT3B. The DNA demethylation activity of recombinant mouse DNMT3B was assayed by incubation of 40 ng of 5-mC-containing
DNA substrate with 40 nM enzyme in buffer B containing 100 �g/ml BSA and increasing concentrations (0, 10, and 100 �M and 1, 5, and 10 mM) of CaCl2. The
incubations were all performed at 37 °C for 4 h. The quantitative results are presented in the histogram. M, mock control without incubation. Error bars indicate
S.D. *, p � 0.05; **, p � 0.01 by t test comparing bars 3–7 with bar 2. B, comparison of the DNA demethylation activities of recombinant hDNMT1, hDNMT3A, and
DNMT3B by the hydrolysis-TLC assay. The 5-mC-containing substrate was incubated at 37 °C for 4 h with 40 nM each recombinant hDNMT1 (lane 2), hDNMT3A
(lane 3), and DNMT3B (lane 4) in buffer B containing 100 �g/ml BSA and 1 mM CaCl2 and then analyzed by the hydrolysis-TLC assay. The quantitative analysis
is presented in the histogram. M, mock control without incubation; R, with incubation. Error bars indicate S.D. *, p � 0.05; ***, p � 0.005 by t test comparing bars
2– 4 with bar 1.

FIGURE 4. Inhibition effects of reducing reagents and SAM on DNA demethylation activity of DNMT3B. A, the 5-mC-containing DNA substrate was
subjected to the demethylation reactions with 40 nM recombinant DNMT3B in buffer B containing 100 �g/ml BSA with or without the inclusion of 1 mM CaCl2,
5 mM DTT, or 160 �M SAM. After incubation at 37 °C for 4 h, the DNA products were analyzed by the hydrolysis-TLC assay. The results are presented quantita-
tively in the histogram. Error bars indicate S.D. *, p � 0.05 by t test comparing bars 4 – 6 with bar 3. B, unmethylated pMR1-8 plasmid DNA was incubated with
40 nM recombinant DNMT3B in buffer B containing 100 �g/ml BSA with or without 1 mM CaCl2, 5 mM DTT, or 160 �M SAM. After incubation at 37 °C for 4 h, the
extent of C methylation of the DNAs from the different reactions was determined by the hydrolysis-TLC assay and is compared quantitatively in the histogram.
Error bars indicate S.D. C, strategy of a series of reactions testing the reversibility of DNA demethylation and methylation (see “Results” for more details). Briefly,
the 5-mC-containing DNA substrate was incubated at 37 °C for 2 h with 40 nM recombinant DNMT3B in buffer B containing 100 �g/ml BSA and 1 mM CaCl2
(reaction 1). Then, 160 �M SAM was added, and the incubation was continued for another 1 h (reaction 2). Finally, 1 mM H2O2 was added to the reaction mixture,
and the incubation was continued for another 2 h (reaction 3). Rx, reactions. The DNA products from the three reactions outlined in the upper panel were
purified and analyzed by the hydrolysis-TLC assay. The data are quantitatively compared in the histogram. M, mock control without incubation. Error bars
indicate S.D. *, p � 0.05; ***, p � 0.005.
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(compare lanes 4 and 6 with lane 3). This could be due to inhi-
bition of the demethylation activity of the DNMTs by SAM.
Alternatively, the presence of SAM in the demethylation reac-
tion might favor the methylation function of DNMTs, thus
pushing the demethylation backwards. The latter scenario was
confirmed with inclusion of radioactive [3H]SAM in the reac-
tionmixtures andquantitation of 3H-labeledCH3onDNAafter
the reactions (supplemental Fig. S4B, lanes 4 and 6). The result
suggested that the DNA 5-mC demethylation reaction was
reversible, with the presence SAM pushing DNMT3B to rem-
ethylate the demethylated cytosines on the DNA substrate.
The reversibility of the DNA methylation-demethylation

reactions as catalyzed by the mammalian DNMTs was further
studied by an analysis of the dynamic changes of the DNA
methylation in vitro. As outlined in Fig. 4C, double-stranded
DNA substrate containing 5-mC was first incubated with
recombinant DNMT3B in the demethylation buffer for 2 h.
SAMwas then added, and the incubationwas continued for 1 h.
Finally, H2O2, which is known to inhibit the methylation reac-
tion (26), was added, and the reaction was continued for
another 2 h. As exemplified in the TLC plate and statistically
presented in the histogram of Fig. 4C, �60% of 5-mC on the
MspI-cleaved ends of DNA substrate was demethylated by
DNMT3B at the end of the first reaction (compare lane 1/bar 1
with laneM/barM). The continued 1-h incubation in the pres-
ence of SAM converted �60% of C back to 5-mC (Fig. 4C,
compare lane 2/bar 2with lane 1/bar 1). Finally, the addition of
H2O2 led to an apparent switch in the enzyme activity of
DNMT3B from methylation to demethylation again (Fig. 4C,
compare lane 3/bar 3with lane 2/bar 2), presumably due to loss
of the DNA methylation function of the oxidized enzyme. The
data of Figs. 3 and 4 and supplemental Fig. S4 suggest that the
switch in the catalytic functions of the DNMTs between DNA
methylation and demethylation is flexible, subjected to regula-
tion by a range of factors, including the local concentration of
Ca2�, the presence of SAM, and the redox state of the DNMTs.

DISCUSSION

This study has revealed an unexpected and novel character-
istic of the mammalian DNMTs and likely those of vertebrates
in general, i.e. the vertebrate DNMTs, in addition to converting
C to 5-mC onDNA, can also demethylate 5-mC onDNAunder
specific conditions (Figs. 2 and 3), in particular in the presence
of Ca2� ion and in the absence of reducing reagents (Figs. 3 and
4A and supplemental Fig. S4A). In other words, the covalent
addition of the methyl group to the 5-position of cytosine on
DNA, as catalyzed byDNMTs, is reversible (Fig. 4C). The loss of
the DNA demethylation activities of the mutant forms in com-
parison with the wild-type enzymes (Fig. 2) also suggests that
each of the three DNMTs utilizes the same domain or overlap-
ping domains to catalytically methylate and demethylate DNA.
The Ca2� ion and redox state dependence of the DNA dem-

ethylation activities of the DNMTs is especially intriguing.
With respect to this point, it is interesting to note that a change
in the intracellular concentration of Ca2� ion presents a key
cellular signal, and the Ca2� flux/influx wave in the cytosol
could eventually communicate with the nucleus through a
number of ways (37). Significantly, dynamic changes in the

DNA methylation patterns, globally or locally, occur in close
association with calcium signaling in fertilization/early embryo
development (31), synaptic transmission (38, 39), and tumori-
genesis (40). Among these processes, the Ca2� wave during
fertilization triggers activation of the oocyte and its cell cycle
resumption (41). In addition, this increased concentration of
Ca2� in the zygote is maintained for at least 6 h (42), during
which time, genome-wide demethylation of both the paternal
and maternal genomes occurs (43, 44). Notably, DNMT1,
DNMT3A, and DNMT3B are all expressed in the zygote (45).
On the basis of our data presented above, in particular those in
Fig. 1, we suggest that, in addition to other pathways, e.g. the
conversion of 5-mC to 5-hmC by TET (23) and 5-hmC to C by
DNMT3AandDNMT3B (26), the direct conversion of 5-mC to
C by the active DNA demethylation activities of the three
DNMTs and their isoformsmay also play a role in the genome-
wide demethylation during early embryonic development of
vertebrates.
In addition, the elevation of calcium at synapses can serve as

a spark for signal transmission among the neuronal network
(46). Concurrently, transcription of specific neuronal genes
could be activated, and this is associated with promoter DNA
demethylation (39). In view of the above, we suggest that,
besides the other previously known pathways of DNA dem-
ethylation, the DNA demethylation events in activated neu-
rons could also be accomplished by the Ca2� ion-stimulated
DNA demethylase activities of DNMT3A, DNMT3B, and/or
DNMT1.
Finally, calcium signaling in cancer cells, as the result of

increased influx of the ion by the Ca2� channel/pumps and
release from the endoplasmic reticulum (40), is involved in
aberrant transcription, the disregulated cell cycle, genotoxicity,
and tumor invasion/metastasis (47, 48). In parallel, imbalance
of CpG methylation in cancer cells leads to a genome-wide
hypomethylation (8) accompanied by regional hypermethyla-
tion on the promoters of specific tumor suppressor genes (49).
Curiously, the elevation, instead of reduction, of the levels of
DNMT1, DNMT3A, and DNMT3B in cancer cells (50–52)
could not be easily correlated with the global hypomethylation
of the cancer genomes (53). The current finding of the Ca2�-
dependent oxidation state-facilitated DNA demethylase activ-
ities of the three enzymes, in contrast to their DNA methyl-
transferase activities, provides a plausible basis for the above
seemingly paradoxical correlation. Future studies should also
be carried out to look into the likelihood of demethylation, in
addition to methylation (8), of the promoters of specific
tumor suppressor genes/oncogenes by the DNMTs during
carcinogenesis.
In relation to the dependence of the DNA demethylation

activities of the three DNMTs on Ca2� and on the redox con-
dition, it is interesting to note that elevation of the Ca2� ion
concentration and the redox state of the cells are interdepen-
dent in vivo. For instance, the calcium wave induced during
fertilization stimulates the ATP supply and the generation of
the reactive oxygen species from the mitochondria during
oocyte activation and maintenance (54). The high concentra-
tion of intracellular Ca2� in cancer cells is also associated with
the oxidation stress (55). Furthermore, the reciprocal relation
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between the excitatory event and reactive oxygen species gen-
eration exists in neuronal cells (56, 57).
In summary, we have discovered that mammalian DNMT1,

DNMT3B, and, to a much less extent, DNMT3A, contrary to
the conventional thought of their being mainly DNA methyl-
transferases, can also act in vitro as DNA demethylases in a
Ca2� ion- and redox state-dependent manner, albeit at rela-
tively low efficiencies under the current conditions. How the
DNA methylation patterns, globally and locally, of the verte-
brate genomes in different cell types under various physiologi-
cal conditions are generated and maintained may need to be
re-evaluated in relation to the interplay between the two totally
opposite DNAmodification activities of the enzymes. It should
be noted that the Ca2� concentration (�10 �M) needed for the
in vitroDNA demethylation reaction (Fig. 3A) is relatively high
in comparisonwith the intracellular levels of Ca2�, which range
from nM to �M even during activation of different Ca2�-medi-
ated biological processes, e.g. fertilization (58). Thus, an effi-
cient in vivodemethylation reactionmay require other essential
cofactors and/or specific signal transduction pathways. How
the Ca2� ion, the redox condition of the environment, and
other factors modulate the structures/functions, in vitro and in
vivo, of the vertebrate DNMTs as DNAmethyltransferases and
DNA demethylases will need to be investigated.
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