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ABSTRACT Here I show that nuclear extracts of chicken
embryos can promote the active demethylation of DNA. The
evidence shows that in hemimethylated DNA (i.e., methylated
on one strand only) demethylation of SmCpG occurs through
nucleotide excision repair. The first step of demethylation is the
formation of specific nicks 5’ from 5-methyldeoxycytidine.
Nicks are also observed in vitro on symmetrically methylated
CpGs (i.e., methylated on both strands) but they result in
breakage of the oligonucleotide with no repair. No specific
nicks are observed on the nonmethylated CpG. Nicks are
strictly SmCpG specific and do not occur on SmCpC, SmCpT,
SmCpA, or 6mApT. The effect of nonspecific nuclease(s) has
been ruled out. The nicking of mCpG takes place in the
presence of 20 mM EDTA irrespective of the nature of the
sequence surrounding the SmCpG. No methylcytosine glyco-
sylase activity could be detected. The repair is aphidicolin and
N-ethylmaleimide resistant, suggesting a repair action by DNA
polymerase B. In extracts of chicken embryos, the excision
repair of mCpG is highest between the 6th and the 12th day of
development, whereas it is barely detectable in nuclear extracts
from different organs of adults. The possible implications of
SmCpG endonuclease activity in active demethylation of DNA
during differentiation is discussed.

DNA methylation provides a basis for the heritable epige-
netic system (1-3). Through DNA methylation it is possible
to change the information content of DNA and affect differ-
entiation and development (1-3). The dynamic changes of
DNA methylation are dictated in part by the combination of
maintenance and/or de novo methylation and by the demod-
ification of the mCpGs (4-6). The pivotal role of DNA
methyltransferase in embryonic development has recently
been demonstrated by targeted disruption of the DNA meth-
yltransferase gene in mice, where the loss of function causes
lethality of homozygous embryos at early stages of develop-
ment (7). Changes in the level of DNA methyltransferase
activity, however, may not be sufficient to achieve a tem-
poral modification of the epigenetic blueprint of DNA meth-
ylation. Other reactions such as passive and/or active de-
methylation of mCpGs may also be operational. In addition
to the classical model of passive demethylation (4-6), there
is cumulative evidence suggesting the existence of an active
demodification system of mCpGs (4-6, 8-14). For example,
in mouse embryos the ApoAl gene appears to be fully
methylated at the 8-cell stage but is completely unmethylated
one division cycle later at the 16-cell stage (14). Hypometh-
ylation of the promoter region in the avian vitellogenin II gene
occurs under the influence of estradiol in the presence of
inhibitors of DNA synthesis (15). In other systems, such as
in teratocarcinoma cells and Friend erythroleukemia cells
(11-13), there is upon initiation of differentiation a rapid and
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transient genome-wide demethylation of DNA occurring in
the absence of apparent DNA replication, suggesting an
active process of demethylation. I report here evidence in
differentiating chicken embryos for the existence of an en-
zymatic system capable of demethylation of mCpG by nu-
cleotide excision repair.

MATERIALS AND METHODS

Preparation of Nuclear Extracts. Chicken embryos (3-20
days old) were minced with a Waring Blender and homoge-
nized (four to six strokes) with a glass/Teflon homogenizer in
4 vol of buffer A containing 10 mM Hepes (pH 8), 100 mM
KCl, 3 mM MgCl,, 0.1 mM EDTA, 10% (vol/vol) glycerol,
1 mM phenylmethylsulfonyl fluoride, 0.15 mM spermine, and
0.5 mM spermidine. The homogenate was centrifuged at 1000
X g for 10 min, and the nuclei sediment was gently resus-
pended in the same volume of buffer A and centrifuged as
described above. The crude nuclei pellet was resuspended in
a minimal volume of buffer A and 4 M ammonium sulfate was
slowly added to a final concentration of 0.4 M. After cen-
trifugation for 1 hr at 300,000 X g at 0°C to remove chromatin,
the supernatant fraction was stored in small aliquots at
—80°C. Protein concentration was 7-20 ug/ul. Nuclei from
different organs from adult roosters were prepared as de-
scribed by Sierra (16). Nuclei from chicken erythrocytes
were prepared according to McGhee et al. (17).

Demethylation Assay. Demethylation activity was mea-
sured with a 100-ul reaction mixture containing 3-5 ng of
end-labeled DNA (108 cpm/ug) and 18-36 ug of protein in 25
mM Hepes, pH 7.5/0.5 mM EDTA/0.01 mM ZnCl,/0.5 mM
1,4-dithio-pL-threitol/40 mM KCl/1 mM MgCl,/20 mM cre-
atine phosphate/0.5 mM ATP/1 mM each deoxyribonucle-
oside triphosphate. After incubation at 37°C for 3-9 hr, the
reaction mixture was mixed with 150 ul of 20 mM EDTA and
extracted three times with 150 ul of phenol saturated with 1
M Tris’HCI (pH 8). After two additional extractions with
chloroform the supernatant fraction was adjusted to 0.3 M
sodium acetate and DNA was precipitated with 3 vol of
ethanol in the presence of 30 ug of Dextran T40 as carrier.
Samples were kept 5 min at —80°C and centrifuged 10 min at
30,000 x g. Sediments were dissolved in 200 ul of 0.3 M
sodium acetate (pH 5) and reprecipitated with 600 ul of
ethanol as described above. The sediments were dissolved in
80 ul of Hpa II digestion buffer as recommended by the
supplier (Boehringer Mannheim), 40 ul was incubated with-
out any enzymes and 40 ul was incubated with 5 units of Hpa
II. Upon 1 hr of incubation at 37°C, samples were directly
ethanol precipitated as indicated above and the sediment was
dissolved in 30 ul of 95% formamide containing S mM EDTA
and 0.05% each bromphenol blue and xylene cyanol. Aliquots
of each sample containing 50,000 cpm were heated at 90°C for
1 min and separated on a 10% or 20% polyacrylamide/urea
sequencing gel (18). Gels were either dried or directly ex-
posed for autoradiography.
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DNA Nicking Assay. The reaction mixture with a vol of 100
ul contained 3-5 ng of end-labeled DNA (108 cpm/ug), 18-36
png of protein in 25 mM Hepes, pH 7.5/20 mM EDTA.
Samples were incubated and processed as indicated for the
demethylation assay (except they were not digested with Hpa
II).

DNA Substrates. The substrates used in assays were end-
labeled 50-bp oligodeoxynucleotides containing a single Hpa
1I site, which was either unmethylated, hemimethylated, or
fully methylated. Substrate A has the sequence (only the
upper strand is shown) 5'-GGTATTCCTGGTCAGCGT-
GACCGGAGCTGAAAGAACACATTGATCCCGTG-3';
substrate B has the unrelated sequence 5'-GAGAGC-
CCTATTCACCTTGCGCTATGAGGGGGATCATACTG-
GCATTATGGT-3' containing an Hha I site methylated
symmetrically with Hha I methylase. All nonmethylated and
methylated oligonucleotides were synthesized on an Applied
Biosystems 300 synthesizer. The purified oligonucleotides
were end-labeled either with [y->2PJATP by means of the
Kkinase reaction or with [a->2P]JdATP by means of Sequenase
version 2 (19). All DNA sequencing reactions were carried
out as described by Maxam and Gilbert (18).

Chemicals and Enzymes. [a-32P]dATP, [y-32P]ATP (trieth-
ylammonium salt) (3000 Ci/mmol; 1 Ci = 37 GBq), and
S-adenosyl[*H]methionine (60 Ci/mmol) were purchased
from Amersham. Hpa 1I, Hpa Il methylase, Msp 1, and
S-adenosylmethionine were from Boehringer Mannheim,
whereas all other restriction enzymes and polynucleotide
kinase were obtained from Biofinex Praroman (CH 1724,
Switzerland). Aphidicolin and N-ethylmaleimide were ob-
tained from Sigma.

RESULTS

Presence of High Levels of DNA Demethylating Activity in
Chicken Embryonic Extracts. During early and late embry-
onic development, genes are selectively methylated or de-
methylated according to a specific program of development
(1-6). For this reason, it was of interest to test developing
chicken embryos for the presence of DNA demethylating
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F1G. 1. Occurrence of mCpG excision repair activity in chicken
embryonic nuclear extracts. (A) Presence of excision repair activity
in embryos of different ages. (B) Controls incubated with nuclear
extracts but not digested with Hpa II. DNA template is a 50-bp
end-labeled oligonucleotide A hemimethylated at the Hpa Il site. The
substrate is resistant to Hpa II digestion if hemimethylated and
becomes sensitive to that enzyme upon replacement of 5-methylcy-
tosine by cytosine. For each time point, 20-40 embryos were used.
Each incubation mixture had 36 ug of nuclear extract per 100 ul and
the incubation was for 3 hr at 37°C. Lanes a and b, hemimethylated
template digested with Msp I and Hpa 11, respectively.
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F1G.2. Occurrence of mCpG excision repair activity in organs of
4-month-old roosters. Lanes a and b, hemimethylated end-labeled
DNA template A (as for Fig. 1) digested with Hpa II and Msp 1,
respectively. Lanes 1, samples were incubated with 36 ug of nuclear
extract per 100 ul for 6 hr at 37°C and the reaction product was
subjected to Hpa II digestion; lanes 2, controls incubated with
extracts but not subjected to Hpa II digestion. T, testis; L, liver; K,
kidney; E, erythrocytes.

activity. As a simple and reliable assay, a 50-nucleotide
synthetic end-labeled oligonucleotide hemimethylated on ei-
ther the upper or the lower strand at the Hpa II site was used
as a substrate. Upon replacement of 5-methyldeoxycytidine
by deoxycytidine, the oligodeoxynucleotide becomes sensi-
tive to digestion with Hpa II, yielding a specific band (30 bp)
on a sequencing gel, whereas the parallel controls, if re-
paired, should not in the absence of Hpa II digestion show
any nick at the CpG. Fig. 1 shows evidence that in the 4-day
embryos there are already traces of demethylation activity.
The highest level of demethylation is observed between the
6th and 12th days of development, after which it decreases.
In the controls incubated with the nuclear extracts but not
digested with Hpa II, no specific band could be observed
(Fig. 1B). This means that the specific bands observed in Fig.
1A were not due to unrepaired nicks. Under the same assay
conditions, only traces of demethylation activity could be
detected in nuclear extracts prepared from organs (testis,
liver, kidneys, and erythrocytes) of 4-month-old roosters
(Fig. 2). No activity was detected in nuclear extracts of
cultured HeLa cells (results not shown). Fig. 3 shows that the
repairing activity of mCpG depends on protein concentra-
tion; controls incubated with the extracts but not digested
with Hpa II show, as for Fig. 1B, that the specific nicks have
been repaired. The time course of the reaction is shown in
Fig. 4. The repair has reached a maximum by 3 hr of
incubation at 37°C and did not increase further after 9 hr of
incubation. The controls not digested with Hpa II (lanes
7-10) show that with longer incubation times, there is a
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FiG. 3. Protein concentration dependence (ug per 100 ul) of
mCpG excision repair from 6-day embryos. Hemimethylated end-
labeled substrate A (as for Fig. 1) was incubated for S hr at 37°C and
the reaction product was purified and tested with Hpa II (+Hpa II).
Controls were also incubated with nuclear extracts but not subjected
to Hpa 11 digestion (—Hpa II).
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Fi1G. 4. Time dependence of mCpG excision repair of hemimeth-
ylated end-labeled DNA substrate A incubated with nuclear extract
of 4-day embryos (36 ug per 100 ul). Reaction product was purified
and tested with Hpa II endonuclease (+Hpa II), whereas incubated
controls were not subjected to Hpa II digestion (—Hpa II). Lanes a
and b, hemimethylated DNA template digested with Hpa II and Msp
I, respectively.

drastic increase in nonspecific degradation of the labeled
oligonucleotide template. Identical results were obtained
with oligonucleotides hemimethylated on the upper or lower
strand. However, no specific demethylation could be ob-
served on the bifilarly methylated DNA, where symmetrical
double-stranded cuts resulted in breakage of the oligonucle-
otide (data not shown).

Nicking at 5-Methyldeoxycytidine Is Specific for mCpG. The
first step in replacing S-methyldeoxycytidine by deoxycyti-
dine is either the removal of the methylated base with
subsequent cleavage of the apyrimidinic sugar or the direct
nicking at the S-methyldeoxycytidine with its subsequent
replacement by deoxycytidine. The presence and specificity
of the nicking activity at mCpG was studied on a hemi-
methylated substrate and nonmethylated DNA substrate
labeled at either the upper or the lower DNA strand. Fig. 5
shows that in the presence of 20 mM EDTA specific nicking
is only observed for the methylated CpG and not for the
nonmethylated CpGs. Since it was shown by Fox (20) that
mCpG increased the susceptibility of the DNA to DNase I
(0.01 unit/ml) it was important to rule out any nonspecific
nuclease activity. Using the same assay conditions but in the
presence of 60 units of DNase I per ml no trace of nicking of
the labeled methylated DNA substrate was observed even
after 6 hr of incubation at 37°C (Fig. 5). Furthermore, nicking
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F1G. 5. Nicking at CpG occurs only if CpG is methylated. NM,
nonmethylated DNA strand (oligonucleotide A); M, methylated
strand. Star indicates which strand has been end-labeled. Upon
purification of the reaction product, DNA was denatured and sep-
arated on a 10% acrylamide sequencing gel. Lanes a and b, hemi-
methylated end-labeled substrate digested with Msp I and Hpa 11,
respectively. The two rightmost lanes were incubated with DNase 1.
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Fi1G. 6. Nicking of hemimethylated DNA is specific for mCpG.
Experimental conditions were the same as for Fig. 5 except that
mCpC, mCpT, mCpA, and mApT replaced mCpG at the Hpa II site
of the same oligonucleotide A. Lanes 10-12, oligonucleotide B with
a methylated Hha I site was used. After 6 hr of incubation at 37°C
with 36 ug of 8-day embryonic extracts, the reaction product was
purified, heat denatured, and separated on a 10% acrylamide se-
quencing gel. Lane a, hemimethylated end-labeled DNA template
digested with Msp I (30-bp marker).

(Fig. 6) at the 5-methyldeoxycytidine is CpG specific and is
not observed for mCpC, mCpT, mCpA, and mApT, suggest-
ing that the cleavage is strictly mCpG specific. Moreover,
specific nicking of mCpG is also observed in the presence of
the methylated oligonucleotide B (see lanes 10-12 of Fig. 6,
where the sequence surrounding the mCpG is different from
the one of Fig. 5). Taken together these results indicate that
the formation of the nicks is not due to nonspecific endonu-
cleolytic processing of the DNA containing a helical distor-
tion but is rather a specific incision targeted to the mCpG.
The precise position of the nicks was investigated by
separating the 3’ and 5’ end-labeled nicked oligonucleotide A
on a 20% sequencing gel. As shown in Fig. 7 for both the 3’
and 5’ end-labeled oligonucleotides, the nicks are located 5’
of the mCpG. Treatment of the nicked mCpG end-labeled
oligonucleotides with sodium hydroxide or piperidine gave
no faster moving band (Fig. 7, compare lanes 5 and 6 with
lanes 11 and 12), thus giving indirect evidence that there is no
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Fi1G. 7. Position of nicks on the hemimethylated oligonucleotide
A. Hemimethylated oligonucleotide duplex was labeled at either the
3’ or the 5’ end. Upon incubation of the DNA substrate with 6-day
embryonic nuclear extracts for 0 or 3 hr, respectively, DNA was
isolated and half of it was treated with 1 M piperidine at 95°C for 30
min (lanes 4, 6, 10, and 12). Upon repeated lyophilization, samples
were dissolved in 95% formamide dye and separated on a 20%
acrylamide sequencing gel. The rest of the DN A was not treated with
alkali and was separated on the same gel (lanes 3, 5, 9, and 11). The
5’ and 3’ end-labeled oligonucleotides sequenced according to
Maxam and Gilbert (18) were used to locate precisely the positions
of the nicks.
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Fi1G. 8. Repairing activity by DNA polymerase is insensitive to
aphidicolin (lanes B) and N-ethylmaleimide (lanes C). Lanes A,
control incubated with protein but with no inhibitor. Lanes a,
hemimethylated DNA substrate digested with Msp 1. Lanes 1, tests
incubated for 3 hr with the nuclear extracts (4-day embryos) and
digested with Hpa II; lanes 2, parallel controls not digested with Hpa
II. Experiments were carried out as described. Aphidicolin and
N-ethylmaleimide were used at final concentrations of 0.3 and S mM,
respectively.

alkali-sensitive apyrimidinic site at the position of the cleav-
age. A direct test using a [*H]methyl group on the mCpG
showed no traces of release of 5-methylcytosine (data not
shown). Therefore, most probably the demethylation occurs
not through a methylcytosine glycosylase but rather through
excision and replacement of the nucleotide.

Identity of the DNA Polymerase Repairing Activity. Short
patch DNA repair is known to be catalyzed by DNA poly-
merase $ (21, 22). DNA polymerase 8 can be distinguished
from the other three polymerases by its lack of sensitivity to
both aphidicolin and N-ethylmaleimide (21). Since N-ethyl-
maleimide strongly inhibits the nicking reaction, the exper-
iment was carried out in two steps. First the nicking of the
labeled methylated oligonucleotide was achieved by incubat-
ing for 3 hr with embryonic extract in the presence of 20 mM
EDTA. DNA was then phenol extracted, precipitated, and
incubated in the complete system with the nuclear extracts
plus aphidicolin or N-ethylmaleimide. The results of Fig. 8
show clearly that neither aphidicolin (lanes B) nor N-ethyl-
maleimide (lanes C) inhibited the repair reaction, suggesting
that DNA polymerase B is the repairing enzyme.

DISCUSSION

Changes in the methylation pattern of a given DNA sequence
can occur by two different pathways: the selective site-
specific inhibition of the maintenance methylase following
several cycles of replication (passive demethylation) (4-6)
and the active demethylation of mCpGs by an enzymatic
reaction (4-6). In the first case, the selective inhibition of the
maintenance methylase could take place by the binding of a
hypothetical determination protein to DNA. In the second
case, the demethylation could occur in the absence of DNA
replication (8-14) or after a single cycle of replication (14). So
far the only detailed study of active demethylation has been
done with differentiating Friend erythroleukemia cells (13,
23). By using the technique of double labeling of DNA with
a density label and a radioactive deoxycytidine, it was
concluded that demethylation of DNA during differentiation
is achieved by an enzymatic replacement of S-methylcytosine
by cytosine (13). However, the nature of the enzymatic
reaction leading to demethylation of mCpG has so far re-
mained obscure. The results presented here show evidence
for an enzymatic system replacing 5-methyldeoxycytidine by
deoxycytidine. Its selectivity for mCpG and not for the other
mCpN suggests an important role of this enzyme in the active
demodification of DNA. Since the enzyme demethylates only
hemimethylated DNA, this could explain why in specific
cases it suffices to have only one cycle of replication to
achieve a complete demethylation of mCpGs (14). In this
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case, the newly replicated DNA in the hemimethylated form
provides an excellent substrate for the enzyme. The simul-
taneous in vitro demethylation of both mCpGs in the bifilarly
methylated DNA is probably impossible, since the double-
strand nicks break the DNA into two pieces unless there is an
in vivo mechanism for holding the two fragments of DNA
together. In fact, under my in vitro experimental conditions
no demethylation of such a substrate has been observed (data
not shown). However, it is also conceivable that only one
strand at a time gets demethylated, yielding a hemimeth-
ylated DNA intermediate (24, 25). The hemimethylated DNA
obtained postreplicatively should, however, provide the best
substrate for both the demethylation and the maintenance
methylase. However, the essential factor(s) determining
which of the two reactions will predominate is not known.
From the kinetics of demethylation of the avian vitellogenin
gene in response to estradiol, it is clear that demethylation of
specific mCpGs in the promoter region occurs very early but
proceeds rather slowly (26). This suggests that demethylation
of DNA is a consequence of a structural change in the
chromatin brought about by the steroid hormone. Demeth-
ylation of the gene decreases the affinity of DNA for histone
H1 (27) and helps to maintain the chromatin in the open form
that can be modulated by a whole series of transcription
factors. According to Razin et al. (28), the demethylating
activity is already in the cells before differentiation, since
inhibitors of protein synthesis did not prevent the genome-
wide demethylation of differentiating erythroleukemia cells.
In this context, it would be quite interesting to measure in
such differentiating systems the change in the level of de-
methylating activity. During the differentiation of chicken
myoblasts to muscle fibers, there are transient single-strand
DNA breaks that need ADP ribosyltransferase (ADPRT) for
their repair (29). The causality between these single-strand
DNA breaks-repairs and differentiation was established by
using specific inhibitors of ADPRT (29). Similar observations
were made with differentiating lymphocytes (30). In the first
case, the possibility of the single-strand DNA breaks being
the result of a defective DNA repair system has been ruled
out. Therefore, it is tempting to speculate that the transient
single-strand breaks represent the mCpG sites undergoing
active demethylation. This hypothesis is consistent with
results showing that differentiating cells have a transient
genome-wide demethylation (11-13). Whether the enzymatic
activity described in this paper has any relevance to this
phenomenon or whether it is related to the protein that induces
cell differentiation while causing nicks in double-stranded
DNA (31) remains to be shown. It is also interesting to note
that in the mycoplasma Acholeplasma laidlawii JA1 (32) there
is a restriction endonuclease capable of cleaving 5-methylcy-
tosine irrespective of the DN A sequence. Whether there is any
evolutionary relationship between this enzyme and the
chicken embryo mCpG endonuclease remains to be shown.
The specificity of these enzymes would have a variety of
experimental uses, particularly in studies on the role of meth-
ylation of cytosine in gene regulation processes.
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