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Genomic sequencing reveals a positive correlation between the
kinetics of strand-specific DNA demethylation of the overlapping
estradiol/glucocorticoid-receptor binding sites and the rate of
avian vitellogenin mRNA synthesis
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ABSTRACT Genomic sequencing was used to study the
extent of cytosine methylation of four CpG sites within the
regulatory region of the estradiol-inducible avian vitellogenin
II gene. Three of these sites, two of which lie within the
estradiol-receptor binding site and one in a short stretch of
alternating purines and pyrimidines, were initially fully meth-
ylated. Analysis ofDNA isolated from liver nuclei revealed that
hormone treatment of immature White Leghorn roosters
resulted in a demethylation of these sites, which occurred
initially in only one DNA strand. This demethylation correlated
well with the induction of vitellogenin mRNA synthesis. The
demethylation of the complementary DNA strand lagged -24
hr behind. The fourth CpG, located within an overlapping
glucocorticoid-receptor binding site, was already hemimethyl-
ated at the onset of the experiment. The demethylation of this
site also occurred with kinetics similar to the rate of vitellogenin
mRNA synthesis. All four CpGs remained demethylated even
after cessation of gene transcription. A comparison of the
methylation state of these four sites in DNA from different
tissues demonstrated a clear dependence of the demethylation
on estradiol. Our results suggest that this hormone-dependent
event occurs via an active pathway through excision repair
and/or enzymatic demethylation.

The presence of methylated cytosine residues within the
regulatory regions of a number of viral and eukaryotic genes
has been shown to result in reduced levels of transcription of
these genes (1-13). The extent of cytosine methylation was
usually determined with the aid of methylation-sensitive
restriction endonucleases such as Hpa II, Msp I, Sal I, and
Xho I (1-13). These enzymes are, however, capable of
detecting only a small fraction of all methylation sites-i.e.,
only those CpGs that lie within their respective recognition
sequences. The enzymes are, moreover, unable to distin-
guish between symmetrically methylated and hemimethyl-
ated sites (14).

Direct genomic sequencing, first described by Church and
Gilbert (15) and further developed in our laboratory (16),
overcomes the disadvantages inherent to the use of restric-
tion enzymes. We have used direct genomic sequencing to
study the methylation pattern of the four CpGs situated
500-600 base pairs upstream of the cap sequence of the avian
vitellogenin II gene. DNA binding experiments and computer
analysis of this region revealed the presence of a gluco-
corticoid-receptor binding site that overlaps an estradiol-
receptor binding site (Fig. 2).
One of these CpGs, part of a Hpa II recognition sequence

within the estradiol-receptor binding site (17), was shown to

become demethylated in the liver of immature chickens after
induction of vitellogenin gene transcription with the hormone
(18-20). Following this primary induction, the gene was able
to respond to a secondary stimulation without the usual lag
period between hormone treatment and onset of mRNA
synthesis (21-25). This "memory effect" could be the direct
result ofa persistent demethylation of the Hpa II site, as well
as of other CpGs that lie within the regulatory region of this
gene. Here we report that the three remaining CpGs in this
region were also demethylated after hormone induction. We
furthermore show that this demethylation is strand-specific
and that its kinetics run parallel to the rate of vitellogenin
mRNA synthesis.

MATERIALS AND METHODS
All restriction enzymes were obtained from P-L Biochemi-
cals. DNA polymerase I (Klenow fragment) was purchased
from Boehringer Mannheim, and estradiol was from Serva
(Heidelberg). 3'-Deoxyadenosine 5'-[a-32P]triphosphate (tri-
ethylammonium salt, 3000 Ci/mmol; 1 Ci = 37 GBq), and
2'-deoxy-[5-3H]uridine 5'-triphosphate (sodium salt, 10
Ci/mmol) were purchased from Amersham. GeneScreen
(NEF-872) membranes were from New England Nuclear.
Hormone Treatment of Animals. Immature White Leghorn

roosters (200-300 g) were used in all kinetic studies. Adult
roosters and egg-laying Leghorn hens were also used in
organ-specific demethylation studies.

Estradiol (40 mg/ml of propylene glycol) was injected i.m.
into leg muscle (1 ml/kg body weight).

Preparation of Nuclei and DNA Isolation. Liver and oviduct
nuclei were prepared according to Panyim et al. (26) and
Schweizer et al. (27), respectively. Erythrocyte nuclei were
isolated according to McGhee et al. (28). High molecular
weight DNA was prepared as described previously (29).

In Vitro Transcription. TotalRNA from purified liver nuclei
was synthesized in vitro by the method ofJost et al. (30). The
vitellogenin mRNA was identified by hybridization on Mil-
lipore membranes as described previously (31). Fragments A
and B of plasmid pVT598 (17), containing 2 kilobases of the
vitellogenin coding sequence, were used as labeled probes.
The extent ofDNA synthesis in the nuclei was determined in
vitro by the incorporation of labeled dTTP (20-min pulses)
into trichloracetic acid-precipitated products.
Genomic Sequencing. The modified procedure of Church

and Gilbert was used (15, 16); unlabeledDNA fragments from
a complete Hinfl restriction digest of the entire genome were
subjected to a partial chemical cleavage (G, G+A, T+C, C,
T) and separated by size on denaturing gels. The DNA was
electrotransferred and UV-crosslinked to GeneScreen mem-
branes. The sequence ladder was visualized by indirect end
labeling (hybridization) ofthe sequence with a strand-specific
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FIG. 1. Kinetics of transcription and demethylation of the avian
vitellogenin II gene. (A) The relative rate of vitellogenin mRNA
transcription in isolated liver nuclei (solid bars) and the relative rate
of incorporation of 3H-dTTP into DNA (also determined as cpm x
10-3/107 nuclei) of the same nuclei (broken line). (B) The kinetics of
the relative amount ofdemethylation (%) of the CpGs c and d situated
on the estradiol-receptor binding site. The + and - signs represent
the upper and lower DNA strands respectively. (C) The kinetics of
demethylation ofCpG b, situated within the glucocorticoid-receptor
binding site. The orientation of this binding site is opposite to that of
the estradiol-receptor binding site (Fig. 2). The "upper" strand of
this binding site is thus the lower DNA strand of the estradiol-recep-
tor binding site; it therefore carries the - sign. (D) The kinetics of
demethylation of CpG a, present on the short stretch of alternating
purine-pyrimidine bases (Fig. 2).

probe; the 121-base-pair vitellogenin Hinfl-Alu I fragment
cloned into the vector Ml3mp8 was used as a template in the
synthesis of the single-stranded upper-strand probe, and the
same fragment cloned into the vector Ml3mp9 was used as
the lower-strand hybridization probe template. The specific
activity of the incorporated 32p in these probes was -409
cpm/,g of DNA. The same filters were used for the consec-
utive hybridizations with these strand-specific probes. The

relative extent of CpG demethylation was determined by
densitometry of the autoradiograms [Shimadzu (Kyoto, Ja-
pan) Cs-930 densitometer] and by trend analysis. For calcu-
lation of the relative amount of demethylation as expressed
in Fig. 1, the density of the bands above and below the tested
cytosine in a given lane of Fig. 3 was taken as the 100%
reference.

RESULTS

Correlation Between the Kinetics of Vitellogenin mRNA
Synthesis and the Strand-Specific DNA Demethylation of the
Estradiol- and Glucocorticoid-Receptor Binding Sites. Vitel-
logenin mRNA synthesis, as measured by an in vitro "run
on" transcription assay (30), began -4 hr after the injection
of immature roosters with estradiol, reaching a maximum 2
days later. No transcription was detected at day 18. A very
slight but reproducible increase in DNA synthesis was also
observed during the experiment (Fig. lA).
The same batch of nuclei was used to study the extent of

methylation of the four CpGs within the regulatory region of
this gene. Genomic sequencing revealed that CpGs a, c, and
d (Figs. 1 and 2) became demethylated in the upper strand
with kinetics parallel to those of the vitellogenin mRNA
synthesis. The demethylation of the same CpGs on the lower
strand began approximately 24 hr later.

Prior to estradiol treatment, CpG b (Figs. 1 and 2) within
the glucocorticoid-receptor binding site was found to be fully
demethylated in the upper and approximately 50% methyl-
ated in the lower strand (Fig. 1C; Fig. 3, Lower). Both strands
were fully demethylated 24 hr after the hormone treatment.
The Demethylation of the Four CpGs in the DNA of Different

Hen and Rooster Organs Correlates with the Presence of
Steroid-Receptor Complexes. Using Hpa II restriction anal-
ysis Wilks et al. (18, 19) demonstrated that in adult rooster
liver and erythrocyte cells, CpG c (Fig. 2) was fully methyl-
ated. Our results (Fig. 4) show that CpGs a and d, as well as
c, are also fully methylated in these tissues. By contrast, the
same CpGs in the DNA ofliver and oviduct ofegg-laying hens
were fully demethylated in both strands. This state of
methylation correlates well with the presence of estradiol-
receptor complexes in the latter tissues.
CpG b which lies in the glucocorticoid-receptor binding

site exhibited a much weaker tissue-specific effect (Fig. 4).
This result was not unexpected as all the tissues tested carry
glucocorticoid receptors.

Thymine-Specific Sequencing Reactions. In DNA sequenc-
ing by the chemical modification method (15), 5-methylcy-
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FIG. 2. Summary of the organization of the 5' end of the chicken vitellogenin II gene. The CpGs a, b, c, and d are located in the alternating
purine-pyrimidine stretch 531(ATGTGCGTTGGTGCACATATG) 511 and within the overlapping glucocorticoid and estradiol-receptor binding
sites, respectively. The dyad symmetry ofthe consensus sequence (32) is part ofthe estradiol-receptor binding site. Open boxes situated between
the DNase I-hypersensitive sites B1-B2 and B1-C1 (35) represent (A+T)-rich sequences (19-34 nucleotides long with 78-91% A+T). All CpGs
on the sequence are marked by vertical arrows pointing downwards, and the asterisk is at the Msp I restriction site. Two small arrows pointing
upwards indicate the two stretches of alternating purine-pyrimidine bases (33). Solid bars represent the first and second exon, and the adjacent
open bars represent the introns of the vitellogenin II gene.
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FIG. 3. Examples ofdemethylation kinetics ofCpGs a and b on upper and lower DNA strands. CpG a (Top) is demethylated with kinetics similar
to that of c and d (Fig. 1). The CpG b (Bottom) is already hemimethylated in the control untreated animals. The + and - signs denote upper and lower
DNA strand, respectively. Autoradiograms were scanned as described in Materials and Methods, and percentage of demethylation is plotted in Fig.
1. All lanes in these kinetic experiments represent the "C," cytosine-specific, reaction made from total liver DNA.

tosine can be distinguished from cytosine by its lack of
reaction with hydrazine. This results in the disappearance of
a band in the C-specific sequencing lane. To unambiguously
ascertain that the absence of a band in the sequence actually
represents 5-methylcytosine and not thymine (which could
arise as a result of5-methylcytosine deamination), we carried
out thymine-specific sequencing reactions as described by
Rubin and Schmid (34). The results (Fig. 5) indicate that none
of the methylation sites under investigation contained
thymine instead of cytosine or 5-methylcytosine.

DISCUSSION
Previous results from our laboratory established a definite
connection between hormone induction ofgene transcription
and DNA methylation. A Hpa II site, upstream of the avian
vitellogenin II gene, became demethylated following the
treatment of immature chickens with estradiol (18, 19).
Genomic sequencing has enabled us to study this phenome-
non in unprecedented detail. As this method is not dependent
on the availability of suitable restriction sites (i.e., Hpa II),
it is possible to analyze the state of methylation at all four
CpGs lying within the regulatory region of this gene. Fur-
thermore, we were able to follow the progress of the
demethylation in the two strands separately. Our kinetic
studies with hormone-induced roosters demonstrated a very
close correlation between the synthesis of the vitellogenin
mRNA and the demethylation of all four CpGs in only one of
the DNA strands in the liver. This hemimethylated state,
undetectable by Hpa II restriction analysis ofCpG c (18, 19),
persisted up to the time of maximal mRNA synthesis. The
demethylation ofthe complementary strand commenced only
at this time. Interestingly, the kinetics of demethylation of
CpGs a', b-, c+, and d+ correlate also with the appearance
of DNase I-hypersensitive sites B1 and C1 (Fig. 2) (35, 36).

Recently Keshel et al. (37) described experiments in which in
vitro methylated genes transfected into mouse L cells con-
tained no DNase I-hypersensitive sites, while the same
unmethylated genes transfected into L cells did. These
findings strongly suggest that a change in the methylation
pattern may alter the chromatin structure and thus affect gene
expression. It has already been shown that methyl groups can
influence the affinity of specific proteins at their recognition
sites as in the case of Escherichia coli lac repressor (38) and
some restriction enzymes (Hpa II, Msp I, etc.).
The demethylation kinetics, shown in Fig. 1, are the results

of studies carried out on rooster liver cells that possess
estradiol receptors but normally are not exposed to the
hormone. The fact that three of the four CpGs in the region
under study were found to be fully methylated before
estradiol treatment could mean that both, estradiol receptor
and estradiol, are required for this demethylation to take
place. We therefore extended the experiment to also include
rooster and hen erythrocytes and hen oviduct and liver
tissues. The CpGs under investigation in both hen and rooster
erythrocytes were fully methylated. This would be expected,
as this tissue lacks estradiol receptors. The liver and oviduct
of hens, both of which have estradiol receptors and hormone
exposure, contained only unmethylated CpGs in this region.
It is therefore conceivable that the binding of an activated
estradiol-receptor complex to DNA is one of the prerequi-
sites for demethylation. This proposal is substantiated by the
fact that CpG b, which lies within a glucocorticoid-receptor
binding site, was found to be undermethylated in all the
tissues studied. An explanation of this effect would be that
both glucocorticoid receptors and the hormone are present in
all these tissues, suggesting that the binding of these com-
plexes not only initiates the demethylation but also helps
maintain it.

Biochemistry: Saluz et al.
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T C 0 L E E L Our experiments provide us with several valuable insights
into the mechanism of hormone-dependent demethylation.

ESd1i Ut= g Should the hormone-receptor complex bind to both (Fig. 6A)
or only one DNA strand (Fig. 6B), inhibiting thus the repair

*0 methylase activity, 4 and 7 cycles of DNA replication,
respectively, would be required to yield 94% demethylated
duplex DNA in both cases. In the former case, an excess of
the hormone-receptor complex would also be required. Since
the total DNA mass increases by no more than 17% during

0 @ b this period (39), this pathway may be excluded. Work from
this laboratory has also shown that inhibition of total DNA
synthesis by hydroxyurea and cytosine arabinoside impaired
neither vitellogenin mRNA synthesis nor the demethylation
ofthe Hpa II site (19). LimitedDNA replication, such as gene
amplification that might account for this demethylation,
could also be excluded by gene titration experiments before

4 C and after estradiol treatment (ref. 40; H. P. Saluz, unpub-
lished results).

.-a~d Two plausible demethylation mechanisms remain: active
demethylation by excision repair and/or by the activity of a
demethylase (41). An enzymatic removal of a methyl group

4. from 5-methylcytosine in DNA is mechanistically improba-
ble, because the transfer of the methyl group of S-adenosyl-
L-methionine to a carbon atom is irreversible at neutral pH
(42). However, Razin et al. (43) have recently demonstrated
that in differentiating Friend erythroleukemia cells a replace-
ment of 5-methylcytosine with cytosine occurs, presumably
via an enzymatic pathway. In our case, preliminary results
(H. P. Saluz, unpublished observations) reveal the presence
of strand-specific DNA cuts in the region of the CpGs

ethylation of CpGs a-d. studied. This evidence may lend support to the excision
a)n state of CpGs a, b, c, repair pathway.
und of oviduct (0), liver It remains now to establish the cause-effect relationship
H); and the liver (L) and between these observations and the mechanism of the hor-

mone-dependent CpG demethylation. The CpG b, situated
within the glucocorticoid-receptor binding site, is hemimeth-

lack of bands in the ylated in all organs studied (Figs. 3 and 4), and it becomes
,ues originated from fully demethylated in the liver following estradiol treatment.
ges, some of which The existence of a hemimethylated site in DNA is surprising,
5-methylcytosine to as it has generally been accepted that all hemimethylated
o done. In all cases, CpGs are efficiently methylated by a repair methylase (7, 12).

In the present case it is possible that the glucocorticoid-
receptor complex has a higher affinity for its binding site than

T the repair methylase, thus preventing the enzymatic methyla-
tion. Since it is known that glucocorticoids play an important
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FIG. 5. Comparison of G- and T-specific reactions (G, T) of

CpGs, b, c, and d on the upper DNA strand in liver (L) and
erythrocytes (E) of roosters (R). No base transitions such as
deamination of 5-methylcytosine to thymidine could be detected.

Cycles of replications

FIG. 6. Predicted pattern ofdemethylation ofthe upper and lower
DNA strand based on the hypothesis of repair methylase inhibition
followingDNA replication. Protein inhibition ofthe repair methylase
by (A) binding to both DNA strands at the same time and (B) binding
only the upper strand. M represents 5-methylcytosine, o unmethyl-
ated cytosine.
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role in eukaryotic cell metabolism in general and in liver in
particular (44), a gradual demethylation of the CpG b may
take- place during development. A similar effect of
glucocorticoids on the demethylation of mouse mammary
tumor virus DNA has also been reported in some mutants of
myeloma cells (45). Whether glucocorticoids and estradiol
trigger the same mechanism of demethylation remains un-
known.
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