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ABSTRACT Methylation of cytosines in the dinucleotide
CpG has been shown to suppress transcription of a number of
tissue-specific genes, yet the precise mechanism is not fully
understood. The vertebrate globin genes were among the first
examples in which an inverse correlation was shown between
CpG methylation and transcription. We studied the methyl-
ation pattern of the 235-bp r-globin gene promoter in genomic
DNA from primary chicken erythroid cells using the sodium
bisulfite conversion technique and found all CpGs in the
promoter to be methylated in erythroid cells from adult
chickens in which the r-globin gene is silent but unmethylated
in 5-day (primitive) embryonic red cells in which the gene is
transcribed. To elucidate further the mechanism of methyla-
tion-induced silencing, an expression construct consisting of
235 bp of 5* promoter sequence of the r-globin gene along with
a strong 5* erythroid enhancer driving a chloramphenicol
acetyltransferase reporter gene, r-CAT, was transfected into
primary avian erythroid cells derived from 5-day embryos.
Methylation of just the 235-bp r-globin gene promoter frag-
ment at every CpG resulted in a 20- to 30-fold inhibition of
transcription, and this effect was not overridden by the
presence of potent erythroid-specific enhancers. The ability of
the 235-bp r-globin gene promoter to bind to a DNA Methyl
Cytosine binding Protein Complex (MeCPC) was tested in
electrophoretic mobility shift assays utilizing primary avian
erythroid cell nuclear extract. The results were that fully
methylated but not unmethylated 235-bp r-globin gene pro-
moter fragment could compete efficiently for MeCPC binding.
These results are a direct demonstration that site-specific
methylation of a globin gene promoter at the exact CpGs that
are methylated in vivo can silence transcription in homologous
primary erythroid cells. Further, these data implicate binding
of MeCPC to the promoter in the mechanism of silencing.

Methylation of cytosine residues in the dinucleotide CpG is the
most common postsynthetic eukaryotic DNA modification.
Since the reports of an inverse correlation between DNA
methylation and expression of vertebrate b-type globin genes
(1–3), a large body of evidence relating DNA methylation to
gene expression has accumulated (4, 5). At the same time, the
absence of detectable DNA methylation in some eukaryotes
such as Drosophila (6) and Saccharomyces cerevisiae (7) has
raised doubts about its role in normal development and
tissue-specific gene expression. However a study by Li et al. (8)
showing abnormal development and embryonic lethality in
transgenic mice expressing decreased but not completely ab-
sent DNA methyl transferase activity following knockout of
the DNA methyl transferase gene lends strong support to a
critical role for DNA methylation in developmental gene
regulation. Recently, a similar critical function of DNA meth-

ylation in plant development has been demonstrated by Rone-
mus et al. (9). However, a direct demonstration of the role of
DNA methylation in suppressing transcription of a specific
gene during development in normal tissues has been lacking.

In the avian b-type globin cluster (59-r-bH-b-«-39), silencing
of the embryonic r-gene occurs concomitantly with activation
of the adult b-gene on day 5 of embryonic development (10).
In definitive embryonic and adult chicken erythroid cells, the
embryonic globin genes are nontranscribed (11, 12), and a
strong inverse correlation exists between site-specific DNA
methylation and expression of the chicken b-type globin genes
(13). Our laboratory has shown that the normally silent
embryonic r-globin gene in red cells of anemic adult chicken
can be transcriptionally activated by treatment with the DNA
methyltransferase inhibitor, 5-azacytidine (14). However, the
cause and effect relationship between methylation and stage-
specific globin gene transcription in normal erythroid cells has
not been fully elucidated. In this report, we describe (i) the in
vivo methylation pattern of all CpG dinucleotides in a 235-bp
minimal promoter of the embryonically expressed avian r-
globin gene in 5-day primitive and definitive chicken erythroid
cells, (ii) the transcription inhibitory effect of physiologically
precise CpG methylation on the r-globin gene promoter
despite the presence of strong 59 andyor 39 erythroid-specific
enhancer elements in primary embryonic erythroid cells, and
(iii) the demonstration of a DNA methyl binding protein
complex that offers a possible mechanism of methylation-
induced transcriptional silencing of the r-globin gene in nor-
mal erythroid cells.

MATERIALS AND METHODS

Vector Constructs. All transfection vectors were con-
structed in pUC 18. The vectors depicted in Fig. 2 A were
constructed by cloning a 2.2-kb r promoter region 59 to a
chloramphenicol acetyltransferase (CAT) reporter gene,
pCAT Basic (Promega). Vectors in Fig. 2B were constructed
by cloning a 39 by« enhancer element 39 into the r promoter
containing CAT reporter gene constructs. Vectors in Fig. 2C
were constructed by replacing the 2.2-kb r promoter with a
235-bp r-globin minimal promoter and cloning a DNA frag-
ment containing 59 hypersensitive sites 2 and 3 of the chicken
b-globin cluster into the vector.

Methylation Reactions. Whole plasmids were methylated
using Sss 1 methylase (New England BioLabs) following the
manufacturer’s protocol. The extent of methylation after each
reaction was determined by digestion with MspI and HpaII.
Region-specific methylation was carried out by excision of the
fragment of interest by restriction digestion and gel isolation of
the DNA fragment to be methylated. In each case, half of the
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DNA was methylated with Sss 1 methylase, and in a parallel
control reaction the other half was incubated with methylase
in the absence of S-adenosylmethionine (mock methylated) as
a control. Methylated and mock-methylated DNA were reli-
gated into the vector DNA from which they were excised.

Transfection Assays. The protocol of Lieber et al. (15) was
followed for primary avian erythroid cell transfections except
that osmotic shock was in 300 mM NH4Cl (pH 7.4) for 60 min
at room temperature. Cells were cultured for 40–48 h in 10 ml
of Leibovitz’s culture medium. Cells were harvested, and
cytoplasmic extracts were assayed for CAT activity by using a
liquid scintillation assay kit (Promega) (16). After extraction,
reactions were counted in a Beckman liquid scintillation
counter. All transfections were carried out in at least three
independent experiments and in triplicate, and results are
expressed as mean values with standard errors of the mean for
each construct. Controls for transfection efficiency were car-
ried out using an Rous sarcoma virus promoter enhancer-
driven b-galactosidase reporter gene construct.

Bisulfite Genomic Sequencing for Determination of DNA
Methylation. After obtaining DNA from 5-day and adult
chicken erythroid cells, bisulfite genomic sequencing was
performed as described by Clark et al. (17) with the following
modifications: (i) the bisulfite conversion reaction was carried
out by incubating DNA with a 5 M bisulfite solution and 100
mM hydroquinone, pH 5.0, at 50°C for 4 h (18), and (ii)
removal of free bisulfite was achieved by using a Qiaex II gel
extraction kit (Qiagen). Sequencing of PCR-amplified product
was performed using the dideoxy technique, [a-35S]dATP
internal labeling protocol using internal primers, primer F
(59-TGTAGGGGTGTTTTGTGTAAG-39) and primer R
(59-CTATAAAAACACTCAAAACTTAAAAC-39), con-
structed after taking into account the bisulfite conversion
reaction. The sequence of the unmodified sense strand for
which these primers were constructed is depicted in Fig. 1B.
Improved sequencing results were, however, obtained using
a-33P-labeled ddNTP terminators.

Electrophoretic Mobility Shift Assays. HeLa cell and ery-
throid cell nuclear extracts were prepared according to the
method of Dignam et al. (19). CG11 oligonucleotide (135 bp)
containing 20 HhaI sites and 7 HpaII sites has been described
(20). The rho 235 promoter fragment was obtained by restric-
tion digestion of the plasmid rho 235-CAT. Probes were
labeled using the Klenow fragment of DNA polymerase I and
[a-32P]dATP. The electrophoretic mobility shift assay was
performed as described (20). Micrococcus lysodeikticus DNA
digested with Sau3aI was used as nonspecific competitor in all
reactions.

RESULTS

Methylation Analysis of the 235-bp Minimal Promoter of
the r-Globin Gene in Genomic DNA. Though an inverse
correlation between DNA methylation and expression of avian
b-type globin genes (1, 13) has been reported, the methylation
pattern of only a limited number of CpG dinucleotides has
been described. Earlier techniques have depended on phos-
phodiester bond cleavage adjacent to cytosine residues using
either chemical cleavage by hydrazine in Maxam and Gilbert
sequencing reactions (21), which cleaves cytosine but not
5-methylcytosine, or methylation-sensitive restriction en-
zymes. As 5-methylcytosine is not cleaved in Maxam and
Gilbert sequencing reactions, it is detected as a gap in a
sequencing ladder, which may be difficult to interpret. Meth-
ylation-sensitive restriction enzyme-based techniques can only
analyze a limited number of potentially methylated sites (22,
23). Recently, a technique has been described in which bisul-
fite-induced modification of genomic DNA was carried out
under conditions that convert cytosine to uracil but that do not
affect 5-methylcytosine. PCR amplification and sequencing of

the modified DNA results in a detected sequence pattern
showing conversion of all unmethylated cytosines to thymidine
(since uracil is read by Taq polymerase as thymidine), whereas
5-methylcytosines remain as cytosines (17, 24). We used this
technique to study the methylation pattern of CpG dinucle-
otides in the 235-bp minimal promoter of r-globin gene from
erythroid cell genomic DNA of 5-day embryos and adult
chickens. Previous reports have shown this promoter is capable
of supporting high level, developmental specific transcription
in primary avian erythroid cells (25). After bisulfite treatment,
attempts to amplify a product larger than 600 bp were unsuc-
cessful, as we were unable to detect a discrete product similar
to the experience of Selker et al. (26). We were, however, able
to obtain a discrete PCR product of 467 bp. Notably, similar

FIG. 1. In vivo methylation of CpG dinucleotides of the rho
promoter in 5-day and adult chicken erythroid cells using the bisulfite
conversion technique. Arrows indicate methylated cytosines. Positions
indicated are relative to the transcription start site (A). Cytosines that
are not associated with CpG dinucleotides (sequence shown in B) have
all been converted to thymidines in both 5-day and adult erythroid
cells. (B) r-Globin gene promoter sequence. Arrows indicate methyl-
ated cytosines that are clearly seen in A (data not shown for CpG
dinucleotide at position 215). Primers R and F indicate the sequence
of r-globin gene promoter used for designing internal primers and for
sequencing.
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reactions using genomic DNA not treated with bisulfite re-
sulted in only a broad smear in ethidium-stained agarose gels.
Dideoxy sequencing of the purified PCR product was carried
out using initially [a-35S]dATP internal labeling protocol and
subsequently with a-33P-labeled ddNTP terminators. As
shown in Fig. 1 A and in data not shown, sequencing of the PCR
product showed the presence of cytosine residues (indicated by
arrow) only in PCR products obtained from adult erythroid
cell DNA. All unmethylated cytosine residues in the original
sequence were converted to thymidines, demonstrating the
completeness of the bisulfite conversion.

As summarized in Fig. 1B, cytosine residues in all CpG
dinucleotides in the r-gene promoter were found to be meth-
ylated in the 235-bp minimal promoter of the r-globin gene in
DNA from definitive adult chicken erythroid cells. In contrast,
none of the cytosine residues were methylated in CpG dinucle-
otides from the same region in primitive 5-day embryonic
erythroid cells.

Methylation of Whole Plasmid Containing the r-Gene
2.2-kb Upstream Promoter Driving the CAT Reporter Gene
Suppresses Transcription. We have found previously that
methylation of a genomic r-globin gene construct containing
2.2 kb of upstream promoter sequences blocked transcription
in stably transfected murine erythroleukemia cells (27). To
study the cause and effect relationship between methylation
and stage-specific globin gene transcription in normal ery-
throid cells, an expression construct consisting of 2.2 kb of
r-globin gene promoter driving a CAT reporter gene was used
to transfect primary erythroid cells from 5-day chicken em-
bryos in a transient transfection assay system. Since all CpG
dinucleotides were found to be methylated in the 235-bp
minimal promoter from adult erythroid cell genomic DNA,
methylation experiments were carried out using the enzyme
Sss 1 methylase, which methylates all CpG dinucleotides.
Methylation of the whole plasmid resulted in almost no
detectable promoter activity. To assess the combination of
individual components, methylation of the 2.2-kb promoter
was carried out separately, and the product was religated into
the unmethylated plasmid and transfected. Methylation of the
2.2-kb promoter resulted in an approximately 30-fold reduc-
tion in promoter activity compared with that from a mock-
methylated control. A similar experiment, in which the CAT
reporter gene alone was methylated and religated into the
otherwise unmethylated plasmid construct and transfected,
interestingly showed similar suppression of transcription com-
pared with mock-methylated control (Fig. 2A).

Methylation of Whole Plasmid or 2.2-kb Upstream Pro-
moter but Not the 3* by« Enhancer Suppresses Transcription.
To see if the presence of a strong erythroid enhancer would
override methylation-induced transcriptional repression, a

480-bp fragment containing chicken b-globin cluster the by«
39 enhancer was ligated into the r-CAT plasmid described in
Fig. 2 A. Methylation of whole plasmid or the 2.2-kb r-
promoter alone resulted in marked reduction in promoter
activity. In contrast, a similar experiment in which the 39 by«
enhancer alone was methylated showed no significant differ-
ence as compared with mock-methylated control (Fig. 2B).

Methylation of the 235-bp r-Gene Promoter but Not the
pUC-18 Vector Suppresses Transcription Despite the Strong
5* Enhancer (Hypersensitive Sites 2 and 3). As described (25),
the major activity of the r-gene promoter seems to be con-
tained within sequences lying between 2246 and the transcrip-
tion start site. A construct was therefore made consisting of a
r-gene promoter (base pairs 0 to 2235) driving a CAT reporter
gene in which a DNA fragment containing 59 hypersensitive
sites 2 and 3 was cloned. Methylation of the 235-bp r-gene
promoter resulted in an approximately 20-fold decrease in
promoter activity even in the presence of a strong 59 erythroid
enhancer (hypersensitive sites 2 and 3) (Fig. 2C). These 59
hypersensitive sites have been demonstrated to have strong
erythroid-specific enhancer activity in transfection assays and
transgenic mice (28, 29, 43). In contrast, complete methylation
of the pUC-18 vector backbone, which contains 157 CpG
dinucleotides, had a negligible effect on transcription from the
r-gene promoter (Fig. 2C).

M-rho 235 Competes for MeCPC Binding. The reported
mechanisms of methylation-induced transcriptional repression
seem mainly to be either by directly preventing the binding of
transcription factors to the promoter or indirectly through
proteins that bind preferentially to methylated DNA (30).
Among transcription factors known to be sensitive to methyl-
CpG, none seems to have a canonical binding site in the r-gene
235-bp promoter fragment (25). The known proteins and
complexes that bind preferentially to methylated DNA include
methylCpG binding protein 1 (MeCP-1) (20), methylCpG
binding protein 2 (MeCP-2) (31), and methylated DNA-
binding protein 2 (MDBP2) (32). MDBP2 has been implicated
in the transcriptional repression of the vitellogenin gene, which
could be overcome by estradiol stimulation (33). Subsequently
purified MDBP2 was found to be histone H1 (34). Though
some investigators have proposed preferential binding of
histone H1 to methylated DNA and thereby implicated it in
methylation-mediated transcriptional repression (35, 36), oth-
ers have found this not to be the case (37). MeCP-1 binds in
vitro to DNA containing at least 12 symmetrically methylated
CpGs (20), whereas MeCP-2 can bind to a single methylated
CpG (31). Though MeCP-2 seems to be essential for mouse
development and despite earlier findings that it did not affect
transcription of methylated promoter specifically (38), it has
been shown recently to block transcription in cell lines (39).

FIG. 2. Levels of r-globin gene promoter activity in primary chicken erythroid cells transiently transfected with the methylated or
mock-methylated r-globin gene constructs depicted. Complete methylation of all CpGs in a particular region of a given construct is represented
by attached M. Each experiment was carried out in triplicate, and levels of CAT conversion percentages presented represent the mean values and
standard deviations. Methylation of the extended 2.2-kb upstream promoter resulted in significant reduction in promoter activity in the absence
(A) or presence (B) of strong erythroid 39 by« enhancer. Methylation of the 235-bp r-globin gene promoter also resulted in significant reduction
in promoter activity even in the presence of strong 59 enhancer, which includes erythroid-specific hypersensitive sites 2 and 3, whereas methylation
of the pUC vector alone had no effect (C).
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MeCP-1 has been implicated in methylation-mediated tran-
scriptional repression of several genes including the human
a-globin gene in heterologous cultured cells (40, 41). F9 cells,
which contain low levels of MeCP-1, cannot efficiently repress
those methylated gene promoters (41).

Because the r-gene 235-bp promoter sequence has multiple
CpGs that were found to be completely methylated in genomic
DNA from adult chicken erythroid cells in which the gene is
repressed, we turned our attention toward MeCP-1 as a
possible mediator of transcriptional repression in the primary
erythroid cell transfection assay. End-labeled methylated and
mock-methylated CG11 probes (M-CG11 and CG-11, respec-
tively) were mixed with HeLa cell nuclear extract and then
subjected to electrophoretic mobility shift assays to detect
MeCP-1-like complex as described (20). On autoradiography,
a complex was observed with M-CG11, but none was detected
with CG11 as shown in Fig. 4. Similar to the findings reported
earlier (20, 40), this complex was effectively competed by an
excess of cold M-CG11 as well as M-rho 235 but not by excess
of cold, unmethylated CG11 or rho 235 (Fig. 3).

M-CG11 Competes for MeCP-1-Like Complex Binding by
M-rho 235. Because M-rho 235 effectively competed for
MeCP-1 binding by M-CG11, the possibility that it could
directly form a complex with MeCP-1 was examined. In a
reverse experiment, end-labeled methylated and mock-
methylated rho 235 probes were used in band shift assays with
HeLa cell nuclear extract. A complex was observed with M-rho
235, but none was detected with (mock-methylated) rho 235.
This complex was effectively competed by an excess of unla-
beled M-rho 235 but not by an excess of unlabeled rho 235.
Competition of this complex with M-CG11 and CG11 showed
effective competition by M-CG11 but not by (mock-
methylated) CG11 (data not shown).

MeCPC Is Present in Nuclear Extracts from Primary
Erythroid Cells and a Similar Complex Binds to Methylated
rho 235. Having demonstrated the binding of MeCPC to
methylated rho 235 using HeLa cell nuclear extract, its pres-
ence in the primary chicken erythroid cells used in the
transient transfection functional assays was investigated. End-
labeled methylated and mock-methylated CG11 probes were

mixed with erythroid cell nuclear extracts derived from 8- and
11-day chicken embryos. Electrophoretic mobility shift assays
showed the presence of a complex with similar mobility as seen
with HeLa cell nuclear extracts, with M-CG11 but not with
CG11, as shown in Fig. 4A.

Previous studies of MeCP-1 have relied on competition
between methylated promoter sequences and methylated
CG11 probe to demonstrate its interaction with the promoter
under study. To extend these findings, we investigated directly
the ability of methylated rho 235 minimal promoter to bind to
MeCP-1-like methylation-dependent complex using homolo-
gous primary avian erythroid cell nuclear extracts.

As illustrated in Fig. 4B, the formation of such a complex
with the rho 235-bp promoter sequence was detected in 5-day
(primitive) and 11-day (definitive) avian erythroid cell nuclear
extracts. This methylation-dependent complex was easily com-
peted by an excess of unlabeled methylated rho 235 but not by
an excess of unlabeled mock-methylated rho 235.

DISCUSSION

The principal findings in this report are as follows. Every
cytosine within a CpG dinucleotide in a 235-bp region of the
embryonic r-globin gene promoter is methylated in normal
adult (definitive) erythroid cells in which the gene is silent and
completely unmethylated in 5-day (primitive) erythroid cells in
which the gene is actively transcribed. Previous studies in our
laboratory have shown extensive CpG methylation in a 4.6-kb
fragment that includes 1.5 kb of 59 and 39 of r-gene flanking
sequences in definitive erythroid cells (14). In vitro methylation
of those same CpG sites in the 235-bp r-gene promoter
fragment markedly reduces the promoter activity in a transient
transfection assay in ex vivo primary avian erythroid cells,
despite the presence of a strong erythroid-specific enhancer.
The silencing effect of methylation is not overridden even in
the nuclear environment of 5-day erythrocytes, which contain
all the nuclear factors necessary for high level transcription of
the r-gene. Finally, we show that a methyl CpG binding protein
complex, which behaves like MeCP-1 (20), binds to methylated
but not unmethylated r-promoter sequences.

Numerous reports have shown the ability of promoter DNA
methylation to inhibit transcription of a wide variety of genes,
and in some cases such methylation corresponds to the inactive
state of the gene under study in vivo (reviewed in refs. 4 and
5). In the case of globin genes, inhibition of expression of the
human g-globin gene in nonerythroid murine L-cells was
observed when all CpGs in the promoter were methylated in
a stable transfection assay (42). More recently, it was shown
that methylation of all CpGs in the human a-globin gene could
block transcription in transfected nonerythroid HeLa cells and
in cell-free in vitro transcription assays derived from the same
cell type (40, 41). In neither of these studies was the in vivo
methylation pattern of all CpGs of the specific globin gene in
question reported, nor was the pattern of methylation or its
effect on developmental stage-specific expression in primary
erythroid cells tested.

In this report we show that methylation of the embryonic
r-globin gene promoter is capable of attenuating transcription
in primary erythroid cells even in the presence of strong
erythroid-specific enhancers that we have shown (25, 43) to be
capable of overcoming the stage-specific silencing effects of
the r-gene promoter in primary erythroid cells. However,
methylation of the 39 by« erythroid enhancer or the pUC-18
vector backbone had no effect, demonstrating that the block-
ing action of CpG methylation on r-promoter driven tran-
scription resides in the sequences of the transcription unit. Of
interest, the level of transcription for the methylated rho
235-bp promoter was significantly higher in the presence of the
strong erythroid enhancer. Quantitation of the increased
transcription levels conferred by either the 39 by« on 59

FIG. 3. Mobility shift assay for MeCPC binding to methylated
CG11 probe (M-CG11). 0.6 ng of methylated CG11 end-labeled
probes were mixed with 6 mg of HeLa cell nuclear extract and varying
amounts of mock-methylated or methylated rho 235 promoter DNA
fragment. The reaction mixture was electrophoresed in a 1.5% agarose
gel, and complexes were analyzed by autoradiography. This autora-
diogram illustrates the effective competition of MeCPC binding to
M-CG11 probe by methylated rho 235 but not by mock-methylated rho
235 (M-rho 235).
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hypersensitive site (HS) enhancers indicated that the magni-
tude of increase (10–20-fold) was approximately the same for
methylated vs. unmethylated promoter constructs in concom-
itant transfection assays (data not shown). Thus, even though
methylation decreased the frequency of productive transcrip-
tional complex formation by one to two orders of magnitude,
the two erythroid enhancers tested could still markedly in-
crease that frequency in homologous primary erythroid cells.
These results support the concept that tissue-specific enhanc-
ers can at least partially override repressive influences on
promoters, at least as assayed in transient transfection systems.

Previous studies have shown the ability of the methylated
DNA binding protein complex, MeCP-1, to block transcription
of the human a-globin gene promoter even in the presence of
the strong simian virus 40 enhancer (40, 41). Here, we show
that a similar methylated DNA binding complex forms effi-
ciently with the methylated r-gene promoter sequence and that
the complex can be detected using nuclear extracts from the
same primary avian erythroid cells in which methylation-
mediated transcriptional inhibition was demonstrated. Thus,
these results support a role for MeCP-1 or a similar complex
in developmental silencing of embryonic globin genes in
normal erythropoiesis. Determination of whether the complex
formed between the methylated r-promoter and nuclear ex-
tracts from primary avian erythroid cells is the same as
MeCP-1 will await full characterization of both of these large
protein–DNA complexes. Direct evidence that this complex
blocks transcription in this system will require additional
studies, which are underway.

Alternatively, it is possible that methylation of the r-gene
promoter directly blocks binding of one or more specific
transcriptional activating DNA binding factors. This seems
unlikely as none of the sequence recognition sites for the
known activating factors that bind to the r-promoter contain

CpGs in their core recognition sequences (25). Also, such a
localized sequence-specific effect was not observed for the
human g-globin or a-globin genes (40, 42). Further support for
some type of blocking effect on transcription complex forma-
tion, promoter clearance, or transcription elongation is pro-
vided by the experiment in which methylation of the CAT
reporter cassette sequences only (which also contain multiple
CpGs) inhibited transcription. Quantitation of the CAT re-
porter assay showed that methylation of the CAT cassette
inhibited expression by 5-fold less than methylating the r-
promoter sequences. This result, coupled with the finding that
methylation of the entire expression plasmid did not inhibit
CAT expression more than methylation of the 235-bp r-
promoter alone, suggests that the promoter methylation ob-
served in definitive erythroid cells is a major mediator of
methylation-induced silencing of this gene in vivo. Although
binding of MeCP-1 by the methylated CAT sequences has not
yet been demonstrated, this seems a likely mechanism for the
observed effect. Regardless, this result does support the notion
that the repressive effect of CpG methylation need not nec-
essarily be mediated through the promoter.

The results presented here also support the notion that DNA
methylation inhibits globin gene expression in a stage-specific
fashion, at least in part by a direct interference with transcrip-
tion initiation, elongation, or promoter clearance rather than
by inducing an inactive chromatin structure, as transient
transfection of nonreplicating cells does not result in intact
chromatin structure. It is still possible that additional effects of
CpG methylation downstream of the promoter and in the
context of intact chromatin may not be detected in the
transient transfection assays used in this report and previous
studies (40, 41). However, a direct effect on the transcriptional
machinery is most consistent with the evidence from several
labs, including our own, suggesting that the entire avian

FIG. 4. Mobility shift assay for the presence of MeCPC in chicken erythroid cell or control HeLa cell nuclear extracts. End-labeled, methylated
CG11 probe (M-CG11) but not mock-methylated CG11 (CG11) forms a complex with erythroid cell nuclear extract that has similar mobility as
seen with HeLa cell nuclear extract (A). Similar results were seen in 5-day chicken erythroid cell nuclear extract (data not shown). (B) Binding
of MeCPC in chicken erythroid cell nuclear extract to methylated rho 235 (M-rho 235) probe. End-labeled M-rho 235 but not mock-methylated
rho 235 forms a complex with erythroid cell nuclear extract. This complex was competed effectively by an excess of unlabeled methylated but not
mock-methylated rho 235.
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b-globin gene cluster is in an open chromatin domain in
erythroid cells of all developmental stages (44–46).

The potent transcriptional silencing effect of physiologically
accurate DNA methylation of the r-gene promoter even in the
nuclear environment of transcriptionally active and stage-
specific primary erythroid cells suggests that methylation plays
a dominant role in maintaining the high level of repression of
embryonic globin gene transcription in definitive or adult
erythroid cells. By analogy, such a strong suppressive effect of
DNA methylation suggests a role for active demethylation in
relieving repression of CpG-rich promoters that are highly
methylated in cells containing abundant MeCP-1 or like
complexes. Recently, evidence for such sequence-specific
demethylating activity has been reported (47).

Strong repression of transcription from the r-globin gene
during the embryonic developmental switch from primitive to
definitive erythroid cell lineages is not likely a prerequisite for
survival. Nonetheless, it seems feasible that mechanisms anal-
ogous to those described here may control genes that are
critical for embryonic differentiation and viability, as evi-
denced by the results obtained in DNA methylase or methyl
binding protein-deficient mouse embryos (8) and embryonic
stem cells (48). The results presented in this report are direct
evidence of a transcriptional inhibitory role for DNA meth-
ylation in the silencing of a specific developmentally regulated
gene in homologous primary embryonic cells.
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