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CpG methylation, chromatin structure and gene
silencing—a three-way connection
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The three-way connection between DNA methylation,
gene activity and chromatin structure has been known
for almost two decades. Nevertheless, the molecular
link between methyl groups on the DNA and the
positioning of nucleosomes to form an inactive chro-
matin configuration was missing. This review discusses
recent experimental data that may, for the first time,
shed light on this molecular link. MeCP2, which is a
known methylcytosine-binding protein, has been shown
to possess a transcriptional repressor domain (TRD)
that binds the corepressor mSin3A. This corepressor
protein constitutes the core of a multiprotein complex
that includes histone deacetylases (HDAC1 and
HDAC?2). Transfection and injection experiments with
methylated constructs have revealed that the silenced
state of a methylated gene, which is associated with a
deacetylated nucleosomal structure, could be relieved
by the deacetylase inhibitor, trichostatin A. Thus,
methylation plays a pivotal role in establishing and
maintaining an inactive state of a gene by rendering the
chromatin structure inaccessible to the transcription
machinery.
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such as GAL4-VP16, the activator can not overcome
repression once chromatin is assembled on the methylated
template (Kas®t al., 1997).

These observations clearly indicated that silencing of a
gene by methylation involves the generation of a chromatin
structure that limits promoter accessibility. However, the
molecular link between the methyl groups on the DNA
and the modification of chromatin remained obscure.

Histone acetylation and gene activity

The recent discovery of a number of components of
the multiprotein complexes that mediate transcriptional

repression via deacetylation of the core histones H3 and
H4 (Wolffe, 1997), paved the way to the discovery of the

molecular link between the methyl groups on the DNA

and chromatin modification.

In yeast andDrosophila where methylation of DNA
has not been detected, protein factors such as Ume6A in
yeast bind to specific silencer sequences and serve to
anchor to the DNA a multiprotein transcriptional repres-
sion complex that includes Sin3 corepressor and Rpd3
histone deacetylase (Kadosh and Struhl, 1997). This com-
plex is responsible for the deacetylation of lysine residues
on histones H3 and H4, resulting in the repression of a
number of genes involved in meiosis.

Such repressor complexes have recently been described
in mammals as being assembled in response to physiologi-
cal changes. In this case, the transcriptional repression
complex is anchored to specific DNA sequences, such as
the E Box-related signals. This anchorage is mediated
by the Mad-Max heterodimer, or by heterodimers of

For many years, evidence has accumulated suggesting thaénliganded hormone receptors, such as the thyroid hor-

CpG methylation in mammalian DNA is involved in

mone receptor and retinoic acid receptor (TR-RXR).

gene silencing. First, gene-specific methylation patterns When bound to the DNA, these heterodimers recruit the
correlate inversely with gene activity (Yeivin and Razin, MSin3 corepressor, which is associated with at least eight
1993). Secondly, artificial demethylation of gene different polypeptides, including the histone deacetylases
sequences results in activation, whereasitro methyl- HDAC1 and HDAC2 (Pazin and Kadonaga, 1997). The
ation of promoter sequences represses gene activity (Razirfleacetylases remove acetyl moieties from specific lysine
and Cedar, 1991). Over the past two decades, a large bodyesidues on histones H3 and H4, uncovering the positively
of data has been produced depicting chromatin structurecharged lysine residues. The interaction between the
as a major component in determining the potential for Positively charged lysines with the DNA presumably
gene activity. In addition, heterochromatic regions in the restricts nucleosome mobility on the DNA, rendering the
mammalian genome were shown to be associated withPromoter inaccessible to the transcription machinery (Ura
high levels of CpG methylation (Razin and Cedar, 1977). et al, 1997).

Microinjection and transfection experiments using
in vitro methylated gene sequences revealed that DNA
methylation results in the formation of inactive chromatin
(Keshetet al.,, 1986), and that the silencing effect exerted
by CpG methylation is observed only after the methylated
DNA acquired its appropriate chromatin structure Recent studies in mammalian systems, where methylation
(Buschhausenet al, 1987). Moreover, whereas the clearly plays a role in gene silencing, indicate that methyl-
repressed state of the gene, which is exerted by DNA ation mediates the formation of a multiprotein repression
methylation alone, can be alleviated by a strong activator complex that induces changes in histone acetylation. This

From the methyl moiety on the DNA to the
deacetylase through the transcriptional
repression complex
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Transient Repression Stable Repression

Fig. 1. Transcriptional repression multiprotein complexes. The transient repression complex is assembled in response to changes in physiological
conditions. Heterodimers such as Mad—Max or unliganded hormone receptors recognize repressor elements on the DNA such as the E Box. The
DNA-bound heterodimer interacts with the corepressor mSin3A which in turn interacts with at least eight different polypeptides. This long list of
polypeptides includes SMRT that interacts with mSin3A and HDAC1, RbAp48 that serves as a molecular bridge between HDAC1 and histone H4
(Tauntonet al., 1996; Verreaulet al,, 1996), and the two deacetylases HDAC1 and HDAC?2. The deacetylases remove acetyl moieties from the

amino acetyl groups (NHAC) of lysine residues on histones H3 and H4. These two histone molecules constitute, together with H2A and H2B, the
core particle of the nucleosome. The stable repression complex is formed initially by the interaction of MeCP2 with the DNA at methylated CpG
residues (€G) which then recruits and interacts with mSin3A to which HDAC1 and HDAC2 are associated. The final repression complex may
include all other protein factors as in the transient repression complex, but, as yet, no evidence exists to support it. The stable repression complex is
presumably assembled at early stages of embryo development on methylated genes that should be silenced permanently.

complex is based on the methyl-binding protein MeCP2 and deacetylase activity. These observations established a
which has been shown to contain, in addition to its methyl causal link between methylation-dependent silencing and
binding domain (MBD), a transcriptional repressor domain chromatin modification (Jonest al., 1998).
(TRD) (Nan et al, 1997). This TRD has been shown The other set of experiments used cells which were
recently to overlap with a region that interacts directly stably transfected witin vitro methylated and unmethyl-
with the corepressor mSin3A. Immunoprecipitation experi- atedtk gene constructs. To determine whether methylation
ments show that antibodies raised against MeCP2 co-can induce changes in histone acetylation of either the
precipitate MeCP2, mSin3A, HDAC1, and HDAC2 (Nan unmethylated or methylated gene, the presence of the
et al, 1998). gene in the highly acetylated nucleosomes was analyzed
Experiments using the deacetylase inhibitor trichostatin by PCR. This analysis revealed that the highly acetylated
A relieved the TRD-mediated repression induced by nucleosomal fractions that contain the gene are found
MeCP2 (Nanet al, 1998). Although these important preferentially inthe cells transfected with the unmethylated
experiments revealed the link between MeCP2-induced construct (Ederet al, 1998). This finding allowed the
repression and histone deacetylase activity, they failed toconclusion that methylation influences local histone
show directly that methyl groups present at theebd of acetylation. To determine whether the relatively
the gene induce the changes in histone acetylation thatdeacetylated histones associated with the methyltted
lead to gene repression. However, this missing link is gene cause transcriptional repression directly, the cells
demonstrated in recently published results obtained by transfected with the methylatékl gene were treated with
two different sets of experiments. In one experimental trichostatin A. This treatment elevated the nucleosomal
system,in vitro methylated and unmethylated constructs, acetylation level at the gene-containing sequences and
based on the hsp70 promoter, were injected Kéoopus rendered this region DNase | sensitive. Above all, this
laevis oocytes. As shown before (Kast al, 1997), treatment caused a significant increase in transcription
following the assembly of chromatin on the transfected rate from the methylatetk gene (Ederet al., 1998).
DNA, the methylated gene is shut off whereas the gene Taken together, the results of the three studies (Eden
in the unmethylated construct remains active. The methyl- et al., 1998; Jonegt al., 1998; Nanet al.,, 1998) clearly
ation-directed repression could be alleviated, and DNase Ildemonstrate that the methylation of gene sequences
hypersensitivity restored, by treatment of tbelaevis induces transcriptional repression through its capacity
oocytes with the deacetylase inhibitor trichostatin A. It to bind MeCP2. This methyl-binding protein tethers a
could, therefore, be concluded that inhibition of histone repression multiprotein complex that includes the corepres-
deacetylase activity allows remodeling of the chromatin sor protein, mSin3A and the histone deacetylases HDAC1
to a transcriptional competent state. In the same studyand HDAC2 (Figure 1). The deacetylase activity, which
MeCP2 was identified irX.laevisoocytes and shown to  accompanies the MeCP2-bound mSin3A, can render the
biochemically cofractionate with mSin3A and histone promoter of the gene inaccessible to transcription factors
deacetylases. Moreover, antibodies against MeCP2 co-by deacetylating histone H3 and H4 (Pazin and Kadonaga,
immunoprecipitated MeCP2, mSin3A (but not mSin3B) 1997). To reverse such a silenced status of a gene,
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demethylation must take place and the repression complexmethylates the nascent DNA strand shortly after replication
be replaced by an activating complex, which carries within the replication fork (Gruenbauet al., 1983), it is
the capacity of acetylating histones H3 and H4. This possible that MeCP2 binds to the DNA promptly after
modification of core histones should result in a chromatin methylation, thereby recruiting deacetylases as described
structure which is accessible to transcription factors above. Consequently, inactive regions covered by
(Wolffe, 1997). Alternatively, the methyl-directed repres- deacetylated nucleosomes are generated. This newly
sion can be alleviated by a methylation-overriding effect assembled chromatin must be identical to the parental
that can be exerted by a strong activation complex which chromatin structure.
results in effective acetylation of histones H3 and H4. If that is indeed the case, the methylation pattern of
Several examples exist to suggest that such an overridingthe mammalian genome, which is established during
effect is possible. Thg globin gene can be activated by development and faithfully maintained through consecu-
butyrate, a deacetylase inhibitor (Zitré al., 1995). The tive cell divisions (Razin and Shemer, 1995), could provide
methylation-mediated transcriptional block of HIV has the template for the nucleosomal structure of chromatin.
been shown to be overcome by the presence of the tatAccording to this scheme, active undermethylated genes
protein (Bednariket al, 1990), or by the deacetylase will be wrapped around highly acetylated nucleosomes
inhibitor trichostatin A (Sheridaret al, 1997). Other = whereas methylated genes will be recognized by MeCP2,
viruses and some liver proteins, such as PEPCK andthe multiprotein repressor complex formed, and histones
vitellogenin, were found to be highly methylated, yet H3 and H4 deacetylated. Strong support for this idea can
transcriptionally active (Cedar and Razin, 1990). be found in the inactive X-chromosome of eutherian
It should be emphasized that the transcriptional repres-female cells. This chromosome is heavily methylated
sion complex model does not exclude other mechanismsand the nucleosomal histones are strikingly deacetylated
by which CpG methylation may affect gene expression. (Jeppesen and Turner, 1993).

Non-histone components of chromatin and transcription
factors that bind to the DNA may be sensitive to methyl-
ation at the promoter or other regions that participate in
the control of the gene (Boyes and Bird, 1992; Levine
et al, 1992).

Histone H1 is known to play a role in sealing the
nucleosome, thereby stabilizing a higher order of chro-
matin structure (Thomat al., 1979). Histone H1 is also
known to be abundant in 5-methylcytosine-rich nucleo-
somes (Ballet al, 1983), absent in unmethylated CpG
islands (Tazi and Bird, 1990), and to inhikit vitro
transcription (Wolffe, 1989; Crostoet al, 1991). The
extent of this inhibition was also found to depend on the
density of methyl groups in the promoter region (Levine
et al., 1993; Johnsoet al., 1995). In this regard, it should

be mentioned that whereas linker histone binding causes

a reduction in nucleosome mobility and a repression of

transcription, these effects are independent of core histone
acetylation. These observations indicate that core histone

acetylation does not prevent linker histone binding and
concomitant transcriptional repression (Utaal., 1997).

Stable inheritance of chromatin structure

How cell-specific nucleosomal patterns are inherited dur-
ing many cycles of DNA replication remains an unresolved
problem. DNA methylation patterns were shown to be
clonally inherited almost two decades ago (Pollatlal.,

1980; Wigler, 1981). Since then, the guidance of nucleo-
somal positioning by the stably inherited methylation

patterns has been considered to be an attractive possibility.
However, this hypothesis has not been supported by
experimental data as yet. The model described here, which

establishes a causal link between DNA methylation and

deacetylation of core histones, may also shed light on the

mechanism by which chromatin structure is maintained

through many cell cycles. It has recently been shown that

newly assembled nucleosomes are acetylated (Solad|
1995; Kuoet al., 1996); it is therefore possible that the

It is, therefore, possible that the silenced state of the
vast majority of the mammalian genomic sequences is
established and maintained by a simple mechanism by
which the clonally inherited methylation pattern of the
genome determines the structure of chromatin by inducing
histone deacetylation.

Conclusions

Recent studies clearly demonstrate that CpG methylation
induces histone deacetylation, chromatin remodeling and
gene silencing through a transcription repressor complex
that includes the histone deacetylases (HDAC1 and
HDAC?2) and is formed around mSin3A. This complex is
assembled by interaction of mSin3A with the methyl-
binding protein MeCP2 (Figure 1).

The fact that methylation patterns are established in the
early embryo and faithfully maintained thereafter, in
combination with the recent discovery that methylation
determines the status of chromatin acetylation, suggest
that the maintenance of chromatin structure through many
cell generations is achieved by using, as a template,
the clonally inherited methylation patterns. This scheme
suggests that the methylation-associated repression is
stable and can be alleviated either by demethylation of
the DNA or a strong activator that can override the
methylation effect.

The stable nature of the methylation-dependent repres-
sion suggests that this type of repression is used as a
global silencing device to shut off all sequences in the

genome, with the exception of housekeeping genes and

tissue- and stage-specific genes that are destined to be
expressed at the right time and in the right place.

Acknowledgements

I would like to thank Alan Wolffe and Howard Cedar for providing me

with detailed information about their experiments prior to publication. |

am also grateful to Howard Cedar, Ruth Shemer and Zehava Siegfried

default state of Chromatin structure is based on acetylatedsor their very useful comments on the manuscript. Work from my
nucleosomes. Since the maintenance methyltransferaseaboratory is supported by NIH, CTR and the Israel Science Foundation.

4907



A.Razin

References synthesized histones H3 and HRroc. Natl Acad. Sci. USA92,
. . 1237-1247.
BallD.J,, Gross,D.S. and Garrard,W.T. (1983) S5-methylcytosine is Tqj 3 and Bird,A. (1990) Alternative chromatin structure at CpG islands
localized in nucleosomes that contain histone Rioc. Natl Acad. Cell 60 909-920.

Sci. l_JSA 80, 5490-5494. . o Taunton,J., Hassig,C.A. and Schreiber,S.L. (1996) A mammalian histone
Bednarik,D.P., Cook,J.A. and Pitha,P.M. (1990) Inactivation of the HIV. " yeacetylase related to the yeast transcriptional regulator Rpd3p
LTR by DNA CpG methylation: evidence for a role in latency. Science272, 408—411.

EMBO J, 9, 1157-1164. _ _ Thoma,F., Koller,T. and Klug,A. (1979) Involvement of histone H1

Boyes,J. and Bird,A. (1992) Repression of genes by DNA methylation i the organization of the nucleosome and of the salt-dependent
depends on CpG density and promoter strength; evidence for superstructure of chromatid. Cell Biol, 83, 403—427.
involvement of a methyl-CpG binding proteleBMBO J, 11, 327-333. Ura,K., Kurumizaka,H., Dimitrov,S., Almouzni,G. and Wolffe,A.P.

Buschhausen,G., Wittig,B., Graessmann,M. and Graessmann,A. (1987)  (1997) Histone acetylation: influence on transcription, nucleosome
Chromatin structure is required to block transcription of the methylated mobility and positioning and linker histone-dependent transcriptional

herpes simplex virus thymidine kinase gefoc. Natl Acad. Sci. repressionEMBO J, 16, 2096-2107.
USA 84, 1177_1481' . Verreault,A., Kaufman,P.D., Kobayashi,R. and Stillman,B. (1996)
Cedar,H. and Razin,A. (1990). DNA methylation and development.

N - Nucleosome assembly by a complex of CAF-1 and acetylated histones
Biochim. Biophys. Actal049 1-8. H3/H4. Cell, 87, 95-104.

Croston,G.E., Kerringan,L.A,, Lira,L.M., Marshah,D.R. and Kadonaga, \wjigler,M., Levy,D. and Perucho,M. (1981) The somatic replication of
J.T. (1991) Sequence-specific antirepression of histone H1-mediated ppya methylation Cell, 24, 33-40.

inhibition of basal DNA polymerase Il transcriptio&cience 251, Wolffe,A.P. (1989) Dominant and specific repressiorkehopusocyte

643-649. 5sRNA genes and satellite | DNA by histone HEMBO J, 8, 527-537.
Eden,S., Hashimshony,T., Keshet,l., Cedar,H. and Thorne,A.W. (1998) \\ffe A.P. (1997) Sinful repressioMNature 387, 16-17.

DNA methylation patterns histone acetylatidtature in press Yeivin,A. and Razin,A. (1993) Gene methylation patterns and expression.
Gruenbaum,Y., Szyf,M., Cedar,H. and Razin,A. (1983) Methylation of | jost,J.P. and Saluz,H.P. (edBNA Methylation: Molecular Biology

replicating and postreplicated mouse L cell DNroc. Natl Acad. and Biological SignificanceBirkhauser Verlag, Basel, Switzerland,

Sci. USA 80, 4919-4921. pp. 523-568,

Jeppesen,P. and Turner,B.M. (1993) The inactive X chromosome in ziinik,G., Peterson,K., Stamatoyannopoulus,G. and Papayannopoulou,T.
female mammals is distinguished by the lack of histone H4 acetylation,  (1995) Effects of butyrate and glucocoriticoids pto-B-globin gene

a cytogenetic marker for gene expressi@ell, 74, 281-289. switching in somatic cell hybridsviol. Cell. Biol, 19, 790-795.
Johnson,C.A., Goddard,J.P. and Adams,R.L.P. (1995) The effect of

histone H1 and DNA methylation on transcriptiah.Biochem.305, Received May 27, 1998; revised and accepted July 2, 1998

791-798.

Jones,P.L., \eenstra,G.J.C., Wade,P.A., Vermaak,D., Kass,S.U.,
Landsberger,N., Stronboulis,J. and Wolffe,A.P. (1998) Methylated
DNA and MeCP2 recruit histone deacetylase to repress transcription.
Nature Genet.19, 187-191.

Kadosh,D. and Struhl,K. (1997) Repression by Umeb involves
recruitment of a complex containing Sin3 corepressor and Rpd3
histone deacetylase to target promatésll, 89, 365-371.

Kass,S.U., Landsberger,N. and Wolffe,A.P. (1997) DNA methylation
directs a time-dependent repression of transcription initiat@unr.
Biol., 7, 157-165.

Keshet,l., Lieman-Hurwitz,|. and Cedar,H. (1986) DNA methylation
affects the formation of active chromati@ell, 44, 535-543.

Kuo,M.A., Brownwell J.E., Sobel.,B.E., Ranalli,T.A.,, Cook,R.G.,
Edmondson,D.G., Roth,S.Y. and Allis,C.D. (1996) Transcription-
linked acetylation by Gen5 of histones H3 and H4 at specific lysines
Natureg 383 269-272.

Levine,A., Cantoni,G.L. and Razin,A. (1992) Methylation in the
preinitiation domain suppresses gene transcription by an indirect
mechanismProc. Natl Acad. Sci. US/A88, 6515-6518.

Levine,A., Yeivin,A., Ben-Asher,E., Aloni,Y. and Razin,A. (1993)
Histone H1-mediated inhibition of transcription initiation of
methylated templateis vitro. J. Biol. Chem.268 21754-21759.

Nan,X., Campoy,J. and Bird,A.P. (1997) MeCP2 is a transcriptional
repressor with abundant binding sites in genomic chromexatl, 88,
471-481.

Nan,X., Ng,H.-H., Johnson,C.A., Laherty,C.D., Turner,B.M., Eisenman,
R.N. and Bird,A. (1998) Transcriptional repression by the methyl
CpG-binding protein MeCP2 involves a histone deacetylase complex
Nature 393 386-389.

Pazin,M.J. and Kadonaga,J.T. (1997) What’'s up and down with histone
deacetylation and transcriptiocll, 89, 315-328.

Pollack,Y., Stein,R., Razin,A. and Cedar. H. (1980) Methylation of
foreign DNA sequences in eukaryotic céfroc. Natl Acad. Sci. USA
77, 6463-6467.

Razin,A. and Cedar,H. (1977) Distribution of 5-methylcytosine in
chromatin.Proc. Natl Acad. Sci. USA74, 2725-2728.

Razin,A. and Cedar,H. (1991) DNA methylation and gene expression.
Microbiol. Rev.55, 451-458.

Razin,A. and Shemer,R. (1995) DNA methylation in early development.
Hum. Mol. Genet.4, 1751-1755.

Sheridan,P.L., Mayall,T.P., Verdin,E. and Jones,K.A. (1997) Histone
acetyltransferases regulate HIV-1 enhancer actiiityitro. Genes
Dev, 11, 3327-3340.

Sobel,R.E., Cook,R.G., Perry,C.A., Annunziato,A.T. and Allis,C.D.
(1995) Conservation of deposition-related acetylation sites in newly

4908



