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wenty-five years ago, based on the

knowledge of cytosine methylation in
higher organisms and the newly discov-
ered bacterial adenine methyltransferase,
Riggs (1) and Holliday and Pugh (2) in-
dependently proposed that the covalent
modification of DNA by methylation
might serve as a means to propagate her-
itable expression states in eukaryotes. In
the years since, the association between
cytosine methylation and transcriptional
silencing in mammalian cells has become
well established (3), and a number of
proteins that catalyze the transfer of a
methyl group to the 5-carbon of the cyto-
sine pyrimidine ring have been cloned and
characterized. These DNA methyltrans-
ferases (m5C-MTases) are encoded by a
diverse family of genes found in pro-
karyotes as well as all four groups of
eukaryotes (4). In mammals, cytosines are
methylated predominantly in the context
of the 5'-CpG-3'(CG) dinucleotide, and
the majority of these sites are methylated.
Only the short CG-rich regions known as
CpG islands are methylation free in nor-
mal tissues. However, non-CG cytosine
methylation has also been reported, pri-
marily in viral or stably integrated plasmid
DNA sequences. Genomic sequencing of
an integrated adenovirus vector, for ex-
ample, revealed methylation of cytosines
in the context of 5'-CpW-3" (CW, where
W = A or T) dinucleotides (5). Subse-
quently, bisulfite sequencing analysis of
endogenous LINE-1 retroelements (6)
and stably integrated plasmid DNA (7)
confirmed the presence of CW methyl-
ation in mammalian cells. In the latter
study, such cytosine methylation was
found predominantly in the sequence
CWG. Interestingly, the methylation state
of plasmid DNA premethylated at such
CWG sites was faithfully maintained in
vivo (7), suggesting that mammalian cells
are capable of establishment and mainte-
nance of cytosine methylation in CWG as
well as CG sites. Taken together, these
results suggested that CWG methylation
might be used to stably “tag” DNA in
eukaryotes. However, further evidence

for the existence of such an epigenetic
system has been lacking.

In this issue of PNAS, Malone et al.
describe the presence of a subclass of
CWG methylation, namely that of the
internal cytosine within the sequence
CCWGG (C™CWGG), in an endogenous
mammalian gene (8). The authors studied
a group of primary effusion lymphoma
(PEL) and myeloma cell lines that no
longer express many B lineage-specific
genes. To test whether the silent state of
such genes is associated with DNA meth-
ylation, several cell lines in which the B
cell-specific B29 gene is silent were ana-
lyzed. Whereas bisulfite genomic sequenc-
ing of the B29 promoter revealed dense
methylation exclusively at CG sites in sev-
eral of these lines, a significant number of
CCWGG sites were methylated in the B29
promoter region in one PEL and one
myeloma line.

Evidence for this class of cytosine meth-
ylation in mammalian cells comes from
several previous studies. Bisulfite analysis
of genomic DNA from murine erythro-
leukemia (MEL) cells infected with a
Moloney murine leukemia virus vector
revealed that several proviral CCWGG
sites were methylated de novo shortly after
infection (9). Additionally, by using the
CmCWGG-sensitive restriction enzyme
EcoRII and Southern blotting of genomic
DNA from normal peripheral blood leu-
kocytes (PBL), Franchina et al. reported a
high level of CCTGG methylation flank-
ing the CpG island of the myogenic myf-3
gene, although no CCAGG methylation
was detected (10). Moreover, the study
describing efficient maintenance of CWG
methylation in mammalian cells involved
the introduction of plasmid DNA isolated
from Escherichia coli expressing the Dcm
mS5C-MTase, which methylates CCWGG
sites (7). Thus, the observed maintenance
of CWG methylation may have been the
result of recognition of the CCWGG
pentanucleotide. The observation of
CCWGG methylation in several systems
suggests that this site may be the target
sequence of a eukaryotic epigenetic mod-
ification system.
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Which enzymes are responsible for es-
tablishment and maintenance of CCWGG
methylation? The diversity of target rec-
ognition sites already described for bacte-
rial members of the m5C-MTase family
(11) suggest that one or more of the
mammalian m5C-MTase homologs may
be capable of methylating CCWGGs.
Four known or putative mammalian m5C-
MTases have been identified thus far:
Dnmtl, Dnmt2, Dnmt3A, and Dnmt3B.
Analysis of the human genome project
database reveals no additional genes in
the highly conserved m5C-MTase family,
suggesting that the proteins encoded by
the known m5C-MTase genes are respon-
sible for the constellation of cytosine
methylation in the mammalian genome.
Dnmtl, the first mammalian m5C-MTase
cloned, shows a strong preference for
CGs, particularly when hemi-methylated
(12), suggesting that this enzyme is re-
sponsible for the maintenance of CG
methylation. The closely related Dnmt3A
and Dnmt3B proteins on the other hand
show strong de novo CG MTase activity
(13), apparently confirming the hypothe-
sis that the establishment and mainte-
nance of CG methylation are carried out
by distinct m5C-MTases.

Recently however, several groups have
reported that Dnmt3A also methylates
non-CG cytosines. As determined by
nearest neighbor analysis and bisulfite se-
quencing, ™"CW represent ~15% of the
total number of methylated cytosines in
embryonic stem (ES) cells (14), which
express Dnmt3A at high levels. Expression
of dnmt3A in Drosophila, which lack a
Dnmt3 homolog and show no cytosine
methylation in adult tissues, revealed that
Dnmt3A is capable of methylating CW
dinucleotides (14). Whereas the non-CG
methylated sites showed no clear flanking
consensus sequence in vivo, the internal
cytosine of CCAGG is efficiently methyl-
ated by Dnmt3A in vitro (15). Analysis of
CCWGG methylation in dnmt3A~/~ (16)
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vs. normal ES cells will be informative in
this regard.

In contrast to Dnmtl, Dnmt3A, and
Dnmt3B, the function of the widely ex-
pressed Dnmt2 gene remains unclear. The
Dnmt2 protein shows neither CG MTase
activity in vivo (17), nor general cytosine
MTase activity in vitro (18). Phylogenetic
analysis of this putative MTase reveals
that Dnmit2 is closely related to the Dro-
sophila homolog dDnmt2 and the Schizo-
saccharomyces pombe gene pmtl (19, 20).
Pmtl is catalytically inert because of the
insertion of a Ser residue between the
Pro-Cys motif found at the active site of
related DNA MTases. However, when this
amino acid is deleted, Pmtl binds to
CCWGGs and methylates the internal cy-
tosine residue (21). Drosophila dDnmt?2 is
expressed primarily during embryogenesis
(22), the period during which cytosine
methylation is detected (23). As with
Pmtl, CGs do not seem to be the pre-
ferred target sites. Rather, dDnmt2 pref-
erentially methylates CW sites, although
an expanded consensus sequence has yet
to be defined. Given that mammalian
Dnmt2 does not methylate CGs (17), ex-
periments designed to test whether
CCWGG is a substrate for Dnmt2 in vivo
are clearly warranted. The availability of
Dnmt2-deficient ES cells (17) should
greatly facilitate such studies.

Interestingly, Malone et al. (8) found
that the B29 promoter typically contains
either C*CWGGs or ™CGs, but not both
types of cytosine methylation together. An
inverse correlation between CG and
CCWGG methylation was also observed
in the proviral (9) and myf-3 studies (10):
in contrast to normal PBL, in which
CCTGG but no CG methylation was de-
tected, non-Hodgkin’s lymphoma cells
show a significant level of CG methylation
but no CCTGG methylation of the myf-3
gene (10). Taken together, these results
indicate that chromatin marked by
C"CWGG methylation might be refrac-
tory to CG methylation and vice versa.
Precedent for an interplay between two
methylation types can be found in Arabi-
dopsis, where CG and CpNpG methyl-
ation are carried out by the dnmtl ho-
molog METI1, and the plant-specific
CHROMOMETHYLASE3, respectively
(24). Whereas inhibition of MET1 activity
leads to the hypomethylation of CGs as
expected, hypermethylation of CpNpGs in
some regions of the genome is also ob-
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served. Thus, the absence of CG methyl-
ation seems to stimulate CpNpG methyl-
ation in wild-type plants.

Although the majority of CGs in the
mammalian genome are methylated, CpG
islands associated with promoters are nor-
mally unmethylated. The mutually exclu-
sive nature of CG and CCWGG methyl-
ation may shed light on this paradox:
might CpG islands be “protected” from
CG methylation by the presence of
CCWGG methylation? If so, then the
aberrant methylation of CpG islands often
observed in transformed cells might result
from the loss of CCWGG methylation.
The association of CCWGG methylation
with inactive promoters would seem to
contradict this model; however, the influ-
ence of CCWGG methylation on promot-
ers associated with CpG islands has yet to
be addressed. Determination of the meth-
ylation state of CCWGGs within CpG
islands in normal, and transformed cells
may lead to a better understanding of the
etiology of CpG island methylation.

A fundamental question raised by Ma-
lone et al. (8) is that of the function of
CCWGG methylation. The correlation
between CCWGG methylation and the
absence of B29 expression prompted the
authors to test directly whether C"CWGG
methylation is sufficient to repress expres-
sion (8). Transient transfection of a B29
promoter-luciferase reporter construct
methylated exclusively at CCWGG sites
yielded a 50% reduction in reporter activ-
ity compared with unmethylated controls
(8). Taken together with the retroviral (9)
and myf-3 gene studies (10), which also
showed a correlation between CCWGG
methylation and transcriptional repres-
sion, these results suggest that C"CWGGs
might mark genetic elements for tran-
scriptional silencing.

How might such repression be medi-
ated? In the case of the CG dinucleotide,
two general mechanisms of repression
have been described in vertebrates: a “di-
rect” mechanism (25), whereby methyl-
ation of CGs within a transcription factor
binding site inhibits factor binding, and an
“indirect” mechanism (3), which involves
the binding of one of the methyl-DNA
binding domain (MBD) family of proteins,
such as MeCP2, to ™CGs. These MBD
proteins interact with corepressor com-
plexes, such as Sin3A (3), which mediates
repression at least in part by histone
deacetylation. To determine whether the
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binding of transcription factors known to
interact with the B29 promoter region is
perturbed by C"CWGG methylation,
electrophoretic mobility shift assays were
conducted with B29 dsDNA oligonucleo-
tide probes (8). Whereas several protein
complexes were detected with the un-
methylated probe, a distinct set of reduced
mobility bands were detected when the
same probe was methylated at CCWGG
sites. Importantly, cold unmethylated
competitor did not inhibit this unique
banding pattern, suggesting that the com-
plement of transcription factors normally
bound to the B29 promoter may be dis-
placed by an as yet uncharacterized com-
plex that associates with this region in a
CCWGG methylation-dependent man-
ner. The inability of a CG methylated
oligonucleotide to compete with this novel
complex suggests that it does not include
members of the MBD protein family.
Clearly, identification of the uncharacter-
ized C"CWGG-binding proteins will be
essential to understanding the mechanism
of C"CWGG-mediated repression.

The absence of m5C-MTase genes in
representative species of protists, fungi,
and animals suggests that alternative
mechanisms of genomic marking can
substitute for both CG and CCWGG
methylation in some eukaryotes. Never-
theless, in mammals, CG methylation is
believed to play an important role in
genomic imprinting (26), X chromosome
inactivation (1), and repression of para-
sitic sequence elements (27). Whereas
CM™CWGGs also seem to mark genes for
transcriptional repression, little is known
about the biological role for which this
form of methylation is put to use. Chro-
mosomal processes other than transcrip-
tion, such as replication or repair, should
also be considered. Given that most stud-
ies of DNA methylation in mammals
have focused on the CG dinucleotide,
neither the prevalence nor the genomic
distribution of CCWGG methylation has
been systematically addressed. The de-
velopment of techniques designed to
study genome-wide patterns of methyl-
ation, coupled with the use of genetic
mutants of each of the known mamma-
lian m5C-MTases, should help to resolve
some of the unanswered questions con-
cerning CCWGG methylation.
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