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Tying It All Together: Epigenetics,
Genetics, Cell Cycle, and Cancer

Stephen B. Baylin

In eukaryotic cells, the methylation state of
the base cytosine can be inherited without
altering genetic material per se (1). Thisun-
usual—or “epigenetic”—form of inheritance
generates patterns of DNA methylation that
modulate overall genomic patterns of chro-
matin organization and gene expression. On
page 1996 of this issue (2), Chuang et al.
provide a potentially important entrée for
understanding how, in humans, these pat-
terns of DNA methylation are established
and maintained. Further, their results show
how epigenetic and genetic aspects of cancer
might be married through events that con-
trol the cell cycle.

In higher order eukaryotes, DNA methyla-
tion and DNA-protein interactions together
organize the genome into transcriptionally
active and inactive zones (3). This organiza-
tional role is facilitated by an asymmetric pat-
tern of DNA methylation. DNA methylation
is absent in Drosophila, Caenorhabditis elegans,
and yeast, but appeared as the vertebrate ge-
nome became more complex. Concurrently,
during evolution, the CpG dinucleotide, the
principal site of DNA methylation, has been
selectively depleted through conversion of
methylated cytosines to thymidines via a
deamination process (3). The human ge-
nome has only 10% of the expected fre-
quency of CpG’s, and 70 to 80% of these are
methylated (3). However, small regions of
DNA remain (1 to 2%), termed “CpG is-
lands,” that are not CpG-depleted. These are
rigorously protected from methylation and
are associated with the transcription start
sites in almost half, or some 40,000, human
genes (4).

What is the purpose of this division of the
genome? DNA methylation patterns closely
correlate with patterns of gene expression.
Heavily methylated DNA is generally associ-
ated with chromatin organization that is in-
hibitory to transcription (3). In humans,
such repressed DNA often contains highly
repeated sequences; methylation may help
guard against transcriptional expression of
these “parasitic” regions, which were intro-
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duced into the genome over evolution by
transposable elements and DNA viruses (5).
In contrast, the unmethylated CpG islands
of most genes are associated with chromatin
typical of highly transcribed DNA (3). But
selected CpG islands are densely methy-
lated. These regions have chromatin confor-
mation typical of nontranscribed DNA and
represent silenced alleles for mono-allelically
expressed or “imprinted genes” (6) and for
many genes on the transcriptionally inacti-
vated X chromosome of the female (3).

unmethylated CpG islands in the promoter
region of critical genes can become densely
methylated, and the associated transcrip-
tional silencing is an epigenetic alternative
to coding region mutations for causing loss of
tumor suppressor gene function (9). Indeed,
almost half of the suppressor genes known to
underlie genetic forms of neoplasia—includ-
ing VHL and p16 (12)—when mutated in the
germ line exhibit CpG island hypermeth-
ylation in noninherited cancers.

What do the new findings of Chuang et al.
reflect about DNA methylation? One mys-
tery has been how DNA-MCMT activity is
coordinated with DNA replication to main-
tain both normal and abnormal DNA me-
thylation patterns. This enzyme, conserved
from sea urchin to human (13), preferen-
tially methylates DNA that is already methy-
lated on one strand. Thus, during DNA rep-
lication, DNA-MCMT recognizes methy-
lated CpG sites on the parent strand and
methylates correlating cytosines on the
daughter strand (13). Chuang et al. now sug-
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These normally silenced alleles can be ex-
pressed, and their CpG islands unmethylated,
in mouse embryos with homozygous dele-
tions of the DNA-methyltransferase (DNA-
MCMT) gene, which encodes the major
DNA-methylating enzyme (7). The methyl-
ation patterns generated by this enzyme are
essential, because these mice die in early
embryogenesis (8). :

Cancer cells show altered patterns of
DNA methylation (9). Overall DNA me-
thylation is often decreased (10). This
change may contribute to genomic instabil-
ity (11). In these same tumors, the normally

gest that binding of the enzyme to a protein,
proliferating cell nuclear antigen (PCNA),

“coordinates DNA-MCMT activity and

DNA replication and that this step is nega-
tively regulated by the protein p21.

PCNA facilitates DNA replication by
loading delta and epsilon DNA polymerases
onto DNA in cycling cells and during DNA
repair (14). In intact cells, DNA-MCMT
and PCNA were found by Chuang et al. to
colocalize to DNA replication foci in early S
phase, the cycle period for DNA synthesis.
Such complexes are absent in G;, which pre-
cedes the onset of DNA synthesis. p21 could

SCIENCE e VOL. 277 » 26 SEPTEMBER 1997 ¢ www.sciencemag.org



regulate these interactions in several ways.
First, p21 binds PCNA (15) through a region
found by Chuang et al. to be similar to, and to
compete with, the site in DNA-MCMT that
mediates PCNA binding. Second, when
complexed with PCNA, p21 inhibits DNA
synthesis (16). Finally, p21 also forms com-
plexes with the cyclins, proteins that acti-
vate a series of cyclin-dependent kinases
(CDKs) that allow cells to cycle and synthe-
size DNA (17). p21, by inhibiting this ac-
tivity, especially at the G,/S border, partici-
pates in the cell’s decision whether to syn-
thesize DNA (17).

How might these dynamics mediate nor-
mal and abnormal DNA methylation? Per-
haps, in normal cells, when PCNA targets
DNA-MCMT to early DNA replication foci,
strategic placement of, or amounts of, p21
negatively modulate the complex such that
early replicating DNA regions like CpG is-
lands (18) are protected from methylation
(see figure, top panel). Similarly, a diminished
effect of p21 later in S phase, at the peak of
PCNA localization to DNA (19), might posi-
tively regulate DNA-MCMT at normal sites
of methylation (see figure, top panel).

Further, as stressed by Chuang et al., loss
of p21 function is a very common event in
human cancers. Normally, the transcription
of p21 is directly stimulated by p53, in a
pathway for sensing DNA damage and sig-
naling cells to die or cease DNA synthesis
until DNA damage is repaired (20). p53 mu-
tations are common in human cancer (21)
leading to loss of p21 function. Other path-
ways signal increases in p21 and may also be
lost in tumors (17). Chuang et al. then pro-
pose that, when p21 losses are juxtaposed
with increased DNA-MCMT activity, as in
SV40 transformation, this imbalance con-
tributes to altered DNA methylation.

The significance of tumor-associated in-
creases in DNA-MCMT activity (22) has
been debated. Normal cells increase DNA-
MCMT activity during DNA synthesis and
the increase in tumors could simply be a
nonfunctional consequence of increased
cell cycling (23). However, DNA-MCMT
increases may actually be pivotal for driving
tumorigenesis. Increases in DNA-MCMT
activity and overall DNA methylation oc-
cur in specific cells after carcinogen expo-
sure (24). Also, insertion of the gene for
DNA-MCMT can cause cellular transfor-
mation (25) and hypermethylation of se-
lected CpG islands (26). Genetically engi-
neered lowering of DNA-MCMT activity
can slow tumor progression (27). The loss of
p21 might facilitate increased DNA-MCMT
effects in tumors by simultaneously allowing
unchecked cell cycling, increased DNA syn-
thesis, and shifting of increased DNA-
MCMT-PCNA complexes from late to early
DNA replication (see figure, lower panel).
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Both abnormal gains and losses of DNA
methylation sites might ensue. Further,
Chuang et al. suggest that in tumors p21 loss
from PCNA complexes could cause abnor-
mal gains of methylation during repair of
DNA damage. This is intriguing because
both increased methylation of inserted gene
sequences (I1) and of endogenous gene
CpG islands (28) have been found in a type
of colon cancer associated with mismatch
repair deficiency.

These new findings thus potentially bring
together the fields of DNA methylation, cell
cycle regulation, control of chromatin orga-
nization, and cancer genetics. However, the
future challenge is to integrate them with
other events that could modulate DNA me-
thylation. First, p21 is only one of a number
of related proteins that might modulate
PCNA-DNA-MCMT (29). Second, other
proteins likely influence DNA methylation
such as transcription factors that may block
access of DNA-MCMT to CpG islands (30).
Some transcriptional coactivators alter chro-
matin organization by controlling the acety-
lation of histones and other proteins (31).
Histone variant H1 inhibits the activity of
DNA-MCMT for CpG-rich sequences (32).
Further, proteins that bind preferentially to
methylated cytosines could help guide DNA-
MCMT to areas of normal methylation.
One such protein MeCP1 (methyl-CPG
binding protein) shares a domain with the
enzyme itself and with a mammalian ho-
molog to a chromatin modeling protein in
Drosophila (33).

Finally, the initial unmethylated status of
CpG islands lessens their affinity for DNA-
MCMT, given its preference for hemi-
methylated DNA, and CpG-rich areas may
be poor intrinsic substrates for DNA-
MCMT (34). Also, specific demethylation
events could help protect CpG islands (35).
Exploring all of these interacting events, in-
cluding the role of proposed additional
DNA-MCMTs (36), will dominate DNA
methylation research over the next years.
The knowledge gained should prove invalu-
able for understanding how this DNA modi-
fication is essential for normal cell function
and, when disrupted, can contribute to can-
cer and other disease states.
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