tion of ammonium and alkaloid salts.

We called the complex salts with nega-
tively charged central atom ‘‘ate’’ com-
plexes for understandable reasons (23).
They can be compared with the
“‘onium” complexes, which were al-
ready known, as shown in Fig. 16. Be-
cause of the inductive effect of the cen-
tral atom in onium complexes, all ligands
R are cationically labilized and the hy-
drogen atoms at the neighboring carbon
atoms are proton-mobile; however, in
ate complexes all ligands at the central
atom are anionically labilized and the hy-
drogen atoms at the neighboring carbon
atoms are hydride-labile. This rule ex-
plains numerous reactions. I do not have
time here to discuss its importance as a
heuristic principle.

Thus I come to the end of my lecture.
The excursion from diyls to ylides now
ends at my idyll. With this I mean the

conclusion of my research work as an
emeritus, which allowed me to continue
my work as a chemist free from the obli-
gations of a teacher, and finally to devote
myself completely to my interest in fine
arts. I want to close my talk by offering
cordial thanks to my collaborators.
Without them my work could not have
been accomplished.
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DNA Methylation and Gene Function

Aharon Razin and Arthur D. Riggs

The methylated base S-methylcytosine
(m5Cyt) (Fig. 1) was discovered in calf
thymus DNA about 30 years ago (/). Since
then, the occurrence of this minor base has
been demonstrated in a wide variety of

not known, but its ubiquity suggests
some important function. In the last dec-
ade, several hypotheses suggesting a role
of m°Cyt in gene regulation have been
advanced (5-8). However, there has

Summary. In most higher organisms, DNA is modified after synthesis by the enzy-
matic conversion of many cytosine residues to 5-methylicytosine. For several years,
control of gene activity by DNA methylation has been recognized as a logically attrac-
tive possibility, but experimental support has proved elusive. However, there is now
reason to believe, from recent studies, that DNA methylation is a key element in the
hierarchy of control mechanisms that govern vertebrate gene function and dif-

ferentiation.

organisms, including all vertebrates and
plants that have been studied 2). In
mammalian DNA, 2 to 7 percent (de-
pending on the species) of the total cyto-
sine is converted to m3Cyt (3). Methyl-
ation occurs enzymatically after DNA
synthesis by methyl transfer from S-
adenosylmethionine (SAM) to position 5
of cytosine ).

In vertebrates, m®Cyt is the only modi-
fied base yet found in DNA. The biologi-
cal role of m®Cyt in eukaryotic DNA is

been only one review on m°Cyt in eu-
karyotic DNA (9), and this review was
completed before the power of restric-
tion enzyme analysis was fully realized.
Studies of the last 2 years, mainly with
restriction enzymes, have drastically
changed the experimental approaches to
a solution of the long-standing enigma
of the function of m®Cyt in eukaryotic
DNA. The purpose of this article is to re-
view critically the available information
in this rapidly expanding field. It will be
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obvious that we prefer the idea that
m°Cyt is involved in gene regulation and
differentiation, but its involvement in
other possible functions will also be con-
sidered.

Protein-DNA Interactions

Regardless of the details, it has long
been our opinion (6) that the essential
function of m*Cyt is to modify protein-
DNA interactions. The conversion of
cytosine to m®Cyt introduces a methyl
group into an exposed position in the ma-
jor groove of the DNA helix (Fig. 2), and
the binding to DNA of proteins such as
the lac repressor, histones, and hormone
réceptors is known to be affected by
changes in the major groove (10). For ex-
ample, it has been shown (/1) that chang-
ing the thymine residue at nucleotide po-
sition 13 in the lac operator to uracil or to
cytosine greatly decreases the affinity of
repressor for operator. Changing posi-
tion 13 to m3Cyt restores the affinity for
repressor to normal. Therefore, the lac
repressor only senses the presence or ab-
sence of a methyl group at position 13.
Bacterial restriction enzymes have a
strong affinity for unmethylated restric-
tion sites, but have a reduced affinity for,
and no activity on, methylated sites (/2-
14). Thus, it is a solid fact that m>Cyt can
profoundly affect the binding of proteins

to DNA. The only question is whether

Dr. Razin is a member of the Department of Cellu-
lar Biochemistry at the Hadassah Medical School,
Hebrew University, Jerusalem, Israel. Dr. Riggs is a
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eukaryotic cells have availed themselves
of this opportunity for gene control. We
think the body of evidence now accumu-
lated suggests that they have.

Basic Assay Techniques

Rapid progress has been made in re-
cent years in the development of highly
sensitive and reliable methods for the
identification and quantification of m3Cyt
in DNA. To conventional chromato-
graphic methods (/5) have been added
more sophisticated methods such as gas
chromatography (/6), high-resolution-
mass spectrometry (/7), gas chromatog-
raphy-mass spectrometry (/8) and high-
performance liquid chromatography (19).
In addition, specific antibodies -against
m>Cyt have been used to detect methyl-
ated regions in intact chromosomes (20).
All the above-mentioned methods yielded
important information, but failed to pro-
vide any clue as to the function of m*Cyt
in eukaryotic DNA. It became clear,
therefore, that new methods were needed
to reveal methylated sequences in spe-
cific regions of the chromosome. That
need was met by the use of bacterial
restriction endonucleases which cleave
DNA at specific sites.

The majority (about 90 percent) of the
m°Cyt residues in eukaryotic DNA are
found in the dinucleotide sequence CpG
(5'-CG; C, cytosine; G, guanine) (21).
Fortunately, several restriction enzymes
include CpG in their recognition se-
quence (/4). Some of these ““‘CpG en-
zymes’’ (and cutting sites) (22) are the re-
striction endonucleases Hpa II (CCGG),
Msp I (CCGG), Hha I (GCGC), Xho I
(CTCGAG), Ava I (CPyCGPuG), Sal 1
(GTCGAC), and Sma I (CCCGGG) (T,
thymine; A, adenine; Py, pyrimidine).
Most of these enzymes do not cut the
DNA if the CpG sequence is methylated
(23). Thus, these enzymes can be used to
probe for methylation. In practice, if the
results are to be meaningful, it is neces-
sary to have a control showing full cutting,
so the pattern to be expected in the ab-
sence of methylation is known (for clari-
fication, see Fig. 3). A control showing
the full cutting pattern can be obtained if
the DNA region of interest has been
cloned in Escherichia coli, since in
cloned DNA, CpG sites are unmethylat-
ed. In this way, the methylation pattern
of calf thymus satellite DNA was first de-
duced (24).

A more convenient and generally ap-
plicable approach became possible when
it was found that Msp I recognizes the
same sequence as Hpa II (CCGG) but
cuts the DNA regardless of the methyl-
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Fig. 1. Structure of 5-methylcytosine.

ation state of the internal cytosine (25-
27). Some of the most interesting results
have come from the use of the Hpa II-
Msp 1 enzyme pair and the Southern
blotting technique (28). With this tech-
nique, total genomic DNA is cut with ei-
ther Hpa II or Msp I. The DNA frag-
ments then are separated according to
size by agarose gel electrophoresis and
transferred by blotting to a nitrocellulose
sheet. The DNA fragments in or near the
gene of interest are then visualized by
hybridization with a labeled probe,
which can be either RNA or cloned
DNA. Figure 3 is an idealized autoradio-
gram illustrating this important tech-
nique as introduced by Waalwijk and
Flavell (29). A comparison of the bands
seen for Hpa Il with those seen for

Fig. 2. Location of the methyl group of 5-
methylcytosine in the major groove of B-form
DNA. The methyl groups at position 5 of a
pyrimidine ring are shown in black.

Msp I shows the location of methylated
CCGG sites.

Residues of m®Cyt can also be detect-
ed by the Maxam-Gilbert DNA sequenc-
ing technique (30) as a blank in the se-
quence ladder (37).

Basic Facts

Symmetry and heritability. Bacterial
restriction and methylation enzymes rec-
ognize symmetrical sites, and both
strands are symmetrically methylated
(13, 32). Thus, these sites can exist in
three states (Fig. 4): unmethylated, half-
methylated, and fully methylated. After
DNA replication, a half-methylated site
is quickly converted to a fully methyl-
ated site. At least one bacterial methyl-
ase has been shown to act in vitro much
faster (= 100 times) on a half-methylated
site than it does on an unmethylated site
33).

Using the above facts, Riggs (6) and
Holliday and Pugh (7) pointed out that
symmetrical methylation of both
strands, coupled with a methylase (main-
tenance methylase, Fig. 4) acting only on
half-methylated sites, would lead to the
maintenance through DNA replication of
a methylation pattern on the DNA.
Methylated sites would remain methyl-
ated; unmethylated sites would remain
unmethylated. Thus, there should be
clonal inheritance of a methylation pat-
tern.

The elegant studies by Bird and South-
ern (22) and Bird (34) have provided ex-
perimental support for these models.
Amplified oocyte ribosomal DNA
(rDNA) is unmethylated, whereas unam-
plified somatic rDNA is highly methyl-
ated (13 percent of the total cytosine is
m°Cyt). In somatic DNA, most of the
Hpa II (CCGG) sites are methylated;
however, many of the repeat units in the
DNA had one unmethylated site (that is,
there was a methylation pattern). Bird
reasoned that, if methylation were only
on one strand, then hybridizing somatic
rDNA with a large excess of unmethylat-
ed amplified or cloned DNA would gen-
erate many unmethylated sites suscep-
tible to Hpa II. When this experiment
was done, the result was that there was
no increase in susceptibility to Hpa II.
Since half-methylated sites are fully pro-
tected from cutting, this experiment sug-
gests that methylation is symmetrical on
both strands. Very few half-methylated
sites exist in nonreplicating Xenopus
rDNA; the sites are either fully methyl-
ated or unmethylated. Cedar et al. 27)
recently have determined directly that,
in calf thymus DNA, the internal cyto-
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sines in both strands of the Hpa II site
are, in fact, methylated. During replica-
tion, of course, half-methylated sites are
created, and Bird (34) has shown that
methyl groups are added to the new
strand only. Taken together, these re-
sults indicate (i) there is a methylation
pattern in somatic rDNA, (ii) methyl-
ation is in both strands, and (iii) the
methylation pattern is maintained
through DNA replication. More recent
experiments also indicate that DNA
methylation is clonally inherited. pBr322
and $X174 DNA were methylated in
vitro by means of Hpa II methylation,
and inserted into mouse cells via DNA-
mediated gene transfer (35). Whereas
unmethylated DNA sequences general-
ly remain unmethylated, the in vitro
methylated DNA sequences retain their
methyl moieties even after S0 genera-
tions of growth and culture (36). The her-
itability of a methylation pattern is further
confirmed by experiments showing tissue
specificity.

Since methylation is mainly in the
symmetrical sequence CpG, Fig. 4 sum-
marizes our current thinking. The in vivo
results indicate that a maintenance meth-
ylase must exist. Simple reasoning also
suggests that at some stage, de novo
methylation must occur. In fact, it is
known that unmethylated adenovirus
DNA becomes methylated in some cell
lines when integrated into the genome
37).

DNA methylases. There have been
several studies on mammalian DNA
methylases. S-Adenosylmethionine-de-
pendent DNA methylases have been pu-
rified from human HeLa cells (38), from
rat liver (39, 40), from hepatoma ¢1),
and from mouse ascites cells @2). These
studies have given no indication of a
large number of highly specific enzymes.
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-3 restriction enzymes fol-
lowed by agarose electro-
phoresis, Southern blot-
ting, and hybridization to
32P-labeled globin probe.
Because of its small size,
the smallest DNA fragment
is not apparent in the origi-
nal publication (29). It is
shown here only for logical

-0 clarity.
kb

On the contrary, the picture that we
think is emerging is that each cell type
(and probably each species) has only one
or two DNA methylases with limited
specificity. Single- and double-stranded
DNA are methylated at most (but not all)
CpG (5'-CG) sequences. Denatured,
nonhomologous DNA usually is the pre-
ferred substrate, but there are two re-
ports that undermethylated, homolo-
gous, double-stranded DNA is the pre-
ferred substrate ¢/, 42). But none of the
purified enzymes function nearly as effi-
ciently in vitro as they must in vivo. The
enzymes probably are being studied un-
der suboptimal conditions or with miss-
ing cofactors. Additional studies clearly
are needed, especially with half-methyl-
ated DNA’s as substrates. However, it is
our guess that ‘‘maintenance’ type en-
zymes with specificity limited mainly to
CpG are being studied. For example,
poly(dG-dC) is slowly methylated, al-
though not fully ¢0). By pyrimidine tract
analysis, Browne et al. @3, 44) have
shown that in vivo and in vitro the pre-
ferred sequence for methylation is the
same. The distribution of methylated py-
rimidine tracts is consistent with CpG
being the primary determinant with limit-
ed flanking sequence specificity.

An intriguing early report (39) sug-
gested a ‘‘walking’’ mechanism for rat
liver methylase; that is, after an initial
binding interaction (initiation?), the
methylase may travel along the DNA
without dissociating. Although still con-
troversial @2), this observation recently
has received support @0).

Distribution of methylated sequences.
Early studies revealed that mouse satel-
lite DNA is more than twice as methyl-
ated as main band DNA #5). That satel-
lite or highly repetitious DNA tends to
be highly methylated has been confirmed

for a number of organisms (19, 46, 47).
Immunofluorescence or immunoper-
oxidase procedures with antibodies to
m>Cyt show that many centromeric re-
gions of mitotic chromosomes have a
high content of m®Cyt (20, 48). How-
ever, other studies clearly show that
single-copy DNA contains considerable
m®Cyt. For example, rat single-copy DNA
has m3Cyt as 2.3 percent of total cyto-
sine (19). ‘

Two studies have indicated a non-
random distribution of m*Cyt with re-
spect to nucleosome structure @7, 49).
Micrococcal nuclease preferentially di-
gests DNA between nucleosome cores.
Early during the digestion with this en-
zyme, the DNA released contained very
little m®Cyt. Thus, most m>Cyt residues
probably are ‘‘covered” by nucle-
osomes.

It has been reported recently (50) that
long stretches of sea urchin DNA are un-
methylated, and an earlier autoradio-
graphic study (57) indicated that this also
may be the case for mammalian DNA.

Tissue specificity. Waalwijk and Fla-
vell 29) first provided convincing evi-
dence that there are tissue-specific
methylation patterns (Fig. 3). Rabbit
DNA’s from different tissues were di-
gested with Eco RI and either Hpa II
(CCGG, sensitive to m*>Cyt) or Msp I
(CCGG, insensitive to m*Cyt) restriction
enzymes and then analyzed by agarose
gel electrophoresis, Southern blotting
(28), and visualization of globin contain-
ing restriction fragments by hybridiza-
tion with a labeled rabbit 8-globin probe
(cloned rabbit globin DNA). The restric-
tion fragment patterns obtained with
Hpa II (but not with Msp I) clearly
were tissue-specific, indicating tissue
specificity in methylation at a site within
the B-globin gene intron (intervening se-
quence). At this site, brain and sperm
DNA were 80 and 100 percent methyl-
ated, respectively, whereas DNA from a
rabbit cell line was completely unmethyl-
ated, and DNA from liver was about 50
percent methylated. This type of result
has been confirmed for chicken globin
genes (52), human globin (23), ovalbumin
(53), and for several cell lines, with viral
DNA hybridization probes (54). Thus,
when specific sites are observed, tissue
specificity is readily apparent.

In contrast, if one measures the aver-
age or overall level of methylation in ver-
tebrates, only small changes of question-
able significance are seen @7, 55). There
have been several reports where tissue-
specific differences in total m°Cyt are
claimed (56, 57), but these changes gen-
erally were less than 10 percent. There
has been one widely quoted report that
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bull sperm DNA has only half the m>Cyt
content of somatic cells (3). However,
we think these measurements should
now be made again with more modern
methods, with due consideration being
given to the high satellite content of bo-
vine DNA. Restriction analyses indicate
that rabbit and mouse sperm DNA is
highly methylated (29, 53) and that sea
urchin sperm DNA has the same m°Cyt
content as somatic DNA (58).

Restriction enzymes for sequences
containing CpG have been used to deter-
mine the average methylation of mouse
embryo DNA from the two-cell to
blastocyst stages. Thus, we now know
that CCGG and GCGC sites are methyl-
ated to similar extents (70 to 80 percent)
in embryos and in all tissues of the adult
mouse (55). (It may be of interest to note
that although tissue specificity was not
observed, species specificity in average
methylation of GCGC sites was ob-
served: 50 percent in rabbit, 75 percent
in mouse.) It is clear that the specific
changes in the methylation pattern that
occur during differentiation take place
against a high background so that the av-
erage total methylation changes less than
10 percent. It is also worth noting that
restriction enzyme analyses probe only
about 10 percent of the total methylated
sites.

Some Possible Functions

Restriction and modification. Protec-
tion from eukaryotic restriction enzymes
is the most obvious function for m°Cyt.
Sager and Kitchin (8) have, in fact, pro-
posed a model for differentiation based
on restriction and modification. How-
ever, in spite of numerous (unpublished)
efforts, sequence-specific endonucleases
in mammalian cells have not been detect-
ed. Moreover, the methylation pattern of
eukaryotic DNA argues against this pos-
sibility. In contrast to those in E. coli
DNA (59), specific methylation sites in
mammals are not completely methyl-
ated; for example, 50 percent of Hpa II
sites are unmethylated in rabbit DNA
(26). Also, mammalian cells will take up
unmethylated DNA and maintain it in-
tact (35). Nevertheless, one should still
keep an open mind, because preferential
cleavage of SV40 DNA near the replica-
tion origin by an extract of green monkey
testis cells has been reported (60), and a
SAM-dependent, nonspecific endonu-
clease in hamster kidney fibroblasts has
been detected (617).

In chlamydomonas, it now seems cer-
tain that methylation is involved in the
maternal inheritance of chloroplast DNA
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Fig. 4. Three possible states of methylation: fully methylated, half-methylated, and unmethyl-
ated. It is probable that de novo methylation occurs rarely; most DNA methylation is main-
tenance-type methylation following DNA replication.

(62). Chloroplast DNA from mating type
plus (Mt*) gametes is highly methylated,
whereas chloroplast DNA from Mt~
gametes is only slightly methylated. Af-
ter zygote formation, the Mt~ chloro-
plast DNA is degraded. Thus, in this sys-
tem, restriction-modification clearly ex-
ists.

DNA replication. In the phage $X174,
DNA methylation at one specific site is
known to be involved in replication;
blocking methylation blocks DNA syn-
thesis (63). The replication of the E. coli
chromosome also stops after one round
of synthesis in the absence of methyl-
ation (64). The sequence of the replica-
tion origin of E. coli has been published
(65), and at the origin the sequence
GATC, which is always methylated un-
der normal growth conditions (59), oc-
curs ten times more frequently than ex-
pected. Together these observations sug-
gest a possible role for DNA methylation
in prokaryotic DNA replication.

Eukaryotic cells, since they have so
many bidirectional replication origins
66), must orchestrate carefully their
complex DNA synthesis process. Taylor
(9) has proposed a rather detailed model
for the control of replication by DNA
methylation. It is clearly too early to
judge the validity of this model. For ex-
ample, because of conflicting results, it is
still not known with certainty when, af-
ter DNA synthesis, methylation is com-
pleted (56, 67).

Recombination and mutation. Recent
results obtained with prokaryotes sug-
gest that this possibility should be con-
sidered seriously. Methylase-deficient E.
coli mutants have been isolated (68) that
have reduced methylation of GATC se-
quences (69). These mutants show in-
creased spontaneous mutagenesis, in-
creased spontaneous induction of lamb-
da prophage, increased sensitivity to
mutagens and ultraviolet light, and hy-
perrecombination phenotype (70). Glick-
man et al. (71) also have found that,
when a lambda heteroduplex DNA mole-
cule with a single base mismatch and on-
ly one strand methylated is used for
transfection, the methylated strand is

preferentially used as a template during
in vivo mismatch correction.

In E. coli, methylated sites can be mu-
tation ‘‘hot spots’’ (72). A major hot spot
in the lac repressor gene is the sequence
CC(A/T)GG which, in wild-type E. coli
is always methylated (59). Coulondre et
al. (72) suggest that deamination of cyto-
sine produces uracil, which is recognized
and preferentially removed, whereas
deamination of m®Cyt generates thy-
mine, which is not preferentially cor-
rected.

Scarano (5) pointed out that deamina-
tion of m°Cyt at specific sites would lead
to a heritable change in the DNA (GC to
AT transition) that could influence dif-
ferentiation. Although this is an inter-
esting possibility, there has been little
experimental support for this idea (73).

It has been known for some time that
the doublet CpG is rare in eukaryotic
DNA, and Salser et al. (74) have pointed
out that if methylated CpG sites were
mutation hot spots, evolution would tend
to eliminate them except where there
was positive selection. This model sug-
gests that noncoding regions will show a
scarcity of CpG sequences relative to
coding sequences. This idea should be
testable as more sequences appear, but
note that satellite DNA’s tend to be rich
in methylated CpG. A recent analysis of
nearest neighbor dinucleotide frequen-
cies and the level of DNA methylation
supports the idea that m°Cyt tends to
mutate to T (75).

Sneider et al. (76) have proposed a
meiotic recombination model which pre-
dicts half-methylated sites in sperm and
oocyte DNA. By restriction analysis, the
DNA of sperm is, indeed, methylated
differently from somatic DNA (29, 53,
76).

Chromosome folding, packing, and
sorting.. The complex secondary and ter-
tiary folding of eukaryotic chromosomes
probably involves specific protein-DNA
interactions (77) which could be influ-
enced by the distribution of m°Cyt in the
DNA @9). The high methylation of cen-
tromeric regions suggests a possible role
in mitosis and chromosome sorting.
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Gene Regulation and Differentiation

None of the possible biological func-
tions mentioned above have yet received
any experimental support from eu-
karyotic studies. In sharp contrast, the
idea that methylation is involved in gene
regulation and differentiation has been
strongly supported. Several predictions
made by the differentiation models have
been verified. (i) Specific methylation
patterns exist; (ii) methylation is sym-
metrical in both strands; (iii) methylation
patterns are clonally heritable; and (iv)
methylation patterns are tissue-specific.
This last-mentioned deserves emphasis.
If methylation is not involved in gene
regulation and differentiation, then why
are there tissue-specific methylation pat-
terns? The case for an important role of
m°Cyt in the control of gene activity is
even stronger than presented so far, as
will be seen below.

Correlation of gene activity with un-
dermethylation. McGhee and Ginder
(52) first reported that certain specific
methylation sites (Hpa II, CCGG) in the
region of the chicken B-globin genes are
less methylated in erythrocytes and re-
ticulocytes than in oviduct tissue. Corre-
sponding results have been obtained by
Mandel and Chambon (53), who studied
the chicken ovalbumin gene and found a
correlation between undermethylation
and gene activity. They observed three
classes of Hpa II and Hha I sites, name-

ly, nonmethylated in all tissues, fully
methylated in all tissues, and variably
methylated with respect to tissue type.
The variable sites are less methylated in
active tissue. Similar conclusions have
been reached from studies on rabbit and
human globin genes (23, 78). Some, but
not all, sites change their methylation
level; active genes are always less
methylated.

A similar story is emerging from viral
studies (37, 54, 79). For some time, it has
been known that adenovirus virion DNA
is essentially unmethylated, whereas
chromosomally integrated and nonex-
pressed DNA is methylated (37). It also
has been found (54) that the herpes
Saimiri-transformed cell line 1670, which
is not producing detectable virus, con-
tains many episomal copies of highly
methylated DNA. Cell lines actively pro-
ducing herpes Saimiri virus have un-
methylated viral DNA.

Another study (80) has probed for
methylation of integrated retrovirus
DNA, and a correlation was observed
between undermethylation of specific
sites and expression of viral gene se-
quences. Finally, studies have been done
where thymidine kinase minus (Tk7)
mouse L cells were transformed to Tk*
with the thymidine kinase gene of herpes
simplex (35). Even when transformation
is done with a tk gene fully methylated in
vitro at Hpa II sites, most Tk* trans-
formed cells have only unmethylated

Uniformly methylated

[ [ 4 [ ] De novo
Undifferentiated Q_(L_CG___C@. <————— "‘_G'EYETH__
embryonic cells GC GC GC Germ line or
® ® i (early embryo>
Specific

[ [
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cell types GC GC GC
[ [ ]

demethylation

°

CG CG CG

GC GC GC
®

DNA
replication
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methylase

° ° ° °

CG CG CG CG CG CG
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Cell type 2

Fig. 5. A demethylation model for the establishment and maintenance of a differentiated state.
Inhibition of methylation by sequence-specific proteins during DNA replication leads to de-
methylation and the establishment of specific methylation patterns (closed circles represent

methyl groups) in various cell types. The maintenance methylase system ensures heritability of

the methylation pattern.
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herpes tk genes (36). Tk~ revertants ob-
tained from Tk* transformed cell lines
are usually unstable, frequently convert-
ing back to Tk*. In one intriguing in-
stance, an unusually stable Tk~ revertant
was found to have a highly methylated 7k
gene (817).

Active chromatin regions are known
to be more sensitive to deoxyribonu-
clease 1 (82). A recent report (83) in-
dicates that undermethylated DNA in
the region of the chicken ovalbumin gene
is also sensitive to this enzyme. For both
deoxyribonuclease I sensitivity (82) and
undermethylation (83), it is important to
note that continued transcription is not
necessary after the gene has been set in
the active configuration. For example, in
the case of chicken erythrocytes, al-
though the globin gene is not being trans-
cribed, it still is undermethylated (52)
and sensitive to deoxyribonuclease I
82).

For all of the variably methylated sites
that have been observed to date, there is
no obvious reason why methylation
should critically affect transcription. For
example, the Hpa II site in the rabbit
globin gene is in an intron. As always
with regard to correlations, one should
be cautious in drawing conclusions. In
particular, the above studies give no in-
formation as to cause or effect; under-
methylation could be just a trivial result
of transcription inhibiting methylation.
However, the results to be described
next suggest that methylated sites in
DNA do, in fact, determine the dif-
ferentiated state of the cell.

Ethionine and 5-azacytidine. Ethio-
nine, a methionine analog that inhibits
most methyltransferases, is an effective
inducer of globin gene expression in
Friend erythroleukemia cells. In spite of
the fact that ethionine is toxic and affects
many cellular processes, Christman et
al. (84) suggested that induction of glo-
bin production is caused by under-
methylation of the DNA. Although this
experiment is difficult to interpret
unambiguously, nonetheless it was the
first indication that undermethylation of
DNA can affect gene activity.

More definitive results have been ob-
tained by Taylor and Jones (85) from
studies with S5-azacytidine. 5-Azacytidine
is a cytosine analog with a nitrogen atom
replacing the carbon atom at position 5
of the pyrimidine ring and thus cannot
accept a methyl group. Taylor and Jones
treated the mouse cell line 10T'/2 with 5-
azacytidine for a short time, removed the
analog, and observed that several gener-
ations later, foci of differentiated cells
(muscle, chondrocytes, and adipocytes)
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were apparent. Mutagenesis was consid-
ered, but none of the mutagens tested
caused differentiation of this cell line.
After the above observations were pub-
lished, it was found (86) that 5-azacyti-
dine causes undermethylation of DNA.
Since the continued presence of 5-aza-
cytidine is not necessary (short treat-
ment during DNA synthesis is suf-
ficient), this analog is causing a_clonaily
heritable change in gene activity.
Demethylation models. A possibility
considered likely in earlier models (6, 7)
was that at some point, perhaps in the
early embryo, DNA would be under-
methylated or nonmethylated, providing
a clean slate upon which to lay down a
methylation pattern during differentiation.
However, now it is known that the DNA
in mammalian sperm and early embryos

is highly methylated (29, 53, 55) and un- -

dermethylation is correlated with gene
activity.

Therefore, several investigators (23,
55, 84, 86, 87) have suggested that the
specific event often must be demethyla-
tion. One extreme model (55) is illus-
trated schematically in Fig. 5. In the
early undifferentiated state, the DNA is
postulated to be fully or ‘‘uniformly’’
methylated in that all sites that ever will
be are methylated. During development,
sequence-specific proteins would inhibit
methylation during DNA replication,
leading to methylation patterns specific
for each tissue. The necessary in-
volvement of DNA replication (critical
mitoses) in differentiation has long been
postulated (88) and also suggested by the
recent S5-azacytidine experiments (85).
Once the specific demethylation events
occur, the differentiated methylation pat-
tern would be inherited clonally as a re-
sult of the maintenance methylase sys-
tem, provided that de novo methylation
is slow. Starting from a uniform, fully
methylated ground state, and proceeding
unidirectionally by demethylation is logi-
cally attractive and also is consistent
with the studies showing sperm and em-
bryonic DNA to be highly methylated
23, 29, 53, 55, 58).

However, at this time it would be pre-
mature to focus on one model because it
is obvious that there are many possible
additions and variations. For example,
restriction enzymes could be added and
specific demethylation could influence
gene deletion, translocation, or inversion
@, 89). We should also point out that
some limited de novo methylation prob-
ably does occur in somatic cells (35), and
thus there may be ‘‘shuffling,”’ that is,
addition as well as removal, of methyl
groups during differentiation.

7 NOVEMBER 1980

Conclusion

Vertebrate gene regulation clearly re-
sults from an interplay between DNA
and chromosomal proteins: nucleosomal
proteins, nonhistone proteins, HMG
proteins (90), and specific regulator pro-
teins (repressors, activators). Protein
modification by acetylation may be one
of the control mechanisms (97). But the
point we wish to make here is that DNA
modification by methylation probably is
also an important part of this complex hi-
erarchy of controls. Perhaps methylation
is utilized primarily for stable memory of
a differentiated state through DNA repli-
cation, a process that might otherwise
disrupt delicate protein-DNA and pro-
tein-protein interactions. This possibility
is suggested by the observation that
some organisms in which differentiated
cells do not continue replication may
not utilize m*Cyt DN Amodification (27,

92).
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AAAS-Newcomb Cleveland Prize
To Be Awarded for an Article or a Report Published in Science

The AAAS-Newcomb Cleveland Prize is awarded an-
nually to the author of an outstanding paper published in
Science from August through July. This competition year
starts with the 1 August 1980 issue of Science and ends
with that of 31 July 1981. The value of the prize is $5000;
the winner also receives a bronze medal.

Reports and Articles that include original research data,
theories, or syntheses and are fundamental contributions to
basic knowledge or technical achievements of far-reaching
consequence are eligible for consideration for the prize. The
paper must be a first-time publication of the author’s own
work. Reference to pertinent earlier work by the author may
be included to give perspective.

Throughout the year, readers are invited to nominate pa-
pers appearing in the Reports or Articles sections. Nomi-
nations must by typed, and the following information pro-
vided: the title of the paper, issue in which it was published,
author’s name, and a brief statement of justification for nom-
ination. Nominations should be submitted to AAAS-New-
comb Cleveland Prize, AAAS, 1515 Massachusetts Avenue,
NW, Washington, D.C. 20005. Final selection will rest with
a panel of distinguished scientists appointed by the Board of
Directors.

The award will be presénted at a session of the annual
meeting. In cases of multiple authorship, the prize will be
divided equally between or among the authors.

Deadline for nominations: postmarked 15 August 1981
Nomination Form
AAAS-Newcomb Cleveland Prize

AUTHOR:

TITLE:

DATE PUBLISHED:

JUSTIFICATION:
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