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Preface

The first reports about the presence of methylated bases in DNA appeared
almost 30 years ago, but the biological significance of these findings was not
appreciated until much later.

In bacteria, the classical work of Meselson and Yuan established the role of
DNA methylation in the modification and restriction phenomenon. More re-
cent studies suggested that strand discrimination in post-replicative mismatch
repair is also achieved by DNA methylation.

In vertebrates exciting progress has been made in our understanding of the
biological significance of DNA methylation: it has been found that patterns of
methylation of mammalian DNA are tissue specific and clonally inherited.
Furthermore, it has been established that DNA methylation patterns are fre-
quently correlated with gene expression. The hypothesis that gene activity is
correlated with specific patterns of methylation is supported by the resulting
experiments where the activity of a gene is modulated by the extent of its
methylation: it was found that it is possible to inhibit gene activity by meth-
ylating a specific gene in vitro, while activation of specific genes can be
achieved by inhibition of DNA methylation in vivo.

Much further work will be needed for full understanding of the biological
function of DNA methylation: the enzymology of DNA methylation and its
control is still inadequately understood and the mechanism of DNA demethy-
lation is entirely unknown at the present time. A better understanding of the
relationship between cell differentiation and DNA methylation may shed light
on the possibility that malignant transformation, that is an abnormal form of
differentiation, may somehow be related to changes in DNA methylation
patterns.

This volume includes reports representing various aspects of research in the
field of DNA methylation. The studies upon which these reports are based
have been presented at a workshop on the Chemistry, Biochemistry and Bi-
ology of DNA Methylation, held on April 17-19, 1985, in Bethesda, Mary-
land, under the sponsorship of the Fogarty International Center.

The financial support of the Fogarty Center and the generous gifts by Bio-
gen Research Corporation, Hoffman-La Roche Inc., and Smith, Kline and
French Laboratories are gratefully acknowledged. Special thanks are also due
to the staff of the Fogarty Center and especially to Mrs. Nancy Shapiro for

the administrative assistance and expert help in the organization of the
workshop.

Giulio L. Cantoni, M.D.
Aharon Razin, Ph.D.
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THE ORGANIZATION OF THE VERTEBRATE GENOME
AND THE PROBLEM OF THE CpG SHORTAGE

Giorgio Bernardi

Laboratoire de Génétique Moléculaire,
Institut Jacques Monod
2, Place Jussieu, 75005 Paris, France.

Investigations carried out in our laboratory
(see Bernardi et al., 1985 for a recent report)
have shown that nuclear DNA from warm-blooded
vertebrates can be separated, by using density
gradient centrifugation in the presence of DNA
ligands, into a small number of major components
and into several satellite and minor components.
The major components comprise : (i) two light
components, L1 and L2, poorly or not resolved in
some genomes; and (ii) two or three heavy
components, Hl, H2 and H3; the latter represent
about one third of main-band DNA from
warm-blooded vertebrates and account for its
strong heterogeneity and CsCl band asymmetry. In
contrast, main-band DNAs from most cold-blooded
vertebrates show weak heterogeneities, only
slightly skewed CsCl bands, and major components
having buoyant densities that are only or mainly
in the range of the light components of
warm-blooded vertebrates. The families of DNA
molecules (30-100 kb) forming the major
components are derived, by the unavoidable
breakage which accompanies DNA preparation, from
corresponding families of much longer segments,
the isochores, which have an average size well
above 200 kb and a fairly homogeneous base
composition.

The heavy DNA components of warm-blooded
vertebrates : (i) have mainly arisen by regional
increases in GC, which accompanied the transition
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from cold-blooded to warm-blooded vertebrates;
these increases in GC seem to be mainly due to
structural requirements at the DNA, chromatin and
chromosome level; (ii) contain over half of the
genes tested so far, a particularly high
concentration being found in the heaviest
components which only represent 4-8 % of nuclear
DNA; and (iii) are responsible for an alternating
pattern of heavy and light isochores which
underlies the Giemsa and Reverse chromosomal
patterns.

Major components can be used to study the
genome distribution of any sequence which can be
probed. This approach has revealed : (i) that the
distribution of genes, of families of
interspersed repeated sequences, and of
integrated viral sequences is highly non-uniform
in the genome of warm-blooded vertebrates; (ii)
that the GC content and CpG/GpC ratio of both
coding and non-coding sequences, as well as the
GC levels of codon third positions show a direct
linear relationship with the GC contents of the
isochores harboring the sequences.

Here I would like to discuss in more detail
the distribution of CpG doublets in the
vertebrate genome and the problem of the CpG
shortage. It is well known that vertebrate DNAs
show a characteristic deficiency in the CpG
doublet (Josse et al., 1961; Swartz et al.,
1962). The C residue in this doublet is 55-90 %
methylated in vertebrate DNAs (Van der Ploeg and
Flavell, 1980; Gruenbaum et al., 1981; Kunnath
and Locker, 1982).

CpG shortage and polypeptide-specifying DNA

The first explanation proposed to account
for this outstanding feature of the vertebrate
genome (Subak-Sharpe et al., 1966) was based on
the observation that a CpG shortage is also
exhibited by the genomes of small vertebrate
viruses (like polyoma and SV40), which use
essentially all of their genetic information for
directing protein synthesis. It was proposed
(Subak-Sharpe, 1967; 1974) that the genomes of
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these viruses derived from polypeptide-specifying
DNA stretches of the ancestral host cells and
therefore exhibited the same CpG shortage, which
was visualized as reflecting constraints from the
translation apparatus. In agreement with this
proposal, CpG shortage was absent in genes not
coding for polypeptides, like the tRNA, 55 RNA
and rRNA genes. The lack of a CpG shortage in the
genomes of intermediate and large vertebrate
viruses (like adenovirus and herpes symplex,
respectively) was attributed to their capacity of
modifying the host translation apparatus either
by virus-encoded tRNAs, or by modification of
pre-existing cell-specified tRNAs through
virus-encoded enzymes, or by differential
stimulation of the host cell to produce those
tRNAs needed to redress the balance. Since only a
small proportion of vertebrate DNA is thought to
be actively involved in protein coding and since
the same CpG shortage was found in fractions of
guinea pig DNA, as obtained by density gradient
centrifugation, by differential renaturation, or
from dispersed and condensed chromatin, it was
further assumed that "the bulk of vertebrate DNA
derives from and maintains the gross sequence
characteristics of polypeptide-specifying DNA "
(Russell et al., 1976).

Two subsequent observations from other
laboratories did not support the explanation just
outlined, namely (i) the presence of a large
number of CpG doublets in rabbit (Salser, 1977)
and human (Forget et al., 1979) c'-globin genes;
(ii) the uniform levels of CpG in both coding and
non-coding sequences from the human ¢ .~ and
[-9lobin gene clusters (Lennon and Fraser, 1983).
Since these observations concerned such a minute
fraction of the genome, it could be argued,
however, that the sequences studied were just
exceptions to the rule.

Our investigations (Bernardi et al., 1985)
have provided an unequivocal demonstration that
CpG shortage is not dependent upon polypeptide
coding. In fact (see Fig. 1), (i) CpG shortage
usually is strong in the "light" genes from warm-
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Fig. 1. Plot of CpG to GpC ratios for
vertebrate genes and exons against the GC
contents of DNA components harboring the genes.
From Bernardi et al.(1985); the cluster of
unnumbered genes comprises gene 22 and genes 25
to 29 (the key for the genes investigated can be
found in the reference).

blooded vertebrates and, in all likelihood, in
most genes from cold-blooded vertebrates, but
becomes increasingly weaker and almost disappears
in "heavy" genes from warm-blooded vertebrates;
(ii) CpG shortage affects both coding and
non-coding (intronic and intergenic) sequences
from a given isochore family essentially to the
same extent. In other words, CpG levels in both
coding and non-coding sequences from warm-blooded
vertebrate depend upon the GC levels of the
corresponding isochores. This conclusion relies
not only on the set of genes shown in Fig. 1, but
also on a larger sample from data banks (not
shown; Bernardi et al., 1985). In fact, our
findings not only contradict the explanation
proposed by Subak-Sharpe and co-workers for the
CpG shortage, but also demonstrate that CpG
shortage is not uniform throughout the genome of
at least warm-blooded vertebrates in contrast
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with the conclusion of Russell et al. (1976).
Finally, as far as the different CpG levels
exhibited by the genomes of small and large
vertebrate viruses are concerned, we have shown
that these differences are not related to the
size, but simply to the GC levels of the
corresponding genomes. Indeed, a plot of CpG
versus genome GC (not shown) exhibits a direct
linear relationship, as previously found for
vertebrate genes (Fig. 1).

CpG shortage and methylation

An alternative explanation (Salser, 1977)
for the CpG shortage was that this doublet is
highly methylated in vertebrates and that mCpG is
a hot spot for mutation since it can be
deaminated to TpG. Indeed, m5C residues in single
stranded DNA are deaminated at 95°C at three
times the rate of C residues and thermophylic
bacteria with optimal growth temperatures equal
to or higher than 60°C generally avoid having m5C
in their genome (Ehrlich et al., 1985).

As far as this explanation is concerned, it
is of interest to consider our observations : (i)
that the transition from cold-blooded to
warm-blooded vertebrates is accompanied by the
appearance, or by a strong increase, of GC-rich
segments in the genome (the "heavy" isochores)
and of "heavy" genes; and (ii) that "heavy"
isochores and "heavy genes" show a much decreased
discrimination against the doublet CpG.

The latter point generalizes the previous
observations that the rabbit and human ¢c{-globin
genes show a much reduced CpG shortage. This
situation was explained by assuming that in these
cases CpG was not counterselected because
required for mRNA structure and function (Salser,
1977) . This explanation is, however, contradicted
by the fact that CpG levels are comparable in
both genes and pseudogenes from the human
¢~globin cluster (Lennon and Fraser, 1983) and,
more generally, by our observation that the same
relationship holds between CpG levels of



