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M
ammalian cellular differen-
tiation and development
depend on stable, somati-
cally heritable epigenetic

switches. A good example is X chromo-
some inactivation, the random silencing
of either the paternal or maternal X
chromosome but not both. Once si-
lenced, genes on the inactive X (Xi) re-
main genetically silent in all progeny
cells, even though identical genes on the
active X (Xa) in the same nucleus are
expressed. In most human cells, reacti-
vation of a silent gene on the Xi is be-
low the level of detection (1). Methyl-
ation changes are frequent in cancer
cells and difficult to distinguish from
mutations, leading to the burgeoning
field of cancer epigenetics (2, 3). Epige-
netics, the study of changes in gene
function that do not depend on changes
in primary DNA sequence (4), depends
on stable, heritable marking of DNA or
chromatin. Because heritability is such a
key feature, important questions are:
What is the fidelity with which an epige-
netic state is transmitted from one cell
generation to the next? How frequent
are mistakes? Are there epigenetic re-
pair mechanisms? This Commentary will
discuss three articles relevant to these
questions: (i) an important study of
methylation fidelity by Laird et al. (5)
reported in this issue of PNAS, (ii) a
recent study of de novo methylation by
Chen et al. (6), and (iii) a kinetic treat-
ment of dynamic, stochastic DNA meth-
ylation (7).

Cytosine DNA methylation was the
first epigenetic mark correctly identified
(8, 9) and its inheritance mechanism
at least superficially understood (10).
5-Methylcytosine (mC) is found mainly
in symmetrical CpG dyads (mCG�GmC),
which are transiently converted to hemi-
methylated sites (mCG�GC) by DNA
replication but then converted back to
symmetrically methylated sites by a
DNA methyltransferase with high speci-
ficity for hemimethylated CpG sites. The
method of Laird et al. (5) (Fig. 1) ex-
tends the bisulfite method for determin-
ing cytosine methylation. Bisulfite
treatment of single-stranded DNA
deaminates C, changing it to U, but
does not deaminate mC. PCR after
bisulfite treatment converts U to T, and
subsequent cloning and DNA sequenc-
ing gives the position of mC in individual
molecules (11). Numerous studies using
the bisulfite method have clearly estab-
lished that methylation patterns often

show molecule-to-molecule variation
(12–14), but, nevertheless, the methyl-
ation pattern error rate as calculated by
Ushijima et al. (15) is very low. Mole-
cule-to-molecule variation but stable
average methylation of specific sites (16)
and stable patterns over larger regions
(15) need to be explained. The simple,
yet elegant, method introduced by Laird
et al. (5) is to use hairpin ligation to co-
valently join the complementary strands
of individual DNA molecules, thereby
allowing one to identify and quantitate
hemimethylated sites, even in repetitive
sequences. Both the gain and loss of
methylation can be measured. Laird et
al. use their method to study 22 CpG
sites in the CpG island of the human
FMR gene in normal lymphocytes. This
gene is X-linked, and the CpG island is
methylated only on the Xi. They find
that substantial de novo methylation

takes place on the Xi, up to 16% per
replication event. Overall their results
are consistent with and lend credence to
the kinetic or stochastic model for
methylation used by Riggs and collabo-
rators (7) to analyze and understand
clone-to-clone variation in methylation
patterns of the human X-linked PGK
promoter and a site 3 kb upstream of
mouse Igf2 (Fig. 2). The stochastic
methylation model assumes that for
each CpG dyad in each DNA molecule
there is a certain efficiency (probability)
of methylation maintenance (Em), main-
tenance failure (1 � Em), or de novo
methylation (Ed). The theoretical curves
in Fig. 2 are based on the solution of
the differential equations dMi�dt �

Mi�Emi
� Edi

�U and dUi�dt � (1 �
Edi

)�Ui � (1 � Emi
)�Mi, where Mi and

Ui are, respectively, the number of
methylated and unmethylated molecules
of a specific CpG dyad (7). A clear pre-
diction of this treatment is that clones
initially with low methylation at a site
caused by stochastic f luctuation in the
population will gain methylation,
whereas high methylation clones will
lose methylation at the same rate until
an equilibrium is reached (see Fig. 2).
At equilibrium, percent methylation
(%M) is given by: %M � 100 Ed�(1 �
Ed � Em). This treatment predicts that
methylation at most sites in cell lines,
and in tissue cell types, will be stochasti-
cally variable to a certain extent, with
each site depending on site-specific
probabilities Emi

and Edi
. This model

easily explains stable partial methylation
in tissues and cell lines, as is observed
(16). By using the above equation for
%M at equilibrium and their estimates
of Ed and Em obtained by the hairpin-
bisulfite method, Laird et al. (5) calcu-
lated for the FMR region an expected
methylation level of 81% at equilibrium,
in excellent agreement with the experi-
mentally observed level of 80.5% in nor-
mal lymphocytes.

The first mammalian cytosine DNA
methyltransferase to be identified
(Dnmt1) is almost certainly the main
maintenance DNA methyltransferase; it
is part of replication foci and has a
strong preference for hemimethylated
sites (17). More recently, other DNA
methyltransferases have been studied,
and two of them, Dnmt3a and Dnmt3b,
have de novo methylation activity. Chen
et al. (6) demonstrate that deletion of
both Dnmt3a and Dnmt3b from embry-
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Fig. 1. The hairpin-bisulfite PCR method for determining cytosine methylation in complementary
strands.

The gain and loss
of methylation can be
measured by hairpin-

bisulfite PCR.
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onic stem cells results in a loss of
genomewide methylation, which can be
restored by reintroduction of either
Dnmt3a or Dnmt3b but not Dnmt1. De-
letion of Dnmt1 results in a rapid,
�90% reduction of DNA methylation
by the first passage, but deletion of
Dnmt3a and Dnmt3b results in a very
slow loss of methylation, taking 5
months and 70 generations for 90% re-
duction of global methylation. Taking
this many generations with Ed � 0
caused by the deletions is consistent
with an average Em of 0.95, similar to
that found for Hpa site 3 in Igf2 (Fig. 2)
and the FMR CpG island (5). It seems
clear that de novo methylation is re-
quired for the maintenance of methyl-
ation patterns, not just in the initial es-
tablishment of the patterns (5–7).

We thus are beginning to get quanti-
tative data on methylation fidelity.

Maintenance provided by Dnmt1 is
good (average Em �95), but are the
measured maintenance efficiencies ade-
quate for stable switches? For the X-
linked PGK promoter and the FMR re-
gion studied, the answer is probably yes.
Both regions have multiple methylated
sites (60 and 22, respectively) and a rel-
atively high rate of de novo methylation
on the Xi. Methylation-loss lesions will
not accumulate; the rate of methylation
‘‘repair’’ will exceed methylation loss,
and a methylation-silenced gene on the
Xi will not escape (7, 18). A clear dis-
tinction thus must be made between
site-specific methylation fidelity and epi-
genetic fidelity (18), which often will
depend on multiple sites. Also, although
precise measurements still need to be
made, it is likely that for many sites
maintenance is much better than aver-
age with Em � 0.99 (7).

A different question remains unan-
swered and important. What keeps CpG
islands on the Xa unmethylated? De
novo methylation of active unmethylated
promoters on the Xa has so far not
been detected, and each group specu-
lates that de novo methylation on the Xa
is much less than on the Xi (5, 7, 18).
Similarly, autosomal CpG islands must
also be protected from de novo methyl-
ation (15). A search for endogenous in-
hibitors of Dnmt3a and Dnmt3b could
be very informative. Site-specific, active
demethylation is also a likely possibility,
at least in some cases (19). A large
number of factors are likely to affect Ed
and Em values. Some of these are chro-
matin accessibility, chromatin remodel-
ing proteins, methylation density, repeti-
tive DNA, histone modifications, site-
specific proteins, and small interfering
RNA. Some sites will be essentially fully
methylated and some will be completely
unmethylated, but most will be partially
methylated; few will have exactly the
same Em and Ed values. Noteworthy are
experiments by Han et al. (20) showing
that in mammalian cells the lac repres-
sor, when bound to the lac operator in
the absence of inducer, reduces %M of
episomal and integrated lac operator
sites by protection from de novo methyl-
ation. Conceptually, the establishment,
maintenance, and change of specific
methylation patterns in the genome can
be understood. Although the details will
be complicated, the general concept has
emerged that %M at specific sites, and
methylation patterns over larger regions,
will be determined by site-specific Em
and Ed parameters, which in turn are
controlled by local chromatin fine struc-
ture, ancillary factors, and various Dnmt
activities. The new hairpin-bisulfite tech-
nique will be a powerful tool aiding
progress toward understanding these
important details of methylation-
dependent epigenetics.
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Fig. 2. Methylation modeling and comparison with experimental data. Modeling (gray curves) was done
by using the equation in figure 4 of Pfeifer et al. (7) and various Em, Ed values: 0.90, 0.10 (outer curves); 0.95,
0.05 (middle curves); and 0.97, 0.03 (inner curves). Two curves were calculated for each set of parameters,
one starting with an unmethylated site (M � 0, U � 1) and one starting with a methylated site (M � 1, U �
0). The experimental data were obtained by the authors by using mouse cell line BML-2, which was known
to be 50% methylated at a specific HpaII site (H3), located near the Igf2 gene but not imprinted (13).
Seventeen clones were analyzed for fraction methylation of H3 beginning at generation seven after
cloning by using a PCR-based assay with an internal standard (21). As predicted by the stochastic model,
the methylation level was quite variable when first assayed soon after cloning. Shown are data from one
low methylation clone (■ ) and one high methylation clone (F). All 17 clones returned to near 50%
methylation by the 30th generation.
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