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One can imagine a variety of mechanisms that should result in
self-perpetuating biological states. It is generally assumed that
cytosine methylation is propagated in eukaryotes by enzymes that
specifically methylate hemimethylated symmetrical sites (e.g.,
5'CpG/GpC>’ or 5’'CpNpG/GpNpC>'). Although there is wide support
for this model, we and others have found examples of methylation
that must be propagated by a different mechanism. Most meth-
ylated regions of the Neurospora genome that have been exam-
ined are products of repeat-induced point mutation, a premeiotic
genome defense system that litters duplicated sequences with C-G
to T-A mutations and typically leaves them methylated at remain-
ing cytosines. In general, such relics of repeat-induced point mu-
tation are capable of triggering methylation de novo. Neverthe-
less, some reflect a mechanism that can propagate heterogeneous
methylation at nonsymmetrical sites. We propose that de novo and
maintenance methylation are manifestations of a single mecha-
nism in Neurospora, catalyzed by the DIM-2 DNA methyltrans-
ferase. The action of DIM-2 is controlled by the DIM-5 histone H3
Lys-9 methyltransferase, which in turn is influenced by other
modifications of histone H3. DNA methylation indirectly recruits
histone deacetylases, providing the framework of a self-reinforc-
ing system that could result in propagation of DNA methylation
and the associated silenced chromatin state.
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M ore than 25 years ago, Holliday and Pugh (1) and Riggs (2)
pointed out that the symmetrical nature of methylated
sites (°’CpG/GpC?’) observed in animals could allow for prop-
agation of methylation patterns by a “maintenance methylase”
specific for cytosines symmetrically opposed to 5-methylcy-
tosines. In principle, a pattern of methylation, perhaps estab-
lished early in development, could be faithfully propagated
indefinitely. Results from transfection experiments in several
animal systems are generally consistent with this model. Meth-
ylated transforming sequences tend to remain methylated
through repeated cycles of DNA replication, whereas unmeth-
ylated transforming sequences typically remain unmethylated
(3-6). Strong evidence for maintenance methylation also comes
from observations in Arabidopsis (7). Findings that eukaryotic
DNA methyltransferases (DMTs) such as Dnmt1 preferentially
methylate hemimethylated CpG/GpC sites provided additional
support for the model (8, 9). Nevertheless, some observations
seem to conflict with the maintenance methylase model. The
model predicts that in a clonal population of cells engaged only
in maintenance methylation, (i) any given site should be either
methylated or unmethylated in all cells, and (i) methylation
should be confined to symmetrical sequences. Violations of these
predictions have been demonstrated in fungi, plants, and animals
(10-23).
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The fungus Ascobolus immersus offers a particularly clear
example of propagation of methylation at nonsymmetrical sites
and maintenance of heterogeneous methylation (24, 25). Se-
quences exposed to methylation induced premeiotically (MIP) in
the sexual stage of the life cycle of Ascobolus retain their
methylation through numerous vegetative cell divisions. As
discussed below, DNA methylation that depends on preexisting
methylation also has been found in the more thoroughly studied
filamentous fungus, Neurospora crassa. Although mechanisms
for maintenance methylation that do not rely on faithful copying
at symmetrical sites can be imagined (e.g., see refs. 14, 26, 27),
none have yet been demonstrated. Nevertheless, recent studies
that have identified components of the methylation machine
provide clues. In the picture that is emerging, DNA methylation
patterns reflect a combination of superimposed mechanisms, at
least some of which involve modifications of histones.

Maintenance Methylation in Neurospora

Ninety-eight percent of cytosines in the Neurospora genome are
unmethylated, and most DNA methylation is found in relics of
the genome defense system called repeat-induced point muta-
tion (RIP; E.U.S., N. Tountas, S. Cross, B.S.M., J. Murphy, A. P.
Bird, and M.F., unpublished work; refs. 25, 28, and 29). RIP
detects duplicated sequences in the haploid genomes of special-
ized dikaryotic cells resulting from fertilization (30), and then
riddles both copies of the duplicated sequence with C-G to T-A
mutations (31). Frequently, but not invariably, sequences altered
by RIP are left methylated, perhaps by the action of a putative
DMT that is essential for RIP, RIP defective (RID) (32). This
scenario is consistent with the possibility that the mutations
occur by deamination of cytosines methylated in the sexual phase
of the life cycle (29, 33). In principle, the methylation of relics
of RIP that is observed in vegetative cells could either reflect
creation of a signal for de novo methylation or could reflect
propagation of methylation established earlier. To distinguish
between these possibilities, eight alleles of the am gene that were
generated by RIP were tested with two assays for their capacity
to induce methylation de novo (34). First, alleles were demeth-
ylated by using the methylation inhibitor 5-azacytidine (5AC)
and then scored for their ability to reestablish methylation. DNA

This paper results from the Arthur M. Sackler Colloquium of the National Academy of
Sciences, “Self-Perpetuating Structural States in Biology, Disease, and Genetics,” held
March 22-24, 2002, at the National Academy of Sciences in Washington, DC.

Abbreviations: DMT, DNA methyltransferase; RIP, repeat-induced point mutation; MRBP-1,
methyl /RIP binding protein 1; 5AC, 5-azacytidine; HDAC, histone deacetylase; TSA, tricho-
statin A.

*To whom reprint requests should be addressed. E-mail: selker@molbio.uoregon.edu.

*Present address: Department of Biochemistry and Biophysics, University of California, San
Francisco, CA 94143-0448.

SPresent address: St. Jude Children’s Research Hospital, Department of Molecular Pharma-
cology, Memphis, TN 38105.

PNAS | December 10,2002 | vol. 99 | suppl.4 | 16485-16490



100 bp B

Fig. 1. Mutations from RIP and methylation status of eight different am alleles. This figure was adapted from ref. 34 and readers should refer to that article
for details of the experiments. Vertical lines indicate mutations. Alleles shown in black were not methylated. Alleles in blue were initially methylated but, after
induced loss of methylation (with 5AC or by cloning and gene replacement), did not serve as de novo methylation signals. Alleles shown in red were methylated
after the cross and served as de novo methylation signals. The horizontal line at the bottom represents the 2.7-kb region that was sequenced, including the 2.6-kb

BamHI (B) fragment. Exons (thick bars) of the am gene, the extent of the duplication (striped bars), and the transcription start (arrow) are indicated.

from each allele also was cloned in bacteria, transformed into
Neurospora to replace the am™ allele, and scored for de novo
methylation. Equivalent results were obtained with both tests
and are summarized in Fig. 1. The four alleles with the greatest
number of mutations (58 to 158 in the 2.6-kb duplicated region)
all triggered de novo methylation in vegetative cells, which is
consistent with prior evidence that products of RIP can signal
DNA methylation (35, 36). We were surprised to find, however,
that two alleles (am™"? and am®'"¥) that were initially methyl-
ated were incapable of inducing methylation de novo at their
native chromosomal location (34). Apparently this methylation,
which was not limited to symmetrical sites and was rather
heterogeneous, depended on preexisting methylation estab-
lished in the sexual phase by RIP.

As a first step in exploring the mechanism of this maintenance
methylation, we tested whether Neurospora would propagate
methylation established in vitro. A 5.2-kb DNA fragment includ-
ing the amR™™* sequence was prepared by PCR using 2'-
deoxyribosyl-5-methylcytosine triphosphate (dmCTP) in place
of dCTP to ensure that every cytosine was methylated. Then, we
introduced this, or an unmethylated control DNA, into an am™
strain by cotransformation with a fragment including the hygro-
mycin resistance gene, Aph, and enriched for transformants in
which the native am gene had been replaced (37). Transformants
bearing a single copy of the am®P* sequence in place of am™
were identified and analyzed by Southern hybridization. In
contrast to our experience with a variety of other DNA frag-
ments introduced at am, the methylation status of the in vitro-
methylated sequences varied from transformant to transfor-
mant. Two of four transformants generated with methylated
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amRP* sequences showed stable incomplete methylation of these
sequences (Fig. 2). Although heterogeneous, the observed meth-
ylation persisted through numerous cell cycles; only slight
changes in the extent of methylation were observed after three
serial passages of both strains (e.g., see Fig. 2, lanes 3 and 8). To
verify that the methylation depended on preexisting methylation,
i.e., that it was self-propagating, we treated each strain with SAC
for 48 h, verified that no detectable methylation remained (Fig.
2, lanes 4 and 9), and then grew the strains in the absence of the
drug to ascertain whether the sequences would trigger methyl-
ation de novo. Methylation was not reestablished (Fig. 2, lanes 5
and 10), confirming the occurrence of a previously uncharac-
terized form of maintenance methylation that can propagate
heterogeneous regional methylation. The loss of methylation
that occurred in some of the transformants obtained with
methylated DNA (Fig. 2, strain 3) suggests that establishment of
stable methylation in our transformation system involves a
stochastic step, perhaps associated with chromatin formation.
The observed fractional methylation at all restriction sites
examined limits possible models to account for this propagation
of methylation. Most surprisingly, the methylation did not no-
ticeably spread; in every case examined, the methylation seemed
to cover an ~5-kb segment of DNA. We considered the possi-
bility that the mutations from RIP, although insufficient to
trigger methylation de novo, were nevertheless essential for
propagation of methylation and, thereby, controlled the extent of
methylation. To test this possibility, we performed a set of
transformations with fully methylated am DNA lacking muta-
tions by RIP. Because our gene-targeting scheme required
selection for loss of am function, we used a nonfunctional am
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Fig.2. Maintenance of DNA methylation in Neurospora. A fully methylated
5.2-kb DNA fragment containing the amf/" allele was generated by PCR with
dmCTP and targeted to the am locus, as described (37). Each transformant was
analyzed by Southern hybridization to verify that transforming DNA had
integrated properly and without extraneous copies (data not shown) and to
assess methylation, as described (40). DNA from the original transformant
(Pre), the transformant after three passages (Pass), the transformant after a
48-h treatment with 5-azacytidine (5AC; 24 uM added at 0 and 24 hours), and
the transformant grown for 2 days (=12-15 cell doublings) in the absence of
5AC after treatment with this drug (Post) was digested with the 5-mC-
insensitive restriction endonuclease Dpnll (D; shown for the original transfor-
mant only) or its 5-mC-sensitive isoschizomer Sau3Al (S), fractionated and
probed for am. Results for three transformants are shown. Size markers (kb)
are shown on the left.

allele with an engineered Clal site in place of the Bg/II site
(plasmid pMS4). Transformants that integrated methylated
DNA of this allele at the native am locus showed no propagation
of the methylation (data not shown). Similarly, all cotransfor-
mants that integrated nonselected, fully methylated wild-type am
DNA failed to retain noticeable methylation (Fig. 3). These
findings support the hypothesis that the mutations by RIP play
an essential role in the propagation of methylation on am®/*
sequences. We considered the possibility that those alleles that
could propagate methylation were those that could not be
transcribed but found that even the heavily mutated alleles could
support robust transcription when stripped of their methylation,
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Fig. 3. Methylation of in vitro-methylated wild-type am alleles is not
maintained. Transformants with ectopic copies of am were generated with
fully methylated DNA by cotransformation with hph (data not shown). Ten
arbitrary transformants bearing one or more copies of am are illustrated.
Digestions with Dpnll (D) and SaulllAl (S) revealed no differences indicative of
methylation, indicating that wild-type am sequences are unable to maintain
methylation previously established in vitro and that a high copy number of
gene fragments per se does not signal DNA methylation. Size markers (kb) are
shown on the left.

which is consistent with the fact that their promoters were not
mutated (38). We conclude that sequences differ in their
ability to serve as substrates for maintenance methylation in
Neurospora.

The findings described above raised the possibility that main-
tenance and de novo methylation are different manifestations of
a common mechanism. Several observations support this idea.
First, we found that am®™ DNA is frequently subjected to de
novo methylation when it becomes integrated in multicopy arrays
at ectopic sites (data not shown). This finding is in stark contrast
to the case with am™* DNA, which remains free of methylation
even when many copies were integrated into the genome (e.g.,
Fig. 3, transformant 1). Second, we found that am®/P* DNA, but
not am™* DNA, can induce methylation of a 200-bp segment of
the {—m region that includes numerous mutations by RIP but is
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Fig. 4. DIM-2 is the sole DMT required for DNA methylation in vegetative
tissues. Heterokaryons (Het) were generated from two homokaryons (Homo):
strain N1931, which has a deletion allele of dim-2 (dim-2~) and an RIP-mutated
allele of the mtr gene (mtrf’P) and strain N534, which is dim-2" and has mtr
deleted (mtr®). DNA methylation was assayed by Southern blotting of
genomic DNA digested with SaulllAl (S) and Dpnll (D). The RIP-mutated mtr
alleleisunmethylated in the dim-2strain (lanes 1 and 2), but complementation
allows for normal DNA methylation in the heterokaryon (lanes 5 and 6). The
heterokaryon was broken, and resulting homokaryotic strains (Ex-Hets; lanes
7 to 10) were analyzed for DNA methylation. DNA methylation was not
maintained in the absence of DIM-2 (lanes 9 and 10).

unable to trigger de novo methylation alone (H.T. and E.U.S,,
unpublished work). Third, we found that one DMT, DIM-2, is
responsible for both de novo and maintenance methylation in
vegetative cells of Neurospora (39). Mutants of dim-2 are devoid
of DNA methylation in all tissues that can be assayed, including
methylation in cells that are normally capable of rapid de novo
methylation (40). To verify that DIM-2 is responsible for main-
tenance methylation, we first built a heterokaryon between a
dim-2 deletion strain carrying an RIP-mutated allele of the mitr
gene, which works as a de novo methylation signal, and a strain
with a wild-type dim-2 allele carrying a deletion of the mtr gene,
and confirmed de novo methylation (Fig. 4). Then, we isolated
homokaryotic derivatives representing the two original constit-
uents and showed that methylation was not maintained in the
dim-2 isolate (Ex-Hets; Fig. 4, lanes 9 and 10).

Clues to Involvement of Methyl /RIP-DNA Binding Proteins and
Histone Deacetylation in DNA Methylation

Two important, potentially related questions remain. How do
mutations by RIP trigger DNA methylation? How does DNA
methylation promote its own propagation? One possibility is that
one or more proteins recognizes some feature(s) of sequences
modified by RIP and induces DNA methylation. Clues to the
existence of such proteins came from band-shift experiments
with methylated DNA with mutations from RIP and cellular
extracts of Neurospora. For example, an activity that we call
methyl/RIP binding protein 1 (MRBP-1) binds strongly to
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Fig. 5. Gel mobility shift assay using partially purified methyl-RIP binding
protein-1 (MRBP-1). MRBP-1 was purified by chromatography on CM Macro-
prep, SP Fast Flow Sepharose, and heparin Sepharose (data not shown) and
incubated 10 min on ice [in 10 MM Hepes, pH 7.9/50 mM KCl /1 mM EDTA /5
mM DTT/10% (vol /vol) glycerol] with 1-2 ng of a 250-bp probe (third exon
of am) prepared in methylated (m) or unmethylated (u) form by PCR from
template with either a wild-type (wt) or RIP-mutated (RIP) allele. Each reaction
contained 1 pg of poly dI-dC as competitor and was analyzed by electrophore-
sis in 4% polyacrylamide gels containing 0.5x TBE buffer (52).

methylated DNA with mutations by RIP (Fig. 5, lane 4) and less
strongly to methylated native DNA (lane 2) or unmethylated
mutated DNA (Fig. 5, lane 3; G.O.K., M.R.R., A. McCormack,
L. David, and E.U.S., unpublished work). In principle, a factor
such as MRBP-1 could directly or indirectly trigger DNA
methylation. Recent observations favor the latter possibility.
First, we found that treatment of Neurospora with the histone
deacetylase (HDAC) inhibitor trichostatin A (TSA) can reduce
methylation in some chromosomal regions (26). One model is
that HDAC:s are recruited to regions with numerous mutations
by RIP, perhaps by MRBP-1 or a similar factor, and that the
resulting hypoacetylated state leads directly or indirectly to
methylation of DNA. Fig. 6 illustrates several possible relation-
ships among DNA methylation, histone acetylation, and tran-
scription. Model 1, which suggests that hypoacetylation is a
simple consequence of DNA methylation accounts for indica-
tions from animal systems that methyl-DNA binding proteins
and DMTs recruit HDACs (see ref. 41) and a preliminary
observation that mutation of dim-2 leads to hyperacetylation of
histone H4 (data not shown) but does not account for the
observed hypomethylation induced by TSA. Conversely, model
2 does not account for the effects of DNA methylation on histone
acetylation. The selectivity of demethylation by TSA could
reflect an absence of histone acetyltransferases in regions that do
not lose methylation in response to TSA (e.g., in model 3) or may
reflect an indirect effect, e.g., through transcription (model 4).

Preliminary information on the relationship between histone
acetylation and DNA methylation came from chromatin immu-
noprecipitation with antibodies prepared against tetra-
acetylated histone H4 to assess acetylation of histone H4 mol-
ecules associated with particular genomic regions. A region
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Fig. 6. Four potential relationships of methylation signal, DNA methylation
(M), histone hypoacetylation (slashed A), and transcription. Arrows and
blocked lines indicate stimulation and inhibition, respectively. See text for
details.

whose DNA methylation is reduced by TSA (am®") showed
corresponding hyperacetylation, as expected, whereas regions
whose DNA methylation was unaffected by TSA (e.g., We3)
showed no change in histone acetylation (data not shown). This
finding is consistent with the idea that not all DNA regions have
the capability to become hyperacetylated, possibly because they
lack targets for histone acetyltransferases. Interestingly, we also
identified an unmethylated DNA region that is hypoacetylated,
suggesting that hypoacetylation of histone H4 per se does not
directly lead to DNA methylation, which conflicts with models
2 and 3 (Fig. 6).

The DIM-5 Histone Methyltransferase Integrates Histone Code
Information and Controls DNA Methylation

Results from investigating a Neurospora mutant, dim-5, which is
completely defective in DNA methylation, provided the stron-
gest evidence that histones are intimately involved in DNA
methylation (42). Isolation and characterization of the dim-5
gene showed that it encodes a histone H3 methyltransferase
specific for Lys-9 (ref. 42 and data not shown). To confirm that
histone H3 is the biologically significant target of DIM-5, we
constructed mutant histone H3 genes that replaced Lys-9 with
Leu or Arg and introduced the mutant genes into a strain bearing
an allele of the bacterial hph gene that was silenced by DNA
methylation (43). The transformants showed reactivation of hph
and dramatic loss of methylation of all chromosomal regions
examined (42). Thus methylation of histone H3 controls DNA
methylation in Neurospora.

It seems likely that DIM-5 serves to integrate information
relevant to whether DNA in a particular chromosome region
should be methylated. In vitro assays of DIM-5 activity on various
substrates showed that the enzyme is strongly inhibited by
methylation of Lys-4, phosphorylation of Ser-10 or acetylation of
Lys-14 of histone H3 (E. Schmidt, H.T., and E.U.S., unpublished
work), similar to observations with other K9 histone H3 meth-
yltransferases (44-46). This provides a possible mechanistic
explanation for our observation that an inhibitor of an HDAC
can inhibit DNA methylation (26). Interestingly, and quite
unexpectedly, DIM-5 showed strong activity on a peptide di-
methylated at Lys-9 (data not shown). This contrasts with
available information on previously described H3 histone meth-
yltransferase (44, 45) and raises the possibility that trimethyl-K9
is the specific mark for cytosine methylation in Neurospora.

Our working model (Fig. 7) summarizes the likely elements of
the DNA methylation machinery of Neurospora. The aberrant
base composition resulting from RIP may be recognized by
MRBP-1 or a similar factor that recruits an HDAC complex.
Based on findings in other eukaryotes that have revealed con-
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Fig. 7. Stylized working model for the induction and maintenance of
DNA methylation in Neurospora crassa. The precise nature of the signal
for DNA methylation resulting from heavy mutagenesis by RIP (indicated by
black DNA on gray nucleosomes) is unknown but seems to consist, at least in
part, of structural features of AT-rich DNA (H.T.and E.U.S., unpublished work;
ref. 53). The signal may be recognized by a factor such as MRBP-1, which
recognizes RIP-mutated and/or methylated DNA (Fig. 5). Such a factor may
directly or indirectly (e.g., through chromatin remodeling factors) recruit one
or more HDAGs. Histone hypoacetylation (green nucleosomes) of particular
residues is postulated to be one prerequisite for DIM-5 histone methyltrans-
ferase (HMT) activity. Methylated K9 (orange nucleosomes), which results
from the action of DIM-5 on histone H3 (Fig. 7), is presumably recognized by
a chromo-domain protein (47) or some other methyl-lysine recognition pro-
tein (MKP). The MKP then would directly or indirectly cause the DMT, DIM-2
(39), to methylate (red) the associated DNA. Once methylated, the DNA may
bind more strongly to MBRP and /or other methyl-DNA binding proteins, and
these, inturn, could again recruit HDAC complexes, resulting in a maintenance
loop (red arrow). Whether the various factors that are (for simplicity) shown
transiently associated with chromatin actually remain associated with the
chromatin is not yet established.

nections between such complexes and chromatin remodeling
factors (CRFs; ref. 47) and on indications from plants (48) and
animals (49, 50) that putative CRFs are involved in DNA
methylation, it seems likely that one or more such factors are
involved in this step. At present, we do not know which amino
acid residues of histones must be hypoacetylated to allow for the
action of DIM-5, but they probably include K9 and K14 of
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histone H3 (44) and perhaps one or more of K5, K8, K12, and
K16 of histone H4. In addition, we have preliminary evidence
that DIM-5, or a DIM-5 complex, is sensitive to other modifi-
cations, including the methylation, phosphorylation, and acety-
lation state of K4, S10, and K14 of histone H3, respectively (data
not shown), consistent with observations on histone methyltrans-
ferases from other organisms (44, 45, 46). The product of DIM-5
may be recognized by a chromo-domain protein, such as a
homologue of HP1 (47). There is at least one candidate for such
a protein in the Neurospora proteome (Www-genome.wi.mit.
edu/annotation /fungi/Neurospora /). The hypothetical Neuro-
spora methyl-lysine recognition protein (MKP) may directly or
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