
changes in the methylation machinery. ICF 
patients have mutations in the DNMT3b 
gene, which leads to undermethylation of 
satellite DNA and specific chromosomal 
decondensation. Rett syndrome patients 
have mutations in one of the MBDs 
(MeCP2) and therefore may not be able to 
interpret the methylation signal correctly 
(45). These two diseases suggest that meth- 
ylation is not only needed to complete em- 
bryonic development but is also required 
for development after birth. The price for 
the requirements that methylation is essen- 
tial in mammals seems to be a substantial 
increase in cancer risk. 

The study of DNA methylation in mam- 
mals has been stimulated by the identification 
of the key enzymes that methylate DNA and 
their interactions with DNA and DNA bind- 
ing proteins, as well as by the link between 
methylation and chromatin structure. Perhaps 
the major function of methylases in mammals 
is in the long-term silencing of noncoding 
DNA in the genome, which contains a very 
substantial portion of repetitive elements. 
Lack of methylation in promoters of essential 
genes allows them to be potentially active 
and to be regulated by other processes. On the 
other hand, we still do not know whether the 
specific patterns seen in the genes of differ- 
entiated cell types are involved in transcrip- 
tional control or whether they simply reflect 
altered chromatin states. 

The DNA methylation field is currently in 
a state of high activity as the links between 
stable epigenetic states, chromatin structure, 

and heterochromatinization begin to become 
clearer. Disruption of these links leads to 
substantial disease states, including chromo- 
somal integrity, mental retardation, and can- 
cer. Understanding how epigenetic states are 
established and maintained and developing 
strategies to modify them therapeutically is, 
therefore, likely to be an area of intense 
future research. 
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DNA Methylation and Epigenetic Inheritance 
in Plants and Filamentous Fungi 
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Plants and filamentous fungi share with mammals enzymes responsible for 
DNA methylation. In these organisms, DNA methylation is associated with 
gene silencing and transposon control. However, plants and fungi differ 
from mammals in the genomic distribution, sequence specificity, and 
heritability of methylation. W e  consider the role that transposons play in 
establishing methylation patterns and the epigenetic consequences of 
their perturbation. 

Epigenetic changes, so-called "epimuta-
- ~ 

tions," occur because nucleotide sequence is 
not the only form of genetic information in 
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the cell: Chromosomal proteins and DNA 
methylation can also be inherited, with im- 
portant phenotypic consequences ( I ) .  In 
plants and filamentous fungi, genomic meth- 
ylation is restricted mostly to transposons and 
other repeats (2, 3). In mammals, by contrast, 
coding sequences are methylated as well, ex- 
cept for the so-called c p ~islands that often 
encompass the first exons of genes (4). This 
difference likely reflects the colonization of ~ eVegetale (INRA-CNRS), ~ 2 rue caston i ~~ ~ ere- ~ ~ 

rnieux, cb 5708, 91057 Evry cedex, France. mammalian introns by transposons. and the 

possibility of methylation spreading into 
flanking exons (3). Of course, the human 
genome contains far less exonic DNA (<2%) 
than transposons (>45%) (5), which thus 
contribute more to the level of cytosine meth- 
ylation overall (4). Naively, when trans-
posons lose methylation they become activat- 
ed, while when genes gain extra methylation, 
they become silenced. 

Some of the first epimutations were ob- 
served by B. McClintock, who noted that 
transposons underwent cycles of inactivity in 
maize. These "changes in phase" are associ- 
ated with changes in DNA methylation and 
are distinct from "changes in state," which 
are usually sequence rearrangements (6  ). 
Both defective and intact transposons can 
also be modified epigenetically ("preset") af- 
ter exposure to an active transposon (6). 
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These changes can be observed because 
transposon activity can influence neighboring 

and inactivated, with the only exceptions be- 
ing too short to be targeted by MIP or RIP 
(24, 32). 

ferase" or DRM class, which is most related to 
Dnmt3, except that the canonical methyltrans- 

pigment genes, in some cases through an 
outward reading promoter (7, 8). The influ- 

ferase motifs are organized in a novel order 
(47). Two predicted DRM genes, DRMl and 
DRM2, have not yet been characterized for 
function. However, it is attractive to think that, 
like the mammalian Dnmt3 enzymes, they 
might be involved in the establishment of meth- 
ylation patterns. Finally, one gene (GenBank 
accession number At5g25480) resembles 
Dnmt2, a highly conserved but enigmatic puta- 
tive mammalian methyltransferase gene, with 
homologs in Schizosaccharomyces pombe and 
Drosophila, and no known function (48). 

In Arabidopsis, screens for mutants with 
demethylated DNA (decrease in DNA methyl- 
ation or ddm mutants) were conducted in a 

DNA Methyltransferases and 
Methylation Mutants 

ence of transposons on nearby genes has been 
documented in Neurospora crassa (9) and 
occurs in mouse, bacteria, yeast and Dro- 
sophila (10-13). Thus, changes in phase 
could have genome-wide consequences when 
defective elements reach high copy numbers 
(Fig. 1) (14). Epimutations in maize genes 
were first studied by R. A. Brink, and often 
result from allele interactions, known as 
paramutation (15). Genetically, paramutation 
resembles presetting, in that one allele 
(paramutagenic) can lead to a heritable 
change of expression of another allele 

Cytosine methyltransferase enzymes catalyze 
the transfer of an activated methyl group 
from S-adenosyl methionine to the 5 position 
of the cytosine ring (5-Me-C). In mammals, 
two distinct types of methyltransferases, 
Dnmtl and Dnmt3, have been functionally 
characterized (33). Dnmtl is thought to be 
primarily involved in maintenance and 
Dnmt3 in establishment of genomic methyl- 
ation patterns (33). In Ascobolus, the masc2 
gene was identified by its similarily to 

(paramutable) of the same gene in heterozy- 
gotes. The presence of transposons near 

Dnmtl. The masc2 gene product has methyl- 
transferase activity in vitro, but a knockout 

similar manner to those in Neurospora, and 
multiple mutations were recovered at two loci 
(41). DDMl encodes a likely SNF21SWI2 chro- 
matin remodeling protein (49), while DDM2 
encodes METl (42). Interestingly, when de- 
methylated sequences from ddml or antisense- 
METl backgrounds are inherited independent 
from the methylation defect, they remain de- 

paramutable genes has revived the proposi- 
tion that paramutation may be caused by 
transposons (16-19), though their role, if 
any, has yet to be established. 

masc2 mutation displayed no obvious effect 
on MIP methylation or maintenance of 
genomic methylation patterns (34). Con- 
versely, another predicted Ascobolus methyl- 

Silent transgenes were among the first 
examples of epimutations to be observed in 

transferase, mascl, did not display any in 
vitro activity, but knockout mutants were de- 
fective for MIP methylation (35). However, 
neither the single mascl mutant nor the 

plants other than maize (20), but more recent- 
ly two examples of endogenous epimutations 

methylated. This observation suggests that de 
novo methyltransferase activity in plants is 

have been examined in Arabidopsis. Epial- 
leles of the zinc-finger floral gene SUPER- 
MAN (known as clark kent or clk alleles) are 
densely methylated in the transcribed portion 
of the gene and in a 65-bp hairpin-forming 
CpT microsatellite surrounding the transcrip- 
tional start site (21). Likewise, epialleles of 

mascl masc2 double mutant was defective 
for maintenance of genomic methylation pat- 
terns, suggesting that other Ascobolus meth- 
yltransferases remain to be identified (34, 
35). In Neurospora, the dim-2 methyltrans- 
ferase was identified by positional cloning of 
a methylation-deficient dim-2 mutation (36). 

quite low, and that mutants might have little 
phenotype (41). In mouse embryos, by contrast, 
genome demethylation and remethylation occur 
over a few cleavage divisions, and mutations in 
the de novo methylase DNMT3 are responsible 
for the ICF syndrome in humans (immunodefi- 
ciency, centromere instability, and facial anom- 
alies) (50, 51). the PA12 gene, which encodes an enzyme 

involved in tryptophan biosythesis, are 
The dim-2 mutant can still perform the point 
mutations associated with RIP however (36). 

Epigenetic Consequences of DNA 
Methylation Mutants 

densely methylated and inactive, but only in 
strains containing an inverted and methylated 
duplication of the closely related gene PAZ1. 
As with SUP, methylation at PA12 extends 

A second Neurospora gene, related to mascl, 
has been found by genome sequencing, and 
this gene product might control RIP (36). 

Arabidopsis has at least 10 genes that could 
In Neurospora, the dim-2 mutation has no 
obvious phenotype under laboratory condi- 

upstream of the transcriptional start site and 
ends in the 3' untranslated region (22, 23). 

encode DNA methyltransferases, more than 
any other eukaryote sequenced so far (37). The 

tions despite genome-wide demethylation 

In fungi, transgene duplications are effi- 
ciently methylated by RIP (repeat induced 
point mutation) in Neurospora crassa (24) 
and MIP (methylation induced premeioti- 
cally) in Ascobolus immersus (25). De novo 
methylation is triggered in haploid nuclei, 
most likely by DNA pairing between repeat- 
ed sequences, and is maintained vegetatively 
after the duplicated sequences segregate. 
Methylated genes behave as epimutant alleles 
(26, 27), although RIP leads principally to 
genetic mutations (24). Unlike in plants and 
animals, methylation-associated silencing has 
been shown to block transcript elongation in 

MET class encodes genes related to the mam- 
malian Dnmtl (38). METl has been function- 
ally characterized in a transgenic line where its 
expression is suppressed by an antisense-MET1 
transgene. Antisense-MET1 plants have as little 
as 10% of the wild-type levels of 5-Me-C (39, 
40). Mutants of the METl gene (ddm2 mutants) 
have also been identified by genetic screens for 
plants with reduced methylation of repeated 
sequences (41,42). Three METI-related genes, 
MET2a, METZb, and MET3, remain to be func- 
tionally characterized (38). A second type of 
methyltransferase, the CMT "chromomethyl- 
ase" class, is also related to Dnmtl except that 

these fungi (3, 28, 29). In Neurospora, short 
TpA segments can act as portable signals for 
methylation (30), while in Ascobolus, transfer 
of DNA methylation between alleles is relat- 
ed to homologous recombination (31). As yet 
there is no evidence for either process in 
plants, but the implications for paramutation 
and transposon silencing are clear. Most 
transposons in fungi are heavily methylated 

a novel chromo-domain amino acid motif is 
inserted between two of the canonical methyl- 
transferase motifs (43). This class is unique to 
plants, and there are three related CMT genes in 
Arabidopsis (38). CMTI is predicted to be non- 
functional in all strains characterized (43), but 
CMT3 has been shown to be functional (44- 
46). A third class of Arabidopsis methyltrans- 
ferase is the "domain rearranged methyltrans- 

Fig. 1. Transposons in maize can co-ordinate 
the regulation of genes. Leaf samples from 
plants in which loss of transposon activity re- 
sults in variegation. Unlinked mutations re- 
sponsible for white lesions (left) or pale green 
pigmentation (right) are suppressed together in 
double mutant plants (middle). This is because 
both genes have been brought under the con- 
trol of the same family of transposable ele- 
ments (74). 
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(36). In Ascobolus, the mascl mutation also 
has no obvious phenotype during vegetative 
growth, but it blocks MIP methylation and 
confers sterility in mascl homozygous 
dikaryons (35). The effects of methylation 
defects are more conspicuous in plants. For 
example, in antisense-MET1 strains of Ara- 
bidopsis, flowering time, fertility, leaf and 
floral morphology are all heritably altered 
(39, 40, 52). ddml mutants display similar 
phenotypes, but often take many generations 
of inbreeding to manifest these changes (53). 
The molecular defects induced by both ddml 
and antisense-MET1 are varied. They include 
demethylation and ectopic expression of 
methylated genes, demethylation and move- 
ment of transposons, and local hypermethyl- 
ation and silencing of genes. 

Demethylation of a tandem repeat in the 
promoter accompanies the ectopic expression 
of the late flowering genefi~a in ddml plants, 
and this results in a dominant epimutation 
(56). Similarly, ddml targets a complex 
pathogen resistance gene cluster containing 
heavily methylated retrotransposons, leading 
to elevated expression in the dwarf epimutant 
bal (42). In a third example, a new allele of 
dwarf4 arose in a single ddml line. This 
mutation (clam) was caused by insertion of a 
CACTA transposable element, related to 
maize Suppressor-Mutator (55). In fact, sev- 
eral classes of transposons are demethylated 
and activated in ddnil. While both CACTA 
and MULE (Mutator-like) DNA transposons 
are mobilized, leading to a spectrum of new 
insertions (55, 56), heterochromatic retro-
transuosons related to Athila and Tar17 do 
not appear to transpose in ddml strains, de- 
spite being transcriptionally activated (57). 

These seemingly disparate cases may be 
related by the nature of heterochromatin. 
Long arrays of tandem repeats may be re-
sponsible for heterochromatic gene silencing 
(58). By analogy,fia and bal are associated 
with methylated repeats and may represent 
what B. McClintock called "cryptic" hetero- 
chromatin (59). Consistent with this view, 
pericentromeric and knob repeats, including 
many transposons, are also demethylated in 
ddml (43), and this has led to the suggestion 
that DDMl acts to enable access of DNA 
methyltransferases to heterochromatin (49). 
Thus, activation of both conspicuous and 
cryptic heterochromatin in ddml mutants 
could lead to the variety of defects found. 

Transgene silencing was relieved in both 
ddml and ddm2 (or metl) mutants, although 
only those transgenes that were silenced at the 
level of transcript initiation were uniformly ac- 
tivated in ddml (61, 62). Screens for mutants 
that relieved this type of silencing recovered at 
least 12 mutations in 5 genes, including DDMl 
(57, 61, 63). hog1 mutants resulted in a signif- 
icant reduction in DNA methylation (63), but 
moml, sill and sil2 mutants did not (57, 63). 

These may encode chromatin modifying en- 
zymes, a suggestion supported by cloning of the 
SNF2-related gene MOM1 (57). DNA methyl- 
ation mutants also affect endogenous epimuta- 
tions. For example, PA12 silencing and methyl- 
ation is relieved in ddml (64), but only in 
strains without the PAII-PA14 inverted dupli- 
cation (65). Methylation of PAII-PA14 was 
more reduced in ddm2, but thls had less effect 
on methylation at PA12 (65). 

Asymmetric Methylation and 
Antisense RNA 
While methylation in mammalian genomes is 
generally restricted to CpG sequences, plant 
and fungal genomes have methylated cytosines 
in other contexts as well. The SUP and PA1 
epialleles, for example, have extensive asyrn- 
metric and CpXpG methylation (21, 23). Two 
genetic screens have been used to address the 
origin of this methylation and both have iden- 
tified the chromomethylase gene CMT3 (44, 
45). Analysis of methylation patterns using 
bisulphite sequencing show that cmt3 primarily 
affects CpXpG methylation and, furthermore, 
CMT3 transgenes restore methylation in cmt3 
plants ( 4 9 ,  apparently de novo, although some 
methylation is left intact and may be used as a 
mark for remethylation. This residual methyl- 
ation must be generated by yet another methyl- 
ase, and CMT2, Dnmt2-, and Dnmt3-like genes 
are good candidates. Intriguingly, antisense 
CMT2 transgenes failed to inactivate the endog- 
enous gene in over 50 transgenic plants (66), 
consistent with a requirement for CMT2 in an- 
tisense silencing. Chromodomains in Di-osoph- 
ila direct proteins to heterochromatin and have 
been shown in one case to bind untranslated 
RNA (67). This has led to the speculation that 
chromomethylases might mediate RIA-direct- 
ed DNA methylation (68, 69), which has been 
demonstrated to be predominantly asymmetric 
in plants (70, 71). 

Thus, while DNA-DNA pairing is certain- 
ly possible (21, 72), antisense transcription of 
SUP and PAI might be responsible for the 
asymmetric methylation. In the case of PAII- 
PAI4, the inverted duplication is tail-to-tail, 
and would be expected to generate a hairpin 
transcript (73). In the case of SUP, promoter 
methylation might be triggered by antisense 
transcription of the hairpin-forming CpT mi- 
crosatellite at the start site of transcription, in 
either the endogenous or transgenic copies of 
the gene. Inverted repeats have been shown to 
be good targets for DNA methylation in Aru- 
bidopsis, and perhaps this is why (23). For 
similar reasons, RNA-mediated methylation 
is also an attractive model for paramutation 
and presetting in maize. 

Paradoxically. methylation actually in-
creases at SUP and AG in nzerl and ddml 
mutants, leading to epimutant alleles at a very 
high frequency (52). Could this also be due to 
RNA-mediated methylation? Perhaps trans- 

posons such as MITES (miniature invert re- 
peat transposable elements), which reside in 
the 3' untranslated regions of many plant 
genes, initiate antisense transcription when 
they are activated in methylation mutants. 
Alternatively, short transcripts produced 
from CpT repeats elsewhere in the genome 
might target methylation at these genes. Both 
AG and SUP have repeats related to simple 
sequences found in other genes (52). 

RNA-dependent DNA methyltransferases 
may serve to monitor transcribed transposable 
elements. Transposons generate dsRNA be- 
cause of their random integration in the ge- 
nome, and because they have promoters in their 
terminal repeats (74). For this reason, they ap- 
pear to be major targets of RNA interference in 
Caenorhabditis elegans (75, 76). In plants, they 
may be targeted for methylation using RNA as 
a guide. This methylation would be maintained 
over generations, resulting in the differential 
methylation of transposons and genes. Asym- 
metric methylation has been found during early 
embryogenesis in mammals (77) when the 
components of RNA interference are also ac- 
tive (78). Perhaps mammalian exons are meth- 
ylated by transcriptions from transposons in 
neighbouring introns. However, chromometh- 
ylases are not found in mammals or fungi, 
indicating some other methyltransferase must 
be responsible for de novo transposon methyl- 
ation in these genomes. 

In Ascobolus and ~Veurospora, candidate 
RNA-dependent DNA methyltransferases 
have not been found. This could explain why 
quelling (an RNA-mediated process) requires 
the continuous presence of a silencing trans- 
gene array (which may become methylated) 
but does not lead to methylation of the en- 
dogenous target gene (79). Nonetheless, 
asymmetric methylation is found in both fun- 
gi, suggesting that it is established and main- 
tained by different mechanisms (24, 80). 

A Role for Silencing and DNA 
Modification in Development 
Mutants in the silencing genes DDMI, 
MOMI, CMT3, HOGI, SILI and SIL2, have 
very minor effects on plant development as a 
whole. Even mutants in MET1 have relatively 
mild phenotypes that can be explained by 
generation of epialleles elsewhere in the ge- 
nome. Similarly, dim-2 has no detectable 
phenotype in ~Veurosporu. In mammalian 
cells, by contrast, differentiation of methyl- 
transferase negative embryonic stem cells 
leads to rapid programmed cell death, and 
t h ~ s  may require p53 (81), which is absent 
from plants and fungi (37). 

Although redundancy may explain the ab- 
sence of strong phenotypes in plants, what can 
we learn about the biological role of DNA 
methylation, gene silencing, and chromatin 
modification from these mutants? It has been 
reported that the paternal genome is silenced 
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throughout much of early embryonic develop­
ment in Arabidopsis (82). However, at least one 
gene used in this study is expressed from the 
paternal genome at the earliest detectable stage 
(83), indicating that transcriptional gene silenc­
ing is unlikely to be involved. Nonetheless, the 
polycomb genes MEDEA/FIS1 and FIE1, 
which are required for seed development, are 
not expressed from paternal chromosomes in 
the endosperm, fiel is partially rescued by anti-
metl transgenes, and there is some evidence 
that ddml ameliorates medea after fertilization 
(84, 85). Consistent with these observations, 
anti-METl plants appear to be more tolerant of 
changes in parental dosage in the developing 
endosperm, a phenomenon related to imprint­
ing (86). 

As in Drosophila, mutants that destabilize 
endogenous gene repression have been found 
in plants. For example, curly leaf '(apolycomb 
homolog), pickle (a M/-2-like SNF2 ho-
molog) and asymmetric leavesl (a myb do­
main homolog) derepress homeotic gene ex­
pression and have strong phenotypic effects 
(87). Unlike ddml, however, they do not 
affect genomewide methylation, supporting 
the notion that heterochromatin is the primary 
target of DDM1, rather than euchromatic 
genes. 

Given that methylation is prevalent in het­
erochromatin, and genes affecting it have little 
developmental role in plants and fungi, what 
then is its function? An obvious candidate is 
transposon regulation. While it is clear that 
transposons can be highly detrimental, they typ­
ically accumulate in heterochromatin ensuring a 
minimal impact on gene expression. This is true 
both of Arabidopsis and Neurospora, though 
transposons are far more widely distributed in 
maize (37, 88, 89). Euchromatic insertions are 
observed in Arabidopsis, but they are only 
widespread in ddml mutants (55, 56). This 
indicates that DDM1 might be required to tar­
get transposons to heterochromatin, and that it 
may be differently regulated, or have reduced 
function, in maize. 

Telomeres and centromeres, which are 
uniquely eukaryotic chromosomal compo­
nents, not only accumulate transposons but 
also share several properties with them, such 
as replication through reverse transcription in 
the case of telomeres and LINEs. Retroele-
ments are the largest single component of 
most eukaryotic genomes and although the 
analogy between the nucleus and a retroviral 
particle is perhaps far-fetched, the notion that 
centromeres and telomeres were derived from 
transposons is gaining some appeal. 

Epigenetic Inheritance and Natural 
Variation 

The expression level of a gene—rather than the 
sequence of the protein product—can often de­
termine phenotypes that contribute to natural 
variation (90). Epigenetic modifications provide 

a means of altering expression states. For exam­
ple, methylation and silencing of the cycloidea 
gene of the plant Linaria vulgaris causes a 
flower morphology change. This methylation 
state arose approximately 250 years ago, and 
has been maintained by selection ever since 
(91). It has been proposed that epigenetic differ­
ences revealed by ddml might contribute to the 
loss of fitness observed upon inbreeding (53). 
The fact that such differences are polymorphic 
between strains provides a potential explanation 
for hybrid vigor and suggests that transposons 
may be involved (92), although unlike epimuta-
tions, new transposon insertions are polymor­
phic both within and between strains (56). Epi­
genetic changes have also been implicated in the 
genome remodeling that occurs in allotetraploid 
plants, where two related but distinct diploid 
genomes are combined in a single nucleus. For 
example, in allotetraploids made between differ­
ent diploid Brassicas, or between Arabidopsis 
and a related species Cardaminopsis, nucleolar 
dominance is observed. In this phenomenon, the 
rDNA genes in the tetraploid are expressed from 
only one of the two parental diploid genomes. 
The dominance can be reversed by the methyl-
transferase inhibitor compound 5-azacytidine, 
suggesting a role for methylation (93). Individ­
ual genes and transposon sequences can also be 
silenced from one of the two genomes in a 
tetraploid (94, 95). The application of genome-
wide expression profiling to polyploids in wild-
type and methylation-deficient mutant back­
grounds may reveal the molecular basis for 
these epigenetic changes and contribute to our 
understanding of natural variation in plants. 
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Translating the  Histone Code 
Thomas Jenuwein' and C. David ALlisZ 

Chromatin, the physiological template of all eukaryotic genetic information, is 
subject to a diverse array of posttranslational modifications that largely 
impinge on histone amino termini, thereby regulating access to the underly- 
ing DNA. Distinct histone amino-terminal modifications can generate syner- 
gistic or antagonistic interaction affinities for chromatin-associated proteins, 
which in turn dictate dynamic transitions between transcriptionally active or 
transcriptionally silent chromatin states. The combinatorial nature of histone 
amino-terminal modifications thus reveals a "histone code" that considerably 
extends the information potential of the genetic code. We propose that this 
epigenetic marking system represents a fundamental regulatory mechanism 
that has an impact on most, if not all, chromatin-templated processes, with 
far-reaching consequences for cell fate decisions and both normal and patho- 
logical development. 

Genomic DNA is the ultimate template of our 
heredity. Yet despite the justifiable excitement 
over the human genome, many challenges re- 
main in understanding the regulation and trans- 
duction of genetic information (I).It is unclear, 
for example, why the number of protein-coding 
genes in humans, now estimated at -35,000, 
only doubles that of the fruit fly Drosophila 
melanogaster. Is DNA alone then responsible 
for generating the full range of information that 
ultimately results in a complex eukaryotic or- 
ganism, such as ourselves? 

We favor the view that epigenetics, im- 
posed at the level of DNA-packaging proteins 
(histones), is a critical feature of a genome- 
wide mechanism of information storage and 
retrieval that is only beginning to be under- 
stood. We propose that a "histone code" ex- 
ists that may considerably extend the infor- 
mation potential of the genetic (DNA) code. 
We review emerging evidence that histone 
proteins and their associated covalent modi- 
fications contribute to a mechanism that can 
alter chromatin structure, thereby leading to 
inherited differences in transcriptional "on- 
off" states or to the stable propagation of 
chromosomes by defining a specialized high- 
er order structure at centromeres. Under the 
assumption that a histone code exists, at least 
in some form, we discuss potential mecha- 

nisms for how such a code is "read and 
translated lnto biological functions. 

Throughout this review, we have chosen 
epigenetic phenomena and underlying mecha- 
nisms in two general categories: chromatin- 
based events leading to either gene activation or 
gene silencing. In particular, we center our dis- 
cussion on examples where differences in "on- 
off" transcriptional states are reflected by dif- 
ferences in histone modifications that are either 
"euchromatic" (on) or "heterochromatic" (off) 
(Fig. 1A). We also point out that, despite many 
elegant genetic and biochemical insights into 
chromatin function and gene regulation in the 
budding yeast Saccharomyces cerevisiae, some 
of the heterochromatic mechanisms (e.g., HPl- 
based gene silencing) discussed here do not 
exist in an obvious form in this organism. Thus, 
we will need to pursue other model systems, 
such as Schizosaccharon~yces pombe, Caeno-
rhabditis elegans, Drosophila, and mice, to 
"crack" the histone code. 

Chromatin Template and Histone 
Code 
In the nuclei of all eukaryotic cells, genomic 
DNA is highly folded, constrained, and com- 
pacted by histone and nonhistone proteins in 
a dynamic polymer called chromatin. For 
example, chromosomal regions that remain 

transcriptionally inert are highly condensed 
in the interphase nucleus and remain cytolog- 
ically visible as heterochromatic foci or as the 
"Barr body," which is the inactive X chromo-
some in female mammalian cells (2). The 
distinct levels of chromatin organization are 
dependent on the dynamic higher order struc- 
turing of nucleosomes. which represent the 
basic repeating unit of chromatin. In each 
nucleosome, roughly two superhelical turns 
of DNA wraD around an octamer of core 
histone proteins formed by four histone part- 
ners: an H3-H4 tetramer and two H2A-H2B 
dimers (3).Histones are small basic proteins 
consisting of a globular domain and a more 
flexible and charged NH,-terminus (histone 
"tail") that protrudes from the nucleosome. It 
remains unclear how nucleosomal arrays con- 
taining linker histone (HI) then twist and fold 
this chromatin fiber into increasingly more 
compacted filaments leading to defined high- 
er order structures. 

Central to our current thinking is that 
chromatin structure plays an important regu- 
latory role and that multiple signaling path- 
ways converge on histones (4). Although 
histone proteins themselves come in generic 
or specialized forms (j),exquisite variation is 
provided by covalent modifications (acetyla- 
tion, phosphorylation, methylation) of the hi- 
stone tail domains, which allow regulatable 
contacts with the underlying DNA. The en- 
zymes transducing these histone tail modifi- 
cations are highly specific for particular ami- 
no acid positions (6, 7), thereby extending 
the information content of the genome past 
the genetic (DNA) code. This hypothesis pre- 
dicts that (i) distinct modifications of the 

'Research Institute o f  Molecular Pathology (IMP) a t  
the Vienna Biocenter, Dr. Bohrgasse 7, A-1030 V i -
enna, Austria. E-mail: jenuwein@nt.imp.univie.ac.at 
2Department o f  Biochemistry and Molecular Genetics, 
University o f  Virginia Heal th Science Center, Char- 
lottesville, VA 22908, USA. E-mail: allis@virginia.edu 

1074 	 10 AUGUST 2001 VOL 293 SCIENCE www.sciencemag.org 

mailto:jenuwein@nt.imp.univie.ac.at
mailto:allis@virginia.edu

