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Epigenetics is the study of heritable changes in
gene expression that are not mediated at the DNA
sequence level. Molecular mechanisms that medi-
ate epigenetic regulation include DNA methylation
and chromatin/histone modifications. With the
identification of key histone-modifying enzymes,
the biological functions of many histone posttrans-
lational modifications are now beginning to be elu-
cidated. Histone methylation, in particular, plays
critical roles in many epigenetic phenomena. In

this review, we provide an overview of recent
findings that shape the current paradigms regard-
ing the roles of histone methylation and histone
variants in heterochromatin assembly and the
maintenance of the boundaries between hetero-
chromatin and euchromatin. We also highlight
some of the enzymes that mediate histone meth-
ylation and discuss the stability and inheritance of
this modification. (Molecular Endocrinology 19:
563-573, 2005)

THE QUESTION OF how a single cell can differen-
tiate into the many different cell types in a multi-
cellular organism has long led to the postulation that
additional information that regulates genomic func-
tions must exist beyond the level of the genetic code.
This concept led to the introduction of the term “epi-
genetics” back in the 1940s—a term that has now
evolved to mean heritable changes in gene expression
that do not involve changes in DNA sequence (1, 2).
Epigenetic regulation is not only critical for generating
diversity of cell types during mammalian development,
but it is also important for maintaining the stability and
integrity of the expression profiles of different cell
types. Interestingly, whereas these epigenetic
changes are heritable and normally stably maintained,
they are also potentially reversible, as evidenced by
the success of cloning entire organisms by nuclear
transfer methods using nuclei of differentiated cells (3).
Therefore, understanding the basic mechanisms that
mediate epigenetic regulation is invaluable to our
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knowledge of cellular differentiation and genome
programming.

Studies of the molecular basis of epigenetics have
largely focused on mechanisms such as DNA methyl-
ation and chromatin modifications (4). In fact, emerg-
ing evidence indicates that both mechanisms act in
concert to provide stable and heritable silencing in
higher eukaryotic genomes. In this review, we will fo-
cus mainly on chromatin modifications and highlight
some recent breakthroughs in the field of chromatin
dynamics that functionally link histone modifications
and epigenetic regulation. To provide a broad over-
view of current findings and paradigms, we have
drawn upon observations from a wide range of studies
using diverse model organisms such as Saccharomy-
ces cerevisiae, Schizosaccharomyces pombe, Dro-
sophila, mouse, etc. Histone proteins are highly con-
served from budding yeast (S. cerevisiae) to human,
and the chromatin-mediated regulatory pathways are
by and large evolutionarily conserved as well. These
pathways are generally better elucidated in organisms
such as yeast and Drosophila, and the additional com-
plexities in mammalian cells are in many cases still
under investigation.

CHROMATIN AND HISTONE MODIFICATIONS

Chromatin structure is the packaging of genomic DNA
through association with histone proteins (5). The nu-
cleosome, the basic repeating unit of chromatin, con-
sists of 146 bp of DNA wrapped around an octameric
histone core containing two copies each of histones
H2A, H2B, H3, and H4 (6). Nucleosomal DNA can be
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further compacted by association with the linker his-
tone H1 and additional nonhistone proteins, as well as
by higher order looping and folding of the chromatin
fiber. The organization of chromatin not only restricts
physical access of nuclear factors to the underlying
DNA, but it is now clear that posttranslational modifi-
cations of histone proteins can alter chromatin con-
formation and play direct regulatory roles in gene ex-
pression (7). Whereas the majority of nucleosomes in
the cell are composed of the same four types of core
histones, tremendous diversity in the histone/nucleo-
some structures is generated by a variety of posttrans-
lational modifications, such as acetylation, phosphor-
ylation, methylation, and ubiquitination (for more
detailed reviews, see Refs. 8-10). Some modifications,
including acetylation and phosphorylation, are revers-
ible and dynamic and are often associated with induc-
ible expression of individual genes. Other modifica-
tions, such as methylation, are found to be more stable
and are involved in the long-term maintenance of the
expression status of regions of the genome. These
modifications occur on multiple but specific sites on
the histones, and it has been suggested that histones
can act as signaling platforms, integrating upstream
signaling pathways to elicit appropriate nuclear re-
sponses such as transcription activation or repression
(11). In addition, with so many possible combinations
of modifications that can occur on a variety of sites on
histones, it has been proposed that different combi-
nations of histone modifications may result in distinct
outcomes in terms of chromatin-regulated functions.
This idea, formally proposed as the Histone Code
Hypothesis (12-14), has been the subject of intense
investigation over the last several years.

HETEROCHROMATIN AND EUCHROMATIN

The appreciation of the link between chromatin com-
paction and gene expression dates back to cytological
studies of the early 20th century. Using basic dyes to
stain chromatin and visualize it under the microscope,
Emil Heitz noted that chromatin of eukaryotic cells can
be broadly distinguished into two forms: heterochro-
matin and euchromatin (15). Heterochromatin was de-
fined as condensed regions of the nucleus that do not
decondense during interphase, whereas euchromatin
was noted to readily decondense upon exit of mitosis.
It was postulated that heterochromatin is the function-
ally inactive regions of the genome and euchromatin is
where actual gene activity occurs. As we advance to
the 21st century, these chromatin domains are much
better defined at the molecular level: heterochromatin
regions are more closed in chromatin conformation [as
defined by nuclease accessibility (16)]; they contain
few actively expressed genes, and replicate late in
S-phase (17). In contrast, euchromatin is more open
and accessible to nucleases, is rich in actively tran-
scribing genes, and replicates early during S-phase. In
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addition, euchromatin regions are highly enriched for
acetylated histones whereas heterochromatin con-
tains histones that are predominantly hypoacetylated.
Indeed, histone acetylation is now well understood to
function in transcription activation (18, 19), and it is
becoming clear that specific patterns of histone acet-
ylation, as well as methylation, mark these regions and
direct the formation of distinct chromatin domains.
Around the time of Heitz’s characterization of het-
erochromatin, J. Muller described the phenomenon
of position-effect variegation (PEV) in Drosophila
whereby euchromatic genes, when juxtaposed to het-
erochromatic sequences because of chromosomal re-
arrangement or transposition, can become transcrip-
tionally silenced (20). The extent of silencing varied
from one clonal population to another and thus gave
rise to the variegated phenotypes. These observations
not only supported the link between heterochromatin
and transcriptional silencing but also suggested that
there is an epigenetically based cis-spreading silenc-
ing phenomenon. Through further genetic studies, a
number of genes have been identified to modify this
PEV effect and they are classified either as E(var)s
(enhancers of PEV) or Su(var)s (suppressors of PEV)
(21). Characterization of these gene products demon-
strated that some have structural roles in heterochro-
matin formation or functional roles in gene silencing.
One of the best examples of these Su(var) genes is
Su(var)2-5, which encodes the heterochromatin pro-
tein 1 (HP1) (22). HP1 is a chromatin-binding nuclear
protein that localizes to heterochromatic regions in
Drosophila and higher eukaryotes. Binding of HP1 to
specific regions of the genome is thought to be a
critical event in initiating and maintaining the con-
densed chromatin conformation of heterochromatin.
This function, as we now know, is intimately tied to
histone methylation and chromatin remodeling.

Su(var) AND HISTONE METHYLATION

It has long been known that histones, particularly H3
and H4, are methylated at a number of lysine (Lys) and
arginine (Arg) residues. The major sites of Lys-meth-
ylation on histones identified so far are: Lys4, Lys9,
Lys27, Lys36, Lys79 on H3 (see Fig. 1) and Lys20 on
H4 (23, 24). In addition, the Lys residue can be meth-
ylated in the form of mono-, di-, or trimethylation, and
this differential methylation provides further functional
diversity to each site of Lys methylation. A major
breakthrough in the understanding of H3 Lys-methyl-
ation function was the discovery that one of the well-
studied Su(var) genes in fact encodes a histone meth-
yltransferase (HMT). The Su(var)3-9 gene in
Drosophila, and its homolog, Clir4, in fission yeast S.
pombe, were originally identified by genetics screens
to have roles in transcriptional silencing associated
with heterochromatin (in Drosophila) and mating type
silencing (in S. pombe) (25). Biochemical analyses of
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the human homolog, Suv39H1, revealed that this pro-
tein has an enzymatic activity that specifically methy-
lates histone H3 at Lys9 (26). This finding, followed by
a convergence of genetics and biochemical data, and
aided by the development of antibodies highly specific
for H3 methylated at different sites, quickly delineated
a pathway of heterochromatin formation (27-29). In S.
pombe, for example, heterochromatin formation starts
with the deacetylation of histone H3 at Lys9 by a
histone deacetylase (HDAC) complex that clears the
way for Clr4 to methylate this unique residue that can
either be acetylated or methylated. Methylation of
Lys9 on H3 then creates a motif that is specifically
recognized and bound by the chromodomain of HP1.
Disruption of the CIr4 gene resulted in the loss of
localization of Swi6 (homolog of HP1), illustrating that
H3 methylation is required in the recruitment of HP1
and heterochromatin assembly in vivo (29). Intrigu-
ingly, genetics studies in S. pombe and Tetrahymena
systems show that formation of heterochromatin is
also dependent on genes that encode components of
the RNA interference (RNAI) machinery (30, 31). It has
been suggested that the small RNAs are involved in
the targeting of histone-modifying activities to the re-
gions that are to be silenced, and the mechanistic
details of this process are currently under investigation
(32, 33).

In mouse, disruption of the two Su(var)3-9 homologs,
Suv39h1 and Suv39h2, led to impaired viability and
chromosomal instabilities in the double-null (dn) mouse
embryos (34). By using antibodies that specifically dis-
tinguish the mono-, di- and trimethylation state of Lys9-
methylated H3, it was found that fibroblasts derived from
the dn embryos show a specific loss of the Lys9 tri-
methylated form of H3 at pericentric heterochromatin
(35). Interestingly, whereas HP1a localization in these
cells is compromised, the presence of condensed chro-
matin at pericentric regions, as indicated by DAPI (4’,6-
diamidino-2-phenylindole) dense staining, appears to be
unaffected (35, 36). Moreover, these cells have a con-
comitant increase in Lys9 monomethylation and Lys27
trimethylation of the H3 at the pericentric regions, sug-
gesting that additional enzyme systems in the dn cells
can modify the H3 in a different way and perhaps func-
tion to compensate and maintain heterochromatin
stability.

SET DOMAIN AND HISTONE METHYLATION

Structural-functional analyses of Suv39H1 and Cir4
showed that their HMT activities are mediated by the
SET domain of the proteins. This highly conserved
domain is found in large number of proteins from yeast
to human, and is named after the three founding pro-
teins that share this domain: Su(VAR)3-9, enhancer of
zeste [E(Z2)], and trithorax (TRX) (25). Indeed, all three of
these proteins, as well as a growing number of other
SET domain-containing proteins, have now been
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shown to have HMT activities and they each have
exquisite specificity toward different sites on H3 or H4
(24, 37). E(2) and TRX belong to the Polycomb (Pc)-
and trx-group gene product families that have previ-
ously been identified as chromatin-modifying proteins
important for maintaining the balanced expression of
homeotic genes in Drosophila and mammals. The hu-
man EZH2 methylates histone H3 at Lys27, whereas
the TRX homologs [for example, Set1p in S. cerevisiae,
TRX, TRR (trithorax-related) in Drosophila, and MLL
(myeloid or mixed lineage leukemia) in human] all
methylate H3 at Lys4 (24). Consistent with the previ-
ously assigned roles of the Pc and trx complexes in
transcriptional repression and activation, respectively,
H3 Lys27 methylation has been correlated with tran-
scription silencing (38, 39), and H3 Lys4 methylation is
now well established as a chromatin mark for active
genes (40). Analogous to the binding of the chromo-
domain of HP1 to Lys9-methylated H3, the chromo-
domain of the Pc protein has been found to bind
Lys27-methylated H3, and functions to recruit the Pc
complex to initiate Pc-dependent transcriptional si-
lencing (41). Interestingly, swapping of the chromodo-
mains of HP1 and Pc was sufficient to switch the
nuclear localization of these proteins in Drosophila S2
cells, indicating that the binding of the respective
chromodomains of these proteins to the Lys9- or
Lys27-methylated H3 has important roles in the tar-
geting of chromatin-binding proteins in vivo.

H3 Lys4 methylation has been well documented to
be associated with euchromatic regions in diverse or-
ganisms including S. pombe, Drosophila, and mam-
malian cells; however, a direct role for this modifica-
tion in activating transcription has not been found.
Biochemical pull-down assays showed that Lys4-
methylated H3 can bind to the chromatin remodeling
enzyme Isw1p (42). In addition, association of Isw1p to
chromatin is dependent on the H3 Lys4-methylating
enzyme Setlp in S. cerevisiae, suggesting that this
modification promotes association of remodeling fac-
tors that in turn facilitate transcription. Biochemical
data also suggested that Lys4-methylated H3 can pre-
vent binding of the mammalian HDAC complex NuRD
(nucleosome remodeling and HDAC) to chromatin (43).
The consensus so far suggests that H3 Lys4 methyl-
ation may have an indirect regulatory role by maintain-
ing the associated genomic regions in a state that is
poised for transcription activation.

NON-SET DOMAIN-CONTAINING HISTONE
METHYLTRANSFERASES

Since the first recognition that the SET domain of
Suv39H1 has histone methyltransferase activity, many
other SET domain-containing proteins have been
shown to methylate histones at a variety of Lys resi-
dues (Refs. 23 and 24 and Fig. 1). It is important to
note that not all SET domain-containing proteins are
HMTs, nor are the activities of all histone Lys-methyl-
transferases mediated by SET domains. For example,
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Fig. 1. Summary of the Lys-Methylated Residues on H3 Highlighted in this Review

Of the five Lys residues on H3 known to be methylated, four are highlighted in this review and figure. Examples from different
organisms of the enzymes that methylate H3 at the indicated sites are shown above the H3 amino acid sequence. The enzymes
that methylate H3 on Lys9, 27, and 4, respectively, belong to the Su(var)3-9, E(Z), and Trx families, and all of them contain SET
domains (named after the aforementioned enzymes) that function as their catalytic cores. In contrast, the Dot1 family members,
which methylate H3 on Lys79, do not have SET domains. Also indicated in this figure are the known (or putative) physical and
biological functions associated with each site-specific methylation event. txn, Transcription.

Dot1p is a non-SET domain-containing enzyme that
methylates H3 at Lys79 (44-47). In contrast to the
other identified methylation sites on histones, which
are located at the N-terminal tails of H3 and H4 that
physically extend away from the nucleosome core [as
determined by the crystal structure of the nucleosome
(48)], Lys79 is located in the core domain of H3. Dot1p
strongly prefers nucleosomal H3 over free H3 as sub-
strate in vitro and presumably requires the nucleo-
some context for substrate recognition.

Whereas S. cerevisiae doesn’t have the prototypical
form of heterochromatin found in higher eukaryotes,
specific regions of its genome (such as the silent
mating-type loci, telomeric regions, and the ribosomal
DNA locus) are silenced by epigenetic-type mecha-
nisms. Instead of HP1-mediated heterochromatin as-
sembly, silencing is mediated by the binding of the Sir
complex (comprising Sir2, Sir3, and Sir4) to the mat-
ing-type and telomeric loci, and binding of the RENT
complex (comprising Sir2, Net1, and Cdc14) to the
ribosomal DNA locus (49). In this organism, about 90%
of all H3 are either mono-, di- or trimethylated at
Lys79, which roughly corresponds to the amount of
euchromatin in its genome (44). Dot1 (originally iden-
tified by a genetic screen as a disrupter of telomeric
silencing) appears to have an antisilencing function
whereby overexpression of this protein leads to loss of
silencing in budding yeast. Similar to the suggestion
that H3 Lys4-methylation prevents binding of the si-
lencing complex NuRD in mammalian cells, it has been
postulated that Lys79 methylation functions to repel
binding of Sir proteins and thus prevent spreading of
the Sir proteins-mediated silencing into the euchro-
matic parts of the S. cerevisiae genome (44, 50).

The methylation of H3 at Lys79 is a conserved mark
in other eukaryotic cells as well; however, whether it
also has a role in setting the boundaries between

heterochromatin and euchromatin in other organisms
is not clear. Interestingly, it has recently been reported
that the mammalian DNA repair-associated protein,
53BP1, specifically recognizes and binds to Lys79
methylated H3 (51). Furthermore, its localization to
double-strand DNA breaks and repair foci requires the
function of the mammalian H3 Lys79-methyltrans-
ferase Dot1L. Given that this methylation mark is not
exclusively found at sites of DNA breaks in mammalian
cells, how H3 Lys79 methylation helps to selectively
recruit 53BP1 to the sites of DNA damage is an im-
portant question that awaits further investigation.

ROLES OF HISTONE MODIFICATIONS AND
VARIANTS AT THE HETEROCHROMATIN-
EUCHROMATIN BOUNDARIES

In S. cerevisiae, the localization of the histone H2A vari-
ant Htz1 (also known as H2A.Z in mammalian cells) has
also been suggested to function in defining the bound-
aries between heterochromatin and euchromatin.
Whereas the core histones (H2A, H2B, H3 and H4) rep-
resent the majority of histones in all organisms, variant
versions of these histones (with the exception of H4)
exist in low steady-state levels, and they are thought to
replace their core histone counterparts at strategic po-
sitions in the genome for specialized functions (52, 53).
For example, the nucleosomes at the centromeres con-
tain the H3 variant Cse4/CENP-A (in S. cerevisiae/hu-
man), and they are thought to perform centromere-spe-
cific functions. H2A.X is a variant form of H2A in human
cells that is rapidly phosphorylated in response to DNA
damage and functions to mark the damaged area as well
as to recruit DNA repair complexes. H2A.Z (or Htz1) is
another H2A variant that is conserved from budding
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Fig. 2. Two Models of Nucleosome Segregation

After passage of the replication fork, parental nucleosomes
are recycled and deposited onto the two daughter strands. In
model A, the parental histone octamers (gray cylinders) re-
main intact and are randomly segregated to the two daughter
strands. Newly assembled nucleosomes (red cylinders) then
fill in the gaps not occupied by the parental octamers. In this
scenario, histone-modifying enzymes copy the parental his-
tone modifications (exemplified by the Me groups) to the
adjacent newly assembled nucleosomes (symbolized by the
green arrows). In model B, the parental histone octamers split
in half and are equally segregated to the two daughter
strands (gray halves). Nucleosome assembly complexes then
deposit newly synthesized histones to complement the ex-
isting halves of the nucleosomes (red halves) present on the
daughter strands. In this case, histone modifying enzymes
would copy the modifications from the old half to the new half
of the nucleosomes (symbolized by the green arrows).

yeast to humans. Early studies of this variant in Tetrahy-
mena found that it is specifically enriched in the tran-
scriptionally active nuclei of this organism (54, 55). Con-
sistent with this finding, deletion of the HTZ1 gene in S.
cerevisiae resulted in compromised activation of several
inducible genes (56). However, such deletion also af-
fected transcriptional silencing of the mating-type loci
and telomeres (57). A recent study using microarray anal-
yses found that 40% of the genes that require Htz1 for
full expression are located in the euchromatic regions
adjacent to the silenced mating-type loci and telomeric
regions (58). In addition, loss of Htz1 led to spreading of
Sir proteins into the euchromatin regions, whereas con-
comitant loss of Htz1 and Sir2 protein restored the ex-
pression levels of the Htz1-regulated genes. Therefore,
these results suggest that Htz1 has a role in maintaining
the integrity of the heterochromatin-euchromatin bound-
aries to ensure proper transcriptional regulation of the
genes in both regions. Recently, three independent stud-
ies identified a chromatin remodeling complex, Swr1-
complex, which specifically exchanges Htz1 with nu-
cleosomal H2A, and thus functions to insert Htz1 into the
appropriate regions of the genome (59-61). These stud-
ies have sparked a great deal of interest in defining the
links between remodeling complexes and the deposition
of histone variants, and the potential of these complexes
in regulating histone variant functions.

In contrast to the findings in S. cerevisiae, the role of
mammalian H2A.Z in association with heterochroma-
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tin is less clear. Immunolocalization studies showed
that H2A.Z is excluded from the transcriptionally silent
inactive X chromosome, which supports the notion
that H2A.Z preferentially associates with transcription-
ally active regions of the genome (62). However, the
same study also found that in early mouse embryos,
H2A.Z localizes to the pericentric heterochromatin,
suggesting that this variant may have a role in hetero-
chromatin functions during development. RNAi exper-
iments showed that depletion of H2A.Z in Cos7 cells
resulted in loss of proper HP1a localization on the
chromosome arms, but localization of HP1«a to cen-
tromeres was not affected (63). A recent report using in
vivo cross-linking studies found that HP1« associates
with H2A.Z- but not H2A-containing chromatin, and in
combination with results from biophysical analyses of
reconstituted oligonucleosome arrays, this study pro-
posed that H2A.Z and HP1« function together in com-
pacting chromatin at heterochromatic domains (64).
Taking these findings together with the studies in Tet-
rahymena, Drosophila, and S. cerevisiae that suggest
that H2A.Z has a role in transcription activation, it is
possible that different organisms have evolved sepa-
rate euchromatin- and heterochromatin-associated
functions for this variant. It is perhaps of interest to
note that the entire S. cerevisiae genome, apart from
the defined regions silenced by the Sir proteins, exists
in a euchromatic state. Consistent with this notion, the
chromatin of this organism does not contain histone
methylation marks such as H3 Lys9 or Lys27 methyl-
ation that are associated with repressive chromatin.
Therefore, in budding yeast, Htz1 may have only one
single function in maintaining the transcriptional com-
petence of genes in euchromatin, whereas this variant
may have additional heterochromatin-associated
functions in other eukaryotes.

BOUNDARY ELEMENTS SEPARATE
HETEROCHROMATIN AND EUCHROMATIN
IN HIGHER EUKARYOTES

In mammalian cells, a significant portion of the ge-
nome is made up of gene-poor and transcriptionally
inert regions that are maintained in a repressed chro-
matin state. To prevent essential euchromatin genes
from being silenced by heterochromatin spreading,
higher eukaryotes have defined boundary elements
that act as barriers against neighboring effects. In two
separate studies that performed large-scale mapping
of the histone modification status of approximately
50-kb regions surrounding the S. pombe mating-type
locus and the chicken B-globin locus, it was found that
there are distinct and sharp boundaries between Lys9-
methylated H3 associated with heterochromatin and
Lys4-methlyated H3 associated with euchromatin (65,
66). In fact, the levels of Lys9- vs. Lys4-methlyated H3
are inverse of one another over these 50-kb domains
(i.e. when one is high, the other is low). Importantly,

Downloaded from mend.endojournals.org on January 6, 2006


http://mend.endojournals.org

568 Mol Endocrinol, March 2005, 19(3):563-573

deletion of the IR-L and IR-R boundary elements flank-
ing the mat2 and mat3 loci in S. pombe resulted in
spreading of heterochromatin and H3 Lys9 methlya-
tion into the flanking euchromatin regions normally
marked by H3 Lys4 methylation (65). In the chicken
B-globin locus, a functional boundary element was
mapped to the deoxyribonuclease | hypersensitive site
called 5'HS4. A recent report demonstrated that a
250-bp region in this element recruits and binds
the ubiquitously expressed USF proteins (67). These
USF proteins physically associate with histone acetyl-
transferases p300/cAMP response element binding
protein-binding protein (CBP)-associated factor and
p300, as well as the H3 Lys4 methyltransferase
Set7/9. Moreover, RNAi-mediated knock-down of
USF expression resulted in a loss of recruitment of the
histone modifying enzymes, a significant diminishment
of acetylated and Lys4-methylated H3, and a concom-
itant increase in the Lys9-methylated H3 at the 5'HS4
element. These studies thus provide a possible mech-
anism for targeting histone-modifying enzymes to the
boundary elements through association with the USF
proteins to prevent encroachment of heterochromatin
into euchromatic regions.

STABILITY OF HISTONE METHYLATION

One of the defining criteria for epigenetic modifica-
tions is that they are heritable. For this reason, one of
the attractive features of histone Lys methylation as a
potential epigenetic mark is that this modification ap-
pears to be very stable (68, 69). Early studies looking
at the turnover rate of histone methylation found that
the half-life of the methyl mark on histones is equal to
that of the protein itself, and thus proposed that this
modification is irreversible. Recently, an enzyme that
catalyzes removal of Arg-methylated histones has
been identified, indicating that not all types of histone
methylation are irreversible (70, 71). Arg methylation of
histones is linked to gene activation whereby recruit-
ment of histone Arg methyltransferases, such as
CARM1 (coactivator-associated arginine methyltrans-
ferasae) and PRMT1 (protein arginine N-methyl trans-
ferase), is part of the transcription initiation pathway of
nuclear hormone regulated genes (for more details of
this group of enzymes, see Refs. 72-74). Insofar as
activation of these genes is transient, it is not surpris-
ing that Arg methylation of histones has to be reversed
to reset the inducible status of the genes. Functionally,
the identified enzyme, peptidylarginine deiminase 4
(PAD4 or PADI4), is not a demethylase, but a deimi-
nase that converts Arg residues to citrulline (75). In
vitro assays showed that PAD4/PADI4 can utilize
methylated-histones as substrate, and chromatin im-
munoprecipitation assays demonstrated coordinated
enrichment of Arg-methylated histones, PAD4/PADI4,
and citrullinated histones at pS2 promoter that coin-
cided with the expression profile of this estrogen-
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regulated gene (70, 71). These studies proposed that
removal of Arg-methylated H3 or H4 is mediated
through conversion of the methylated Arg residues to
citrulline by PAD4/PADI4, and the citrullinated his-
tones are then either replaced or converted back to
unmodified histones by an unknown mechanism.

Because it is evident that epigenetic reprogramming
does occur during differentiation and development,
this argues that at some point there must also be
removal or turnover of the methyl-Lys marks on his-
tones. The identification of such an enzyme activity
has proven to be elusive until very recently when it was
reported that an amine oxidase termed LSD1 (Lys-
specific demethylase 1) specifically targets H3 meth-
ylated at Lys4 (76). LSD1 was initially identified as a
component of the Co-REST repressor complex. In
vitro assays showed that LSD1 converts mono- or
dimethylated H3 to nonmethylated forms, but it does
not have any enzymatic effects on trimethylated sub-
strates. Also, this enzyme has exquisite specificity for
Lys4-methylated H3; however, the structural basis for
this specificity is currently not known. RNAi-induced
knock-down of LSD1 levels resulted in increased
steady-state levels of Lys4-methylated H3 as well as
derepression of a number of genes known to be reg-
ulated by the Co-REST complex, suggesting that this
enzyme activity has a role in gene silencing.

One intriguing point of note is that LSD1 orthologs
and homologs have been identified in a number of
eukaryotic organisms; however, they do not appear to
be present in S. cerevisiae. This is surprising because
this organism is enriched in Lys4-methylated H3. In
addition, the amine oxidase activity of LSD1 does not
mediate removal of trimethylated Lys, and so it is
possible that additional and alternative (i.e. one that
uses a different kind of enzymatic reaction) histone
Lys-demethylases may exist (77). Because both LSD1
and PAD/PADI4 are the first and only reports of the
respective methyl-Lys and methyl-Arg removal en-
zymes, many of the details of these enzyme activities
remain to be elucidated. For example, how are these
enzymes targeted and regulated in vivo? Insofar as
earlier studies have found that the bulk level of histone
Lys-methylation is very stable, does this indicate that
only a small fraction of total chromatin gets demeth-
ylated? Also, given the specificity of LSD1 toward
Lys4-methylated H3, are there distinct enzymes that
demethylate each of the site-specifically methylated
H3 and H4? Finding the answers to these questions
will no doubt reshape our current ideas of the biolog-
ical roles of histone methylation.

REGULATION OF THE BINDING OF CHROMATIN-
ASSOCIATED FACTORS TO METHYLATED
HISTONES

The methylation of Lys9 and Lys27 on H3 is function-
ally important for determining histone-protein interac-
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tions (24), and this is mediated by the methyl-depen-
dent binding of HP1 and Pc through their
chromodomain motifs. Crystal structure analyses of
the chromodomains of these two proteins showed that
conserved positioning of several key aromatic resi-
dues form cage-like structures that bind the methyl-
ated Lys on H3 (41, 78, 79). As mentioned earlier,
Lys79-methylated H3 is specifically recognized and
bound by 53BP1 (51), and in this case, the interaction
is mediated by the Tudor domain of 53BP1. The Tudor
domain and chromodomain are in fact structurally re-
lated and they belong to a larger family of domains
known as the Royal family (80). Whether other mem-
bers of this family also bind methylated histones is an
interesting question that is under investigation. With
the idea that methyl-Lys residues function to recruit
binding partners in mind, some researchers have also
raised the question of whether such methylation-de-
pendent binding of chromatin-associated factors is
potentially a regulated process. In particular, it was
noted that many of the Lys-methylation sites on his-
tones are adjacent to Ser/Thr residues that are either
known or potential phosphorylated sites; and thus it
was proposed that reversible phosphorylation of
nearby residues may have a role in regulating the
methylation-dependent binding of chromatin factors
such as HP1 (81).

In support of this idea, in vitro binding of HP1 to
Lys9-methylated H3 was ablated when the serine res-
idue at position 10 (Ser10) of H3 was phosphorylated
(81). In addition, the in vivo localization of HP1 to
chromatin was found to correlate with changes in the
modification status of H3 during the cell cycle (82).
Interestingly, it was found that dissociation of HP1
from chromatin occurs only after H3 was both phos-
phorylated at Ser10 and acetylated at Lys14. This
combination of H3 modifications has previously been
shown to correlate with transcriptional activation of
the immediate-early genes in mammalian cells (83, 84)
and may have additional functions in antagonizing
HP1-mediated transcriptional silencing.

LINKS BETWEEN HISTONE AND DNA
METHYLATION

As mentioned earlier, DNA methylation is another
mechanism associated with epigenetic silencing. DNA
methylation specifically occurs at the C® position of
cytosine residues that are in the context of CpG
dinucleotides. It has been estimated that as much as
80% of all CpG dinucleotides in the mammalian ge-
nome are methylated (85). The remaining unmethyl-
ated CpG residues are mostly located in the promoter
regions of constitutively active genes and are referred
to as CpG islands. DNA methylation has long been
shown to have a transcriptional silencing function. This
effect is in part mediated by recruitment of HDACs
through the methyl-DNA binding motifs of compo-
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nents of several HDAC-containing complexes (86, 87).
More recently, direct functional links between DNA
and histone methylation have also been uncovered. In
Neurospora and Arabidopsis, genetic evidence indi-
cates that H3 Lys9 methylation is a prerequisite for
DNA methylation to occur (88, 89). Loss of Suv39H1/2
in knockout mouse cells also altered the DNA meth-
ylation pattern of their pericentric heterochromatin
(90). On the other hand, examples of ablation of DNA
methylation affecting H3 methylation and other his-
tone modifications have also been found in Arabidop-
sis and human cells (91, 92). It appears that DNA and
histone methylation likely have a cyclical and mutually
reinforcing relationship, and both are required for sta-
ble and long-term epigenetic silencing.

INHERITANCE OF EPIGENETIC MARKS

Although substantial detail about the inheritance of
DNA methylation through mitotic cell division is
known, any analogous mechanisms for the inheri-
tance of histone modifications are not as clearly
understood. As mentioned earlier, histone Lys-
methylation does not appear to turnover quickly and
presumably persists through cell division. Even for
highly dynamic modifications such as acetylation,
earlier studies showed that specific sites of acety-
lation are maintained during mitosis, and such in-
heritance of acetylation patterns is thought to main-
tain the expression profiles of genes through
successive generations (93, 94). During DNA repli-
cation, preexisting nucleosomes of the parental ge-
nome are recycled and deposited onto the newly
generated daughter strands, and therefore, any sta-
ble histone modifications can potentially be trans-
ferred from one generation to the next. Early studies
using radioactively labeled histones strongly sug-
gested that the parental histones are transferred as
intact octamers, and are randomly segregated onto
the two daughter DNA strands (95, 96). Nucleosome
assembly complexes then deposit additional newly
synthesized histones to fill in the gaps. Interestingly,
a recent report suggested that the parental nucle-
somes may actually divide in a semiconservative
manner whereby the parental histone octamer is
split into H2A-H2B/H3-H4 heterodimers that are
then equally segregated onto the two daughter DNA
strands (97). In this scenario, the nucleosome as-
sembly complex then deposits newly synthesized
histones to complete the preexisting half of the nu-
cleosome (see Fig. 2). This idea is intriguing because
it invokes the possibility of a mechanism that can
faithfully and equally transmit histone-associated in-
formation from parent to daughter DNA strands.
However, it is not clear how this hypothesis fits in
with earlier data that showed transfer of intact his-
tone octamers during DNA replication.

Regardless of the mechanism that segregates and
assembles nucleosomes onto the newly divided
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DNA strands, successful propagation of histone
modification patterns requires a way of copying/
replicating preexisting modifications onto the newly
assembled nucleosomes. In the above-described
scenarios, one requires copying of histone modifi-
cations from the preexisting nucleosome to adjacent
nucleosomes assembled with newly synthesized hi-
stones, whereas the other requires copying of infor-
mation from the “old half” of the nucleosome to the
“new half” (Fig. 2). In the DNA methylation process,
copying of the methylation pattern during replication
is mediated by the DNA methyltransferase DNMT1
that preferentially methylates hemimethylated DNA.
At present, a similar process for replicating histone
modification has not been shown. Nevertheless, it is
interesting to note that some HMTs such as
Suv39H1 also contain chromodomain motifs that
potentially have a role in targeting these enzymes to
selectively modified regions of chromatin. Also, sev-
eral histone acetyltransferases such as CBP and
p300/CBP-asssociated factor also contain bromo-
domains, a motif that has been shown to have
acetyl-Lys binding properties. Whereas the chromo-
and bromodomains of these HMTs and histone
acetyltransferases have not yet been found to bind
specific methylated or acetylated histones, the func-
tional significance of these potential modification-
binding motifs present on histone methyl- and
acetyltransferases is nevertheless tantalizing.

CONCLUSION

Since the days when chromatin was thought of only as
a static armature for DNA to wrap around, our appre-
ciation of the diverse regulatory functions mediated by
chromatin and histone modifications has grown in
leaps and bounds. Instead of being a structural by-
stander, histones are now recognized as active effec-
tors of gene expression and as providers of additional
levels of regulation to the standard DNA blueprint. The
epigenetic information encoded by histone modifica-
tions and histone variants not only functionally defines
genomic landmarks such as heterochromatin and eu-
chromatin, it also regulates more specialized epige-
netic phenomena such as X chromosome inactivation
and genomic imprinting (areas that are beyond the
scope of this review; for recent reviews, see Refs.
98-100). Moreover, these modifications are critical for
maintaining the integrity of the genome’s expression
profiles and disruptions of these profiles no doubt
contribute to pathologies and diseases. Therefore, our
growing understanding of the mechanistic details of
epigenetic regulation holds great promise for the im-
provement of human health.
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