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Abstract Epigenetic regulation of higher-order chromatin
structure controls gene expression and the assembly of
chromosomal domains during cell division, differentiation,
and development. The proposed “histone code” integrates
a complex system of histone modifications and chromo-
somal proteins that establish and maintain distinctive types
of chromatin, such as euchromatin, heterochromatin, and
centromeric (CEN) chromatin. The reversible nature of
histone acetylation, phosphorylation, and (most recently
discovered) methylation are mechanisms for controlling
gene expression and partitioning the genome into functional
domains. Many different regions of the genome contain
similar epigenetic marks (histone modifications), raising
the question as to how they are independently specified and
regulated. In this review, we will focus on several recent
discoveries in chromatin and chromosome biology: (1)
identification of long-elusive histone “de-methylating” en-
zymes that affect chromatin structure, and (2) assembly and
maintenance of chromatin domains, specifically hetero-
chromatin and euchromatin, through a dynamic equilibrium
of modifying enzymes, histone modifications, and histone
variants identified biochemically and genetically.

Introduction

In eukaryotes, linear DNA is packaged into chromatin, a
higher-order structure containing histones and nonhistone
proteins. Chromatin is generally divided into two cate-

gories: euchromatin and heterochromatin. Euchromatin re-
flects gene expression, replicates primarily in early to mid
S-phase, and has an open conformation that correlates
with increased DNAse hypersensitivity. Conversely, het-
erochromatin is highly condensed, contains few genes,
replicates late in S-phase, and is stable (i.e., maintained in
the same conformation throughout the cell cycle). It has
been easy to dismiss heterochromatin as unimportant or
“junk DNA,” since it is largely transcriptionally inert.
However, it plays important roles in chromosome inheri-
tance, genome stability, and dosage compensation (X in-
activation) in mammals. A functional characteristic is its
ability to silence gene expression, through a phenomenon
originally identified in Drosophila and called position ef-
fect variegation (PEV) (Karpen 1994). Constitutive het-
erochromatin is located at highly compacted regions of
chromosomes (e.g., centromeres and telomeres), remains
condensed throughout the cell cycle, and stably silences
gene expression (Allshire et al. 1994; Karpen 1994). How-
ever, heterochromatin also exists in a more dynamic state,
known as facultative heterochromatin. Facultative hetero-
chromatin is considered “reversible chromatin,” is more
variably condensed, and correlates with chromosomal re-
gions that can either be euchromatic or heterochromat-
ic, such as at genes expressed during particular stages of
development or differentiation. A classic example is the
mammalian inactive X chromosome (Chadwick and Willard
2004), which condenses into the Barr body and shows var-
iable gene expression along the chromosome, often even at
the same locus among different females (Carrel andWillard
2005).

Both DNA and chromatin undergo various covalent mod-
ifications that collectively contribute to functional marking
of the genome. Modifications of the N-terminal tails of
histones include acetylation, phosphorylation, ubiquitina-
tion, and methylation, and occur at various residues, such as
lysine, serine, and arginine. These marks represent epige-
netic information, also known as the “histone code,” which
enables chromatin to respond to transcriptional or devel-
opmental signals, and trigger gene expression and devel-
opmental pathways or chromosomal assembly (Jenuwein
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and Allis 2001). Histone modifications can either be re-
pressive or active chromatin markers, but even within these
two broad categories, there is a complex regulation of his-
tone combinations that further index chromatin into dif-
ferent functional states (Jenuwein and Allis 2001). Histone
acetylation at lysine (K) residues is generally linked with
active transcription. In contrast, methylated histones mark
both transcriptionally active and silent chromatin, depend-
ing on the residue. Methyl groups can be added to both
lysines and arginines (R). Lysine can be can bemono-, di- or
trimethylated, while arginine can be mono- or dimethylated
(assymetrically or symmetrically) (Bannister et al. 2002).

Intriguingly, modifications at certain residues inhibit or
promote additional modifications at other residues on the
same or different histones (Fischle et al. 2003b; Jenuwein
and Allis 2001). For instance, H3-K4 methylation inversely
corresponds to the methylation of H3-K9 (Litt et al. 2001;
Wang et al. 2001a). H3-S10 phosphorylation inhibits H3-
K9 methylation, but is linked to K9 and K14 acetylation of
H3 (Jenuwein and Allis 2001). Methylation at K4 of H3,
phosphorylation at S10 of H3, and H3 acetylation at K9 and
K14 are all correlated with gene expression and chromatin
with an open conformation (euchromatin) (Jenuwein and
Allis 2001). Conversely, H3-K9 methylation and H4-K20
methylation often define condensed chromatin that largely
lacks transcriptional activity (heterochromatin) (see below).
Multiple levels of chromatin regulation exist within the

modification of a single amino acid residue. H3-K4 can be
mono-, di-, or trimethylated. H3-K4 dimethylation is found
at regions, such as promoters, that are thought to be
“poised” for gene expression, and H3-K4 trimethylation is
associated with active transcription (Santos-Rosa et al.
2002; Schneider et al. 2004). Similarly, distinct combina-
tions of methylation states (mono-, di-, or tri-) at the same
residue (i.e., H3-K9 and H3-K27) also define different
types of chromatin (euchromatin and facultative versus con-
stitutive heterochromatin) (Peters et al. 2003; Rice et al.
2003).

Modification at K4 of H3 initiates a series of events
that commit a locus or region to euchromatic assembly.
H3-K4 di- and trimethylation by Set1p in S. cerevisiae
(Table 1) has been shown to trigger recruitment of the
chromatin remodeling factor Isw1p, promoting transcrip-
tion (Santos-Rosa et al. 2003) and preventing the binding
of heterochromatic protein Sir3p to euchromatic regions
(Santos-Rosa et al. 2004). The addition of methyl groups
to H3-K4 works collectively with other histone modifica-
tions, such as acetylation, to create an epigenetic signa-
ture at a gene or promoter region, marking it for docking
by transcription factors. For example, euchromatic genes
are both hypermethylated at H3-K4 and H3-K79, and
hyperacetylated for H3 and H4 (Schubeler et al. 2004).
However, notable exceptions are X-linked and autosomal
imprinted genes in which the promoters, but not coding

Table 1 Chromatin regulators
discussed in this paper

HMTase Histone methyltrans-
ferase, Su(var) suppressor of
variegation, E(z) enhancer of
zeste, pericen het pericentric
heterochromatin, CEN chroma-
tin centromeric chromatin, HP1
heterochromatin protein 1,
mo monomethyl, di dimethyl;
tri trimethyl

Modifier Organism Activity Target Function/location

Htz1 S. cerevisiae Histone variant H2A
(replacement)

Protects euchromatin;
antagonizes Sir protein
spreading

H2av Drosophila Histone variant H2A Pericen het assembly
H2A.Z Human Histone variant H2A HP1 localization
macroH2A Human Histone variant H2A X inactivation
Clr4 S. pombe HMTase H3-K9 Centromere, mating type

locus silencing
Su(var)3-9 Drosophila HMTase H3-K9tri Chromocenter;

pericen het
Suv39h1,2 Mouse HMTase H3-K9tri Pericen het
G9A Human HMTase H3-K9di Pericen het; euchromatin
G9a Mouse HMTase H3-K9di Pericen het; euchromatin
Set1 S. cerevisiae HMTase H3-K4 Euchromatin
SET-7/9 Human HMTase H3-K4 Euchromatin; CEN

chromatin?
PR-SET7/SET8 Human HMTase H4-K20mono Euchromatin
Su(var)4–20 Drosophila HMTase H4-K20tri Heterochromatin
Suv4–20h1,2 Mouse HMTase H4-K20tri Heterochromatin
E(z) Drosophila HMTase H4-K27 Heterochromatin;

euchromatic silencing
EZH2 Human HMTase H3-K27 X inactivation
LSD1 Human Demethylase H3-K4mo, di Gene repression
CARM1 Human HMTase H3-R17 Gene activation
PAD4/PADI4 Human Deiminase/citrullinase Methyl-arg on

H3, H4
Gene repression

JIL-1Su(var3-1) Drosophila Acquired Su(var), histone
phosphorylation

H3-S10? Antagonizes Su(var)3-9
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regions, of expressed alleles are highly enriched for H3-
K4 dimethylation while both the promoters and exons of
the silenced alleles are enriched for H3-K9 methylation
(Rougeulle et al. 2003). Such distinctions between alleles
of the same loci may be important for functionally dis-
criminating or partitioning genes that are biallelically versus
monoallelically expressed and establishing or maintaining
an epigenetic imprint.

Transcriptional regulation by enzymes that convert
or remove histone methyl groups

The opposing activities of acetylases–deacetylases and
kinases–phosphatases on histone acetylation and phos-
phorylation, respectively, monitor gene expression and
higher-order structure of euchromatin. Unlike the revers-
ibility of acetylation and phosphorylation of the N-terminal
histone tails, methylated histones have been considered
highly stable, permanent imprints. Certainly, establishing
a stable, heritable chromatin state, through heterochro-
matin assembly and/or DNA methylation, makes sense to
maintain silencing at specific genes or over whole chro-
mosomes (Bannister et al. 2002). However, an outstand-
ing question in the field is how a “stable” modification
also plays a more dynamic role in gene activation/re-
pression and chromosome structure. Since gene activity
increases when H3-K4 dimethyl becomes H3-K4 tri-
methyl, the reverse would be a logical mechanism for
controlling gene expression by repressing transcription
(Santos-Rosa et al. 2002). Historically, several lines of
evidence supported the perception that histone methyla-
tion leading to heterochromatin formation was a perma-
nent, irreversible mark. First, an active demethylase had
yet to be identified. Second, both methylated residues
and core histones have similar half-lives. Thus, removal of
methyl groups has previously been attributed to either
normal histone turnover or histone replacement by un-
modified or variant histones during replication. Proteolytic
cleavage of N-terminal tails had also been proposed as a
mechanism for eliminating methyl marks (Allis et al.
1980; Bannister et al. 2002). However, several new stud-
ies have identified enzymes that actively convert methyl
groups on arginine and lysine residues of H3 and H4,
arguing that histone methylation is also a dynamic state
and expanding the potential for epigenetic control of gene
expression.

Two groups recently demonstrated that methyl-arginine
on histones H3 and H4 is converted to citrulline by pep-
tidylarginine deiminase 4 (PAD4/PADI4) (Cuthbert et al.
2004; Wang et al. 2004). Arginine methylation has been
correlated with gene expression and transcriptional acti-
vation in response to hormone stimulation. PAD4 is rel-
atively nonspecific and can catalyze conversion of both
unmodified and monomethyl-arginines at several sites
on the H3 and H4 tails into citrulline. In this reaction,
termed “deimination” or “citrullination,” arginine loses
an imino group and becomes the amino acid citrulline
(Cuthbert et al. 2004; Wang et al. 2004). Furthermore,

citrulline within a histone tail prevents arginine 17 (R17)
methylation by CARM1, suggesting that PAD4/PADI4
and/or deimination physically blocks transcriptional acti-
vating signals (Cuthbert et al. 2004). The effect of PAD4/
PADI4 on gene expression was studied in more detail
using the estrogen-regulated pS2 gene. In the absence of
estradiol, the pS2 gene is in a transcriptionally active
state, and characterized by H3 and H4 arginine meth-
ylation within the promoter region (Bauer et al. 2002).
Interestingly, PAD4 was present at the promoter; how-
ever, the amount of bound PAD4/PADI4 at this site
increased several-fold upon hormone induction. The in-
creased occupancy of PAD4/PADI4 at the pS2 promoter
was correlated with a decrease in H4-R3 methylation,
and an increase in H4-Cit3 (Wang et al. 2004). RNA
polymerase II was also uncoupled from the pS2 pro-
moter, suggesting that expression of pS2 was repressed
as a result of PAD4/PADI4 binding to prevent the ac-
tivation signal (Cuthbert et al. 2004). PAD4/PADI4 can
also act as a transcriptional repressor when it is directly
targeted to a hormone-activated gene (VEGF-A); how-
ever, in the case of both genes (pS2 and VEGF-A), it is
unclear if PAD4/PADI4 directly affects gene expression
in vivo or is part of a larger repressor complex that
blocks transcription and/or changes chromatin structure.

A caveat of these studies is that they raise several
important questions. PAD4/PADI4 cannot deiminate di-
methylated arginine. Thus, dimethylated argininine, like
trimethylated H3-K4, appears to be a positive signal for
transcription. It remains to be determined if dimethyl
arginine can be converted to citrulline or is demethylated,
and if so, by what mechanism and enzyme. Furthermore,
PADI was able to bind to both unmethylated and mono-
methylated arginines (Cuthbert et al. 2004), shedding some
doubt on the functional role of PADI4 in the specific
conversion of methyl-arginine. Affinity of PAD4 for un-
methylated arginine has not been observed by others, yet
its role in pS2 hormone-dependent regulation was dem-
onstrated (Wang et al. 2004). Thus, it can be argued that
the activity of PAD/PADI is functionally significant, per-
haps primarily in locus-specific regulation of arginine
modifications. The function of deiminating/citrullinating en-
zymes may be multifold, in that the conversion of meth-
yl-arginine to citrulline may itself repress gene activity
or PADs/PADIs may completely prevent methylation by
histone methyltransferases (HMTases). It is also unclear if
they are more broadly implicated in establishing or main-
taining silent chromatin domains during development or
differentiation (Wang et al. 2004). More detailed studies
of citrullinated residues in cellular histones will shed light
on the role of demination/citrullination in both gene and
chromatin regulation.

The PAD/PADI studies indicated that histone meth-
ylation is not the irreversible mark it was thought to be.
However, it remained unclear if methyl groups on arginines
were the only residues that were dynamically regulated,
and if methyl groups could only be altered by conversion
rather than complete removal. It was exciting, then, when a
new study reported that lysine methylation of H3, a mark of
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transcriptionally active chromatin, is specifically reversed
by the lysine-specific demethylase 1 (LSD1) (Shi et al.
2004). Human LSD1 is the first histone demethylase to be
identified. It is part of multiple chromatin-associated re-
pressor complexes, some of which include histone de-
acetylases (HDACs). It is also evolutionarily conserved,
with putative homologs in C. elegans, mouse, Drosophila,
Arabidopsis, and S. pombe. LSD1 has homology to FAD-
dependent amine oxidases that remove methyl groups
through an oxidation reaction that yields an amine and
aldehyde (Bannister et al. 2002). Indeed, LSD1 removes
methyl groups from dimethylated K4-H3 in vitro and in
vivo by FAD-dependent amine oxidation that results in an
unmodified histone H3 and formaldehyde (Shi et al. 2004).
Depletion of LSD1 by RNAi resulted in increased H3-K4
methylation at promoters and derepression of neuronal
genes. Interestingly, LSD1 is specific for only H3-K4 mono-
and dimethylation, does not have affinity for trimethylated
H3-K4 peptides, and is unable to repress a fully activat-
ed promoter. Because H3-K4 dimethylation is a mark of
“poised” chromatin (Santos-Rosa et al. 2002), LSD1 may
be important for regulating a permissive versus repressive
chromatin state before a fully committed functional state
marked by H3-K4 trimethylation is established.

In general, trimethylated histones mark fully active (H3-
K4 triMe) or fully repressed (H3-K9-triMe) chromatin.
These marks may signify inflexible imprints that are stable
or irreversible. Alternatively, enzymes that regulate tri-
methylation may be unique or in different activator or re-
pressor complexes that remained to be identified. It is not
clear if LSD1 can remove methyl groups from arginines on
H3 and H4, or if there is a demethylase that specifically
identifies H3-K4 trimethylation to repress full gene ac-
tivity. The role of histone demethylation in assembly of
silent chromatin domains at centromeres and telomeres, or
its role in disease progression, is not known. However, it is
clear that histone methylation, such as acetylation and
phosphorylation, is a dynamic process that is important for
regulating gene expression and chromatin structure.

Regional chromatin regulators: establishment
of chromatin domains

Histone demethylase (LSD1, PADs/PADIs) and methyl-
ases [E(z)/EZH2] may be involved in pathways that target
specific promoters or genes (i.e., pS2, VEGF-A) during
development or differentiation. These recent studies ex-
emplify how gene expression and chromatin domains may
be regulated at local sites. However, historical, as well as
new, evidence indicates that chromatin is also regulated as
regional subdomains (euchromatin versus heterochroma-
tin) (Ebert et al. 2004). Position effect variegation was first
described almost a century ago in Drosophila (Muller
1930; Schultz 1936), and has been widely studied in both
flies and yeast (Karpen 1994). Muller first showed that
treatment of flies with X-rays caused structural rearrange-
ments. Specifically, a rearrangement of the X chromosome
placed the white (w) gene, which is typically located at the

tip of the X opposite of the centromere, next to centromeric
heterochromatin. In flies carrying this inversion, expres-
sion of w was variably silenced, resulting in a mottled eye
phenotype and the hypothesis that heterochromatin was
spreading over w and silencing its expression (Muller
1930). Since then, dozens of modifiers of position effect
variegation [Mod(var)s] that suppress [Su(var)s] or en-
hance [E(var)s] heterochromatic gene silencing have been
identified from genetic screens in Drosophila (Table 1). For
some of these Mod(var)s, the molecular and biochemical
functions in chromatin assembly and heterochromatic si-
lencing have been studied. Many of these proteins encode
histone modifying enzymes (i.e., histone methyltrans-
ferases) or heterochromatic proteins involved in chromatin
packaging and gene repression, including Su(var)3-9, Su
(var)2-5, and Su(var)3-7 (Cleard et al. 1997; Fanti et al.
1998; Schotta et al. 2002, 2004). Ongoing analyses of
biochemical activities, molecular structure, cytological lo-
calizations, and mutations in these genes have presented an
intriguing picture of dynamic chromatin regulation with
respect to gene expression or assembly of distinctive chro-
matin domains.

Heterochromatin: a linear pathway for repressive
chromatin assembly

Heterochromatin is epigenetically defined by hypoacety-
lated histones H3 and H4 and methylated H3-K9, H3-K27,
and H4-K20 (Ekwall et al. 1997; Peters et al. 2003; Schotta
et al. 2004). In particular, H3-K9 trimethylation, H3-K27
monomethylation, and H4-K20 trimethylation are signa-
tures of constitutive heterochromatin that is typically de-
void of gene expression (Peters et al. 2003; Rea et al. 2000;
Schotta et al. 2004). Conversely, di- and trimethylation of
H3-K9, and trimethylation of H3-K27 characterize facul-
tative heterochromatin that has the potential to be tran-
scriptionally active (Chadwick and Willard 2004; Peters
et al. 2002, 2003; Silva et al. 2003). The heterochro-
matin assembly pathway is initiated by noncoding, dou-
ble-stranded RNAs (dsRNAs) or short interfering RNAs
(siRNAs) and involves the coordinated activities of his-
tone deacetylases and methyltransferases that sequential-
ly recruit heterochromatic proteins, change higher-order
chromatin structure, and ultimately silence gene expres-
sion (reviewed more extensively in Grewal and Moazed
2003; Grewal and Rice 2004; Lippman and Martienssen
2004).

Many of the chromatin-modifying enzymes involved in
heterochromatin assembly were genetically identified as
suppressors or enhancers [Su(var)s or E(var)s] of hetero-
chromatic position effect variegation in Drosophila. Some
have been shown to be involved biochemically in estab-
lishing or maintaining of heterochromatin (Table 1). One
such modifier identified in Drosophila as a suppressor of
heterochromatic PEV is Su(var)3-9/Suv39h, a conserved
histone methyltransferase that trimethylates K9-H3 (Rea
et al. 2000). H3-K9 trimethylation creates a docking site for
heterochromatin protein 1 [HP1/Su(var)2-5 in Drosophila],
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restricting Su(var)3-9 to heterochromatic regions and
changing chromatin structure (Bannister et al. 2001; Schotta
et al. 2002). The structure of HP1, which includes chromo-,
hinge, and chromo-shadow domains, suggests that HP1
homodimerizes and acts as a structural bridge that tethers
other heterochromatic or silencing proteins and propagates
a specialized higher-order structure. At centromeric regions
that typically appear cytologically condensed, HP1 has
been thought to create a static, highly condensed domain.
However, HP1 actually creates a dynamic, yet stable chro-
matin state, as it transiently associates with and is contin-
ually exchanged within heterochromatin (Cheutin et al.
2003). At pericentromeric regions, H3-K9 trimethylation
by Su(var)3-9/Suv39h and HP1 binding establishes the
foundation for additional histone modifications that sta-
bilize heterochromatin, such as H4-K20 trimethylation. The
histone methyltransferase activities of PR-Set7/SET8 and
Su(var)4-20/Suv4-20 have been shown to monomethylate
and trimethylate H4-K20, respectively (Fang et al. 2002;
Nishioka et al. 2002; Rice et al. 2002; Schotta et al. 2004).
Both enzymes were isolated biochemically, rather than
through genetic screens for Su(var)s. Monomethylated
H4-K20 is located throughout chromatin (Nishioka et al.
2002; Rice et al. 2002), whereas H4-K20 trimethylation
was found to be enriched in pericentromeric regions in
mice and flies (Schotta et al. 2004). H4-K20 trimethyl-

ation is reduced in Su(var)3-9 mutants, suggesting a de-
pendence of Su(var)4-20/Suv4-20h and H4-K20 trimethyl-
ation on either H3-K9 trimethylation or Su(var)3-9 itself
(Schotta et al. 2004). Although it has not been directly
tested in mammals, HP1 [Su(var)2-5] mutants in flies show
decreased H4-K20 trimethylation, supporting a sequential
pathway for repressive chromatin assembly within the peri-
centromere (Schotta et al. 2004). Thus, the current model
of heterochromatin assembly indicates that once HP1 is
stably bound to H3-K9 trimethylated nucleosomes, Su(var)
4-20/Suv4-20h enzymes are recruited and tethered, and they
then trimethylate H4-K20 (Fig. 1). Interestingly, it has been
shown that H4-K20 trimethylation and H4-K16 acetyla-
tion are mutually exclusive histone modifications, and may
represent an important on/off switch for controlling tran-
scriptional activity in euchromatic locations (Nishioka et al.
2002; Sarg et al. 2004).

The paradigm for heterochromatin assembly has been
recently extended based on studies focusing on histone
replacement and heterochromatin assembly. The H2A
histone variant H2Av (H2A.Z in mammals, H2av in Dro-
sophila, Htz1 in budding yeast) is enriched in pericentric
heterochromatin (Rangasamy et al. 2003; Swaminathan
et al. 2005) and interacts with HP1 to compact chromatin
(Fan et al. 2004). Evidence supporting its role in initiating
heterochromatin assembly came from H2av localization

Fig. 1 Proposed pathway for heterochromatin formation at pericen-
tromeric regions. Assembly of constitutive heterochromatin occurs
via a linear pathway that is initiated by noncoding RNAs and
components of the RNAi pathway (not shown). H2A is exchanged for

the histone variant H2Av, triggering acetylation of H4 at K12. Su(var)
3-9 enzymes methylate K9 of H3 and create binding sites for HP1.
HP1 further compacts chromatin and spreads through the region via
self-dimerization, and tethers Su(var)4-20 to trimethylate H4-K20
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in Su(var)3-9 and Su(var)2-5 Drosophila mutants. H2Av
localization at the heterochromatic chromocenter on Dro-
sophila polytene chromosomes and its effect on hetero-
chromatic silencing is not affected by mutations in Su(var)
3-9 or Su(var)2-5. However, H2Av mutants were domi-
nant suppressors of PEV and showed reduced H3-K9
methylation and HP1 binding at heterochromatic sites
(Swaminathan et al. 2005). H4-K12 acetylation was also
reduced at heterochromatin in H2Av mutants, but not in Su
(var)2-5 or Su(var)3-9 mutants, indicating that H2 replace-
ment by H2av and H4-K12 acetylation are early steps in
heterochromatin formation, at least in Drosophila (Fig. 1).
A particularly intriguing finding from this study was that
H2Av replacement and its involvement in silencing differs
between euchromatin and heterochromatin. H2Av is in-
volved in polycomb-group (PcG)-mediated silencing at
euchromatic sites. PcG-associated silencing requires re-
cruitment of enhancer of zeste [E(z)/EZH2] that methylates
H3-K27, and although H2Av mutants showed generally re-
duced levels of PcG protein on chromatin, H3-K27 meth-
ylation was not impaired or absent from chromatin. Thus,
the dependence of H3 methyl marks on H2A replacement
by H2av differs in euchromatin and heterochromatin, and
implies that there are different pathways for heterochro-
matic silencing. In pericentric heterochromatin, histone
methylation events are dependent on previous steps in
the pathway (i.e., H2Av replacement of H2A; recruitment
of HP1 by H3-K9 trimethylation) (Lachner et al. 2001;
Schotta et al. 2004), whereas heterochromatic silencing in
euchromatic regions may utilize two parallel pathways in
which histone methylation occurs independently of H2A
replacement by H2Av (Swaminathan et al. 2005).

Antagonistic functions of chromatin regulators

Compelling evidence for antagonistic switching of op-
posing chromatin states first emerged from studies in S.
cerevisiae. Sir proteins (Sir2, Sir3, and Sir4) have been
shown to be involved in silencing at telomeres and mating-
type loci. They interact as a complex with silencers and
deacetylated histone tails in nucleosomes to create hetero-
chromatin and to silence gene expression. Spreading of the
silencing signal is dependent on Sir2p, which has histone
deacetylase activity (Rusche et al. 2003). However, Htz1
(the variant H2A histone in budding yeast) and Sas2, an
acetyltransferase that acetylates H4-K16, each oppose the
activity of Sir proteins at heterochromatic–euchromatic
boundaries in budding yeast. When Sas2 or Htz1 are
deleted, Sir proteins spread into euchromatin, causing
changes in histone acetylation and H3-K4 methylation that
are characteristic of repressive chromatin (Suka et al. 2002;
Meneghini et al. 2003). At first glance, these findings in
Htz1 mutants appear to contradict the role for H2av/Htz1
in heterochromatin assembly; however, it is thought that
Htz1 is a component of “poised” heterochromatin rather
than transcriptionally active euchromatin.

These studies have revealed that global changes in
histones or histone modifications are important for main-

taining the balance between euchromatin and silenced
chromatin. The yeast genome is small, so strict distinctions
between expressed and silenced regions may be necessary
to ensure genome stability and organism viability. In insects
and mammals, centromeres and telomeres are orders-of-
magnitude larger than those in yeast, and the boundaries
between euchromatin and heterochromatin may be more
flexible. In order to understand control of heterochromatin
assembly and the roles of different heterochromatic pro-
teins in chromatin structure and gene expression in a larger
eukaryote, Ebert et al. (2004) studied multiple alleles of
Su(var)3-9, the Drosophila HP1 homolog. The histone
methyltransferase activity and the effect of each allele on
gene silencing was evaluated in each mutant using classical
PEV rearrangements, such as In(1)wm4 (red-white mottled
eyes). A hypermorphic allele of Su(var)3-9 was identified
that was a strong enhancer of PEV. This mutant also showed
increased H3-K9 di- and trimethylation throughout the
genome, and, notably, also in many euchromatic regions.
Conversely, other mutants were isolated as strong suppres-
sors of PEV, or, in other words, they suppressed gene
silencing caused by Su(var)3-9. These mutants were alleles
of the Su(var)3-1 gene, which encodes the JIL-1 kinase that
in turn controls phosphorylation of H3-S10 within euchro-
matin (Wang et al. 2001b). The Su(var)3-1 alleles all
contained mutations in the C-terminus of JIL-1, and were
thus renamed as JIL-1Suvar(3-1) mutants. Su(var)3-1 was the
strongest PEV gene to be identified (Ebert et al. 2004) and
was shown to suppress gene silencing in seven classical
PEVrearrangements (Fig. 2). The most impressive example
of the strength of this Su(var) was the demonstration that a
PEV rearrangement [T(1;4)wm58-21] that typically shows
complete gene inactivation of white and Notched in the
presence of two extra copies of Su(var)3-9 was completely
derepressed in the presence of JIL-1Suvar(3-1). These striking
results show that JIL-1Suvar(3-1) completely antagonizes the
function of Su(var)3-9 in heterochromatin assembly and
spreading, and acts to maintain a balance between eu-
chromatin and heterochromatin (Fig. 2). This antagonistic
relationship appears to support the proposed “binary his-
tone switch hypothesis” (Fischle et al. 2003a,b), in which
the functional readout of adjacent histone modifications,
such as methylation/phosphorylation (“methyl/phos switch”),
influences recruitment of effector or chromatin modifiers.
Thus, boundaries between euchromatin and heterochroma-
tin could be established or regulated by the exclusion or
inhibition of different histone modifications. For instance,
H3-S10 phosphorylation by JIL-1 might act negatively
against recruitment of heterochromatin proteins to sites of
H3-K9 methylation by Su(var)3-9.

Dynamics of other chromatin domains

Facultative chromatin of the inactive X

Collectively, these interesting new studies indicate that
chromatin regulation extends beyond indexing the genome
into static combinations of histone modifications. Indeed,
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there is an ongoing tightly regulated balance between eu-
chromatin and heterochromatin throughout the genome
and during development and differentiation that relies on
levels of or communication between proteins that modify
histones locally or regionally. Obvious implications from
these studies are that other chromosomal regions, such as
centromeres and the mammalian inactive X (Xi) chromo-
some, are also dynamically regulated. Indeed, the Xi con-
sists of interspersed blocks of two chromatin types: one
defined by H3-K27 trimethylation (H3-K27 tri-Me) that is
catalyzed by EZH2 and the histone variant macroH2A, and
the other marked by trimethylated H3-K9 and H4-K20
(Chadwick and Willard 2004; Peters et al. 2002; Silva et al.

2003). One might expect that a dynamic balance in the
activities of EZH2, SUV39H/Suv39h and Suv4-20h, and/or
regional boundary elements maintain the distinctions be-
tween the subdomains of facultative and constitutive het-
erochromatin. Intriguingly, gene expression profiles have
indicated that, as opposed to be completely active or com-
pletely silenced, X-linked genes are variably expressed
from different inactive X chromosomes (Carrel andWillard
2005). Thus, a certain level of plasticity must exist in es-
tablishing the H3-K27 tri-Me/macroH2A and H3-K9/
H4-K20 tri-Me subdomains on Xi (Chadwick and Willard
2004) and may directly correlate to the extent of X-linked
gene silencing.

Fig. 2 Dynamic balance between distinct chromatin domains. a
Schematic representation of a chromatin region near the centromere:
euchromatin (pink circles), heterochromatin (gray circles), a position
effect variegation allele (PEV) such as In(1)wm4 (blue rectangle), and
centromeric (CEN) chromatin (red and green circles). In Drosophila,
PEValleles are variably silenced due to the spread of heterochromatin
over the gene (blue rectangle). b Overexpression of Su(var)3-9 or
HP1 leads to expansion of heterochromatin into euchromatin. For a
Drosophila PEVallele (blue rectangle), this results in complete gene
silencing. Although it has not been formally demonstrated, we
postulate that overexpression of Su(var)3-9 could also lead to
spreading of heterochromatin into the CEN domain (dashed line with

arrow). c CENP-A can expand into flanking regions. Overexpression
of CENP-A in flies and humans causes CEN chromatin to spread into
flanking heterochromatin. In humans, CENP-A can spread up to
500 kb into flanking regions (A. Lam and B. Sullivan, unpublished
data). d JIL-1Su(var)3-1 antagonizes Su(var)3-9, blocking the expan-
sion of heterochromatin and stabilizing euchromatin. For PEValleles,
this results in complete derepression of silencing so that the gene (blue
rectangle) is now fully expressed. We propose that the same, or
similar, chromatin modifiers may maintain heterochromatin and CEN
chromatin domains by blocking the spread of heterochromatin into
CEN chromatin or vice versa
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Centromere: a unique chromatin domain
within heterochromatin

Centromeric (CEN) chromatin provides the foundation of
the kinetochore and is uniquely identified by the centro-
meric histone H3 variant CENP-A (Sullivan 2001). Intrigu-
ingly, CEN chromatin in flies and humans was shown to
consist of interspersed nucleosomes of H3 and CENP-A
(Blower et al. 2002). The organization of CEN chromatin
near heterochromatin appears significant, as this CENP-A:
H3 interspersion has since been described in plants and at
human neocentromeres (Chueh et al. 2005; Nagaki et al.
2004). Not to be confused with pericentromeric hetero-
chromatin that contains H3-K9 and H4-K20 trimethylation,
CEN chromatin has its own distinct chromatin marks. H3
within CEN chromatin is dimethylated at K4, and the entire
domain (CENP-A:H3-K4diMe) is flanked by heterochro-
matin that is marked by H3-K9 di- and trimethylation and
H4-K20 trimethylation (Lam and Sullivan, unpublished
data; Sullivan and Karpen 2004). Although distinct do-
mains, both CEN chromatin and adjacent heterochromatin
that contains HP1 and H3-K9/H4-K20 methylation con-
tribute to chromosome stability (Blower et al. 2002; Peters
et al. 2001).

Just as there is a dynamic equilibrium between euchro-
matin and heterochromatin (Ebert et al. 2004), a similar
balance is required between CEN chromatin and flanking
heterochromatin. It has been suggested from Drosophila
studies that heterochromatin serves as a physical bound-
ary, and when it is removed by structural rearrangement,
CENP-A spreads into euchromatin (Maggert and Karpen
2001). Furthermore, overexpression of CENP-A in human
cells promotes expansion of CEN chromatin into euchro-
matic sites (Van Hooser et al. 2001). Thus, a balance
between CEN chromatin and heterochromatin exists in
human cells, even without physically removing or rear-
ranging subdomains. How, then, might the boundary be
normally maintained? Perhaps there are secondary and
tertiary levels of control, or binary switches, in which eu-
chromatic regulators, such as JIL-1Su(var)3-1,G9a (the meth-
yltransferase that catalyzes dimethylation of H3-K9 in
euchromatin) (Tachibana et al. 2002), or additional chro-
matin proteins, regulate heterochromatin expansion. In
turn, Su(var)3-9, Su(var)4-20 and/or the more stable
modification of trimethylation may limit the expansion of
CEN chromatin (Fig. 2). Alternatively, because H3 within
CEN chromatin has some features of euchromatin, eu-
chromatic regulators or unique modifiers of CEN chroma-
tin may restrict spreading of heterochromatin into CEN
chromatin. It will be interesting to determine how the
structural architecture and histone modifying proteins par-
ticipate in the balance between chromatin domains in and
around the centromeric chromatin domain.

The identification new chromatin modifying enzymes
and antagonistic regulators of chromatin states have ele-
vated chromatin biology and the histone code to a new level

of complexity. Future studies will be important for in-
tegrating these new findings into the genetic and mo-
lecular hierarchy that controls gene expression and the
local and regional assembly and maintenance of chroma-
tin subdomains.
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