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Abstract Heterochromatin is composed of tightly con-
densed chromatin in which the histones are deacetylated
and methylated, and specific nonhistone proteins are
bound. Additionally, in vertebrates and plants, the DNA
within heterochromatin is methylated. As the heterochro-
matic state is stably inherited, replication of heterochro-
matin requires not only duplication of the DNA but also a
reinstallment of the appropriate protein and DNA mod-
ifications. Thus replication of heterochromatin provides a
framework for understanding mechanisms of epigenetic
inheritance. In recent studies, roles have been identified for
replication factors in reinstating heterochromatin, particu-
larly functions for origin recognition complex, proliferat-
ing cell nuclear antigen, and chromatin-assembly factor 1
in recruiting the heterochromatin binding protein HP1, a
histone methyltransferase, a DNA methyltransferase, and
a chromatin remodeling complex. Potential mechanistic
links between these factors are discussed. In some cells,
replication of the heterochromatin is blocked, and in Dro-
sophila this inhibition is mediated by a chromatin binding
protein SuUR.

Overview

In recent years the crucial role of epigenetics has become
increasingly apparent, as many human diseases have been
linked to epigenetic defects (for review, see Jiang et al.
2004). Gene expression is controlled not only by DNA
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sequence elements but also by the configuration of proteins
in the chromatin and by methylation of the DNA itself. In
mammals some genes are imprinted such that expression of
the paternal or maternal alleles is blocked; in mammalian
females one X chromosome is inactivated for expression,
and in a variety of organisms genes in proximity to hete-
rochromatin are repressed. The epigenetic as well as ge-
netic states are inherited, making it important to decipher
mechanisms for the establishment and maintenance of the
epigenetic state. In this review we discuss recent advances
in our understanding of replication of heterochromatin, an
extreme epigenetic state that serves as an excellent model
for elucidating how chromatin structure and DNA meth-
ylation are regulated.

Heterochromatin was first recognized and defined cy-
tologically as regions of the genome that were highly
condensed throughout the cell cycle, as distinguished from
euchromatin in which condensation was visible only dur-
ing mitosis (for reviews, see Dillon and Festenstein 2002;
Henikoff 2000). As these regions remain condensed in
interphase, heterochromatin is frequently associated with
silenced regions of the genome in which genes are not
expressed. Facultative heterochromatin refers to regions
that can be transiently condensed and silenced during de-
velopment of an organism. These regions, therefore, are
capable of transitioning between heterochromatin and
euchromatin. Constitutive heterochromatin, including peri-
centric and telomeric heterochromatin, refers to chromatin
that remains condensed and silenced throughout develop-
ment. Heterochromatin plays critical roles in chromosome
structure and transmission, and most eukaryotic centro-
meres are surrounded by blocks of heterochromatin. In
Drosophila, up to 30% of the chromosome is heterochro-
matin, and in fission yeast it is clearly established that
centric heterochromatin blocks transcription across the
centromere that could cripple its function in chromosome
segregation (Ekwall et al. 1997). Similarly, the heterochro-
matic nature of telomeres is important for their function.

There are several key molecular characteristics of both the
DNA content and chromatin organization of heterochroma-
tin, although these are general characteristics and certainly



390

there are exceptions. Many heterochromatic regions consist
mainly of highly repetitive satellite DNA and moderately
repetitive elements like transposable elements (Dillon and
Festenstein 2002; Henikoff 2000). Transposable elements
tend to accumulate in heterochromatin where reduced ex-
pression may limit their mobility and restrict accumulation
(reviewed in Henikoff 2000; Schramke and Allshire 2004).
There is also a sparse distribution of single copy genes in
heterochromatin. Although the expression of most genes is
repressed by heterochromatin, there are essential genes such
as the Drosophila /ight gene that can be expressed only in a
heterochromatic environment (Wakimoto and Hearn 1990).

Nucleosomes in heterochromatin tend to display a re-
gular, ordered spacing, and heterochromatic DNA is not
accessible to nucleases (Dillon and Festenstein 2002).
Heterochromatin is typically associated with hypermethy-
lated and hypoacetylated histones. Histone H3 is often
methylated at lysine 9, which generates a binding site for
the heterochromatic protein HP1 (Lachner et al. 2001;
Bannister et al. 2001). By its ability to dimerize, HP1 has
been suggested to promote the formation of higher-order
chromatin structure of heterochromatin (Nielsen et al.
2001), and localization of this protein has been shown to be
sufficient to promote chromatin condensation (Verschure et
al. 2005). Based on these characteristics, heterochromatin
is assumed to be a highly organized, compacted chromatin
structure, and the details of this structure are being elu-
cidated. This definition of heterochromatin, however, was
recently challenged by observations of transcription in
heterochromatin and exchange of heterochromatin pro-
teins, suggesting that the heterochromatic state may be
more pliable than originally thought (Volpe et al. 2002;
Cheutin et al. 2003; Greil et al. 2003; Martens et al. 2005).

The ability of heterochromatin to repress gene expression
is exemplified by situations in which the expression of
genes normally located in euchromatic regions is reduced or
abolished if they are translocated next to heterochromatin
(Dillon and Festenstein 2002; Henikoff 2000). This trans-
criptional repression is seen in cases in which chromosomal
rearrangements, such as inversions, place previously ex-
pressed euchromatic genes adjacent to heterochromatin.
Even on normally configured chromosomes, the expression
of euchromatic genes adjacent to the heterochromatin is
repressed. This occurs for genes adjacent to centromeres,
and in yeast repression it also occurs next to the silenced
mating-type loci (Dillon and Festenstein 2002; Henikoff
2000). This type of positional repression is often unstable,
with the genes being expressed in some clonal cells but not
in others, an epigenetic phenomenon that has been termed
position effect variegation (PEV). PEV is a powerful phe-
notype for genetic studies in yeasts and Drosophila, and key
proteins controlling chromatin have been identified by the
ability of mutations in the genes that encode them either to
suppress or enhance PEV (reviewed in Schotta et al. 2003a).
In particular, roles in promoting heterochromatin were
confirmed for a conserved heterochromatin binding protein,
HP1, and a histone methyl-transferase enzyme, SU( VAR)3-
9, by their identification as suppressors of PEV in Dro-
sophila (Schotta et al. 2003b). In addition to genetics, the

size of heterochromatic blocks and stability of heterochro-
matin permit biochemical studies and cytological visual-
ization both of chromatin-bound proteins and chromatin
modifications (Dillon and Festenstein 2002; Maison and
Almouzni 2004).

There are several challenges to faithfully duplicating
heterochromatin in each cell cycle. The first concerns the
replication of the DNA itself, given the highly condensed
state of the chromatin. Most heterochromatin is replicated
late in S phase, but the significance of this is unknown
(reviewed in Gilbert 2002; McNairn and Gilbert 2003). It
is possible that it takes longer for replication origins to fire
within the heterochromatin, but it is also possible that the
timing of replication is actively regulated. For example,
limiting heterochromatic replication until late in S phase
could facilitate reassembly of the epigenetic state of the
heterochromatin if heterochromatin binding proteins were
not present early in S phase or were prevented from bind-
ing until late S phase. In polyploid cells, the heterochro-
matin frequently is not replicated, such that these regions
are underrepresented (Rudkin 1969; Leach et al. 2000).
This may be a mechanism to optimize the metabolic state
of polyploid cells by dispensing with gene-poor regions of
the genome. It is important to emphasize that although
DNA replication necessitates a mechanism to maintain
heterochromatin, it has been shown in yeast that it is
possible to establish heterochromatin without DNA rep-
lication (Kirchmaier and Rine 2001; Li et al. 2001). The
second aspect of heterochromatin duplication concerns
how the chromatin is assembled into a heterochromatic
state with the appropriate positioning of the nucleosomes,
histone modifications, and binding of heterochromatin
proteins following replication. A third aspect involves the
modification of the DNA itself, the methylation of DNA
sequences.

Because our focus is on the replication of heterochro-
matin, much of the recent literature on the increasing list of
regulators required for the maintenance of heterochromatin
is not discussed here (see Craig 2005 for review). Factors
needed to maintain heterochromatin are likely to act both
during and following S phase, but in most examples the
time of action with respect to replication has not been
established. It is possible, therefore, that these factors play
arole in heterochromatin duplication that will be elucidated
in future studies. This is true for the exciting finding on the
role of noncoding RNAs in heterochromatin. Noncoding
RNAs play crucial roles in the establishment of hetero-
chromatin to inactivate the mammalian X chromosome,
and the RNAi pathway is important for H3K9 methylation
and HP1 localization in the centric heterochromatin. To
date, these RNA-mediated mechanisms have not been
shown to participate in the replication of heterochromatin,
and thus we refer readers to several recent reviews for a full
discussion of this topic (Lippman and Martienssen 2004;
Schramke and Allshire 2004; Matzke and Birchler 2005).
Histone protein variants play a critical role in epigenetic
regulation, with some predominating in, and others
excluded from, heterochromatin (as reviewed in Kamakaka
and Biggins 2005; Ahmad and Henikoff 2002); although



some variants can be incorporated during S phase, it
remains to be determined how they impact DNA replica-
tion. Consequently, the role of these variants in chromatin
structure and gene expression is not covered in this review.

In this work we discuss the following issues unique to
propagation of heterochromatin: (1) the role of replication
proteins in the replication of heterochromatic DNA and the
recruitment of heterochromatin binding proteins; (2) a Dro-
sophila protein, SUUR, that specifically controls replication
of the heterochromatin; (3) the chromatin assembly factors,
specifically CAF1, that act to maintain heterochromatin
following DNA replication; (4) the link between DNA rep-
lication and DNA methylation; and (5) evidence for roles of
chromatin remodeling complexes in the replication of hete-
rochromatin (see Table 1 for factors discussed in this review).

The replication machinery and replication of
heterochromatin

Role of the origin recognition complex in
heterochromatin

One key concept to emerge from the analysis of the
replication machinery and heterochromatin is that replica-
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tion proteins can act both to replicate the DNA and to
recruit the heterochromatin binding proteins that epigen-
etically confer the heterochromatic state. This is most clear
for the origin recognition complex (ORC), an evolutiona-
rily conserved complex consisting of six subunits (for
reviews, see Bell and Dutta 2002; Leatherwood and Vas
2003). Studies in many organisms have demonstrated that
ORC is a link between the processes of DNA replication
and heterochromatin maintenance. ORC was originally
identified by the role of the complex in the initiation of
DNA replication. In budding yeast, mutations in the sub-
units of the ORC also disrupt silencing of the mating-type
loci. Surprisingly, studies have demonstrated that the
replication and silencing functions of ORC are genetically
separable (Bell et al. 1995; Dillin and Rine 1997). Bell et
al. found that the N terminus of ORC1 in Saccharomyces
cerevisiae is specifically required for mating-type repres-
sion, but is dispensable for normal growth and, therefore,
DNA replication. Dillin and Rine isolated mutants of orc5
specifically defective in either DNA replication or mating-
type silencing. These mutations are able to complement
each other, suggesting that different domains of the protein
acted in the two processes, and furthering a model where
ORC has two domains that confer separate functions.
ORC’s role in silencing involves interaction with Sirl, the

Table 1 Factors implicated in

S . Factor
transmission of heterochromatin

Relevant interactions

References for interactions

General replication proteins

CAF1, DNMT1, MBD1, SETDB1

Pak et al. (1997), Huang et al. (1998),

lizuka and Stillman (1999), Lidonnici et al.

(2004), Prasanth et al. (2004)

Chuang et al. (1997), Shibahara and Stillman (1999),
Zhang et al. (2000), Sarraf and Stancheva (2004)
Reviewed in Maga and Hubscher (2003)

Ahmed et al. (2001), Nakayama et al. (2001)
Shareef et al. (2001), Badugu et al. (2003)

ORC HP1, HBO1

PCNA

POLg,b PCNA

POL«x PCNA, SWI6

HOAP ORC, HP1
Heterochromatin-specific replication factors
SU(UR) -

Chromatin-assembly proteins

CAF1 PCNA, HP1, MBDI

Murzina et al. (1999), Shibahara and Stillman
(1999), Zhang et al. (2000), Reese et al. (2003)

DNA/histone modification enzymes

DNMT1 HP1, SUV39hl
HBO1 ORC
SETDB1 PCNA, CAF1, MBD1

Fuks et al. (2003a)
lizuka and Stillman (1999)
Sarraf and Stancheva (2004)

DNA/histone modification binding proteins

MBDI PCNA, CAF1, SETDBI1
MeCP2 H3K9 methyltransferase
HPI ORC, HOAP, CAF1, DNMT1

Chromatin-remodeling complexes

ACF-ISWI -
WSTF- PCNA
ISWI

Reese et al. (2003), Sarraf and Stancheva (2004)
Fuks et al. (2003b)

Pak et al. (1997), Huang et al. (1998), Murzina et al.
(1999), Shareef et al. (2001), Badugu et al. (2003),
Fuks et al. (2003a), Lidonnici et al. (2004),
Prasanth et al. (2004)

Poot et al. (2004)
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S. cerevisiae functional homolog of HPI, and the sub-
sequent recruitment of Sir proteins to specific loci (Triolo
and Sternglanz 1996).

Although the relationship between ORC and heterochro-
matin in higher eukaryotes is less clear, a role for ORC both
in DNA replication and in recruitment of heterochromatin
proteins has been described. Analyses of ORC localization
during the cell cycle provide evidence for ORC in hetero-
chromatin replication in mammalian cells. Prasanth et al.
documented cell-cycle changes in ORC2 localization in
MCEF7 cells; ORC2 generally localizes with heterochro-
matic foci, marked by the presence of HP1o and {3, during
G1 and early S phase. However, as the cells progress further
into S phase, ORC2 localizes to punctate foci that are cha-
racteristic of late-replicating pericentric regions (Prasanth et
al. 2004). Lidonnici et al. (2004) examined the localization
of tagged, ectopic human ORC1 in mammalian cells and
also noted that ORCI preferentially localizes to the peri-
centric heterochromatin foci that colocalize with HP1. The
localization of ORC to heterochromatic foci when they are
likely to be replicating in late S phase suggests that ORC is
involved in the replication of heterochromatin in higher
eukaryotes.

In addition, the phenotype of Drosophila orc2 mutants
indicates an important role for ORC in the proper timing of
replication. Generally, euchromatic regions of the genome
are replicated prior to heterochromatic regions in S phase.
In orc2 mutants, however, replication of some euchromatic
regions is delayed and these regions are inappropriately
replicated after heterochromatic regions (Loupart et al.
2000). The authors suggest this intriguing possibility for
the phenotype: ORC may have a higher affinity for hete-
rochromatin, and the limited, functional ORC complexes in
this mutant are recruited more efficiently to heterochroma-
tin and enable replication of these regions. The euchro-
matic regions then are less likely to recruit ORC and
display delayed replication initiation. Euchromatic and
heterochromatic regions may, therefore, require ORC for
replication and for coordination of their replication timing.

A role for ORC in the formation of heterochromatin is
supported by physical interaction between ORC and the
HP1 protein (Table 1). Drosophila ORC2 localizes in vivo
to heterochromatin and colocalizes with HP1 on mitotic
chromosome spreads (Pak et al. 1997). Immunoprecipita-
tion experiments from Drosophila embryo extracts confirm
a physical interaction with HP1 and the ORC complex (Pak
et al. 1997; Huang et al. 1998). This direct interaction was
also demonstrated in Xenopus (Pak et al. 1997) and in
mammalian cell lines (Lidonnici et al. 2004; Prasanth et al.
2004). Lidonnici et al. also used fluorescence resonant
energy transfer (FRET) to demonstrate an in vivo interac-
tion between ORC1 and HP1x.

A second protein, HOAP (HP1/ORC-associated pro-
tein), present in heterochromatin not only interacts with
ORC but also recruits HP1/ORC to heterochromatin. Dro-
sophila HOAP copurifies with ORC subunits and HP1«
and has also been shown to colocalize with ORC and HP1«
(Shareef et al. 2001). By disrupting the HP1/HOAP in-
teraction, Badugu et al. revealed that this interaction is

required for the proper localization of HP1, but HOAP lo-
calization is not disrupted (Badugu et al. 2003). Consistent
with a role for the HOAP/ORC complex in recruiting HP1
to heterochromatin and promoting heterochromatin, a mu-
tant in hoap suppresses PEV (Shareef et al. 2001). This
effect on PEV confirms that HOAP has a functional role in
heterochromatin architecture in vivo.

Other experiments also suggest that ORC promotes the
assembly of heterochromatin in metazoans and that, as in S.
cerevisiae, ORC’s main function in heterochromatin may
be to recruit HP1. Like mutants in hoap, Drosophila orc2
mutants also suppress PEV (Pak et al. 1997) and HP1
localization is disrupted in orc2 mutants (Huang et al.
1998). In mammalian cells, depletion of ORC2 by siRNA
resulted in a disruption of HP1a and HP1§ foci, although
the HP1 binding sites (trimethylated lysine 9 on histone
H3) remained intact (Prasanth et al. 2004). These results
imply that ORC is necessary to recruit HP1 and that this
interaction promotes the formation of heterochromatin.

Given that ORC is likely involved in the replication of
heterochromatin sequences, a model can be envisioned in
which ORC localizes to heterochromatic sites for DNA
replication, recruiting HP1 to those sites to reestablish the
heterochromatic state after passage of the replication fork.
This simplistic model remains to be demonstrated, and it
will be important to determine how ORC recruits HP1 only
to heterochromatin. It is conceivable that HP1 is available
for loading onto newly duplicated chromatin only late in S
phase, but the mechanism by which it would be precluded
earlier is not clear. Another complexity is that some ob-
servations lead to the conclusion that HP1 localizes ORC
rather than the opposite (Leatherwood and Vas 2003).
Lidonnici et al. observed that in synchronized mammalian
cells in early G1, HP13 was found at heterochromatic loci,
but tagged ORC1 was not. As the cells progressed through
G1, ORClincreasingly colocalized with HP13 at hetero-
chromatic loci. Furthermore, an ORC1 mutant lacking the
HP1 binding domain did not localize to heterochromatin
(Lidonnici et al. 2004). HP1 is not, however, required to
maintain ORC localization because disruption of HP1
localization by treatment with either trichostatin A (TSA),
an inhibitor of a subset of known histone-deacetylases, or
RNAse A does not disrupt ORC1 localization (Lidonnici et
al. 2004). It seems, therefore, that the HP1-ORCI1 inter-
action could have two functions during the cell cycle: to
recruit ORC1 to sites of heterochromatin in G1 and to
recruit HP1 to sites of heterochromatic replication in late S
phase.

Roles of other replication proteins in heterochromatin

The majority of eukaryotic DNA replication is catalyzed by
polymerases «, 8, and € (POL «, 3, and €). POL « asso-
ciates with primase to synthesize and extend RNA primers
in initiation. POL o and 6 do lagging strand synthesis, and
synthesis of the leading strand at the replication fork is
achieved by POL €. Does the replication of heterochro-
matin require different replication machinery or mechan-



ics? Two studies in S. pombe link POL « to the estab-
lishment of heterochromatin. Mutations in pol « suppress
PEV at the mating-type loci, centromeres, and telomeres,
and POL « directly interacts with Swi6, a protein known
to be important in the silencing of mating-type loci and
the S. pombe HP1 homolog (Table 1) (Ahmed et al. 2001;
Nakayama et al. 2001). Additionally, mutations in pol «
affect the localization of Swi6 to mating-type loci and to
heterochromatic loci (Ahmed et al. 2001; Nakayama et al.
2001). The mutation used for the studies by Nakayama et
al. is not located in a conserved region required for
polymerase activity, nor does it increase UV sensitivity as
expected if the catalytic activity were reduced. This raises
the possibility that the mutant effects on Swi6 are not
simply due to DNA replication failure. These observations
suggest a model in which Pol «, at replication forks, is able
to recruit and maintain Swi6 to reestablish heterochromatin
following replication.

In S. cerevisiae, establishment of silencing can occur
without DNA replication, in particular, independently of
passage of the replication fork (Kirchmaier and Rine 2001;
Li et al. 2001). Nevertheless, mutations in many replica-
tion factors, including proliferating cell nuclear antigen
(PCNA), replication factor C (RF-C), the replication ini-
tiation factor Cdc45, POL «, and POL € affect silencing
either by disrupting it or by suppressing silencing defects
(Huang 2002). At present, it is not clear whether these
replication factors are required only for replication of het-
erochromatic regions or whether they participate in the
formation of heterochromatin independently of, and in
addition to, their actions in DNA replication. Given that
silencing can be established independently of passage of
the replication fork, definitive tests of whether replication
factors have a replication-independent role in heterochro-
matin will require the recovery of mutants that affect
silencing but not replication.

In human cells, DNA polymerase € may assist in the
replication of heterochromatin. In addition to its role in
chromosomal DNA replication, POL € is involved in DNA
repair and the S-phase DNA damage checkpoint (Hubscher
et al. 2002). Analysis of the subcellular localization of the
POL € subunit p261 (the catalytic subunit) in human
fibroblasts revealed that PCNA, BrdU, and POL € colo-
calize in late S phase specifically to the large foci that are
characteristic of heterochromatic DNA replication (Fuss
and Linn 2002). Interestingly, in early S phase, PCNA and
p261 do not colocalize, but are adjacent. The specific
colocalization in late S phase could mean that POL €
synthesizes DNA only at late-replicating heterochromatic
loci or may be specifically suited for replication at these
foci. This could reflect a need for a different replication
machinery for heterochromatin (Fuss and Linn 2002).

Studies on PCNA also suggest a link between DNA
replication and epigenetic inheritance. PCNA is a member
of the DNA sliding clamp family that increases DNA
polymerase processivity (for review, see Majka and
Burgers 2004). In addition to its role in DNA replication,
PCNA interacts with a wide variety of cell factors and may
be the major scaffold for recruiting and directing chromatin
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enzymes (Table 1) (for review, see Maga and Hubscher
2003). In S. cerevisiae, mutations in the pcna gene increase
expression of genes near the telomere and at mating-type
loci, linking PCNA to silencing (Zhang et al. 2000). PCNA
mutants in Drosophila suppress PEV, indicating that PCNA
participates in chromatin assembly in higher eukaryotes
(Henderson et al. 1994). PCNA localizes to mammalian
heterochromatic loci where it interacts with CAF1, a
chromatin-assembly factor, and chromatin-remodeling en-
zymes, both of which are discussed below (Fig. 1).

These studies demonstrate a requirement for ORC and
the DNA replication machinery in heterochromatin but
illustrate the complexities in deciphering the exact role of
DNA replication factors, particularly whether they play
roles independent of their replication activities in the
establishment of epigenetic state. If indeed the replication
factors have roles in maintaining heterochromatin that are
independent of DNA synthesis, there must be a means by
which these actions are restricted to the heterochromatin,
unless this restriction is an outcome of heterochromatin
replication being limited to late S phase. The ability to
genetically separate the activities of ORC in replication and
silencing demonstrates that ORC has independent activ-
ities, and such genetic analyses on other replication factors
is likely to be informative. The question as to whether
replication of DNA in heterochromatin requires distinct
functions from the replication of DNA in euchromatin also
merits further investigation.

A specialized trans regulator of heterochromatin
replication

The Drosophila SuUR (suppressor of underreplication)
gene encodes an intriguing chromosomal protein that
specifically affects the replication of heterochromatin
(Belyaeva et al. 1998; Makunin et al. 2002). It is the sole
protein identified to date that is uniquely responsible for the
replicative properties of heterochromatin. Understanding
the role of the SuUR protein requires an appreciation of the
parameters of heterochromatin replication during a variant
cell cycle, the endo cycle, that gives rise to polyploid or
polytene cells (Edgar and Orr-Weaver 2001). In the endo
cycle there are repeated rounds of S phase, punctuated by
gap phases during which gene expression and cell growth
occur, but mitosis does not take place. Endo cycles produce
either polyploid or polytene chromosomes, in which the
replicated sister chromatid copies are held in physical
register. Polyploid and polytene cells are found throughout
the plant and animal kingdoms, most commonly associated
with cell types that are highly metabolically active.
Consistent with the implementation of the endo cycle as
a means to produce a “factory” cell, in many endo cycling
cells S phase is cut short and heterochromatin is not rep-
licated (Edgar and Orr-Weaver 2001). This is evident in
Drosophila polytene cells, in particular the larval salivary
glands. The approximately 1000 copies of each chromo-
some pair are aligned to produce a distinctive banding
pattern. This banding pattern, however, is present only in
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Fig. 1 Model of protein—protein interactions at the replication fork
that are relevant to the heterochromatic state. Many characteristics of
heterochromatin, like histone modifications, nucleosome positioning
and bound proteins, are likely displaced as the replication fork passes
through the DNA sequences. The depicted factors are speculated to
assist in the reestablishment of the heterochromatic state after the
DNA has been replicated. Their interaction with proliferating cell
nuclear antigen (PCNA) suggests that they may travel with the
progressing replication fork. a PCNA acts as a scaffold for nucleo-
some processes, bringing the chromatin-assembly factor, CAF1, and
the chromatin-remodeling factor, Imitation Switch (ISWI), to nascent
DNA. CAF1 deposits histone H3/H4 tetramers on newly replicated
DNA, which are joined by two H2A/H2B dimers to form the full

the euchromatin; the 20-30% of each chromosome arm
adjacent to the centromere that is composed of heterochro-
matin is not visible in salivary gland chromosomes, and
neither is the heterochromatic ¥ chromosome. Quantitation
of DNA doublings in the endo cycle indicates that approx-
imately 20% of the genome is not replicated in each endo
cycle S phase (Rudkin 1969; Smith and Orr-Weaver 1991).
In addition to the centric heterochromatin and Y chromo-
some, there are regions throughout the euchromatin with
constrictions and fragile sites, known as intercalary hetero-
chromatin, that are also underreplicated (Zhimulev and
Belyaeva 2003).

Cell cycle regulators controlling the G1-S transition and
transcription of genes necessary for S phase have been
found to affect underreplication of heterochromatin in the
endo cycle. Decreased function of cyclin E or of either
subunit of the E2F1 transcription factor results in increased
replication of centric heterochromatin in the polyploid
nurse cells of the adult ovary (Lilly and Spradling 1996;
Royzman et al. 2002). It has been proposed that in the endo
cycle S phase is truncated such that late-replicating
heterochromatin is not copied (Lilly and Spradling 1996).
The cyclin E and dE2F1 mutant phenotypes are explained
as the consequence of a slowed S phase resulting in the
replication of late-replicating heterochromatin. By pulse
labeling replicating salivary gland DNA and then cytolo-

nucleosome. ISWI alters the spacing of these nucleosomes on the
DNA, forming a regularly spaced array. Additionally, CAF1 binds the
heterochromatin protein, HP1, likely keeping the local concentration
of HP1 high so that it can quickly bind modified histone H3. b DNA
methylation and DNA methyl binding proteins must also be re-
established after progression of the replication fork. Again, PCNA is
speculated to act as a scaffold, recruiting the DNA methyltransferase,
DNMTI1, which in turn recruits the MBD2a-3 methyl binding
proteins. PCNA and CAF1 also bind MBD1, another methyl binding
protein, and SETDBI1, a histone H3 methyl transferase. This
coordination between DNA and histone modification enzymes is
speculated to rapidly promote heterochromatin formation after DNA
replication

gically examining the pattern of nucleotide incorporation
on polytene chromosomes, it was confirmed that the re-
gions adjacent to the centromeres and the constrictions
replicate late in the endo cycle S phase (Zhimulev et al.
2003a). Not all late-replicating regions are underreplicated,
however; only 60 out of 156 late-replicating sites cor-
respond to weak constriction points on the polytene chro-
mosomes (Zhimulev et al. 2003a).

The SuUR mutant arose spontaneously and was iden-
tified because it eliminated the constrictions at intercalary
heterochromatin and restored replication to parts of the
centric heterochromatin in salivary glands (Fig. 2). Quan-
titation of DNA copy number for several of these intervals
demonstrated that in SuUR mutants the regions are less
underreplicated, i.e., they have increased DNA copy num-
ber (Belyaeva et al. 1998). Pulse labeling of mutant cells
indicated that normally late-replicating regions are repli-
cated earlier with the bulk of euchromatic DNA (Zhimulev
et al. 2003a). There is suppression of PEV at several loci in
the SuUR mutant, implying that the wild-type protein is
needed for heterochromatin structure (Belyaeva et al.
2003).

The effects of the SuUR protein on heterochromatin
structure and replication are dose-specific (Fig. 2). In the
presence of extra copies of the wild-type gene, the number
of constrictions and weak points on salivary gland chro-
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Fig. 2 Dosage effects of the Drosophila SuUR gene on heterochro-
matin replication in polytene chromosomes. a In larval salivary
gland chromosomes the centric heterochromatin comprising the
proximal 20-30% of each chromosome arm is so severely un-
derreplicated that these segments of the chromosomes are not visible
following orcein staining. Region 80 on chromosome 3L and region
81 on chromosome 3R are indicated. b Mutation of the SuUR gene
results in replication of the centric heterochromatin such that banded
regions become visible, shown here for cytological intervals 80 and
81. ¢ In addition to the blocks of heterochromatin flanking the
centromeres, underreplication of intercalary heterochromatin can be
visualized by missing or thin bands, chromosome constrictions and

mosomes increases, and these correspond to late-replicat-
ing regions (Zhimulev et al. 2003a). Copy number of the
DNA decreases at the new sites and is further decreased at
the normal constriction points (Zhimulev et al. 2003a;
Moshkin et al. 2001). Thus it appears that the SuUR protein
leads to underreplication by further delaying the replication
of late-replicating genes such that they fail to replicate at all
during the endo cycle. Increased levels of the protein can
dramatically alter polytene chromosome structure, leading
to swellings that resemble DNA puffs (Zhimulev et al.
2003b). Extra copies of the wild-type SuUR gene enhance
PEV, which also argues that the protein promotes hetero-
chromatin formation (Belyaeva et al. 2003). Recently, the
response of underreplicated regions to changes in dosage of
the SuUR gene was exploited in microarray studies that
identified approximately 1000 genes clustered in 52 re-
gions whose copy number is affected by SuUR (Belyakin
et al. 2005).

The SuUR gene encodes a protein of 962 amino acids
whose N terminus has some similarity to the conserved
motifs in the SNF2/SWI2 chromatin remodeling proteins
(Makunin et al. 2002). The N-terminal half of SuUR is
42% identical to the bromodomain of the Brahma trxG
transcriptional activator (Tchurikov et al. 2004). The spon-
taneous mutation, discussed above, is attributable to an
insertion that leads to loss of the single transcript from

breaks. These sites also frequently attach ectopically to other
chromosome regions. Two sites of intercalary heterochromatin at
75A and 75C1-2 on chromosome 3L are shown. d In the SuUR
mutant, sites of intercalary heterochromatin become more fully
replicated. e Overexpression of the SuUR protein from extra copies
of the gene results in many new sites of intercalary heterochromatin.
Two of the sites with pronounced breaks are highlighted by arrows,
but there are many visible regions in which the bands are partially
missing. Panels a and b are from Belyaeva et al. (1998), panels ¢
and d are from Semeshin et al. (2001), and panel e is from Zhimulev
et al. (2003a); reproduced with permission

the gene, which is normally particularly abundant in
females and embryos. As expected from the homology
motifs, the SuUR protein binds to chromosomes and is
observed at heterochromatin regions of polytene chromo-
somes (Makunin et al. 2002). It localizes to 113 bands, and
108 are sites of late replication. When overexpressed, it
localizes to 280 sites. The binding of the protein to affected
regions argues that SuUR directly promotes the hetero-
chromatin state and restricts DNA replication. Its mecha-
nism of action remains to be deciphered at a molecular
level, particularly whether the primary effect is via het-
erochromatin structure or via perturbation of the replication
machinery. SuUR colocalizes with HP1 at a cytological
level, but the relationship between these proteins has not
been investigated (Zhimulev and Belyaeva 2003).

Given the dramatic effects of SuUR mutants on PEV and
underreplication, it is puzzling that the mutant is fully
viable and fertile (Belyaeva et al. 1998). Increased levels of
protein, however, are deleterious. Continuous overexpres-
sion of the protein in the salivary gland results in a small
gland, and ubiquitous overexpression results in lethality
(Volkova et al. 2003). Overexpression in the follicle cells is
capable of repressing replication at specific sites during the
amplification of the chorion eggshell genes (Volkova et al.
2003). Thus the organism can survive without this protein
and the resulting increased copy number of heterochroma-
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tin regions, but increasing the number of underreplicated
domains lead to lethality.

Reestablishment of heterochromatin after DNA
replication

As DNA replication requires the ability of the polymerase
to directly contact the nucleotide sequence and move pro-
cessively along the DNA, higher-order chromatin would
need to be disassembled and then reassembled following
the replication fork. Indeed, it has been demonstrated in
vitro that nucleosomes, the basic unit of chromatin, are
disrupted at the replication fork (Gruss et al. 1993). Both
euchromatin and heterochromatin, therefore, require fac-
tors to recruit and deliver nucleosomes to newly replicated
DNA. Although the nucleosome deposition function of
these chromatin-assembly enzymes is likely similar in both
euchromatin and heterochromatin, it is possible that these
enzymes have additional roles in reestablishing hetero-
chromatin after the replication fork. Here we address
evidence for such a role for the chromatin-assembly factor
1 (CAF1).

Chromatin-assembly factor 1 is a multi-subunit complex
that assists in loading newly synthesized H3—H4 tetramers
onto chromatin, preferentially after DNA replication and
DNA repair (for review, see Ridgway and Almouzni 2000;
Mello and Almouzni 2001). As the replication fork prog-
resses, the parental nucleosomes are transiently disrupted
and H3/H4 tetramers bind H2A/H2B dimers to reconstitute
the octamer core. In addition to the transfer of parental
nucleosomes to two daughter DNA duplexes, nucleosomes
can be assembled de novo by the initial recruitment of the
H3/H4 tetramers followed by H2A/H2B dimers (for re-
view, see Krude 1999). CAF1 was previously observed to
localize to mammalian euchromatic DNA replication foci
first, and later to associate with heterochromatic replication
foci as soon as the euchromatic replication is completed
(Krude 1995). Additionally, CAF1 physically associates
with PCNA, implying that incorporation of new histones
directly follows the DNA polymerase (Fig. 1a) (Shibahara
and Stillman 1999). In S. cerevisiae, silencing at the HML
locus can be restored in cac/ sir3 mutants by expression of
SIR3, indicating that CAF1 is not required for the estab-
lishment of silencing. However, the presence of silencing
defects in cacl/ mutants suggests a role for CAF1 in
the maintenance and transmission of heterochromatin
(Enomoto and Berman 1998).

Studies on the largest CAF1 subunit in S. cerevisiae,
Cacl/Rf12, have suggested a model in which CAF1 plays an
integral role in incorporating “heterochromatin competent”
H3-H4 tetramers, by virtue of their acetylation pattern
(Enomoto and Berman 1998). In mammalian cells, acetyl-
ated H4K5 and H4K12 are incorporated at late-replicating
foci and colocalize with HP1, HP13, and CAF1 (Taddei et
al. 1999). Although heterochromatic histone H4 is cha-
racteristically underacetylated, newly synthesized histone
H4 is acetylated at lysine 5 and lysine 12 regardless of the
previous chromatin state. Taddei et al. (1999) also found

that the association of acetylated H4K5, H4K 12, and CAF1
with late-replicating foci is related to DNA synthesis, as
BrdU labeling in a pulse-chase experiment colocalizes with
CAF1 at these foci. Thus, the default chromatic state post-
replication may be more euchromatic or “open,” and the
reestablishment of heterochromatin is likely to be an active
process. Interestingly, at mammalian late-replicating foci,
the hyperacetylated H4 and CAF1 remain associated with
the heterochromatic foci for 20 min postreplication, re-
vealing a window in which heterochromatin begins its
reestablishment. CAF1 continues its association with hete-
rochromatin at least until late G2 (Murzina et al. 1999). It is
tantalizing to speculate that the lingering presence of ace-
tylated H4KS, H4K12, and CAF1 at newly replicated
heterochromatic foci may act as a particular mark for hete-
rochromatin and recruit heterochromatin factors to stimu-
late heterochromatin formation.

Like ORC and POL «, CAF1 also physically interacts
with HP1 (Table 1, Fig. 1a). Murzina et al. (1999) demon-
strated that the largest subunit of CAF1, p150, and several
isoforms of HP1 associate through the MODI1 interacting
region (MIR) of pl150 in mammalian cells. However,
mutations in MIR that disrupt the CAF1-HP1 interaction
did not affect the recruitment of CAF1 to either euchro-
matic or heterochromatic replication foci (Murzina et al.
1999). Additionally, HP1 localization to heterochromatin
does not appear to require heterochromatic replication,
implying that HP1 can localize to heterochromatin by
means independent of CAF1's link with fork progression
(Murzina et al. 1999). Thus the function of the CAF1-HP1
interaction remains unclear.

Visualization of replicating heterochromatin enables a
better understanding of the spatial and temporal relationship
between DNA replication and heterochromatin assembly.
Quivy et al. (2004) recently reported that pulse—chase—
pulse experiments, in conjunction with high-resolution
microscopy and 3D modeling, reveal the nuclear position-
ing and architecture of replicating mammalian pericentric
heterochromatin domains. DNA synthesis, based on colo-
calization of a BrdU pulse and PCNA, occurs at the perip-
hery of the pericentric domain. As heterochromatin is
replicated and the chromatin configuration disrupted, it may
be displaced to the exterior of the pericentric domain. The
newly replicated DNA is observed to then move into the
interior of the pericentric domain.

Whereas the architecture of replicating pericentric
domains may be specific to pericentric heterochromatin
and/or mammalian cells, Quivy et al. (2004) reveal details
of heterochromatin reassembly that may be more universal.
These experiments demonstrate the presence of two pools
of nuclear HP1 in these cells: a replication-associated pool
and an independent pool. The replication-associated pool
of HP1 is characterized by its colocalization with PCNA,
CAFI1, and acetylated H4KS5 at the periphery, but not
methylated H3K9, which is found in the core of the
pericentric heterochromatin domain. This pool is resistant
to RNAse treatment and is detected in knockout cells of
Suv39h, a histone methyltransferase, whereas as knock-
down of CAF1 by siRNA to the pl150 subunit leads to



a loss of HP1 staining at the periphery. In contrast, the
independent pool of HP1 requires Suv39h for localization.
These data add to a model in which PCNA recruits CAF1
to loci and CAF1 assists in reestablishing heterochromatin
after passage of the replication fork, by recruiting HP1 to
newly replicated foci (Fig. 1a). Once assembled, HP1 is
retained by interactions with methylated H3 and RNA.

Reestablishment of DNA Methylation Patterns

Hypermethylation of cytosine bases is another character-
istic of silenced chromatin, most prominently in verte-
brates. DNA replication and methylation appear to occur
concurrently; by isolating newly synthesized DNA (con-
taining origins of replication) from mammalian cells, it was
demonstrated that levels of cytosine methylation were
equal in the parental and daughter DNAs (Araujo et al.
1998). The methyltransferase DNMT1 has been linked to
maintenance of this epigenetic state due to its association
with hemimethylated DNA and its interaction with the
replication machinery at late-replicating foci (Fig. 1b).
DNMT]1 has been demonstrated to copurify with in vitro
DNA replication activity and to coelute with POL «
activity, supporting a model in which methylation occurs
concomitant with DNA replication (Vertino et al. 2002).
Consistent with these observations, DNMT1, BrdU, and
PCNA colocalize at the sites of mammalian pericentric
heterochromatin replication; (Leonhardt et al. 1992;
Chuang et al. 1997), and DNMT1 and PCNA physically
interact by GST pulldown (Table 1) (Chuang et al. 1997).
This interaction supports a model in which PCNA,
traveling with the replication fork, acts as a scaffold to
recruit a number of chromatin-modifying enzymes
(Fig. 1b). Indeed, DNMT]1 is recruited to DNA more
efficiently if the DNA is bound by PCNA, and PCNA-
bound DNA is methylated more efficiently by DNMT]1
than a PCNA-free control (lida et al. 2002).

In addition to the reestablishment of the DNA methyl-
ation pattern, specific methyl-binding proteins that con-
tribute to the silenced state of chromatin must also rebind
following replication. A family of proteins consisting of
MeCP2 and MBDI, -2, -3, and -4 binds methylated CpG
sequences in vertebrates. Importantly, these methyl-bind-
ing proteins are commonly found in complexes with
histone deacetylases and chromatin remodeling enzymes,
suggesting that these proteins assist in the recruitment of
factors that reestablish the heterochromatic state (for
review, see Wade 2001). Methyl-binding proteins, particu-
larly the MBD2a—-MBD3 complex, also colocalize with
DNMTT in late S phase at mammalian pericentric hetero-
chromatin, but not before (Tatematsu et al. 2000). This
suggests that both methylation of the DNA and binding of
this mark by methyl-binding proteins occur quickly after
replication, although it remains to be demonstrated that
these methyl-binding proteins are present on nascent DNA.
A link between silencing and replication is also suggested
by the fact that MBDI1 physically interacts with CAF1
by immunoprecipitation and yeast two-hybrid, and they
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colocalize to mammalian pericentric heterochromatin
domains (Table 1, Fig. 1b) (Reese et al. 2003). It has not
been tested whether PCNA is involved in the MBDI1-
CAF1 interaction or whether CAF1 may act as a second
scaffold behind the fork. The notion that CAF1 can act as a
scaffold is supported by the fact that the MBD1/CAF1
complex associates with HP1, but that HP1 has not been
demonstrated to interact physically with PCNA (Fig. 1b)
(Reese et al. 2003).

Reese et al. also examined the effects of disrupting
CAF1 pl150 on CAF1-MBDI1 localization and on several
heterochromatin markers. Overexpression of the C termi-
nus of CAF1 p150, the domain required for the MBDI1
interaction, disrupted localization of CAF1 to pericentric
heterochromatin foci (Reese et al. 2003). In addition, this
overexpression prevented localization of MBD1 to the
heterochromatin foci, but did not seem to disrupt other
markers of heterochromatin such as MeCP2 or HP1«. This
experiment suggests that CAF1 mediates MBDI's local-
ization to pericentric heterochromatin. Additionally, it
suggests that other factors assist in recruiting HP1o to
heterochromatin in the absence of proper CAF1 localiza-
tion. It may be that the methylation of histone H3 can
recruit HP1 on its own postreplication, and that this is
facilitated by HP1's interaction with CAF1. It is also
possible that ORC and replication proteins could recruit
HP1 or that unidentified factors assist in recruiting HP1
(Fig. 1a). Whether or not these factors normally assist in
recruiting HP 1o or only in this aberrant state remains to be
elucidated.

As previously noted, in heterochromatin lysine 9 of
histone H3 (H3K9) is often methylated and this site is
bound by HP1 (Lachner et al. 2001; Bannister et al. 2001).
Reestablishment of histone methylation following replica-
tion is linked to establishment of methylated DNA.
DNMTT1 and DNMT3a, a de novo DNA methyltransferase,
bind to SUV39H1, a known H3K9 methyltransferase, and
HP1{ and SUV39H1 associate with DNA methyltransfer-
ase activity (Fuks et al. 2003a). Additionally, DNMT3b,
another de novo DNA methyltransferase, fails to localize in
Suv39h null cells, and these cells display an altered DNA
methylation status at particular sequences, highlighting the
importance of the DNA methylation—histone methylation
relationship (Lehnertz et al. 2003). Methyl-binding pro-
teins, specifically MeCP2, were previously shown to
recruit H3K9 histone methyltransferase activity in mam-
malian cells (Fuks et al. 2003b).

Sarraf and Stancheva (2004) demonstrated a physical
interaction between MBD1 and SETDBI1, another H3K9
histone methyltransferase. In addition, MBD1/SETDBI1
associates with CAF1 and PCNA specifically in S phase,
and the formation of this complex requires ongoing DNA
replication (Table 1, Fig. 1b). By using RNAi to MBDI,
Sarraf and Stancheva found that MBDI is required to
recruit SETDBI to CAF1 during DNA replication (Sarraf
and Stancheva 2004). The interaction between DNA
methylation and histone methylation is intriguing, as it
may facilitate the rapid transition from newly synthesized
chromatin to heterochromatin.
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Although heterochromatic factors must be synthesized
to meet the demands of the daughter genomes, it seems
unlikely that the old factors are discarded and fresh factors
are incorporated at each round of replication. How then
does the passing replication fork keep track of “old” factors
and ensure that the proper epigenetic state is reestablish-
ment? Although many details of these questions remain,
experiments by Sarraf and Stancheva imply that the fork
may transiently displace MBD1 from methylated DNA, but
keeps MBDI1 close by to incorporate the factor post-
replication. MBD1 binding to methylated DNA and CAF1
are mutually exclusive, suggesting that replication forks
may generate a transient CAF1/MBD1/SETDB1 complex
by displacing MBD1 from methylated DNA (Sarraf and
Stancheva 2004). The CAF1/MBDI1/SETDB1 complex
also associates with histones H3 and H4 in S phase, hinting
that methylation of H3K9 occurs during chromatin as-
sembly (Sarraf and Stancheva 2004). These studies also
suggest that passage of the replication fork is necessary to
reestablish a heterochromatic state at a promoter site in
mammals, in contrast to yeast. An intriguing explanation is
proposed: DNA methylation directs H3K9 methylation by
SETDB1 at MBDI1-bound loci. If DNA methylation is
removed, the recruitment of MBD1/SETDB1 complex to
CAF1 is disrupted and results in a gradual loss of meth-
ylation following rounds of replication. It will be interesting
to determine the details of the DNA methylation and histone
methylation relationship: the number and importance of
histone methylases acting to restore the heterochromatic
state, the importance of replication in recruiting these
factors, and whether or not every histone methylase is
dependent upon DNA methyl-binding proteins.

Higher-order chromatin structure and the role of
chromatin-remodeling complexes

Multiple chromatin-remodeling enzymes, which alter the
positioning and spacing of nucleosomes without removal
from DNA, were identified in eukaryotes and shown to
play a role in the formation of heterochromatin. Hetero-
chromatin is characterized by regular spacing of nucleo-
somes and tight compaction, restricting accessibility of
the DNA (Wallrath and Elgin 1995; Sun et al. 2001).
Chromatin-remodeling enzymes utilize ATP to shift nu-
cleosomes into equally spaced positions and to remove
them from promoter regions. Complexes containing Imi-
tation Switch (ISWI) have been implicated in replication
and maintenance of heterochromatin (for review, see
Corona and Tamkun 2004; de la Serna and Imbalzano
2002). Defining the time of action of these complexes will
be complicated, however, as chromatin-remodeling en-
zymes may be involved in moving nucleosomes to open
DNA for replication and/or to reestablish the nucleosome
pattern of heterochromatin. In addition, disruption of these
enzymes likely affects all chromatin, complicating dissec-
tion of a specific role in heterochromatin. Current research
on the role of ISWI complexes reveals roles in regulating
replication and heterochromatin, although at present it is

not clear whether they act primarily to open heterochro-
matin to promote replication or restrict replication through
heterochromatin by maintaining a closed configuration, as
detailed below.

Studies in human cells demonstrate a requirement for the
ACF1 (ATP-utilizing chromatin assembly and remodeling
factor 1)-ISWI complex in replication of heterochromatin.
Prior to late S phase, ACF1 and ISWI exhibit general
nuclear staining. At late S phase, these factors colocalize
with BrdU and HP13 at the characteristic pericentric
heterochromatin foci (Collins et al. 2002). Although ACF1
can localize to pericentric heterochromatin without its
interaction with ISWI, the function of ACF requires ISWI
(Collins et al. 2002). RNAi to ACF1 decreases the number
of cells incorporating BrdU at pericentric heterochromatin,
but does not alter HP13 localization. In addition, these
ACF1 depleted cells show a delay in late S phase, which the
authors interpret as a delay in the replication of heterochro-
matin. These phenotypes could be reversed by treatment of
the ACF1-depleted cells with a DNA methylation inhibitor
that leads to the decondensation of heterochromatin. This
suggests that the delay in S phase is a result of impairment in
opening heterochromatin for replication.

Studies on ACF1 in Drosophila, however, suggest a
different role for the ACF1-ISWI complex in heterochro-
matin. Extracts made from acfl null mutants assemble
nucleosomes arrays less efficiently than wild-type extracts
and show a decrease in the periodicity of these arrays on
isolated chromatin (Fyodorov et al. 2004). Mutations in
acfl, however, act as strong suppressors of PEV, suggesting
that ACF1 contributes to the formation of heterochromatin
rather than the opening of heterochromatin (Fyodorov et al.
2004). Observations on DNA replication in acfl mutant
embryos and larval neuroblasts also indicate that the
functions of ACF1 in Drosophila differ from those observed
in human cells. Drosophila acf] mutant tissues spend less
time in S phase and DNA replication appears normal. Thus
these tissues appear to progress more rapidly through late S
phase (Fyodorov et al. 2004). An accelerated S phase is also
observed in mutants with decreased levels of histones,
which further suggests that the repressive nature of hete-
rochromatic DNA replication is relieved by poor chromatin
assembly in acf! mutants (Fyodorov et al. 2004).

Is it possible to reconcile the observations in human cells
and Drosophila? As Fyodorov et al. (2004) note, the be-
havior of cultured mammalian cells and acfl mutant
embryos and larvae may not be identical. The ACFI1-ISWI
may perform slightly different roles in different organisms
or at different developmental stages. Another possibility
may be that ACF1-ISWI is involved in both roles, opening
heterochromatin for replication and arranging nucleosome
arrays for the heterochromatic state. Perhaps each system
or experimental technique is particularly suited to observe
predominantly one role over the other. Nevertheless, it is
apparent that the ACF1-ISWI complex is important in the
propagation of heterochromatin after DNA replication.

Another ISWI-containing complex, Williams syndrome
transcription factor (WSTF)-ISWI chromatin remodeling
complex, has been linked to maintenance of chromatin state



in mammalian cells. WSTF and ISWI form a complex in
vertebrates that, in vitro, can reconfigure disorganized nuc-
leosomal arrays into more regularly spaced and organized
configurations in an ATP-dependent manner (Bozhenok et
al. 2002). A role for the WSTF-ISWI complex in hetero-
chromatin maintenance is suggested by its localization to
mammalian pericentric heterochromatin in late S phase,
where it colocalizes in large, distinct foci with HP1[3
(Bozhenok et al. 2002). Based on the localization of WSTF
in late S phase, the authors suggest that the WSTF-ISWI
complex either facilitates DNA replication through hetero-
chromatin or has a role in the assembly of heterochromatin
reestablishment postreplication. A recent paper from the
same laboratory probed the role of WSTF—-ISWI further and
revealed that WSTF-ISWI may have a role earlier in S
phase (Poot et al. 2004). Importantly, in mid, late and very
late S phase, WSTF nearly always colocalized with sites of
active DNA replication. Additionally, WSTF and ISWI
physically interact with PCNA and are retained at replica-
tion foci via their interaction with PCNA (Table 1, Fig. 1a)
(Poot et al. 2004). This interaction with PCNA is consistent
with the observation that WSTF-ISWI is retained at foci
postreplication, because PCNA can persist at replication
foci after DNA synthesis is complete.

Experiments in which WSTF has been depleted from
cells provide evidence for a different role for WSTF-ISWI:
WSTF acts to maintain open chromatin structures (Poot et
al. 2004). WSTF-depleted cells have small nuclei that are
more resistant to DNase I and micrococcal nuclease
digestion, indicative of the chromatin in these cells being
closed and more packaged. In addition, these cells demon-
strated an increase in heterochromatic markers; levels of
HP1«x and -f3, and histone H3 lysine 9 trimethylation and
lysine 27 dimethylation were increased and this increase
was not due to increased transcription of these factors (Poot
et al. 2004). Interestingly, the increase in HP1(3 levels can
be prevented if the cells are blocked in G1, indicating that
passage through S phase is required for the observed
increase in HP1{3 protein levels (Poot et al. 2004). The
authors present two possible interpretations for the role of
WSTF-ISWI. Nucleosomes may be less mobile in the
absence of WSTF-ISWI, thereby promoting formation of
heterochromatin. It is also possible that WSTF-ISWI may
directly prevent HP1 binding to newly replicated DNA and
actively maintain euchromatic structure. These interpreta-
tions suggest that heterochromatin is the default state for
newly replicated DNA or that newly replicated DNA is
highly susceptible to heterochromatin assembly in the
absence of an active inhibition factor. If heterochromatin is
indeed a default state, then keeping an organism’s genome
open would require a high level of heterochromatin-
inhibition factors and substantial energy. Nevertheless, a
precedence exists in the requirement of Dotl in S.
cerevisiae to actively block the spread of heterochromatin
(Katan-Khaykovich and Struhl 2005). It is also not in-
tuitive why a factor that inhibits the formation of hetero-
chromatin would localize to pericentric heterochromatin
while it replicates. Much remains to be deciphered about
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the role of chromatin-remodeling factors in the replication
and regulation of heterochromatin.

Conclusions and perspectives

We have presented the evidence for roles of replication
proteins, histone modification enzymes, DNA methyltrans-
ferase, and chromatin remodeling complexes in the rein-
statement of heterochromatin at the replication fork in S
phase. Many of these functions are likely to be required
outside of S phase for the maintenance of heterochromatin
and to be critical for the establishment of heterochromatin
at new genomic locations in response to developmental
cues such as position-effect variegation or X chromosome
inactivation. Even within S phase, precise evaluation of the
mechanism by which these proteins contribute to hetero-
chromatin replication is impeded by the complexities of
distinguishing their roles in DNA replication versus re-
establishment of the chromatin. Use of mutations that
dissociate DNA replication and chromatin requirements
will be a powerful means to decipher these roles.

Conversely, new factors required for the maintenance of
heterochromatin now need to be analyzed for roles in the
replication of heterochromatin within the S phase. Among
the most exciting new activities needed for heterochroma-
tin are the RNAi machinery and the retinoblastoma (Rb)
tumor suppressor protein. In fission yeast, Drosophila, and
mammalian cells, the RNAi machinery is required for
heterochromatin protein binding, heterochromatic silen-
cing, and centromere function (Pal-Bhadra et al. 2004;
Verdel et al. 2004; Huertas et al. 2004; Kanellopoulou et al.
2005; Motamedi et al. 2004; Fukagawa et al. 2004). The
Rb protein family was also shown to be required for DNA
methylation, hypoacetylation of histone H3, and trimethy-
lation of histone H4, most likely via a direct interaction
with the histone H4 lysine 20 trimethyl transferase Suv4-20
(Gonzalo et al. 2005). Given that Rb is known to be present
and to act within the S phase (Bosco et al. 2001; Avni et al.
2003), it is likely that Rb has a function in reinstating
heterochromatin during DNA replication. In addition to the
predominant histone proteins, there are histone variants
that contribute both to the formation of heterochromatin
and protection against the spread of heterochromatin into
euchromatic regions (for review, see Kamakaka and
Biggins 2005). Although some of these histone variants
such as H3.3 do not require DNA replication for their
assembly into nucleosomes, the assembly requirements of
other variants and potential roles in replication are in the
early stages of investigation.

A crucial issue is how the histone modifications and
associated chromatin proteins are templated onto the
daughter duplex after replication. Given the interdepen-
dency of histone modifications (Czermin and Imhof 2003;
Fischle et al. 2003), semiconservative reassembly of the
nucleosome could provide a means to reestablish histone
modifications that could then promote proper protein
association (Tagami et al. 2004). The evidence to date,
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however, suggests conservative assembly of the nucleo-
some (for review, see Henikoff et al. 2004). The relationship
between DNA methylation and histone modification pro-
vides an additional template mechanism. Although the
problem of templating chromatin architecture is common to
both euchromatin and heterochromatin, in the case of
heterochromatin it has the increased complexity of requir-
ing the reassociation of heterochromatin binding proteins.
Further investigation of the regulation of heterochromatin
replication will produce insights into how these modifica-
tions and protein associations are templated.

The timing of heterochromatin replication within S
phase and the mechanism by which it is delayed until late
in the S phase is another issue that remains to be unraveled.
This is of biological significance in that this delayed timing
facilitates the underreplication of heterochromatin in endo
cycles. At present, it is not clear whether heterochromatin
replicates late in the S phase because the chromatin struc-
ture restricts access to replication factors or whether the
restriction of replication to late S phase helps form hetero-
chromatin due to delayed availability of heterochromatin
proteins to assemble. As proposed by McNairn and Gilbert
(2003), both may be possible: late replication of hetero-
chromatin initially contributes to formation of heterochro-
matin structure and that thereafter this restricts replication
until late S phase. Future analysis on the timing of syn-
thesis and assembly of heterochromatin proteins within S
phase will be informative. Defining the means by which the
intriguing SuUR protein both affects the timing and extent
of heterochromatin replication in endo cycles is likely to
provide crucial insights into how heterochromatin replica-
tion can be restricted until late in S phase.
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