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EUCHROMATIN

A form of chromatin that is
de-condensed during
interphase.

KINETOCHORE

A multiprotein complex that
assembles on centromeric
DNA and mediates the
attachment and movement of
chromosomes along the
microtubules of the mitotic
spindle.

CHROMOCENTRE
Aggregates of centromere from
different chromosomes.
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HP1 AND THE DYNAMICS OF
HETEROCHROMATIN

MAINTENANCE

Christele Maison and Geneviéve Almouzni

Heterochromatin maintenance is crucial for the clonal inheritance of cell identity, to ensure the
proper segregation of chromosomes and the regulation of gene expression. Although it is
architecturally stable, heterochromatin has to be flexible to cope with disrupting events such as
replication. Recent progress has shed light on the paradoxical properties of heterochromatin in
the nucleus, and highlights the roles of heterochromatin protein-1 and, more unexpectedly, RNA

molecules in heterochromatin maintenance.

In eukaryotic cells, the genetic material is organized into
a complex structure that is known as chromatin (from
the Greek khroma meaning coloured), which was first
detected with basic dyes at the end of the nineteenth
century?. Historically, on the basis of microscopic
observations, chromatin is divided into two distinct
domains, heterochromatin and  EucHROMATIN.
Heterochromatin is defined as regions of chromatin
that remain cytologically condensed and densely
stained throughout the cell cycle, whereas euchromatin
is de-condensed during interphase?. Large blocks of
heterochromatin surround functional chromosome
structures such as centromeres and telomeres. At cen-
tromeres, around the centric region that is directly
involved in kinetocHore formation?, these blocks are
known as pericentric regions. In mouse cells, these
regions are easily identified by their intense DNA stain-
ing with the dye, 4',6-diamidino-2-phenylindole
(DAPI). They are observed throughout the cell cycle
(F1G. 1), and are most visible during interphase when
these regions from several chromosomes cluster
together as cHromocenTres. SO, on the basis of a histori-
cal definition, pericenTrIC HETEROCHROMATIN IS @ typical
example of constitutive heterochromatin, for which
potential functional importance for chromosome
segregation and gene expression has been docu-
mented. Here, we summarize the present knowledge
of the properties of pericentric heterochromatin as a

basis for our understanding of how a nuclear
domain, which is epigenetically marked, can be
maintained. This will not only enrich the definition
of heterochromatin“ by introducing the molecular
components that are involved in its structure, but
also emphasize the unique aspects of pericentric
heterochromatin.

Pericentric heterochromatin is composed mainly
of long stretches of repetitive A+T-rich DNA
sequence, and includes transposable DNA elements
and sateLLiTe RepeaTs that, in mouse cells, are known as
the major satellite repeats. These satellite repeats con-
sist of a 234-bp monomer that is tandemly arranged
into higher-order arrays that extend over a length
ranging from 240 kb to greater than 2,000 kb (REF. 5).
Given its position — juxtaposed to centric regions
(FIG.1) — it is not surprising that the proper organiza-
tion of pericentric heterochromatin can be vital in
ensuring correct chromosome segregation®’ and
therefore has an important role in the maintenance of
genome stability, as was initially found in the fission
yeast Schizosaccharomyces pombe®. In addition, peri-
centric heterochromatin has been implicated in the
gene silencing that occurs when euchromatic genes are
placed adjacent to heterochromatin by chromosome
rearrangement or transposition®*® — a phenomenon
that was initially described in Drosophila melanogaster
as POSITION-EFFECT VARIEGATION™L.
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Figure 1 | Mouse pericentric heterochromatin. Images of nuclei from interphase (top) and mitotic
(bottom) mouse cells that are stained with 4',6-diamidino-2-phenylindole (DAPI) are shown (a) along
with schematic representations (b). In interphase cells, the clustering of regions that correspond to
pericentric heterochromatin from different chromosomes give rise to the bright spots (or
chromocentres). In mitotic cells, the chromosome clustering is disrupted, and each spot corresponds
to pericentric-heterochromatin domains from individual chromosomes. Scale bars, 10 pm.

PERICENTRIC
HETEROCHROMATIN

Aregion of chromatin that is
found juxtaposed to the
centromere and that remains
condensed throughout the cell
cycle. It is considered to be typical
constitutive heterochromatin.

SATELLITE REPEAT

A specific DNA sequence that is
repeated many times in a long
tandem array.

POSITION-EFFECT VARIEGATION
The heritable suppression of
genes that results from their
abnormal translocation to a
position close to
heterochromatin.

CHROMODOMAIN

A highly conserved protein-
sequence motif that is common
to many chromosomal proteins.
In HP1 it is crucial for the
interaction with histone H3 that
is methylated at lysine 9.

CHROMOSHADOW DOMAIN

A protein-sequence motif that is
related to the chromodomain in
its amino-acid sequence and has
so far only been found in the
HP1 family of proteins.

Importantly, in addition to the repetitive-DNA
content that is mitotically inherited, pericentric
heterochromatin has several ‘marks’ that are stably
transmitted across cell generations, and therefore, by
definition, are of an epigenetic nature. In mouse cells,
DNA is methylated at CpG dinucleotides?. At the
nucleosomal level, modified histones are present, gener-
ally hypoacetylated®® and specifically methylated at
lysine 9 of histone H3 (H3-K9)". This latter modifica-
tion is dependent on histone-H3 methyltransferases
that are encoded by homologues of the D. melanogaster
Suppressor of variegation 3-9 gene — they are known as
Suv39h1 and Suv39h2 in the mouse’. Finally, a promi-
nent mark in this region is the enrichment in hete-
rochromatin protein-1 (HP1)%.

In this article, HP1 is reviewed and its binding
partners and dynamic properties are discussed. The
mechanisms for the maintenance of heterochromatin
organization through HP1 at pericentric loci are pre-
sented. We also speculate on a possible mode for HP1
inheritance during replication. Finally, on the basis of
exciting recent discoveries, we compare the possible
functions of RNA at pericentric heterochromatin in
mouse cells and S. pombe.

Binding of HP1 to heterochromatin

HP1 protein organization. HP1 was initially identi-
fied in D. melanogaster in a screen for nuclear pro-
teins that showed a predominant distribution to the

chromocentre on polytene chromosomes'**. Genetic
analysis in D. melanogaster further implicated HP1 in
the regulation of gene expression by position-effect
variagation®®. This highly conserved protein has homo-
logues in various organisms, ranging from S. pombe
(Swi6) to mammals, in which three HP1 isoforms,
HP1a, HP1p (also known as MOD1 or M31) and HP1y
(also known as MOD?2 or M32) have been identified"".
Although the HP1 isoforms have similarities in their
amino-acid sequences and structural organization (FIG. 2),
there are some differences in their localization. They are
primarily associated with centromeric heterochromatin,
but HP1pB and, in particular, HP1y also localize to
euchromatic sites'®1°, The specificity of HP1a for peri-
centromeric regions has gained further support
recently?’. HP1 proteins are small (around 25 kDa) and
contain a conserved amino-terminal region that is
known as the cHromopomaIN (chromatin-organization
modifier), followed by a variable hinge region and a con-
served carboxy-terminal cHrRoMosHADOW DOMAIN (FIG. 2). In
general, chromodomains are found in numerous proteins,
many of which are known to function in chromatin
organization and the regulation of gene expression?,
such as Polycomb proteins (which repress transcription
of many loci in the genome) and Suv39h1. The three-
dimensional structure of both the chromodomain and
the chromoshadow domain of mouse HP13, which was
determined in solution using NMR, shows that each
domain forms a hydrophobic pocket and can function as
a protein-binding motif 224, The crystal structure of the
chromoshadow domain of Swi6 in S. pombe has been
solved?, as well as the co-crystal structure of modified
H3 peptide with the chromodomain of D. melanogaster
HP1 (Rer. 26). The multipartite organization of HP1 pro-
teins allows several proteins to bind simultaneously and
has led to the idea that HP1 proteins can function as
structural adaptors that are vital for the assembly of
macromolecular complexes in chromatin.

HP1-binding partners and heterochromatin stability.
Among the many nuclear proteins with which mouse
HP1a can interact?’, we focus here on those that have a
potential role in the stability of the higher-order struc-
ture of pericentric heterochromatin (FiG. 2).

For the chromodomain of mouse HP1a, the most
prominent binding partner is histone H3 that is methy-
lated at lysine 9 (H3-K9; REFs 28,29), a property that has
been proposed to be consistent with the Histone-cope
HypoTHESIS %2, Lysine residues can be mono-, di-, and tri-
methylated in vivo, and recently a detailed analysis
showed that HP1 has a preferred affinity for a histone-H3
peptide that bears trimethylated K9 (Rer. 26). Interestingly,
given that Suv39h1 can introduce this K9 modification
and is also able to bind HP1 (Rer. 33), the idea emerged
that the propagation of heterochromatin can be ensured
once an initiating site has been established. This propaga-
tion would involve a ‘self-sustaining’ loop, in which
methylated H3-K9 histones bind to HP1; which in turn
recruits more H3-K9 histone methyltransferase®. This
type of mechanism could potentially apply to other
histone modifications.
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Figure 2 | Mouse HP1 domains and interaction partners. a | The amino-acid sequence of
mouse heterochromatin protein-1 (HP1) isoforms a, B and y. Asterisks indicate amino acids that
are conserved among the three subtypes. Three domains are distinguished: the amino-terminal
chromodomain (red), the central hinge region (pale green) and the chromoshadow domain (blue).
The RNA-binding activity of HP1a is mediated by a domain of 23 amino acids (mid green) that is
located in the carboxy-terminal part of the hinge region. b | This scheme depicts HP1a domains
of interaction with selected partners that are potentially important for the stability of
heterochromatin domains. The chromodomain binds to methylated lysine 9 of histone H3. The
hinge region can bind RNA, DNA and chromatin. Among the chromoshadow-domain interactors
are HP1a and HP13, p150 of chromatin-assembly factor-1 (CAF1), the histone H3 lysine
methyltransferase Suv39h (this interaction was shown in Drosophila melanogaster) and the

DNA methyltransferases Dnmt1 and Dnmt3a.

Interestingly, the D. melanogaster histone acetyltrans-
ferase Mof (males absent on the first), which is involved
in male X-chromosome posaGe coMPENSATION, CONtaiNs a
chromodomain that functions as a protein~-RNA-bind-
ing module. In vivo, the association of Mof with the male
X chromosome was therefore proposed to depend on the
interaction of Mof with roX2 RNA®. However, there is
poor sequence similarity between the chromodomain of
Mof and HP1. So, although the enrichment in HP1 pro-
teins at centromeric regions is sensitive to RNase in
mouse cells®, and HP1 proteins can bind RNA in vitro¥,
this binding does not involve the HP1 chromodomain.
Unlike Mof, the RNA-binding properties of HP1a are
mediated in vitro by the hinge region¥, a region with no
obvious homology to known RNA-binding proteins. In
addition, the hinge region of HP1 can also bind DNA and
chromatin without obvious sequence specificity®3. This
hinge region is the least conserved domain of HP1, which
indicates that it could confer the selectivity of HP1 bind-
ing to specific cognate partners that might, for example,
target the distinct HP1 isoforms to different locations. So,
the properties of the variable hinge region might con-
tribute not only to the basal nuclear localization of HP1
proteins, but also promote an increase in the concentra-
tion of HP1 proteins at discrete sites in the nucleus. This
could account, at least in part, for the enrichment in HP1
proteins at centromeric regions.

HISTONE-CODE HYPOTHESIS

A hypothesis that proposes that
distinct histone modifications,
on one or more tails, function
sequentially, or in combination,
to define a code that is translated
by effector proteins with specific
biological functions.

DOSAGE COMPENSATION

A process by which the
expression of sex-linked genes is
equalized in species in which
males and females differ in the
number of sex chromosomes. In
Drosophila melanogaster dosage
compensation is achieved by
hypertranscription of the single
male X chromosome.

The chromoshadow domain functions as a dimer-
ization module and contains a vital consensus pen-
tapeptide that is found in several nuclear proteins
that interact with HP1 (REF. 40). Indeed, this domain
of HP1a mediates interactions with either HP13 or
HP1a itself#. Such self-association might contribute to
heterochromatin compaction and possibly cohesion
(clustering)?. In addition to self-association, HP1 inter-
acting partners include the DNA methyltransferases
Dnmtl and Dnmt3a, which are involved in CpG
methylation*2. Whereas Dnmt3a is required for de novo
DNA methylation*}, Dnmt1 seems primarily to main-
tain heritable methylation patterns during DNA replica-
tion**. In addition, the HP1 chromoshadow domain
binds the large subunit p150 of chromatin-assembly
factor-1 (CAF1)%, a factor that is implicated in histone
deposition during both DNA replication and repair®.
Notably, CAF1 itself interacts with the DNA-replica-
tion-processivity clamp, proliferating cell nuclear anti-
gen (PCNA), which provides a molecular link with both
DNA replication and repair.

These properties of HP1 can therefore contribute
to the stability of a domain that is enriched in HP1 in
two principal ways. First, the number of HP1 inter-
actors offers various possibilities for HP1-binding
sites that, individually, might not have a strong affin-
ity for HP1, but together could ensure the mainte-
nance of a highly concentrated subregion. Second,
all of the binding partners of HP1 that have already
been discussed are proteins that are involved either
in setting specific epigenetic marks on DNA or
nucleosomes, or in promoting nucleosome assembly,
and each of them can participate in the maintenance
of pericentric heterochromatin.

Maintenance of pericentric heterochromatin. As the
association of HP1 with pericentric heterochromatin is
lost in Suv39h double-null primary mouse fibroblasts?,
the binding of HP1 to methylated H3-K9 was proposed
to be crucial for the targeting of HP1 to pericentric
heterochromatin?2%47, It seems that trimethylated
H3-K9 is enriched at pericentric heterochromatin®,
However, although crucial, the recognition of methy-
lated H3-K9 might not be sufficient by itself to ensure
the stability of domains that are enriched in HP1.
Considering that the affinity of HP1 for methylated
amino-terminal histone-H3 peptide is rather low®,
several methylated H3-K9 sites might help to maintain
high amounts of HP1 at a steady state in the pericentric
heterochromatin, or, other distinct HP1-interaction
sites could be involved. The H3-K9 modification is
found at other loci, such as the inactive X chromosome
in female cells, which are not enriched for HP1.
Although HP1 is not excluded from these sites, it is
clear that the H3-K9 modification is not sufficient for
HP1 specificity®65:52, This might result from a ‘mask-
ing’ mechanism that prevents direct access to the HP1-
binding site, perhaps owing to other marks that are
present, such as the Xist RNA mark on the inactive X
chromosome®. Alternatively, a combinatorial system
might be necessary for recognition, and therefore the
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H3-K9 modification, by itself, might not be sufficient
for HP1 binding. The latter mechanism is consistent
with observations indicating that other parameters are
necessary for HP1 to be detected at pericentric hete-
rochromatin. Indeed, evidence of the importance of the
hypoacetylation of histones is provided by the fact that
prolonged exposure of mammalian cells to a deacetylase
inhibitor (which results in histone hyperacetylation)
disrupts HP1 proteins that were initially concentrated at
pericentric heterochromatin®. As the level of H3-K9
methylation is not concommitantly altered®¢, both
H3-K9 acetylation and methylation can occur on dis-
tinct H3 termini in pericentric heterochromatin. In
addition, the importance of a combination of histone
modifications is supported by the phenotype that is
observed in cells in which an essential component of the
Sin3—-HDAC (suppressor-interacting—histone-deacety-
lase) corepressor complex has been inactivated®.

Even more surprisingly, an RNA component is
important, as the treatment of mouse cells with RNaseA
disrupts the localization of HP1 at pericentric hete-
rochromatin; this can be restored by simply adding back
purified total or nuclear RNA%*. A structural role can
therefore be attributed to this RNA, which, in conjunc-
tion with the modification state of H3 (hypoacetylated
and methylated at K9), participates in creating the spe-
cific higher-order structure that is typical of pericentric
heterochromatin. How does this RNA participate to
maintain the local concentration of HP1 at pericentric
heterochromatin? One possibility is that the RNA-
dependent architecture of heterochromatin might bring
methylated H3-K9 amino-terminal ends together in a
specific configuration that is required for the accumula-
tion of HP1 in pericentric heterochromatin. Indeed,
RNaseA treatment disrupts not only HP1 localization,
but also the spatial ordering of methylated H3-K9, as
detected by an antiserum that preferentially recognizes
the spatial arrangement of H3-K9 methylation. Another
possibility is that this RNA binds directly to the hinge
region of HP1 and therefore promotes the architectural
organization of the entire domain. So, it is interesting to
note that transcripts corresponding to the major satellite
repeats have been detected by either northern analysis or
RT-PCR (PCR after reverse trancription of RNA)%%6,
but it is unclear whether they actually contribute to HP1
retention.

Taken together, these observations indicate that the
local concentration of HP1 within pericentric hete-
rochromatin depends on the following parameters:
the presence of Suv39h, H3-K9 methylation,
hypoacetylated histones and an RNA component —
all of which are potential binding partners of HP1.
The question, then, is how the many HP1 binding
partners work together to achieve the functional orga-
nization of heterochromatin?

HP1 dynamics and inheritance during replication
Recent work on the dynamic properties of HP1 proteins
within the cell nucleus might shed light on these issues.
Heterochromatin has long been viewed as an inert,
highly condensed and inaccessible domain, in which

areas of HP1 concentration were thought to function as
‘glue’ that is bound in place without dynamic exchange.
In contrast to this static view, experiments that were
carried out using live-cell imaging and fluorescence
recovery after photobleaching (FRAP) show that HP1
is not stably bound to pericentric heterochromatin,
but is highly mobile and forms a stable compartment
that is actively renewed®”%8, Therefore, the dynamic
properties of HP1 can take advantage of a multiplicity
of low-affinity binding sites and could be crucial for
the creation of an ever-changing, but overall stable,
architectural framework, within which nuclear
processes can take place.

DNA replication of heterochromatin presents several
challenges, as the cell needs to replicate not only the
DNA, but also the spatial organization of the whole
domain. Furthermore, the passage of the replication
fork is a disrupting event for nucleosomal organiza-
tion®®, as well as for transcription complexes®. This
disruption might actually be vital for fork progres-
sion, which could explain the presence of remodelling
factors that might facilitate the process by remodel-
ling the chromatin structure to allow the movement
of the replication fork. Indeed, an imitation switch
(ISW1)-containing chromatin-remodelling complex
accumulates in pericentric heterochromatin during
its replication®, and another ISWI-containing com-
plex is required for efficient replication of hete-
rochromatin®. Other chromatin-remodelling proteins
have been shown to bind HP1 (ReF. 63,64), which sug-
gests that, in addition, they have a role in the mainte-
nance of heterochromatin.

Remarkably, during DNA replication, the overall
concentration of HP1 is maintained at pericentric-hete-
rochromatin regions®®, which indicates that either
the nucleosomal destabilization that is generated by the
replication fork is a local phenomenon that does not
affect the stability of overall chromatin structure, or, that
specific mechanisms are involved to ensure the mainte-
nance of the domain. Here, we present a model that
integrates the combination of HP1-binding partners,
HP1 dynamic properties and chromatin assembly
during DNA replication (FiG.3), such that when one
HP1-binding site is displaced, an alternative binding
partner can be provided. The dynamic interaction prop-
erties of HP1 (Fi1G. 2) therefore enable us to propose a
useful framework to explain how a stable structure —
pericentric heterochromatin — can be propagated.

During replication, modified parental histones are
displaced ahead of the replication fork and are randomly
distributed between the two daughter strands.
Concomitantly, deposition of de novo synthesized his-
tones provides the full complement of histones that are
needed to ensure the proper assembly of the duplicated
material. This latter step is mediated by CAF1, which is
targeted to the replication fork through a direct associa-
tion with PCNA®", |n this scheme, we suggest that,
whereas the passage of the replication fork is likely to
abolish the association of HP1 with DNA, methylated
H3-K9 and potentially RNA, the presence of CAF1 at the
replication fork could provide HP1-binding sites to
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Figure 3 | The ins and outs at the replication fork: a model for heterochromatin propagation. For simplicity, only the leading
strand, on which continuous DNA synthesis occurs, is shown in detail. During replication, the dynamics of histones involve: the
random distribution between the two daughter strands of the parental histones (mid-blue circles); and concomitantly, the deposition
of de novo synthesized histones acetylated on histone H4 (green-blue circles). Starting from parental heterochromatic DNA (a), on
which heterochromatin protein-1 (HP1) is associated with numerous partners (such as methylated histone H3-K9 (methylation is
represented by a blue star), DNA and RNA), the passage of the replication fork triggers the release of parental modified nucleosomal

histones (methylated on histone H3) ahead of the fork, thereby leading to local destabilization and the loss of HP1 nucleosomal
binding sites (b). New binding sites are subsequently created through the proliferating cell nuclear antigen (PCNA)-mediated
recruitment of chromatin assembly factor-1 (CAF1), which assists de novo histone deposition in the ‘re-formation’ step (c). The
continual exchange between free and bound forms of HP1 ensures the plasticity of the domain. The CAF1-bound HP1 recruits the
DNA methyltransferase Dnmt1 and its binding partner histone deacetylase (HDAC) to methylate DNA on CpG and deacetylate
histones (pale-blue circles), respectively. CAF1-bound HP1 also recruits Suv39h to methylate histone H3 on K9. This latter
maodification, in turn, provides new HP1-binding sites to propagate the heterochromatin state (‘propagation’ step; d). Soon
thereafter, newly synthesized DNA, in the form of chromatin bound to HP1, can associate with the ‘structural RNA' that helps to

ensure the architectural organization of the entire domain.

compensate for this. Once bound to CAF1, HP1
could, in turn, recruit the proteins that are involved in
establishing epigenetic marks such as DNA methyla-
tion and histone modification (deacetylation and
methylation). Newly synthesized histone H4 that is
acetylated on residues K5 and K12 — a highly con-
served pattern among eukaryotes®® — is incorporated
during replication and deacetylated shortly after
deposition in heterochromatin®. So far, it remains
unclear if, in mammalian cells, newly synthesized his-
tone H3 is incorporated into heterochromatin with
existing modifications. In our model, the methylation
mark of histone H3-K9 would need to be imposed by a
histone methyltransferase that is bound to HP1 to create
new HP1-interacting sites and help to propagate the het-
erochromatin state. However, it is also possible to envis-
age that the methylation mark is already there in newly
synthesized histone H3 and is therefore directly coupled
to nucleosome assembly™. It should be noted that there
are distinct histone-H3 variants in mammals and in
D. melanogaster . Notably, in the latter case, the deposi-
tion of the major histone-H3 variant is coupled to DNA
synthesis during DNA replication, whereas histone H3.3 is
deposited independently of DNA replication and
marks active loci’?. Therefore, it will be interesting to
determine, in addition to the histone modifications,
which histone-H3 variant is incorporated during

heterochromatin replication and which mechanisms
enable the perpetuation of the pre-existing state.

From this model, we suggest that, during the replica-
tion process, CAF1 functions as a chaperone for both
newly synthesized histones and HP1 as previously pro-
posed®. In this scheme, the PCNA-CAF1-HP1 com-
plex could function as a platform that simultaneously
contributes to both the maintenance and the duplica-
tion of the heterochromatic domain. However, the need
for CAF1 specifically for heterochromatin duplication
has yet to be demonstrated.

An unexpected role for RNAs

Itis intriguing to envisage how RNA, the product of
transcription, can participate in the organization of
domains that are largely transcriptionally silent, partic-
ularly when the domains are thought to be condensed
and inaccessible. However, in mouse cells, although
pericentric heterochromatin was thought to be tran-
scriptionally inactive, RNA transcripts that correspond
to both strands of the centromeric major satellite
repeats have been detected®6. The dynamic properties
of HP1, as discussed above, might enable the domain to
be flexible enough to allow some transcription, which
might then be quickly shut down, perhaps when the
domain is made accessible during replication. What
functions can be assigned to these non-coding RNAs?
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X INACTIVATION

A process by which dosage
compensation in mammals is
achieved by the transcriptional
silencing of one of the X
chromosomes in XX females.

RNA INTERFERENCE

(RNAI). A post-transcriptional
gene-silencing process in which
double-stranded RNA triggers
the degradation of homologous
mMRNA.

Box 1| Organization of pericentric heterochromatin in mouse cells and fission yeast

Domain structure

Regions of pericentric a Mouse
heterochromatin within Forward
—_—

b S. pombe
Forward
CpG ——

centromeric regions are

Central

methylation is shown by a
blue star) are present as
well as the H3-K9 histone

eight-pointed star in the figure.
RNA

Role of RNAI

The role of non-coding RNAs. The presence of non-cod-
ing RNAs that are associated with specific nuclear
domains has recently created a lot of excitement™-®,
For example, roX1/2 RNA is associated with dosage
compensation in D. melanogaster”’, Xist RNA is
involved in x inacTivation in mammals®®, the produc-
tion of double-stranded RNA (dsRNA) can cause
transcriptional and post-transcriptional silencing in
plants™, and, even more striking, ribosomal-DNA
transcription (or ribosomal RNA itself) is necessary to
maintain nucleolar organization in the nucleus™. As
discussed above, an unknown RNA component is
required for the maintenance of mouse pericentric-het-
erochromatin organization, and is likely to participate
directly or indirectly in the architectural organiza-
tion®. Whether this RNA arises from local or distal
transcription events, it should ultimately be incorpo-
rated into a nucleoprotein complex within hete-
rochromatin to achieve its structural role.
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methyltransferase, which is known as Suv39h in mouse cells and CIr4 in S. pombe. H3-K9 modification provides binding
sites for HP1 proteins in mouse cells and Swi6 in S. pombe. The centric region of the inner domain is represented by a red

In mouse cells, there are RNA transcripts of unknown function that are homologous to both strands of the major satellite
repeat, as well as an RNA component (‘structural’ RNA) that is implicated in the maintenance of pericentric-
heterochromatin organization. In S. pombe wild-type strains, transcripts from the outer repeats that are detected only in
the reverse orientation (solid blue arrow) should be degraded post-transcriptionally by the RNA interference (RNAI)
machinery. The level of transcription from outer-repeat DNA in the forward orientation is low (dotted red arrow). In
mutant strains lacking Argonaute (Agol), Dicer (Dcrl) or RNA-dependent RNA polymerase (Rdpl), which all affect the
RNAIi machinery, both forward and reverse transcripts remain stable.

In S. pombe wild-type strains, transient double-stranded RNA (dsRNA) molecules are processed into small interfering
RNAs (siRNAs) by the RNAI machinery. These siRNAs promote methylation of H3-K9, allowing for the initiation of the
heterochromatic state, thereby repressing transcription in the forward orientation. The continuous regeneration of dsRNA
isensured by priming of the reverse transcript by RdpZ1, which is bound to the chromatin (dotted black arrow). How a
comparable RNAi-dependent heterochromatin-formation process might occur in mouse cells is open to question.

The importance of RNA was highlighted in S. pombe,
in which the rna inTerrerence (RNAI) machinery is
required for the formation of silent, condensed hete-
rochromatin at centromeres® and at the mating-type
region®, and for centromere function®®, Comparison
of the common and distinct properties of the mouse
and S. pombe systems; while taking evolutionary con-
straints into account, could reveal possible parallels in
fundamental mechanisms.

Heterochromatin structure and organization. In terms of
domain structure, the general organization of cen-
tromeric heterochromatin in mouse cells and in S. pombe
is fairly similar (gox 1). A central DNA domain, which is
known as the minor satellite repeat in mouse cells and the
central domain in S. pombe, is flanked on either side by
regions of tandem DNA repeats, which are known as
major satellite repeats in mouse cells and outer repeats in
S. pombe. These pericentric regions are assembled into
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ARGONAUTE

A family of proteins that are
characterized by the presence of
two homology domains (PAZ
and PIWI) that are essential for
the production or function of
small interfering RNAs. So far,
their biochemical function has
not been characterized.

DICER

An RNaselll-type nuclease that
is required for the processing of
double-stranded-RNA
precursors into small interfering
RNASs.

RNA-DEPENDENT RNA
POLYMERASE

(Rdp1). An unusual RNA
polymerase that uses small
interfering RNAs as primers to
generate long double-stranded
RNA, which in turn can be
processed by Dicer.

SMALL INTERFERING RNA
(SIRNA). During RNA
interference, these non-coding
RNAs (around 22 nucleotides
long) are derived from the
processing of long double-
stranded RNA. They direct the
destruction of mRNA targets
that have the same sequence.

heterochromatin that is characterized in both organisms
by the presence of methylated H3-K9, and by the bind-
ing of HP1 in mouse cells and its homologue Swi6 in
S. pombe. The H3-K9 modification depends on the H3-
K9 methyltransferase, known as Suv39h in mouse cells
and Clr4 in S. pombe*. Importantly, the DNA (CpG)
methylation that is found in mouse pericentric hete-
rochromatin is not present in the S. pombe strains that
have been studied so far. It should be noted that a DNA-
methyltransferase-2-like protein in S. pombe seems to be
enzymatically inactive owing to an amino-acid subsitu-
tion at a potential catalytic site®.

The RNAi machinery in S. pombe. In S. pombe, the dele-
tion of either ARGONAUTE, DICER OF RNA-DEPENDENT RNA POLY-
merase (Rdpl), which are all components of the RNAI
machinery, leads to the loss of H3-K9 methylation,
binding of Swi6 and the silencing of transgenes that are
inserted into centromeric heterochromatin®. In such
mutants, overlapping forward and reverse centromeric
transcripts could be detected. In a parallel study, small
RNAs, which resembled Dicer cleavage products and
had similarity to the centromeric outer repeats, were
identified in wild-type strains®. On the basis of these
findings, a model was proposed® in which centromeric
outer repeats that are transcribed in both directions can
create overlapping non-coding RNA that is then
processed by the RNAi machinery 8ox 1). The resulting
SMALL INTERFERING RNA (SIRNA), in turn, somehow pro-
motes the methylation of H3-K9 at the centromeric
region, which allows the binding of Swi6 and the initia-
tion of the silenced heterochromatin state. This requires
a functional H3-K9 methyltransferase, Clr4 (REr. 47).
Rdp1 that is physically associated with centromeric het-
erochromatin ensures the continuous regeneration of
dsRNAs and siRNAs to maintain silent heterochro-
matin, a reaction that is favoured in the context of tan-
dem repeats, as found in pericentric regions®. Recent
studies in S. pombe show that the expression of synthetic
hairpin RNAs is sufficient to silence corresponding
homologous loci in trans and to induce the assembly of
silent chromatin with all of the hallmarks of cen-
tromeric heterochromatin, such as H3-K9 methylation
and Swi6 binding. This process requires both the RNAI
machinery and Clr4 (rer.87). Normally expressed genes
can therefore be targeted for heterochromatin forma-
tion in this way. How the siRNAs are actually able to rec-
ognize the appropriate region to induce silencing
remains unclear, but pairing between siRNA and either
homologous DNA sequences or nascent RNA tran-
scripts at the target locus is a probable explanation® &,
This hypothesis is supported by the recent discovery of
the RITS (RNA-induced initiation of transcriptional
gene silencing) complex that is required for heterochro-
matin assembly in S. pombe. This complex contains
small RNAs that are homologous to centromeric
regions and are necessary for the localization of RITS to
heterochromatic domains®.

Arole for RNAI in mammals? It is tempting to propose a
similar connection between the RNAiI machinery and

heterochromatin formation and maintenance in com-
plex organisms such as mammals. However, the situa-
tion in mammals might be functionally more difficult
to unravel. Whereas the genome of S. pombe contains
only one gene that encodes each of the heterochromatin
proteins (such as Swi6 and the proteins that are involved
in the RNAIi machinery), in mammals there are numer-
ous diverse genes that encode HP1, H3-K9 methyltrans-
ferase and some of the RNAi components such as
Argonaute®. Furthermore, components of the RNAI
machinery that are found in S. pombe might not neces-
sarily be present in mammals. For example, genome-
wide sequence analysis has not found any sequence
homologues of Rdp1 in mammals or D. melanogaster .
However, considering the key role of Rdp1 in ensuring
the connection of chromatin with histone modifica-
tion®, mammalian cells might have evolved alternative
pathways. The fact that DNA methylation is found in
mammalian cells but not in S. pombe adds a further
layer of complexity, as DNA methylation is thought to
contribute to the stability of heterochromatin in higher
eukaryotes®™. In plants and fungi, feedback mechanisms
between DNA methylation (distinct from the CpG that
is found in mammals) and histone methylation were
found®**, indicating that the two processes might func-
tion together to maintain the silent chromatin state.

Such species differences raise the issue of whether or
not a comparable RNAi-dependent heterochromatin-
formation process occurs in mammals. One possibility
that could integrate most parameters is to envisage that a
sequential mechanism would take place over time. During
development, RNAI could be important to initiate the
process. Once the structure is established, maintenance of
the process would depend on another mechanism that
functions by self propagation, for example, during repli-
cation as discussed above. In this respect, it is interesting
to point out that embryonic stem cells contain a much
higher level of Dicer proteins than differentiated
cells®which could contribute to an initiating event. The
DNA methylation would find its importance at later
stages to ensure self-propagation and maintenance
through subsequent cellular divisions.

This model does not exclude the possibility that, in
S. pombe, in addition to the transcripts that are involved
in the RNAI pathways for the initiation of heterochro-
matin formation, there might be other structural RNAs
that maintain heterochromatic regions. Future work on
these exciting issues will help us to better understand
how the basic principles may have evolved to establish
domains with comparable functional properties.

Implications/future directions

The maintenance of pericentric heterochromatin is
essential to ensure the proper segregation of chromo-
somes and the regulation of gene expression. Besides
several epigenetic marks, the prominent mark of this
region is the enrichment in HP1. Its multipartite orga-
nization enables it to bind to numerous nuclear pro-
teins. Some of these proteins are potentially involved in
maintaining the stability of the higher-order structure
of pericentric heterochromatin. A local concentration of
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HP1 is therefore proposed to be dependent on the pres-
ence of numerous binding partners that, individually,
have a relatively low affinity. The nature of HP1 interac-
tion, combined with the presence of various different
partners within the domain, means that is could possi-
bly exchange partners and contribute to a structure that
can be highly dynamic. These various properties of
HP1 can be integrated into a model to explain how a
stable structure, pericentric heterochromatin, can be
propagated. These data set the stage for future work that
is based on the idea of self-organization of nuclear
domains®. By virtue of many transient interactions,
HP1 proteins in pericentric heterochromatin can illus-
trate the principles of using self-organization to deter-
mine an architectural domain, and this could apply
more widely to other macroscopic subnuclear compart-
ments. These recent findings have changed our views of
previous models of heterochromatin organization.
Heterochromatin seems to be a much more dynamic
entity than we initially imagined, in which transcription
can occur and participate in setting up the heterochro-
matic state.

The implication of RNA and the RNAi machinery in
organizing nuclear domains is probably just the begin-
ning of all the possible non-anticipated roles of RNA in
the nucleus. Whether the RNAi machinery contributes
to the pericentric-heterochromatin structural organiza-
tion in mammals should be addressed. Although many
pieces of the puzzle are still missing, exciting working
models can now be experimentally tested, and this will
enable us to establish links between molecular and
macromolecular entities. A challenge for the future will
be to understand how epigenetic properties can be faith-
fully propagated throughout multiple rounds of cell
division. How, during replication, the combinatorial
loading of all the marks and the incorporation of the
specific histone variants that have been associated with
particular chromatin states’ is achieved is a question
that must be answered. In this respect, it is interesting to
note that specialized assembly pathways and dedicated
histone chaperones can be involved®. How these can
be coordinated with HP1 maintenance has now to be
considered, to support or discard the working model
proposed here.
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&) Online links

DATABASES

The following terms in this article are linked online to:
Flybase: http://flybase.bio.indiana.edu/

Mof | rox2

LocusLink: http://www.ncbi.nlm.nih.gov/LocusLink/
Suv39H1 | Suv39H2 | Xist

Schizosaccharomyces pombe gene database:
http://www.genedb.org/genedb/pombe/index.jsp
Agol | Clr4 | Derl | Rdpl | Swie

Swiss-Prot: http://us.expasy.org/sprot/

HP1a | HP1B | Hply| p150 | PCNA

FURTHER INFORMATION

Geneviéve Almounzi’s laboratory:
http://www.curie.fr/sr/cdrom/equipes/almof.htm

Functional organization of the genome — chromatin:
http://www.infobiogen.fr/services/chromcancer/Deep/Chromatin
Deep.html

Nuclear protein database: http://npd.hgu.mrc.ac.uk/index.html
Access to this interactive links box is free online.
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