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ABSTRACT In the fission yeast, S. Pombe, small dsRNA generated by RNAi-dependent mecha-
nisms are involved in the establishment and maintenance of heterochromatic regions. The
existence of conserved features within the general organization of centromeric and pericentromeric
repeats in yeast, mouse and human argues in favor of a conserved role for centromeric and
pericentromeric-derived transcripts across these species. In support of this, evidence is accumu-
lating that centromeric and pericentromeric sequences are transcriptionally competent in diverse
biological contexts in mammalian cells. Given the importance of centromeric and pericentromeric
regions, not only with respect to centromere function, but also to gene regulation, this review
examines the biological contexts in which mouse and human centromeric and pericentromeric-
specific transcripts have been observed. The structure of the transcripts generated, the molecular
mechanisms underlying their expression and their supposed functions will be discussed.
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Introduction

It has recently been discovered that RNA is an essential
component of constitutive heterochromatin (Maison et al., 2002;
Muchardt et al., 2002). This has spurred several groups to search
for specific transcripts likely to participate in heterochromatin
structure. Fission yeast is the only organism in which a specific
RNA fullfiling this function has beenidentified. Indeed, in S.pombe,
small dsRNA generated by RNAi-dependent mechanisms are
involved in the establishment and maintenance of heterochro-
matic regions (Fig. 1). Strikingly, these RNAs are encoded by PCT
regions which have long been thoughtto be transcriptionally silent
(Grewal and Elgin, 2007).

This exciting discovery adds a new dimension to our current
view of how CT and PCT sequences participate to the formation,
maintenance and function of specific constitutive heterochroma-
tin structures such as centromeres. By highly conserved mecha-
nisms, CT repeats are known to load the histone variant cenH3,
together with specific centromeric proteins required for kineto-
chore formation, to centromeres. Likewise, PCT regions are
enriched in epigenetic repressive marks, such as histone H3
lysine 9 trimethylation (H3K9me3) and heterochromatin factors

such as HP1 (Heterochromatin Protein 1), that are involved in
ensuring sister chromatid cohesion until anaphase onset (Amor et
al., 2004).

The existence of conserved features within the general orga-
nization of CT and PCT repeats in yeast, mouse and humans (Fig.
1) argues in favor of a conserved role for CT and PCT-derived
transcripts across these species. In support of this, evidence is
accumulating that CT and PCT sequences are transcriptionally
competent in diverse biological contexts in mammalian cells. CT
and PCT-derived transcripts have been detected throughout
different stages of mammalian development and during cellular
differentiation, proliferation, transformation, senescence and ad-
aptation to environmental stress. What is less clear is whether
these situations necessarily correspond to the need to form or
maintain heterochromatin. Indeed, CT and PCT regions have
been shown to represent centers for transcriptional repression of
genes located in their vicinity, not only in cis but also in trans
(Fisher and Merkenschlager, 2002) and it is possible that a
transient transcriptional derepression of these regions is used by
the cell as a way to modify the functional organization of the cell
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nucleus.

Given the importance of CT and PCT regions, not only
with respect to centromere function but also to gene
regulation, this review examines the biological contexts in
which mouse and human CT and PCT-specific transcripts
have been observed. The structure of the transcripts
generated, the molecular mechanisms underlying their
expression and their supposed functions will be dis-
cussed.

Where and when are CT and PCT sequences
expressed?

Despite identification of satellite DNA transcription in
mouse as early as the late 60s (Harel et al., 1968; Cohen
et al., 1973), the structure of CT and PCT transcripts
remains poorly characterized. Indeed, the repetitive na-
ture of CT and PCT regions adds to the difficulty of their
analysis. Nonetheless, in the following sections of this
review, the size and transcriptional orientation of CT and
PCT transcripts will be indicated wherever this has been
determined.

Cellular response to stress

One of the most dramatic examples of transcriptional
activation of centromeric specific sequences is that which
occurs in response to cell stress.

In numerous normal primary and cancer human cell
lines, heat-shock has been shown to induce satellite Ill
sequence (sat Ill) transcription primarily from the 9q12
locus although transcription from other PCT regions has
been observed particularly in tumours cells, independent
of the cell cycle (Jolly et al., 1997; Denegri et al., 2002).

Controversy exists concerning the size of these
polyadenylated transcripts. Indeed, sat lll transcripts are
either detected as very long transcripts (Jolly et al., 2004)
or as a continuum of transcripts, ranging in size from more
than 5 kb to less than 2 kb (Rizzi et al., 2004) thereby
raising the possibility that the latter could be generated
from long precursors through post-transcriptional mecha-
nisms involving splicing (see below).

In heat-shocked cells, sat Ill sequences are mainly
transcribed in the sense orientation although low level of
antisense transcription has been detected (Fig. 2). Inter-
estingly, low levels of sense and antisense sat Il tran-
scripts have also been detected in non heat-shocked
cells. Furthermore, in both heat-shocked and non-heat-
shocked cells, sense transcripts are more abundant than
antisense transcripts, thus suggesting that the transcrip-
tional orientation is tightly controlled (Valgardsdottir et al.,
2008).

Although originally described upon heat shock, induc-
tion of sat Ill expression, in a sense orientation, has
recently been shown to be triggered by a wide range of
stress conditions including cellular exposure to DNA dam-
aging agents and oxidative stress (Fig. 3). Interestingly,
transcript levels vary according to the nature of the stress
signal. MMS, etoposide, aphidilcolin and oxidative stress
are low inducers of sat Ill transcription, while UVC and
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Fig. 1. Comparative organization of centromeric (CT) and pericentromeric
(PCT) regions in fission yeast (S. Pombe), mouse and human chromosomes.
CT (represented in green) and PCT (represented in pink) regions display a similar
organization in all eukaryotes. CT regions are enriched in cenH3 (centromeric
histone H3) and play a direct role in spindle attachment. PCT regions, which recruit
the cohesin complex are enriched in H3K9me3, swi6 (S.Pombe) and heterochro-
matin protein 1 (HP1) (mouse and human swi6 homolog). RNA molecules are also
thought to participate to the structure of CT and PCT regions. In yeast, these RNA
molecules have been characterized as small dsRNA, encoded by PCT regions, and
generated by the RNAi machinery (Dicer, RITS, RDRC). In mouse and human cells,
the existence and role of such transcripts is still questioned. In S.Pombe, CT
regions are formed by a central core domain which contains a unique AT rich
sequence of ~4 Kb (central core) flanked by imperfect repeats (imr) of ~5 to 6 Kb
each. PCT regions are made of outer dh and dg repeats of ~5 kb each (Woodetal.,
2002). In mouse, CT and PCT regions have not yet been fully characterized. CT
regions of ~600 kb are made of a repetition of AT-rich minor satellite motifs of
120pb. PCT regions of ~6 Mb are made of a repetition of AT-rich major satellite
motifs of 234bp. In humans, CT regions of about ~240kb-5Mb, depending on the
chromosome considered, are made of a repetition of AT-rich alpha satellite motifs
of 171bp. The size and structure of PCT regions, which also varies between
chromosomes, are made of satellite repeats of three types: type | (0.56% of the
genome), type Il (2% of the genome) and type Il (1.6% of the genome).
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play a role in the control of transcription and splicing during

GGAAAATGATAAAAACCACACT
GTAGAACATATTAGATGAGTGA
CcT GTTACACTGAAAAACACATTCG

TTGGAAACGGGATTTGTAGAAC

CATTCTCAGAAACTTCTTTGTGATGTATACATT
CAACTCACAGAGTTGAACCTTCCTTTTCATAG

AGCAGTTTTGAAACACTCTTTTTGTAGAATCTG
CAAGTGGATATTTGGACCGCTTTGAGGCCTTG

stress, through transient sequestration of key components
involved in these functions (Biamonti, 2004; Jolly and
Lakhotia, 2006). Indeed, several transcription (Jolly et al.,
2004) and splicing factors (Chiodi et al., 2000; Denegri et
al., 2001; Metz et al., 2004) co-localize and/or interact with

GAAATACACACTTTAGGACGTG
AAATATGGCGAGGAAAACTGAA

AGTGTATATCAATGAGTTACAAT || GTTGGAAACGGGAATATCTTCATATAAAAACT
GAGAAACAT AGACAGAAG
GGACCTGGAATATGGCGAGAA
AACTGAAAATCACGGAAAATGA
Human

sat Il transcripts at the 9q12 locus during heat shock.
Finally, since heterochromatin is thought to play a re-
pressive influence on genes located in cis or in trans

pCT ?’é’éﬁ?lg?ﬁééﬁ&%%%ﬁ Sateltes I - (\TTCCATTCG), + (ATG) , o5 through position effect mechanisms, transcriptional activa-
COCARGAAACTOAAAATCATG | | Satellites IIl - (ATTCC) + or — (ATIGTCGGGTTG) tion of these huge blocks of methylated DNA may counter-
GAAAATGAGAACATCCACTTGA act their repressive influence (Fisher and Merkenschlager,
ggﬁCTTGAAéggmAﬁg;g 2002). By whatever mechanism this occurs, transcriptional
AAATGCACACTGAA activation of PCT regions, could represent a way to tran-
siently modify the structural and functional organization of
the cell nucleus. More detailed investigations of the origin,
PCT Mouse Human CT Mouse nature and functional role of sat Il PCT transcripts in heat-
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Fig. 2. Nucleotide sequences of mouse and human CT and PCT repeats. The
nucleotide sequence of mouse CT (minor satellites) and PCT (major satellites)
repeats is shown (Wong and Rattner, 1988) together with the nucleotide se-
qguences of human CT (alpha satellite) and PCT (satellite of types Il and Ill) repeats
(Prosseretal., 1986; Vissel and Choo, 1987). For human and mouse, CT and PCT
sequence referred to as “sense” and “antisense” in the text are also indicated.

hyperosmotic stress are moderate inducers and heat shock and
cadmium are strong inducers. Interestingly, increased levels of
antisense sat Il transcripts are only observed with the strong
stress inducers (Valgardsdottir et al., 2008).

Studies assessing stress-induced sat Il expression, in vivo,
are currently scarce. However, one study has reported up regu-
lation of 6 to 12 Kb PCT-specific transcripts — possibly linked to
mitochondria-induced oxidative stress —in the heart of aging mice
but not in brain, kidney or liver (Gaubatz and Cutler, 1990).

The functional role and precise molecular origin of sat lll
transcripts remains unclear. By analogy to what is known from
studies in S. Pombe, sat Il transcripts may be processed into
small dsRNA that subsequently play a role in
heterochromatin structure. In this scenario, the
long sat Il transcripts observed in heat-shocked
cells might accumulate as a consequence of inhi-
bition or saturation of the RNAi machinery con-
comitant with changes in their putative functional
role in heterochromatin structure. In an alternative
scenario, and by analogy to Xist transcripts in
female X chromosome inactivation (Heard, 2004),
long sat Il transcripts may be involved in mainte-
nance of specific chromatin states during cellular
stress. Indeed, in heat-shocked cells, sat lll tran-
scripts, once synthesized, remaininthe nucleusin
close association with the 9912 locus, suggesting
that they play a role, either in the protection of the
9912 locus or in the regeneration of chromatin
structure following a stress.

Another hypothesis is that sat Ill transcripts
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Some insights into the potential role of PCT transcripts
in mammalian development and cellular differentiation can
be gleaned from expression analyses in mouse embryos
and adult tissues (Rudert et al., 1995). This latter study
provides intriguing evidence suggesting that PCT sense
and antisense transcription is spatially and temporally
regulated throughout mouse embryonic development. For
example, in 11.5-15.5 dpc (day post coitum) embryos, PCT
transcripts in a sense orientation (Fig. 2) are ubiquitously distrib-
uted in various tissues (Fig. 4). In particular, high level expression
of PCT sequences is observed in the central nervous system
(CNS) 12.5 dpc and in scattered cells from the CNS at 15.5 dpc.
Interestingly, transcripts in the opposite orientation (Fig. 2) are
only observed in 11.5 dpc embryo, in a subset of cells most likely
corresponding to the same CNS cell population in which sense
transcripts are also detected (Fig. 4). This suggests that accumu-
lation of antisense PCT transcripts may somehow precede the
accumulation of the same transcripts in a sense orientation in
CNScells. Inadulttissues, a sense expression of PCT sequences
is detected in liver and testis but not in other tissues such as brain,

Hyperosmotic stress
TonEBP

>

HSF1

b 4

i

Fig. 3. Stress induced pericentromeric transcription in human cell. Genotoxic agents
(white ellipses) and other stresses (grey ellipses) have been shown to induce either a low
(small pink arrow), medium (intermediate pink arrow) or high (large pink arrow) transcriptional
activation of PCT regions. In only two cases, heat-shock and hyperosmotic stress, transcrip-
tion factors responsible for PCT activation have been formally identified (ourple boxes). HSF1
is also most likely to be involved in the activation of sat Il sequences in response to cadmium
and oxidative stress. The orientation of the transcripts detected in each case is indicated
(sense: right pointing arrow; antisense: left pointing arrow,).
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colon, spleen, heart and lung, thus revealing a specific pattern of
expression, not only with regard to embryonic stage, but also with
regard to celltype (Fig. 4). Interestingly, transcripts in an antisense
orientation are also detected in testis but only in seminiferous
tubules that are devoid of mature spermatozoids. Differential
expression of these transcripts in brain and testis probably coin-
cides with specific and dramatic chromatin remodeling events
occurring during cell differentiation.

More recently, expression of PCT transcripts has been de-
scribed in human testis, thereby further supporting the notion that
they might play an essential role in the differentiation of germinal
cells. Sat Ill sequences from chromosome Y are specifically
expressed as polyadenylated RNA, ranging in size from 1 Kb to
20 Kb (Jehan et al., 2007). Interestingly, these transcripts have
been shown to be implicated in transplicing events. For example,
the presence of PCT sequence from chromosome Y has been
identifiedin atesticularisoform of CDC2L2 polyadenylated mRNA.
Insertion/ transplicing of sat Ill sequence into the CDC2L2 5’UTR
is thought to enhance splicing and mRNA translation of CDC2L2
mRNA, and a protection of this transcript against degradation
(Jehan et al., 2007).

Finally, parallel can be drawn between transient expression of
PCT transcripts in testis and expression of Piwi-interacting RNAs
(piRNAs) which accumulate as 26-31nt long RNAs in germline
cells at the onset of meiosis (Aravin et al., 2006; Girard et al.,
2006). piRNAs which have been discovered in the mammalian
and Drosophila germ lines have emerged as potent regulators of
gene expression at both transcriptional and posttranscriptional
levels (Lin, 2007). However, no homology between PCT tran-
scripts and these small RNAs has been found so far (personal
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Fig. 4. Transcription of pericentromeres during mouse development. /n 77.5
and 15.5 dpc (days post coitum), PCT transcripts are detected in whole mouse
embryonic tissues. In particular, high level expression of these transcripts is
observed in the central nervous system (CNS) 12.5 dpc and in scattered cells
from the CNS 15.5 dpc. Interestingly, transcripts in the opposite orientation are
only observed 11.5 dpc, in a subset of cells most likely to correspond to the same
CNS cell population where sense transcripts are also detected. In adults, PCT
transcripts are only detected in liver and testis. In testis, PCT transcripts in an anti-
sense orientation are observed in immature germ cells while transcripts in a
sense orientation are observed in mature germ cells. The orientation of the
transcripts reveals a specific pattern of expression, with regard to embryonic

stages and cell type.

Immature germ cells

Mature germ cells

observation).

Mouse CT and PCT transcripts have also been observed upon
terminal muscle cell differentiation (Terranova et al., 2005;
Bouzinba-Segard et al., 2006). Specifically, CT transcripts rang-
ing in size from less than 1 kb to several kb are present in non-
differentiated growing cells but accumulate in differentiated cells,
as ~120nt molecules. These 120nt transcripts most likely corre-
spond to the 120bp unit found in mouse minor satellite sequences
(Figures 1 and 2).

It is at present difficult to assign a precise function to CT and
PCT-specific transcripts during cell differentiation. Nonetheless it
is worth noting that in muscle cells, differentiation results in
progressive centromere clustering and in increased levels of two
heterochromatic epigenetic marks, H3K9 and H4K20 methylation
at PCT regions. It can thus be hypothesised that accumulation of
CT and PCT transcripts participates to the formation of hetero-
chromatin during this process. The presence of CT transcripts in
both orientations also suggests that they may be involved in
heterochromatin structure as small 21-25nt-long dsRNA through
an activation of the RNAi machinery and their targeting to longer
PCT transcript precursors (Bouzinba-Segard et al., 2006).

In various cellular differentiation models, retinoic acid (RA)
treatment-induced differentiation has been shown to increase or
decrease PCT transcript levels. PCT transcript upregulation is
observed in undifferentiated muscle or ES cells undergoing RA-
induced differentiation while lower transcript levels are observed
in RA-treated pluripotent embryonic carcinoma P19 cells (Rudert
et al., 1995; Martens et al., 2005). These conflicting results are
likely to reflect differences in the epigenetic status of P19 and ES
cells and / or a differential expression of additional factors re-
quired for transcription of PCT repeats.

Further arguments are in favor of a role CT and PCT
transcripts in cell differentiation. Specifically, CT tran-
scripts accumulate within DAPI-rich PCT regions in murine
erythroleukemic cells induced to differentiate (Bouzinba-
Segard et al., 2006). Moreover, a forced accumulation of
~120nt CT transcripts, in a sense orientation, affects chro-
mosome segregation and sister-chromatid cohesion, in-
duces modifications of centromeric epigenetic hallmarks
and mislocalisation of proteins essential for centromeric
function. This last observation suggests that CT transcripts
may have the ability to interact with essential factors
involved in centromere structure and function and that
overexpressed CT transcripts may cause a titration of
these factors, thereby leading to centromere alterations
(Bouzinba-Segard et al., 2006).

Cell cycle

Analysis of the expression of PCT sequences during the
cell cycle brings new interesting evidence in favor of a role
of PCT transcripts in heterochromatin structure. In prolif-
erative mouse cells, PCT specific transcripts accumulate
during the course of G1, reaching a peakin late G1/early S
phase. A decrease in the quantity of these transcripts
coincident with replication of PCT heterochromatin is then
observed (Lu and Gilbert, 2007). Moreover, PCT-specific
transcripts, present as a heterogeneous population of
molecules ranging from 1 kb to more than 8 kb, accumulate
on the outer surface of the chromocenters where replica-
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tion of PCT sequences occurs (Quivy et al., Mouse

2004). This observation strongly suggests Human
that, similar to what is described in S.Pombe

(Chen et al., 2008), PCT transcripts play a Differenciation
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scripts, in a sense orientation, is also ob-
served at late passages in replicatively se-
nescent primary fibroblasts and in cancer
cells. Increased expression of specific tran-
scripts from the 1q12 PCT region is corre-
lated with a demethylation and with a
decondensation of the locus (Enukashvily et
al., 2007). Given the possible implication of
PCT transcripts in heterochromatin struc-
ture, it is possible that the accumulation of
PCT transcripts in senescent cells serves to
maintain heterochromatin structure despite a loss of epigenetic
repressive marks.

reported so far.

How are CT and PCT regions transcribed?

The complex expression pattern of mouse and human CT and
PCT repeats (summarized in Fig. 5), suggests the existence of
equally complex transcriptional or indeed post-transcriptional
(processing from longer transcripts) for regulation of these pat-
terns. In most of the cases reported in the literature, accumulation
of CT and PCT transcripts occurs at a transcriptional level and is
mediated by RNA polymerase Il. This is the case in heat-shocked
cells (Jolly et al., 2004; Rizzi et al., 2004), in senescent cells
(Enukashvily et al., 2007) and during the course of the cell cycle
(Lu and Gilbert, 2007). The fact that sense and antisense tran-
scripts are not necessarily present in equal quantity within the cell
suggests that, similar to what occurs in S.Pombe (Volpe et al.,
2002; Nicolas et al., 2007), transcription is further governed by
specific transcriptional regulatory complexes. It is however, not
yet known if chromatin remodeling is the primary signal respon-
sible forincreased transcription of CT and PCT sequences. In any

Fig. 5. Physiological contexts leading to an accumulation of CT and PCT transcripts in
mouse and human cells. /n mouse, an accumulation of PCT transcripts (represented in pink) of
heterogeneous size is observed upon stress, differentiation, DNA synthesis and development.
PCT transcripts, 200nt long, are observed in mitosis while 120nt long CT transcripts (represented
in green) have been detected during differentiation and in confluent cells. While the accumulation
of 120nt long CT transcripts is thought to involve post-transcriptional mechanisms, PCT
transcripts that accumulate at mitosis could be directly synthesized as 200nt long molecules. In
human, an accumulation of PCT transcripts, of heterogeneous size, is observed upon stress,
development and in replicative senescent cells. No accumulation of CT transcripts has been

case, alteration of any of these different control steps is likely to
participate to the accumulation of immature RNA molecules (Fig.
6). The following describes what is currently known on the precise
mechanisms controlling accumulation of CT and PCT transcripts
in mammalian cells.

Implication of specific transcription factors

Only a few actors involved in the transcriptional activation of
repetitive PCT sequences have been identified so far. The only
transcription factors which have been formally identified in the
control of human PCT expression are Heat-Shock Factor 1
(HSF1) (Jolly et al., 2004) and tonicity Enhancer-Binding Protein
(tonEBP) (Valgardsdottir et al., 2008). Upon stress, HSF1 directly
binds to sat Ill sequences at the 9q12 locus and its absence
prevents the accumulation of sat Il transcripts in heat-shocked
cells (Jolly et al., 2004). HSF2, which colocalizes with HSF1,
could also play a role in the transcriptional activation of PCT
sequences (Alastalo et al., 2003). TonEBP also accumulates at
the 9912 locus in response to a hyperosmotic shock and its
presence is essential to the transcriptional activation of sat Ill
transcripts in cells submitted to a hyper-osmotic stress
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Fig. 6. Molecular mechanisms involved in the accumulation of CT and PCT specific transcripts.
Accumulation of CT (represented in green) and PCT transcripts (represented in pink) is controlled by
transcriptional mechanisms involving specific transcription factors (TFs, in purple) and epigenetic
modifications (DNA demethylation and loss of repressive histone marks, in yellow). It is not clear at
present if the activation of specific TFs in stressed cells is the initial event leading to chromatin
remodeling and transcription of PCT sequences or if chromatin remodeling constitutes a prerequisite
to the binding of TFs. It is also not clear if CT and PCT transcripts display similar functions as long and
short RNA molecules and if the formation of small dsRNA constitute the ultimate step of the
maturation of CT and PCT transcripts. The inhibition of post-transcriptional mechanisms such as RNAI
machinery (in blue) is thought to contribute to the accumulation of long RNA molecules. A complete
characterization of the different actors involved in the transcriptional activation and in the post-
transcriptional maturation of CT and PCT is still missing.

(Valgardsdottir et al., 2008). In both
cases, DNA sequences corresponding
to putative binding sites for HSF1 (per-
sonal observation) and TonEBP
(Valgardsdottir et al., 2008) have been
identified in the genomic sequences
corresponding to PCT regions. More-
over, the higher number of HSF puta-
tive binding sites identified in putative
promoter regions governing the sense
expression of PCT sequences prob-
ably hold the key to the accumulation of
sat Il transcripts mainly in the sense
orientation.

Likewise, expression (Martens et al.,
2005) orrepression (Rudert etal., 1995)
of equivalent murine PCT transcripts in
response to RA may reflect the pres-
ence of retinoic acid receptor (RAR)
binding sites within genomic PCT se-
quences. This hypothesis is reinforced
by the isolation of PCT sequences with
the ability to bind to RAR (Rudert and
Gronemeyer, 1993). The specific influ-
ence of RA binding to such sites in PCT
sequences is likely to depend on cellu-
lar context and action of specific cofac-
tors (see above).

Chromatin remodeling and transcrip-
tion of CT and PCT sequences

The different situations in which a
variation of CT and PCT sequences
expression has been observed, fre-
quently correspond to distinct chroma-
tin contexts. This is indeed the case for
development and cell differentiation
(Rasmussen, 2003; Probst and
Almouzni, 2008), cancer (Brock et al.,
2007), aging (Fraga and Esteller, 2007),
replication (Gerbi and Bielinsky, 2002)
and the response to stress (Jolly et al.,
2004) all known to involve changes in
DNA methylation and histone modifica-
tions. Since constitutive heterochroma-
tin is characterized by a high level of
DNA methylation, histone methylation -
particularly at H3K9, H3K27, and H4K20
- and by a low level of histone acetyla-
tion at H3K9, the nature of these epige-
netic marks has been examined in rela-
tion to the transcriptional status of CT
and PCT repetitive sequences. How-
ever, due to the difficulties related to
quantification of repetitive CT and PCT
DNA sequences from chromatin
immuno-precipitates, particularly in
humans, little information is available
concerning the epigenetic status of



these regions with respect to their transcriptional status.

DNA methylation

The effect of DNA methylation on the expression of satellite
sequences has been analyzed in murine ES cells deficient in
dnmt1 or dnmt3b, two DNA methyl transferases involved, respec-
tively, in maintenance and de novo methylation of DNA. No
variation of CT and PCT sequence expression was observed in
these cells when compared to wild type ES cells (Lehnertz et al.,
2003; Martens et al., 2005). The effect of DNA methylation has
also been addressed by others, in murine erythroleukemic cul-
tured cells treated with 5-azacytidine, a potent inhibitor of DNA
methylation. MEL treated cells, display an increased expression
of CT sequences, characterized by an accumulation of 120ntlong
transcripts (Bouzinba-Segard et al., 2006). This observation is in
agreement with reports suggesting that the expression of satellite
sequences, observed in senescent and cancer cells, could be
facilitated by a demethylation of PCT repeats. Indeed, a constitu-
tive expression of PCT sequences at the 1q12 locus is also
observed in A431 epithelial carcinoma cells and in senescent
embryonic lung MRCS5 cells where the genome is globally highly
hypomethylated (Enukashvily et al., 2007). Cells from patients
affected with the ICF syndrome (Immunodeficiency, Centromeric
instability and Facial anomalies) constitute a powerful model to
study the relationship between DNA methylation and expression
of pericentric sequences. ICF syndrome is characterized by a
severe hypomethylation of PCT sequences. Chromosomes from
cultured lymphocytes from ICF patients display a local
decondensation of PCT regions associated with chromosomal
rearrangements involving these regions (Ehrlich, 2003). How-
ever, the absence of strong constitutive expression of sat Ill
sequences suggests that demethylation per se is not sufficient to
enhance the expression of sat Ill sequences (Alexiadis et al.,
2007). Moreover, the transcription of PCT sequences in heat-
shocked cells occurs in the context of highly methylated PCT
region as no variation of DNA methylation is observed within PCT
regions between heat-shocked and non heat-shocked cells (per-
sonal observation).

The link between DNA methylation and expression of repetitive
sequences is still unclear and additional comparative analysis on
different cell types should help to clarify this relationship. Although
demethylation may facilitate transcription of repetitive sequences,
the level of DNA methylation is not sufficient to discriminate
between cells expressing or not CT and PCT sequences. The
recent finding that inhibition of the class Ill histone deacetylase,
SIRT1, causes a reactivation of silenced cancer genes without
loss of promoter DNA hypermethylation (Pruitt et al, 2006)
suggests that similar mechanisms may also contribute to the
transcriptional activation of CT and PCT sequences, independent
of DNA methylation.

Histone modifications

As for DNA methylation, little is known concerning the epige-
netic status of heterochromatic regions with regard to variation of
CT and PCT sequence expression. In ES mouse cells, transcrip-
tion of PCT sequences occurs despite a high level of H3K9me3,
H4K20me3, H3K27me3 repressive histone marks (Martens et al.,
2005). Similarly, in terminal muscle differentiation a transcrip-
tional activation of CT and PCT sequences occurs despite a
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higher level of histone H3K9me3 and H4K20me3 across these
regions (Terranova etal., 2005). These observations suggest that
CT and PCT transcripts might be involved in the establishment
and maintenance of heterochromatic specific marks in differenti-
ating muscle cells. Although a loss of H3K9me3 is not associated
to the transcriptional activation of CT and PCT sequences, loss of
Suv39 histone methyltransferase involved in H3K9 methylation
nonetheless facilitates the expression and/or stabilization of CT
and PCT transcripts which accumulate as dsRNA (Lehnertz et al.,
2003; Martens et al., 2005).

The idea that a loss of repressive epigenetic marks could
facilitate transcription of heterochromatic repetitive sequences is
also suggested by observations made in fibroblasts from patients
affected by the Hutchinson Gilford Progeria Syndrome (HGPS).
HGPS, caused by the presence of an altered form of Lamin A, is
characterized by a dramatic and rapid appearance of aging
beginningin childhood. InHGPS cells acomplete loss of H3K9me3,
H3K27me3 and H4K20met3 and HP1 heterochromatic marks is
correlated to constitutive expression of chromosome 9 PCT
sequences. The absence of CT expression in HGPS cells sug-
gests that the transcription of CT and PCT repeats do not involve
similar epigenetic mechanisms (Shumaker et al., 2006). Since
epigenetic information needs to be maintained through mitotic cell
divisions, alterations of the machinery involved in the transmis-
sion of heterochromatic marks through mitosis is also likely to
have impact on the expression of heterochromatic sequences.
This is indeed the case for Np95 a cell cycle regulated nuclear
histone-binding protein. Np95, which targets HDAC1 to specific
promoters, is involved in the deacetylation of H4K5 and K12 after
their integration in heterochromatic regions following replication.
Np95 expression starts at the G1/S boundary and persists to the
end of mitosis. Depletion of Np95 (Papait et al., 2007) results in
increased expression of PCT sequences, suggesting that alter-
ation of an initial post-replicative step involved in heterochromatin
formation leads to a derepression of PCT sequences. This dere-
pression is restricted to PCT and does not affect CT sequences
(Papait etal., 2007), again illustrating the specific behavior of PCT
with regard to CT sequences. Taken together, Np95 and Suv39
appear as essential components or actors in heterochromatin
chromatin formation and maintenance. As such, itis likely that the
alteration of heterochromatin structure in response to the ab-
sence of one of these actors is perceived as a positive signal for
CT and PCT transcriptional activation in order to facilitate the
reformation of heterochromatin.

Finally, chromatin remodeling is also involved in the transcrip-
tional, heat shock-induced accumulation of sat lll transcripts. In
heat-shocked cells, binding of HSF1 to the PCT 9q12 locus
initiates a series of events ultimately leading to the transcriptional
activation of these sequences. The most striking manifestation of
chromatin remodeling, associated to the transactivation of PCT
sequences, is the presence of acetylated chromatin foci forming
atthe 9q12 locus in heat-shocked cells (Jolly et al., 2004; Rizzi et
al., 2004). 1t is however, not yet clear if the formation of these
acetylated foci results from local de novo acetylation at the 9q12
locus or from a global deacetylation of the rest of the genome,
excluding the 9912 locus. The histone acetyl transferase, CBP,
has been shown to accumulate, when overexpressed, atthe 9q12
locus of heat-shocked cells, thereby supporting the notion of core
histone de-novo acetylation at the 9912 locus as a causal event
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(Jolly et al., 2004). However, no evidence for the implication of a
specific HAT exists in vivo. Chromatin immunoprecipitation ex-
periments would be necessary to determine whether HSF1 bind-
ing precedes the formation of acetylated foci at the 9912 locus.

Interestingly, it has been reported that chromatin at the 9912
locus is composed of both open and compact chromatin fibers
suggesting that the status of the 9912 locus might be different
from that of other PCT regions and CT regions (Gilbert et al.,
2004). This specific chromatin organization may favor heat-
induced expression of PCT sequences at the 9q12 locus (Jolly et
al., 2004; Rizzi et al., 2004).

Post-transcriptional control of CT and PCT sequence expres-
sion

In S.Pombe, small-sized PCT transcripts, generated by Dicer,
through targeting by the RITS complex, play a role in both the
structure and function of heterochromatic regions (Verdel et al.,
2004; Buhler and Moazed, 2007) (Fig. 1). Thus, by analogy to
what occurs in the yeast model, long transcripts detected in
mouse and human cells may represent precursors of small
dsRNA. It is, however, important to note that validation of this
hypothesis in mammalian cells requires consideration of the fact
that the yeast genome is largely unmethylated. In this respect,
and by analogy to Xist RNA, it is also possible that CT and PCT
long transcripts might play a role in the actual shut down and/or
maintenance of particular heterochromatin states, during cell
stress for instance.

A role for small 20-30nt long dsRNA in human and mouse
heterochromatin is, however, strongly suggested by data ob-
tained in two different cellular models deficient for Dicer. In a
chicken—human hybrid cell line containing human chromosome
21, loss of Dicer expression leads to the accumulation of CT and
PCT specific transcripts, ranging in size from 20-30nt up to
several kb (Fukagawa et al., 2004). This accumulation results in
cell death and also to premature sister chromatid separation.
Similarly, an accumulation of long-sized CT and PCT transcripts
correlating to severe defects in differentiation is also detected in
mouse ES cells deficient for Dicer. Only in Dicer-expressing cells
are CT and PCT specific transcripts detected as small dsRNA
molecules with predominant signals at 150nt and 25-30nt
(Kanellopoulou et al., 2005). The presence of 25-30nt species
suggests that these RNA are generated by Dicer-dependent
mechanism and thus might represent the functional equivalent of
siRNAs specific for similar PCT sequences identified in S.pombe.
Thus failure to detect these 25-30nt transcripts in other cellular
systems (Bouzinba-Segard et al., 2006) may simply reflect their
very low levels as a consequence of continuous and robust Dicer
processing together with the fact that in mammalian cells tran-
scription may be mostly RNA Polymerase Il- and not RNA depen-
dent RNA polymerase (RdRP)-dependent as in yeast. Interest-
ingly, and in support of this, inverse correlations between PCT
and Dicer transcript levels have been documented (Terranova et
al., 2005).

Conclusion
In summary, we have reviewed the wide diversity of biological

contexts in which CT and PCT sequence expression is observed.
These transcripts are mostly detected as long molecules (more

than 100bp) for which accumulation depends on both transcrip-
tional and/or post-transcriptional mechanisms. Many questions
still remain concerning the nature of the mechanisms involved in
the control of their expression. The implication of transcription
factors together with the observation that the sense of transcrip-
tion is highly controlled suggests that these transcripts fulfill
specific cellular functions and that their accumulation is not
merely a consequence of read-through transcription in response
to chromatin remodeling events. An interesting concept emerging
from these different studies is that the accumulation of CT and
PCT transcripts could constitute a good sensor to reveal epige-
netic modifications of the genome such as those occurring in
aging or cancer. Indeed, instability of specific constitutive hetero-
chromatin compartments, notably loss of H4K20me3 (Fraga et
al., 2005) and rearrangements affecting the pericentric regions of
certain chromosomes (1q) have been observed in human B-cell
non-Hodgkins lymphoma (Fournier et al., 2007). It will be of
interest to determine the transcription status of CT and PCT
sequences in these cases.

We have paid particular attention to evidence suggesting that,
similar to S.Pombe, mouse and human CT and PCT transcripts
play arole in heterochromatin structure and function. Itis however
likely that CT and PCT transcription mediate other cellular func-
tions, such as position effect and transient sequestration of
transcription factors and/or splicing factors under conditions of
cellular or chromatin stress.

From these studies it appears that heterochromatin has only
revealed a very small part of its secret message. More thorough
characterization of non-coding CT and PCT RNA structure and
function will be an important challenge for the future. Solving this
enigma may prove vital in resolving at least some of the mysteries
surrounding the role of constitutive heterochromatin in develop-
ment, cell differentiation and responses to chromatin stress.
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