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Abstract The pericentromere and centromere regions
of the genome have previously been considered tightly
compacted and transcriptionally inert. However, there
is mounting evidence that these regions not only
actively produce transcripts but that these pericentric
and centromeric transcripts are also vital to maintain-
ing genome stability and proper cell division. In this
review, we define the pericentromere and centromere
of eukaryotic chromosomes in terms of their histone
modifications and their nascent transcripts. In addition,
we present the currently known roles these transcripts
play in heterochromatin formation, development, and
differentiation, as well as their interaction with centro-
meric proteins, and ultimately centromere function.
Recent work has added considerable complexity to the
theoretical framework defining the innate requirement
for pericentric and centromeric transcription. It is clear
that maintaining a fine balance of transcriptional output
is critical, as deviations from this balance result in
centromere disfunction and genomic instability.
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Abbreviations

CT

PCT

H3
H3K9me2/3

H3K27me2/3
H3K4mel/2
H3K36me2/3

CENP
RDRP
tRNA

RNAI

RITS

CLRC
WDHD1

RNAPII/II
TFIIIC
RpL

HP1

CRM

HAC

Centromere transcripts
Pericentromere transcripts

Histone H3

Histone H3 di- or trimethylated at
lysine residue 9

Histone H3 di- or trimethylated at
lysine residue 27

Histone H3 mono- or dimethylated at
lysine residue 4

Histone H3 di- or trimethylated at
lysine residue36

Centromere protein
RNA-dependent RNA polymerase
Transfer RNA

RNA interference

RNA-induced initiation of
transcriptional silencing

Histone methyltransferase containing
Clr4 complex

WD repeat and HMG-box DNA
binding protein 1

RNA polymerase IT or IIT
Transcription factor IIIC
Ribosomal protein
Heterochromatin protein 1
Centromeric retroelements of maize
Human artificial chromosomes
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FACT Facilitates chromatin transcription

CHDI1 Chromodomain-helicase-DNA-
binding protein 1

nt Nucleotide

LINE Long interspersed nuclear element

HSF1 Heat shock factor 1 protein

nSBs Nuclear stress bodies

tonEBP Tonicity-responsive enhancer binding
protein

KDM2A Lysine-specific demethylase 2A

PDAC Pancreatic ductal adenocarcinomas

DNMT3B DNA methyltransferase 3B

ICF Immunodeficiency centromere
instability, facial anomalies syndrome

BRCALI Breast cancer susceptibility gene 1
IMJD2B Jumonji domain containing protein
Introduction

As active participants in mitosis, centromeres are the
location of the assembled kinetochore, a proteinaceous
structure that binds microtubules allowing for proper
chromosome congression. Most complex eukaryotic
centromeres have not been traversed and fully assem-
bled by modern sequencing technology, but are known
to be composed of highly repetitive sequences, mainly
satellites and retroelements (Schueler et al. 2001;
Jiang et al. 2003; Dawe and Henikoff 2006; Birchler
et al. 2011). While the function of the centromere is
evolutionarily conserved in all forms of life, the DNA
sequences and several of the corresponding DNA
binding proteins found at centromeres are rapidly
evolving. Henikoff et al. (2001) have termed this
conundrum the “centromere paradox.” The lack of a
conserved DNA satellite sequence across species that
demarcates the position of the centromere has lead to
the formation of the hypothesis that the location of the
centromere is determined epigenetically by the pres-
ence of a histone H3 variant [CENP-A (mammals),
cenH3 (plants), or CID (Drosophila)], found only at
active centromeres (Henikoff et al. 2001; Sullivan et
al. 2001; Allshire and Karpen 2008). While we are
gaining a better understanding of the pathway that
results in the assembly of CENP-A nucleosomes
at centromeres, the precise mechanism for determining
the genomic location of CENP-A deposition is
unknown. Recent work implicates centromeric tran-
scripts as active participants in CENP-A deposition
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and centromere function, adding complexity to a path-
way previously thought to be restricted to a large protein
network (Topp et al. 2004; Chueh et al. 2009; Ferri et al.
2009; Bergmann et al. 2011, 2012).

Historically, centromeres were considered simply
heterochromatin-rich and thus transcriptionally silent.
Over the past decade, pericentromere and centromere
regions have been characterized in more detail by differ-
ences in chromatin compaction and histone modifications
(Fig. 1a). Densely packed heterochromatin is found in
most eukaryotic pericentromeres, most commonly
marked by di- and trimethylation of lysine residues 9
and 27 of histone H3 (H3K9me2, H3K9me3,
H3K27me2, and H3K27me3), histone modifications
typically associated with transcriptional silencing
(Gopalakrishnan et al. 2009). The chromatin encompass-
ing the centromere core, also referred to as “centrochro-
matin,” is distinct from that of pericentromeres and
contains the histone H3 variant CENP-A interspersed
with histone H3 methylation and dimethylation of
lysine 4 and di- and trimethylation of lysine 36 of
histone H3 (H3K4mel, H3K4me2, H3K36me2, and
H3K36me3), histone modifications associated with tran-
scriptionally active chromatin (Sullivan and Karpen
2004; Gopalakrishnan et al. 2009; Bergmann et al.
2011, 2012). Interestingly, transcripts emanating from
both the pericentromere and centromere core have been
identified in a multitude of organisms (Eymery et al.
2009a; Stimpson and Sullivan 2010). Moreover, recent
studies have identified proteins that interact with these
transcripts (Topp et al. 2004; Wong et al. 2007; Chueh et
al. 2009; Ferri et al. 2009; Du et al. 2010; Hsieh et al.
2011), analyzed the effects of increased and decreased
transcription on genome stability (Bergmann et al. 2011;
Ohkuni and Kitagawa 2011; Bergmann et al. 2012), or
identified changes in transcription in stressed or diseased
cells (Eymery et al. 2009b; Gopalakrishnan et al. 2009;
Ting et al. 2011; Zhu et al. 2011). In this review, we will
present pericentric and centromeric noncoding RNA
transcription and discuss its diverse roles in modified
histone recruitment, centromere function and stability,
and insulator activity as well as newly discovered cor-
relations between centromere and pericentromere tran-
scription and human disease. What is emerging from
these studies is the synthesis of a molecular model
wherein both the process of active transcription and
the noncoding RNA species themselves are involved
in the complex system required for proper centromere
formation and function.
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Fig. 1 a Modified histone marks found at the pericentromere
(blue) and centromere (purple). The boundary between these
regions within S. pombe (gray) is marked by the presence of
tRNA (orange in inset). b Nucleosomes found in normal
eukaryotic chromatin coded by the color of the region: blue
for pericentromere (H3K9me2, H3K9me3, H3K27me2, and
H3K27me3), purple for centrochromatin (H3K4mel,
H3K4me2, H3K36me2, and H3K36me3), red for CENP-A con-
taining nucleosomes, and /ight brown for unannotated nucleo-
somes with respect to histone modifications. ¢. In S. pombe, a

Pericentric transcription

The pericentromere is a distinct chromatin structure
found on both sides of the centromere core region of
monocentric chromosomes (Fig. 1a, b) and performs a
variety of functions such as maintaining the boundary
that separates the euchromatin from the centromere core
(Chen et al. 2008), providing sites for sister chromatid
cohesion during mitosis (Lippman and Martienssen
2004), and repressing meiotic recombination around
the centromere (Ellermeier et al. 2010). Transcripts

decrease in tRNA transcription leads to a spread of pericentric
chromatin into the centromere region. Graph inset levels of
heterochromatin under normal (gray) and tRNA misregulated
(blue) conditions. d Loss of centrochromatin associated with
either an increase or decrease in CTs from human artificial
chromosomes. Graph inset levels of CENP-A (red) and
H3K4me2 (purple) within centrochromatin under normal (gray)
and CT misregulated conditions. Gray nucleosomes represent
unknown histone replacements

emanating from this region, known as pericentric tran-
scripts, or PCTs, recruit heterochromatin factors that
maintain the heterochromatic histone modifications,
specifically H3K9me2, H3K9me3, H3K27me2, and
H3K27me3 (Lippman and Martienssen 2004; Chen et
al. 2008; Djupedal et al. 2009; Reyes-Turcu et al. 2011).

The fission yeast has been an instrumental model
system in determining the mechanism that facilitates
heterochromatin formation. To date, three different
mechanisms of heterochromatin formation in the fission
yeast have been identified, all involving transcription
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and processing of the pericentric sequences into shorter
fragments (Lippman and Martienssen 2004; Djupedal et
al. 2009; Reyes-Turcu et al. 2011). The first mechanism
of heterochromatin formation involves the RNA inter-
ference (RNAI) pathway through the action of RNA-
dependent RNA polymerase (RDRP) (Lippman and
Martienssen 2004). This enzyme produces double-
stranded RNA from single- stranded PCTs that can be
cleaved by the RNAse III cleavage enzyme Dicer to
form short interfering RNAs (siRNAs) (Lippman and
Martienssen 2004). The siRNA then associates with the
RNA-induced initiation of transcriptional silencing
(RITS) complex, which in turn binds another nascent
pericentric transcript forming double-stranded RNA
(Djupedal et al. 2009). The process then cycles again,
starting with Dicer cleaving the newly formed double-
stranded RNA. The association of RITS with PCTs leads
to recruitment of the histone methyltransferase containing
Clr4 complex (CLRC) that methylates lysine 9 of histone
H3, thus maintaining regional heterochromatin (Lippman
and Martienssen 2004; Djupedal et al. 2009).

Recent work in yeast has shown that an alternate
RNAIi pathway exists, in which certain PCTs form
secondary stem loop structures that are recognized
and cleaved by Dicer, thus bypassing the need for
RDRP (Djupedal et al. 2009). The resulting siRNAs
associate with the argonaute containing complex RITS
to assist in heterochromatin formation in a manner
analogous to that produced from the RDRP pathway.
The third mechanism of heterochromatin formation in
yeast is an RNAi-independent mechanism that acts in
parallel to the RNAi pathway (Reyes-Turcu et al.
2011). Heterochromatin was shown to form in yeast
cells carrying a deletion of dicer or argonaut and mlo3,
an RNA binding protein that exports messenger RNA
from the nucleus (Reyes-Turcu et al. 2011). In these
mutants, the exosome degrades aberrant PCTs
into shorter RNA fragments that are then capable of
forming de novo heterochromatin through an as yet
unknown mechanism.

The RNAI pathway is not a feature unique to yeast
as similar pathways for establishing heterochromatin
at pericentromeres have also been identified in other
organisms, including rice, Arabidopsis, and Drosoph-
ila (Lippman and Martienssen 2004; Neumann et al.
2007). Moreover, in mouse, major and minor satellite
transcripts specific to the pericentromere and centro-
mere, respectively, may also be involved in hetero-
chromatin maintenance (Hsieh et al. 2011). Transcripts
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from both types of mouse satellites associate with
WDHD1 (WD repeat and HMG-box DNA binding
protein 1), an acidic nucleoplasmic DNA-binding pro-
tein whose activity is coupled to RNA polymerase 11
(RNAPII) transcription and may play a role in RNA
processing (Hsieh et al. 2011). WDHD1 knock-down
results in an increase in major and minor satellite
transcription and a decrease in the compaction of
heterochromatin, ultimately leading to a cell cycle
progression deficiency (Hsieh et al. 2011). These data
implicate WDHD1 as a member of a heterochromatin
maintenance pathway analogous to the RNAi pathway
in yeast.

From studies across major eukaryotic lineages, it is
clear that PCTs have other roles in addition to hetero-
chromatin formation and that some of these functions
may be strand specific (Chen et al. 2008; Eymery et al.
2009a; Probst et al. 2010). Recent research suggests
that PCTs may play a role in the formation of chromo-
centers (Eymery et al. 2009a; Probst et al. 2010),
nuclear structures formed from the aggregation of
heterochromatin from multiple chromosomes. The
number of chromocenters present within a nucleus
can be tissue specific and can change during cell
differentiation (Ceccarelli et al. 1998). PCTs and cen-
tromeric transcripts or CTs are shown to localize to
chromocenters as mouse cells differentiate into muscle
cells (Eymery et al. 2009a). Another study examining
developing mouse embryos illustrates that major sat-
ellite PCTs are required for the formation of chromo-
centers at the two-cell stage of development (Probst et
al. 2010). Interestingly, the sense and antisense strand
of major satellite PCTs in mouse are expressed at
different developmental times and levels and localize
to different places within the cell. Moreover, the sense
strand is expressed in a parent of origin manner,
emanating only from the paternal chromosome, begin-
ning at the two-cell stage of development. Towards the
end of the two-cell stage, when chromocenters have
formed just prior to the second mitotic division, there
is a burst in expression from the antisense strand of
both maternal and paternal chromosomes. While the
sense strand PCTs localize to the nucleus and the
cytoplasm, the antisense strand PCTs are confined
within the nucleus, demonstrating that nuclear reten-
tion is also strand-specific (Probst et al. 2010).

Differences in strand expression from the pericen-
tromere are also observed in adult mouse tissues and
human cells [reviewed in Eymery et al. (2009a)]. For
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example, expression of the antisense strand of PCTs in
mouse testis was found only to be present within
seminiferous tubules lacking mature sperm (Rudert et
al. 1995). The sense strand was not limited to a spe-
cific developmental time point within the mouse testis
and was also present in the liver (Eymery et al. 2009a).
Within normal and stressed HeLa cells, PCT levels
of satlll are more abundant in the sense orientation
[Valgardsdottir et al. (2008) and reviewed in Eymery
et al. (2009a)]. The same phenomenon of differences
in sense and antisense strand transcription of pericen-
tric sequences has been observed in yeast. Chen et al.
(2008) showed that the sense strand is not transcribed
in the presence of heterochromatin, but the antisense
strand is actively transcribed. During the S phase of
the cell cycle, there is an increase in sense strand
transcription coincident with high RNAPII occupancy;
the authors propose that this is due to less heterochro-
matin compaction during this time (Chen et al. 2008).
Why transcription of one strand over another would
occur is unclear, especially if heterochromatin limits
RNAPII binding altogether. However, it is possible
that there are strand-specific DNA or histone marks,
analogous to those found at imprinted loci where there
are parent of origin marks, which define strand spe-
cific expression control (Ferguson-Smith 2011).

Boundary elements

While the pericentromere itself is important for pro-
viding a boundary around the centromere core, anoth-
er critical region in maintaining chromosome integrity
is the chromatin barrier between the pericentromere
and the centromere (Saffery et al. 2003; Scott et al.
2007). In fission yeast, nucleosome-free tRNA act as a
barrier preventing the spreading of heterochromatin
into the centromere (Scott et al. 2007) (Fig. 1c). Tran-
scription factor IIIC binds the A and B box sequences
of specific tRNAs, thereby recruiting RNA polymer-
ase III (RNAPIID). Whether transcription of the tRNA
is necessary for a functional barrier is unclear, but
recruitment of RNAPIII is required (Scott et al.
2007). Interestingly, RNAPIII genes (tRNA and
5SRNA) found throughout the genome are known to
cluster at the centromere and associate with condensin
in the presence of a specific threshold level of tran-
scription (Iwasaki et al. 2010). Ribosomal proteins
(RpLs), specifically RpL7, RpL11, and RpL25

associate with centromeric tRNA clusters; unlike
RpL association at euchromatic loci, the centromeric
association is sensitive to RNaseA and RNaseT]1 treat-
ments, indicating the RNA involved is single stranded
(De et al. 2011). While the purpose of ribosomal
protein recruitment to these areas is unknown, De et
al. (2011) speculate a role for RpLs in centromere
function, possibly through an association with nascent
centromere transcripts (Choi et al. 2011). tRNAs may
not be the only type of barrier sequence between
pericentric and centromeric regions. In the human
Mardel 10 neocentromere, an active gene was identi-
fied between the heterochromatin protein 1 (HP1)
domain and the CENP-A domain. Thus, it is possible
that, analogous to tRNAs in yeast, this expressed gene
acts as a barrier to protect centromeric chromatin in
this newly formed centromere (Saffery et al. 2003).
However, species that lack genes within or near their
highly repetitive centromeres may have other means
for regulating the various centromere domains.

While there are commonalities among instances of
PCT, it is clear that diverse forms of PCTs produce an
equally diverse array of functions (from RNAi and
heterchromatin formation to chromocenters). The next
challenge is to understand how these different sizes
and forms of PCTs are transcriptionally regulated and
to what extent PCTs affect the function of CTs.

Centromeric transcription

Centromeres are composed of unique chromatin, cen-
trochromatin, which is marked by the modified his-
tone 3 CENP-A, H3K4mel, H3K4me2, H3K36me2,
and H3K36me3 in most species (Sullivan and Karpen
2004; Bergmann et al. 2011) (Fig. 1a, b). However,
maize and rice appear unique as the centromeres of
these species do not contain enrichment for H3K4me2
(Wu etal. 2011; Gent et al. 2012). Instead, the specific
type of centromere sequence present dictates the class
of corresponding histone modifications. For instance,
genes present at rice centromeres have the same his-
tone modifications as genes present in euchromatin
(Yan et al. 2005; Wu et al. 2011). Thus, the lack of
enrichment for H3K4me2 could be due to the presence
of actively transcribed genes embedded in between
clusters of centC centromeric satellite and centromeric
retroelements of maize (CRM) retrotransposon
sequences (Gent et al. 2012). In support of this theory,

@ Springer



540

L.E. Hall et al.

actively transcribed genes are also found in human
neocentromeres, and their expression does not affect
the presence of centrochromatin (Saffery et al. 2003).

Centromeric satellite and retroelement transcripts
have been identified in a multitude of different organ-
isms, including rice, maize, beetle, tammar wallaby,
mouse, and human, and are of various sizes, from 35
to 5,000 nt in length (Topp et al. 2004; Bouzinba-
Segard et al. 2006; Lee et al. 2006; Yan et al. 2006;
Pezer and Ugarkovi¢ 2008; Carone et al. 2009; Chueh
et al. 2009; Ferri et al. 2009; Du et al. 2010). CT
levels, like PCT levels, can change depending on
developmental stage and tissue type. For instance, in
the beetle, more CTs are observed in the pupae stage
than adult (Pezer and Ugarkovi¢ 2008). In both the
beetle and tammar wallaby, transcription of centromer-
ic sequences can be seen from both strands (Pezer and
Ugarkovi¢ 2008; Carone et al. 2009), implicating
nearby bidirectional promoters within or adjacent to
the sequences being transcribed (Lee et al. 2006; Pezer
and Ugarkovi¢ 2008; Carone et al. 2009). Since retro-
element sequences contain their own promoters and
are found at most centromeres, it is plausible that these
promoters are utilized to transcribe retroelement and
adjacent satellite sequences (Carone et al. 2009).
However, beetle satellite sequences (PRAT) contain
bidirectional promoters that may also facilitate nascent
centromeric transcription at least in this species (Pezer
and Ugarkovi¢ 2008).

Studies have shown that the overall level of transcrip-
tion of centromeric sequences is lower than that of
pericentric sequences (Ohkuni and Kitagawa 2011). In
some cases, CTs are almost undetectable due to the rapid
turnover of the RNA (Choi et al. 2011; Ohkuni and
Kitagawa 2011; Chan et al. 2012). However, maintain-
ing the correct level of centromeric transcription in a cell
is crucial for centromeres to assemble and function
properly during cell division. For example, when cen-
tromeric transcription is substantially decreased or
increased in budding yeast, there is a marked increase
in chromosome missegregation during cell division
(Ohkuni and Kitagawa 2011). Chan et al. (2012)
showed a similar effect in HeLa cells, wherein inhibition
of RNAPII transcription resulted in a decrease in CT
levels and CENP-C deposition, concomitant with an
increase in lagging chromosomes during cell division.

Epigenetic modifications of engineered human
artificial chromosomes (HACs) confirmed the need
for a critical balance in transcription levels for properly
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functioning centromeres (Bergmann et al. 2011, 2012
and reviewed in this issue). These studies also showed
that active transcription, not histone modifications, is a
key element to maintaining centromere function. When
the levels of H3K4me?2 at an engineered HAC centro-
mere were decreased, a significant decrease in transcrip-
tion was coincident with a decrease in the loading of
newly synthesized CENP-A and decrease in CENP-C at
the kinetochore (Bergmann et al. 2011) (Fig. 1d).
Alteration of the HAC centrochromatin to an open chro-
matin state likewise resulted in disrupted CENP-A load-
ing; the altered chromatin state did not directly affect the
HAC’s centromere activity, rather the resulting increase
in transcription lead to the observed detrimental effects
(Bergmann et al. 2012) (Fig. 1d). Thus, a tight regula-
tion of transcription is essential for proper centromere
assembly (O'Neill and Carone 2009). Okada et al.
(2009) identified protein complexes, including facili-
tates chromatin transcription (FACT), which contains
CENP-H and CHDI (chromodomain-helicase-DNA-
binding protein 1) that are required for CENP-A depo-
sition. While active transcription and CENP-A loading
was not assayed in this study, the localization of FACT
at the centromere support the model that active tran-
scription is part of the process required for CENP-A
deposition.

There is increasing evidence of a direct RNA—pro-
tein interaction between CTs and CENP-A bound
chromatin in maize, mouse, and human. The specific
function of each type of CT may be dependent on their
size, with observed CTs associating with CENP-A
ranging from 35 to >900 nt in length (Topp et al.
2004; Chueh et al. 2009; Ferri et al. 2009; Du et al.
2010). For example, the knockdown of a specific sized
long interspersed nucleotide element (LINE), which is
shown to interact with CENP-A at a human neocen-
tromere, causes a decrease in CENP-A loading (Chueh
et al. 2009). CenH3 in maize was shown to interact
with long CentC satellite transcripts (Du et al. 2010).
Interestingly, in the tammar wallaby, small centromer-
ic transcripts align to the same centromeric sequences
found specifically within CENP-A nucleosomes
(Renfree et al. 2011). Conceivably, the small and long
RNAs interact with CENP-A at different times during
the cell cycle, thereby temporally separating their
respective functions. CTs of various sizes are also part
of a non-nucleosomal protein complex that includes
CENP-A. CTs in mouse are needed for the proper
activity of Aurora B kinase and the proper association
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of CENP-A with Aurora B kinase and Survivin (Ferri
et al. 2009). CTs also associate with other centromeric
proteins including CENP-C (Wong et al. 2007; Du et
al. 2010) and INCENP (Wong et al. 2007). The local-
ization of CENP-C and INCENP to both the nucleolus
and centromere is dependent upon the presence of
centromeric RNA (Wong et al. 2007).

Due to the variety of interactions CTs have with
various proteins, culminating in the proper loading of
newly synthesized CENP-A required for centromere
assembly, it is plausible that, like PCTs, there are spe-
cific size classes of CTs, each possessing a unique
function. The type of RNAs that cooperate with specific
proteins in centromere function may also vary in their
structure, dependent on whether they are single-
stranded, double-stranded, or DNA-RNA heterodu-
plexes. While no RNA-binding domain has been
defined for CENP-A, several studies have shown
CENP-A can associate directly with RNA (e.g. Topp
et al. 2004). Moreover, since CENP-C is known to bind
single-stranded RNA in the same domain shown to bind
DNA (Du et al. 2010), it is possible that the same holds
true for CENP-A. Remarkably, the nucleotide sequence
of CENP-C associated, single-stranded RNA does not
affect its ability to bind CENP-C; instead, the size of the
transcript affects binding capability (Du et al. 2010),
supporting the idea that there are different size classes
of transcripts with potentially different functions. The
function of the RNA may also be dependent on the type
of repeat element being transcribed. For example, there
are different subtypes of centromeric retroelements in rice
and wallaby, and some of these subtypes are processed
into small RNAs while others remain as long transcripts
(Neumann et al. 2007; Carone et al. 2009; Ferreri et al.
2011). Interestingly, some of these retroelement transcripts
are also alternatively spliced resulting in the production of
slightly different transcripts (Neumann et al. 2007).

Centromeric transcription in cellular stress
and disease

The conservation of centromeric and pericentric tran-
scription across major eukaryotic lineages indicates
that these transcripts may play a critical role in the
cell. Unsurprisingly, there has been mounting evi-
dence in the past few years that if the level of PCTs
and CTs is not kept in a perfect balance, there are
potentially dire consequences for the organism.

The first indication of the functional importance of
satellite transcripts was the discovery that transcription
of certain pericentric satellites was induced under cel-
lular stress in human cells (Jolly et al. 2004; Rizzi et
al. 2004). Stress can be induced in cells by exposing
them to any condition outside of their optimal growth
range; this includes subjecting cells to high tempera-
ture (heat shock), heavy metals, hazardous chemicals,
ultraviolet radiation, and hyperosmotic or oxidative
conditions (Valgardsdottir et al. 2008). After human
cells are exposed to high temperatures, heat shock
factor 1 protein (HSF1) is upregulated and associates
with distinct nuclear structures, termed nuclear stress
bodies (nSBs), that accumulate on the pericentric
regions of chromosomes (Jolly et al. 2004). The nSBs
recruit RNAPII and the pericentric satellite III is then
highly transcribed. While this process is best charac-
terized in heat-shocked cells, satellite III PCTs are also
induced during many other kinds of cellular stresses,
albeit under control of different transcription factors
dependent on the type of stress the cell is subjected to,
i.e., the tonicity-responsive enhancer binding protein,
tonEBP, during hyperosmotic stress (Valgardsdottir
et al. 2008). This finding indicates that PCTs are a
commonality to multiple stress response and recovery
pathways.

The cellular response of satellite transcript accumu-
lation during stress is, like the production of the PCTs
and CTs themselves, highly conserved. In mouse cells
stressed by chemical exposure, minor satellite tran-
scription increases, resulting in an accumulation of
120nt transcripts (Bouzinba-Segard et al. 2006). While
unstressed cells were found to contain a basal level
of these CTs, the forced accumulation of transcripts
impaired centromere function, leading to decondensed
centromeres and mitotic defects, such as multiple spin-
dle attachments, loss of sister chromatid cohesion, and
anueploidy (Bouzinba-Segard et al. 2006). Notably,
CenpB and CenpC were retained normally in these
cells, implying that inner kinetochore function was
perhaps unaffected. The accumulation of satellite tran-
scripts during stress conditions also occurs in insects
(Pezer et al. 2011; Pezer and Ugarkovic 2012) and
Arabidopsis (Pecinka et al. 2010; Tittel-Elmer et al.
2010), although the precise role of the transcripts in
these other organisms remains to be elucidated.

Eymery et al. (Eymery et al. 2009b) compared
satellite transcription during cellular stress using a
microarray strategy based on specific satellite variants
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from centromere regions (delineated by enrichment for
CENP-A) and pericentromeres (delimited by associa-
tion with H3K9me3 and HP-1) in stressed and dis-
eased human cells. These cell stress experiments
supported the well-documented upregulation of PCTs
during recovery from heat shock; however, it was also
discovered that while PCTs were globally upregulated,
CTs were not. This finding supports the hypothesis
that PCTs and CTs are under different transcriptional
controls, at least during stress recovery. Perhaps more
intriguing, however, are the observed transcript differ-
ences among the various normal and tumorigenic tis-
sues assayed in this study. One of the most striking
differences was found in testis, in which antisense
PCTs were highly expressed in normal tissue but were
silenced in testicular cancer tissue from the same
patient (Eymery et al. 2009b). This result contrasted
with that of lung samples, in which pericentric tran-
scription was repressed in normal tissue and upregu-
lated in the tumor. CTs were also present in normal
ovary, placenta, fetal liver, and fetal kidney samples,
which raises interesting questions about the role these
CTs may be playing in development and differentia-
tion. Since HSF1 protein was not upregulated in any
of the normal or tumor samples, the dysregulated
PCTs and CTs were not considered linked to the heat
shock pathway (Eymery et al. 2009b). Thus, this work
poses the questions of how and why satellite transcrip-
tion changes in tumorigenesis and what functions,
if any, these satellite transcripts perform specific to
tumor progression.

A few recent studies have addressed how and why
centromeric transcription changes during oncogenesis
(Frescas et al. 2008; Iotti et al. 2011; Slee et al. 2012;
Ting et al. 2011; Zhu et al. 2011). The tumor suppres-
sor lysine-specific demethylase 2A (KDM2A) was
identified as a heterochromatin associated protein that
is downregulated in prostate cancer (Frescas et al.
2008). Through its Jumonji domain, KDM2A deme-
thylates pericentric H3K36me2, thereby maintaining a
closed chromatin state and silencing nascent transcrip-
tion. KDM2A knockdown resulted in a loss of HP1
from the pericentromere and a large increase in major
or alpha satellite transcripts in both mouse and human
cells, respectively (Frescas et al. 2008) (Fig. 2a). This
loss of the heterochromatic state leads overall to
genomic instability, including the misalignment of
centromeres along the mitotic plate and segregation
defects such as chromosome breaks and bridges.
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Interestingly, the lower the level of KDM2A expres-
sion in prostate cancer, the more severe the tumor
grade, linking an increase in PCT-mediated instability
to cancer prognosis.

Satellite derepression was linked to DNA methyla-
tion when next generation digital gene expression
analysis was used to measure the transcriptional out-
put of pancreatic ductal adenocarcinomas (PDACs)
and a variety of other epithelial primary tumors in
mice and human (Ting et al. 2011). In mice, pericen-
tric (major) satellite expression in tumor tissue was
greatly increased over normal tissue and in human
tumor samples, both alpha satellite and satellite 11
had significantly higher expression levels compared
to normal tissues. Satellite derepression was also
shown to be specific to in vivo cancer conditions,
since PDAC tumor cells immortalized in vitro no
longer expressed the same satellite repeats (Ting et
al. 2011). A defect in normal heterochromatin DNA
methylation was implicated as the cause of the satellite
derepression; once the immortalized PDAC cells were
treated with the demethylase 5-aza-2'-deoxycitydine,
the cells began to re-express the satellite repeats at
levels similar to that observed within in vivo condi-
tions. To address what may be promoting transcription
in the tumor tissues, a linear regression analysis was
used to find transcripts that were co-regulated with
major satellite (mouse) or alpha satellite (human)
(Ting et al. 2011). LINE1 transposable elements were
found to be upregulated in tumor tissues and as a
consequence, genes with LINE1 insertions were dif-
ferentially regulated compared to normal tissue. Inter-
estingly, many of these differentially regulated genes
function in neural cell fate and stem cell pathways,
implicating the misregulation of PCT expression in the
neuronal differentiation pathway leading to these can-
cers (Ting et al. 2011).

DMNT3B is a DNA methyltransferase responsible
for maintaining the proper methylation levels at the
pericentromere and centromere (Gopalakrishnan et al.
2009). DMNT3B is recruited to satellite repeats
through an interaction with the centromere protein,
CENP-C. Any impairment of that interaction prevents
methylation in the pericentric and centromeric regions
and results in overexpression of PCTs and CTs
(Gopalakrishnan et al. 2009). Mutations in DMNT3B
are known to lead to immunodeficiency, centromere
instability, and facial anomalies syndrome (ICF)
(Hansen et al. 1999). ICF patients have hypomethylated
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Fig. 2 a KDM2A (gray) is a demethylase that targets
H3K36me2. Under normal conditions (/eff), HP1 is associated
with PCTs (red) and pericentric nucleosomes (blue), adjacent to
centrochromatin containing H3K36me2 (purple) and CENP-A
(red) nucleosomes. Loss of KDM2A (right) results in an
increase of H3K36me2 within the pericentromere concomitant
with a loss of HP1 and dramatic increase in PCTs. b BRCALI
(orange) targets H2A within the pericentromere (brown) for

heterochromatic DNA and, consequently, derepressed
heterochromatic genes and satellite repeats, while
euchromatic gene methylation remains at normal levels
(Brun et al. 2011). DMNT3B then is yet another protein
specifically responsible for maintaining normal PCT
and CT levels.

The hereditary ovarian and breast cancer suscepti-
bility gene (BRCA1) has been extensively studied,
with conflicting results regarding its normal function
and how it behaves as a tumor suppressor. Since
BRCA1 mutation leads to genomic instability, it has
been predicted to function in DNA replication, DNA
damage repair, cell cycle control, and a host of other
mitotic and regulatory functions. Recently, BRCAI
was discovered to be involved in maintaining specific
epigenetic states within centromeric and pericentric
regions (Zhu et al. 2011). BRCA1 protein, through
an E3 ligase activity in its RING finger domain, is
responsible for monoubiquitinating the histone H2A
(Chen et al. 2002). When BRCA1 is knocked out,
there is a global increase in both major and minor
satellite transcription in mouse cells, and of alpha
satellite in human cells, concomitant with a loss of

ubiquitination (small red circle) under normal conditions (leff).
Loss of BRCAL1 (right) leads to loss of ubiquitination of H2A
within the pericentromere and a dramatic increase in PCTs. ¢ An
increase in PCTs or CTs leads to a shift of H3K9me3 (blue) from
mostly pericentric (indicated in gray on the graph inset) to
spreading into centrochromatin (indicated in blue on the graph
inset). Nucleosome key as per Fig. la and b

H2A ubiquitination (Fig. 2b); other effects included a
reduction in heterochromatin centers as well as numer-
ous mitotic defects and an increase in DNA double-
strand breaks (Zhu et al. 2011). In contrast to the work
of Ting et al. (2011), there was no observable increase
in LINE or other retrotransposable element activity
associated with PCT and CT increases (Zhu et al.
2011). Thus, while the loss of H2A ubiquitination,
via loss of BRCA1 function, may be responsible for
converting heterochromatin into an open chromatin
state and allowing transcription, it remains unknown
what factors or sequences promote the observed satel-
lite transcription in BRCA1-deficient cells. Through
ectopic expression of satellite RNA in cells lacking
BRCA1 mutations, Zhu et al. (2011) were able to
support the previous prediction that increased satellite
expression facilitated the genomic instability, as they
observed many of the same defects in these cells as in
BRCA1-deficient cells.

Other work suggests that PCT and CT derepression
may be a common feature to certain breast cancers,
regardless of the protein involved. Jumonji domain
containing protein, JMJD2B, is a demethylase and an
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oncogene in certain breast tumors (Slee et al. 2012).
When overexpressed, JIMJID2B causes a large decrease
in centromeric H3K9me3, which leads to chromosome
instability. Although the levels of PCTs and CTs in
these JIMJD2B tumors were not measured, it is plau-
sible that the transcripts are derepressed, as they are in
BRCA1-null tumors.

Taken together, all of these studies support the theory
that if heterochromatic epigenetic marks are altered to a
transcriptionally active state, the resulting overexpres-
sion of satellite sequences can lead to genomic instabil-
ity and oncogenesis. In contrast, the action of the tumor
suppressor Prepl indicates that complete silencing of
satellite expression may be just as detrimental as dere-
pression. Prep1 (also known as PKNOX1 or PBX/knot-
ted 1 homeobox1 in human) is implicated in controlling
DNA damage and regulating histone methylation levels
(Iotti et al. 2011). When Prep1 levels are downregulated
in mouse or human cells, DNA damage increases, which
leads, through an unknown mechanism, to a widespread
increase in the repressive histone mark H3K9me3
(Totti et al. 2011) (Fig. 2¢). Consequently, major satellite
transcription in mouse, and alpha satellite transcription
in human decreased 62 and 45 %, respectively,
when compared to controls with normal Prepl levels.
Remarkably, this decrease in PCTs and CTs leads to
precisely the same cellular phenotypes observed in cells
with an increase in PCTs and CTs, such as aneuploidy,
miniature chromosomes, Robertsonian translocations,
and centromere duplications.

As observed in the engineered HAC studies
described above, a tight control of PCT and CT tran-
scription levels are required to maintain genomic sta-
bility at native centromeres. While the work described
herein demonstrates potential mechanisms for how
PCT and CT levels change during oncogenesis, the
critical question of how exactly the overabundance or
lack of transcripts leads to genomic instability remains
less clear. Genomic instability is a broad term that
is characterized by a host of replicative, mitotic,
and chromosomal defects. While it will likely take
years to determine all the mechanisms leading to
genomic stability in cancers with PCT and CT involve-
ment, the answers could lead to broader treatment
options. As work in the field continues, it will be
interesting to determine how satellite transcription
might be involved in other known oncogenic conse-
quences. If satellite transcripts do play a role in the
recruitment of centromere and kinetochore proteins,
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this could explain the upregulation and mislocalization
of CENP-A observed in colon cancer (Tomonaga et al.
2003). In like manner, if PCTs and CTs aide in defin-
ing or maintaining heterochromatin boundaries, their
oncogenic disregulation may explain why there is an
observed expansion of CENP-A nucleosomes on alpha
satellite arrays in cancer cells (Sullivan et al. 2011).

Concluding remarks

Despite the fact that the biology of centromeric/pericen-
tric transcription is seemingly complex, the distinction
between PCTs and CTs is important to make as these
transcripts emanate from separate chromatin environ-
ments, each with a specific function with respect to the
centromere. While many general conclusions have been
made as to the contribution of PCTs and CTs in a variety
of cellular processes, precise mechanisms remain elu-
sive. The protein, DNA, and other noncoding RNA
interactions that PCTs and CTs undertake in both normal
and abnormal conditions are not fully characterized, nor
are the diversity of size classes and types of RNAs that
are derived from PCTs and CTs. Once the normal inter-
actions and their functional consequences are revealed,
work can begin on addressing therapies to correct the
abnormal situations that lead to genome instability and
oncogenesis. Understanding the transcriptional frame-
work that controls CT and PCT production may also
provide insight into long unanswered mysteries, such as
the biological foundation of the centromere paradox and
the complete pathway that determines CENP-A posi-
tioning (both established and novel) as well as centro-
mere inactivation in the genome. While there are many
questions left to answer, it is clear that proper transcrip-
tion of pericentric and centromeric sequences is crucial
to proper centromere function, genome stability, and
accurate cell division.
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