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Abstract Centromeres represent the basis for kinetochore
formation, and are essential for proper chromosome seg-
regation during mitosis. Despite these essential roles,
centromeres are not defined by specific DNA sequences,
but by epigenetic means. The histone variant CENP-A
controls centromere identity epigenetically and is essential
for recruiting kinetochore components that attach the
chromosomes to the mitotic spindle during mitosis.
Recently, a new player in centromere regulation has
emerged: long non-coding RNAs transcribed from repeti-
tive regions of centromeric DNA function in regulating
centromeres epigenetically. This review summarizes recent
findings on the essential roles that transcription, pericen-
tromeric transcripts, and centromere-derived RNAs play in
centromere biology.
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Epigenetic regulation of centromeres as we know
it: CENP-A function and regulation

Centromeres are the essential domain on every chromo-
some that allows spindle microtubules to attach to
duplicated chromosomes and faithfully segregate them to
two daughter cells. Centromere function is evolutionarily
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highly conserved but the underlying centromeric DNA is
neither conserved nor required for centromeres to function.
Even though species-specific differences in centromere
regulation exist, all eukaryotes except the parasitic try-
panosomatids and some yeast species regulate centromeres
epigenetically [1, 4, 42]. The best understood epigenetic
determinant is a histone H3 variant at centromeres. This
evolutionarily conserved protein is generally referred to as
CENP-A, although other names are commonly used as well
[35, 89].

CENP-A is a key factor of centromere identity and has
been extensively reviewed elsewhere [4]. Loss of CENP-A
prevents chromosomes from segregating correctly in many
different organisms underlining the crucial function of
centromeres for accurate development and health [18]. On
the other hand, CENP-A overexpression, for instance in
Drosophila, leads to the formation of ectopic centromeres
that cause chromosome lagging and breaking due to mul-
tiple attachment points on the chromosome [50].
Importantly, in some tumours, a strong upregulation of
CENP-A correlates with lower remission rates, making
CENP-A a potential biomarker for predicting tumour
aggressiveness [47, 61, 73, 91].

A distinct difference: centromeric
and pericentromeric chromatin

Centromeres were long mistaken for a transcriptionally
inert region of heterochromatin. However, there are several
clear features which distinguish centromeric chro-
matin from its surrounding heterochromatin.

Centromeres are generally embedded in large blocks of
constitutive pericentromeric heterochromatin that consti-
tutes more than half of the genome, for instance in humans
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or mice [69], and harbours typical marks of heterochro-
matin as discussed below. As already mentioned, the main
characterizing feature of centromeric chromatin is the
presence of the histone variant CENP-A. CENP-A nucle-
osomes are structurally distinct from the canonical histone
H3-containing nucleosomes: they form a more rigid inter-
face with H4 histones that is reshaped and stabilized by
centromere protein C (CENP-C). These CENP-A-contain-
ing nucleosomes bind DNA less tightly than canonical
nucleosomes and may therefore have a profound affect on
chromatin structure and transcriptional activity of cen-
tromeric chromatin [38, 48]. An on-going debate about the
actual composition of CENP-A-containing nucleosomes
has been extensively reviewed elsewhere [13].

Besides CENP-A, another identifying characteristic of
centromeres is the specific set of post-translation modifica-
tions within centromeric regions [87]. Centromeric chromatin
is distinctly different from its surrounding pericentromeric
heterochromatin by canonical histone modifications. Histone
H3-containing nucleosomes at centromeric regions are
interspersed with CENP-A-containing nucleosomes and
contain some marks that are specific for transcriptionally
active, open chromatin (e.g. histone H3 Lysine 4 and 36
methylation (H3K36me), H3K4me and H3K36me), other
marks of open chromatin such as acetylation as well as
heterochromatic marks (e.g. H3K9me) are missing, whereas
H4K20me, is present (Fig. 1) [9, 52, 87, 95]. Not only the
canonical histones bear modifications: CENP-A itself can be
modified. Modifications identified so far include trimethyla-
tion of Glyl and phosphorylation of Ser7, Ser16 and 18 in
human cells, as well as mono-ubiquitylation in human and fly
cells [5, 6, 45, 65]. Phosphorylation of Ser7 is required for
correct mitotic progression, mono-ubiquitylation in flies is

Fig. 1 Histone tail modification
associated with centromeres.
Pericentromeric and
centromeric chromatin are
distinct from each other.
Centromeric chromatin is
characterized by the presence of
the histone H3 variant CENP-A
that replaces H3 in some of the
centromeric nucleosomes.
Histone modification pattern on
canonical histones also vary
between centromeric and
pericentromeric chromatin
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required for CENP-A stability, and Arg37 acetylation in yeast
regulates the recruitment of kinetochore components to cen-
tromeric chromatin [45, 80]. However, most of the growing
list of CENP-A modifications still awaits to be functionally
characterized.

Centromeric DNA: genetic meets epigenetics

While the epigenetic regulation of centromeres is widely
accepted, this does not exclude a role for DNA (reviewed
in Ohzeki et al. [67]). The repetitive nature of pericen-
tromeric DNA sequences has been a major challenge to
genome-wide sequencing projects in different species.
Today, the human and Drosophila genome projects still
lack a complete continuous sequence of (peri-) centromeric
DNA (reviewed in [2]) . But it is clear that centromeric
DNA is neither conserved between species nor on different
chromosomes within one species. Moreover, stable dicen-
tric chromosomes and neocentromeres at non-centromeric
sites form in organisms from yeast to human suggesting
that centromeric DNA is dispensable for the formation of
functional centromeres [42]. Interestingly, neocentromeres
often form within or nearby euchromatic regions [7, 99,
100], and in fission yeast near telomeres [54]. Whether any
requirements within the primary DNA sequence are pivotal
for these preferences or whether the above discussed his-
tone modification landscape at certain sites are more
attractive for centromeric chromatin to form needs to be
established in the future. One well-studied exception is
budding yeast, Saccharomyces cerevisiae: here, cen-
tromeres are determined by the underlying DNA sequence.
Their point centromeres, which consist of only one CENP-
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A containing nucleosome are 125 base pairs long and do
not contain satellite repeats [49, 93].

Centromeric DNA has certain sequence characteristics,
such as an AT-rich composition, and is repetitive in nature
[3, 12, 81, 85, 88]. These characteristics may be a pre-
requisite for the formation of higher order structures at
centromeres [62, 105]. The existence and conservation of
higher order structures may be necessary for centromere
function, but the sequence itself may vary. Interestingly,
the length of one repeat unit of satellite DNA might be
important for the formation of higher order structures,
because different organisms have similar length of
repeating units, that approximately correspond to one
(178 bp in Arabidopsis, 156 bp in maize, 142 bp in beetles,
120 bp in mouse, 171 bp long o-satellite repeat in human)
or two (359 bp long SAT III in Drosophila, 340 bp repeat
in pig) nucleosomal unit lengths [49, 70] (Table 1).
Together with the occupancy of CENP-A nucleosomes,
data from ChIP-seq analysis and high resolution micro-
scopy currently suggest several possible models for higher
order structures that allow clustering of CENP-A nucleo-
somes on opposite sides of the sister chromatids [4, 14, 42,
75, 88].

There are several reports that showed that repetitive
centromeric and pericentromeric DNA is important for cell
integrity [71]. The presence of heterochromatin in peri-
centromeric regions is for instance required to ensure
recruitment of cohesin, which in turn promotes bi-orien-
tation of sister chromatids during mitosis whereas cohesion

Table 1 Summary of known centromeric transcripts in different species

at centromeric core chromatin induces a mono-orientation
[11, 78, 103]. Centromeric DNA is also likely to participate
in separating centromeres from surrounding (pericen-
tromeric) regions: In S. pombe, centromeres are surrounded
by tRNA genes, which physically prevent the expansion of
pericentromeric heterochromatin into centromeres [82]. In
Drosophila, de novo formation of kinetochores upon
CENP-A overexpression occurs at euchromatin to hete-
rochromatin transition regions (‘boundaries’). These are
regions that have a low nucleosome turnover and have been
classified as transcriptionally silent, intergenic domains
[68]. However, one should keep in mind that the here
mentioned examples may require an active transcription of
those repetitive sequences in order to fulfil their respective
function, which will be discuss in detail in the next
chapters.

Transcription of pericentromeric chromatin

Pericentromeric regions flanking centromeric chromatin on
both sides are constituted of constitutive heterochromatin,
which is characterized by its location at the same genomic
regions throughout the development and life span of a cell.
This is in contrast to facultative heterochromatin, which
adjusts to developmental and external clues. Constitutive
heterochromatin consists of tandem repeats that can stretch
over mega bases, and, while it is largely devoid of protein-
coding genes, transcription has been well-documented [46,

Species Centromeric Repeat unit  Finding Proposed References
transcript length/bp interacting
proteins
Budding yeast CEN DNA Certain level of centromeric transcription [66]
contributes to centromeric function
Fission yeast Central kinetochore Central domain is transcribed, transcripts are [26]
domain subjected to rapid turnover
Maize CentC 156 Centromeric transcripts are constituents of the CENP-C [33, 92]
kinetochore complex
Drosophila SAT III 359 Centromeric transcripts are vital for kinetochore CENP-C [76]
assembly and functional cell division
Tammar wallaby  crasiRNA Overexpression of centromeric RNAs leads to [17]
mitotic defects
Mouse Minor satellite 120 Centromeric transcripts are components of CPC ~ CENP-A, CPC [39]
crucial for Aurora B activity
Knock-down causes mitotic defects. [53]
Human a-satellite 171 a-satellite is required for correct localization of CENP-C [101]
CENP-C and INCENP throughout cell cycle
Knock-down causes aberrant mitosis Aurora B, CPC [53]
a-satellite is involved in timely incorporation of =~ CENP-A [74]

CENP-A

As far as known, their size and suggested functions are listed
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77]. The most prominent example is pericentromeric
heterochromatin formation in fission yeast. Pericentromeric
heterochromatin in S. pombe is established and maintained
with the help of small interfering RNAs (siRNA) generated
from pericentromeric ‘otr’ transcripts [97]. RNA Poly-
merase II (RNAPII) transcribes ‘otr’ repeats bi-
directionally from a conserved promoter within this region
[31, 59]. The transcripts are processed by the RNA inter-
ference (RNAi) machinery, and siRNAs generated in this
way are incorporated into the ‘RNA induced transcriptional
silencing’ (RITS) complex. Through interaction of siRNAs
with Agol, a component of the RISC complex, the com-
plex is loaded onto pericentromeric chromatin. The RITS
complex then recruits the CLRC complex, which contains a
methyltransferase responsible for methylation of H3KO.
Finally, H3K9 dimethylation recruits fission yeast homo-
logue of heterochromatin protein HP1, Swi6 [60]. In
addition, RNAi signals are amplified by Agol recruitment
of the RNA directed RNA polymerase complex (RDRC) to
the siRNA precursor. Due to RDRC interaction with the
RNAi machinery, through Dicer protein, more siRNA is
produced [29, 86].

3

Functional importance of pericentromeric
transcription and transcripts

In multicellular organisms pericentromeric transcription
has been implicated in heterochromatin formation, but also
in other processes [36]. In Drosophila ovaries, disruption
of the RNAi machinery leads to accumulation of pericen-
tromeric transcripts from chromosomes 2 and 3 [94].
Moreover, increased levels of acetylation of H3K9, and a
component of the RNAPII transcriptional complex (TAF1)
were observed on these pericentromeric repeats, indicating
that transcription plays a role in heterochromatin formation
via the RNAi machinery [94]. Depletion of Dicer in mouse
embryonic stem cells leads to an accumulation of peri-
centromeric major satellite transcripts. These Dicer-
depleted cells are viable and display no genomic instabil-
ity, although cell differentiation is impaired [58, 64].
Interestingly, long pericentromeric transcripts that do not
seem to be processed by the RNAi machinery also play a
role in the formation of pericentromeric heterochromatin.
Long transcripts that correspond to several repeating units
of major pericentromeric satellites have been detected in
mouse cells, and heterochromatin protein HP1 preferen-
tially binds to the forward strand of these RNAs. The
interaction occurs only after post-translational SUMOyla-
tion of HP1 [63]. The forward major RNA remains bound
to the site of transcription, and through this interaction,
HP1 is recruited to pericentromeric heterochromatin and
stabilized by the presence of H3K9me;. Additional HP1
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molecules then accumulate, directly connecting hete-
rochromatin formation with pericentromeric transcription
in mouse cells. Major satellite transcripts also have been
described to have a function in the formation of hete-
rochromatic chromocenters in early mouse embryos.
There, a burst in transcription of forward and reverse
strands coincides with this process. Interestingly, disrup-
tion of transcription results in a failure of chromocenter
formation and a developmental arrest [72]. In human cells,
transcription of pericentromeric satellites, that are not o-
satellite, has also been detected, and connected with a
stress response to heat [37, 57], heavy metals, and oxida-
tive species [96]. Importantly, levels of o-satellite and
pericentromeric satellites are elevated in some types of
cancer [90].

Transcription of centromeric chromatin: a general
view

As reviewed above, centromeric chromatin is defined by
its high concentration of CENP-A-containing nucleosomes
and by its pattern of post-translational histone modifica-
tions that make centromeres permissive for transcription.
In fact, centromeric transcription is not only possible, it
seems to be required for accurate centromeric function
(Fig. 2). In S. cerevisiae, the three transcription factors,
Cbfl, Stel2 and Digl are known to bind to the core cen-
tromere, and depletion of these factors leads to disruption
of centromeric function and genome instability. Functional
centromeres can be restored by inducing centromeric
transcripts from an artificial promoter [66]. In S. pombe,
RNAPII transcribes the forward strand of centromeric
repeats during S-phase, which is linked to the loading of
RNAi machinery components to centromeres and hete-
rochromatin formation of the surrounding regions [25]. A
similar mechanism is found in Drosophila, where the
ectopically tethered CENP-A loading factor CAL1 recruits
RNAPII and the Facilitates Chromatin Transcription
(FACT) remodeling complex, which then induces tran-
scription at nearby sites [23]. In S. pombe, the situation is
less clear: on one hand, incorporation of CENP-A protein
in the central domain of centromeres seems to be incom-
patible with gene expression, since it silences genes
inserted into this region [19]. On the other hand, non-
coding RNAs from the centromeric central core have been
described [26], and the disruption of centromere-bound
transcription factor Ams2 leads to reduction of CENP-A
levels at centromeres [24]. In conclusion, finely balanced
centromeric transcription seems to be required for the
correct loading of CENP-A; however the function of these
transcripts remains to be determined.
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Fig. 2 Transcription from centromeric chromatin influences CENP-
A loading in mitosis. The recruitment and activation of RNAPII at
centromeres during mitosis may be required to recruit chromatin
remodeling complexes such as FACT. FACT can then associate with
the loading machinery of CENP-A and facilitates CENP-A loading
that may coincide with the transcription of centromeric repeats.
Alternatively, the transcription is required to recruit FACT and
subsequently the loading machinery of CENP-A to centromeric
regions

Transcription of centromeric chromatin: genes

Several publications report the presence of genes in cen-
tromeric regions. S. pombe, for instance, contains tRNA
genes surrounding the centromeric loci. These genes are
actively transcribed by RNAPIII, and function to prevent
expansion of heterochromatin into centromeres [82]. Rice
centromeres also contain active genes within the CENP-A
binding region. These genes are expressed in several dif-
ferent tissues of rice, and display histone modifications that
are typical for actively transcribed euchromatin (e.g.
H3K4me,). These modifications are, however, not a

ubiquitous component of rice centromeric chromatin, but a
hallmark of the transcribed sequences embedded within the
centromeric H3 subdomains. Hence, centromeric function
and active gene expression are compatible in rice [104], but
it is not yet clear whether transcription contributes to
centromeric function.

Transcription of centromeric chromatin:
repetitive sequences

As summarised in Table 1, centromeric repeats are tran-
scribed in many different species and have many features
in common but may also display species-specific differ-
ences. For instance in maize, satellite repeats called CentC
are transcribed in both directions, and transcripts up to
900 bp long were found to immunoprecipitate with cen-
tromeric protein CENP-A [92], indicating a possible role in
kinetochore assembly. In Drosophila, the active form of
RNAPII is present at centromeres during mitosis [76].
Every Drosophila chromosome contains a different set of
satellite repeats indicating that RNAPII presence is con-
nected with the active centromere, rather than with a
specific sequence [94]. Interestingly, the homeobox-con-
taining transcription factor Hth is implicated in
transcription of SAT III centromeric repeats in Drosophila
embryos. Levels of SAT III RNA and localization of
CENP-A to centromeres in Hth mutant embryos are
strongly impaired, and result in very early developmental
arrest [79], implying the importance of centromeric tran-
scription in early Drosophila development. RNAPII is also
enriched at the central domain of centromeric DNA in S.
pombe. However, only low levels of transcription is
detectable suggesting that in S. pombe the presence of
stalled RNAPII, rather than a high transcription rate from
the central domain, is required for CENP-A loading and
centromere maintenance [20].

Minor satellite repeats on mouse centromeres consist of
a basic repeating unit of 120 bp in length (Table 1). Under
physiological conditions transcripts of up to 4 kb long can
be detected. Interestingly, different kinds of stress lead to
the accumulation of short transcripts of only one repeating
unit by either cleaving longer transcripts or by producing a
shorter product. If an exogenous vector is introduced that
expresses the 120 bp long transcript, centromeric function
is impaired, mitotic chromosomes misalign, and micronu-
clei accumulate as a result of failed chromosome
segregation suggesting a vital role of minor satellite tran-
scripts [15].

@ Springer
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Transcription of centromeric chromatin: the act
of transcription as regulatory mechanism
during mitosis

Centromeric transcription plays an important role in human
cells as well. Bergmann et al. [9] noticed a reduction of
centromeric transcription when altering or removing
H3K4me, marks that are associated with transcriptionally
active chromatin. These changes lead to decreased loading
of CENP-A and CENP-C proteins on human artificial
chromosomes. In contrast, increasing acetylation on H3K9
at centromeric region, thereby creating a more open chro-
matin environment, results in a 150-fold increase of
transcription that also impairs loading of CENP-A [10]. A
report from Chan et al. [21] stressed the importance of
active transcription at centromeres during mitosis in human
cells. They detected the active form of RNAPII and its
transcription factors at the centromeres of mitotic chro-
mosomes. Addition of RNAPII inhibitors specifically in
mitosis led to significant reduction of centromeric o-
satellite transcripts and chromosome missegregation.
Levels of centromeric CENP-C were also reduced, which
may be what was responsible for the observed mitotic
defects. Even more evidence for the importance of cen-
tromeric  transcription comes from the human
neocentromere on the model chromosome Mardel (10).
This neocentromere lies on a region enriched in tran-
scriptionally active LINE-1 retrotransposons. These LINE-
1 transcripts are localized to the centromeric region, and
depletion of these transcripts leads to reduced levels of
CENP-A at the centromere, and mitotic defects [28].

The above mentioned studies support the hypothesis that
RNAs from centromeric repeats are part of an epigenetic
regulatory mechanism that participates in centromere
function and regulation, whereby the act of transcription
alone may be involved in centromere regulation. It is
important to stress that active transcription at centromeres
takes place during mitosis when overall transcription is
mostly shut off by chromosome condensation and changes
in chromatin modification [44]. The fact that active tran-
scription at centromeres of different species occurs during
mitosis suggests that, in general, transcription coincides
with the functional active phase of a chromatin domain.
The mitotic transcription also highlights the unique regu-
lation of centromeric chromatin during mitosis. The
correlation of active transcription and functional activity
may also be extended to single copy genes. For instance,
the mitotic regulator cyclin B is reported to be transcribed
during mitosis [83]. Generally, transcription has been
associated with many chromatin modification and nucleo-
some remodeling processes [4]. Hence, transcription at
centromeres might be coupled to nucleosome exchange in

@ Springer

order to incorporate CENP-A into centromeres. A com-
ponent of the FACT complex has been connected with
CENP-A deposition in yeasts and flies [23, 27, 30] (Fig. 2).
FACT destabilizes chromatin for RNAPII to pass through
and reassembles it after transcription has taken place [8].
As a general chromatin-remodeling complex, FACT is also
able to remove CENP-A from non-centromeric euchro-
matin and replace it with H3-containing nucleosomes in
fission yeast, linking FACT to CENP-A regulation [27]. A
more recent finding in budding yeast now shows that
FACT, together with the E3 ubiquitin ligase Pshl, targets
mislocalized CENP-A in euchromatin for degradation [30].
FACT components also interact with CENP-A nucleo-
somes in human cells [55], and more recent results showed
that human centromeres are not only transcribed during
mitosis [21], but also during G1 phase [74], coinciding
with CENP-A deposition. The presence of the active form
of RNAPII at centromeres at the time of CENP-A loading
suggests an evolutionarily conserved mechanism that
involves local centromeric transcription and chromatin
remodeling for CENP-A loading and centromere
organization.

Non-coding transcripts from centromeric regions:
more than random transcription

Even though it appears that transcription itself plays an
important role in centromere biology, there is considerable
evidence that suggests that the actual nature of centromeric
transcripts plays a vital role in centromere regulation. In
maize, centromeric transcripts remain bound to the kine-
tochore after transcription [92], and are thought to
participate in stabilization of kinetochore chromatin.
Interestingly, addition of single-stranded RNA strongly
promotes binding of CENP-C to DNA, regardless of the
DNA sequence. However, excess RNA does not compete
with DNA binding, and it is unlikely that CENP-C binds
simultaneously to RNA and DNA, because the binding
module of CENP-C is only 36 amino acids long [33]. The
authors propose a transient interaction of CENP-C with
RNA, resulting in a conformational change to the CENP-C
structure that promotes DNA binding. RNA might there-
fore play a role similar to a protein chaperone to guide and
ease binding and loading of the proteins to their correct
locations (Fig. 3). CENP-C does not require its DNA
binding domain to localize to the kinetochore, hence its
targeting is likely to be dependent on protein interactions.
Once at centromeres, CENP-C binding to DNA stabilizes
its position, most likely with the help of centromeric RNA.
This centromeric RNA probably acts in trans because the
RNA that is associated with the kinetochore of a certain
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Fig. 3 Different potential functions of centromeric transcripts. Cen-
tromeric RNAs may bind to (or originate from) boundary elements to
ensure that different chromatin states can coexists adjacent to each
other by maintaining different chromatin identities. Different func-
tional chromatin domains may be maintained this way. Centromeric
RNAs have also been suggested to bind centromere-associated
proteins and guide them to or stabilize them at centromeres. The
guidance may occur in cis on the chromosome of origin of the RNA
or in trans on centromeres that do not encode for the centromeric

chromosome, is not necessarily encoded by the underlying
centromeric DNA of the exact same chromosome [33].

In Drosophila, centromeric SAT III repeats are tran-
scribed in sense and anti-sense orientations, and the longest
detectable transcripts are approximately 1.3 kb long [76].
SAT II RNA localizes to mitotic centromeres and
knockdown of SAT III leads to severe mitotic defects.
Mitotic defects are also observed in flies with a deletion of
the entire SAT III heterochromatin block on the X chro-
mosome. Analysis of the lagging chromosomes showed
that all major Drosophila chromosomes are affected by
SAT IIT knock-down, even though this satellite locus is
only present on the centromeric region of chromosome X.
SAT III RNA, therefore, acts in trans on all major chro-
mosomes in Drosophila melanogaster, similarly to what
has been suggested for maize centromeric RNA described
above. Interestingly, levels of centromere and kinetochore
proteins are reduced on the lagging chromosomes, as well
as the levels of newly deposited CENP-A and CENP-C.
Furthermore, SAT III RNA imunoprecipitates with CENP-
C, and CENP-C is required for centromeric localization of
SAT III RNA. This indicates that SAT III RNA is a
structural component of the Drosophila kinetochore, and is
required for recruitment or stabilization of centromeric
proteins [76]. The abundance and localization of SAT III

RNA. Last but not least, centromeric transcripts may be part of a
higher order chromatin structure that utilizes RNA as a scaffold to
maintain a 3D structure crucial for centromere biology. Depicted is a
previously suggested hypothetical structure of mitotic centromeres
that folds CENP-C-containing domains into an outer platform for
kinetochore components [4]. This structure may be established,
stabilized or maintained by non-coding RNA from centromeric
repeats

transcripts on centromeric regions of mitotic chromosomes
suggests additional roles of centromeric transcripts in
maintaining centromeric chromatin in general, for instance,
by establishing or maintaining boundaries to neighboring
heterochromatin or to maintain higher order chromatin
structure at centromeres (Fig. 3).

Several studies focused on the role of centromeric tran-
scripts in mammalian models. Knock-down of the
transcribed murine centromeric minor satellite leads to
chromosome segregation defects [53]. These transcripts
associate with CENP-A, and with components of the
Chromosomal Passenger Complex (CPC): Aurora B, Sur-
vivin and INCENP [39]. The CPC is a key regulator of
major mitotic events, including chromosome—microtubule
attachment error correction and the activation of the spindle
assembly checkpoint [16]. Importantly, an RNA component
is necessary for the observed interaction of Aurora B with
CENP-A, and for the Aurora B kinase activity. Addition of
minor satellite RNAs after RNaseA treatment rescues the
kinase activity, strongly suggesting an active role of minor
satellite RNA in the formation of centromere-associated
complexes and mitotic progression [39].

Human a-satellites have also been linked to centromere
function: Single-stranded RNA from human o-satellite is
necessary for proper localization of the centromeric proteins
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CENP-C and INCENP through binding of these RNAs to
CENP-C. Interestingly, o-satellite transcripts mediate the
localization of CENP-C and INCENP into the nucleolus in
interphase cells, possibly for assembly into complexes with
other proteins or for storage of these factors outside of
mitosis and cytokinesis. CENP-C and INCENP are then
relocated to centromeres during mitosis. RNase A treatment
disrupts nucleolar localization of these proteins in interphase
and their localization to centromeres during mitosis.
Therefore, a-satellite RNA seems not only to participate in
nucleolar sequestration of centromeric proteins, but also in
their timely release to the kinetochore during mitotic. This
complex has been termed nucleolar chaperone complex, and
may include additional proteins [101].

Two recent reports describe the role of human cen-
tromeric transcripts in centromere regulation and
chromosome segregation. Ideue et al. [53] found that
knock-down of a-satellite (satellite I) transcripts induces
aberrant mitosis and formation of ‘grape-shape’ nuclei. The
knock-down of o-satellite RNA leads to an altered kinase
activity of the RNA interacting protein Aurora B resulting
in increased auto-phosphorylation of Aurora B, as well as
an increase of phosphorylation of its substrate H3 at S10.
Quenet and Dalal [74] addressed the role of centromeric
transcripts in CENP-A loading. They found that a 1.3 kb
long a-satellite transcript co-immunoprecipitates with
CENP-A in the chromatin fraction and with the soluble
CENP-A pre-assembly complex that contains the CENP-A-
specific loading factor HJURP [34, 40, 74, 84]. The
interaction of the pre-assembly complex with o-satellite
transcripts suggests a role of the RNA in the timely
incorporation of CENP-A. These studies indicate that not
only the act of active transcription, but the actual cen-
tromeric transcripts, are crucial for the integrity of
centromeric chromatin in human cells (Fig. 3). This, in
turn, is in agreement with studies of SAT III transcripts in
Drosophila cells [76]. However, further studies are
required to understand the properties of repetitive tran-
scripts from centromeric regions and their role in
chromosome segregation.

Generally, depletion of centromeric transcripts leads to
mitotic defects. However, in the tammar wallaby, overex-
pression of short (~40 nt) centromeric RNAs, called
Centromere Repeat-Associated Short Interacting RNAs
(crasiRNAs) also leads to mitotic defects, and a decrease in
CENP-A signal in telophase/G1 [17]. Bouzinba-Segard
et al. [15] observed that forced accumulation of small
120 bp long minor satellite transcripts results in mitotic
defects. On the contrary, excessive amount of RNA does
not interfere with CENP-C binding to DNA in maize, and
overexpression of one repeating unit of SAT III RNA had
no obvious effects on mitotic progression in Drosophila
[33, 76]. Similarly, overexpression of a-satellite in human
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cells also had no obvious effect [53]. The role of cen-
tromeric RNA overexpression certainly needs to be
characterized further. It is possible, for instance, that cra-
siRNAs play a different role than long centromeric
transcripts. Also, the accumulation of shorter (120 bp long)
centromeric transcripts in mouse cells that occur under
stress conditions may play a specific role in stress response
[15]. A possible explanation for mitotic defects in this case
comes from Aurora B kinase activity studies. When Aurora
B and minor satellite RNA are present in equivalent
amounts, the kinase activity is increased twofold. However,
a higher amount of minor satellite RNA results in the
reduction of the kinase activity [39]. The levels of minor
satellite RNA is cell cycle dependent and suggests that a
tightly regulated homeostasis of RNA and proteins is
important for accurate cell cycle progression.

Some of the above-mentioned studies manipulate the
level of centromeric transcripts post-transcriptionally,
without disturbing the process of transcription, and there-
fore provide a clear distinction between a role of
centromeric transcription itself and specific centromeric
transcripts. Long centromeric transcripts seem to be an
integral part of at least two different complexes that are
essential for centromeric function. They interact with
constitutive centromeric proteins to insure proper loading
and stabilization of the position of these proteins at the
centromeres [33, 74, 76], and they interact with the CPC
complex and influence its localization, assembly, and
enzymatic activity [39, 53, 101].

A question that arises is: which centromeric proteins
directly interact with centromeric RNAs? To this end two
proteins have been implicated: CENP-A and CENP-C. In
maize, CENP-C interacts with single-stranded RNA to
promote binding of the protein to DNA [33], and in Dro-
sophila, SAT III RNA immunoprecipitates with CENP-C
and is required for loading of both CENP-C, and CENP-A.
Human CENP-C (CENPC1) contains the RNA-binding
‘HP1 hinge-homologous’ sequence that binds o-satellite
RNA in vitro [101], a region that Drosophila CENP-C does
not have a clear conservation to. On the other hand, Quenet
and Dalal [74] reported immunoprecipitation of cen-
tromeric RNA with CENP-A. Since CENP-A and CENP-C
are part of the same essential complex, it is not clear
whether this represents a direct interaction, or a CENP-C-
mediated interaction.

RNA-dependent mechanism of centromere
regulation

Non-coding RNAs are involved in epigenetic regulation of
various processes, including gene expression, transposon
silencing, dosage compensation of sex chromosomes,
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heterochromatin formation, and maintaining higher order
chromatin structures [51] (Fig. 3). Single-stranded RNA
has a flexibility that allows for the formation of secondary
structures, such as stems and loops, which provide surfaces
for interaction with other molecules. Proteins are usually
folded into relatively rigid structures, with a definite
numbers of sites that interact with DNA, RNA or other
proteins. This creates a high degree of structural stability,
which may be favorable for some cellular functions, for
instance for catalytic activities. But in some cases, less
rigidity or more structural flexibility may be preferable
[102]. Proposed mechanism for RNA—protein interactions
is the induction of secondary and tertiary structures: RNAs
bind to proteins through one or several binding sites, the
remaining RNA may then change its structure according to
the bound protein. The binding of viral RNAs to the
ribosome assembly is an example of an induced fold
mechanism [32, 56]. Centromeric RNAs might fulfill their
function by localizing factors that are required for the
loading or function of CENP-A, as well as other kineto-
chore proteins, to centromeres. Alternatively, they may
participate in the formation of protein complexes required
for proper mitotic progression or maintenance in cen-
tromeric chromatin [4, 39, 53, 92, 101].

It is conceivable that centromeric RNAs facilitate trans-
acting mechanisms. In other words, RNAs transcribed from
one centromere may act on all or a subset of chromosomes
independent of the primary DNA sequence. This may be
important for mitotic progression since active transcription
of satellite DNA takes place during mitosis in different
species [21, 76]. It is important to point out that there may
be a combination of non-coding RNAs from different
repetitive regions present during mitosis. These RNAs
could serve different functions or have redundant func-
tions, a question that needs to be addressed in the future.
Direct evidence for a trans-mechanism comes from Dro-
sophila, where the knock-down of SAT III RNA, which
originates only from chromosome X, equally affects all
chromosomes [76]. A similar mechanism was proposed for
maize centromeric RNA [33, 102]. Gent and Dawe [43]
proposed that normal functioning of the neocentromeres
that form on non-repetitive DNA might be possible due to
the existence of redundant, frans-acting centromeric RNAs.

Conclusions and future perspectives

Centromeres are required for kinetochore formation to
achieve attachment of the chromosomes to the mitotic
spindle during mitosis. Despite this essential function, cen-
tromeres are not defined by the underlying DNA sequences;
instead they are controlled by complex epigenetic mecha-
nisms. Today we have a relatively clear picture of the

proteins involved in centromeric regulation, however recent
studies propose that non-coding RNAs transcribed from
centromeric regions are an additional epigenetic regulator of
centromeres. While centromeric transcripts are crucial for
centromere function and accurate cell division, the precise
mechanisms that operate still remain to be determined.

There are numerous reports on transcription from both
pericentromeric and centromeric chromatin, and it is important
to make a distinction between these two types of transcripts, as
they arise from two different chromatin environments, and
appear to have different functions in the cell. The most
important role of pericentromeric transcripts is the mainte-
nance of a heterochromatic state of this region, which in turn
provides sister chromatid cohesion, and bi-polar orientation
during mitosis [78, 103]. The function of the centromeric
transcripts seems to be related to stabilization and assembly of
the protein complexes required for normal cell division. The
function of pericentromeric and centromeric transcripts, and
the exact mechanisms by which they act, seem to be complex.
What is evident is that they are involved in the basic regulatory
mechanism of crucial cellular processes.

Addressing the functional relevance of specific cen-
tromeric transcripts in comparison to the act of
transcription itself will be a very important question to
fully answer in order to understand the regulation of cen-
tromeres. Transcription of the centromeric regions is
important for loading of CENP-A nucleosomes through
chromatin opening [41, 55, 98], and the transcripts might
provide a flexible scaffold that allows assembly or stabi-
lization of the kinetochore proteins. The existence of RNA
scaffolds also gives an explanation for the fast evolution of
the centromeric DNA sequence. As long as the secondary
structures of RNAs derived from the centromeres is
maintained in a way that they can interact with centromeric
proteins, the conservation of the exact DNA sequence is
not required [22, 92]. Interactions of centromeric tran-
scripts with proteins involved in cell division are just
beginning to be elucidated, and this field has the potential
to answer many long-standing questions regarding cen-
tromere biology, such as high variability of centromeric
DNA, and the regulation of centromeric proteins’ posi-
tioning and stabilization. Centromeric transcripts present
an exciting research field, and by uncovering the mecha-
nisms, we may find more surprises along the way.
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