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ABSTRACT Accurate chromosome segregation is a fundamental process in cell biol-
ogy. During mitosis, chromosomes are segregated into daughter cells through inter-
actions between centromeres and microtubules in the mitotic spindle. Centromere
domains have evolved to nucleate formation of the kinetochore, which is essential
for establishing connections between chromosomal DNA and microtubules during
mitosis. Centromeres are typically formed on highly repetitive DNA that is not con-
served in sequence or size among organisms and can differ substantially between
individuals within the same organism. However, transcription of repetitive DNA has
emerged as a highly conserved property of the centromere. Recent work has shown
that both the topological effect of transcription on chromatin and the nascent non-
coding RNAs contribute to multiple aspects of centromere function. In this review,
we discuss the fundamental aspects of centromere transcription, i.e., its dual role in
chromatin remodeling/CENP-A deposition and kinetochore assembly during mitosis,
from a cell cycle perspective.
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Accurate segregation of chromosomes into daughter cells is one of the main goals
of cell division. Errors in chromosome segregation lead to aneuploidy, which is

correlated with cancer and other diseases (1, 2). Centromeres are specialized chromo-
somal domains that nucleate the assembly of the kinetochore, a structure responsible
for chromosome attachment to spindle microtubules and chromosome movement
during cell division. Despite a high level of functional conservation, a universal centromere-
specific DNA sequence has not been identified. Indeed, most eukaryotic centromeres
are organized on short tandem repeats assembled into higher-order repeats (3), which
differ dramatically among species and exhibit significant variation between individuals
of the same species (Fig. 1). In fact, establishing the exact sequence of these repetitive
regions represents a significant technical challenge, especially for organisms such as
humans, in which centromeres can extend for several megabases (4). As new sequenc-
ing technologies have emerged, it has become possible to assemble the linear se-
quence of human centromeres. A recent work using a nanopore sequencing strategy
reported the complete centromere sequence of human chromosome Y (5), which
represents a key advance in deciphering these hidden genome pieces. However, the
repetitive nature of centromeres and the lack of linear reference models for most
centromeres will continue to challenge genomic studies of centromere DNA and
centromere RNA (cenRNA). Importantly, despite the lack of sequence conservation
between organisms, work during the last decade has unveiled a role for transcription
as a conserved property of centromere regions.

Centromeres are determined epigenetically in most species, which is in agreement
with the absence of sequence conservation (6, 7). Briefly, work in many organisms has
shown that no DNA sequence is either necessary or sufficient to confer centromere
identity. The notable exception to this paradigm is Saccharomyces cerevisiae, whose
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centromeres are specified by a conserved 125-bp sequence (reviewed in reference 6).
Instead, centromeres are defined by the deposition of the histone H3 variant centro-
meric protein A (CENP-A), which leads to interspersed H3 and CENP-A nucleosomes
along these chromosome regions (8, 9). Importantly, different studies uncovered the
existence of posttranslational modifications on histone H3 (H3K4me2 and H3K36me2)
at centromere nucleosomes that resemble transcriptionally active domains found in
housekeeping genes (10, 11). Consistent with these marks on centromeric H3, tran-
scription arising from centromere DNA was detected at endogenous, artificial, and
neocentromeres (12–15). Depletion of these marks causes a rapid loss of transcription
at the centromere, inefficient CENP-A loading, and kinetochore inactivation, linking
centromere transcription to centromere identity (11). A more recent work suggested
that centromere transcription promoted H3K9 acetylation, which in turn prevented
heterochromatin formation at these regions (16). Taken together, these observations
indicate that specialized chromatin present at the centromere promotes both centro-
mere transcription and centromere identity.

The existence of centromere transcription was first reported for mouse satellite DNA
(17, 18). To date, it is widely assumed that transcription has evolved as a fundamental
aspect of centromeres that is conserved among all eukaryotes. Interestingly, the core
and the flanking pericentric regions, the two main centromere domains, are both
transcribed. Indeed, small interfering RNAs (siRNAs) derived from pericentromeric
expression are essential for defining and maintaining this region of heterochromatin in
Schizosaccharomyces pombe, and long noncoding RNAs (lncRNAs) derived from peri-
centric repeats are an important feature of heterochromatin formation in human and
mouse cells (19–23). In contrast, transcripts from the central core of the centromere do
not generate heterochromatin but appear to interact with centromere proteins to

FIG 1 Comparative analysis of centromere DNA organization in S. cerevisiae, S. pombe, D. melanogaster, and
Homo sapiens. Schemes representing the main components of centromere regions in the different
organisms are indicated. Despite the lack of conservation in size, with lengths ranging from 125 bp in S.
cerevisiae to megabases in humans, or in sequence, the epigenetic loading of CENP-A/Cse4/Cnp1/Cid
nucleosomes is a common feature of centromere definition.
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stabilize the centromere/kinetochore. In this review, we focus on recent advances in
understanding transcription at the centromere core domain. For an extensive review of
pericentromeric domain expression, we recommend reading the work of Chan and
Wong (24).

CENTROMERE TRANSCRIPTION

Centromere formation by deposition of CENP-A, also termed CID in Drosophila
melanogaster, Cse4 in S. cerevisiae, and Cnp1 in S. pombe, is conserved among organ-
isms. Using S. cerevisiae and S. pombe as yeast models, several studies have shown that
centromere transcription is crucial for ensuring chromosome stability and accurate
loading of Cse4 and Cnp1, respectively (25, 26). Analogously, studies of plants revealed
that transcription at the centromere is essential for Cenp-A assembly and centromere
formation and maintenance (27–29). In flies, transcription of repeat satellite III (SATIII),
which spans megabases on the X-, 2nd-, and 3rd-chromosome centromeres of D.
melanogaster, is required for accurate mitosis by ensuring the correct localization of
CENP-A and centromere protein C (CENP-C) on all chromosomes (30). Finally, studies
with human cells and Xenopus egg extracts demonstrated that transcriptional activity
at centromeres is required to ensure correct CENP-C levels and CENP-A loading and
accurate chromosome segregation (31–33).

In summary, centromere transcription has evolved as an essential feature of cen-
tromeric chromosome domains. The observation that centromeres are transcribed has
suggested that the act of transcription or the product of transcription (lncRNA or
cenRNA) may play a role in centromere function. When we consider possible roles
for centromere transcription, it is also important to consider the cell cycle timing of
transcription and how this is linked to various stages of centromere and kinetochore
assembly. We outline the evidence that both process and product likely regulate
aspects of centromere formation and function and discuss the fact that transcription
may regulate different aspects of centromere function at different cell cycle stages.

TRANSCRIPTIONAL MACHINERY AT THE CENTROMERE

RNA polymerase II (RNA Pol II) is responsible for the bulk of centromere transcrip-
tion, as demonstrated by the effects of specific drugs that differentially inhibit RNA Pol
I, II, or III (31, 34). Importantly, a classic work in budding yeast demonstrated that high
levels of transcription across a centromere lead to centromere inactivation (35). More-
over, a recent study using human artificial chromosomes also showed that only
moderate levels of transcription are compatible with correct centromere function,
which demonstrates the existence of tight control over this process (15). The analysis
of lncRNAs (cenRNAs) generated from fission yeast centromere transcription revealed
the existence of a 5= cap and a poly(A) tail, supporting their RNA Pol II origin (36). In
addition, previous studies using mutants of specific subunits of RNA Pol II provided
evidence that Rbp7 is a key component promoting centromere transcription in fission
yeast (37). More recently, immunofluorescence (IF) assays showed the presence of RNA
Pol II phosphorylated at Ser2 of the C-terminal domain (CTD) at all human, fly, and frog
centromeres, indicating active transcription elongation through the action of RNA Pol
II (16, 30, 31, 38) during mitosis. RNA Pol III also orchestrates transcription of tRNA gene
clusters located at the boundaries between the pericentric and core centromere
domains in S. pombe, which functions to establish a barrier between the core domain
and pericentric heterochromatin (39, 40). However, tRNA transcription is not likely
to play a direct role in centromere assembly, as RNA Pol III inhibition does not affect
centromere transcription (34).

Despite our knowledge of RNA polymerases acting at the centromere, little is known
about the promoter and transcription factors (TFs) recruiting this machinery to those
chromosome regions. Studies of budding yeast have revealed some of the molecular
players driving centromere transcription. Cbf1 encodes a transcription factor that binds
the centromere core domain of S. cerevisiae and is required for the production of
centromere transcripts (26). Two other transcription factors, encoded by Ste12 and Dig1,
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regulate Cbf1 activity, and more importantly, loss of any of these factors causes defects
in centromere function (26, 41). Analogously, the transcription factor encoded by Ams2
binds GATA core sequences located at the centromere of S. pombe, facilitating CENP-A
loading and chromosome segregation (25). As yet, the characterization of TFs involved
in centromere transcription in mammals is not as clear as that for yeast. To date, only
the general CTDP1 factor (RNA Pol II subunit A C-terminal domain phosphatase), which
promotes the Ser2-to-Ser5 phospho-transition and processivity of RNA Pol II, has been
identified at the centromere of human cells (31). Due to the highly repetitive nature of
higher eukaryotic centromeres, it has been difficult to identify sequences that might
function as promoter regions and to define the full-length sequences of transcripts
originating from the centromere. Studies of maize and tammar wallaby (28, 42)
suggested that promoters for centromere transcription may reside within retroviral
elements in the centromere. However, whether this is true for all centromere transcrip-
tion or if transcription factors bind to retroelements within the centromere is unknown.
Additionally, the recent full-length sequence of the human Y chromosome centromere
revealed a lack of transposon sequences in the CENP-A-binding domain (5). It will thus
be important to determine if transposons act as promoter regions within the centro-
mere or if there are cryptic promoter elements present within the repeat sequences.
Interestingly, work using a neocentromere that lacks �-satellite sequences and a
structurally dicentric chromosome that contains two �-satellite arrays demonstrated
that RNA Pol II localizes to active sites of kinetochore formation during mitosis (31),
suggesting that mitotic centromere transcription is linked to the active kinetochore. At
this point, we do not know if centromere proteins also promote transcription during
interphase or if centromere transcription is a fundamental property of repetitive DNA
sequences. Taken together, the data show that the TFs and binding domains involved
in RNA Pol II recruitment in most organisms are still unknown.

In addition to TFs, several studies have identified transcription-associated chromatin
remodeling factors and RNA Pol II-associated proteins present at the centromere. FACT
(facilitates chromatin transcription) and the Mediator complex are major regulators of
transcriptional activity mediated by RNA Pol II in eukaryotes. FACT, a highly conserved
heterodimer that consists of SSRP1 and SUPT16H subunits, promotes RNA Pol II
elongation (43). Interestingly, both subunits interact with the CENP-A protein in differ-
ent organisms (44, 45) and collaborate in its transcription-coupled loading at centro-
mere domains by interacting with CAL1 (chromosome alignment defect 1), the CENP-A
loading factor in Drosophila (32). In addition, FACT seems to play a role in correcting
ectopic CENP-A loading by triggering its proteasome-mediated degradation in S.
cerevisiae (46). The main function of Mediator, a large modular complex, is to serve as
a bridge between regulatory factors (i.e., enhancers) and the general RNA Pol II
machinery (47). Interestingly, three components that form a submodule of the complex
(Med8, Med18, and Med20) regulate centromere function in S. pombe by moderating
RNA Pol II-mediated transcription to ensure precise CENP-A loading (48). Whether
Mediator has a conserved role at the centromere in higher eukaryotes needs further
study.

DUAL ROLE FOR CENTROMERE TRANSCRIPTION
Role of transcription-coupled chromatin remodeling and cenRNA. As noted

above, the act of centromere transcription may affect centromere assembly in at least
two distinct ways: by triggering a chromatin remodeling event mediated by the
passage of RNA Pol II and by producing a functional cenRNA (Fig. 2). This dual effect
plays a crucial role at centromeres, where chromatin is defined by CENP-A deposition
and, as a consequence of its repetitive nature, noncoding RNAs are the only product of
transcription. Although the specific loading of CENP-A at centromeres has been asso-
ciated extensively with the transcription process in many organisms (47, 48), recent
reports using strategies to separate the two outputs of transcription are starting to
unveil the precise underlying molecular mechanism. Indeed, a study using ectopic
centromeres in Drosophila revealed that the CENP-A loading factor CAL1 recruits FACT

Minireview Molecular and Cellular Biology

September 2018 Volume 38 Issue 18 e00263-18 mcb.asm.org 4

http://mcb.asm.org


and RNA Pol II, which is essential for de novo CENP-A deposition (32). By employing
human artificial chromosomes, Molina and colleagues (16) proposed a model in which
RNA Pol II passage generates the appropriate epigenetic landscape required to desta-
bilize H3 nucleosomes in order to promote CENP-A loading. A more recent study
developed a novel method using tissue culture cells from Drosophila to understand the
recruitment and chromatin incorporation of CENP-A. Indeed, a two-step model was
proposed for CENP-A incorporation at the centromeres. In this model, CAL1-interacting
CENP-A is recruited to centromere domains in a manner that is independent of
transcription, and it remains loosely associated with chromatin until RNA Pol II passage
facilitates exchange of H3 nucleosomes for stable incorporation of CENP-A into chro-
matin (49). From all these studies, it appears clear that the impact of transcription on
chromatin, likely promoted by the FACT complex, is necessary for the stable incorpo-
ration of newly synthesized CENP-A into chromatin. Additionally, studies with Drosoph-
ila and human cells have shown that destruction of cenRNAs without affecting the
process of transcription also results in defects in CENP-A and CENP-C deposition at
centromeres (30, 34), suggesting that the transcriptional process and cenRNA product
are both important for maintenance of centromeric chromatin. Based on this evidence,
it seems likely that centromere transcription is temporally coupled to deposition of
newly synthesized CENP-A.

Centromere RNAs. RNAs from centromeres are generated from the two main
centromere domains: the pericentromeric area and the core region. Interestingly,
depending on the origin, transcripts are processed through different pathways and
have distinct molecular functions. Briefly, in S. pombe, transcripts derived from peri-
centromeric transcription are processed into siRNAs that induce chromatin silencing
through recruitment of the Clr4 histone methyltransferase, and therefore they function
to maintain the heterochromatic nature of these regions (31). In vertebrates, pericentric
RNAs associate directly with Suv39 histone methyltransferases to promote heterochro-
matin formation (22, 23). Our knowledge about the structure and processing of RNAs
generated from the core centromere (cenRNAs) is more limited. As mentioned previ-
ously, centromere DNA is based on short tandem repeats that extend for lengths of up

FIG 2 The process and product of centromeric transcription regulate key aspects of centromere biology. (Top) The
topological effect generated by RNA Pol II passage favors the incorporation of CENP-A nucleosomes at centromere regions.
(Bottom) As a consequence of transcription, nascent centromeric RNAs (cenRNAs) and DNA/RNA hybrids (R-loops)
modulate distinct fundamental aspects of a plethora of centromere proteins.
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to megabases in humans. Intriguingly, studies have revealed highly variable cenRNA
lengths, ranging from 40 nucleotides (nt) in maize and tammar wallaby (42, 50) to
several thousand nucleotides in flies or humans (30, 34, 51). In addition, studies have
demonstrated that cenRNAs undergo posttranscriptional processing. In mouse cells,
two long RNA precursors, of 2,000 nt and 4,000 nt, are processed into 120-nt cenRNAs
by an unknown mechanism (51). Grenfell and colleagues (33) recently revealed that
splicing is required for correct spindle and kinetochore assembly in Xenopus egg
extracts. In that study, the authors show that the splicing machinery interacts with and
promotes the processing of the frog centromere repeat 1 (fcr1) cenRNA precursor,
which in turn is required for the accurate localization of CENP-C, Aurora-B, and MCAK
(mitotic centromere-associated kinesin), key factors in orchestrating kinetochore func-
tion. In human cells, cenRNAs from chromosomes containing functionally distinct
�-satellite arrays (34) show differences in stability depending on their origin. Interest-
ingly, �-satellite transcripts from arrays that assemble an active centromere are more
stable than those generated from arrays that do not assemble a centromere. Addition-
ally, �-satellite transcripts produced from the functional centromere array physically
associate with CENP-A and CENP-C, while �-satellite transcripts from inactive arrays
interact with CENPB (34). In summary, the structural properties of cenRNAs and the
posttranscriptional players regulating their metabolism are poorly understood. Deci-
phering which factors may impact cenRNA processing and stability and how their role
is modulated across the cell cycle constitutes a challenging future goal.

cis versus trans. One of the most intriguing phenomena surrounding cenRNA
function is whether cenRNAs function in cis or in trans. Centromere RNA may act only
near the site of transcription, possibly as a nascent transcript, or centromere RNAs may
be processed and diffuse from the site of transcription to influence the function of all
centromeres, possibly through interaction with mobile centromere factors. At this
point, there is evidence to support both cis and trans roles for centromere RNAs. Studies
of human cells have revealed several different mechanisms by which cenRNAs act in cis.
McNulty and colleagues (34) demonstrated the existence of array-specific noncoding
�-satellite RNAs in each single chromosomal centromere. Importantly, destruction of
RNAs generated from one specific active centromere array affects the loading and
localization of CENP-A and CENP-C proteins predominantly at that single centromere,
which in turn causes the activation of a cell cycle checkpoint and arrest in S and G2. In
a second study, Kabeche and colleagues (52) unveiled the existence of DNA/RNA
hybrids (R-loops) (reviewed in reference 53) at all centromeres, generated as a conse-
quence of RNA Pol II-mediated transcription. These R-loops, which are more abundant
in mitosis, recruit replication protein A (RPA), a single-stranded-DNA-binding factor
related to DNA damage sensing, to centromere regions. As a consequence, RPA
promotes the recruitment and activation of ATR kinase, which activates Chk1, leading
to stimulation of Aurora-B activity. In the reported study, R-loops were present at all
centromeres, and it is not clear if the ATR signal was able to diffuse away from the
centromere to act on other centromeres. It will be important to develop methods to
manipulate R-loops at specific centromeres to determine if this pathway acts in cis or
in trans. In summary, both reports have provided elegant evidence for two different
cis-based modes of action for human cenRNAs.

In addition to works supporting a cis-acting role for cenRNAs, several studies
support the action of cenRNAs in trans. Work in Drosophila showed that the SATIII RNA,
generated from transcription of the X chromosome, may act in trans, as this transcript
was also found at the centromeres of the other two major autosomes, chromosomes 2
and 3 (30). However, a recent study showed that SATIII RNA is also transcribed from
arrays on chromosomes 2 and 3 (49). Moreover, although SATIII RNA depletion in-
creased the frequency of lagging chromosomes in anaphase, it was not clear if SATIII
RNA was required for the proper segregation of the 4th chromosome, which does not
contain SATIII DNA. It will thus be essential to determine whether SATIII RNA acts in cis
or in trans and, in the case of acting in trans, to understand how SATIII RNA is localized
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to centromeres distant from the site of transcription. In another work, using Xenopus as
a model, our group reported an analogous trans-acting mechanism for cenRNAs (38).
While the fcr1 centromeric repeat is present at approximately half of Xenopus centro-
meres (54), codetection of fcr1 RNA and DNA showed that fcr1 RNA is present at
centromeres in a manner independent of the existence of the fcr1 DNA sequence. The
fcr1 cenRNA interacts with Aurora-B, promoting its localization to the centromeres of all
chromosomes, which supports the notion of fcr1 acting in trans (38). Again, the precise
molecular mechanism mediating the localization of fcr1 RNA at the centromeres of
chromosomes, distinct from its sites of transcription, remains unknown.

ROLE OF CENTROMERE TRANSCRIPTION DURING THE CELL CYCLE

Centromere transcription has been proposed to affect several aspects of centromere
function, from CENP-A assembly to mitotic kinetochore signaling. To understand how
centromere transcription may affect all of these processes, it is worthwhile to examine
the timing of centromere transcription in relation to these various proposed functions
(Fig. 3). To date, however, an extensive and detailed study measuring centromere
transcription levels during the entire cell cycle and addressing how this process
is regulated is lacking for most organisms. In addition, the fact that transcription-
mediated chromatin remodeling and nascent cenRNAs can play roles simultaneously or
at different cell cycle stages should be considered in interpreting results. In this section,
we evaluate the most recent advances concerning the role of centromere transcription
from a cell cycle perspective.

Role of centromere transcription and cenRNAs in CENP-A loading. CENP-A depo-
sition constitutes a key process in the assembly and propagation of centromeres and
requires the precise incorporation of newly synthesized CENP-A molecules. Not sur-
prisingly, CENP-A loading is a tightly controlled process that occurs just once during the
cell cycle. Interestingly, the time frame in which new CENP-A is deposited differs among

FIG 3 Cell cycle perspective on centromere transcription. CENP-A loading occurs only once during the cell
cycle, but at different stages depending on the species, i.e., in early G1 in humans, in the S/G2 transition in
yeast or Arabidopsis, and in metaphase-anaphase (M/A) in Drosophila. The existence of centromere
transcription during these stages facilitates the incorporation of CENP-A at these chromosome regions.
Centromere transcription uncoupled from CENP-A loading also guarantees other centromere aspects, such
as sensing the kinetochore-microtubule attachment tension status in metaphase by regulating the local-
ization and function of Aurora-B (AurB) or shugoshin I (SgoI). In addition, transcription ensures the proper
localization and function of CENP-C, a key RNA-binding factor linking CENP-A nucleosomes to the Mis12
complex during mitosis.
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species (55). CENP-A is deposited in early G1 in vertebrates (56), during metaphase-
anaphase in Drosophila (57, 58), and in S/G2 in S. cerevisiae, S. pombe, and Arabidopsis
thaliana (29, 59, 60). Importantly, transcription has been observed at the centromere
during all those cell cycle stages, which supports its role in remodeling chromatin to
favor CENP-A loading. In S. pombe, RNA Pol II and Mediator show a peak of occupancy
at the core centromere in S phase (48). During the rest of the cell cycle, both factors
showed more moderate levels of occupancy, indicating that higher levels of centrom-
ere transcription are required at the time of CENP-A loading in fission yeast (48). For
Drosophila tissue culture cells, analysis of an Rbp3 (RNA Pol II subunit)-green fluorescent
protein (GFP) fusion protein across the cell cycle showed evident centromere localiza-
tion of RNA Pol II, starting in mitosis and ending in G1. In addition, the RNA Pol II
localization pattern correlated with the dynamics of 5-ethynyl uridine (EU)-labeled
nascent RNA at centromere domains, again suggesting that centromere transcription is
coupled with CENP-A incorporation (49). For humans, IF analysis showed actively
elongating RNA Pol II enriched on the centromere during mitosis, before CENP-A
deposition in G1 (31). In addition, one recent study showed that elongating RNA Pol II
is present at centromeres, at high levels, until kinetochores have achieved stable
microtubule attachment (61). Since CENP-A loading occurs in G1 in human cells, it
seems unlikely that transcription during mitosis is required to facilitate CENP-A depo-
sition into chromatin, but it may play a role in regulating other centromere proteins
during this cell cycle stage.

Many studies have reported analyses of centromere transcript levels during different
stages of the cell cycle. The quantification of minor satellite RNAs in mouse cells
showed that levels vary greatly across the cell cycle, from barely detectable at G1 to a
moderate peak at G2/M (62). In Drosophila, the levels of EU-labeled nascent RNAs at the
centromere also experienced high variation during the cell cycle, being more abundant
during mitosis and early G1 (49). In contrast, a recent work measuring the levels of
�-satellite transcripts originating from specific centromeres in human cells revealed
stable RNA levels during the entire cell cycle (34). Although they are informative, we
must strictly consider those levels to be an indirect measure of transcription, since they
reflect the rates of both synthesis and degradation of RNAs. In the future, it will be
important to measure RNA Pol II centromere association by use of chromatin immu-
noprecipitation (ChIP) to more precisely pinpoint the timing of centromere transcrip-
tion. Taken together, these studies have revealed the existence of variable dynamics for
centromere transcripts across the cell cycle that differ among species. It is likely that
one of the main functions of centromere transcription is to ensure the accurate and
timely loading of CENP-A. Importantly, the presence of active RNA Pol II and cenRNAs
outside the CENP-A loading time window suggests a role for transcription in the
regulation of other functional aspects of centromeres during specific cell cycle stages.

INFLUENCE OF CENTROMERE TRANSCRIPTION ON CENTROMERE PROTEIN
FUNCTION

In addition to considering the timing of centromere transcription, it is important to
consider the centromere proteins that have been reported to interact with cenRNAs or
are impacted by the process of centromere transcription. Through analysis of the
protein targets of cenRNA, we can gain insight into the timing and function of
centromere transcription.

Modulation of CENP-C localization and function. CENP-C was one of the first
centromere proteins identified in humans (63). Homologs of this nonhistone centrom-
ere protein have been identified in most eukaryotic organisms (64). CENP-C plays a
crucial role in stabilizing CENP-A nucleosomes and linking CENP-A chromatin with the
microtubule-binding complexes of the kinetochore. Interestingly, several studies have
reported a conserved RNA-binding activity for CENP-C (13, 30, 33, 34, 50). Indeed, the
physical interaction of CENP-C with transcripts derived from centromere transcription is
required for stable localization of CENP-C to the centromere in several different
organisms (13, 30, 31, 50). However, how centromere transcription and the interaction
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with cenRNA promote stable CENP-C localization is not well understood. A report on
maize showed that the DNA-binding activity of CENP-C is promoted by its interaction
with single-stranded RNAs in vitro. Interestingly, deletion of the CENP-C RNA-binding
domain results in CENP-C mislocalization in vivo. However, the fact that both RNA- and
DNA-binding activities reside on the same protein domain needs to be considered in
interpreting these results (50). Importantly, CENP-A loading depends on CENP-C, and
vice versa (65, 66). It is tempting to speculate about centromere transcription reinforc-
ing CENP-A loading by stabilizing CENP-C levels through the action of nascent centro-
meric RNAs. In the future, it will be important to determine how CENP-C interacts with
cenRNA and how RNA binding by CENP-C affects interaction of this protein with
CENP-A nucleosomes and microtubule-binding complexes at the kinetochore. Addi-
tionally, it will be important to determine when CENP-C interacts with cenRNA and if
the RNA interaction is modulated during the cell cycle.

Role of centromere transcription as an Aurora-B activator and chromosome
attachment sensor. Aurora-B, which is a component of the chromosome passenger
complex (CPC), is a member of the Aurora family of serine/threonine (S/T) kinases with
a central role during cell division (67). Early in mitosis, Aurora-B is recruited to the
chromosome arms and inner centromere region, where it regulates histone phosphor-
ylation, cohesin release, and accurate spindle microtubule attachment to kinetochores
(68). Interestingly, many recent reports have provided evidence that Aurora-B localiza-
tion and activation are both regulated by centromere transcription and cenRNAs.
Aurora-B was initially identified as a protein interacting with minor satellite RNAs in
mouse cells (51) and was subsequently found to interact with cenRNAs in both human
cells and Xenopus (38, 69). Our group has shown that Aurora-B interacts with many
types of RNAs, including cenRNAs, in Xenopus egg extracts (70). Work in both humans
and Xenopus has shown that centromere transcription and cenRNAs are required for
normal Aurora-B localization and activation (38, 69). Moreover, Grenfell et al. (33)
revealed that cotranscriptional recruitment of the RNA processing machinery to the
centromere is also required for both localization and activation of Aurora-B in Xenopus.
Work from our lab has shown that the CPC interacts directly with RNA through binding
sites in Aurora-B and Borealin both in vitro and in vivo (38, 70). Consistent with a role
for cenRNA in the normal activation of Aurora-B, blocking centromere transcription led
to an increase in syntelic kinetochore attachments in Xenopus. This result suggests that
there may be a relationship between centromere transcription during mitosis and the
mechanism that senses kinetochore microtubule attachment. A recent report describ-
ing the presence of R-loops at the centromere during mitosis may suggest a plausible
mechanism by which tension can be transmitted to Aurora-B (52). Kabeche et al.
demonstrated that R-loops are present at centromeres specifically during mitosis and
are required for normal Aurora-B activation. During mitosis, RPA binds to centromeric
R-loops, promoting the centromere localization and further activation of ATR kinase in
mitosis, which triggers Chk1-mediated Aurora-B stimulation (71) to preserve correct
chromosome segregation (52). During mitosis, Aurora-B localizes to the inner centro-
mere region, where it functions to correct improper kinetochore-microtubule attach-
ments (72). It is currently unclear how centromere transcription or the presence of
R-loops is involved in this process. It is tempting to speculate that centromere tran-
scription may be responsive to the kinetochore-microtubule attachment status and that
this information is transmitted to Aurora-B through centromere RNAs or the ATR
pathway. Kabeche et al. showed that ATR interacts with CENP-F to promote localization
of ATR to the kinetochore. However, recent work in human cells showed that CENP-F
deletion has no effect on cell viability or mitotic chromosome segregation (73). It will
be important to determine if CENP-F is required for ATR localization to the kinetochore
in all cell types or if there are alternative pathways for ATR kinetochore localization. In
the future, it will also be interesting to determine if the presence of centromeric R-loops
is influenced by kinetochore-microtubule attachment and how this information is
transmitted to Aurora-B. Additionally, it will be important to understand how RNA
binding to the CPC influences the kinase activity of this complex. In summary, many
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reports support the notion of an additional role for centromere transcription, indepen-
dent of its participation in CENP-A loading, potentially as a tension/attachment sensor
during mitosis to ensure accurate chromosome segregation. At this point, it is most
clear that the product of transcription is important during mitosis, but it will be critical
to determine if the chromatin remodeling activity is also required during mitosis.

CONCLUSIONS AND FUTURE DIRECTIONS

The current evidence strongly supports a conserved role for centromere transcrip-
tion in several aspects of centromere function. However, we have very little under-
standing of the molecular players in this process, and many outstanding questions
remain. How centromere/chromosome arm expression is regulated during the cell cycle
constitutes one of the most interesting aspects. This fact is especially important during
mitosis, when most transcription from chromosome arms is depleted (74, 75), while
centromeres seem to escape from this general inhibition. In addition, several studies
support a trans-acting mode of action for cenRNAs, with execution of their role in
centromeres different from their place of origin. The molecular players driving the
transport of centromere transcripts are unknown, and whether cenRNAs impact any
aspect of chromosome regions different from centromeres is also uncharacterized.
Moreover, whether a transcript generated from chromosome arm expression plays a
role at the centromere needs to be elucidated. Finally, although increased expression
of repetitive sequences has been described for many cancer types (76, 77), understand-
ing the effect of erroneous/ectopic centromere expression on the appearance and
progression of cancer represents a clear direction for future studies.
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