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Abstract: In eukaryotes, mitosis is tightly regulated to avoid the generation of numerical chromo-

some aberrations, or aneuploidies. The aneuploid phenotype is a consequence of chromosomal insta-

bility (CIN), i.e., an enhanced rate of chromosome segregation errors, which is frequently found in 

cancer cells and is associated with tumor aggressiveness and increased tumor cell survival potential. 

To avoid the generation of aneuploidies, cells rely on the spindle assembly checkpoint (SAC), a 

widely conserved mechanism that protects the genome against this type of error. This signaling path-

way stops mitotic progression before anaphase until all chromosomes are correctly attached to spindle 

microtubules. However, impairment of the SAC cannot account for the establishment of CIN because 

cells bearing this phenotype have a functional SAC. Hence, in cells with CIN, anaphase is not 

triggered until all chromosomes are correctly attached to spindle microtubules and congressed at the 

metaphase plate. Thus, an interesting question arises: What mechanisms actually mediate CIN in can-

cer cells? Recent research has shown that some pathways involved in chromosome segregation are 

closely associated to centromere-encoded non-coding RNA (cencRNA) and that these RNAs are de-

regulated in abnormal conditions, such as cancer. These mechanisms may provide new explanations 

for chromosome segregation errors. The present review discusses some of these findings and proposes 

novel mechanisms for the establishment of CIN based on regulation by cencRNA. 
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1. INTRODUCTION 

 The establishment of chromosomal instability in eukary-
otic cells remains poorly understood despite intense research 
in this field during the past several decades. The classical 
protein-exclusive view of the kinetochore has provided sev-
eral mechanisms that can lead to aneuploidy [1-4]. However, 
this perspective has to date failed to provide a comprehen-
sive explanation of the changes in the function and composi-
tion of the kinetochores that lead to chromosomal instability 
(CIN). 

 Nevertheless, the recent boom in studies of non-coding 
RNAs has enriched our understanding of the kinetochore and 
centromere function [5, 6]. Progress in this field has refuted 
the old conception that both the centromere and mitotic cells 
are transcriptionally silent [6]. It has been demonstrated that 
centromeres are transcribed and that this transcriptional ac-
tivity can occur during mitosis [7-9], adding an extra level of 
complexity to our models of centromere and kinetochore 
regulation.  

 Numerous RNAs transcribed from centromeric and 
pericentromeric DNA have been discovered. Although such 
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RNAs vary widely in sequence and size [5, 10], the inhibi-
tion of their transcription or the manipulation of their con-
centration in the cell has detrimental effects on the kineto-
chore in multiple eukaryotic species. The novel mechanisms 
for regulating chromosome segregation discovered in these 
studies involve both the molecular interaction of the RNA 
molecules with proteins of the centromere and kinetochore 
and their transcription per se [11]. Interestingly, the expres-
sion of the centromeric and pericentromeric region is altered 
in cellular conditions associated with CIN, such as cancer 
[12-14]. 

 Much of the research on the centromeric non-coding 
RNA function in chromosome segregation has focused the 
perpetuation of the centromeric chromatin identity [11]. 
These molecules and their transcription have been demon-
strated to be essential for the deposition of CENP-A [15, 16] 
and have causal and consequential relationships with the 
epigenetic marks that characterize centromeric chromatin 
[5]. 

 The relationship between disease and changes in the ex-
pression, stability, localization, or molecular interactions of 
centromere-encoded non-coding RNAs (cencRNAs) is be-
ginning to gain attention as an explanation for the develop-
ment of aneuploidy.  

 In the present review, we discuss recent advances in the 
study of centromeric transcripts and their importance in the 
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regulation of chromosome segregation. We propose mecha-
nisms by which deregulation of the transcription and abun-
dance of these RNAs may lead to aneuploidy through the 
promotion of chromosome mis-segregation mechanisms that 
have been shown to occur in chromosomally unstable cells. 
Furthermore, we highlight that these RNA molecules and 
their transcriptional regulation may constitute a “missing 
piece” in our understanding of the establishment of CIN and 
ultimately contribute to cancer evolution. 

2. ANEUPLOIDY, CANCER EVOLUTION AND NEW 
CIN MECHANISMS 

 The importance of proper centromere and kinetochore 
function lies in the conservation of the karyotype through 
cellular generations. Aneuploidy, the state of having a chro-
mosome number different from a multiple of the wild type 
chromosome set of the species in question, is the result of 
chromosome segregation errors. Because this condition im-
plies the gain or loss of entire chromosomes bearing hun-
dreds of genes, it can dramatically impact the phenotype of 
individual cells, tissues, or whole organisms [17]. Thus, ane-
uploidy is thought to participate in many adaptation proc-
esses ranging from stress conditions in a cell or tissue to spe-
ciation [17].  

 One such adaptation process is cancer evolution. Tumor 
cells are under constant selective pressure and are accord-
ingly characterized by aneuploidy and by an accelerated rate 
of generation of chromosome abnormalities [18] termed 
Chromosomal INstability (CIN). This phenotype is advanta-
geous to cancer cell populations because it provides the vari-
ability that allows for adaptation to the harsh environment to 
which they are exposed [19, 20]. Consistently, CIN is asso-
ciated with increased tumor aggressiveness and drug resis-
tance in cancer [20]. Of note, the term CIN refers not only to 
an increased rate of errors in chromosome segregation but 
also to structural aberrations of the chromosomes. However, 
in the present review, when using the term CIN, we exclu-
sively refer to numerical abnormalities.  

 The spindle assembly checkpoint (SAC) is a surveillance 
mechanism that ensures faithful chromosome segregation. 
The function of this pathway is crucial to preventing chro-
mosome mis-segregation in eukaryotic cells. Its effector, the 
mitotic checkpoint complex (MCC), is composed of MAD2, 
BUBR1 and BUB3 and sequesters CDC20, an essential acti-
vator of the anaphase-promoting complex (APC) during 
metaphase, until sister chromatids are correctly congressed at 
the metaphase plate [21]. When bound to CDC20, the APC 
ubiquitinates several key proteins in mitosis to target them 
for degradation by the 26S proteasome. Most of the APC 
ubiquitination targets present during mitosis are proteins 
whose degradation is required to promote the metaphase-to-
anaphase transition, such as cyclin B and SECURIN [21]. 

 The MCC is activated during every prometaphase-to-
metaphase transition and is silenced with the completion of 
chromosome congression at the metaphase plate. The signal 
derived from a single unattached kinetochore is sufficient to 
activate the SAC [22]. It has also been proposed that the 
SAC is able to sense when a centromere is not subject to 
stretching tension as spindle microtubules pull it towards the 
centrosome [23]. AURORA B is known to inhibit the micro-

tubule depolymerase MCAK through phosphorylation, thus 
destabilizing microtubule-kinetochore unions in such cen-
tromeres. The resulting unattached kinetochore will be 
sensed by the SAC, and the metaphase-to-anaphase transi-
tion will be inhibited [24]. 

 This model also proposes that there is an AURORA B 
phosphorylation gradient that peaks at the inner centromere 
(where AURORA B is localized in metaphase) and decreases 
towards the spindle poles. Accordingly, when the kineto-
chore is stretched towards a spindle pole, AURORA B tar-
gets are no longer reached by this phosphorylation gradient 
and remain active. In the case of MCAK, this will result in 
stabilization of the kinetochore-microtubule association [24]. 
However, there is some controversy as to whether AURORA 
B detects tension-free centromeres or some conformational 
change elicited by correct kinetochore-microtubule attach-
ments [25].  

 The experimental ablation of the SAC genes has consis-
tently been associated with aneuploidy in several eukaryotic 
models. The idea that mutations of the SAC genes constitute 
a major cause of CIN in cancer may have seemed straight-
forward. However, such alterations are rather rare in human 
cancer [1, 26], making them an unlikely etiology for the es-
tablishment of CIN. The contribution of changes in the ex-
pression of SAC genes in tumor cells is a matter of debate 
[1, 26]. Another known mechanism that can lead to CIN is 
the impairment of sister chromatid cohesion; however, as 
with the SAC genes, cohesin genes are rarely mutated in 
cancer [1]. Furthermore, it has been clearly established that 
CIN cells have a functional SAC. Experiments challenging 
such cells with spindle poisons have demonstrated that they 
display a functional SAC and that they do not reach ana-
phase until all chromosomes are aligned at the metaphase 
plate [1]. Although the contribution of CIN to cancer pheno-
types is widely recognized, current evidence excludes mal-
function of the SAC and mutation of cohesin genes from 
CIN mechanisms [1]. Thus, an interesting questions arises: 
what mechanisms actually mediate CIN in cancer cells? As 
mentioned above, the SAC pathway is activated by the pres-
ence of kinetochores that are either unattached from spindle 
microtubules or lacking tension that stretches them towards 
spindle poles. However, there are erroneous kinetochore-
microtubule attachments that can go undetected by the SAC 
and cause chromosome lagging and, consequently, ane-
uploidy [21]. Merotelic kinetochore attachments are those in 
which a single kinetochore is anchored to microtubules ema-
nating from both spindle poles. This type of attachment “sat-
isfies” the SAC and hence does not elicit a mitotic arrest 
response. Furthermore, merotely is the primary mechanism 
of CIN in cancer cells [4].  

 However, cellular mechanisms of merotelic attachment 
prevention and correction exist, which rely on the proper 
function of several proteins and pathways, including 
AURORA B, heterochromatin formation pathways, and the 
regulation of sister chromatid cohesion [4]. These pathways 
and proteins are worth further exploration in the search for 
CIN mechanisms. Interestingly, some of these proteins are 
closely associated with cencRNAs and their transcription, 
providing support to the importance of cencRNA in cancer 
CIN cells. 
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3. FROM CENTROMERES TO KINETOCHORES 

 In most eukaryotes, the DNA sequence of the centromere 
consists of repeated units that extend for up to several mil-
lions of bases and is organized in two distinct domains: the 
core centromere domain, where the kinetochore is assem-
bled, and the pericentromeric region, which flanks the core 
centromere [27]. 

 For most organisms studied to date, there is no clear con-
sensus on the difference between the repetitive sequences 
found in the centromere core and those found in the pericen-
tromere [28]. Centromeric regions are highly variable be-
tween species, between different chromosomes of a single 
individual, and even between the same chromosome in dif-
ferent individuals [29]. This variability represents a major 
challenge to current genome assembly methods that rely on 
contig assembly [28]. Nonetheless, consensus sequences 
have been derived for the fundamental units of the repeat-
containing regions underlying the centromere of different 
species. For example in humans, alpha satellite, the main 
monomeric sequence whose head-to-tail repeat arrangement 
constitutes the centromere core, consists of a ~171 bp AT-
rich sequence [29, 30]. This unit contains a 17 bp CENP-B 
box, which serves as a tethering site for the CENP-B protein, 
a factor essential for the establishment and maintenance of 
the centromere identity [27, 31]. 

 The localization of the kinetochore appears to be an epi-
genetic event rather than being exclusively sequence-
dependent [27]. The centromere core is characterized by the 
presence of nucleosomes containing the histone H3 variant 
CENP-A (also called CID in Drosophila, Cse4 in Saccharo-
myces cerevisiae, Cnp1 in Saccharomyces pombe and 
CENH3 in some plants) interspersed with nucleosomes con-
taining the canonical histone H3. The incorporation of 
CENP-A is the founding step of centromere specification 
[27]. 

 The deposition of CENP-A can occur in regions lacking 
centromeric sequences. Conversely, there are no functional 
centromeres lacking CENP-A [32]. These findings, along 
with the diversity of centromeric regions found across eu-
karyotes, has led to the “centromere paradox”, i.e., the ob-
servation that the kinetochore has a widely conserved func-
tion in eukaryotes despite the diversity of the underlying 
DNA sequences in different species [33].  

 The overall mechanism leading to kinetochore specifica-
tion and the perpetuation of centromeric chromatin remains 
obscure [11, 34, 35]. Nonetheless, the transcription of cen-
tromeric sequences is a conserved feature of every eukaryote 
studied to date, including yeast, beetles, maize, Arabidopsis, 
flies, mice, marsupials and humans [36-44]. In fact, centro-
meric transcription was reported as early as 1968 [45] and 
1973 [46]; however, this phenomenon was ignored until re-
cently, with the blooming of non-coding RNAs findings [6]. 
Currently, experimental evidence supports the concept that 
correct chromosome segregation is hindered by the inhibi-
tion, degradation, or overexpression of centromeric se-
quences. Thus, transcription of these regions is thought to 
participate in the perpetuation of centromeric histone marks 
as well as in centromeric localization and function [11, 35]. 

4. CENTROMERE-ENCODED NON-CODING RNA 

 Numerous centromeric and pericentromeric transcripts 
have been identified in different organisms under distinct 
conditions. Despite their molecular dissimilarities, these 
RNAs have a conserved centromeric regulatory function 
[47]. The size of these transcripts is probably their most di-
verse feature. This is partly because the size of DNA cen-
tromeric repeat monomers is disparate in different organisms 
but also because these RNAs can bear different multimers or 
a non-integer number of the corresponding satellite repeat. 
The length range of the transcripts reported to date extends 
from RNA interference molecules (~21 nt) to over 10 kb-
long non-coding RNAs [48]. Table 1 presents some of the 
RNAs found in different species, in various conditions. Al-
though this size span includes RNAs originating from di-
verse organisms, from yeast to higher vertebrates, it also 
reflects the diversity of transcripts that can be found in a 
single organism and may be the result of detecting different 
stages of their processing [10]. In many cases, the electro-
phoretic analysis of centromeric or pericentromeric tran-
scripts from a single cell type under a single condition yields 
a smear that spans several kb [49, 50]. Nonetheless, it has 
been clearly established that the centromeric and pericentro-
meric transcriptional pattern can be shifted under different 
circumstances, such as stress [41, 51, 52], differentiation [41, 
53], phases of the cell cycle [9, 15, 54, 55], senescence [56, 
57] and cancer [12-14]. Changes in the expression patterns 
and sizes, or the processing of the pericentromeric and cen-
tromeric RNAs produced, have important repercussions in 
centromere function. 

5. MECHANISMS OF REGULATING CENTROMERE 

FUNCTION BY CENTROMERIC NON-CODING 

RNAs 

 Centromere-encoded non-coding RNAs (cencRNAs) 
have been shown to physically associate with several cen-
tromeric proteins, including CENP-A [15, 37, 44, 54] and its 
chaperone HJURP [15], CENP-B [43], and CENP-C [40], as 
well as the chromosomal passengers AURORA B, INCENP 
and SURVIVIN [54, 58]. Interestingly, each one of these 
proteins is tightly associated with the DNA or inner centro-
mere complexes and has an essential role in chromosome 
segregation. Moreover, the inhibition of centromeric tran-
scription or destruction of satellite cencRNAs causes mistar-
geting of CENP-A [15, 37, 44], CENP-B [43] and CENP-C 
[9, 40]. Thus, it has been proposed that such RNAs can func-
tion as a scaffold for the assembly of the kinetochore [11].  

 CENP-A recruitment defects derived from changes in 
cencRNA transcription and abundance may contribute to the 
establishment of CIN. Cancer cells display overexpression 
and mistargeting of CENP-A as well as expanded alpha sat-
ellite centromeric arrays [59, 60]. The impairment of CENP-
A incorporation caused by changes in cencRNA transcrip-
tion rates and/or overall abundance may have permanent 
repercussions in establishing CIN. Because the same amount 
of CENP-A is renewed in every late mitosis/G1 stage [32], 
errors in its recruitment in a single incorporation event could 
permanently expand or reduce the amount of such protein in 
centromeres. Changes in cencRNA abundance have been 
shown to occur due to various types of stress [51, 52].
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Table 1. Some studies that have assessed the approximate size of cencRNAs in different organisms under distinct conditions. 

Organism Originated From Size Observations Technical Approach References 

Maize 
CentC centromeric 

satellite repeats 

40 nt and 75  nt predomi-

nantly 

�75 nt 

Untreated cells Northern blot [68] 

Maize 

Centromeric retrotrans-

posons (CRMs) and 

satellite repeats (CentC) 

� 40 – 250 nt 
Enriched in CenH3-associated 

chromatin 

CenH3 immunoprecipi-

tation followed by blot 

hybridization 

[69] 

Chicken-

human hy-

brid DT40 

cell 

Alphoid (centromeric) 

and Satellite III 

(pericentromeric) 

- Smear spanning from � 

20nt to > 10 kb 
Dicer depletion Northern blot [48] 

Tammar 

wallaby 

sat23, a centromere-

specific repetitive satel-

lite containing the 

CENP-B-binding do-

main 

� 40 nt Untreated cells Northern blot [43] 

Mouse 
Minor satellite (cen-

tromere) 

� 2-4 kb 

 

� 120 nt trancript accu-

mulation 

- Untreated cells 

 

- Stress conditions, differentiation 

Northern blot [70] 

Human 

(HeLa cells) 

α-satellite (centromeric 

repeats) 

Discrete bands corre-

sponding to multiples of 

the 171 nt monomer. 

Actynomicin-treated cells (un-

changed abundance as compared 

to untreated control) 

PCR [71] 

Human 

(HeLa cells) 

α-satellite (centromeric 

repeats) 
�1.3 kb Untreated cells Northern blot [15] 

Human 

(HeLa cells) 

α-satellite (centromeric 

repeats) 
�171 bp 

Enriched in chromosome-

associated RNA fraction 

Purification of chromo-

some-associated RNA 

fraction followed by 

Northern blot 

[72] 

 
Hence, stress conditions affecting cencRNA expression may 
function as both an initiator and a promoter of CIN by per-
petuating an altered CENP-A domain. Although this mecha-
nistic model is merely speculative, it would be interesting to 
challenge these concepts. Fig. (1) shows a schematic repre-
sentation of this theoretical model. 

 Furthermore, cencRNA is closely associated with epige-
netic marks that regulate its transcription and participate in 
centromere organization. Centrochromatin is a dual region 
that contains post-translational histone modifications associ-
ated with both repression and active transcription [11, 35]. 
Studies in human artificial chromosomes (HACs) have 
shown that the centromere contains an H3 modification pat-
tern characteristic of actively transcribed DNA regions: 
mono-, di- and trimethylated H3K4 and dimethylated H3K36 
[61]. Nevertheless, H3K9me3, which is often associated with 
pericentromeric heterochromatin and transcriptional repres-
sion, is also present in this region [61]. This seemingly con-
tradictory observation led to the concept of the so-called 
centrochromatin (the centromeric chromatin) as a distinctive 
type of chromatin that can bear epigenetic marks of both 
heterochromatin and active transcription [62]. 

 Two elegant studies that specifically targeted histone-
modifying enzymes to the centromere of an HAC showed 
that perturbations of centrochromatin that either downregu-
late or cause the overexpression of cencRNAs hinder cen-
tromeric function [61, 63]. In one of these studies, the 
CENP-B box of one in every two alpha satellite repeats of 
the HAC was replaced by elements that recruit histone H3 
lysine 9 acetylases [63], thus promoting a strong overexpres-
sion of alpha satellite RNA. In the other paper, the authors 
specifically depleted histone H3 lysine 4 dymethylation 
(H3K4me2) with a similar strategy to repress alpha satellite 
cencRNAs [63]. In both cases, the consequential impairment 
of proper centromeric function was explained by a loss of 
CENP-A from the centromere. Notably, kinetochores de-
pleted of H3K4me2 remained functional in the short term 
but were defective in the incorporation of CENP-A and were 
gradually inactivated [61]. This was a consequence of er-
rors in the correct recruitment of HJURP, a chaperone that 
promotes CENP-A localization to the centromere [61]. 
Conversely, rather than merely inhibiting its correct in-
corporation, exacerbated centromeric transcription causes 
an active, rapid loss of CENP-A [63]. In this CENP-A 
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deposition pathway, it has been demonstrated that both 
HJURP and CENP-A interact with RNAs transcribed from 
centromeric repeats in human cells to promote correct 
CENP-A deposition in early G1 [15]. In Drosophila, CAL1, 
a CENP-A chaperone also required centromeric transcription 
to promote CENP-A centromeric establishment [16].  

 In addition to classical histone epigenetic marks, other 
modifications have been implicated in the transcription of 
centrochromatin. Such is the case of H2B and H2A ubiquiti-
nation. Histone H2B ubiquitination is required for transcrip-
tion of cencRNAs, whereas H2A ubiquitination by BRCA1 
is required for their repression; both marks are deregulated in 
cancer [14, 64]. Impeding H2B ubiquitination with the use of 
interference RNA targeting RNF20, the ubiquitin ligase re-
sponsible for this epigenetic mark, causes an increase in H3 
stability as well as unequal chromosome segregation in yeast 
and human cells [64]. Noteworthy, the exit of H3 from cen-
trochromatin is essential for new CENP-A entry to the cen-
tromere [32, 65].  

 On the other hand, loss of H2A ubiquitination and the 
consequential de-repression of cencRNAs are associated 
with centrosome amplification, cell cycle checkpoint defects, 
DNA damage, and chromosome mis-segregation [14]. 
Moreover, BRCA1 deficiency is accompanied by a derepres-
sion of centromeric DNA and accumulation of centromeric 
transcripts. Accordingly, centrosome amplification, cell-
cycle checkpoint defects, DNA damage, and genomic insta-
bility are observed [14]. Notably, these changes are associ-
ated with BRCA1 mutation in cancer [14]. 

 Another recent study demonstrated that SIRT6, a mem-
ber of the sirtuin family of deacetylases, prevents mitotic 

errors by silencing of pericentric transcripts through acetyla-
tion of histone H3 at lysine 18. Furthermore, downregulation 
of SIRT6 by siRNA caused an aberrant accumulation of 
pericentric transcripts and, consequentially, multipolar spin-
dles, cellular senescence, and aneuploidy [66]. 

 Moreover, alterations in the abundance of cencRNAs 
have important consequences in H3K9 methylation, a modi-
fication whose regulation is essential for their own transcrip-
tion [37, 41, 43, 67], demonstrating an interesting feedback 
loop that is worthy of further study. 

 Besides, the interaction of cencRNAs with AURORA B 
has been associated with modifications of the kinase activity 
of AURORA B and is known to be necessary for the assem-
bly of the CPC [54, 58]. On the other hand, the overexpres-
sion of cencRNAs has been shown to cause mislocalization 
of AURORA B, misaligned chromosomes at the metaphase 
plate, and abnormal numbers of chromosomes in murine 
erythroleukemia cells [41]. These findings directly link cen-
cRNA expression to the regulation of chromosome segrega-
tion because Aurora B function is related to the detection of 
tension-free kinetochores at the metaphase plate [24]. Like-
wise, mistargeting of AURORA B could cause an abnormal 
tolerance to syntelic chromosomal attachments because, in 
this type of attachment, both sister chromatids are tethered to 
spindle microtubules emanating from the same pole, al-
though tension is not generated because the kinetochores of 
both sister chromatids are pulled towards the same pole [24]. 
Importantly, cencRNA overexpression has been related to 
cancer and lagging chromosomes [12-14]. Furthermore, 
AURORA B has been shown to phosphorylate CENP-A at 
serine 7 [73]. Notably, these two proteins coincide at the 

 

Fig. (1). Model for the establishment of chromosomal instability through the deregulation of cencRNA and the deregulation of CENP-A 

deposition: several different factors can affect the regulation of cencRNAs, including errors in histone marks that control their expression or 

stress conditions (such as heat shock). The deregulation of such RNAs causes a defective CENP-A replenishment at the end of mitosis/early 

G1 as a consequence of inadequate CENP-A chaperone recruitment. Because the same amount of CENP-A is replenished in every cell cycle, 

it is arguable that a single cencRNA deregulation event may promote the perpetuation of an aberrant CENP-A array and consequently, in-

duce chromosomal instability. However, this hypothesis has not been tested to date. 
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centromere at the metaphase plate and later move to the con-
tractile ring in cytokinesis. Phosphorylation of CENP-A on 
serine 7 and the consequent localization of CENP-A in the 
contractile ring have an as-yet unexplained function in cor-
rect cytokinesis. Moreover, cytokinesis failure induces CIN: 
its resulting polyploidization is accompanied by centrosome 
amplification and thus by merotelic kinetochore attachments, 
which are a common cause of aneuploidy [1]. A schematic 
representation of this model is depicted in Fig. (2). Whether 
a physical association of the CPC proteins with CENP-A is 
necessary for the localization of CENP-A at the contractile 
ring is currently unknown. However, CENP-A and the CPC 
proteins display cencRNA-binding activity. It is therefore 
interesting to hypothesize that the cencRNA could function 
as a scaffold to promote CENP-A localization at the contrac-
tile ring. These considerations suggest that changes in the 
expression of cencRNAs could provoke chromosome segre-
gation defects by affecting AURORA B localization, kinase 
activity, and association with other chromosomal passengers 
during metaphase. 

 Work on transcriptional regulation of cencRNAs has 
raised the question of whether cencRNAs or centromeric 
transcription per se is responsible for kinetochore regulation. 
Current evidence favors a model in which both are required: 

the RNA serves as a scaffold for centromeric proteins, such 
as CENP-A, HJURP, CENP-B, CENP-C and the chromoso-
mal passengers [9, 15, 37, 40, 43, 44, 54], although the role 
of transcription itself remains a matter of debate [11] (dis-
cussed below). In any case, studies in this field have clearly 
established that the transcriptional activity of the centromere 
is tightly regulated and that both its over-activation and its 
repression are detrimental to centromere function. 

6. IS CENCRNA SEQUENCE IMPORTANT FOR 
THEIR FUNCTION? 

 No sequence has been defined on cencRNAs that medi-
ates their physical association with specific proteins. How-
ever, the fact that interactions have been detected between 
such transcripts and orthologous proteins of different organ-
isms despite sequence divergence is noteworthy. For in-
stance, Aurora B interacts with the cencRNAs of mouse 
[54], human [58], and Xenopus laevis [8], whereas CENP-A 
interacts with those of maize [44], mouse [54], fruit fly [37], 
and human [15]. In addition, Aurora B was shown to interact 
with RNAs (including mRNAs) other than cencRNAs in 
immunoprecipitation experiments followed by RNA se-
quencing. The RNA pool detected in this analysis showed an 
overrepresentation of adenines and the enrichment of tran-

 

Fig. (2). Model for the establishment of chromosomal instability through the deregulation of Aurora B activity and cytokinesis failure: both 

the localization and the kinase activity of Aurora B are promoted by its interaction with cencRNAs. Among other targets, Aurora B phos-

phorylates CENP-A on its serine 7 residue, and this phosphorylation is necessary for an as-yet unexplained function of CENP-A in cytokine-

sis. The pharmacological inhibition of Aurora B activity prevents such CENP-A phosphorylation, thereby promoting cytokinesis failure. This 

defect leads to polyploidy, which in turn promotes the development of multipolar spindles and/or merotelic kinetochore attachments and 

thus, chromosome mis-segregation. It would be interesting to test whether Aurora B inhibition through depletion of cencRNA has the same 

effect as its pharmacological inhibition. 



Non-coding RNA and Chromosome Instability Current Genomics, 2017, Vol. 18, No. 3    233 

scripts previously known to localize to the mitotic spindle in 
Xenopus laevis [74]. However, the interaction of one of the 
RNAs detected with Aurora B was unaffected by a decrease 
of its adenine content in EMSA analysis [74]. Aurora B is a 
rather promiscuous RNA-interacting protein with modest 
sequence specificity. This was further supported by EMSA 
experiments in which X. laevis Aurora B showed a modestly 
higher binding affinity to alpha satellite (human cencRNA) 
and fcr1 (X. laevis cencRNA) over a control RNA tran-
scribed from the multiple cloning sequence of a plasmid [8]. 
Importantly, animal centromeric repeats tend to be AT-rich 
[75], and neither human centromeric alpha satellite repeats 
nor X. laevis fcr1 centromeric repeats constitute an exception 
to this observation [30, 76]. Aurora B is an interesting exam-
ple of a protein whose localization depends on cencRNA 
binding because RNA stimulates its kinase activity and there 
is a positive feedback loop between such kinase activity and 
its metaphase localization [77]. However, it is not the only 
protein whose centromeric localization depends on cencRNA 
but displays somewhat nonspecific RNA-binding; the same 
is true for CENP-C [39], and HP1α [78, 79], which share an 
RNA-interacting hinge domain. A common feature shared by 
these three proteins is that they have at least two chromatin-
recruitment mechanisms, one of which is RNA-independent: 
Aurora B localization depends upon phosphorylation of his-
tone H3 at threonine 3 and histone H2A at threonine 120 
[80]. CENP-C is a promiscuous DNA binding protein; and 
HP1α binds to methylated histone H3 tails. Thus, cencRNA 
transcription/abundance at the centromere may serve as a 
secondary mechanism to hold RNA-binding centromeric 
proteins in their correct localization on chromatin without 
the need for sequence specificity. This mechanism could be 
crucial during mitosis, when the centromere displays tran-
scriptional activity while the rest of the chromosome does 
not. According to this model, the recruitment of RNA-
interacting proteins to mitotic centromeres would be deter-
mined in a cooperative fashion by, on one hand, the tran-
scriptional regulation of the centromere and, on the other 
hand, an independent, mechanism specific for each protein. 
As a consequence, cencRNA deregulation would partially 
affect the recruitment of multiple proteins involved in chro-
mosome segregation. This mechanism could explain the di-
versity of mitotic defects observed upon centromeric tran-
scription impairment, upregulation, or exogenous cencRNA 
expression. Furthermore, this concept would explain why 
both the act of centromeric transcription and cencRNAs are 
crucial for the correct progression of chromosome segrega-
tion: cencRNAs contribute by functioning as a scaffold, and 
the act of transcription contributes by dictating the time and 
space in which cencRNAs exert their functions. 

CONCLUSION 

 Several novel cencRNAs of different classes have re-
cently been described. Both their transcription and molecular 
interactions have been shown to have functional implications 
in correct chromosome segregation. Although these RNAs 
have heterogeneous features, their association with certain 
proteins, including CENP-A, appears to be widely con-
served. 

 Moreover, the deregulation of cencRNAs in cancer is 
beginning to gain attention as the mechanisms by which this 

deregulation causes aneuploidy are being elucidated. Inten-
sive research is needed to determine whether current models 
by which cencRNAs are thought to regulate chromosome 
segregation are accurate and whether the deregulation of 
their expression constitutes a common cause of CIN or can 
promote aneuploidy only as an isolated phenomenon. 
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