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ABSTRACT

The histone H3 variant CENP-A confers epigenetic
identity to the centromere and plays crucial roles
in the assembly and function of the kinetochore,
thus ensuring proper segregation of our chromo-
somes. CENP-A containing nucleosomes exhibit
unique structural specificities and lack the complex
profile of gene expression-associated histone post-
translational modifications found in canonical his-
tone H3 and the H3.3 variant. CENP-A mislocaliza-
tion into noncentromeric regions resulting from its
overexpression leads to chromosomal segregation
aberrations and genome instability. Overexpression
of CENP-A is a feature of many cancers and is associ-
ated with malignant progression and poor outcome.
The recent years have seen impressive progress in
our understanding of the mechanisms that orches-
trate CENP-A deposition at native centromeres and
ectopic loci. They have witnessed the description of
novel, heterotypic CENP-A/H3.3 nucleosome parti-
cles and the exploration of the phenotypes associ-
ated with the deregulation of CENP-A and its chap-
erones in tumor cells. Here, we review the structural
specificities of CENP-A nucleosomes, the epigenetic
features that characterize the centrochromatin and
the mechanisms and factors that orchestrate CENP-
A deposition at centromeres. We then review our
knowledge of CENP-A ectopic distribution, highlight-

ing experimental strategies that have enabled key
discoveries. Finally, we discuss the implications of
deregulated CENP-A in cancer.

INTRODUCTION

Proper duplication and segregation of our chromosomes
are of paramount importance to ensure genome stability
and the successful transmission of genetic information from
mother to daughter cells during cell division. Formation
of a kinetochore at the centromere and attachment of the
spindle fibres arising from the centrosome to the kineto-
chore are crucial during the mitotic phase of the cell cy-
cle. Precise assembly of the kinetochore complex at the cen-
tromere is determined by localization of Centromeric Pro-
tein A (CENP-A), a histone H3 variant that confers epi-
genetic identity to the centromere and ensures its faithful
inheritance through generations (1-5). CENP-A contain-
ing nucleosome particles exhibit structural specificities that
are essential for kinetochore function. In addition, CENP-
A lacks the complex profile of gene expression-associated
histone post-translational modifications found in canonical
histone H3 and the H3.3 variant, harboring instead only
a small set of modifications that ensures mainly mitosis-
specific functions. CENP-A mislocalization into noncen-
tromeric regions (hereby referred to as ectopic localiza-
tion) resulting from its overexpression has the potential to
generate ectopic kinetochores (6,7) or weaken native kine-
tochores (8), leading to chromosomal segregation aberra-
tions and genome instability. Although ectopic CENP-A
can be induced by its artificial overexpression (6,9-11),
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is also a feature of many cancers, suggesting that non-
physiological incorporation of CENP-A may assist tumori-
genesis (12-16). The recent years have seen great develop-
ments in the molecular characterization of the factors and
mechanisms that orchestrate CENP-A deposition at native
centromeres and ectopic loci. In addition, they have wit-
nessed the solution of the CENP-A nucleosome structure
to nearly atomic level and a transition from the original de-
scription of CENP-A upregulation in cancer to the observa-
tion of novel, heterotypic CENP-A /H3.3 nucleosome par-
ticles and the exploration of the phenotypes associated with
the deregulation of CENP-A and its chaperones, including
their impact on chromosomal stability.

In this review, we sum up the structural specificities of
the CENP-A nucleosomes, the epigenetic features that char-
acterize the centromeric chromatin and the mechanisms
and factors that orchestrate CENP-A deposition at cen-
tromeres. We then review the current knowledge on the ec-
topic deposition of CENP-A, highlighting some of the ex-
perimental strategies that have enabled key discoveries. Fi-
nally, we discuss the implications of deregulated CENP-A
in cancer cells and suggest novel avenues of investigation.

STRUCTURE OF THE CENP-A NUCLEOSOME

CENP-A, like conventional H3, exhibits a typical core hi-
stone organization, consisting of a structured histone fold
domain, flanked by flexible N- and C-terminal tails (Fig-
ure 1A) (17,18). However, the primary sequence of CENP-
A shares only about 50% amino acid identity with conven-
tional H3. In addition, the comparison of CENP-A proteins
from different species reveals great divergence both in the N-
and C-terminal tails (19), with the latter nonetheless retain-
ing a hydrophobic region that constitutes a key determinant
in the interaction with CENP-C (19). (Figure 1A).

The main histone variants of the H3 family are H3.3
and CENP-A (20-22). H3 (Figure 1A) and H3.3 are mod-
ified post-translationally on multiple sites (23). These post-
translational modifications (PTMs) play essential roles in
various nuclear processes, including transcriptional acti-
vation and silencing, as well as mitosis (23-25). In con-
trast, CENP-A exhibits only a limited number of PTM sites
and a reduced panel of modifications (Figure 1A) (26,27).
This simplified PTM pattern may reflect either a minor role
for PTMs in the function of CENP-A and/or the specific
and time-restricted involvement of CENP-A in mitosis but
not in the other phases of the cell cycle. Consistent with
this latter notion, human CENP-A is phosphorylated at
serine 7 (S7) at the onset of mitosis (28). Phosphorylated
CENP-A then becomes the target of the phosphoserine/-
threonine binding proteins 14-3-3, which act as specific mi-
totic ‘bridges’ to link phosphorylated CENP-A and CENP-
C, enabling CENP-A centromeric chromatin to function
as a platform in the assembly and maintenance of active
kinetochores (28). Of note, S7 phosphorylation of human
CENP-A is mitotic specific, since at the end of mitosis it
is dephosphorylated (29). Interestingly, human CENP-A is
also phosphorylated at S16 and S18 and this double phos-
phorylation is important for mitotic chromosome segrega-
tion. The phosphorylation of both serines persists through-
out the cell cycle and is detected in soluble (prenucleoso-

mal) CENP-A, as well as in both asynchronous and mitotic
nucleosomal CENP-A complexes (26). Mutational analy-
sis of the CENP-A N-terminal tail shows that this double
phosphorylation motif leads to stronger intranucleosomal
interactions that reflect the formation of a salt-bridged sec-
ondary structure (26).

Various models have been proposed for the centromeric
nucleosome structure, including tetrameric models com-
posed of two molecules each of CENP-A and H4, or one
molecule of CENP-A and one molecule of H2A, H2B and
H4 (30). However, the view prevailing nowadays is that
CENP-A forms a histone octamer containing two each of
histones H2A, H2B, H4 and CENP-A with the DNA left-
handedly wrapped around the histone octamer, as in canon-
ical nucleosomes containing histone H3 (18,31). Further-
more, the evidence suggests that CENP-A functions mainly
via the structural specificities it confers to the CENP-A nu-
cleosome (32). Indeed, although the 3D overall organiza-
tion the CENP-A nucleosome is very similar to that of con-
ventional H3 (Figure 1B), the crystal structure reveals dis-
tinct features of the CENP-A nucleosome (18), namely: (i)
a different L1 loop. Two highly conserved residues (R80
and G81) are inserted in the CENP-A L1 loop relative to
conventional H3, allowing recognition and specific binding
by CENP-N, a component of the constitutive centromere-
associated network (CCAN) complex required for active
kinetochore assembly (Figure 1B) (33); (ii) a smaller aN he-
lix. The aN helix of CENP-A consists of only two turns,
compared to three for H3. Of note, the aN helix of H3 is
essential for the wrapping of the nucleosomal DNA ends
around the histone octamer and the rigid angle formed be-
tween the entry/exit ends of the nucleosomal DNA (Fig-
ure 1C) (34); (iii) flexible nucleosomal DNA ends. Only 123
bp of DNA are wrapped around the CENP-A histone oc-
tamer, in contrast to the conventional nucleosome where
the histone octamer organizes 146 bp; 13 bp at each end
of the nucleosomal DNA are not ‘visible” in the CENP-A
crystal nucleosome structure (Figure 1C), suggesting highly
flexible ends. Recent cryo-electron microscopy experiments
and micrococcal digestion studies have shown that this was
also the case in solution (35,36). The highly flexible DNA
ends displayed by the CENP-A nucleosome interfere with
the binding of the linker histone H1 to the nucleosome, al-
lowing a more open configuration of the CENP-A chro-
matin (35,37). This, in turn, enables binding of the CCAN
complex to the CENP-A chromatin (35). In addition, by in-
hibiting H1 binding, CENP-A flexible ends are expected to
favor the formation of DNA:RNA hybrid (R-loops) at cen-
tromeres (38); (iv) a distinct hydrophobic COOH-terminus,
which is required for recognition of the centromeric nucleo-
some by CENP-C (Figure 1A) (19). Together, these unique
structural features of the CENP-A nucleosome are crucial
to the assembly and maintenance of active kinetochores
(39).

Recently, nucleosome particles harboring the heterotypic
tetramer CENP-A-H4/H3.3-H4 were observed in cancer
cells in culture (40). Subsequent work revealed that het-
erotypic CENP-A/H3.3 nucleosomes consist of octamers
(CENP-A-H4, H3.3-H4 and two H2A-H2B dimers) that
display physical properties of both conventional H3 nu-
cleosomes and the CENP-A nucleosome (41). Indeed, in
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Figure 1. (A) Schematic representations of the secondary structure of CENP-A and conventional histone H3, together with a depiction of the sites and
nature of the major posttranslational modifications known to occur on their N-terminal tail (P, phosphorylation; Me, methylation; Ac, acetylation; Ub,
ubiquitination). The 2 amino acid insertion within the L1 loop of CENP-A (R80, G81) that mediates specific interaction with CENP-N, as well as its
C-terminal end involved in interaction with CENP-C, are indicated. Note that the aN helix of CENP-A is one helical turn shorter than that of H3. (B, C).
Salient differences between the CENP-A and H3 nucleosome structures. (B). Side view of the CENP-A nucleosome (PDB entry 3AN2) together with
superimposed conventional core histone octamer (PDB entry 1KXS5). The small loop containing CENP-A amino-acids R80 and G81 that protrudes from
the surface of the nucleosome is indicated (arrow). The right panel shows an enlargement of the L1 loop area, with a superimposition of the L1 loops from
CENP-A (blue) and H3 (red); residues R80 and G81 of CENP-A are shown in green and yellow, respectively. The core histones H2A, H2B and H4 are in
light brown in the H3 octamer, while those of the CENP-A octamer are in light blue. (C). Side views of the superimposed DNA from CENP-A (yellow)
and conventional H3 (light blue) nucleosome core particle together with either CENP-A (dark blue, left) or H3 (red, middle); The right panel shows a
superimposition of DNA from CENP-A- and H3 core particle together with CENP-A and H3. Note that the nucleosomal DNA ends are not visible in
the crystal of the CENP-A nucleosome and that the aN-helix of CENP-A exhibits two turns only.

line with the data for the CENP-A nucleosome particle,
the DNA end close to CENP-A in the heterotypic parti-
cle appears more flexible than that close to H3.3. In addi-
tion, a single CENP-A R80/G81 mini-loop protrudes from
the surface of the nucleosome, suggesting that each CENP-
A/H3.3 nucleosome could interact with only one CENP-
N molecule. Moreover, a single CENP-C protein was also
found to interact with the CENP-A /H3 particle, consistent

with the presence of only one CENP-A within the parti-
cle (41). Taken together, and since the N-terminal tail of
H3.3, like H3, can undergo a complex pattern of PTMs at
a very large number of sites (42), these observations sug-
gest that the function and regulation of CENP-A /H3.3 het-
erotypic nucleosomes could involve both the specific struc-
tural features of CENP-A and PTMs associated with H3.3
and CENP-A. How these specificities contribute to the eti-
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ology of cancers associated with CENP-A overexpression
and altered distribution is discussed at the ultimate section
of this review.

EPIGENETIC FEATURES OF CENTROMERIC CHRO-
MATIN AND CENP-A ASSEMBLY

Genetic and epigenetic centromere specification

In the budding yeast Saccharomyces cerevisiae, centromeres
are genetically defined by a ~125-bp DNA sequence har-
boring a single, perfectly positioned CENP-A®** nucle-
osome that covers the entire centromere (43). This short
sequence, which is not flanked by pericentric heterochro-
matin, consists of three centromere-determining elements
(CDEI-II-III) that collectively establish a functional cen-
tromere (44). Specifically, CDEI (a conserved 8-bp palin-
dromic sequence) binds the transcription factor Cbfl, al-
lowing transcription of the centromeric DNA (45-47),
CDEII (a 78-86-bp AT rich sequence) is wrapped by
CENP-A®¢* (48), and CDEIII (a 26-bp partially palin-
dromic sequence) is bound by the multiprotein complex
CBF3 that bridges CDEIII to spindle microtubules (49,50).

The short ‘point centromeres’ of budding yeast con-
trast with the much larger ‘regional centromeres’ hosting
multiple microtubule nucleation sites that are observed in
most other eukaryotes, including fission yeast, Drosophila
and humans. Regional centromeres show great differences
in DNA sequence length, composition and organization,
and are flanked by heterochromatin (51,52). For instance,
fission yeast centromeres span 35-110 kb and are com-
posed of a central core region (specifically, a central region
(cnt/cc) of non-repetitive DNA surrounded by inverted re-
peat regions containing several tRNA genes (the innermost
repeats, imr)) that contains several CENP-A®"! nucleo-
somes, and flanking outer repeat (otr) elements that un-
derlie heterochromatin (53). Although human CENP-A nu-
cleosomes assemble on a small portion of the a-satellite
(alphoid) locus, composed of highly divergent ~171-bp tan-
dem repeats units assembled in long multimeric higher-
order arrays in a chromosome-specific manner (54,55), it
can also load on neocentromeres that lack a-satellite repeats
(9). In addition, while repetitive sequences compose the un-
derlying DNA of centromeres in many species, these se-
quences are generally not conserved among species (44,56
59) and in many instances, centromeres display a mixture
of repetitive and non-repetitive sequences (60-62). Thus,
in regional centromeres CENP-A localization is not dic-
tated by the sequence of the underlying DNA, but repre-
sents instead a defining epigenetic mark to establish the
centromere-specific chromatin (63-65).

The centrochromatin

Conserved epigenetic marks at and around the centromere
appear to play a significant role in ensuring the proper lo-
calization of CENP-A and the maintenance of centromere
identity. The characterization of extended chromatin fibers
has provided crucial observations on the unique pattern
of histone PTMs - distinct from both euchromatin and

heterochromatin - that characterizes the centromeric chro-
matin or ‘centrochromatin’, as initially coined by Sullivan
and Karpen (66). CENP-A nucleosomes are confined to
just a portion of an alpha-satellite array, forming a domain
with finite size where CENP-A-containing nucleosomes in-
tersperse with H3-containing nucleosomes (67). How such
centromeric ‘core’ domains are regulated and their bound-
aries maintained is thought to involve multiple conven-
tional core histone PTMs. In humans and Drosophila, cen-
trochromatin maintains marks characteristic of actively
transcribed regions (specifically, H3K4me2/H3K36me2)
that are required for CENP-A assembly (66,68), whilst dis-
playing low levels of other transcription-permissive his-
tone PTMs (i.e., acetylated forms of histones H3 and H4,
and H3K4me3) (69,70). Of note, studies with human ar-
tificial centromeres (HAC, described below) have shown
that H3K9 acetylation levels at the centromere increase
during a brief cell cycle window coinciding with the lo-
calization of the CENPA-chaperone HJURP (71). The ev-
idence from chromatin fiber analyses suggests that cen-
trochromatin is not associated with the heterochromatic
marks H3K9me2/3 (66,68), although super-resolution mi-
croscopic analysis of chicken DT40 cells have revealed
H3K9me3 within functional centromeres (72). In addi-
tion, recent analyses of human centromeric nucleosomal
PTMs combining affinity purification and mass spectrom-
etry have exposed the prominence of H3 nucleosomes
containing the dual modification H3K9me2-K27me2, and
also the enrichment of H4K20mel in CENP-A-associated
nucleosomes and adjacent H3 nucleosomes in cycling
HeLa cells (73). This latter finding corroborates the ob-
servations made by Hori et al. (74) who also demon-
strated that H4K20mel is essential for kinetochore assem-
bly. Finally, heterochromatin-associated histone methyla-
tion marks (e.g. H3K9me2/3 and H3K27me3) and hete-
rochromatin protein 1 (HP1) are highly enriched in the re-
gions that surrounds the centromere (66,67,69,73,75) where
they help determine centromere boundaries (see below).

Deposition of CENP-A at the centromere

CENP-A chromatin plays a fundamental role in the assem-
bly of the kinetochore and the building of the kinetochore-
microtubule interface (44,52,72,76). Involved in this pro-
cess in vertebrates is the constitutive centromere-associated
network (CCAN), consisting of 16 distinct CENP proteins,
that is specifically assembled onto centromeric chromatin
(76,77). CCAN proteins are located in the inner kinetochore
plate and distributed in several functional groups as fol-
lows: CENP-C, CENP-H/1/K/, CENP-L/M/N, CENP-
O/P/Q/R/U, CENP-T/W and CENP-S/X. Some of these
proteins, including CENP-B, CENP-C and CENP-T/W
have DNA binding features. The main role of the CCAN
is to recruit outer kinetochore components, such as KNLI,
the Misl12 complex, and the Ndc80 complex (forming the
KMN network) to which spindle microtubules with their
structural and regulatory proteins will attach. Among the
CENP members of CCAN, CENP-C and CENP-T are
required in parallel for operational kinetochore specifica-
tion and spindle attachment. As illustrated below, some



of these proteins also play a direct role in the deposition
of CENP-A at the centromere. Of note, the complexity of
CCAN observed in vertebrates contrasts with the situation
in Drosophila where CENP-C is the only other constitutive
centromeric protein in addition to CENP-A (78,79).

CENP-A undergoes replicative dilution during S-phase
and is reintroduced in a cell cycle-restricted manner. Depo-
sition of CENP-A occurs in early G1 in humans where it
is mediated by the chaperone Holliday Junction Recogni-
tion Protein (HJURP) (80,81). A short and conserved N-
terminal domain of HJURP, termed CBD (CENP-A bind-
ing domain), is required for the formation of the HIJURP-
CENP-A/H4 complex (82). CENP-A is deposited in cen-
tromeric chromatin in a sequence of reactions that in-
volves CENP-C-mediated recruitment of the mitotic reg-
ulator complex Misl8 (composed of Misl8«, Mis18B and
Mis18BP1) to the centromere (83,84), and the subsequent
recruitment of HIURP by Misl8B, leading to targeted
CENP-A assembly (85). Importantly, temporal regulation
of Misl8 complex assembly through phosphorylation by
Polo-like kinase 1 (Plkl) and cyclin-dependent kinasel
(Cdk1) restricts HITURP-mediated CENP-A deposition to
early G1 (86-88). Reported data also suggest that CENP-
A assembly can be mediated by CENP-I, independently of
CENP-C, through the recruitment of Mis18BP1 (89). Other
factors involved in the assembly of centromeric CENP-A
chromatin in humans include the remodelling and spacing
factor 1 (RSF1) (90) and the Rho family GTPase activat-
ing protein MgcRacGAP (91). In Drosophila, which lack a
HJURP homologue, the assembly of CENP-A (called CID)
is mediated by chromosome alignment 1 (CALI), itself re-
cruited to centromeres by CENP-C (92-95). When targeted
to noncentromeric DNA (see below), both HIURP (96) and
CALT1 (95) are able to recruit CENP-A/Cid and direct the
assembly of a functional centromere. Finally, nucleosomes
containing the histone variant H3.3 have been suggested to
serve as ‘placeholders’ during S phase to ensure the subse-
quent assembly of CENP-A in G1 (97). The chromatin re-
modeling events that ensure the replacement of these ‘place-
holders’ are currently unknown (98).

Transcription of centromeres and CENP-A loading

Consistent with the presence of permissive histone PTMs,
studies in several organisms have demonstrated that cen-
tromeric DNA undergoes low levels of transcription by
RNA polymerase IT (RNA pol II) and there is an increas-
ing amount of evidence to suggest that transcription of the
underlying DNA into long non-coding RNAs (ncRNAs)
is important for proper establishment of CENP-A chro-
matin and kinetochore function (99-107). In Drosophila,
the characterization of an induced ectopic centromere sys-
tem (described below) revealed that de novo CENP-ACIP as-
sembly by CAL1 is coupled to RNA pol II-mediated tran-
scription of the underlying DNA, in a process that involves
recruitment of the histone chaperone Facilitates Chromatin
Transcription (FACT) and RNA pol II by CALL1 (108). In
addition, FACT depletion caused defective recruitment of
CENP-A at endogenous centromeres with little effect on the
retention of existing CENP-A, and resulted in the accumu-
lation of H3.1 and H3.3 within centromeric chromatin. This
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led to a model whereby RNA pol II-mediated transcription
causes eviction of the placeholders H3.1 and H3.3, allowing
deposition of CENP-ACP by CAL1 (108). In mammalian
cells, RNA pol II-mediated transcription of CENP-A con-
taining chromatin during mitosis and early G1 was shown
to produce non-coding satellite transcripts important for
stabilization of CENP-C (102), and recruitment of HIURP
and CENP-A at the centromere (106). Recent work by Mc-
Nulty et al. (103) indicates that human centromeric RNAs
are produced and function in cis. Specifically, each human
centromere produces a chromosome-specific set of ncRNAs
that reflect the underlying « satellite sequence and organi-
zation and remain in distinct spatial domains throughout
the cell cycle. Importantly, targeted depletion of distinct «
satellite RNAs reduced the levels of CENP-A and CENP-C
at the targeted centromere, leading to cell arrest prior to mi-
tosis. Centromeric ncRNA transcripts arising from active «
arrays were associated with CENP-A, CENP-B and CENP-
C. Notably, transcription also occurred in inactive « arrays,
which are enriched in repressive histone marks (109), but
the resulting ncRNAs, which were only associated with the
« satellite DNA binding protein CENP-B, were less stable
than those produced at active arrays. As CENP-B can pro-
mote and maintain heterochromatin on ectopic « satellite
(110), McNulty et al. (103) propose that CENP-B bound to
ncRNAs arising from inactive arrays could promote peri-
centric heterochromatin assembly and maintenance, in con-
trast to its function in promoting CENP-A assembly and
stabilization at active a-arrays, in the presence of permis-
sive histone PTMs (71,110)

It has been proposed that centromeric transcription facil-
itates a transition from chromatin association to stable in-
corporation of CENP-A (104). However, it is worth to note
that in vitro CENP-A chromatin was predominantly non-
permissive for transcription compared to H3 chromatin
(111), suggesting that once stably incorporated, CENP-A it-
self could modulate transcription within centromeric chro-
matin. In addition, work by Molina et al. (112) indicates
that centromeric transcription, promoted by H3K4me2 and
associated with H3K9 acetylation, prevents the spreading
of heterochromatin into the centromere. The authors also
suggest that transcription inhibition resulting from the loss
of H3K4me?2 decreases CENP-A incorporation and the re-
placement of the H3.3 placeholders, in agreement with the
findings in Drosophila (108).

Finally, studies suggest that non-centromeric RNA
species may also play a role at centromeres. Thus, it is no-
table that SAT III satellite long ncRNAs have been found
to localize to centromeric regions in Drosophila (104,113).
SAT III ncRNAs bound to CENP-C and were required for
correct localization of CENP-A and CENP-C, as well as
outer kinetochore proteins, and for prevention of mitotic
defects (104,113).

Non-B-form DNA, centromeric transcription and centromere
specification

Non-B-form DNA conformations such as hairpins, single-
stranded DNA, triplexes, R-loops and i-motifs have been
observed at centromeres in a variety of organisms including
human (114-118), suggesting that DNA-encoded structural
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features may contribute to centromere specification. Recent
analyses by Kasinathan and Henikoff (119) have provided
new insights into this notion, revealing that in certain or-
ganisms such as old world monkeys, chicken and yeast,
functional centromeres were characterized by the presence
of short (<10 bp) DNA dyad symmetries predicted to adopt
non-B-form DNA, which correlated with the absence of
CENP-B boxes (120) and, accordingly, CENP-B binding.
In contrast, the a arrays of functional centromeres in organ-
isms such as great apes and mice globally lacked dyad sym-
metries, yet displayed non-B-form DNA as well as CENP-B
boxes bound by CENP-B. Notably, greater enrichment for
non-B-form DNA was detected at « satellite sequences as-
sociated by CENP-B boxes and occupied by CENP-A. In
addition, native centromeres lacking CENP-B boxes (e.g.
the centromere of human Y chromosome) were enriched in
DNA dyad symmetries and non-B-form DNA structures.

As HJURP displays the ability to bind synthetic holli-
day junctions in vitro (121), the authors suggest that, in or-
ganisms such as old world monkeys, stable cruciform DNA
structures forming spontaneously in centromeric satellite
DNA may be recognized by HIURP or its orthologs, lead-
ing to CENP-A deposition. Instead, in organisms such as
great apes, the formation of cruciform structures attract-
ing HIURP may be facilitated by CENP-B binding, for
instance as a result of DNA bending induced by CENP-
B (122). In a non-exclusive alternative model that takes
into account the requirement for transcription in CENP-
A assembly, these authors propose that transcription of
satellite DNA may occur readily at centromeres that adopt
non-B-form DNA or instead require DNA bending medi-
ated by CENP-B. While these models require testing, it is
worth noting that Kabeche et al. (123) have recently re-
ported the presence of R-loops at centromeres in human
cells. These R-loops, generated through RNA pol II tran-
scription during mitosis, are involved in a mitosis-specific
Ataxia Telangiectasia Mutated and Rad3-Related (ATR)-
driven signalling pathway that promotes accurate chromo-
some segregation. Interestingly, the authors also showed
that ATR and CENP-B colocalized at centromeres. It re-
mains to be determined whether centromeric R-loop forma-
tion requires CENP-B and how such structures contribute
to HIURP recruitment at the centromere.

Proteolysis and the control of CENP-A deposition

Several reports suggest that even when CENP-A is ex-
pressed at endogenous levels, its loading in early Gl
takes place not only at or near existing sites of cen-
tromeric CENP-A-containing chromatin but also at non-
centromeric, ectopic sites (31,40) (bioRxiv doi: https://doi.
org/10.1101/428557). Given that ectopic CENP-A causes
genetic instability (see below), it is notable that several
organisms have evolved mechanisms relying on proteoly-
sis to ensure the strict control of CENP-A protein lev-
els and prevent its ectopic deposition. In budding yeast,
CENP-A® Jevels are controlled by ubiquitylation medi-
ated by the Psh1l E3 ubiquitin ligase and subsequent pro-
teolysis (124,125). Thus, overexpression of CENP-A®s4 is
toxic in cells lacking Pshl and results in ectopic CENP-
ACs¢* Jocalization (126). Proteolysis of CENP-A®* is pro-

moted by phosphorylation of Pshl mediated by the Cka2
subunit of casein kinase 2 (CK2) (127), and facilitated by
histone H4, with H4-K36 promoting the interaction be-
tween Pshl and CENP-A®* (128) as well as the ubiqui-
tin binding protein Doal (129). Importantly, Mishra et al.
(130) have determined that centromere-associated CENP-
AS* was protected from Pshl-mediated ubiquitination by
Pat1 (protein associated with topoisomerase I1). Additional
factors involved in CENP-A®** degradation include the
peptidyl-prolyl cis-trans isomerase Fpr3 (131) and the F-
box containing protein Rcyl (132). Recently, CENP-ACs4
degradation via the SUMO-targeted ubiquitin ligase SIx5
was proposed as a Psh1-independent mechanism preventing
CENP-A®* mislocalization and genome instability (133).

Regulation of CENP-A levels through proteolysis was
also reported in fission yeast (134), as well as in Drosophila
(135) where it involved interaction of Ppa (F box protein
partner of paired), a subunit of the SCF E3 ubiquitin lig-
ase complex, with the CATD domain of CENP-A (136).
Interestingly, the SFC complex was inactive in anaphase,
when CENP-A“Y is deposited at centromere. The authors
have suggested that SCF-mediated proteolysis could be a
general mechanism for regulating the levels and spatial dis-
tribution of CENP-A at the centromeres.

Although CENP-A proteolysis can be induced by the her-
pes simply virus type 1 ICPO protein in infected human
cells (137), regulation of CENP-A levels and localization
through proteolysis has hitherto not been reported in mam-
malian cells. Whether alternative mechanisms take place in
these cells remains to be investigated. Notable in this re-
gard is a recent study by Nechemia-Arbely et al. (bioRxiv
doi: https://doi.org/10.1101/428557) showing that endoge-
nous CENP-A loaded ectopically onto thousands of ectopic
sites in transcriptionally active chromatin in early Gl is re-
moved in S phase by a DNA synthesis-mediated error cor-
rection mechanism that helps maintain an epigenetically de-
fined centromere identity.

CHROMATIN MODIFIERS AND CENTROCHROMATIN
DYNAMICS

Although still fragmentary, our knowledge of the epige-
netic mechanisms that operate to facilitate CENP-A de-
position and kinetochore formation has greatly benefited
from epigenetic engineering experiments. In Drosophila,
these include the specific targeting of centromeric fac-
tors and chromatin modifiers expressed as fusion to the
Lac repressor (Lacl), to DNA arrays of the Lac operator
(LacO) ectopically-integrated in the chromosomes (Figure
2A) (10,96,138). In human cells, ectopic alphoid sites inte-
grated at distinct chromosomal sites and human artificial
chromosomes (HAC) - both resulting from the transfection
of alphoid DNA arrays, offer powerful investigation tools.
These include synthetic alphoid DNA arrays that incorpo-
rate regulatory elements such as tetracyclin operator (tetO)
sequences (alphoid®©), thus allowing the tethering of cen-
tromeric and chromatin factors expressed as tetracyclin re-
pressor (tetR) fusions (Figure 2B) (139,140). Some of the
key findings made using these tools are presented below.
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Figure 2. Artificial and natural systems for the study of CENP-A ectopic deposition. (A). Illustration of the lacO/lacl tethering system developed
in Drosophila. The upper panel depicts an array composed of multiple copies of the lac operator (lacO)(red triangles), allowing the tethering of
centromeric/chromatin factors fused to the lac repressor (lacl). Introduction of plamids bearing such an array into flies leads to their stable ectopic
integration (lower panel). Note that an inducible centromeric/chromatin factor-Lacl fusion construction is often used, which allows the time windows of
chromatin changes to be monitored. (B). Illustration of the synthetic, alphoid®© technology. The upper panel depicts an alphoid'© array derived from «
satellite repeats (red triangles) by integration of tetO sequences (blue triangles), allowing tethering of chromatin factors expressed as tetR-fusion proteins.
When inserted into a cloning vector and transfected into cells, such arrays can integrate ectopically into a chromosome arm or form a human artificial chro-
mosome (HAC)(Iower panel). Whereas ectopic alphoid'© array integration enables dissection of the chromatin factors and states that promote CENP-A
deposition, the characterization of HACs also allows de novo centromere and kinetochore assembly to be explored. Beyond the scope of this review, it
should be noted that de novo HAC formation requires the presence of CENP-B-box sequences in the « satellite DNA (not shown here) (reviewed by Molina
et al. (112). Variations on the technology oulined here include the simultaneous tethering of factors with antagonist chromatin modifying activities Molina
et al. (140).

Heterochromatin boundaries sulted in ectopic deposition in S. pombe, proteolysis en-
sured low expression levels. Furthermore, association of
CENP-A®¢* with centromeres in fission yeast was depen-
dent on flanking heterochromatin and the RNAi machin-
ery, and RNAi-dependent pericentric heterochromatin en-
abled centromeric localization of Cse4 (and also Cnpl) by
protecting these proteins from ubiquitin-mediated degra-
dation. Whether similar mechanisms involving pericen-
tric heterochromatin-mediated protection of centromeric
CENP-A occur in other organisms remain to be investi-
gated.

In Drosophila, local induction of heterochromatin for-
mation through tethering of the heterochromatin protein
HPI1 caused the proximal deposition of ectopic CENP-
A (10). Given the interplay between HPI1 (which binds
H3K9me?2/3) and the histone methyltransferase Su(var)3—
9 that deposits these marks (144-148), it will be illuminat-

The significance of heterochromatin boundaries flanking
centromeres has been extensively studied in fission yeast and
Drosophila.

Using fission yeast as a model system, Folco et al.
(141) showed that flanking heterochromatin directed by
RNA interference (RNAI) was required for de-novo incor-
poration of CENP-A®"! and kinetochore assembly over
the central domain of a centromere lacking CENP-AC"P!
(141). Heterochromatin, however, was not required for
further propagation of the assembled CENP-A®"! chro-
matin. Further work by this group determined that syn-
thetic heterochromatin formation at euchromatic loci, via
tethering of Clr4 (the Schizosaccharomyces pombe homolog
of Su(var)3-9), enabled de-novo CENP-A®"P! incorpora-
tion and functional kinetochore assembly regardless of ac-

tive RNAI (142). Interestingly, Y: t al. (143) h - X .
clg/sﬂy sholw(n tlzat Ijgeiisr‘;‘l,lliz; (?}{ZII%I;- AaCseg Cazl 13221122 ing to learn whether ectopic CENP-A assembly under these

. . . . conditions results from an interaction between HP1 and
to centromere in fission yeast and partially substitute for Su(var)3-9. However, these observations give a measure of
CENP-A®"! Although overexpression of CENP-AC%* re- ' ’ &
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the importance of the repressive nature of the centromere-
bordering heterochromatin in CENP-A assembly.

Chromatin dynamics at the centromere

Related experiments have shown the deleterious impact
of heterochromatin nucleation within the centromere, re-
vealing that contrary to the surrounding heterochromatin,
CENP-A assembly and kinetochore function are regu-
lated by a complex balance between histone H3K9ac and
H3K9me3. Thus, in human cells, tethering of SUV39H1
(the homologue of Drosophila Su(var)3-9) to the alphoid
site of a human artificial chromosome (alphoid-HAC) was
associated with increased H3K9me3 marks and prevented
de novo CENP-A assembly and kinetochore formation (71).
This observation corroborated previous studies indicating
that tethering of HP1 (139) or the Kruppel-associated box
(KRAB)-associated co-repressor KAP1 (149) induced the
loss of CENP-H, CENP-C and CENP-A, eventually inac-
tivating the kinetochore. In contrast, alphoid-HAC tether-
ing of the histone acetyl transferase (HAT) domains of p300
or the p300/CBP associated factor PCAF—two HATs nor-
mally found at functional centromeres, resulted in the tran-
sient acetylation of H3K4 during a time window that co-
incided with MIS18« presence at the centromere, allowing
the establishment of CENP-A chromatin and novel kine-
tochore formation in G1 (71). Importantly, HAT-mediated
CENP-A assembly was dependent upon HJURP, but it
bypassed the need for Misl8a (71). Subsequent work by
the same group (150) revealed an interaction between
the Misl8 subunit Misl18BP1 and the acetyltransferase
KAT7/HBO1/MYST2, and showed that the KAT7-Mis18
complex also included HIURP and recruited RSF1 to the
alphoid DNA. CRISPR /Cas-mediated KAT7 depletion re-
duced CENP-A localization at centromeres, whereas tether-
ing of KAT7 (and also that of RSF1) to an ectopic alphoid
DNA array lacking detectable CENP-A and harbouring
high H3K9me3 levels led to a reduction of the H3K9me3
levels associated with new CENP-A assembly. The authors
thus suggested that Mis18 recruits KAT7 to the centromere
to prevent SUV39H1-mediated heterochromatin invasion
within the centromere, by mechanisms that include both hi-
stone acetylation and loss of H3K9me3 marks through hi-
stone turnover/exchange promoted by RSF1.

Likewise, tethering the H3K4 demethylase LSD1 pro-
moted H3K4me2 (and also H3K36me2) depletion and
abrogated local transcription, resulting in decreased in-
corporation of newly-synthesized CENP-A (68). Impor-
tantly, targeting of LSD1 abolished HIURP recruitment at
the HAC centromere, suggesting that the chromatin state
and/or transcription of centromeres regulates the target-
ing of the CENP-A deposition machinery, hence the effi-
ciency of CENP-A deposition (68). More recently, Mar-
tins et al. (75) have investigated how centromeres can re-
sist silencing promoted by flanking heterochromatin marks
to maintain local transcription with their results suggest-
ing that the centrochromatin is able to influence the abil-
ity of epigenetic readers to translate local PTMs into silent
chromatin states. Thus, centromeres resisted transcriptional
repression associated with EZH2-mediated H3K27me3 de-
position whereas such resistance could be bypassed by di-

rect tethering of the downstream repressor, Polycomb Re-
pressive Complex 1 (PRC1). Likewise, unlike tethering of
HP1 or full-length SUV39HI1, tethering of a construct
containing only the C-terminal H3K9 methyltransferase
domain of SUV39HI1 (i.e. lacking the H3K9me3-binding
domain as well as regions required for interaction with
HP1 and histone deacetylases) failed to induce HAC cen-
tromere inactivation. Although the underlying mechanisms
remain to be elucidated, it is tempting to speculate that
they involve RSF1-mediated removal of H3K9me3 marks
before they can be interpreted by HP1. In addition to
such chromatin remodelling mechanisms, demethylation of
transcriptional silencing marks by centromere-linked his-
tone demethylase could occur to maintain centrochromatin
H3K9me2 and H3K36me2. Thus, sumoylation of origin
recognition complex 2 (ORC2) in the G2/M phase was
shown to recruit KDMS5A to the centromere, promoting
the conversion of H3K4me3 into the transcription permis-
sive mark H3K4me?2 (151). Notably, loss of ORC2 sumoy-
lation resulted in H3K4me3 accumulation, decondensation
of pericentric heterochromatin and chromosome instability
at the G2/M phase. The role of other demethylases such as
the H3K9/K36me3 lysine demethylase KDM4A /JIMJD2A
(152) at the centromere remains to be investigated.

Finally, using human cell lines harboring an alphoid-
HAC, or an ectopic alphoid®®© array devoid of CENP-A
and integrated in a region covered with heterochromatin,
Shono et al. (89) carried out a screen of centromeric fac-
tors and chromatin modifiers to identify the factors that in-
fluence CENP-A assembly. Their studies led to the identi-
fication of 4 classes of factors, with class I factors increas-
ing endogenous CENP-A assembly on the HAC centromere
and inducing de novo CENP-A assembly at the ectopic site,
class II factors increasing endogenous CENP-A assembly
on the HAC only, class I1I factors inducing efficient de novo
CENP-A assembly to the ectopic site provided that CENP-
A was overexpressed, and class IV decreasing endogenous
CENP-A assembly on the HAC and preventing de novo
CENP-A assembly at the ectopic site.

One interesting observation one can make from this clas-
sification is the contrasting position of the histone H3K9
methyltransferases G9a (class I1T) and SUV39H1 (class V).
Indeed, SUV39HI and GYa play distinct roles in main-
taining constitutive (e.g. pericentric) and facultative H3K9
methylation, respectively (153,154). In addition, G9a is a
major H3K9me?2 histone methyltransferase in mammalian
cells. The observations by Shono ez al. (89) therefore suggest
a positive role for G9a, but not SUV39H]1, in facilitating de
novo CENP-A assembly in human cells, through the estab-
lishment of H3K9me2. Of note, the relative contribution of
the Drosophila homologues of SUV39H1 (Su(var)3-9 (155)
and G9a (dG9a/EHMT?2) (156,157)) to ectopic CENP-
A deposition remains to be determined. Recent evidence
obtained from the study of RNAi-associated heterochro-
matin formation at pericentric DNA repeats in fission yeast
by Jih et al. (158) indicates that contrary to H3K9me3
domains which are transcriptionally silent, H3K9me2 do-
mains are involved in the formation of a transcriptionally
permissive heterochromatin that allows RNAi-dependent
co-transcriptional gene silencing at the pericentric DNA
repeats. In addition, H3K9me2 precedes H3K9me3 dur-



ing heterochromatin establishment and the transition from
H3K9me?2 to H3K9me3 (for which HP1 shows greater affin-
ity) is required for subsequent RNAi-independent, HP1-
dependent epigenetic inheritance of H3K9 methylation.
Based on these findings, we propose that H3K9me?2 (which
shows faster kinetics of establishment than H3K9me3
(158,159)) helps to ensure a transcriptionally permissive
chromatin state within the centromere core. In addition,
yet-to-be-identified mechanisms must operate to prevent
the transition from H3K9me2 to H3K9me3 and the es-
tablishment of a heterochromatin state that would oth-
erwise be deleterious to CENP-A assembly and kineto-
chore function. Such mechanisms may involve active his-
tone demethylation or be related to those proposed by Mar-
tins et al. (75) to explain why centromeres resist transcrip-
tional repression mediated by EZH2-mediated H3K27me3
deposition but not direct tethering of the downstream
reader/repressor PRC1. Thus, fast removal of H3K9me3,
like that of H3K27me3, would help prevent heterochro-
matin formation. Furthermore, although not addressed ex-
perimentally by Martins et al. (75), the balance between
H3K27me2 and H3K27me3 may also be important for
proper centrochromatin dynamics. H3K27me2/3 marks are
deposited primarily by the EZH1 and EZH2 components
of the Polycomb Repressive Complex 2 (PCR2) (160) and,
similarly to H3K9 methylation, H3K27me?2 is formed with
a higher efficiency than H3K27me3 (161,162). Whereas
H3K27me3 is associated with transcriptional repression,
the role of H3K27me?2 is more obscure. However, the ev-
idence gathered in embryonic stem cells (ESCs) indicates
that H3K27me?2 helps prevent inappropriate transcription
(162). In addition, H3K27me3 and H3K27me2 mark dif-
ferent regulatory regions in ESCs, with H3K27me3 mainly
enriched at regions flanking transcription start sites whereas
H3K27me2 accumulates in regions characterized by the
presence of DNase I hypersensitive sites (163). Whether
H3K27me2 could play a role similar and/or complemen-
tary to that of H3K9me?2 in promoting centrochromatin
formation remains to be learned. However, it is interest-
ing to note that, in ESCs, H3K27me2 is found colocaliz-
ing with H3K36me? as this latter mark is abundant within
centromeres and di-methylation of H3K36 helps prevent
H3K27me3 accumulation in ESCs (164). Although the rel-
ative contribution of H3K9me2/me3 and H3K27me2/me3
to centromere assembly and function awaits further inves-
tigation, it is striking that centromeres contain H3 nucleo-
somes with the dual modification H3K9me2-K27me?2 (73)
and that G9a can mediate not only H3K9me2 but also
H3K27me2 (165-168). A schematic summary of the chro-
matin states and factors that mediate CENP-A deposition
at centromeres is presented in Figure 3, together with the
major histone PTMs that mark the centrochromatin and
flanking pericentric heterochromatin.

ECTOPIC LOCALIZATION OF CENP-A

Recruitment to DNA double stranded breaks

CENP-A, together with CENP-C and CENP-T helps main-
tain centromeric a-satellite repeats integrity in human cells
(169). Beyond the scope of this review, recruitment of
CENP-A to DNA double stranded breaks (DSBs) induced
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by laser or site specific endonuclease has been described
(170), suggesting a role for CENP-A in DNA repair. Of
note, the recruitment of CENP-A to the DSB was a slow
process taking several minutes (170), while the recruitment
of repair proteins is a very rapid process completed in sub-
minute periods of time (171). In addition, although more
recent experiments using multiphoton laser irradiation ob-
served the recruitment at DSBs, of RSF1, which in turn fa-
cilitated recruitment of CENP-S and CENP-X, little or no
CENP-A recruitment was observed under these conditions
(172). Even though overexpression of CENP-A leading to
its ectopic distribution conferred resistance to DNA dam-
age (40) (see below), the contribution of CENP-A to DNA
repair through its possible recruitment at sites of DNA
damage thus remains an unresolved question.

Overexpressed CENP-A and ectopic kinetochore formation
in humans and flies

CENP-A overexpression and its ectopic localization have
been observed in many cancer types, including colorectal
and breast cancers (12,14,173), and extensively documented
using the Drosophila and yeast model systems where over-
expression of CENP-A alone leads to its ectopic localiza-
tion and the assembly of functional kinetochores (6,174).
In contrast, ectopic CENP-A localization due to its ar-
tificial overexpression does not result in ectopic kineto-
chore formation in mammalian cells (9,40). Instead, the ev-
idence suggests that ectopic kinetochore formation in hu-
man cells requires simultaneous overexpression of CENP-
A and CENP-C (175). This observation may reflect the
complexity of the CCAN network in human, compared to
Drosophila.

Ectopic CENP-A deposition and the H3.3 chaperone DAXX

Different histone chaperones ensure the replication-
independent deposition of histone H3.3 (176,177), includ-
ing DAXX and ATRX which are involved in deposition
of this histone variant at pericentric heterochromatin and
telomeres (178-180). Notably, RNAi studies in HeLa
cells stably overexpressing CENP-A have revealed that, in
humans, ectopic localization of CENP-A depended essen-
tially on DAXX instead of HIJURP, whereas depletion of
ATRX affected the extent of ectopic deposition (40). In-
terestingly, overexpression of CENP-A afforded increased
resistance to DNA damage induced by camptothecin or
ionizing radiation. The association of ectopic CENP-A
with DAXX and ATRX was also underlined in studies of
colorectal cancer cell lines, where CENP-A is commonly
overexpressed (12). Of note, increased CENP-A levels
correlated with the upregulation of DAXX and ATRX,
but not HIURP, in these cells (12) (but see also below
our discussion of Filipescu et al. (181)). It is at present
unknown whether ectopic deposition of CID in Drosophila
involves a similar switch in chaperone usage.

Sites of ectopic CENP-A nucleosome assembly

Several investigations have shed light on the identity and
features of the regions affected by ectopic CENP-A assem-
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Figure 3. (A) Salient features of CENP-A deposition at the centrochromatin. Shown is a schematic summary of the CENP-A chaperone and deposition ma-
chinery including non-coding RNA originating from the underlying DNA. Maintenance of a boundary between centrochromatin and flanking pericentric
heterochromatin domains (hereby illustrated by the SUV39H1/HP1-mediated deposition of H3K9me2/3) involves prevention of pericentric heterochro-
matin spreading into the centromere, which has been proposed to involve histone acetylation orchestrated by KAT7 and also histone turnover reactions
mediated by the chromatin remodeler RSF1. KAT7-recruited RSF1 has also been suggested to promote CENP-A assembly directly. Not shown here are
the histone epigenetic marks, turnover mechanisms and responsible chromatin factors that define the centrochromatin signature and impact its dynamics.
These include a short window of H3K9 acetylation that accompanies Mis18/HJURP localization at the centromere, as well as histone modifications that
contribute to a transcriptionaly-competent chromatin state. (B) Histone post-translational modifications that mark the centrochromatin and its flanking
pericentric heterochromatin. Note that the H3K9me2 and H3K27me2 marks have been proposed to occur predominantly as a dual H3K9me2-K27me2

modification at the centromere.

bly. Studies in fission yeast have revealed the ectopic as-
sembly of overexpressed CENP-A within centromeric outer
repeats and pericentromeric regions, as well as TDNA re-
peats and the intergenic regions of subtelomeric domains
(11,182). Telomere repeats alone could promote nearby
CENP-A incorporation when inserted at an internal lo-
cus, and such repeats showed a high level of H3K9me?2.
Importantly, the assembly of CENP-A near the telomeres
of synthetic minichromosomes required the telomere bind-
ing protein and modulator of telomerase activity Ccql as
well as deposition of H3K9me?2 by the histone methyltrans-
ferase Clr4, itself recruited by Ccql, a finding that further
supports the notion that H3K9 di-methylation may create
favourable conditions for the ectopic localization of CENP-
A. However, when natural chromosomes (including natural
telomeric regions) were considered, ectopic CENP-A could
assemble neocentromeres (albeit at reduced levels) indepen-
dently of heterochromatin, suggesting alternative assembly
routes (182).

In Drosophila, ectopic CID was found preferentially in re-
gions bordering telomeres and pericentric heterochromatin,
in transcriptionally silent intergenic chromatin domain (10).
In human cancer cells and tumors, Athwal ez al. (12) identi-
fied ectopic CENP-A hotspots at subtelomeric and pericen-
tromeric regions, and also accessible chromatin domains at

gene promoters and transcription factor sites. These obser-
vations corroborate earlier studies in HeLa cells artificially
overexpressing CENP-A, showing that ectopic CENP-A
mapped not only to a-satellite regions but also to regions
containing other DNA repeats or non-repetitive sequences,
and that ectopic CENP-A hotspots included active reg-
ulatory elements (such as active enhancers, i.e. enriched
in H3K4mel and H3K?2ac, promoters, transcription fac-
tor binding sites and binding sites for the insulator protein
CTCEF) (40).

Importantly, whereas CENP-A nucleosome particles are
essentially homotypic (31,40) at the centromere, those at ec-
topic position were made up of both CENP-A/CENP-A
homotypic and CENP-A/H3.3 heterotypic particles. In ad-
dition, specific positioning of heterotypic particles was ob-
served at CTCF binding sites and active enhancers, which
are sites of high histones turnover normally enriched for
H3.3 and H2AZ (40). Given that H3.3 marks the pericentric
and (sub)telomeric heterochromatin (176,179,183-186) as
well as active promoters and gene regulatory regions (187-
189), and that H3.3 has been proposed to act as ‘place-
holder’ for the assembly of CENP-A at the centromere (97),
it remains to be learned whether the preferential deposition
of overexpressed CENP-A to these ectopic sites and the for-



mation of heterotypic particles reflect the interplay of dy-
namic H3.3 nucleosomes and DAXX.

CENP-A DEREGULATION AND CANCER

Overexpression and ectopic assembly of CENP-A are ob-
served in several cancers (7,13,14,16,173,190-194). Impor-
tantly, elevated CENP-A expression correlates with malig-
nant progression and poor patient outcome in several can-
cer types (13,16). Presence of CENP-A in homotypic or
heterotypic nucleosomes is expected to alter the pattern of
methylation and acetylation PTMs associated with H3 and
H3.3. Since hotspots for ectopic CENP-A deposition in-
clude accessible gene regulatory regions and transcription
factor binding sites (12,40), and given that CENP-A can in-
terfere with transcription in vitro (111), the issue arises as to
whether the presence of CENP-A at noncentromeric loca-
tions impacts tumorigenesis by affecting gene expression. In
this regard, it is notable that in HeLa cells artificially over-
expressing CENP-A, its ectopic localization did not dis-
rupt significantly the transcriptome (40). Whether ectopic
CENP-A, possibly in combination with the deregulation of
other chromatin/centromeric factors (12,13), affects the eti-
ology of some cancers via a direct impact on gene expression
remains unsolved.

Documented phenotypes of overexpressed CENP-A in
cancer cells include its accumulation within the 8q24/Myc
subtelomeric region long associated with genomic insta-
bility (12). Moreover, CENP-A deregulation has a crucial
impact on chromosomal instability (CIN), a predominant
hallmark of cancer characterized by chromosome misseg-
regation (leading to aneuploidy) and rearrangements re-
sulting from aberrant centromere and kinetochore function
(7,8,195-197). Filipescu et al. (181) found that both CENP-
A and HJURP were overexpressed in tumors carrying p53-
inactivating mutations, resulting in the stabilization of the
histone/chaperone complex and increased CENP-A depo-
sition to centromeres. Parenthetically, proper CENP-A de-
position could also be observed in HIURP-overexpressing
cells, whereas both centromeric and ectopic deposition were
seen in cells exogenously overexpressing CENP-A only,
further stressing the specific role of HIURP in mediating
centromere-specific deposition of CENP-A and the need
for proper dosage between CENP-A and its chaperone.
The authors also established, through the characterization
of a primary mouse embryonic fibroblast (MEF) model
that CENP-A and HJURP underwent further upregulation
upon combined loss of p53 and oncogenetic transforma-
tion, thereby enabling the maintenance of a hyperprolif-
erative state. Indeed CRISPR /cas9-mediated HIURP de-
pletion in these cells resulted in loss of proliferation, cen-
tromere dysfunction, increased aneuploidy and apoptotic
cell death. In contrast, p5S3-proficient cells were able to toler-
ate HIURP depletion and prevent chromosomal instability
by inducing cell cycle arrest. Finally, the authors showed
that the dependence of p53 null tumor cells on HIURP
for maintaining their hyperproliferative state could be ex-
ploited in a synthetic lethality strategy to induce tumor re-
gression. A model based on the findings of Filipescu et al.
(181) is presented in Figure 4A.
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Recent experiments by Shresta et al. (8) have highlighted
the contribution of mislocalized CENP-A to kinetochore
defects and the CIN phenotype observed in many cancers,
suggesting that ectopic distribution of CENP-A results in
the depletion of essential centromere and kinetochore com-
ponents, thereby weakening native kinetochores and lead-
ing to chromosomal instability. In their study, the mislocal-
ization of CENP-A resulted in reduced centromeric levels of
two key components involved in building the kinetochore-
microtubule interface: CENP-T and Nuf2 (a component of
the Ndc80 complex recruited by CENP-T) (76). Of note,
in neither case was the decreased presence observed at
the centromeres associated with a mislocalization to non-
centromeric regions. Unlike CENP-T and Nuf2, however,
CENP-A induction resulted in significant mislocalization
of endogenous CENP-C, consistent with previous reports
(9,40). This latter finding is in full agreement with the im-
plication of CENP-A nucleosomes in the specific recruit-
ment of CCAN members. Importantly, the CIN phenotype
of CENP-A overexpressing cells could be rescued by de-
pletion of DAXX, further stressing the importance of this
chaperone in ectopic CENP-A assembly and expression of
the CIN phenotype (8). A model depicting the impact of ec-
topic CENP-A on chromosome instability in cancer cells is
presented in Figure 4B.

Although chromosomal instability is a driving force in
tumorigenesis, excessive CIN (for instance, as seen upon
depletion of HIURP in the p53-null cancer model sys-
tem used by Filipescu ez al. (181)) can cause unsustain-
able genotoxicity and/or mitotic stress and be deleteri-
ous (7). In this context, and since DAXX depletion pre-
vents centromere/kinetochore dysregulation thus promot-
ing chromosomal stability (8), it is notable that the expres-
sion levels of DAXX itself are found upregulated in a num-
ber of cancers (198-202). It is possible that the upregula-
tion of DAXX is not sufficient to hinder the hyperprolifera-
tion phenotype of tumor cells. Alternatively, DAXX upreg-
ulation may correlate with alterations in safeguard mecha-
nisms such that the increased genetic instability is tolerated.
Finally, DAXX overexpression confers resistance to a vari-
ety of genotoxic agents (40) whereas its depletion sensitizes
cells to UV light-and actinomycin-D induced DNA damage
(203), suggesting that it may help cancer cells cope with the
increased burden of endogenous DNA damage generated
during DNA replication as a result of increased prolifera-
tion.

Finally, it is striking that partial loss of H3.3 in mouse
through inactivation of H3f3b results in defective cell di-
vision and chromosome segregation, associated with in-
creased pericentric heterochromatin and widespread ec-
topic CENP-A protein localization (204). Moreover, com-
plete loss of H3.3 function (through targeting of both
H3f3a and H3f3b) resulted in developmental retardation
and in embryonic lethality during development (205). Ex-
amination of H3.3 knockout/p53" MEF lines revealed
that loss of H3.3 caused increased mitotic abnormalities
including lagging chromosomes and anaphase bridges re-
sulting from dicentric chromosomes formed through telom-
eric fusions, with mitotic spreads displaying increased poly-
ploidy and aneuploidy (205). Interestingly, loss of H3.3
caused dysfunction of heterochromatin structures, includ-
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Figure 4. CENP-A deregulation and cancer. (A) Loss of p53 and oncogenic transformation lead to essential roles for CENP-A and its chaperone HIURP.
In the model proposed by Filipescu et al. (181), the observed upregulation of CENP-A and HIURP in p53-null cells undergoing during malignant trans-
formation allows cancer cells to sustain high proliferation rates by increasing the efficiency of CENP-A deposition and centromere propagation. Depletion
of HIURP in such a model results in the rapid loss of CENP-A from the centromeres which, in cells lacking the cell-cycle arrest functions of p53, results in
centromere dysfunction, chromosomal instability, aneuploidy and cell death. (B) Impact of CENP-A overexpression and ectopic localization on centromere
dynamics and chromosome instability in cancer cells. Under normal conditions (upper panel), kinetochores assemble and function normally, providing
sustained spindle microtubule attachment and enabling the orderly separation of sister chromatids. In CENP-A overexpressing cancer cells (lower panel),
Shrestha et al. (8) propose that ectopic CENP-A molecules may titrate out and/or induce the loss of factors essential for proper kinetochore assembly and
function at native centromeres, leading to chromosome segregation defects that are depicted here by aneuploidy and micronuclei formation.

ing at telomeres, pericentric regions and centromeres where
increased CENP-A binding and H3K4me2 levels were ob-
served (205). Recently, recurrent driving mutations affect-
ing H3.3 (K27M, G34R/V and K36M) and its chaper-
ones DAXX and ATRX have been reported in specific
types of gliomas, soft tissue tumors and pancreatic neuroen-
docrine tumors (206-209). In addition to directly modifying
residues at, or near, critical epigenetically regulated sites, it
has been proposed that H3.3 mutations could alter recog-
nition of H3.3 by chromatin remodeling enzymes or chap-
erones such as DAXX/ATRX, leading to aberrant mutant
H3.3 incorporation and impacting chromosomal stability
as observed upon H3.3 loss (210,211). It is also possible

that these mutations affect H3.3 turnover and induce con-
formational changes that disrupt normal chromatin archi-
tecture (210). In this regard, whether the mutations iden-
tified in H3.3 affect its proposed role as a placeholder for
CENP-A during cell division remains to be investigated.
Notably, H3F3A G34 mutations in pediatric glioblastoma
caused widespread changes in H3K9me3 and H3K36me3
by interfering with the KDM4 family of K9/K36 demethy-
lases (211) and were also associated with global DNA hy-
pomethylation, which was particularly prominent in telom-
eric regions (212). In addition, the mutations affecting
DAXX or ATRX in pancreatic neuroendocrine tumors and
pediatric GBM were found to correlate with the loss of their



protein expression and an abnormal mechanism of telom-
ere maintenance called Alternative Lengthening of Telom-
eres (ALT) (208,213,214), which is linked to chromosomal
instability (215). Since DAXX-mediated ectopic deposition
of CENP-A can occur at telomeres, future research will
need to determine whether such a mislocalization can im-
pact chromosomal stability through disruption of telomere
function.

CONCLUSIONS

The epigenetic engineering experiments described in this
review have had a major impact on our current knowl-
edge of the mechanisms that underlic CENP-A deposition.
They have identified the chromatin states and factors that
facilitate/inhibit this process, and underlined the impor-
tance of some of the histone modification marks and other
epigenetic features (such as transcription of the underly-
ing DNA and the importance of the flanking heterochro-
matin) that contribute to the centrochromatin signature. As
the tethering of chromatin and centromeric factors does not
always allow the capture of subtle or ephemeral chromatin
changes, future mechanistic insights will depend on con-
tinuous efforts to tackle the dynamics of centrochromatin
and define the time windows during which the various chro-
matin factors operate. It will also be illuminating to learn
the relative contribution of the diverse histone modifiers
that catalyse each histone tail modification and in partic-
ular address the role of modifications (such as H3K9me?2
and H3K27me2) that have hitherto been overlooked.

The elucidation of the distinct structure of CENP-A
nucleosomes has greatly improved our understanding of
CENP-A function. Likewise, the recent realization that
CENP-A/H3.3 heterotypic nucleosomes can be assembled
during the ectopic deposition of CENP-A in cancer cells
opens new horizons in the investigation of the molecular
mechanisms that govern ectopic CENP-A assembly and
the epigenetic and pathological consequences of CENP-A
mislocalization. Although common themes were found be-
tween the assembly of CENP-A at centromeres and its ec-
topic deposition, the available evidence, illustrated for in-
stance by the interplay between DAXX and CENP-A and
the presence of heterotypic nucleosome particles in cancer
cells, suggests that the impact of CENP-A accumulation at
non-centromeric sites also results from interactions that are
not seen at native centromeres. In this regard, the recent dis-
covery of recurrent driving mutations affecting H3.3 and
its chaperones in specific types of gliomas and soft tissue
tumors, and the realization that such mutations lead to a
reformatting of transcriptional programs which is associ-
ated with tumorigenesis (209), raise the issue of whether
CENP-A (and DAXX) deregulation and the ensuing mis-
localization of CENP-A might also drive tumorigenesis in
some cancer types by impacting the transcriptome. Finally,
although genetic instability in CENP-A overexpressing cells
results in part from a deregulation of the balance between
CENP-A and its bona fide chaperone or the mobilization
of essential centromere and kinetochore components away
from native centromere, the current evidence also indicates
that CENP-A overexpression confers resistance to DNA
damage. Possible scenarios exploiting these features to kill
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cancer cells include strategies targeting the factors that pro-
tect against the lethal effects of CIN to which CENP-A
overexpressing cells evolve an addiction, as well as strate-
gies targeting CENP-A to sensitize cancer cells to genotoxic
chemotherapeutics. In a nutshell, understanding the miss-
regulations and promiscuous interactions that distort the
native CENP-A biology carries important prospects in the
fight against cancer.
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