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ABSTRACT

Centromeres play a crucial role in DNA segrega-
tion by mediating the cohesion and separation of
sister chromatids during cell division. Centromere
dysfunction, breakage or compromised centromeric
integrity can generate aneuploidies and chromoso-
mal instability, which are cellular features associated
with cancer initiation and progression. Maintaining
centromere integrity is thus essential for genome sta-
bility. However, the centromere itself is prone to DNA
breaks, likely due to its intrinsically fragile nature.
Centromeres are complex genomic loci that are com-
posed of highly repetitive DNA sequences and sec-
ondary structures and require the recruitment and
homeostasis of a centromere-associated protein net-
work. The molecular mechanisms engaged to pre-
serve centromere inherent structure and respond to
centromeric damage are not fully understood and
remain a subject of ongoing research. In this arti-
cle, we provide a review of the currently known fac-
tors that contribute to centromeric dysfunction and
the molecular mechanisms that mitigate the impact
of centromere damage on genome stability. Finally,
we discuss the potential therapeutic strategies that
could arise from a deeper understanding of the mech-
anisms preserving centromere integrity.
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INTRODUCTION: CENTROMERE STRUCTURE AND
FUNCTION

The centromere is a specialized region of the chromo-
some at which the kinetochore assembles. It is essential for
faithful chromosomal segregation in both mitotic and mei-
otic cells (1,2). In humans, centromeric regions contain a
highly repetitive DNA sequence composed of 171-bp alpha-
satellite monomers that are arranged head-to-tail, forming
homogeneous higher order repeat (HOR) arrays that can
span several megabases of DNA (3) (Figure 1A). However,
DNA sequence is neither necessary nor sufficient for kine-
tochore assembly and chromosome segregation. Rather,
the centromere is defined by both genomic and epigenetic
mechanisms. A specialized centromeric histone termed
centromeric protein A (CENP-A) replaces the canonical
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Figure 1. Human centromere structure and kinetochore organization. (A) Human centromeres contain arrays of HORs made of ~171-bp alpha-satellite
repeat monomers that are primarily but not completely identical as illustrated by the different color boxes (light pink, brown, purple and gray) and arranged
in a head-to-tail manner. Some of these alpha satellites harbor a CENP-B protein binding motif called the CENP-B box (17-bp motif) (yellow box). Peri-
centromeric regions (dark green) that flank the centromere region (dark blue) are enriched in heterochromatin and contain alpha satellites in a less ordered
fashion. (B) The CCAN complex creates a linkage between the centromere and microtubules in the kinetochore. The CCAN comprises five subcomplexes
CENP-C, CENP-L/N, CENP-H/I/K/M/L/N, CENP-T/W/S/X and CENP-O/P/Q/R. CENP-B stabilizes the interaction between the chromatin and
the kinetochore, via a direct interaction with CENP-C. The CCAN functions as a platform to recruit the KMN network (mis12/NDC80/KNL1) that

directly connects the kinetochores. (C) Non-B-form DNA secondary structures formed at alpha satellites, such as cruciforms, Z-DNA hairpins or i-motifs.

CENP-B also mediates the formation of DNA secondary structures.




histone H3 and characterizes the centromere (1,2). In addi-
tion to CENP-A, the centromere is surrounded by the con-
stitutive centromere-associated network (CCAN), which is
a subcomplex of the kinetochore that localizes to the cen-
tromere throughout the cell cycle and functions as the base
linking the centromere to microtubules (Figure 1B). The
CENP-A containing centromere core is flanked by inactive
pericentromeric domains. Pericentromeric domains contain
repeats that are less ordered, which include smaller arrays of
diverged alpha-satellite monomers, transposable elements
and non-alpha-satellite repeat families (4,5). A fraction of
the alpha-satellite monomers contain a 17-bp motif termed
a CENP-B box that is recognized and bound by the cen-
tromere binding protein B (CENP-B), which is the only
known sequence-specific centromeric binding protein and is
present at all centromeres except that of the Y chromosome
(6). CENP-B is primarily known to stabilize the nucleator
of kinetochore assembly CENP-C at the centromere (6).
CENP-B can also shape centromere structure by promot-
ing larger DNA loop formation between repeats (7). Upon
CENP-B dimerization, two different CENP-B boxes are
brought together, leading to compaction of the centromere
(Figure 1C). CENP-B-mediated DNA looping and subse-
quent compaction promotes recruitment of CENP-C and
deposition of CENP-A (7). In addition, non-B-form DNA
structures form at centromeres, such as cruciforms, Z-DNA
hairpins or i-motifs (8-10). The function of these non-B-
form DNA structures at centromeres remains debated, yet
some speculate a direct role in specifying centromere iden-
tity. It is possible that they mediate the deposition of CENP-
A at the centromere. For instance, the CENP-A chaper-
one HJURP, which can recognize Holliday junctions, could
bind the four-way junctions of a cruciform (11-13). i-Motifs
have been identified to form in the CENP-B box and in al-
pha satellites (10,14). Although no studies have yet shed
light on their function, it is most likely that they play a role
in the structural organization of centromeres. These struc-
tures are therefore believed to be essential for the mainte-
nance of centromere structure and function.

CENTROMERES ARE SOURCES OF GENOME INSTA-
BILITY AND TUMORIGENESIS

Genome instability refers to a range of alterations spanning
from DNA base mutations and breaks to chromosome re-
arrangements and chromosome instability (CIN), which is
itself defined by the gain or loss of chromosomes during
each cell division (15). More than 95% of cancers display
genome instability and CIN, which results in aneuploidy
or polyploidy (16,17). Mathematical models indicate that
CIN can initiate tumorigenesis prior to tumor suppressor
gene inactivation (18), underlying the importance of under-
standing the mechanisms leading to CIN. Years of research
have led to the conclusion that defects in centromere as-
sembly or maintenance are a cause of the numerical aberra-
tions observed in cancer cells (1,19,20). Indeed, these stud-
ies have identified centromeres as the location of breaks
in multiple cancer types as evidenced by high percent-
ages of whole-chromosome arm gain, loss or translocation
(colorectal, oral and squamous cell carcinomas) (1,19,20).
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These studies demonstrate that centromeric breakage can
directly contribute to CIN and further exacerbate cellular
transformation.

Although the impact of centromere dysfunctions on
genome stability and tumorigenesis is now well established,
the molecular mechanisms driving them are not fully uncov-
ered and remain a topic of investigation. Such studies will
reveal important insights into the roles of these genomic loci
in cancer progression. Here, we review the current knowl-
edge related to the inherent factors contributing to cen-
tromeric dysfunction and the molecular mechanisms miti-
gating its impact on genome stability. Lastly, we discuss how
centromere dysfunction and protection mechanisms can be
leveraged for the development of promising anticancer ther-
apeutic strategies.

Secondary DNA structures at the centromere

Secondary structures are sources of centromere fragility
during replication. Centromeres are intrinsically fragile,
which means that they are prone to breakage especially
during replication. Centromere breakage can directly pro-
mote chromosomal rearrangements, lagging chromosomes,
chromosomal bridges, aneuploidy, formation of micronu-
clei and chromothripsis, all hallmarks of cancer cells (21—
27). This fragility is proposed to be due to their highly
repetitive sequences and the presence of secondary DNA
structures and loops that can make their replication chal-
lenging. However, the contribution of these structures to
centromere fragility is not fully understood. Given that
they promote DNA compaction and centromeric epigenetic
identity (7,11,13), it is most likely that they are crucial to
ensure proper cell division but need to be resolved dur-
ing the replication process. Indeed, preventing DNA loop-
ing through CENP-B depletion triggers DNA deconden-
sation and chromosome breakage during mitosis, as evi-
denced by yH2Ax and 53BP1 recruitment (7). Thus, dur-
ing mitosis, centromeric loops seem to favor genome sta-
bility (Figure 1B). Yet, studies performed in Xenopus laevis
egg extracts using bacterial artificial chromosomes (BACs)
containing human alpha-satellite DNA showed that the sec-
ondary structures can slow down replication when com-
pared to BACs harboring repeat-free DNA with similar
GC base content (28). Slowing of replication machinery
can contribute to fork stalling and collapse and result in
replication stress-mediated double-strand break (DSB) for-
mation, thus highlighting the need for the recruitment of
specialized enzymes involved in the resolution of these
structures.

Mechanisms preventing replication-associated centromere
fragility. Centromeres appear to surround themselves
with several DNA repair factors during replication (28). For
instance, proteomic analysis of centromeric chromatin re-
vealed the presence of the mismatch repair factors MSH2-
6, which could promote the resolution of hairpins and
other secondary structures potentially formed behind the
fork on single-stranded DNA (ssDNA). Another study also
found the presence of the nuclease and helicase DNA?2. Be-
cause loss of DNA2 was found to activate ATR, it was
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hypothesized to resolve secondary structures ahead of the
fork, preventing RPA recruitment and subsequent ATR
response signaling (Figure 2A) (28,29). Interestingly, trig-
gering replication stress using the replication inhibitor
aphidicolin does not elicit RPA loading and subsequent
TopBP1/ATR signaling activation, contrary to what is ob-
served in other regions of the genome (28,29). This unex-
pected response is attributed to higher order structures em-
bodied by large double-stranded DNA loops formed during
replication. These loops are promoted by topoisomerase-
mediated positive supercoiling and stabilized by the con-
densin complex subunits SMC2-4 (28) (Figure 2A). Be-
cause treatment with the topoisomerase inhibitor topotecan
restores RPA loading, one role of centromere loop forma-
tion may be to prevent activation of ATR signaling behind
the replication fork (28,29), thereby facilitating the replica-
tion process (Figure 2A). Additional studies will be neces-
sary to further uncover the precise timing and dynamics in-
volved in the formation and resolution of centromeric DNA
loops, but their formation upon centromeric DNA repli-
cation may be an initial step for the chromatin condensa-
tion that occurs during the early stages of mitosis. Because
these DNA loops are also mediated by CENP-B and are in-
volved in CENP-A deposition (7), their function expands
beyond the G2/M phases of the cell cycle, suggesting that
they are a stable component of centromere organization.
Thus, it implies that their resolution prior to replication is
necessary to not impede DNA synthesis. A rapid response
could be ensured by the ADP-ribose transferase PARPI,
which is also enriched at centromeres (28,30). PARPI1 is
a DNA binding protein whose poly(ADP-ribosyl)ation
(PARylation) activity is triggered upon the recognition of
DNA breaks, stalled replication forks and also several non-
canonical DNA structures, including hairpins (31,32). At
centromeres, PARP1 activity may be directly elicited by sec-
ondary structures and DNA loops as well as by the stalled
replication forks. Intriguingly, PARP1 interacts with and
PARylates both CENP-A and CENP-B (33,34). During
single-strand break (SSB) repair, PARylation of histones al-
lows for their local release and subsequent chromatin relax-
ation (35). Similarly, the negatively charged PAR could af-
fect the binding of the centromeric proteins to promote a
local unlooping of centromeric DNA. A study on the repli-
cation of alpha-satellite DNA has revealed that depletion
of CENP-B triggers an enrichment of proteins of the pre-
replication complex (36). Because slowdown of replication
forks by exogenous or endogenous impediments elicits the
activation of dormant replication origins, one can specu-
late that removal of CENP-B from the chromatin may en-
sure the completion of replication in a timely manner. Fi-
nally, MSH2-6 and DNA2 are known PAR binders (37,38).
These interactions could therefore orchestrate their recruit-
ment at centromeres. The enrichment of proteins impli-
cated in DNA repair and replication stress pathways dur-
ing centromeric replication highlights the fragility of these
genomic loci. It also demonstrates the extent of the mech-
anisms that have evolved to mediate this fragility. Gain-
ing a deeper appreciation of the challenges caused by in-
herent centromere structure and their resolutions will cer-
tainly advance our understanding of CIN-mediated genome
instability.

Centromeric R-loops

Beneficial and harmful roles of centromeric R-loops. R-
loops are nucleic acid structures consisting of a DNA-RNA
hybrid and a displaced ssDNA. Centromeric repeats are ac-
tively transcribed by RNA polymerase II into non-coding
cenRNAs that are part of the centromeric chromatin and
participate in kinetochore assembly (39-42). Several studies
have shown that cenR NAs associate with centromeric DNA
in cis and form R-loops at centromeres of yeast, worms and
synchronized or unsynchronized mammalian cells (43-46).
A recent study also highlights a role for a non-centromeric
long non-coding RNA (InRNA) containing the oncogene
c-Myc in forming R-loops and promoting CENP-A recruit-
ment at an ectopic locus in colon cancer (47). These stud-
ies imply that R-loops, centromeric or not, may have an
active role in centromere specification. Like in the rest of
the genome, centromeric R-loops have beneficial roles in the
maintenance of centromere functions but can also be detri-
mental depending on the phase of the cell cycle. Their accu-
mulation impairs kinetochore bi-orientation and CENP-A
localization, as well as increases chromosomal breaks and
micronuclei formation, likely by acting as physical barriers
to the progression of replication forks (45,46). Indeed, dur-
ing replication, R-loop persistence triggers the formation of
DSBs, followed by recombination and translocation events
at centromeres (48). On the other hand, during early mito-
sis, R-loops promote the recruitment of the kinase Aurora B
and the chromosome passenger complex (43,49). Aurora B
orchestrates major steps of mitosis such as spindle assem-
bly checkpoint, sister chromatid cohesion and attachment
of microtubules to the kinetochores. Aurora B activation
is dependent on the stabilization of R-loops by the ATR
kinase and its downstream effector Chkl1 (43). These mi-
totic R-loops accumulate during prophase but need to be
resolved during mitotic progression (49). Collectively, per-
turbation of R-loop homeostasis causes defects in cohesion,
kinetochore integrity and overall mitotic fidelity (43,49).

Mechanisms of resolution. Cells have developed several
strategies to prevent or resolve R-loops, including factors
involved in RINA biogenesis and stability and DNA-RNA
helicases as well as RNase H that digests the RNA strand
of the RNA-DNA hybrid (50). Studies addressing the func-
tionality of known factors involved in R-loop metabolism
within centromeric chromatin specifically are still in their
initial stages. A recent study highlighted a role for the DSB
repair protein BRCAI1, which was previously described
to process R-loops at transcription pausing sites (51,52).
BRCAT1 recruitment at centromeres of undamaged cells in
interphase is indeed R-loop-dependent and protects cen-
tromeres from R-loop-induced DSBs, possibly by mediat-
ing the recruitment of the RNA-DNA helicase senataxin
(Figure 2B). Importantly, the absence of BRCA1 unleashes
Rad52-dependent recombination between satellite repeats
leading to subsequent chromosome missegregation and mi-
cronuclei formation (46). The NER endonucleases XPG
and XPF also promote the removal of centromeric R-loops
(Figure 2B). However, their activity causes the formation
of DSBs, which are at the origin of centromere-related
aberrations in patients with immunodeficiency—centromeric
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Figure 2. Structural challenges and their resolution. (A) Alpha-satellite DNA loops are predicted to be stabilized by CENP-B binding and promote
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SMC2-4. The helicase DNA2 may resolve secondary structures ahead of the fork and prevent RPA recruitment and ATR response signaling, while the
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well as the splicing factor SRSF1 (ASF/SF2), prevent R-loop formation and ensure genome stability. CENP-A is suggested to mediate the recruitment
of R-loop resolution factors. (C) While centromeric DSBs can recruit both homologous recombination (HR) and non-homologous end joining (NHEJ)
repair factors throughout the cell cycle, DSBs at pericentric heterochromatin recruit HR factors only during S/G2. Failure to repair centromeric DSBs
can directly promote chromosomal rearrangements, lagging chromosomes, chromosomal bridges, aneuploidy, micronuclei formation and chromothripsis,

all hallmarks of cancer cells.
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region instability—facial anomalies (ICF) syndrome (53).
Another study showed that the deletion of Hprl in bud-
ding yeast, a component of the RNA biogenesis and pro-
cessing factor THO/TREX complex, leads to an accumu-
lation of centromeric R-loops that can be resolved by exoge-
nous expression of RNase H1 (45). Finally, the centromeric
protein interactome includes several DEAD-box RNA he-
licases, some of them shown to unwind RNA-DNA hy-
brids (DDXS5, DDX1), as well as the splicing factor SRSF1
(ASF/SF2) whose recruitment on nascent RNA transcripts
prevents R-loop formation and ensures genome stability
(28,54).

Outstanding questions. These studies suggest that cen-
tromeric R-loops are most likely processed through canon-
ical pathways. Nonetheless, it cannot be excluded that the
unique chromatin environment of centromeres necessitates
the recruitment of specific factors. Outstanding questions
also remain regarding the relationship of these factors with
centromeric proteins and the dynamics of these protein in-
teractions during the different phases of the cell cycle. For
instance, because the removal of CENP-A during S phase
is followed by an accumulation of R-loops in late S phase,
CENP-A is suggested to mediate the recruitment of R-
loop resolution factors during DNA synthesis to prevent
genomic instability during mitosis (48). Future studies an-
alyzing the CENP-A protein interactome during S phase
may enable confirmation of this hypothesis. Moreover, we
have recently obtained evidence that the DNA repair en-
zyme PARP1 can associate with R-loops in vitro and in cells
and that this binding triggers its PARylation activity. Ad-
ditionally, PARP1 activity promotes the association of the
RNA-DNA helicase DDX18 with R-loops (55). Because
PARPI is enriched at centromeres during DNA synthesis
(2), it is possible that it also orchestrates R-loop resolution
at centromeres during S phase by ensuring the recruitment
of resolution factors.

R-loops have recently emerged as important genome
stability regulators. The duality of their function at cen-
tromeres underscores the importance of the tight regulation
of their formation and resolution. This invites questions re-
garding the existence of mechanisms that readily prevent
R-loop accumulation during DNA synthesis while allowing
their formation during early mitosis and under conditions
of DNA damage induction. Uncovering these mechanisms
may offer exciting new research directions in the field.

DNA damage induction and repair at centromeres

Sources of DNA damage and their impact on centromeric
DNA. Sources of DNA damage are pervasive and include
endogenously and exogenously produced reactive oxygen
species, UV and ionizing radiations, or various chemicals.
These give rise to DNA base lesions, SSBs and DSBs, the
latter being the most deleterious form of DNA damage as
their unfaithful repair can lead to chromosomal fusions,
translocations or deletions. There is a large gap of knowl-
edge regarding the impact of DNA damaging agents on
centromeres. Moreover, the common use of irradiations or
oxidizing and alkylating chemicals that broadly impact the
genome prevents the attribution of cellular and molecular

responses to centromeric DNA damage specifically. This
is particularly relevant if the centromeric chromatin en-
vironment offers protection to the centromeric DNA. In-
deed, centromeres are composed of heterochromatin and
this compaction could help protect the DNA from dam-
age. Remarkably, telomeres, which are also composed of
compact chromatin (56,57), exhibit 2-fold fewer UV photo-
products than the rest of the genome, which was attributed
to a shielding of the DNA by telomeric DNA binding
proteins (58). Centromeric proteins could therefore play a
similar role in protecting DNA, but whether centromeric
DNA is less vulnerable to genotoxic insults has not yet been
investigated.

Spontaneous DNA breaks. Spontaneous DNA breaks
within the centromere have been mainly attributed to ac-
tive DNA replication. However, a new study has recently
highlighted that they can also be induced de novo dur-
ing quiescence (59). These breaks were initiated by topoi-
somerase IIB activity and resolved by RADS51 recom-
binase. This study provides insights into the centromere
paradox that stems from the observation that centromere
DNA sequences evolve rapidly and are prone to recombi-
nation but can maintain their primary functionality. More-
over, because DSB enrichment was associated with CENP-
A occupancy, it also brings evidence that innate cen-
tromere fragility may be involved in the epigenetic cen-
tromere identity. Therefore, despite the risks of inducing
CIN, centromere fragility seems to have beneficial roles at
centromeres.

Mechanisms of centromeric DNA DSB repair in the con-
text of chromatin.  Although centromeres are intrinsically
fragile and represent hotspots for chromosomal breaks, the
molecular mechanisms engaged to repair DSBs are not
yet fully understood. Like its impact on damage occur-
rence, the specific centromeric chromatin environment can
influence the repair mechanisms. Indeed, while chromatin
compaction can help protect DNA from extensive damage,
when damage does occur, it could limit the access of repair
proteins to the lesion. For example, the repair kinetics of
heterochromatin DSBs is slower than that of euchromatin
DSBs (60). Although the impact of PARP activities on cen-
tromeric proteins and repair rates remains to be tested, one
can speculate that the PARylation of CENP-A, CENP-B
and BUB3 by PARP1 and PARP2 reported upon induction
of DNA strand breaks by +y-irradiation could possibly be
one way to promote their release from DNA and subse-
quent local chromatin relaxation as well as to the recruit-
ment of DNA repair factors (33,34).

Recently, using CRISPR /Cas9 and guide RNA target-
ing the minor satellite repeats, the Soutoglou laboratory has
overcome the issues that arise when using broad DNA dam-
aging agents and shed some light on the centromeric DSB
repair mechanisms in the context of chromatin. With this
precision tool, they highlighted differences in the mode of
repair between DSBs arising within the centromeric and
the pericentric heterochromatin. While centromeric DSBs
can recruit both HR and NHEJ repair factors through-
out the cell cycle and even in G1 phase, DSBs at pericen-
tric heterochromatin recruit HR factors only during S/G2



phases (61) (Figure 2C). Additionally, the presence of the
active chromatin marks H3K4me?2 at centromeres promotes
transcription upon DSB induction and the formation of R-
loops, which facilitates DNA end resection (62). Strikingly,
the centromere histone variant CENP-A enables the activa-
tion of HR in G1 by mediating the recruitment of the deu-
biquitinase USP11, which subsequently enables the forma-
tion of the RAD51-BRCA1-BRCA2 HR complex by deu-
biquitinating PALB2 (62) (Figure 2C). Interestingly, while
NHE]J repair during G1 is positionally stable, repair by HR
requires end resection and DSB relocation to the periph-
ery of heterochromatin where RADS1 can operate. Failure
to relocate engages repair of the breaks through RADS52-
dependent single-strand annealing, which uses homologous
repeats to bridge DSB ends but causes deletions and rear-
rangements between the repeats (61,62). Along with the ob-
servation by the Esashi group that RADS51 depletion leads
to aloss of CENP-A in both quiescent and cycling cells (59),
this work demonstrates that recombination events can be
beneficial for centromere stability. It also brings evidence
that centromeric heterochromatin is not refractory to repair
when it comes to DSB induction. Finally, it highlights that
the chromatin environment, which differs between pericen-
tromeres and centromeres, can dictate the repair pathway
choice. Whether these observations can be made for other
types of DNA damage remains to be tested. Future research
efforts on the use and development of tools that can target
DNA damage to the centromeres specifically will prove cru-
cial to answering these outstanding questions.

Centromeres are promising therapeutic targets against tu-
morigenesis

Current anticancer drugs targeting centromere function are
mostly antimitotic compounds that destabilize or stabilize
microtubules to prevent cell proliferation and promote cell
death. However, these drugs are also associated with cyto-
toxicity of non-cancer cells and a possibility for multiple re-
sistance mechanisms to arise (63), further underscoring the
need for new strategies. The recent knowledge acquired on
the roles of R-loops and centromeric and DNA repair pro-
teins in preserving centromeric DNA structure, as well as
the impact of the centromeric chromatin environment on
DNA repair pathway choice, offers potentially promising
pathways to target.

Targeting centromeric R-loops. A growing interest in R-
loops as targets in cancer therapy has recently emerged,
owing to several studies demonstrating their dual role in
genome stability. Dysregulated transcription programs in
cancer cells have indeed been correlated to an increase in
R-loops and subsequent replication stress. Whether cen-
tromeric R-loops are particularly more abundant in some
cancer cells remains to be established. However, the role of
centromeric R-loops in ensuring proper mitotic division is a
unique aspect of R-loop biology that could be exploited in
cancer therapy to counteract cell proliferation. While strate-
gies that directly perturb R-loop formation and/or resolu-
tion may be useful to increase the replication stress bur-
den to deadly levels in cancer cells, targeting centromeric
R-loops specifically could therefore confer an additional
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advantage. Existing drugs such as inhibitors targeting the
de novo DNA methyltransferase 3b (DNMT3b), which was
shown to protect centromeres against the deleterious ef-
fects of R-loops (53), could be exploited in this context.
DNMT3b is a DNA methyltransferase that is constitutively
present at centromeres to modulate methylation in this re-
gion (64). DNMT3Db loss-of-function mutation is specifi-
cally found in patients suffering from the ICF syndrome,
whose cells harbor a high level of centromeric R-loops
and DNA breaks. Accordingly, DNMT3b deletion in hu-
man carcinoma cells HCT116 leads to reduced level of cen-
tromeric R-loop and subsequent DSBs at pericentromeric
regions (53). Because DNMT3b is also the most commonly
overexpressed DNA methyltransferase in cancer cells, its in-
hibition may primarily affect diseased cells and is therefore
a promising therapeutic avenue to investigate. Alternatively,
slowing down cancer cell proliferation by blocking cen-
tromeric R-loop formation during mitosis could be another
interesting approach to examine. This could be achieved by
preventing cenRNA stabilization by inhibiting ATR or by
using antisense oligonucleotides (ASOs) that have already
been successfully used to target InNRNAs in some human
diseases (65). Finally, the recent data describing a role for
a non-centromeric InRNA in promoting CENP-A deposi-
tion at an ectopic locus in cancer cells further highlight the
importance of focusing on the development of sequence-
specific ASOs or small-molecule inhibitors disrupting this
interaction (47).

Targeting centromeric proteins. Targeting centromeric
proteins is also a promising avenue from which novel
treatments may emerge. In 2016, a group developed the
centromere and kinetochore gene expression score (CES)
and demonstrated that high CES often correlates with
increased levels of genomic instability and poor prognosis
for several types of cancers (66). CENP-A, in particular,
is overexpressed in ~20 different cancer types in which
ectopic deposition is increased and contributes to CIN (67).
Additionally, both HHJURP and CENP-A are upregulated
in p53-null human tumors (68). Thus, elevated centromeric
protein expression is proposed to be a biomarker for
disease progression and patient outcome. Targeting levels
of highly expressed centromeric proteins could therefore
be a tactic that could confer a therapeutic advantage.
Interestingly, high CES also correlates with improved
response to radiotherapy, cisplatin and topoisomerase
inhibitors, due to reduced tolerance of these high CES cells
to additional genotoxic stress (66). Thus, determining the
centromeric protein expression profile in patients could
help in deciding whether traditional treatments should
be encouraged to improve personalized treatments. The
manipulation of centromeric proteins, especially those
involved in shaping the centromeric chromatin structures,
could also offer a way to modulate the sensitivity of DNA
to DNA damaging agents. Chromatin remodeling influ-
ences various cell functions and, when dysfunctional, can
promote tumorigenesis. Whether centromeric chromatin
undergoes drastic remodeling in cancer is not reported. Yet,
recent observation on the importance of chromatin state
in the choice of DNA repair pathway offers the possibility
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of exploring the impact of chromatin remodeling-related
drugs in combination with DNA damaging agents.

CONCLUDING REMARKS

The molecular mechanisms of centromeric instability rep-
resent a relatively recent area of research that has gained
momentum in the past decade. The dual nature of cen-
tromeres as essential mediators of cell division but also frag-
ile regions prone to breaks and fork stalling is an intrigu-
ing dichotomy that highlights the importance of protective
mechanisms at the centromere. Because centromeres are vi-
tal for faithful transmission of the genome, compromised
centromeric integrity can be especially deleterious as evi-
denced by the prevalence of cancers presenting with ane-
uploidies that originate from breaks at centromeric regions.
Thus, understanding and further characterizing the molec-
ular mechanisms of genomic instability at centromere loci
is imperative to informing and identifying novel therapeu-
tic approaches that can curb cancer occurrence and improve
disease outcome.
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