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Abstract

Each chromosome contains a centromere, the site at which the kinetochore assembles to ensure accurate chromosome segregation during
cell division. Centromeric chromatin, which anchors the kinetochore, includes three core proteins: Centromere Protein A (CENP-A),
CENP-B, and CENP-C. Among these, CENP-B is unique for its sequence-specific DNA binding to a 17-base pair element known as
the CENP-B box within the alpha-satellite DNA. CENP-B contains an N-terminal DNA-binding domain and a C-terminal dimerization
domain that together enable juxtaposition of distant CENP-B boxes and promote higher-order centromeric structure. CENP-B also inter-
acts directly with CENP-A and CENP-C, thereby facilitating kinetochore assembly. The CENP-B box includes two CpG dinucleotides
that, when methylated, reduce CENP-B binding and limit recruitment of CENP-A and CENP-C. The recently completed human genome
assembly (T2T-CHM13) revealed centromeric regions with low CpG methylation, termed centromere dip regions, that coincide with
active, unmethylated CENP-B boxes. The uniform density of these unmethylated sites across chromosomes contributes to balanced
kinetochore—spindle attachment. The CENP-B gene shows no pathogenic alterations in the American Association for Cancer Research
(AACR) GENIE cancer cohort (211,526 patients), underscoring its conserved role in chromosome stability.
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1. Introduction

Centromeres are chromosomal regions that define
where kinetochores assemble to mediate chromosome
movement during cell division. They are characterized
by arrays of 171-bp alpha-satellite DNA repeats and a
specialized chromatin structure enriched in the histone
H3 variant Centromere Protein A (CENP-A) [1-7]. The
centromeric chromatin forms the foundation of the kine-
tochore and includes three essential proteins—CENP-A,
CENP-B, and CENP-C—that together recruit additional
centromere-associated complexes (CENP-HIKM, CENP-
LN, CENP-OPQUR, and CENP-TWSX) to form the consti-
tutive centromere-associated network (CCAN) [8—11]. The
CCAN then anchors the outer kinetochore KMN network
(KNL1C, MIS12C, and NDC80C), which connects to spin-
dle microtubules to drive chromosome segregation.

Despite decades of study, the repetitive nature of
alpha-satellite DNA hindered precise mapping of cen-
tromeres until recently. This limitation obscured under-
standing of how CENP-A, CENP-B, and CENP-C coor-
dinate to ensure faithful segregation. With advances such
as the T2T-CHM 13 genome assembly, these questions can
now be addressed in detail. This review summarizes current
insights into the roles of CENP-A, CENP-B, and CENP-C
in centromere organization and kinetochore function, with
particular emphasis on CENP-B.

2. CENP-B Gene and Protein

The CENP-B gene, located on chromosome 20p13,
encodes a 65.2-kDa protein of 599 amino acids [12] (Ta-
ble 1). CENP-B is distinctive among centromeric proteins
as it binds DNA directly in a sequence-specific manner. Its
N-terminal helix-loop-helix motif (amino acids 1-125) me-
diates DNA binding, while its C-terminal dimerization do-
main (amino acids 540-599) enables protein dimerization
[13,14] (Fig. 1). The protein recognizes a 17-bp sequence,
the CENP-B box (YITCGTTGGAARCGGGA) (Y = Cyto-
sine / Thymine; R = Guanine / Adenine) within centromeric
alpha-satellite DNA [15,16]. The presence of the under-
lined nine-nucleotide core recognition motif is critical for
binding. Through dimerization, CENP-B can juxtapose two
distant CENP-B boxes, facilitating the formation of higher-
order chromatin structures and compact centromeric orga-
nization via DNA looping and protein-protein interactions
[13,17] (Fig. 2, Ref. [18]). This intrinsic ability to bridge
distant DNA sites positions CENP-B as a key architectural
factor that prepares centromeric chromatin for subsequent
epigenetic and structural regulation.

2.1 Affinity Binding of CENP-B Protein With CENP-B
DNA Box

Kinetic analyses determined a dissociation constant
(Kd) of 6.3 x 10~8 M for the CENP-B/CENP-B box inter-
action, placing it at the lower end of known protein-DNA
binding affinities (10~8-10~'1 M) [19-23] Table 2. This
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Table 1. Overview of CENP-A, CENP-B and CENP-C genes and proteins.

Gene Chromosome locus  Size (Amino Acids)  Molecular mass (kDalton)
CENP-A 2p23.3 140 16.0
CENP-B 20p13 599 65.2
CENP-C 4q13.2 943 106.8

CENP, Centromere Protein.
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Fig. 1. Domain organization of CENP-A, CENP-B, and CENP-C and sequence features of the CENP-B box. Schematic representa-
tions illustrate the relative positions of functional domains within centromere proteins. CENP-A contains an N-terminal domain (residues
1-40). CENP-C is shown with its annotated domain spanning residues 404—470. CENP-B includes an N-terminal DNA-binding domain
(dark grey, residues 1-125) and a C-terminal dimerization domain (light grey, residues 540-599). The consensus CENP-B box sequence
(5-YTTCGTTGGAARCGGGA-3') is shown below, highlighting the two Cytosine Guanine (CG) dinucleotides (red) that can undergo

cytosine methylation (Me), which can influence CENP-B binding.

moderate yet specific affinity is consistent with CENP-B’s
role in dynamically shaping centromeric chromatin while
remaining sensitive to regulatory cues such as DNA methy-
lation.

2.2 Crystal Structure of CENP-B

CENP-B forms homodimers that bind two CENP-B
boxes, producing a tetrameric complex [17]. The crystal
structure of the N-terminal DNA-binding region (residues
1-129) in complex with the CENP-B box DNA was re-
solved at 2.5 A [24]. The domain comprises two helix-
turn-helix motifs bound to adjacent major DNA grooves.
The DNA adopts a ‘kink-straight-kink’ conformation, with
a total bend of 59°, largely due to phosphate bridging by

an arginine-rich helix. This unique geometry likely con-
tributes to centromere-specific chromatin architecture.

CpG methylation within the CENP-B box can inter-
fere with binding. Modeling of the CENP-B (1-129)—
methylated DNA complex showed that methyl groups on
cytosines cause steric clashes with CENP-B residues Thr44
and Argl25 [25]. The short alpha-helix (residues 120-129)
includes four arginines (Argl25, 127, 128, 129) that pen-
etrate the DNA major groove. Argl25 specifically forms
a hydrogen bond with guanine 16, recognizing the second
CpG dinucleotide, while the other arginines bind phosphate
backbones. CpG methylation disrupts this precise interac-
tion, reducing binding specificity.
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Fig. 2. Schematic model of human kinetochore with cornerstone of CENP-B protein and anchor of unmethylated CENP-B boxes
in centromeric dip region (CDR). CENP-B dimer binds to two CENP-B boxes (red hexagons) within a-satellite DNA and interacts
with CENP-A and CENP-C to assemble the multi-component inner kinetochore. The inner kinetochore (purple boxes) consisting of
CCAN (constitutive centromere-associated network, including CENP-H, -1, -K, -M, -L, -N, -O, -P, -Q, -R and -U) and CENP-TWSX
bridges the centromeric chromatin to the outer kinetochore. The outer kinetochore (blue box), consisting of the KMN network (KNL1C,
MIS12C and NDC80C) forms the major microtubule-binding interface. Together, these components establish the structural linkage

between centromeric DNA and spindle microtubules. Figure reprinted with permission from “Parl (2024) [18]”.

Table 2. Binding affinity of CENP-B with CENP-B box and other protein-DNA modules.

Protein DNA Kd (M) Reference
CENP-B CENP-B box 6.3x10°8 [19]
MSH2/MSH3 50-mer Oligonucleotide Duplex 7.7 %1078 [20]
c-Myb Myb Binding Site 3.8x10°° [21]
ER alpha Estrogen Response Element (ERE) 2.4 x 10710 [22]
p53 p53 Consensus Binding Site 3.1x 10711 [23]

The dimerization domain (residues 540-599), solved
at 1.65 A, consists of two antiparallel alpha-helices forming
a symmetric four-helix bundle with extensive hydrophobic
contacts [13]. The monomeric domain is unstable in solu-
tion, as its hydrophobic surface (~34% of total area) would
be solvent-exposed. The N-terminal loops of the dimer
project outward, ideally positioned to engage two sepa-
rate CENP-B boxes through the DNA-binding domains.
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This structural configuration supports its role in linking dis-
tant centromeric DNA sites and promoting chromatin com-
paction. Together, these structural insights provide a mech-
anistic basis for how CENP-B integrates DNA sequence
recognition with higher-order centromeric architecture.
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2.3 Epigenetic Modification of CENP-B Box

A short inverted repeat (TTGGAA) within the CENP-
B box contains CpG dinucleotides at both ends, which can
be methylated (Fig. 1). This methylation significantly re-
duces CENP-B’s binding affinity to its box—almost to the
level of nonspecific DNA interaction—since CENP-B pref-
erentially binds to unmethylated DNA [25]. Thus, CpG
methylation establishes an epigenetic switch that modu-
lates whether CENP-B can contribute to chromatin orga-
nization, linking sequence-specific binding to broader reg-
ulatory programs.

2.4 Epigenetic Maps of Human Centromeres and
Centromere Dip Region (CDR)

Human centromeres consist of 1500—30,000 copies of
imperfectly repeated alpha-satellite DNA sequences [26].
Until 2022, their repetitive nature hindered complete se-
quencing. The Telomere-to-Telomere (T2T) Consortium
resolved this by mapping all human centromeres, includ-
ing their epigenetic features, in the T2T-CHM13 reference
genome [27,28].

Using these data, the locations of CENP-B boxes
were identified as kinetochore anchor points [18]. No-
tably, each centromere contains a single hypomethylated re-
gion called the centromeric dip region (CDR), which colo-
calizes with CENP-A and CENP-B enrichment [27,28].
Most CENP-B boxes are methylated except those within
the CDR, where CENP-B dimers bind to adjacent unmethy-
lated boxes. These unmethylated regions likely play a cru-
cial role in kinetochore assembly. This epigenomic orga-
nization provides a functional transition from CENP-B’s
molecular properties to its chromosome-level role in defin-
ing the kinetochore-competent domain.

2.5 Epigenetic Mechanisms in Human Centromeres

Two key epigenetic processes define human cen-
tromeres: histone modification and DNA methylation [1,
18,25,29]. The former involves replacement of canonical
histone H3 with CENP-A, which establishes the founda-
tion for centromere-specific chromatin, while the latter reg-
ulates CENP-B binding through methylation status of the
CENP-B box. Hypomethylation within the CDR enhances
CENP-B binding and supports kinetochore formation, illus-
trating how DNA sequence and epigenetic state cooperate
to define centromere identity (Fig. 3A-D). Together, these
mechanisms create a chromatin environment that enables
subsequent recruitment of key kinetochore proteins.

2.6 Interaction of CENP-B With CENP-A and CENP-C

CENP-A, CENP-B, and CENP-C play central roles in
chromosome segregation. Binding of CENP-B dimers to
adjacent unmethylated CENP-B boxes in centromeric DNA
initiates kinetochore assembly. These boxes act as anchors,
positioning CENP-B as a cornerstone of the kinetochore
by directly linking CENP-A and CENP-C [26] (Figs. 1,2).

This anchoring function provides a mechanistic bridge be-
tween the epigenetic landscape described above and the
structural organization of the kinetochore. The interac-
tion between CENP-B and CENP-A occurs through their
N-terminal tails, while CENP-B binds to CENP-C via re-
gions homologous to the human CENP-C central domain
and CENP-C motif [26,30]. These coordinated interactions
ensure that epigenetically defined centromeric chromatin is
translated into a stable and functional kinetochore complex.

2.7 Kinetochore-Spindle Interface and Mechanical
Uniformity

The kinetochore is a large protein complex connect-
ing centromeric DNA to spindle microtubules during mito-
sis and meiosis, ensuring proper genome segregation [29].
Its primary function is to form stable, load-bearing attach-
ments between sister chromatids and spindle fibers, trans-
mitting the pulling forces generated by depolymerizing mi-
crotubules to separate chromatids toward opposite centro-
somes during anaphase [29,31,32].

Classical micromanipulation experiments using cali-
brated glass needles measured the maximum force exerted
by the spindle on a single chromosome at 7 x 10~ dynes
[33]. The stability of kinetochore—microtubule connections
depends on tension: correct attachments generate defined
tension, while incorrect ones lack it. The spindle assembly
checkpoint monitors kinetochore stretching, ensuring only
tension-bearing connections persist [34—36].

Across all human chromosomes, centromeres span
about 407 Mb, with kinetochores comprising 5.0 Mb (1.2%)
[27,28,37]. Although there is no correlation between cen-
tromere and kinetochore size (p = 0.77), the number and
density of unmethylated CENP-B boxes—anchoring kine-
tochores to centromeric DNA—are crucial for uniform
spindle mechanics. While box numbers vary four-fold
among chromosomes, their density varies less than two-
fold, averaging 2.61 + 0.33 per kilobase [18], maintaining
consistent spindle pull across centromeres.

Because CENP-B engages directly with centromeric
DNA and contributes to kinetochore positioning, this uni-
formity in CENP-B cassette density produces a regularized
and predictable array of anchor points for kinetochore for-
mation. In turn, it supports the generation of consistent
spindle traction forces across chromosomes of very differ-
ent sizes and repeat architectures. By minimizing hetero-
geneity in the number of microtubule attachment sites per
unit DNA, centromeres avoid imbalances in spindle pulling
strength that could otherwise distort kinetochore geometry,
increase merotelic attachments, or elevate segregation error
rates.

Thus, the uniform density of unmethylated CENP-B
boxes acts as a force-balancing mechanism: it standard-
izes kinetochore-DNA coupling strength across the kary-
otype, ensuring that each chromosome experiences compa-
rable spindle forces despite inherent structural differences.
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Fig. 3. Comparison of canonical and CENP-A nucleosomes and methylation states of the CENP-B box to illustrate epigenetic

mechanisms in human centromeres. (A) Schematic of the canonical nucleosome containing histones H3, H4, H2A and H2B. (B)

CENP-A nucleosome in which canonical H3 is replaced by the centromere-specific histone variant CENP-A. (C) Sequence of the methy-
lated CENP-B box, highlighting CpG dinucleotides (yellow) with cytosine methylation (Me), which reduces CENP-B binding. (D)
Unmethylated CENP-B box variant found in centromeric dip region (CDR), retaining CpG motifs but lacking cytosine methylation,

which increases the binding affinity for CENP-B protein.

This design principle likely represents an evolutionary solu-
tion to mitigate mechanical asymmetry and maintain robust
genome transmission during mitosis.

Circos plots illustrate kinetochore positions within
centromeres of human chromosomes (Fig. 4, Ref. [18]).
Although overall patterns are inconsistent, acrocentric
chromosomes (13—15, 21, 22) show kinetochores posi-
tioned asymmetrically within centromeres, displaced away
from telomeres.

2.8 CENP-B Box and PJalpha (pJo) DNA Motif

In addition to the CENP-B box, human alpha satellite
DNA contains a second conserved sequence, the pJa (pJal-
pha) motif, which specifically binds the pJa protein [38].
This 17-bp motif (TTCCTTTTYCACCRTAG; Y = C/T, R
= G/A) differs from the CENP-B box (YTTCGTTGGAAR-
CGGGA) and lacks a CpG dinucleotide, making epigenetic
modification unlikely.

The pJa motif occurs alongside the CENP-B box and
contributes to the evolutionary diversity of alpha satellite
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DNA, especially in primates [39]. In lower primates, most
alpha satellite monomers contain the pJa-binding motif
(Type A). In contrast, great apes, including humans, pos-
sess both Type A and Type B monomers, suggesting the
evolutionary emergence of the CENP-B box [38,40]. In-
terestingly, no pJa gene is listed in the human GeneCards
database [41], raising the question of whether such a gene
exists in lower primates.

2.9 CENP-B and Cancer

Cancer cells often display an abnormal number of
chromosomes—aneuploidy—a condition linked to cen-
tromere instability and chromosome segregation errors
[40]. Given that CENP-B is crucial for accurate chromo-
some segregation, researchers have investigated whether al-
terations in the CENP-B gene contribute to aneuploidy and
cancer development [42,43].

To explore this, I examined the CENP-B gene in the
American Association for Cancer Research (AACR) Genie
Cohort, the largest publicly available cancer database, ac-
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Fig. 4. Circos plots illustrating centromeric and kinetochore-associated features across human chromosomes. Circular genomic

maps display chromosomes 1-5 (top), 6—12 (middle), and 13-23 (bottom), with each chromosome represented as a color-coded arc in

the outer track. Centromeres (middle track) and kinetochores (inner track) are indicated by inward-facing blocks, while outward tick

marks denote positional labels along each chromosome. The plots highlight the organization and relative positioning of centromeres

and kinetochores across chromosome groups, enabling visual comparison of variation in centromeric structure throughout the human

genome. Figure reprinted with permission from [18].

cessed through cBioPortal [44-46]. Version 18.0 includes
211,526 patients and 250,018 tumor samples analyzed for
genetic alterations such as point mutations, copy number
variations, and structural variants [47]. Remarkably, the
dataset revealed a complete absence of genetic alterations
in the CENP-B gene across all samples (Table 3).

The complete absence of CENP-B mutations, copy-
number changes, or structural variants in the AACR GE-

NIE cohort stands out as exceptionally rare for a protein
involved in chromosome segregation, especially given the
widespread aneuploidy characteristic of cancer. This find-
ing strongly suggests that CENP-B is highly intolerant to
genetic disruption.

Several biological principles may explain this intoler-
ance.
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Table 3. CENP-A, CENP-B and CENP-C gene alterations in

cancer.
GENIE AACR Cohort
Gene
211,526 patients 250,018 samples
CENP-A 230 (<1%) 239 (<1%)
CENP-B 0 (0%) 0 (0%)
CENP-C 1 (<1%) 1 (<1%)

AACR, American Association for Cancer Research.

2.9.1 Essential Architectural Role in Centromere Stability

CENP-B binds directly to the CENP-B box within
centromeric alpha-satellite DNA, contributing to nucle-
ating centromere structure, reinforcing kinetochore posi-
tioning, and stabilizing centromere—microtubule interfaces.
Because centromere integrity must be preserved on every
chromosome in every cell division, even partial loss of
CENP-B function may be incompatible with long-term cell
survival. Many cancers tolerate extensive chromosomal
chaos—but only to a threshold. Loss of a core centromeric
architectural protein may push cells beyond that tolerance,
resulting in catastrophic mitotic failure rather than tumor
evolution.

2.9.2 CENP-B Mutations may be Lethal Early in
Tumorigenesis

Most cancer-driving mutations are positively selected,
while neutral or deleterious ones can accumulate. The com-
plete absence of CENP-B mutations suggests: CENP-B
loss may cause early cell death, preventing a clone from ex-
panding enough to appear in tumor datasets. Mutant cells
may undergo mitotic catastrophe, apoptosis, or be competi-
tively outcompeted by cells with intact centromeres. Thus,
CENP-B may be under purifying selection even within can-
cer, a context where genomic instability is often tolerated.

2.9.3 High Functional Constraint Due to CENP-B’s
Multidomain Protein Architecture

CENP-B contains a DNA-binding helix—turn—helix
domain, a dimerization domain, and a centromere-targeting
domain. Mutations in any of these regions could disrupt
DNA recognition, protein—protein interactions, or kineto-
chore linkage. Such multidomain proteins often exhibit
ultra-low mutational tolerance because small amino acid
changes can propagate structural breakdown across do-
mains. This helps explain why CENP-A and CENP-C show
rare mutations (< 1%), whereas CENP-B shows none. Even
slight perturbations may be nonviable.

2.9.4 Dependence of Kinetochore Mechanics on CENP-B
Density

CENP-B boxes—when unmethylated—provide con-
sistent anchoring points that normalize spindle traction
across chromosomes. A mutation that disrupts either bind-
ing affinity or dimer stability could alter spacing or stability
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of kinetochore attachment sites, produce asymmetric spin-
dle forces, and increase merotelic attachments or lagging
chromosomes. Cancer cells already operate near the edge
of mitotic tolerance; losing CENP-B may push them into
unsustainable levels of instability.

2.9.5 Redundancy Limitations: CENP-B May Occupy a
Non-replaceable Functional Niche

Some centromere proteins (e.g., CENP-A) have par-
tial redundancy through chaperones and deposition machin-
ery. In contrast CENP-B is the only protein that binds a de-
fined DNA motif within alpha-satellite and it plays unique
roles in organizing higher-order centromeric arrays. This
lack of functional redundancy means that no other protein
can compensate for partial or complete CENP-B dysfunc-
tion, making mutations more deleterious.

3. CENP-A

The CENP-A gene, located at 2p23.3, encodes a 16-
kDa protein of 140 amino acids (Table 1) [48,49]. Bio-
chemical studies have shown that CENP-A is a variant of
histone H3, one of the four core histones (H2A, H2B, H3,
H4) present in nucleosomes. The C-terminal two-thirds of
CENP-A comprise the histone-fold domain, which shares
over 60% sequence identity with canonical histone H3,
while the N-terminal one-third is unique [50,51] (Fig. 5).
This histone-fold domain is essential for targeting CENP-
A to centromeric regions [51,52]. CENP-A is the only
centromere-specific histone variant, marking centromeric
chromatin in most eukaryotes [53]. Thus, centromeres are
specialized chromatin domains defined by the enrichment
of CENP-A, which replaces histone H3 in centromeric nu-
cleosomes [1,29]. CENP-A nucleosomes are interspersed
with canonical H3 nucleosomes containing histone modifi-
cations (e.g., H3K4me?2), together forming the centromeric
structure [5,54]. This mosaic organization provides the
molecular backdrop for the specialized structural and reg-
ulatory roles that CENP-A nucleosomes play in shaping
functional centromeres.

The crystal structure of human CENP-A bound to its
alpha-satellite DNA (147 bp) has been resolved [55]. The
DNA is wrapped around a histone octamer composed of
H2A, H2B, H4, and CENP-A, in a left-handed orientation.
Unlike canonical H3 nucleosomes, only the central 121
base pairs of DNA are visible, while the terminal 13 base
pairs at each end are detached from the histone surface. Two
regions of CENP-A differ structurally from H3 [56]: the N-
terminal a-helix is shorter, influencing DNA-end orienta-
tion [57], and loop 1 (the RG-loop), which includes residues
Arg80 and Gly81, is solvent-exposed [58,59]. Mutations
in this loop reduce CENP-A retention at centromeres, indi-
cating its role in stabilizing centromeric chromatin. Super-
resolution microscopy revealed that CENP-A nucleosomes
form globular, rosette-like clusters of ~250-300 nm diame-
ter [60]. These structural features collectively explain how
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Fig. 5. Domain architecture of CENP-A and its interactions with centromeric proteins. A schematic representation of CENP-

A (residues 1-140) indicating regions required for binding to centromere-associated factors. The N-terminal segment (residues 1-29)

corresponds to the CENP-B—interacting region. Loop 1 (pale blue), containing Arg80 and Gly81, mediates contacts with CENP-C and
CENP-N. The CENP-A targeting domain (CATD; pink) marks the region recognized by the CENP-A chaperone HIURP and is essential

for centromere-specific deposition of CENP-A.

CENP-A imparts unique geometric and mechanical proper-
ties to centromeric chromatin, distinguishing it from canon-
ical nucleosomes.

CENP-A interacts with CENP-B and CENP-C. The
N-terminal tail (residues 1-29) mediates binding to CENP-
B [26], while the RG-loop interacts with CENP-C [58].
CENP-A also recruits CENP-N and the Holliday junction
recognition protein (HJURP) during centromeric chromatin
assembly. Loop 1 of CENP-A binds both CENP-C and
CENP-N in a cell cycle-dependent manner [59]. This loop
alternates between concealed (compacted chromatin) and
exposed (open chromatin) states, enabling CENP-N recruit-
ment during the G1/S transition before cell division. These
dynamic interactions position CENP-A as the central coor-
dinator of chromatin architecture and protein recruitment at
the centromere.

HJURP acts as a key assembly factor for CENP-A de-
position at centromeres [61,62]. The CENP-A-targeting do-
main (CATD), encompassing loop 1 and the adjacent two-
helix region, is critical for HJURP binding. An amino-
terminal fragment of HJURP is sufficient to assemble
CENP-A nucleosomes in vitro, confirming its role as a chro-
matin assembly factor [63]. HIURP directly binds Mis184,
a component of the conserved Mis18 complex [64]. Two
repeats in HIURP interact simultaneously with the 4:2:2
Mis18:Mis18:M18BP1 complex [65]. Mis183 depletion
impairs both CENP-A and HJURP recruitment, underscor-
ing its importance in CENP-A loading [48,64]. HJURP
localization at the centromere is cell cycle-regulated, co-
inciding with the period of new CENP-A deposition dur-
ing late telophase and early G1 phase [61,66], distinct from
replication-coupled histone loading. Thus, CENP-A prop-
agation depends on a highly choreographed assembly path-
way, ensuring faithful maintenance of centromere identity
across cell divisions.

Cyclin-dependent kinase 1 (CDK1), the master regu-
lator of mitosis, phosphorylates both CENP-A and HIJURP
to control centromere assembly timing [67]. CENP-A is
phosphorylated at Ser68 during early mitosis by CDK1
[68], disrupting its interaction with HTURP and preventing
premature loading. Concurrently, CDK1-mediated phos-
phorylation of HJURP weakens its binding to Mis180, en-
suring CENP-A assembly occurs post-mitosis [64]. This
dual regulatory mechanism underscores how cell cycle sig-
naling integrates with centromere-specific pathways to pre-
serve genomic stability.

To assess whether CENP-A plays arole in cancer, I ex-
amined the gene in the AACR Genie Cohort, Version 18.0
[47]. CENP-A alterations were identified in 230 of 211,526
patients (<1%) and 239 of 250,018 samples (<1%) (Ta-
ble 3). These included 175 mutations (missense, truncating,
in-frame, and splice), 66 copy number aberrations (ampli-
fications and deletions), and 2 structural variants. Some tu-
mors exhibited multiple alterations, but overall, CENP-A
aberrations remain rare across cancers [42]. These findings
suggest that although CENP-A is essential for chromosome
segregation, its direct genetic alteration is an uncommon
contributor to tumorigenesis.

4. CENP-C

The CENP-C gene is located at 4q13.2 [69]. It en-
codes a 106.8-kDa protein composed of 943 amino acids
(Table 1). This protein is larger than other kinetochore com-
ponents such as CENP-A and CENP-B. Its functional size
doubles through dimerization, allowing it to act as a struc-
tural scaffold that connects multiple kinetochore elements,
including CENP-A, CENP-B, and CCAN components in
the inner kinetochore, as well as MIS12C and NDC80 in the
outer kinetochore (Fig. 2). Through this extensive connec-
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Fig. 6. Domain architecture of CENP-C and regions required for CENP-A nucleosome engagement. Schematic representation of

CENP-C (residues 1-943) highlighting major structural and functional domains. The N-terminal MIS12C-interacting region (pale blue)

is followed by a PEST sequence (pale green) and a central domain (green). The conserved CENP-C motif (green) lies C-terminal to

the central domain and contributes, together with the adjacent cupin domain (blue), to binding CENP-A nucleosomes, as indicated by

arrows. The cupin domain additionally mediates CENP-C dimerization, supporting kinetochore assembly.

tivity, CENP-C forms the principal architectural bridge be-
tween centromeric chromatin and the microtubule-binding
machinery.

CENP-C dimerization is mediated by the cupin do-
main at its C-terminal end (Fig. 6). This domain has a
characteristic S-barrel (jelly-roll) structure containing two
conserved histidine-rich motifs [70]. The 3-sheet architec-
ture promotes homodimer formation, and interactions be-
tween [-strand 4 may enable further self-oligomerization
[71]. Such oligomerization provides the mechanical stabil-
ity required of a protein that anchors the kinetochore’s core
components.

Human CENP-C contains two CENP-A binding re-
gions: the central domain (amino acids 426-537) and the
CENP-C motif (amino acids 735-755), both interacting
with the C-terminus of CENP-A [58,72]. This interaction is
strengthened by CDK1-mediated phosphorylation at T734,
a key mitotic regulator [73]. CENP-C also interacts with
CENP-B via conserved Mif2-related regions homologous
to those in budding yeast [26,30]. These multivalent bind-
ing interfaces enable CENP-C to function as an integrator
of centromeric signals and structural elements.

CENP-C organizes CENP-A nucleosomes and
recruits components of the constitutive centromere-
associated network (CCAN) [72]. Its PEST-rich region
(proline, glutamate, serine, threonine) in the N-terminal
half binds directly to the CENP-HIKM complex [74]. A
conserved N-terminal motif also associates with MIS12C,
linking the inner and outer kinetochore [75-77]. Cryo-EM
studies have confirmed CENP-C’s binding to CENP-N
within the CENP-LN complex [9,78], and together with
CENP-T, it bridges the inner kinetochore to NDC80 [29].
Finally, CENP-C binds «-satellite RNA, which, although
sequence-nonspecific, enhances its DNA affinity [79-82].
This extensive interaction network highlights CENP-C as
the primary organizer of kinetochore assembly, ensuring
continuity from centromeric chromatin to microtubule
attachment sites.
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The potential role of CENP-C in cancer has been ex-
plored primarily in cell models [42]. In the AACR Genie
Cohort (v18.0), CENP-C alterations are rare—identified in
only one tumor sample (<1%), which contained a struc-
tural variant (Table 3). Thus, similar to CENP-A, CENP-C
appears to contribute to genome instability chiefly through
functional dysregulation rather than frequent genetic alter-
ation.

S. Conclusions
5.1 Summary of Existing Knowledge

Centromeres are a focal point of chromosome biology
due to their indispensable role in ensuring accurate chromo-
some segregation and maintaining genomic integrity. Cen-
tromere identity is not defined by primary DNA sequence
but instead is governed by epigenetic mechanisms. These
include the incorporation of the canonical histone vari-
ant CENP-A within centromeric chromatin and the pres-
ence of a defined centromeric domain (CDR) that facili-
tates strong CENP-B binding and the assembly of a func-
tional kinetochore [1,18,25,29]. Collectively, these fea-
tures reflect a multilayered regulatory system that integrates
chromatin composition, DNA methylation, and sequence-
specific protein interactions to ensure stable centromere
function.

5.2 Proposed Hypotheses

Despite CENP-B’s well-documented contributions to
centromere structure and chromosome stability, its role
in pathological chromosome mis-segregation—including
cancer-associated aneuploidy—remains unresolved. The
analysis of the AACR GENIE cohort presented here, en-
compassing more than 211,000 patients and 250,000 tu-
mor samples [47], reveals that CENP-B is remarkably con-
served in cancers, with no detectable genetic alterations
during tumorigenesis. This striking absence of mutation
suggests that CENP-B is not typically compromised at the
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level of coding sequence variation. Rather, if CENP-B
contributes to oncogenic chromosomal instability, the dis-
ruption is likely to arise from epigenetic mis-regulation
or altered chromatin dynamics instead of direct mutation
[18]. A second hypothesis is that the hypomethylated CDR,
required for proper kinetochore assembly, becomes pro-
gressively destabilized during early tumorigenesis, promot-
ing chromosome segregation errors. Finally, centromere-
associated proteins may form compensatory networks, such
that only multi-component perturbations—not single-gene
mutations—result in catastrophic mitotic failure.

5.3 Future Research Directions

These hypotheses emphasize that future research
should expand beyond sequence-level analysis toward dis-
secting the regulatory mechanisms that maintain CENP-
A deposition, CDR methylation, and CENP-B binding in
vivo. Addressing these questions will not only promote
a deeper understanding of the epigenetic foundations of
chromosomal stability but may also identify novel diagnos-
tic and therapeutic targets. Key directions include: High-
resolution epigenomic profiling (e.g., DNA methylation,
histone acetylation) of centromeres in normal, premalig-
nant, and malignant tissues will be essential for identify-
ing early chromatin alterations associated with aneuploidy.
Functional assays that measure CENP-B binding dynam-
ics under controlled methylation states will help determine
how CDR epigenetics influence kinetochore stability. Inte-
grating multi-omic data to define how structural and reg-
ulatory centromere features are rewired under pathologi-
cal conditions. Evaluating whether restoring normal cen-
tromere chromatin states can reduce aneuploidy or chro-
mosomal instability in model systems. Finally, explor-
ing whether chromatin-modifying enzymes that act on cen-
tromeric regions represent therapeutic targets could open
new strategies to mitigate chromosome mis-segregation
in cancer. Overall, examining the epigenetic and inter-
action networks that preserve centromere identity offers
a powerful path toward understanding—and potentially
mitigating—chromosomal instability in human cancers.
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