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Introduction

Faithful chromosome segregation is essential for 
ensuring genome integrity. As cells divide, their 
genetic material must be precisely replicated and 
distributed between two daughter cells (Novák et al. 
2018). Centromeres are chromosomal regions of 
condensed chromatin that provide the foundation for 
kinetochore assembly and correct spindle microtubule 
attachment and are essential for enabling faithful sis-
ter chromatid segregation during mitosis (Cleveland 
et al. 2003).

While different species share a conserved role for 
centromeres, their centromere DNA sequences and 
organization differ markedly, giving rise to ‘The Cen-
tromere Paradox’ (Malik and Henikoff 2001). Highly 
and moderately repetitive DNA elements are a hall-
mark of most centromeres in plants, animals, and 
fungi; however, many exceptions exist, including the 
point centromeres of budding yeast, the holocentric 
chromosomes of Caenorhabditis elegans (C. elegans) 
(Eichler 1999), and non-repetitive evolutionary new 
centromeres (ENCs) (observed in horses, orangu-
tans, and chickens) (Fukagawa and Earnshaw 2014). 
Among eukaryotes, human centromeres are the most 
complex, and are composed of tandemly repeated 
arrays of α-satellite DNA sequences that are further 
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organized into Higher Order Repeat (HOR) arrays 
(Willard and Waye 1987). Some of these α-satellite 
DNA sequences contain a 17 bp DNA binding motif, 
termed the CENP-B box, that bind the CENP-B pro-
tein, making it the only centromeric protein known 
to recognize and bind a specific centromeric DNA 
sequence (Muro et  al. 1992). Interestingly, CENP-B 
is thought to have originated from a pogo-like trans-
posase, a type of DNA-transposing element, and this 
domestication, where a transposase becomes part of 
a host’s cellular machinery, has happened indepen-
dently in three different lineages: mammals, fission 
yeast and holocentric insects (Mateo and González 
2014). The presence and conservation of CENP-B 
boxes vary across species. In humans, CENP-B boxes 
are found in all autosomes and the X chromosome 
but are absent from the Y chromosome. The CENP-B 
box is found also in great apes and certain New World 
monkeys, but not in all primate groups (Kugou et al. 
2016; Suntronpong et  al. 2016). In Equids (horses, 
zebras, etc.) CENP-B is expressed but does not bind 
most satellite-based centromeres, or the satellite-
free ones, while it is localized at several ancestral 
inactive  centromeres (Cappelletti et  al. 2025). Thus, 
CENP-B’s evolutionary journey from a transposase 
to a centromeric protein, along with the varying pres-
ence and function of its binding site, highlights the 
dynamic and multifaceted nature of centromere evo-
lution (Gamba and Fachinetti 2020).

Paradoxically, despite the conservation of repeti-
tive DNA elements at centromeres across species, 
centromere identity is not defined by a specific DNA 
sequence. Instead, centromeres are epigenetically 
defined by the presence of a histone H3 variant, cen-
tromere protein A (CENP-A), which propagates cen-
tromere epigenetic identity and marks their location 
(Earnshaw and Rothfield 1985; Palmer et  al. 1987; 
Sekulic and Black 2012; Fachinetti et al. 2013). Thus, 
the ultimate genetic locus responsible for genome 
inheritance is epigenetically defined.

Histones are essential architectural proteins that 
package the DNA of eukaryotic organisms into a 
compact and organized structure. They form octa-
meric nucleosome cores around which the DNA 
double helix wraps tightly, creating the fundamen-
tal units of chromatin (Malik and Henikoff 2003). 
Typically, each nucleosome consists of eight histone 
proteins, two copies each of H2A, H2B, H3, and H4 
(Yoda et  al. 2000). The nature and composition of 

CENP-A-containing chromatin has been debated with 
multiple models proposed: an octameric nucleosome 
with two molecules of CENP-A (Hasson et al. 2013; 
Miell et al. 2013; Padeganeh et al. 2013; Nechemia-
Arbely et al. 2017), a heterotypic nucleosome contain-
ing one molecule of CENP-A and one molecule of H3 
(Lacoste et  al. 2014), a tetrasome with only CENP-
A and H4 (Yoda et al. 2000), a hemisome with only 
one molecule each of CENP-A, H4, H2A and H2B 
(Dalal et  al. 2007; Dimitriadis et  al. 2010; Henikoff 
et  al. 2014; Walkiewicz et  al. 2014) and even an 
oscillating structure transitioning from an octameric 
nucleosome in S-phase to a hemisome in G2/M/G1 
cell cycle phases (Bui et al. 2012; Walkiewicz et al. 
2014). However, a series of studies have led to a gen-
eral agreement that CENP-A is assembled into an 
octameric nucleosome with two CENP-A molecules 
replacing histone H3, and paired with histones H4, 
H2A, and H2B (Hasson et  al. 2013) across the cell 
cycle (Nechemia-Arbely et al. 2017) at all active cen-
tromeres (Fachinetti et al. 2013). This unique octamer 
is characterized by flexible DNA ends at the entry 
and exit points of the nucleosome that are not tightly 
bound (Conde E Silva et  al. 2007; Tachiwana et  al. 
2011; Yatskevich et  al. 2022). This transient DNA 
unwinding of the CENP-A nucleosome is mediated 
by the CENP-A shorter N-terminal tail and CENP-A 
Targeting Domain (CATD) (Tachiwana et  al. 2011; 
Nechemia-Arbely et al. 2017), and results in it wrap-
ping less DNA (110–150 bp) compared to H3 nucle-
osomes (147 bp), in in vivo ChIP-MNase-seq studies 
(Hasson et al. 2013; Lacoste et al. 2014; Nechemia-
Arbely et al. 2017). This chromatin feature that differ-
entiates CENP-A- from H3-containing chromatin is 
thought to be important for binding of the constitutive 
centromere associated network (CCAN) of proteins 
(Ali-Ahmad et al. 2019; Tian et al. 2022), a complex 
made of 16 centromeric proteins that forms the inner 
kinetochore (Foltz et  al. 2006), and is essential for 
kinetochore assembly and mitotic fidelity (Roulland 
et al. 2016; Pesenti et al. 2022).

The fact that human centromeres are epigeneti-
cally defined is supported by the discovery of neocen-
tromeres, where centromeres emerge at new chromo-
somal locations lacking α-satellite DNA (Amor and 
Choo 2002), highlighting that centromere identity 
is not dictated by a DNA sequence but rather by an 
epigenetic mechanism (Earnshaw and Migeon 1985; 
Amor and Choo 2002). Additionally, while previous 
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efforts to generate human artificial chromosomes 
(HACs) showed that centromeres can form de novo 
only on α-satellite DNA sequences with intact bind-
ing motifs for the CENP-B protein (Ikeno et al. 1998; 
Ohzeki et al. 2002), recent efforts have demonstrated 
that seeding of CENP-A alone through artificial teth-
ering via HJURP is sufficient to establish a functional 
centromere, even in the absence of α-satellite DNA 
(Logsdon et al. 2019; Gambogi et al. 2024), question-
ing the requirement of a universal repetitive element 
for centromere function.

Evidence of centromere drift, characterized by 
sliding of CENP-A nucleosomes within a specific 
genomic region, further highlights the dynamic nature 
of centromeres. Positional movement of CENP-A 
observed across species and cell types, including fis-
sion yeast, chicken, horse, and now human, reveal 
that CENP-A positioning is dynamic in evolutionary 
timescales, undergoing movement over cellular pro-
liferation while maintaining a critical threshold of 
CENP-A nucleosomes that is essential for centromere 
function (Fachinetti et  al. 2013; Bodor et  al. 2014; 
Hoffmann et  al. 2016). Heterochromatin modifica-
tions have been implicated in serving as centromere 
boundaries (Lam et  al. 2006; Ohzeki et  al. 2012, 
2016; Mckinley and Cheeseman 2016) and may also 
constrain CENP-A drift and domain size (Jansen et al. 
2007; Carty et al. 2025; Mahlke et al. 2025) linking 
CENP-A position to the larger centromere epigenetic 
environment.

In this review, we focus on centromere plastic-
ity by exploring the evolution of centromeric DNA 
sequences and CENP-A maintenance. Furthermore, 
we discuss the phenomenon of centromere drift in 
humans, highlighting the dynamic repositioning of 
CENP-A and its implications.

Centromere sequence evolution – from species to 
individual variation

The evolutionary history of centromeres is marked by 
significant plasticity, as evidenced by the substantial 
divergence in centromere sequence and location among 
species (Warburton et  al. 1996; Amor et  al. 2004). 
Saccharomyces cerevisiae (budding yeast) represents 
a unique case in which centromeres function rely on 
a defined non-repetitive 125 bp DNA sequence that 
wraps a single CENP-A (Cse4) containing nucleosome 
(Henikoff and Henikoff 2012; Henikoff et al. 2014). The 

highly conserved 125 bp sequence is composed of three 
distinct elements (CDE I, CDE II, and CDE III), with 
Cse4 deposition occurring at the AT-rich CDE II region 
(Fig. 1A). This sharply contrasts with the organization 
of centromeres in Schizosaccharomyces pombe (fis-
sion yeast) that share key features with those of higher 
eukaryotes consisting of a central core, where CENP-
A (Cnp1) is deposited, flanked by inner repeats (imr) 
which vary in sequence between centromeres, and outer 
repeats (Birney et  al. 2007) which contain conserved 
dg and dh repetitive elements (Fig.  1B) (Cleveland 
et al. 2003; Gonzalez and  Li2012; Yang and Li 2017). 
Centromeres in C. elegans and Drosophila also exhibit 
unique structural adaptations suited to their chromo-
somal organization. The holocentric centromeres of C. 
elegans are characterized by the distribution of CENP-
A (HCP-3) along the entire chromosome length rather 
than at a single locus, and do not rely on large arrays 
of repetitive sequences (Kuo et  al. 2023) (Fig.  1C). 
Meanwhile, Drosophila centromeres are composed of 
large blocks of repetitive satellite DNA interspersed 
with transposable elements (Fig. 1D) (Sun et al. 1997; 
Cleveland et al. 2003; Chang et al. 2019). Studies using 
chromatin immunoprecipitation of CENP-A combined 
with long-read sequencing technologies achieved the 
complete assembly of all Drosophila centromeres, 
revealing that CENP-A is enriched over islands of com-
plex DNA sequences (101–171 kb), which are flanked 
by blocks of simple satellite repeats and enriched for 
the non-LTR retrotransposable element G2/Jockey-3 
(Fig. 1D) (Chang et al. 2019). For example, the Dros-
ophila minichromosome Dp1187 contains a 420 kb 
region that serves as the centric heterochromatin. This 
region is primarily composed of AATAT and AAGAG 
satellite repeats with minimal sequence variation, while 
transposable elements are interspersed within AATAT 
but absent from AAGAG sequences. Deletions in this 
region lead to chromosome instability, emphasizing 
the role of satellite DNA and transposable elements 
in Drosophila centromere structure and function (Sun 
et al. 1997; Kyriacou and Heun 2023).

Vertebrates’ centromeres typically consist of repet-
itive DNA arrays of varying sequence composition 
and organization. Chicken macrochromosomes con-
tain large tandem repeat arrays that span hundreds of 
kilobases (~ 200–800  kb) (Fig.  1E). Satellite motifs, 
such as CR-1, CR1-C, and GGXHOI contribute vari-
ably to centromeric repeat content, ranging from 
41% in Cen1 to 100% in Cen4 (Shang et al. 2010). In 
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contrast, centromeres in chicken microchromosomes 
5, 27, and Z harbor non-tandem repetitive sequences 
(Fig. 1E). Studies that used ChIP-sequencing to deter-
mine DNA sequences bound by CENP-A revealed 
that the major CENP-A-associated region spans 
approximately ~ 30 kb on chromosomes 5, Z, and 27, 
but all are entirely devoid of tandem repeats (Shang 
et  al. 2010). Despite the vast difference in chromo-
some lengths, with chromosome Z being 75  Mb in 
comparison to chromosome 27 (~ 5 Mb), the size of 
the centromere and kinetochore do not scale with 
chromosome size. Rather, similar levels of constitu-
tive centromere proteins are present across all chicken 
chromosomes (Shang et al. 2010; Huang et al. 2023). 
In humans, centromeres are primarily composed 
of α-satellite DNA, a type of non-coding tandemly 
repeated 171 bp DNA monomer arranged into higher-
order repeat (HOR) array structures (Fig. 1F). HORs 
are chromosome-specific, with each chromosome 
having a unique pattern of repeating α-satellite DNA 
monomers. While divergent monomeric α-satellite 
DNA is more abundant adjacent to flanking pericen-
tromeric heterochromatin, uniform HORs are strongly 
associated with active centromeres that recruit CENP-
A (Fig. 1F) (Pironon et al. 2010; Sullivan et al. 2017). 
Collectively, despite their shared role in ensuring 
accurate chromosome segregation (Cleveland et  al. 
2003), centromeres vary widely across species in 
both sequence composition and structural organiza-
tion, pointing towards their evolution and suggesting 
that different species have evolved diverse solutions 
for maintaining centromere stability and function 
(Thakur et al. 2021; Piras et al. 2022).

Comparative analyses of centromeric satellite 
DNA in humans, non-human apes, and other primates 
reveal that satellite DNA evolves rapidly through 
mutational events including insertions, deletions, and 
gene conversion, driving high sequence divergence 
within and between species (Charlesworth et  al. 
1994; Haaf and Willard 1997; Shepelev et  al. 2009; 
Logsdon and Eichler 2023). In humans, centromeric 
sequences are especially dynamic, showing differ-
ences across populations (Sullivan and Sullivan 2020; 
De Lima et al. 2021) and individuals (Logsdon et al. 
2024). Studies using digital droplet PCR (ddPCR) 
assay to measure centromeric HOR length, meas-
ured the size of five centromeric HOR arrays (DXZ1, 
D18Z1, D11Z1, D7Z2, and D6Z1), and found up to 
tenfold variation in the length of the same array and 

Fig. 1   Comparative organization of centromeres across spe-
cies. (A) Centromere organization in Saccharomyces cerevisiae 
(budding yeast). The centromere consists of a ~ 125 bp DNA 
region divided into three conserved elements: CDE I (~ 8–10 
bp, AT-rich), CDE II (~ 78–86 bp, AT-rich), and CDE III (~ 26 
bp, highly conserved region). The CDE II region serves as the 
primary site for CENP-A (Cse4) nucleosome deposition. (B) 
Schematic representation of the centromere structure in Schizo-
saccharomyces pombe (fission yeast), highlighting the arrange-
ment of distinct repeat elements and the central core region. 
Each centromere consists of an inner core region (imr) flanked 
by outer repeat elements (dg and dh), which are essential for 
heterochromatin formation. The central core (cc) is the site 
of CENP-A (Cnp1) nucleosome deposition. (C) Centromere 
organization in C. elegans. The panel illustrates a chromosome 
with dispersed centromeric regions (red bands) along its length, 
reflecting the holocentric nature of C. elegans chromosomes. 
Tables show the underlying DNA composition and epigenetic 
landscape of centromeric chromatin versus intercentromeric 
chromatin. Centromeric chromatin is enriched for the histone 
variant CENP-A (HCP-3). (D) Schematic representation of a 
Drosophila centromere composed of a central CENP-A (CID) 
enriched island (101–171 kb in length), flanked by large blocks 
of simple satellite DNA (light gray and blue chevrons) that 
make up the surrounding pericentromeric heterochromatin. 
The island contains complex DNA sequences, including G2/
Jockey-3 non-LTR retrotransposable elements (yellow rec-
tangles), which are interspersed throughout the region. While 
each centromere has a unique sequence composition, the over-
all structure of satellite-rich flanks and a retroelement-enriched 
core is conserved across chromosomes. (E) Left panel: The 
centromere of a chicken macrochromosome, which consists of 
chromosome-specific, homogeneous tandem repetitive arrays 
spanning several hundred kilobases. The arrangement of these 
sequences varies among centromeres, with different lengths and 
homology regions. Below these centromere sequences, CENP-
A deposition is shown in red, indicating the establishment of 
a functional centromere. Right panel: The centromere of a 
chicken microchromosome consisting of non-tandem repetitive 
sequences. Despite the absence of extensive tandem repeats, 
these centromeres remain functional, as indicated by CENP-A 
deposition (red) below the region. (F) Representation of human 
centromere organization. Human centromeres are composed of 
α-satellite DNA, which includes monomeric repeat units further 
organized into higher order repeat (HOR) structures that form 
chromosome specific arrays. The schematic illustrates the clus-
tering of CENP-A (red) within the active HOR, marking the 
location of the functional active centromere. (G) Evolutionary 
layering expansion of centromeric α-satellite DNA. Older, more 
divergent HOR arrays are concentrated at the periphery of the 
centromere (yellow and orange chevrons), representing ances-
tral repeat units. In contrast, newer and evolutionary younger, 
more homogeneous HORs are expanding at the center, reflect-
ing ongoing centromeric sequence evolution and array renewal 
over time (red chevrons)

◂
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up to 50-fold length variation across different cen-
tromeric arrays between individuals from China, 
the UK, and the US (De Lima et al. 2021). Notably, 
D6Z1, D11Z1, and DXZ1 arrays exhibited significant 
length differences between individuals from China 
and those from the UK/US, suggesting population-
specific haplotypes. Additionally, when applying this 
assay to four different types of cancer (head and neck, 
breast, medulloblastoma, and acute lymphoblastic 
leukemia) to examine centromeric sequence evolu-
tion, an elevated instability and changes in HOR copy 
number were observed in primary cancer samples, 
especially pediatric cancers, compared to normal tis-
sue (De Lima et al. 2021).

While α-satellite DNA is the defining feature of 
all human centromeres, the composition and arrange-
ment of other satellite families vary across cen-
tromeres of different chromosomes. Recent advances 
in long-read sequencing have revealed for the first 
time, the complete linear assembly of human cen-
tromere sequences in the CHM13 cell line (a hyda-
tidiform mole cell line with a nearly homozygous 
genome), and uncovered the evolution of human cen-
tromeres, enabling detailed sequence comparisons 
(Altemose et al. 2022a, b). Human satellites 2 and 3 
(HSat2 and HSat3) were found to be the largest con-
tiguous satellite DNA arrays, primarily composed of 
the (CATTC)n simple repeat (Altemose et al. 2022a, 
b). They are predominantly located in pericentromeric 
regions but are absent from certain centromeres, such 
as centromeres of chromosomes 6 and 8, while chro-
mosome 9 contains the largest HSat3 array (Alte-
mose et  al. 2022a, b; Showman et  al. 2024). Other 
key satellite families include HSat1A (enriched on 
chromosomes 3, 4, and 13), HSat1B (primarily on 
chromosome Y and some acrocentric chromosomes), 
β-satellite (bSat, abundant on chromosome 1 and 
acrocentric chromosomes), and γ-satellite (γSat, 
a smaller family spanning 630  kb genome-wide) 
(Altemose et  al. 2022a, b). While these non-alpha 
satellite families are abundant, they are typically 
located in pericentromeric regions, do not generally 
form HORs, and are not directly involved in form-
ing the functional centromeric core where CENP-A 
is localized (Fig. 1G). However, they may contribute 
to the overall architecture of pericentric heterochro-
matin (Lehnertz et  al. 2003; Altemose et  al. 2022a, 
b). These advances in our understanding of human 
centromeric DNA sequence and organization, have 

revealed that centromeric DNA evolves through a 
dynamic process of layered expansions, where newer 
α-satellite variants can arise and expand through 
tandem duplications, while older sequences shrink 
and diverge (Fig. 1G). Recent efforts completed Tel-
omere-to-Telomere (T2T) assemblies for additional 
human cell lines, including CHM1 (Logsdon et  al. 
2024), RPE-1 (Volpe et al. 2023) and HG002 (Garg 
et  al. 2021; Jarvis et  al. 2022) and provide a more 
comprehensive view of human centromeric varia-
tion. The comparison between CHM13 and CHM1 
assemblies reveal accelerated variation in centromeric 
α-satellite HORs (Logsdon et  al. 2024). Similarly, a 
fully phased assembly of the diploid RPE-1 cell line 
(RPE-1v1.0) reveals significant variation in human 
centromere sequence and size between chromosomal 
haplotypes, emphasizing centromere complexity 
and heterogeneity (Volpe et al. 2023).

Collectively, these latest efforts of T2T sequenc-
ing of human centromeres revealed that centromere 
sequences are subject to unique evolutionary pres-
sures resulting in them exhibiting some of the most 
rapid sequence evolution in the genome as reviewed 
in (Balzano and Giunta 2020). Despite this rapid 
evolution of centromere sequences, some genomic 
characteristics of α-satellite sequences are main-
tained through evolution, including them being 
repetitive, AT-rich, and containing the CENP-B 
Box in many species (Gamba and Fachinetti 2020; 
Thakur et al. 2021). The fact that these genomic fea-
tures of α-satellite sequences are maintained within 
the rapidly evolving centromeres indicate a selective 
pressure to preserve these features, while the exact 
nucleotide sequences per se might not be important to 
preserve centromere function.

Stability and precision in propagation of the 
centromere epigenetic identity

Maintenance of CENP-A at the centromeres is criti-
cal for proper chromosome segregation during cell 
division, as it defines centromere identity and serves 
as foundation for kinetochore recruitment (Sekulic 
and Black 2012). CENP-A homologs are found in 
almost all species: Cse4 in budding yeast (Camahort 
et  al. 2007), Cnp1 in fission yeast (Williams et  al. 
2009), HCP-3 in C. elegans (Kitagawa 2009), and 
CID in Drosophila (Heun et al. 2006). While species-
specific variants of CENP-A have a conserved role 



Chromosome Res (2025) 33:22	 Page 7 of 17  22

Vol.: (0123456789)

in ensuring faithful chromosome segregation, some 
show significant amino acid divergence throughout 
evolution compared to other highly conserved his-
tone proteins (De Rop et al. 2012). Thus, not only the 
DNA sequences at the centromere are evolving, but 
also the amino-acid sequence of the major epigenetic 
mark that defines centromere’s identity. In Arabidop-
sis and Drosophila CENP-A is under positive selec-
tion particularly in the Loop1 region, a structurally 
distinct segment within the histone fold domain of 
histone proteins, that is important for DNA binding, 
histone dimerization or tetramerization, and over-
all nucleosome stability (Malik and Henikoff 2001; 
Talbert et al. 2002; Vermaak et al. 2002; Cooper and 
Henikoff 2004), suggesting that CENP-A is evolv-
ing rapidly in these organisms, likely in response to 
selective pressures acting on centromere composition 
and function (Malik and Henikoff 2001). In contrast, 
mammals and budding yeasts such as S. cerevisiae 
show no evidence of positive selection acting on 
CENP-A, indicating different evolutionary dynam-
ics of centromeric proteins across eukaryotes. These 
differences may reflect the distinct centromere struc-
tures, modes of chromosome segregation, or the influ-
ence of additional regulatory proteins such as chap-
erones in mammals that constrain CENP-A evolution 
as reviewed in (Malik 2009; Drinnenberg et al. 2014; 
Kursel and Malik 2017).

Despite this variability in CENP-A amino acid 
sequence, CENP-A is consistently preserved through-
out the cell cycle, safeguarding genome integrity 
through a process that is tightly regulated (Jansen 
et  al. 2007; Fachinetti et  al. 2013; Nechemia-Arbely 
et al. 2019; Mahlke et al. 2023). New CENP-A dep-
osition occurs at exit of mitosis (Jansen et  al. 2007) 
through a stepwise  process that includes PLK1-
dependent phosphorylation of the Mis18 complex 
(Mckinley and Cheeseman 2014; Conti et  al. 2024; 
Parashara et  al. 2024) that activates it and licenses 
the deposition of CENP-A by its chaperone, HJURP 
(Dunleavy et  al. 2009; Foltz et  al. 2009), ensuring 
centromere epigenetic maintenance and propaga-
tion across the cell cycle (Fachinetti et  al. 2013), as 
reviewed in detail by Jansen and colleagues in this 
issue (Rowley and Jansen 2025). Interestingly, some 
CENP-A is deposited ectopically at non-centro-
meric sites (Lacoste et  al. 2014; Nechemia-Arbely 
et  al. 2019) and this ectopic deposition is increased 
in correlation with CENP-A expression levels 

(Nechemia-Arbely et al. 2019). During DNA replica-
tion, CENP-A is distributed to daughter centromeres 
resulting in 50% dilution of CENP-A at centromeres 
(Jansen et  al. 2007). The reassembly of CENP-A 
onto the daughter centromeres during S-phase occurs 
through an interaction of CENP-A with both HJURP 
(Zasadzinska et  al. 2018) and MCM2 (Zasadzin-
ska et  al. 2018; Nechemia-Arbely et  al. 2019), and 
requires CENP-C and the CCAN (Nechemia-Arbely 
et  al. 2019). The combined interaction of CENP-A 
with HJURP, MCM2, and the CCAN during DNA 
replication enables the reassembly of CENP-A onto 
the same centromeric sequences it was loaded on in 
early G1. Meanwhile, the passage of the DNA rep-
lication machinery strips off CENP-A from ectopic 
sites on the chromosome arms, thereby restricting 
CENP-A to the centromeres only and reinforcing epi-
genetic centromere identity (Nechemia-Arbely et  al. 
2019).

The crucial roles of CENP-A’s inheritance and its 
stability from one generation to the other are empha-
sized by the stable retention of CENP-A nucleosomes 
in the mouse female germline. Studies in mouse 
oocytes show that once incorporated before prophase 
I arrest, CENP-A remains stable and functional for 
over a year, marking centromeres throughout oocyte 
development (Smoak et  al. 2016). Unlike CENP-A, 
H3.3 is actively deposited during prophase I arrest to 
maintain chromatin structure, gene expression, and 
oocyte viability (Swartz et  al. 2019; Toyama et  al. 
2019). This remarkable stability of centromeric chro-
matin, despite ongoing nucleosome turnover in other 
regions, reflects the durability and stability of CENP-
A nucleosomes (Smoak et  al. 2016). Such retention 
is particularly notable given the prolonged meiotic 
arrest in humans, which can last decades. However, in 
some species, low-level transcription during meiotic 
arrest, as seen in starfish oocytes, can lead to gradual 
erosion of CENP-A nucleosomes (Swartz et al. 2019). 
This suggests that CENP-A stability is subject to 
species-specific regulation, influenced by chromatin 
environment and germline challenges (Swartz et  al. 
2019; Mitra et al. 2020).

Additional centromeric proteins like CENP-B and 
CENP-C provide additional layers of stability and 
functionality at centromeres (Gamba and Fachinetti 
2020). As mentioned above, CENP-B is the only cen-
tromeric protein known to bind a specific centromeric 
DNA sequence, known as the CENP-B box (Muro 
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et  al. 1992). Despite this unique characteristic of 
CENP-B and its implications in centromere evolution 
(Gamba and Fachinetti 2020), studies of CENP-B null 
mice showed that these mice remain viable, demon-
strating the dispensability of CENP-B at centromeres 
(Hudson et al. 1998; Perez-Castro et al. 1998). More-
over, human neocentromeres and the Y chromosome, 
as well as non-repetitive ENCs, are lacking CENP-B 
boxes and binding of CENP-B, further demonstrate 
the fact that CENP-B may not be essential for cen-
tromere function and identity (Voullaire et  al. 1993; 
Gamba and Fachinetti 2020; Cappelletti et al. 2025). 
In species such as mice and humans where CENP-B 
is present, CENP-B helps maintain centromeres by 
establishing a “memory” system that ensures stable 
CENP-A deposition (Hoffmann et al. 2020). CENP-B 
binding to centromeric DNA and its dimerization was 
recently shown to promote centromeric DNA com-
paction by forming DNA loops, with knockdown of 
CENP-B during constant microtubule pulling result-
ing in increased centromere fragility (Chardon et  al. 
2022). Thus, CENP-B promotes secondary DNA 
structure that is important for maintenance of cen-
tromere integrity. Furthermore, CENP-B serves as a 
backup mechanism to stabilize CENP-A (Fachinetti 
et al. 2015; Otake et al. 2020). Using a mutant version 
of CENP-A that lacks the C-terminal tail required for 
binding CENP-C, CENP-A can still be incorporated 
at centromeres, but only in the presence of CENP-B 
(Fachinetti et  al. 2015). This suggests that CENP-B 
helps stabilize CENP-C at centromeres independently 
of direct CENP-A interaction, and that this stabilized 
CENP-C, in turn, supports the loading of CENP-
A. Thus, CENP-B binding to CENP-B boxes at 
α-satellite DNA forms a feedback loop that promotes 
CENP-C retention, which in turn enables CENP-A 
incorporation. This backup pathway for CENP-A 
deposition is important when direct CENP-A–CENP-
C interaction is compromised (Fachinetti et al. 2015; 
Hoffmann et al. 2020).

CENP-C is an inner kinetochore protein that is 
highly conserved across species from yeast to higher 
eukaryotes (Przewloka et  al. 2011). Unlike CENP-
B, CENP-C is essential and depletion of CENP-C 
leads to a significant decrease in CENP-A retention 
at centromeres (Falk et  al. 2015; Nechemia-Arbely 
et  al. 2019), disruption of kinetochore structure and 
function (Tomkiel et  al. 1994; Carty et  al. 2021), 
defective mitosis characterized by accumulation of 

prometaphase cells, chromosome missegregation, and 
cell death (Kwon et  al. 2007). CENP-C is regarded 
as the blueprint for kinetochore assembly (Klare 
et al. 2015), providing structural stability by directly 
binding the C-terminal tail of CENP-A (Carroll 
et al. 2010; Guse et al. 2011; Fachinetti et al. 2013) 
and recruiting essential KMN network components 
such as KNL1, Spc105, the Mis12 complex, and the 
Ndc80 complex (Foltz et al. 2006; Milks et al. 2009; 
Przewloka et al. 2011). CENP-C recognizes CENP-A 
nucleosomes via its conserved central motif, which 
interacts with the hydrophobic C-terminal tail of 
CENP-A and the acidic patch on the H2A/H2B dimer 
(Song et al. 2002; Kato et al. 2013).

CENP-C also facilitates new CENP-A deposition 
at exit of mitosis by recruiting the Mis18 complex 
to the centromere, a complex that further licenses 
CENP-A deposition (Dambacher et  al. 2012; Hoff-
mann et  al. 2020; London et  al. 2023). Depletion 
of CENP-C in Xenopus egg extract assays demon-
strated reduced centromeric Mis18 Binding Protein 
1 (M18BP1) levels, and reduced CENP-A deposition 
(Moree et al. 2011). In human cells, CENP-C deple-
tion reduces HJURP localization at centromeres, and 
M18BP1 depletion disrupts HJURP recruitment, 
indicating that M18BP1 is essential for HJURP tar-
geting to centromeres. Thus, CENP-C plays a cen-
tral role, not only in stabilizing CENP-A, but also in 
new CENP-A deposition through the recruitment of 
the essential CENP-A deposition factors M18BP1 
and HJURP to centromeres during mitosis (Fujita 
et al. 2007; Moree et al. 2011). Interestingly, in some 
holocentric insects lacking CENP-A, CENP-C is 
also absent, suggesting that CENP-C’s primary con-
served function may be the recognition of CENP-A 
nucleosomes, rather than binding directly to DNA or 
functioning independently (Drinnenberg et al. 2014). 
These findings again highlight CENP-A as the pri-
mary protein responsible for centromere identity.

The epigenetic environment at human centromeres

CENP-A-containing chromatin is interspersed within 
canonical histone H3 (Fig. 1F) (Blower et al. 2002). 
These neighboring histone H3 are predominantly 
marked by epigenetic marks associated with active 
transcription, including H3K4me2 and H3K36me2/3 
(Blower et al. 2002; Sullivan and Karpen 2004; Berg-
mann et  al. 2011; Mckinley and Cheeseman 2016), 
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that contribute to the euchromatic state of centro-
meric chromatin, promoting transcription and poten-
tially influencing kinetochore assembly and stability 
(Liu et  al. 2015; Perea-Resa et  al. 2020; Chen et  al. 
2022). Additionally, CENP-A nucleosomes contain 
modified H4K20me1 that is directly linked to kine-
tochore assembly (Hori et  al. 2014). Notably, while 
centromeres are generally highly methylated, the most 
recently expanded centromeric α-satellite repeats 
preferentially interact with CENP-A at regions of low 
CpG methylation, known as centromere dip regions 
(CDRs), together defining the "active HORs" and 
highlighting a link between satellite repeat expansion, 
kinetochore positioning, and DNA hypomethyla-
tion (Altemose et al. 2022a, b; Gershman et al. 2022; 
Logsdon et  al. 2024). Thus, CENP-A is embedded 
within a unique epigenetic environment. This unique 
organization supports the transcription of centromeric 
DNA, generating centromere-derived RNAs that have 
been implicated in the establishment and maintenance 
of centromere identity as well as in the proper assem-
bly of centromere and kinetochore proteins (Chan 
et al. 2012; Naughton et al. 2022; Chabot et al. 2024).

Flanking the centromeric chromatin are pericentro-
meric regions composed of constitutive heterochro-
matin enriched in H3K9me3 (Sullivan and Karpen 
2004; Lam et  al. 2006; Logsdon et  al. 2021; Gersh-
man et al. 2022), a heterochromatic mark proposed to 
function as centromere boundaries (Peters et al. 2003; 
Rice et al. 2003; Sidhwani and Straight 2023) by sup-
pressing CENP-A assembly (Ohzeki et al. 2012, 2016) 
and stabilizing CENP-A positioning (Slee et al. 2012). 
The pericentromeric heterochromatin is also enriched 
in the repressive modifications H3K27me3 (Martins 
et al. 2016), as well as H4K20me3, the regulation of 
which is important for cohesin binding and for main-
taining chromatin compaction (Hahn et  al. 2013; 
Agredo and Kasinski 2023). The pericentromeric het-
erochromatin is highly methylated and disruptions in 
this methylation pattern is linked to the human ICF 
(Immunodeficiency, Centromeric instability, Facial 
anomalies) syndrome with mutations in four genes: 
DNMT3B, ZBTB24, CDCA7 and HELLS, being linked 
to the disease (Maison and Almouzni 2004; Vukic 
and Daxinger 2019; Scelfo et al. 2024). Interestingly, 
DNA methyltransferase 1 (DNMT1) directly binds 
H4K20me3, and disruption of that binding leads to 
DNA hypomethylation within H4K20me3 enriched 
regions (Ren et  al. 2021). Thus, H4K20me3 may be 

involved in generating DNA hypermethylation at peri-
centromeric heterochromatin, through its binding to 
DNMT1 (Agredo and Kasinski 2023). Yet, little is 
known about how the different centromeric compo-
nents contribute to establish and maintain DNA meth-
ylation patterns at centromeric and pericentromeric 
regions (Scelfo et al. 2024).

Maintenance of CENP‑A within an evolving locus: 
stability vs. drift and expansion

CENP-A has been observed as a stable, long-lived 
nucleosome that is inherited indefinitely and precisely 
to maintain and propagate centromere identity (Fachi-
netti et al. 2013; Ross et al. 2016; Smoak et al. 2016; 
Nechemia-Arbely et  al. 2019; Mahlke et  al. 2023). 
Nevertheless, CENP-A must be maintained within 
the highly evolving nature of centromeric HOR 
α-satellite arrays (Altemose et al. 2022a, b; Logsdon 
et al. 2024). While CENP-A is preferentially enriched 
within the evolutionary younger repeats of the cen-
tromeric array, there is also evidence for epigenetic 
variation in CENP-A positioning, where CENP-A 
is enriched in different parts of HORs of the same 
centromere in different human cell lines. For exam-
ple, while CENP-A is enriched in the evolutionary 
younger repeats of the centromere of chromosome 
X in CHM13 and PD-NC4 fibroblasts cells, it is 
enriched in the evolutionarily older parts of the same 
centromere array in HeLa, RPE-1 and HuREF cells 
(Mahlke et al. 2023). Moreover, positions of CENP-
A enrichment and kinetochore attachment vary by 
hundreds of kilobases across CHM13 and CHM1 
cell lines that represent different individuals (Logs-
don et al. 2024) and between the haplotypes of RPE-1 
(Volpe et al. 2023).

These differential CENP-A placements at the 
same centromere between human populations and 
individuals suggest movement of CENP-A domains 
across evolution. Movement of CENP-A position can 
occur as part of complete centromere relocation as 
in the process of de novo neocentromere formation 
(Sart et al. 1997; Carty and Dunleavy 2021; Murillo-
Pineda et  al. 2021; Renaud-Pageot et  al. 2022) and 
through drift or “sliding” of CENP-A domains at 
non-repetitive centromeres within a specific genomic 
region that has been observed between maize spe-
cies, yeast strains, horse generations, and also within 
a single population of chicken cells (Allshire et  al. 
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1994; Purgato et al. 2015; Gent et al. 2017; Hori et al. 
2017), as we discuss in detail below. These phenom-
ena showcasing different types of CENP-A movement 
may explain the ability of CENP-A to be maintained 
within a highly evolving locus.

Neocentromeres are formed by the relocation of the 
entire CENP-A domain to a new chromosomal location 
that can lack typical α-satellite DNA (Fukagawa and 
Earnshaw 2014), and they can form in all human chro-
mosomes (Warburton et al. 2000; Marshall et al. 2008). 
Neocentromeres show capability to conserve their 
essential centromere function while adapting to new 
chromosomal loci. Their identification serves as evi-
dence for the epigenetic identity of human centromeres. 
Because neocentromeres are functional and heritable, 
human cell lines that harbor neocentromeres serve as 
important cellular models for studying de novo cen-
tromere formation, function, and maintenance (Bassett 
et al. 2010; Hasson et al. 2013; Nishimura et al. 2019).

The phenomena of centromere drift and CENP-A 
domain expansion emphasizes the dynamic nature 
of centromere positioning, and their ability to evolve 
over time (Hori and Fukagawa 2020). Centromere 
drift refers to the dynamic movement or "sliding" 
of CENP-A nucleosomes within a specific genomic 
region (Ross et  al. 2016; Hori et  al. 2017; Sundara-
rajan and Straight 2022). Centromere drift has been 
observed across a range of species. In fission yeast, 
the positioning of CENP-A (Cnp1) nucleosomes 
within the centromeric core varies among geneti-
cally identical cells, showing flexibility in centromere 
chromatin organization, without affecting cell growth 
or chromosome segregation fidelity (Yao et al. 2013). 
Studies in non-repetitive centromeres in chicken 
DT40 cells revealed positional variability of CENP-
A, showing that centromere position remains stable 
within subclones (following approximately 50 cell 
divisions), but drift over a 16.8-kb region during cell 
proliferation following several months of cell culture. 
Depletion of CENP-U and CENP-S further acceler-
ated centromere drift, indicating that chicken CENP-
U and CENP-S proteins have a role in stabilizing 
the positioning of CENP-A nucleosomes (Hori et al. 
2017). In horses, CENP-A nucleosomes on chromo-
some 11 exhibit dynamic movement resembling a 
diffusion-like process where CENP-A nucleosomes 
slides within a ~ 500 kb region in different individual 
horses, giving rise to positional alleles (Purgato et al. 
2015). Further examination revealed that the horse 

centromere is localized in the same region in several 
tissues of the same horse, suggesting that the posi-
tion of the centromeric domain is maintained during 
development (Cappelletti et al. 2023).

A recent study from our laboratory using several 
human cell lines that each harbor a neocentromere 
reveals that CENP-A position at native centromeres 
and at neocentromeres is heterogenous within the 
bulk population (Mahlke et  al. 2025). This study 
demonstrates that human CENP-A position is dif-
ferential at the same centromere between otherwise 
identical cells and that CENP-A position at a specific 
centromere in the bulk population represents a mix of 
heterogenous CENP-A positions within single-cells 
(Fig. 2A) (Mahlke et al. 2025). Each single-cell pat-
tern of CENP-A position maintained a similar number 
of CENP-A molecules, and similar length of CENP-A 
domain. Using CENP-A Directed Methylation with 
Long-read sequencing (DiMeLo-seq), a novel method 
used to determine target occupancy on long stretches 
of chromatin (Altemose et al. 2022a, b), coupled with 
mapping of the long reads to a matched diploid chro-
mosome assembly, this study further showed that 
each heterogenous single-cell CENP-A position was 
accompanied by DNA methylation CDRs that were 
inversely correlated with CENP-A and that changed 
in correlation with CENP-A position (Fig.  2B). 
While neocentromeres had individual DNA methyla-
tion CDRs inversely correlated to CENP-A peaks, at 
native centromeres CENP-A peaks were encapsulated 
within a single wide CDR (Fig.  2B). While CENP-
A position was precisely maintained at both native 
centromeres and neocentromeres for at least ~ 40 cell 
cycles (Fig.  2A), it naturally evolved through drift, 
expansion, and shrinkage over prolonged proliferation 
spanning ~ 280 cell cycles (Fig.  2A) (Mahlke et  al. 
2025). Evolution of CENP-A position at native cen-
tromeres over prolonged proliferation occurred within 
a stable single DNA methylation CDR (Fig. 2A). In 
contrast, at the neocentromere prolonged prolifera-
tion (~ 280 cell cycles) was accompanied by loss of 
inverse correlation between DNA methylation and 
CENP-A peaks, that is, the CDR was decoupled from 
CENP-A enrichment. Moreover, the neocentromere 
showed increased heterogeneity in CENP-A position, 
and increased rates of chromosome missegregation 
following prolonged cellular proliferation (Fig.  2A). 
Thus, DNA methylation CDRs create centromeric 
boundaries that confine CENP-A position and may be 
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important for centromere function. These results indi-
cate that native centromeres have greater long-term 
epigenetic stability, compared to neocentromeres 
(Mahlke et  al. 2025). Further studies are needed to 
determine how the DNA methylation CDR is estab-
lished and maintained at centromeres and its impor-
tance to centromere function. Since most human cells 
divide 40–60 times during development (Hayflick 
1965; Childs et al. 2015), these findings suggest that 
for most human cells CENP-A position will be pre-
cisely maintained throughout their lifespan. How-
ever, cell types with high mitotic indexes, such as gut 
and tumor cells, are more likely to show evolution in 
CENP-A position.

Further evidence for centromere drift in humans 
and the role of heterochromatin boundaries in sta-
bilizing CENP-A position and domain size comes 
from another recent study by Jansen and colleagues 
that used a CRISPR-based system to induce neo-
centromere formation on chromosome 4 (Neo4p13) 
in human RPE-1cells and assessed the positional 
stability of Neo4p13 over 100  days of cell pro-
liferation (Carty et  al. 2025). Although CENP-A 
domains exhibited positional drift over time, their 
overall size remained stable, fluctuating between 
90–100  kb, again suggesting that maintaining an 
optimal number of CENP-A molecules is criti-
cal to preserve neocentromere function, regardless 

Fig. 2   Maintenance of CENP-A within an evolving locus. 
Model of potential drivers of centromeric drift and instabil-
ity. (A) Schematic representation of single-cell heterogene-
ity of CENP-A position at centromeres and neocentromeres, 
within otherwise identical cells. CENP-A (shades of red) is 
maintained with precision at both native centromeres and neo-
centromeres, for at least ~ 40 cell cycles. Following prolonged 
proliferation for ~ 280 cell cycles, representing several gen-
erations’ time scale, CENP-A evolves through drift, expansion 
and shrinkage of the CENP-A domain. While CENP-A evolves 
within a stable DNA methylation CDR at native centromeres, 

the DNA methylation CDR at neocentromeres is decou-
pled and lost over prolonged proliferation which may affect 
centromere function. (B) Single-cell CENP-A positions are 
accompanied by inversely correlated DNA methylation CDR 
that change in correlation with CENP-A enrichment. (C) Loss 
of heterochromatin marks such as H3K9me3, as a result of 
knocking out SUV39H1, SUV39H2 and SUZ12, disrupts the 
centromeric heterochromatin boundaries, resulting in CENP-A 
domain drift and expansion, as well as formation of new addi-
tional CENP-A domains
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of positional drift (Carty et al. 2025; Mahlke et al. 
2025). Ultra-long-read DiMeLo-seq to detect 
CENP-A and H3K9me3 occupancy at Neo4p13 
and at native centromeres revealed stable hetero-
chromatin dips that shape centromeres’ architec-
ture. While H3K9me3 was enriched in pericentric 
regions, it was notably depleted within active HORs 
and CENP-A domains, mirroring DNA methylation 
dips at CDRs (Fig.  2C). Knocking out SUV39H1 
and SUV39H2, methyltransferases responsible for 
depositing the repressive histone mark H3K9me3, 
and loss of SUZ12, a component of the Polycomb 
Repressive Complex 2 (PRC2) involved in regulat-
ing H3K27me3, led to significant CENP-A drift of 
20–150  kb, as well as a twofold expansion of the 
CENP-A domain. Thus, H3K9me3 and H3K27me3 
act as functional boundaries that regulate CENP-
A positioning and restrict CENP-A domain size 
(Fig.  2C). These findings highlight the role of 
H3K9me3 and H3K27me3 in maintaining cen-
tromere integrity by establishing functional bounda-
ries that confine CENP-A positioning and prevent 
uncontrolled expansion (Carty et al. 2025). Besides 
drift and expansion, loss of heterochromatin marks 
led to the formation of new CENP-A domains dis-
tal to the primary centromere (Fig.  2C), resulting 
in distinct double centromeric CENP-C loci and 
the creation of functional dicentric chromosomes 
(Carty et al. 2025).

These recent studies demonstrate that CENP-A 
drift occurs also at human centromeres. They empha-
size the remarkable flexibility and adaptability of the 
centromeric epigenetic environment and highlight 
the nature of CENP-A positioning: precise mainte-
nance across the cell cycle, but with a certain degree 
of flexibility across evolutionary timescale. They also 
demonstrate that stable DNA methylation CDR and 
heterochromatin boundaries are essential for restrict-
ing movement and size of the CENP-A domain. Pro-
longed cellular proliferation and reduced H3K9me3 
and H3K27me3 levels lead to disruption of the DNA 
methylation CDR and loss of heterochromatin marks, 
respectively, and to drift and expansion of the CENP-
A domain (Fig. 2). This interplay between CENP-A 
positioning, DNA methylation patterns, and hetero-
chromatin modifications introduces another layer 
of complexity in the epigenetic propagation of cen-
tromere identity within the evolving DNA sequence.

Final thoughts and open questions

To summarize, increasing evidence supports mul-
tiple dynamic and evolving layers at centromeres: 
centromere DNA sequence, CENP-A amino acid 
sequence, and CENP-A position all evolve in evo-
lutionary timescale while maintaining stable func-
tion. Despite the varying layers within the dynamic 
centromere, maintaining a stable number of CENP-
A nucleosomes in parallel to the maintenance 
of certain genomic characteristics of α-satellite 
sequences, appear to be important for centromere 
function. Epigenetic factors such as DNA methyla-
tion and heterochromatin dynamics help strengthen, 
stabilize and confine the position of CENP-A nucle-
osomes, suggesting that centromere identity is pre-
served through a finely tuned balance between flex-
ibility and epigenetic reinforcement. Future studies 
aimed at understanding the mechanisms establish-
ing the pattern of DNA methylation at centromeres 
and at pericentromeric heterochromatin, and the 
CDR at the active HORs, are needed to define their 
role in confining CENP-A position and their impor-
tance for centromere function. Better understanding 
of the interplay between CENP-A and DNA methyl-
ation dynamics, as well as the possible contribution 
of additional centromeric and pericentromeric post-
translational epigenetic modifications to this inter-
play, will be crucial in elucidating how centromeres 
maintain stability while allowing for plasticity, ulti-
mately providing insights into centromere function 
and evolution.
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