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Abstract

Centromeres are essential for chromosome inheritance and genome stability. Centromeric
proteins, including the centromeric histone CENP-A, define the site of centromeric chromatin and
kinetochore assembly. In many organisms, centromeres are located in or near regions of repetitive
DNA. However, some atypical centromeres spontaneously form on unique sequences. These
neocentromeres, or new centromeres, were first identified in humans, but have since been
described in other organisms. Neocentromeres are functionally and structurally similar to
endogenous centromeres, but lack the added complication of underlying repetitive sequences.
Here, we discuss recent studies in chicken and fungal systems where genomic engineering can
promote neocentromere formation. These studies reveal key genomic and epigenetic factors that
support de novo centromere formation in eukaryotes.
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Eukaryotes exhibit a range of centromeres

Preserving genome integrity is a major goal of cell division, as genetic information is passed
from mother to daughter cells. The centromere is essential to faithful chromosome
segregation and genome stability. It is generally recognized that both genomic and
epigenetic pathways are critical for establishing and maintaining functional centromeres.
Centromeres are often defined by repetitive DNA, but unique sequences are present at
endogenous centromeres of Schizosacchromyces pombe, Candida albicans, and Gallus
gallus. Centromeres can be small and similar in size and sequence, such as the 125bp
“point” Sacchromyces cerevisiae centromere. Centromeres in larger eukaryotes are regional;
the site of kinetochore assembly occurs at variably sized genomic regions, ranging from 40
kilobases to five megabases. In Caenorhabditis elegans, the chromosomes are holocentric,
in that the centromere is formed along the length of each chromosome [1]. Sometimes,
chromosomes contain two centromere regions. These dicentrics are usually products of
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chromosome fusion. Dicentrics are typically unstable during cell division; the activity of one
centromere is suppressed so that dicentric segregation occurs in the manner of a monocentric
chromosome [2]. Inactive centromeres represent a class of centromeres that remains to be
fully characterized.

Neocentromeres are an intriguing type of centromere arising at atypical chromosomal sites,
including chromosome arms or telomeres (reviewed by [3, 4]) (Box 1). They are unique
models for studying de novo centromere formation because they usually form on non-
repetitive DNA, yet recruit centromere proteins, and generally segregate faithfully during
cell division. Neocentromeres were first described in humans in 1993, and since then, over
100 have been identified. They are usually ascertained due to their presence on
chromosomes associated with abnormal phenotypes. These include marker chromosomes
that have been deleted or duplicated from endogenous chromosomes [5-7] or native or
marker chromosomes in which the normal centromere has been repressed [8, 9]. Although
neocentromeres originating from nearly every human chromosome have been described,
some appear to cluster in similar locations such as the long arms of chromosomes 3, 4, 8, 13,
and 15 [4, 10]. These are not “hotspots” per se, because precise mapping of centromere
protein binding regions showed that the different neocentromeres form on distinct DNA
sequences, even within the same genomic interval [11, 12]. Furthermore, the sizes of the
CENP-A domains on neocentromeres in the same genomic region can range four-fold
(~100-400kb), emphasizing the plasticity of centromere assembly.

Box 1
Glossary of terms used

CENP-A histone H3 variant that replaces canonical H3 at centromeres

Centromere chromosomal locus at which the kinetochore is assembled
and spindle microtubules attach

HJURP/Scm3 the chaperone protein that assembles CENP-A into
chromatin

Immature/ a chromosomal locus that is contains CENP-A at low levels

Incomplete and/or fails to recruit a full complement of centromere/

Centromere kinetochore proteins

Kinetochore the multi-protein structure that is assembled on centromeric
DNA and facilitates chromosomal connection to spindle
microtubules

mardel(10) one of the first human neocentromeres to be described and
characterized; it is a marker chromosome derived from the
long arm of chromosome 10 on which a neocentromere
formed on non-centromeric DNA

Neocentromere a centromere that forms at a non-typical genomic region and
usually at sequences that differ from endogenous
centromeres
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Understanding human neocentromere formation has been limited by the retrospective nature
of many analyses. At the time of study, human neocentromeres are already stabilized in the
karyotype. Mechanisms of their formation can only be insinuated by their structure and
chromosomal origin, thus underscoring the need for strategies to induce neocentromere
formation experimentally. In this review, we discuss exciting, recent studies of controlled
neocentromere formation that have extended understanding of genomic and epigenetic
factors that govern de novo centromere formation.

Centromere Specification through Unique Chromatin Assembly

The diversity of eukaryotic centromeric DNAs contrasts with the common chromatin
organization that is largely independent of the underlying DNA sequence. Within
centromeric chromatin the histone H3 variant Centromere Protein A (CENP-A) fully
replaces canonical histone H3 in a subset of nucleosomes, so that centromeres contain a
mixture of H3 nucleosomes and CENP-A nucleosomes [13, 14]. Replenishment of CENP-A
during each cell cycle is critical to centromere stability. New CENP-A is loaded into
chromatin by the CENP-A specific chaperone, HJURP (Holliday Junction Recognition
Protein) (Scm3 in fungi, CAL1 in Drosophila). Tethering HJURP to non-centromeric sites
can seed a de novo centromere [15] that persists following HJURP disassociation,
emphasizing the important role for CENP-A in centromere specification.

In addition to CENP-A containing chromatin, eukaryotic centromeres are also enriched for
other types of chromatin. CENP-A chromatin forms the centromeric core and is surrounding
by chromatin marked by H3K9 and H3K27 tri-methylation [16, 17]. CENP-A nucleosomes
within the centromeric core of metazoans are interspersed with H3 nucleosomes methylated
at K4 and K36 [18, 19]. Such distinct chromatin domains exist at centromeres ranging from
fungi to plants to humans, suggesting that chromatin organization is fundamentally
important for centromere specification and/or function.

Surprisingly, many neocentromeres lack common chromatin features. At the mardel(10)
neocentromere, CENP-A-containing subdomains are interspersed with histone H3
subdomains, indicating shared chromatin organization with endogenous centromeres [20].
However, 13q neocentromeres lack interspersed H3 nucleosome and are defined by one
major and one minor CENP-A domain [12]. Some neocentromeres contain varying amounts
of heterochromatin while others lack heterochromatin altogether [11]. The absence of a
consistent chromatin environment raises questions about genomic and epigenetic features
that influence neocentromere formation.

Targeting CENP-A to certain non-centromeric sites can promote de novo centromere
formation and recruitment of centromere proteins [21]. Yet despite the requirement for
CENP-A at functional centromeres, the presence of CENP-A is not always sufficient for its
continued maintenance. Studies in Drosophila and human cultured cells have shown that
global, ectopically expressed CENP-A/CID incorporates at several different genomic sites
[22, 23]. However, a complete protein repertoire of a fully functional centromere is not
always recruited to every ectopic loci. Similar “immature” or incomplete centromeres have
been observed at sites of where HJURP and CENP-A have been tethered [21]. The presence
of the endogenous centromere might inhibit maturation of additional centromeres elsewhere
on the same chromosome. But a more likely explanation is that certain chromatin
environments favor CENP-A incorporation and new centromere formation/maturation [24]
(see below).
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Neocentromeres arise near sites of former centromere function

What makes certain genomic regions particularly amenable to centromere assembly is
unclear. Inferences of mechanism are confounded by potential selection bias for retention of
human neocentromeres that are associated with the most viable, least deleterious
phenotypes. Two recent studies in chicken cells and C. albicans support the notion that
experimentally-derived neocentromeres form at specific genomic locations [25, 26]. In order
to induce neocentromere formation in these organisms, an endogenous centromere was
physically removed and replaced with a selectable marker (bleomycin in DT40 chicken cells
and URA3 in C. albicans). Cells lacking the endogenous centromere but that could still
grow in media containing G418 (chicken) or media lacking uracil (C. albicans) were
identified as those that had formed neocentromeres.

The centromeres of chicken chromosomes 5 and Z consist of non-repetitive DNA, and their
CENP-A regions span 30-40kb, like other chicken centromeres. When a large (127kb)
portion of the Z centromere was conditionally deleted, neocentromeres formed in several
locations, ranging from near either chromosome end to the middle of the chromosome arm
[25] (Figure 1A). Neocentromere formation occurred most frequently near the original Z
centromere. Although endogenous chicken centromeres have ~35kb regions of concentrated
CENP-A accumulation, a much larger region (~2Mb) surrounding the centromere region
contains small amounts of non-kinetochore-associated CENP-A [25]. CENP-A enrichment
in the flanking regions was low but still more enriched compared to the rest of genome. The
preference for non-random neocentromere formation near the endogenous centromere was
thought to be due to the presence of CENP-A in the flanking regions. Indeed, deletion of a
smaller region (67kb) of centromere 5 resulted in 97% of neocentromeres forming within a
3Mb region near the original centromere (Figure 1B).

Similar experiments in C. albicans, a pathogenic yeast in which each centromere is ~4.5kb
in size and defined by unique, non-repetitive sequences [27], support the notion that
centromere-proximal sites are highly amenable to neocentromere formation. Varying
amounts (4.5kb — 30kb) of endogenous centromere regions (CEN 1, CEN5, and CEN7) were
deleted and replaced with a selectable reporter gene (Figure 2), and neocentromeres formed
both proximal and distal to the centromere [26], agreeing with a previous study of
neocentromere formation on chromosome 7 [28]. In the most recent study, the majority of
neocentromeres preferentially formed between 1kb and 13kb from the location of the
original centromere (Figure 2A-2C) [26,]. Interestingly, the neocentromeres that formed
farther from the site of CEN7 contained 35% the amount of CENP-A compared to
endogenous CENTY levels, yet they were still viable. These findings agree with studies in
humans indicating that centromeres with <20% the normal amount of CENP-A retain almost
normal function [18, 29]. Although none of the yeast neocentromere strains exhibited
significant chromosome loss, the neocentromeres located 13kb away from the deleted
endogenous centromere were the only ones to show a low level of chromosome loss. These
finding suggest that despite reduced CENP-A enrichment at these distal neocentromeres, a
generally functional kinetochore was formed.

At least two interesting distinctions have emerged from the recent C. albicans and chicken
neocentromere studies. First, C. albicans does not exhibit an obvious correlation between
size of the deleted centromere region and the centromere-proximal location of
neocentromeres. Second, all of the chicken neocentromeres were comparable in size to
endogenous centromeres, whereas C. albicans neocentromere sizes varied among the
different chromosomes. Neocentromeres formed from deletion of CEN1 or CEN5 were 2—4
times larger (6—12kb) than the endogenous centromeres (3-5kb). This variability in
neocentromere size is more similar to that observed for human neocentromeres [12]. The
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observed plasticity in neocentromere size could simply reflect the absence of genomic
features that repress de novo centromere formation, given that Candida neocentromeres
frequently form in large, intergenic regions [28]. Targeting CENP-A to intergenic regions
that are variable in size and chromatin enrichment, while simultaneously deleting the
endogenous centromere, could address this question.

Centromere assembly and replication timing: cause or effect?

An intriguing property of centromeres is that they replicate at a different time than bulk
DNA. In the yeasts, S. cerevisiae, S pombe, and C. albicans, centromeres replicate early in
S. phase. Such early replication of centromeres appears to be crucial for proper kinetochore
assembly in S cerevisiae [30] and in S. pombe where it is regulated by the centromere
protein Swi6 [31]. In fungi at least, early replicating domains may be preferred sites of
neocentromere formation over late replicating domains. CENP-A loading in early S might
drive neocentromere formation at early replicating sites. However, neocentromere formation
at a late replicating domain in C. albicans created a replication shift to early S phase [32],
suggesting that replication timing alone is not a primary determinant of de novo centromere
assembly. More recent studies corroborate this finding in S cerevisiae. The repositioning of
the chromosome X1V centromere from its endogenous locus to a late replicating domain not
only results in a functional centromere, but also shifts timing of replication to early S phase
[33]. Thus, it appears that in these organisms, replication timing is an inherent property of
endogenous centromeres that can be transferred to neocentromeres.

In contrast to fungal centromeres, replication of centromeres in vertebrates and other
multicellular organisms occurs in mid-to late S phase [34-36]. Perhaps CENP-A loading at
neocentromeres in yeast is linked to replication timing. This might explain why early
replicating regions are preferred sites of neocentromere formation, especially in C. albicans
[32]. In the DT40 neocentromere studies, one neocentromere formed at an already late
replicating domain, and did not alter replication timing [25]. However, two other
neocentromeres formed in early replicating domains that shifted to late upon neocentromere
formation. Similarly, human neocentromere formation on chromosome 10 shifts replication
timing of the region to a later time [37]. The mechanism by which centromere assembly
alters replication timing - either late to early in fungi or early to late in metazoans — remains
unclear. Engineered neocentromeres in fungi and chicken provide controllable experimental
systems to now explore the effects of replication timing on centromere assembly and vice
versa.

De Novo Centromeres and Transcription

Because they are typically embedded in pericentric heterochromatin, sites of kinetochore
assembly were historically presumed to lack transcriptional activity. However, on the heels
of discoveries that pericentric heterochromatin domains can be transcriptionally active in
fission yeast [38, 39], landmark studies in maize demonstrated that DNA interwoven with
CENP-A-containing nucleosomes is permissive to RNA Polymerase |1 (RNAPII) mediated
transcription [40]. Over the past decade, transcripts homologous to the primary sequence
underlying native kinetochore assembly sites have been identified in the yeasts S. cerevisiae
[41] and S pombe [42], rice [43, 44], mouse [45, 46], tammar wallaby [47], and humans
[48]. Furthermore, centromeres present on human artificial chromosomes (HACs) are
likewise transcriptionally active [18, 49, 50]. Defining the types and properties of
centromere-derived transcripts, including both endogenous genes and non-coding RNAS
(ncRNAs), is the next challenge in understanding centromeric transcription [40, 43-45, 47].
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There are important links between the level of RNAPII transcriptional activity at CENP-A-
containing chromatin domains and centromere identity and function. An emerging
“Goldilocks” model of centromeric transcription in both unicellular and multi-cellular
eukaryotes posits that transcription that is too high or too low negatively affects centromere
function. Instead, a “just right” amount is important for proper centromere assembly and
chromosome segregation [51]. In humans, studies have taken advantage of easily
manipulated HACs to demonstrate that targeting of transcriptional activators to a HAC core
domain not only alters gene expression, but also modifies chromatin structure and HAC
stability [49, 50]. When HAC transcriptional activity was reduced, CENP-A incorporation
and mitotic stability were significantly compromised [18]. Where it has been studied, low
transcriptional activity is also a feature of endogenous centromeres. For example,
experimental manipulation of core domain transcription results in chromosome
missegregation and lagging chromosomes in both S. cerevisiae and tammar wallaby [41,
47]. Likewise, treatment of mammalian cells with inhibitors of RNAPII compromises
centromere function [52]. Studies of endogenous centromeres in S. pombe support and
extend the conclusion that a low level of transcription is a normal feature of eukaryotic
centromeres [42].

In light of these findings, it is not surprising that neocentromeres in both C. albicansand G.
gallus frequently form adjacent to genes or predicted genes [25, 26, 28]. Furthermore, recent
studies predict that ORFs associated with neocentromere formation are transcriptionally
active. The steady state transcript level of neocentromere adjacent genes is strongly reduced
upon neocentromere formation in yeast [26, 28]. Similarly, in S. pombe, neocentromere-
adjacent genes that are typically induced by nitrogen starvation remain repressed upon
nitrogen depletion [53]. In chicken cells, changes to gene transcription after neocentromere
formation are less obvious, because neocentromeres form over both transcriptionally active
and inactive genomic regions [25]. Unfortunately, at most loci in the chicken neocentromere
study, the transcriptional activity of genes could not be ascertained due to technical
limitations, although at one testable locus, transcription was down regulated.

Whether transcriptional effects are causes or consequences of neocentromere assembly
remains an unanswered question. Intriguingly, C albicans neocentromeres assembled at or
near the URAS3 reporter gene can move locally in response to experimental manipulation of
growth conditions that change the amount of URA3 transcription. Increased transcriptional
activity prohibits CENP-A incorporation, whereas transcriptional repression results in
CENP-A association at gene promoters [26, 28]. Of the few human neocentromeres that
have been studied, the mardel(10) neocentromere showed a distinct correlation between
centromere function and LINE-1 transcription [54]. Although it remains to be formally
tested, the transcriptional activity associated with heterochromatin formation in S. pombe
[55] may also contribute to the site of neocentromere formation.

Chromatin environments that favor new centromere formation

In fission yeast, neocentromeres rarely form adjacent to the excised endogenous centromere
[53]. This is likely due to the nature of the specific engineered deletions that removed both
CENP-A and pericentric heterochromatin domains in the neocentromere studies. Low levels
of CENP-A and/or heterochromatin would not be expected outside of the excised regions,
and as a result, neocentromeres might preferentially assemble at subtelomeric regions that
do contain heterochromatin [53, 56]. These findings imply that a distinct chromatin
environment promotes neocentromere assembly. Indeed, de novo centromere assembly on
circular artificial chromosomes in S. pombe requires the presence of pericentric
heterochromatin [57]. Similarly in Drosophila, genomic regions near or within
heterochromatin are preferred sites of neocentromere formation [22, 24, 58, 59]. Even some
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human neocentromeres are located in or near heterochromatic regions, such as the
acrocentric short arms [60]. Nevertheless, other human neocentromeres are formed in non-
heterochromatic regions, and de novo centromeres in C. elegans are assembled in the
absence of heterochromatin [61]. While heterochromatin may strongly promote or support
neocentromere formation, it is not the only type of chromatin environment in which
neocentromere assembly can occur. Thus, questions regarding the perfect environment for
neocentromere formation remain to be experimentally addressed.

A recent study in S pombe suggests that regions depleted for nucleosomes that contain
H2A.Z are particularly suited for neocentromere formation [56]. Indeed, increased
neocentromere formation in fission yeast was observed at regions lacking H2A.Z,
suggesting that CENP-A and H2A.Z are typically not present in the same nucleosomes.
These studies suggested that Scm3/HJURP has decreased affinity for nucleosomes
containing H2A.Z, which consequently inhibits new CENP-A incorporation. Since
heterochromatin contains little H2A.Z, a feasible model is that centromeric and telomeric
heterochromatin promotes maturation of new centromere formation once CENP-A
incorporation has occurred. If CENP-A is aberrantly loaded into sites that contain little or no
H2A.Z or in regions that experience high histone turnover, neocentromere formation may be
more easily seeded and reinforced by continued, efficient recruitment of Scm3/HJURP.

Mechanisms that Counter Spontaneous Neocentromere Formation

Low levels of CENP-A are found at non-centromeric sites in multiple organisms, including
promoters, yet these regions do not mature to fully functional centromeres. And in instances
in which CENP-A is over-expressed or tethered at specific genomic regions, only partial
centromere assembly occurs [21-23, 59]. In fungi, transient neocentromeres can form that
contain lower (<15%) amounts of CENP-A [28, 56]. However, these immature or
incomplete centromeres disappear and relocate, either naturally or under stress conditions to
more favorable genomic regions where they become more enriched for CENP-A [28, 56].
An open question, then, is why new centromeres do not arise regularly throughout the
genome. Several lines of evidence indicate that multiple mechanisms protect the genome
against de novo centromere formation (Figure 3).

CENP-A deposition at centromeres of eukaryotic centromeres corresponds with several
events, including its own transcription, the availability of chaperones that load it into
chromatin, and regulation of the CENP-A assembly machinery by cyclin-CDK complexes
[62-64]. For instance, the Drosophila centromere protein CAL1 that shares homology with
HJURP and Scma3 is present in limiting amounts during the cell cycle to ensure that CENP-
AJCID assembly occurs appropriately [65]. In addition, chromatin remodelers participate in
both the incorporation of CENP-A at centromeres [66] and in the preservation of H3
chromatin, thereby ensuring that CENP-A is not incorporated at non-centromeric sites [42].
At all times, the cell is surveying H3 chromatin and misincorporated CENP-A. Since
promoter regions often contain higher than average amounts of H2A.Z, this variant histone
may also help to prevent inappropriate CENP-A deposition [56]. Neocentromere formation
may represent instances in which even slight perturbations in chromatin regulation or
genome surveillance allow CENP-A to encroach into unauthorized genomic regions.

Although excess or inappropriately incorporated CENP-A can lead to partial or complete
centromere formation, mechanisms exist to evict mislocalized CENP-A. Ubiquitin-
mediation proteolysis has been demonstrated to prevent CENP-A misincorporation and
effectively control normal CENP-A levels in several organisms [67-72]. If chromatin
remodelers or E3 ubiquitin ligases are mutated or ineffective, a critical mass of
misincorporated CENP-A may remain in certain genomic regions. Indeed when CENP-A/
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Csedp is over-expressed in S cerevisiae strains mutated for Psh1, a E3 ubiquitin ligase,
misincorporated CENP-A/Cse4p is not removed from non-centromeric loci [73]. CENP-A
misincorporation and/or failure in eviction may represent an early step in new centromere
formation. As CENP-A persists in a new location, levels of H2A.Z or other restrictive
chromatin marks may decrease, allowing the neocentromere to mature, perhaps in concert
with enrichment for permissive chromatin, such as heterochromatin or H3K4me/H3K36me.
The minimal level of CENP-A that can bypass or escape eviction and proteolysis remains to
be tested, although some studies suggest that only a few molecules of CENP-A can maintain
centromere function [18, 28, 29].

Understanding the molecular switch between new centromere formation and centromere
suppression is relevant beyond neocentromere biology. Similar mechanisms might underlie
centromere inactivation in de novo dicentric chromosomes and, when ineffective or mutated,
might explain why some dicentrics fail to inactivate the second centromere [2, 74-76].
CENP-A is also over-expressed in many cancers [77, 78]. It is tempting to speculate that
surveillance/eviction machinery might be compromised in these cells, and neocentromeres
may arise more often and contribute to genome instability that is a hallmark of cancers.

Finally, a new view of centromere maintenance has emerged from C. albicans in which
genomic mechanisms related to centromere or chromosome pairing protect against new
centromere formation [26]. Deletion of endogenous CEN7 led to neocentromere formation,
but in a fraction of strains, the centromere was restored at the endogenous locus by gene
conversion through recombination with CEN7 on the unaltered homolog. Notably, the C.
albicans neocentromeres that “disappeared” contained lower amounts of CENP-A compared
to the original centromere (Figure 2). These findings suggest that neocentromere formation
in diploid organisms probably happens more often than appreciated. These events may go
unobserved because incomplete/immature centromeres are reverted or removed, and
endogenous centromere function is restored by recombination (Figure 3). Gene conversion
has been reported at both budding yeast and maize centromeres [79, 80], and is thought to
occur at human centromeres, although the latter has been more difficult to study. In light of
the new findings in C. albicans, models of centromere stability now include recombination-
based mechanisms that maintain centromere location, diversify centromeric DNAs, and
suppress propagation of unfavorable or disadvantageous new centromeric locations, perhaps
based on the amount or extent of CENP-A incorporation.

Final remarks

The ability to efficiently engineer and recover neocentromeres in both fungal and vertebrate
wild-type cells represents a powerful strategy to study the establishment and maintenance of
de novo centromeres. Recent studies have provided insight into some genomic and
epigenetic factors that promote de novo centromere formation, but many intriguing
questions still remain (see Box 2). It will be important to define roles for transcription,
replication, and chromatin environment in neocentromere formation. Such studies have
implications not only for basic centromere and chromosome biology, but also for developing
strategies to create controllable centromeres or repress centromere function for therapeutic
applications and disease treatments.

Box 2
Questions Outstanding in Neocentromere Research

e Does replication timing direct centromere specification or does centromere
assembly trigger a change in replication dynamics?
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» Do neocentromeres preferentially assemble near origins of replication, at non-
coding RNAs, and/or within domains enriched for cohesins?

» Do neocentromeres non-randomly arise next to centromeres defined by
repetitive DNA?

»  Can neocentromeres arise in organisms with genetically determined
centromeres?

e How do diseased cell states influence neocentromere formation?
» Does primary incorporation of ectopic CENP-A occur at sites of DNA damage?

« Do neocentromeres preferentially assemble within specific nuclear locations/
territories?

» What are the molecular mechanisms that control the maturation of centromeres
from incomplete sites of CENP-A incorporation to fully functional centromeres?

» Isthere a molecular difference between incomplete and repressed
(neo)centromeres?
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Figure 1. Engineered neocentromeresin DT40 chicken cells arise non-randomly near the
original centromere

Endogenous chicken chromosomes Z and 5 contain CENP-A chromatin regions (black-filled
curves; reddish-blue nucleosomes) that are ~35kb in size. (A) Removal of the 127kb of the
centromere region of chromosome Z, including the 35kb CENP-A domain, and replacement
with a bleomycin selectable marker cassette (blue box) using Cre-lox P genome
engineereing led to neocentromere formation (yellow boxes) at various sites along
chromosome Z. The location of neocentromere formation was preferentially skewed, with
76% of neocentromeres forming proximal to the original centromere. (B) Low levels of
CENP-A were detected by ChIP-seq in a 2Mb region surrounding the endogenous
centromere of chromosome 5. To test if these regions of more modest CENP-A
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incorporation are capable of nucleating a centromere in the absence of the adjacent, more
enriched CENP-A domain, a smaller (67kb) region of centromere 5 was deleted. Nearly all
neocentromeres (97%) formed adjacent to the original centromere, suggesting that in
chicken cells, non-kinetochore CENP-A-enriched chromatin can seed neocentromere
formation in the absence of the original centromere. Drawings are not drawn precisely to
scale.
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Figure 2. Induced neocentromeresin C. albicans form at high frequency near the original
centromere

(A) Replacement of the 4.5kb C. albicans CEN7 with a URA3 marker (red box) resulted in
neocentromere formation (yellow boxes) within 1-3kb on either side of the original
centromere. The amount of CENP-A (reddish-blue nucleosomes) at the neocentromeres
relative to the amount at the original CEN7 is denoted by the number of cartoon CENP-A
nucleosomes (1 = reduced to 3 = normal amount at the endogenous centromere). (B, C)
Larger deletions (6.5kb or 30kb) of the CEN7 region produced neocentromeres that were
located 2-13kb from the original centromere. Notably, neocentromeres that formed farther
from the original centromere contained lower amounts of CENP-A. (D) In a subset of
neocentromere-containing strains, the neocentromeres disappeared and the endogenous
CENTY was restored by gene conversion. In these strains, the neocentromeres contained
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lower amounts of CENP-A (denoted schematically by the blue boxes and few CENP-A
nucleosomes), suggesting that the amount of CENP-A may mark the completeness of a
centromere, or its probability of being reverted by gene conversion. Drawings are not drawn
precisely to scale.
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Figure 3. Theformation and fate of de novo centromeresarising at atypical genomic locations
Non-centromeric chromosomal loci contain low levels of CENP-A (red) and histone
variants, including H2A.Z (yellow). Upon centromere loss, CENP-A is preferentially
incorporated at existing CENP-A loci, whereas H2A.Z may guard against CENP-A
incorporation. (A) Chromatin remodeling complexes and histone H3 chaperones monitor
local chromatin structure and evict misincorporated CENP-A, resulting in centromere 10ss.
(B) Alternatively, following centromere loss, CENP-A is incorporated at loci already
containing a low level of CENP-A or other chromatin structures permissive to
neocentromere formation, such as heterochromatin. HJURP association enables maturation
of incomplete centromeres, followed by recruitment of centromere and kinetochore proteins
necessary for neocentromere function. (C) Failure to recruit a sufficient amount of CENP-A
in diploid organisms can result in incomplete neocentromere formation, which may be
corrected by repositioning that results in CENP-A incorporation at a more favorable site or
by homologous recombination (not shown). Neocentromeres can form, perhaps
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preferentially, within or adjacent to genes, resulting in reduced transcriptional activity
adjacent to the mature neocentromere.
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