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ABSTRACT
The centromere is a critical genomic region that enables faithful chromosome segregation during
mitosis, and must be distinguishable from other genomic regions to facilitate establishment of the
kinetochore. The centromere-specific histone H3-variant CENP-A forms a special nucleosome that
functions as a marker for centromere specification. In addition to the CENP-A nucleosomes, there are
additional H3 nucleosomes that have been identified in centromeres, both of which are predicted to
exhibit specific features. It is likely that the composite organization of CENP-A and H3 nucleosomes
contributes to the formation of centromere-specific chromatin, termed ‘centrochromatin’. Recent
studies suggest that centrochromatin has specific histone modifications that mediate centromere
specification and kinetochore assembly. We use chicken non-repetitive centromeres as a model of
centromeric activities to characterize functional features of centrochromatin. This review discusses our
recent progress, and that of various other research groups, in elucidating the functional roles of
histone modifications in centrochromatin.
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Introduction

The centromere is a critical genomic region that enables faithful
chromosome segregation during mitosis. A large, multimeric
protein structure called the kinetochore that is assembled on
the centromere, binds microtubules during mitosis. The centro-
mere region is not specified by a particular DNA sequence, but
rather by sequence-independent epigenetic mechanisms. The
centromere-specific histone H3-variant CENP-A forms a
specific nucleosome, and is thought to be a critical epigenetic
marker for centromere specification. This hypothesis is sup-
ported by previous studies that showed that most active centro-
meres include CENP-A-containing nucleosomes,1 and that
localization of CENP-A to a non-centromeric region induces
centromere formation under specific conditions in some organ-
isms.2-5 In addition to CENP-A-containing nucleosomes,
canonical histone H3-containing nucleosomes also exist in
centromere regions (Fig. 1).6-8 CENP-A nucleosomes are inter-
spersed with chromatin-containing canonical histone H3 in the
centromere region, and this composite organization may con-
tribute to the formation of centromere-specific chromatin
called ‘centrochromatin’ (Fig. 1).6,9,10

To facilitate the assembly of kinetochore proteins, centro-
chromatin is characterized by a unique pattern of post-transla-
tional histone modifications that contribute to an overall status
that is neither heterochromatic nor euchromatic (Fig. 1). In
general, histone modifications are associated with the genome
status (i.e. an ‘open’ versus a ‘closed‘ chromatin conformation)
as ascertained by the assessment of genome-wide distribution
patterns of various histone modifications using specific

antibodies.11 Transcriptionally-active genomic regions are usu-
ally associated with an open chromatin status and acetylated
histones, while heterochromatic regions are instead associated
with closed chromatin and methylated histones. Although cen-
trochromatin is believed to include specific histone modifica-
tions, these are difficult to investigate because of the massively
repetitive nature of underlying centromeric and peri-centro-
meric DNA sequences.

Sullivan and colleagues used an extended-chromatin-fiber
technique, combined with antibodies against histone modifi-
cations and/or CENP-A, to reveal the organization of cen-
trochromatin.6,12 Earnshaw and coworkers used an artificial
chromosome that harbored a centromere sequence that was
able to be manipulated to examine centromere histone
modifications in artificial chromosomes.13 In addition, they
altered the centromere histone modification status by teth-
ering a histone demethylase onto the artificial chromo-
somes, and thus examined the biological significance of
such histone modifications.13-15 Furthermore, there are vari-
ous studies on CENP-A modifications, including phosphor-
ylation, methylation, acetylation, and ubiquitination, which
may be critical for centromere functions (Fig. 1).16-21 Our
group focuses on non-repetitive centromeres as a model in
chicken cells.8 Although in most organisms, centromeres
generally contain highly repetitive sequences, chicken chro-
mosomes 5, 27, and Z do not contain such sequences,22,23

(notably, other chicken chromosomes do exhibit repetitive
centromeres). This is also true for the equine chromosome
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11 centromere.24 By analyzing these non-repetitive centro-
meres with specific antibodies directed against various his-
tone modifications, we identified centromere-specific
histone modifications.25,26 In this review, we focus on modi-
fications of canonical histones (other than for CENP-A) in
centromeres and, in particular, discuss our recent findings
combined with other reports, as well as the biological signif-
icance of histone modifications for centromere specification
and/or kinetochore assembly.

Modifications of canonical histones in centrochromatin

Since the concept of ‘centrochromatin’ was first proposed, the
histone modification status of centrochromatin in different
organisms has been examined using various methodologies
(Fig. 1). H3K4me2 has been shown to be highly enriched in
centrochromatin in humans and flies.6,9 Conversely, maize cen-
tromeres have been found to contain significant amounts of
H3K9me2 and H3K9me3, but only low levels of H3K4me2.27

Notably, this inconsistency may be the result of the difficulty of
accurately mapping histone modifications on repetitive sequen-
ces using ChIP analysis.28 To exclude this issue, we used non-
repetitive centromeres found in chicken chromosomes 5, 27,
and Z.22,23 Although human neo-centromeres also lack repeti-
tive sequences,29 they vary significantly in size and chromatin
features.30 In addition, human chromosomes that contain neo-
centromeres are less stable than endogenous chromosomes

with normal centromeres.31 Given that chicken non-repetitive
centromeres naturally exist in chromosomes, they are excellent
models for examining centromeric chromatin features. Further-
more, centromere sizes among these chromosomes are simi-
lar,22,23 as are their kinetochore protein contents, compared
with those of repetitive centromeres in other chicken
chromosomes.32

Thus, we extensively analyzed various histone H3 modifi-
cations in non-repetitive centromeres using ChIP-seq analy-
sis with appropriate antibodies, but did not detect specific
enrichment of any of the tested H3 modifications25, (includ-
ing H3K4me2, H3K9me3, and H3K36me2). H3K9me3 is
associated with, and considered to mark, heterochromatin,
and has previously been shown to be predominantly
enriched in the peri-centromeric region. Our results were
consistent with these previous findings, such that H3K9me3
was found to be enriched in the repetitive centromeres in
chicken cells; however, it was not detected in association
with non-repetitive centromeres.25 This may either reflect
the fact that the heterochromatic structure is not established
in non-repetitive centromeres, or instead indicate that non-
repetitive centromeres may form their heterochromatin
structure via different mechanisms. For example, non-repet-
itive centromeres may associate with heterochromatic struc-
tures established at a distant point to the centromere region
via complex 3-dimensional chromosomal organization. To
ensure faithful chromosomal segregation, as well as the

Figure 1. Post-transcriptional histone modifications in centrochromatin. In centromere regions, CENP-A nucleosomes are interspersed with chromatin-containing canoni-
cal histone H3 and this composite organization must be critical for the formation of centromere-specific chromatin called ‘centrochromatin’. Various histones are modified
in centromeres and these modifications contribute to centromere functions including centromere specification, centromere transcription, heterochromatin formation,
kinetochore assembly.
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correct attachment of microtubules to kinetochores, sister-
chromatid cohesion must be established in centromere
regions. This implies that centromere regions must be het-
erochromatic to some extent, and hence it is likely that
non-repetitive centromeres are too. The recently-developed
chromosome-conformation-capture method, including the
‘Hi-C’ technique, allows 3-dimensional organization studies
of centrochromatin structures; hence, we must set out to
use this technique to evaluate our hypotheses.

Although our analyses to date have not identified specific
enrichment of H3 modifications, we predict centromere-spe-
cific H3 modifications since there are sufficient H3 nucleo-
somes in centromeres to establish centrochromatin. Thus,
identifying centromere-specific H3 modifications will be a chal-
lenging, but vital, topic for future research.

In addition to histone H3 modifications, we analyzed
histone H4 modifications in non-repetitive centromeres,
and found H4K20me1, H4K5ac, and H4K12ac modifications
to be enriched in centromeric regions via ChIP-seq analysis
using appropriate antibodies.25,26 Of these 3 modifications,
H4K20me1 mainly occurs at CENP-A nucleosomes in cen-
trochromatin (Fig. 2).25 This methylation is mediated by
PR-Set7,33 and our preliminary experiments have suggested
H4K20me1 in centrochromatin to be diminished in PR-
Set7-deficient DT40 cells (unpublished results). Further-
more, we have demonstrated that H4K20me1 does not
occur in the H4-CENP-A pre-deposition complex. Consid-
ering these observations, we conclude that H4K20me1
is present in centrochromatin through PR-Set7 activity

(Fig. 2). We next sought to elucidate the underlying mecha-
nisms by which PR-Set7 selectively methylates H4K20 in
centrochromatin. While it is possible that PR-Set7 may
transiently bind particular centromere proteins, to date we
have been unable to detect centromeric proteins by co-
immunoprecipitation with PR-Set7. Alternatively, the H4
tail position in the CENP-A nucleosome may be different
from its position in the H3 nucleosome, rendering the H4
tail more readily accessible to PR-Set7 in the former con-
text. Although the H4 tail is flexible, and it is difficult to
compare the structures of the CENP-A and H3 nucleo-
somes, it is in fact possible - indeed necessary - to test the
accessibility of the H4 tail to PR-Set7 in each context in
vitro.

In contrast to H4K20me1, H4K5ac and H4K12ac mainly
occur in the H4-CENP-A pre-deposition complex, which is
predominantly associated with the CENP-A chaperone
HJURP.26 Since the pre-deposition complex is transiently
associated with the RbAp46/48-Hat1 complex, H4K5ac and
H4K12ac mainly occur before CENP-A deposition. Consis-
tent with this observation, we previously showed that once
CENP-A-H4 is incorporated into chromatin, the level of
these modifications was reduced.26 Therefore, we propose
that these modifications are involved in CENP-A deposi-
tion, rather than with a centrochromatin-specific function
(see below and Fig. 3).

Histone modifications contribute to kinetochore assembly
and centromere specification

We have demonstrated that centromeres contain specific his-
tone H4 modifications, and have illustrated the importance of
elucidating their biological significance. By conditionally reduc-
ing the level of H4K20me1 in centromeres in cells,25 we
revealed that a reduced level of centromeric H4K20me1
induced both cell cycle arrest at mitosis and the loss of the
kinetochore proteins CENP-H and CENP-T.25 Taken together,
these data suggest that H4K20me1 is required for kinetochore
assembly (Fig. 2). Data from other current studies indicate that
other kinetochore proteins, CENP-N and CENP-C directly
bind the CENP-A nucleosome.34,35 Similarly, CENP-C and
CENP-T have been shown to be associated with the H3 nucleo-
some in centrochromatin.7 Given that CENP-C levels were not
altered in centromeres with reduced H4K20me1, CENP-T or
CENP-N (and CENP-N-associated proteins) are promising
candidates for interaction with H4K20me1. Nevertheless,
H4K20me1 also occurs in non-centromere regions, (for exam-
ple, it is particularly enriched in transcriptionally active
regions), and thus, the mechanisms by which kinetochore
proteins recognize H4K20me1 in centrochromatin remain to
be elucidated (Fig. 2). The simplest possibility is that some
kinetochore proteins specifically bind to H4K20me1. However,
we reconstituted CENP-A nucleosomes with H4K20me1 and
tested whether centromere proteins bind to the reconstituted
CENP-A nucleosomes. So far, we have not observed clear bind-
ing of centromeric proteins with reconstituted CENP-A nucle-
osomes in vitro (unpublished data). Additional histone
modifications may be required for CENP-T- or CENP-N-
H4K20me1 interactions. An alternative possibility is that

Figure 2. Schematic model for the functional role of H4K20me1 in centrochroma-
tin. The CENP-A-H4 complex is associated with the CENP-A chaperone HJURP, and
has been shown to be incorporated into centromeres during early G1 phase of the
cell cycle. Given that H4 subunits in CENP-A nucleosomes have been found to be
consistently methylated at K20, it is likely that this modification occurs just after
CENP-A incorporation by PR-Set7. This would allow various Constitutive-Centro-
mere-Associated-Network (CCAN) proteins to recognize H4K20me1 in centrochro-
matin, and thereby assemble kinetochores. It is vital that future research
elucidates the timing and mechanisms by which CCAN proteins mediate kineto-
chore assembly.
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modification of CENP-T- or CENP-N may be necessary for
interaction with H4K20me1. In either case, it will be essential
to address molecular mechanisms of how H4K20me1 recog-
nizes centromere proteins.

Given that recombinant CENP-N and CENP-N-associated
proteins have been shown to be capable of binding in vitro-
reconstituted CENP-A nucleosomes (which do not contain
H4K20me1 modifications),36,37 H4K20me1 may not be neces-
sary to enable the interaction of kinetochore proteins with the
CENP-A nucleosome. Notably however, this result was limited
to an in vitro analysis, and, therefore, H4K20me1 may in fact
facilitate the stable association of kinetochore proteins with
centrochromatin in vivo. Continued research is required to
clarify the molecular basis for the functional role of H4K20me1
in kinetochore assembly.

As previously discussed, H4K5ac and H4K12ac predomi-
nantly occur in the H4-CENP-A pre-deposition complex,
and thus, we believe that they may mediate the recruitment
of H4-CENP-A to centromeres. Indeed, cells expressing
H4K5R and H4K12R mutants have been previously shown
to exhibit improper centromere deposition of H4-CENP-
A,26 and, furthermore, we observed that the CENP-A chap-
erone HJURP does not recognize centromeres in H4K5ac-
or K12ac-deficient cells26 (Fig. 3). This led us to develop a
model suggesting that the acetylation-deficient H4 tail may
interfere with centromere recognition by HJURP (Fig. 3),
although the molecular mechanism by which H4K5ac and
H4K12ac facilitate centromere deposition of H4-CENP-A
remains unknown. HJURP is a highly phosphorylated pro-
tein, and some reports suggest that such phosphorylation
may regulate its functions.38,39 Thus, it is possible that
phosphorylated HJURP may not be capable of recognizing
centromeres and we speculate that histone H4 acetylation
in the H4-CENP-A complex may facilitate the recognition
of centromeres by phosphorylated-HJURP. It is certainly
likely that a combination of HJURP phosphorylation, H4
acetylation, and/or CENP-A modification is critical for
correct H4-CENP-A deposition, but this will require confir-
mation through future studies.

Epigenetic engineering reveals the significance of histone
modifications in centrochromatin

Although we did not detect specific accumulation of H3K4me2
or H3K36me2 in our chicken non-repetitive centromeres,25

these modifications have previously been demonstrated to be
centromerically-enriched on a human artificial chromosome
(HAC).13 These modifications are predominantly associated
with transcriptionally active genomic regions, suggesting that
the centromere region of HACs may undergo transcription. To
examine the functional significance of these modifications, a
unique epigenetic engineering method was used, whereby the
H3K4me2 demethylase LSD1 was specifically targeted to the
HAC centromere region.13 As expected, centromeric H3K4me2
on the HAC was lost completely. Interestingly, CENP-A and
CENP-C levels on the HAC were gradually reduced, centro-
mere H3K36me2 and transcripts from alphoid DNA on the
HAC centromere were decreased, and the HAC subsequently
became unstable in these cells.13

Bergmann et al. further investigated why a decrease in
H3K4me2 and centromeric transcripts resulted in incorrect
CENP-A and CENP-C localization.13 They found that newly
synthesized CENP-A was not properly targeted to the centro-
mere region, because HJURP did not recognize H3K4me2-defi-
cient chromatin.13 These observations suggest that an open
chromatin structure mediated by centromeric transcripts may
be critical for the recruitment of HJURP, and for the consequent
incorporation of CENP-A into centromeres. However, given
that a high level of transcripts was also observed to disrupt cen-
tromere formation, they proposed “moderate” transcription to
be critical for centromere formation.13 Earnshaw and colleagues
continue to analyze centromeric chromatin based on epigenetic
engineering methods.14,15 They recently combined a decrease of
H3K4me2 with an elevation of histone acetylation, whereby
induction of CENP-28/Eaf6 and p65 was used to induce H4K12
and H3K9 acetylation, respectively. Their results demonstrated
the defects of CENP-A incorporation observed in H3K4me2-
deficient chromatin to be rescued by induction of H3K9 acetyla-
tion by p65, but not by Eaf6-mediated H4K12 acetylation.14,15

Figure 3. Role for the RbAp48-Hat1 complex-mediated acetylation of the H4 tail in CENP-Adeposition. The H4 tail in the CENP-A-H4 complex is acetylated at K5 and K12
by the RbAp48-Hat1 complex before H4-CENP-A centromere deposition. The CENP-A-H4 complex binds the N-terminus of HJURP, and the middle region of HJURP recog-
nizes centromeres (via the Mis18 complex) to facilitate centromere deposition. Acetylation of the H4 tail normally facilitates this process; however, if acetylation does not
occur correctly (as in RbAp48-deficient cells), the non-acetylated tail interferes with HJURP centromere recognition, preventing CENP-A from being incorporated into cen-
tromere domains. It is unclear how H4 acetylation facilitates CENP-A deposition. Given that HJURP is a highly phosphorylated protein, it may be that a combination of
HJURP phosphorylation and H4 acetylation is critical for correct H4-CENP-A deposition.
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From these data, they proposed that open chromatin, mediated
by H3K4me2 and/or centromeric transcripts, is essential for
new CENP-A incorporation, and that a barrier formed by
H3K9ac may prevent both the spread of heterochromatin and
kinetochore inactivation. Further studies are needed to reach a
comprehensive understating of the effects of these histone modi-
fications on centromere formation.

In addition to the HAC reports, recent studies also suggest
that centromere transcripts may be important for centromere
specification and kinetochore assembly in various other organ-
isms.40-45 Consolidation of data from these various studies is
problematic; hence understanding of the manner in which cen-
tromere transcripts are involved in centromere formation and
function is still unclear, and requires further elucidation.

Concluding perspectives on histone modifications in
centrochromatin

The centromere is a specialized region of the chromosome and,
as such, has distinct features compared with other chromatin
regions. The centromere-specific histone H3 CENP-A forms a
nucleosome that may have different features compared with
canonical H3 nucleosomes.1 Although recent studies suggest
that CENP-A forms an octameric nucleosome with other histo-
nes (as observed for the canonical H3 nucleosome1,46) through-
out the cell cycle, specific details surrounding CENP-A
nucleosome structure are somewhat different from those of the
H3 nucleosome.47 Nevertheless, the structure of H3 nucleo-
somes in centromere regions is similar to that involving non-
centromeric domains. Therefore, H3 nucleosomes that are
present in centromere regions must exhibit features distinct
from other H3 nucleosomes. We have thus attempted to iden-
tify and characterize centromere-specific histone modifications
using non-repetitive chicken centromeres. To date, we have
demonstrated that H4K20me1, H4K5ac, and H4K12ac are
enriched in centromeric regions.25,26 However, given the well-
established complexity of histone modifications in general, we
expect additional modifications to be present in these regions.
Recently, Foltz and colleagues analyzed various post-transla-
tional modifications involving centromeric chromatin using
proteomic approaches.48 As in our studies, they identified
H4K20me1, H4K5ac, and H4K12ac in centrochromatin, and
additional modifications. Not only the various modifications
alone, but their combinations also might be important for cor-
rect centrochromatin structure and function. Furthermore,
while modifications including methylation, acetylation, and
phosphorylation have been thus far characterized in centro-
chromatin, other modifications such as ubiquitination, farnesy-
lation, sumoylation, and crotonylation might also be possible.
In fact, CENP-A has been shown to ubiquitinated at K124 in
human cells,18 although the significance of this observation is
controversial.49,50 In this case, H3 or H4 ubiquitination in cen-
tromeres may be involved in centromere function. Continued
research is required to comprehensively investigate histone
modifications in centromere specification and function, and in
kinetochore assembly.

Although this review focused on modifications to canonical
histones in centromeres, CENP-A modifications must be criti-
cal for centromere specification and kinetochore assembly.16-21

For example, tri-methylation of the human CENP-A N-termi-
nus is essential for recruitment of other centromeric proteins.20

This suggests that while CENP-A is an important epigenetic
marker for centromere specification, CENP-A modifications
may be also involved in downstream mechanisms of kineto-
chore assembly. Detailed characterizations of CENP-A modifi-
cations also represent an important topic in this field.

Whereas the effects of histone modifications on centromere
functions are important, it is also essential to elucidate the
mechanisms by which centrochromatin is modified. One
hypothesis is that enzymes responsible for these modifications
may directly associate with centromere proteins. We recently
demonstrated that RbAp46/48-Hat1 directly associates with
CENP-A to produce H4K5ac and H4K12ac modifications,26

which is also observed in Drosophila cells.19 However, it is still
unclear how PR-Set7 (responsible for H4K20me1) is targeted
to centromeres. Recently, Ohzeki et al. showed that KAT7 (the
histone acetyl transferase for H3K14ac), specifically localizes to
centromeres.51 Although the significance of H3K14ac in cen-
tromere function is still unclear, the observed centromere-spe-
cific localization of KAT7 is notable.

Studies on histone modifications in centrochromatin repre-
sent a new field of research, and thus many hypotheses are as
yet unresolved. It is, however, clear that a complex and coordi-
nated combination of various histone modifications, including
CENP-A modifications, is likely to mediate centromere specifi-
cation and function, as well as kinetochore assembly. The
importance of these cellular functions emphasizes the need for
continued research on mechanisms by which they are regulated
by epigenetic processes.
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