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Abstract The centromere is a specialized chromosomal
region that serves as the assembly site of the kineto-
chore. At the centromere, CENP-A nucleosomes
form part of a chromatin landscape termed centro-
chromatin. This chromatin environment conveys epi-
genetic marks regulating kinetochore formation.
Recent work sheds light on the intricate relationship
between centrochromatin state, the CENP-A assem-
bly pathway and the maintenance of centromere
function. Here, we review the emerging picture of
how chromatin affects mammalian kinetochore forma-
tion. We place particular emphasis on data obtained
from Human Artificial Chromosome (HAC) biology
and the targeted engineering of centrochromatin using
synthetic HACs. We discuss implications of these find-
ings, which indicate that a delicate balance of histone

modifications and chromatin state dictates both de novo
centromere formation and the maintenance of centro-
mere identity in dividing cell populations.
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TSA Trichostatin A
YAC Yeast artificial chromosome

Introduction

The centromere is a specialized chromosomal region
that defines the site of assembly of the kinetochore—
the complex super-structure that regulates chromosome
segregation in mitosis. In humans, centromeres typically
consist of a complex repetitive α-satellite DNA array
comprised of tandemly arranged A/T-rich 171 bp
monomer units (Choo et al. 1991). These repetitive
DNA loci span hundreds of kilobases to megabases
(Willard 1985; Willard 1990). Centromericα-satellite
DNA arrays are of two types. The centromeric “core”
associated with the kinetochore typically consists of
regular repeating hierarchical families of repeats with a
monomer consensus of 171 bp, and containing one or
more 17 bp “CENP-B boxes” per higher-order repeat
(Masumoto et al. 1989). The latter are binding sites
for the protein CENP-B (Earnshaw and Rothfield
1985; Earnshaw et al. 1987). In some centromeres,
this core of alphoid type I DNA is flanked by type II
alphoid DNA, which lacks a higher-order repeat
organisation and also lacks CENP-B boxes (Ikeno
et al. 1994; Schueler et al. 2001).

In extremely rare instances where the centromere has
been lost—typically due to chromosome breakage—
centromeres can form on non-centromeric DNA. These
neocentromeres (Voullaire et al. 1993; du Sart et al. 1997;
Warburton et al. 1997; Saffery et al. 2000; Lo et al. 2001;
Warburton 2001; Alonso et al. 2003; Alonso et al. 2007)
lack α-satellite DNA, and therefore lack CENP-B, but
appear in all other respects to be structurally normal,
functional and heritable. Thus, there is no absolute
requirement for any particular DNA sequence to define
a genetically stable centromere. It therefore appears that
centromeric loci are defined by an epigenetic mark that
is not specified by the primary DNA sequence. The first
evidence for this was the characterisation of stable
dicentric chromosomes, containing two spatially distinct
α-satellite domains, only one of which nucleates active
kinetochore assembly (Merry et al. 1985; Earnshaw and
Migeon 1985). Since the inactive α-satellite locus
contains thousands of copies of the underlying DNA
sequence, it is exceedingly unlikely that it could be
inactivated as a result of specific mutations of the
underlying DNA. This led to the suggestion that

centromere assembly is regulated by the chromatin status
(Earnshaw and Migeon 1985), or as it was subsequently
termed—by epigenetic factors (Sullivan and Schwartz
1995; Karpen and Allshire 1997; Vafa and Sullivan
1997, Warburton et al. 1997; Sugata et al. 2000).

A key to what this specialized chromatin might be
came with the realisation that CENP-A, one of the first
kinetochore proteins to be identified (Earnshaw and
Rothfield 1985) is a specialized histone H3 variant that
distinguishes the centromere as a unique chromatin
domain from any other region of the chromosome
(Palmer andMargolis 1987; Palmer et al. 1991; Sullivan
et al. 1994). In essentially all species, CENP-A localizes
exclusively to active centromeres, including those of
human artificial chromosomes (HACs) (Ohzeki et al.
2002; Okamoto et al. 2007), dicentric chromosomes and
neocentromeres (Earnshaw et al. 1989; Warburton et al.
1997; Lo et al. 2001; Alonso et al. 2007).

CENP-A stands at the apex of a complex protein
hierarchy that specifies the transient formation of the
functioning mitotic kinetochore. Downstream of CENP-
A is the constitutive centromere-associated network
(CCAN), formed by 16 proteins present at centromeres
throughout the cell cycle (Cheeseman and Desai 2008).
The proper localisation of almost all CCAN members is
critically dependent on CENP-A (Oegema et al. 2001;
Goshima et al. 2003; Liu et al. 2006; Hori et al. 2008;
Carroll et al. 2009), prompting the proposal that
CENP-A could act as an epigenetic mark respon-
sible for the maintenance of centromere identity
(Karpen and Allshire 1997; Vafa and Sullivan 1997;
Warburton et al. 1997; Sugata et al. 2000; Cleveland et
al. 2003; Allshire and Karpen 2008; Black and Bassett
2008). Indeed, forced over-expression of CENP-A
results in its localisation to chromosome arms and
can in Drosophila result in the formation of an ectopic
kinetochore (Heun et al. 2006; Mendiburo et al. 2012).
In other circumstances, CENP-A overexpression is not
sufficient to nucleate kinetochore formation (Van
Hooser et al. 2001), and it appears that other aspects
of the chromatin environment must be involved.

Microscopic investigation of stretched kinetochore
fibers revealed that blocks of CENP-A nucleosomes
are interspersed with nucleosomes containing canonical
histone H3 as well as CENP-T/W/S/X “nucleosomes”
(Nishino et al. 2012). This pattern is found at endoge-
nous centromeres of several higher eukaryotes (Blower
et al. 2002; Ribeiro et al. 2010) and at functional
neocentromeres (Chueh et al. 2005; Alonso et al.
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2007). In humans, Drosophila and chicken DT40
cells, these interspersed nucleosomes are hypo-
acetylated and display variable levels of histone H3
lysine 4 di-methylation (H3K4me2) and H3K36di-
and tri-methylation in the absence of detectable
H3K4me3 (Sullivan and Karpen 2004; Ribeiro et al.
2010, Bergmann et al. 2011). Overall, the unique nucle-
osomal composition at centromeres has been termed
“centrochromatin” (Sullivan and Karpen 2004)
(Fig. 1). The contribution of centrochromatin to the
regulation of CENP-A deposition and replication has
been a topic of intense speculation, as this offers an
obvious key to the epigenetic maintenance of centro-
mere identity (Sullivan and Karpen 2004; Allshire and
Karpen 2008; Ribeiro et al. 2010). A role of chromatin
modifications in regulating other processes such as tran-
scription, DNA replication, DNA repair and telomere
maintenance is well documented (Berger 2007; Blasco
2007; Dinant et al. 2008; Alabert and Groth 2012).

The above observations raise several questions
about the exact nature of the chromatin that speci-
fies kinetochore assembly and propagation. For cen-
tromeres, aside from CENP-A, what combination of

histone modifications defines the elusive epigenetic
state that is centrochromatin? Do these vary as a func-
tion of cell cycle phase? And can they be manipulated to
turn normal chromatin into centrochromatin and the
reverse—to inactivate established centromeres?

Human artificial chromosomes as models
for de novo kinetochore formation and function

Answering these questions with native human chromo-
somes is extremely challenging. Aside from the fact that
the sequence of centromeric DNA arrays remains largely
uncharted territory, even in these days of the 1,000
Genomes project, the use of RNAi or inhibitors to ma-
nipulate the composition of centrochromatin is fraught
with difficulties beyond the usual specificity issues as-
sociated with both of those approaches. In particular,
even if methods for interfering with chosen chromatin-
modifying enzymes were wholly specific, the fact that
these enzymes likely act on a plethora of non-chromatin
substrates despite their convenient names—“histone
acetyltransferases”, “histone deacetylases” makes the

Fig. 1 CENP-A is embedded in a specialized chromatin com-
partment. a Linear depiction of human centromeric α-satellite
DNA. Blocks of red CENP-A nucleosomes (yellow shaded
boxes) are interspersed with grey nucleosomes containing ca-
nonical histone H3. CENP-A associates with type I α-satellite
repeats that are arranged in a tandem higher-order array. Type II
repeats associated with pericentric heterochromatin lack this

higher order structure. b CENP-A domains are proposed to be
embedded in an anti-parallel, multi-layered higher-order chro-
matin “boustrophedon” arrangement (Ribeiro et al. 2010). On
the mitotic chromosome (c), this arrangement causes CENP-A
to aggregate on the chromosome surface. Micrograph by Peter
Warburton and WCE (Warburton et al. 1997)
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interpretation of such experiments nearly impossible
(Huang and Berger 2008; Spange et al. 2009). A new
approach is therefore needed, and recent work suggests
that, as was the case in indentifying the key determinants
of chromosome segregation in yeasts (Stinchcomb et al.
1979; Clarke and Carbon 1980; Szostak and Blackburn
1982; Murray and Szostak 1983), the development of
artificial chromosomes may provide a key step forward.

From shotgun cloning to designer higher-order
arrays: a brief history of HACs

In addition to providing valuable vectors for the clon-
ing of large DNA sequences and their promises for
gene delivery and therapy (Burke et al. 1987; Basu
and Willard 2005; Tsuduki et al. 2006; Yamada et al.
2008), both of which are not dealt with in this review,
human artificial chromosomes (HACs) mimic endog-
enous chromosomes in kinetochore structure and
mitotic behaviour (Nakashima et al. 2005) and are
amenable to controlled manipulation without affecting
endogenous chromosomes and overall cell viability.

The first mitotically stable human artificial chromo-
somes (HACs) were obtained by co-transfection of
cloned human α-satellite DNA and telomeric sequen-
ces together with random genomic DNA into HT1080
fibrosarcoma cells (Harrington et al. 1997). The utility
of this approach for studying centromere structure and
function was limited, due the inherent uncertainty of
the composition of the resulting HACs. Ikeno et al.
(1998) employed a more defined approach by apply-
ing YAC (yeast artificial chromosome) construction
methods to HAC building: 100 kb of human type I
α-satellite DNA from chromosome 21 (α-21-I) was
cloned into a YAC vector and retro-fitted with human
telomere sequences. When this linear construct was
introduced into HT1080 cells, about 30 % of the
resulting clones carried HACs, with the remaining
cells displaying integration of the input DNA into
endogenous chromosomes. HACs ranged in size
between 1 and 5 Mbp, indicating that multimeriza-
tion of the input DNA had occurred, although
detectable host sequences remained absent. Multi-
merization of the input DNA is a common feature of de
novo HAC formation by various methods and may
represent an obligate step in HAC formation.

Ebersole et al. (2000) subsequently pioneered the
generation of HACs from defined, circular input

DNA lacking telomeric repeats. A minimal phage
P1 artificial chromosome vector carrying 70 kb of
α-21-I α-satellite DNA surprisingly yielded HAC-
carrying transformants at a frequency comparable to
that observed using linear, telomere-fitted input DNA.
In situ hybridization revealed multimerization of the
circular input DNA and confirmed that the resulting
HACs had not acquired host telomeric DNA, suggesting
their episomal maintenance as mitotically highly stable,
circular chromosomes.

This approach using defined, circular input DNA for
HAC formation offers the valuable advantage that the
sequence of the input DNA can be readily manipulated in
bacteria and yeast before it is introduced into human
cells. Combined with the exploitation of phage rolling
circle amplification (RCA) and yeast transformation-
associated recombination (TAR) cloning to generate
thousands of kilobases of tandem repeats (Ebersole et al.
2005), this RCA-TAR approach formed the basis for the
generation of entirely synthetic alphoid arrays and their
study in de novo centromere formation or kinetochore
maintenance, as discussed in the subsequent sections.

The synthetic “alphoidtetO array” assembled by RCA-
TAR has occupied centre stage in a range of these studies
(Nakano et al. 2008) (Fig. 2). The base repeat unit of the
alphoidtetO array is a dimer, originally comprising one
chromosome 17 α-satellite monomer with CENP-B box
(Waye and Willard 1986), and a second α-satellite
consensus monomer (Choo et al. 1991) containing the
47 bp Escherichia coli tetO (tetracycline operator) in
place of the CENP-B box. TetO sites are recognized by
the tetR (tetracycline repressor) protein in a doxycycline-
controllable manner, thus allowing the specific and con-
ditional tethering of tetR fusion proteins to the alphoidtetO

array (Fig. 2). More recent synthetic alphoidtetO con-
structs have utilized a native dimer from chromosome
21α-21-I DNA, inwhich a tetO has been inserted into the
monomer lacking the CENP-B box (Ohzeki et al. 2012).

CENP-B: deciding the fate of α-satellites

Early HAC formation studies shed light on the require-
ments for the establishment of de novo centromere
function on transfected α-satellite DNA. One critical
factor proved to be the type of α-satellite DNA, which
must be a regular repeating array containing at least one
monomer with a CENP-B box (Ikeno et al. 1998). Type
I satellites derived from the Y chromosome, which does
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not bind CENP-B (Earnshaw et al. 1991) and lacks
CENP-B boxes or from chromosome 21 type II α-
satellite, which lacks both a higher-order repeated structure
and CENP-B boxes, both fail to yield HACs altogether
(Harrington et al. 1997, Ikeno et al. 1998; Masumoto et al.
1998; Schueler et al. 2001; Grimes et al. 2002).

Ohzeki et al. (2002) systematically investigated the
role of CENP-B in HAC formation by employing engi-
neered α-satellite sequences. Their studies revealed that

de novo centromere formation only occurs on input
α-satellite with intact CENP-B boxes. HAC formation
efficiency correlated with the relative density of CENP-
B boxes within the input array. Importantly, no HACs
formed when CENP-B boxes were mutated to abrogate
CENP-B binding, nor when intact CENP-B boxes were
placed in non-alphoid, GC-rich DNA repeats.

The mechanism by which CENP-B facilitates HAC
centromere formation is currently unknown. CENP-B

Fig. 2 Assembly of the alphoidtetO array and HAC. a HAC
construction strategy: an α satellite dimer, consisting of a mono-
mer from chromosome 17 and a synthetic monomer with a Tet
operator (TetO) sequence in place of a CENP-B box, was cloned
head-to-tail to generate an 8-mer that was subsequently sub-
jected to rolling circle amplification. The resulting amplification
products were then transformed into yeast together with a YAC/
BAC vector fitted with a Blasticidin resistance gene (bsr).
Recombination inside the yeast cell generated a concatenated

alphoidtetO array 40 kb long, with a backbone including the bsr
gene (Nakano et al. 2008). A recent study reports the detailed
structural characterisation of the alphoid-tetO HAC (Kouprina
2012). bMitotic chromosome spread from a cell line harbouring
a mitotically stable HAC (white arrow). c HAC centrochromatin
can be modified by tethering TetR-EYFP-(chromatin remodeler)
fusion proteins. The tethering can be abolished if the growth
medium is supplemented with doxycyline
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was proposed to have a role in nucleosome phasing
(Ando et al. 2002). However, more recent studies sug-
gest that it has a dual role with respect to centromere
function. CENP-B modulates local chromatin character
in the context of α-satellite input DNA, promoting
CENP-A assembly during HAC formation, while
creating a heterochromatin environment at integrated,
inactive α-satellite arrays (Okada et al. 2007). As
discussed below, heterochromatin within the kineto-
chore is detrimental to maintenance of both CENP-A
levels and kinetochore structure.

While these studies clearly indicate that CENP-B
plays a key role in de novo HAC centromere formation,
they beg the tantalising question about its endogenous
role in the cell, which rarely if ever sees naked alphoid
DNA and never assembles centromeres de novo. CENP-
B is conserved in several mammals (Sullivan and Glass
1991; Casola et al. 2008), yet is dispensable for chromo-
some segregation and kinetochore function in mice
(Hudson et al. 1998; Perez-Castro et al. 1998; Kapoor
et al. 1998) and at neocentromeres lacking functional
CENP-B boxes (Voullaire et al. 1993; Choo 1997).

Setting up new centromeres: chromatin matters

The mysterious role of CENP-B in HAC formation
raises the possibility that other chromatin factors, in-
cluding histone posttranslational modifications, may
have critical roles in HAC formation. In experiments
in which DNA constructs are introduced into cells in
the hopes of obtaining HACs, the most common out-
come is that the transfected α-satellite ends up integrat-
ed into the arm of a host chromosome (Ikeno et al. 1998;
Masumoto et al. 1998; Nakano et al. 2008). Although
not the desired outcome, these integrants offer the prom-
ise of acting as cryptic sites where centromere formation
can potentially be nucleated de novo.

The role of active versus inactive chromatin in de
novo centromere formation is extremely complex in hu-
man cells. For example, if the centromere of a presump-
tive HAC construct is flanked on both sides by actively
expressed genes, this construct is inactive in HAC for-
mation and only integrants are obtained (Nakashima et al.
2005). At least one of those flanking genes must be
inactive to permit successful HAC formation.

Paradoxically, in the case of a HAC construct inserted
into a chromosome arm, treatment of cells with the
deacetylase inhibitor TSA (trichostatin A) can cause an

increase in CENP-A levels at the integration site, with a
subset of the integrated arrays gaining full centromeric
activity (Nakano et al. 2003; Nakashima et al. 2005). As
discussed below, TSA treatment can also rescue endog-
enous CENP-A assembly during knock-down of the
Mis18 complex, which is thought to “licence” the cen-
tromere for subsequent incorporation of CENP-A (Fujita
et al. 2007; Maddox et al. 2007), suggesting that an open
(acetylated) chromatin environment is required for cen-
tromere assembly and maintenance.

Ultimately, when one examines the structure of stable
HACs, the HAC centrochromatin is close to chromatin
domains that are enriched for heterochromatic marks.
Thus, a balance must be maintained between an open,
euchromatic signature and a flanking heterochromatin
domain for stability. How the feedback and balance
between these two antagonistic chromatin states occurs
is currently unknown.

Breaking the HAC formation barrier

Established HACs are readily propagated in many dif-
ferent vertebrate cell types (Suzuki et al. 2006; Yamada
et al. 2008; Cardinale et al. 2009; Iida et al. 2010),
indicating that the mechanisms maintaining centromere
identity and promoting kinetochore assembly are con-
served across species. Indeed, in one study, the alphoid-
tetO HAC was transferred by microcell-mediated fusion
from human HT1080 cells to chicken DT40 cells, to
Chinese Hamster CHO cells and back to HT1080 cells
whilst being retrofitted with various markers and recom-
bination sites (Iida et al. 2010). However, a perplexing
phenomenon since the isolation of the first HACs was
that de novo HAC formation appeared to be for all
practical purposes limited to a single fibrosarcoma-
derived cell line, HT1080. A recent study has now
provided a break-through in understanding, and impor-
tantly in overcoming, this limitation (Ohzeki et al. 2012).

Ohzeki and collaborators realised that HT1080 cells
have much less robust centromeric heterochromatin
than HeLa and several other cell types they examined.
Once again, it appears that the underlying chromatin,
and in particular a balance of histone H3 lysine-9 meth-
ylation and acetylation associated with the α-satellite
domain, controls centromere specification. Alphoid
arrays introduced into HeLa and several other mamma-
lian cell lines rapidly assembled transient CENP-A
domains. However, in contrast to HT1080, this CENP-
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Awas lost over the next few days, accompanied by an
inversely proportional increase in H3K9me3 levels
(Ohzeki et al. 2012). Knock-down of the H3K9
methyl-transferase Suv39h1 in HeLa cells promoted
the assembly of CENP-A on the input alphoid array,
suggesting that heterochromatin antagonizes the self-
propagation of a stable centromere.

This idea was explored by employing a chromosome
21-based alphoidtetO array, and tethering a HAT (histone
acetyl-transferase) to the transfected DNA during the
HAC formation process in HeLa cells (Ohzeki et al.
2012). Binding of fusions of tetR to domains of either
PCAF or p300 with HAT activity increased CENP-A
deposition at the input alphoidtetO array. Furthermore,
the CENP-A assemblies were stable and this approach
promoted the formation of mitotically stable HACs
assembling fully functional kinetochores for the first
time in any human cell line other than HT1080 (Ohzeki
et al. 2012) (Fig. 3).

The increase of CENP-A deposition as result of
local acetylation during HAC formation agrees with
initial studies in fission yeast that identified the Mis18
complex as factor required for CENP-A loading
(Hayashi et al. 2004). In humans, the Mis18 complex
associates with centromeres from anaphase into G1
(Fujita et al. 2007; Maddox et al. 2007), closely pre-
ceding the window of CENP-A loading. Although the
underlying molecular mechanism remains to be deter-
mined, the CENP-A loading defect in Mis18α knock-
down conditions can be rescued by TSA, suggesting
that nucleosome acetylation may be part of this licenc-
ing process (Fujita et al. 2007).

While exploring the relationship between centromere
licensing and histone acetylation further, Ohzeki et
al. (2012) were able to detect a transient increase in
histone H3K9 acetylation levels at endogenous
centromeres following release from a mitotic arrest.
The increase in H3K9 acetylation levels appeared to
correspond to the time window during which Mis18
is implicated in centromere licensing. Strikingly,
tethering of either HAT activity or Mis18 to a chro-
mosomally integrated “inactive” alphoidtetO array
triggered the recruitment of centromeric proteins, and
the generation of a functional, microtubule-binding ki-
netochore (Ohzeki et al. 2012). These data are consistent
with the observation that when overexpressed, CENP-
A localizes ectopically along chromosome arms but
fails to accumulate at heterochromatic sites in humans
(Van Hooser et al. 2001) and suggest that histone

acetylation is required for the de novo establishment of
stable CENP-A domains.

Targeted engineering of hac centrochromatin:
many ways to disrupt a functional kinetochore

The ability to target tetracycline repressor fusion chi-
meras to the alphoidtetO array permits the specific
manipulation of chromatin within a single function-
al centromere. This technology is still in its infancy
but clearly offers an approach to dissecting the
epigenetic factors that control centromere assembly
and function.

Heterochromatin kills kinetochores

The alphoidtetO HAC allows specific tests, for the
first time in human cells, of how the underlying
chromatin governs the function of established kinet-
ochores. The first such study involved the tethering
of a heterochromatin-seeding transcriptional repres-
sor into the HAC kinetochore, resulting in a dra-
matic loss of kinetochore function over the course
of several cell divisions (Nakano et al. 2008). On
the molecular level, the loss of CENP-A correlated
with a decrease in H3K4me2 and an increase in
H3K9me3 levels, paralleled by recruitment of HP1α
(heterochromatin protein 1α) (Nakano et al. 2008). This
study provided conclusive evidence that centromere
chromatin state and kinetochore function are tightly
inter-connected. A subsequent investigation (Cardinale
et al. 2009) revealed that heterochromatin-associated
loss of kinetochore structure was a hierarchical process,
with CENP-C and CENP-H being rapidly displaced,
and preceding a more gradual loss of CENP-A. In the
same study, HAC kinetochore function collapsed at a
time when CENP-Awas still present at the centromere,
confirming that CENP-A alone is not sufficient to drive
kinetochore formation in an unfavourable chromatin
context.

How may such unfavourable chromatin contexts
trigger kinetochore malfunction? The HAC studies
above are in agreement with CENP-A typically
forming a distinctively stable component of centro-
chromatin (Ando et al. 2002, Foltz et al. 2006;
Jansen et al. 2007; Hemmerich et al. 2008). In
contrast, CENP-C shows dynamic exchange at the
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pre-kinetochore throughout interphase (Hemmerich
et al. 2008) and associates with nucleosomes con-
taining canonical histone H3 (Hori et al. 2008). Altering
the post-translational modifications of H3-containing
nucleosomes, or changing their conformational arrange-
ment, might shift the equilibrium of CENP-C binding,
thus causing a net loss of this molecule from the centro-
mere. CENP-C provides an important link to the outer

kinetochore (Tomkiel et al. 1994; Kwon et al. 2007; Liu
et al. 2006; Przewloka et al. 2011; Screpanti et al. 2011).
In light of its dynamics during interphase, an intrigu-
ing possibility is that CENP-C may perform a senti-
nel role, probing the chromatin state in the vicinity
of CENP-A nucleosomes, thus aiding to restrict kineto-
chore assembly to regions with suitable centrochromatin
state.

Fig. 3 Chromatin and de
novo establishment of the
CENP-A domain. a HAC
generation assays are useful
tools to identify the elements
that contribute to de novo
centromere formation. Addi-
tionally, most transfected
arrays fail to form centro-
meres and integrate into
endogenous chromosomes:
subsequent manipulation of
these ‘dormant’ arrays can
allow them to gain centro-
mere function. b HAC for-
mation in HeLa cells is not
efficient, leading to integrat-
ed HAC arrays that are
wholly heterochromatic.
When a histone acetyltrans-
ferase (HAT) is tethered to
the alphoidtetO array through-
out the establishment assay,
however, that barrier to de
novo centromere formation is
overcome and independent
HACs are obtained. In an
analogous manner, inte-
grated alphoidtetO arrays can
be reactivated by HAT teth-
ering, and can acquire cen-
tromere function. c Mis18
localization to centromeres
might affect the centromeres
by recruiting HATs, leading
to histone acetylation and
creation of an open chromatin
environment. This promotes
transcription initiation and
transcription through centro-
meric sequences. RNA poly-
merase II transit through
nucleosomes causes histone
displacement and chromatin
remodelling. The relative
importance of each of these
factors to CENP-A assembly
is still not clear
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Centrochromatin and transcription

The finding that an excessively heterochromatic envi-
ronment is detrimental to kinetochore function originally
came as a surprise, as centromeres had been classically
regarded as heterochromatic regions. However, those
data fit well with observations linking the centrochro-
matin domain to transcriptional activity. H3K4me2,
present within centrochromatin (Sullivan and Karpen
2004), is a modification typically found in the 5’ region
of poised as well as actively transcribed genes
(Schneider et al. 2004; Barski et al. 2007), and is thus
considered to mark a transcriptionally permissive chro-
matin environment. There is also direct evidence for
satellite DNA transcription at centromeres in maize,
mouse and humans (Topp et al. 2004; Kanellopoulou
et al. 2005, Bergmann et al. 2011; Chan et al. 2012).
Consistent with local transcriptional activity, hyperme-
thylation of H3K36, a histone modification associated
with elongating RNA polymerase II activity (Vakoc et
al. 2006), was found to span the CENP-A nucleosome
domain at human centromeres (Bergmann et al. 2011).

A recent study set out to test the consequences
of depleting centromeric H3K4me2 by tethering the
H3K4me2-specific demethylase LSD1 into the
alphoidtetO HAC kinetochore (Bergmann et al. 2011).
LSD1 tethering resulted in a failure to recruit HJURP to
the HAC, concomitant with a gradual decrease of cen-
tromeric CENP-A levels as a consequence of defective
incorporation of newly synthesized CENP-A. These
data provided strong support for the idea that individual
histone modifications within centrochromatin stand
upstream of CENP-A in the pathways culminating
in maintenance of centromere identity and kineto-
chore function.

The loss of H3K4 methylation induced by tethering
LSD1 into the alphoidtetO centromere was coupled to a
decline in transcription of the alphoidtetO array. This
repression of transcription was paralleled by a decrease
in local H3K36 methylation and correlated with the net
loss of CENP-A (Bergmann et al. 2011). Interestingly,
knock-down of CHD1, which binds to methylated
H3K4 and facilitates transcriptional elongation, also
resulted in defective CENP-A maintenance (Okada et
al. 2009). This supports the notion of a tight relationship
between H3K4 methylation, transcriptional elongation
and maintenance of centrochromatin.

Studies in yeast highlight the tight relationship
between transcription and the associated chromatin

state. Through its C-terminal domain, RNA polymer-
ase II recruits a series of chromatin modifying activ-
ities in an elongation-stage specific manner. Near the
5’ end of genes, Set1 and Dot1 methyltransferases
hyper-methylate H3K4 and H3K79, respectively
(Krogan et al. 2003a; Ng et al. 2003; Krogan et al.
2003b). Methylation of H3K4 is thought to provide an
active “memory” regulating continued transcriptional
activity (Muramoto et al. 2010; Kim and Buratowski
2009). Further downstream, recruitment of Set2 intro-
duces H3K36 hyper-methylation (Krogan et al. 2003b).
This modification leads to suppression of local acetyla-
tion and is thought to suppress initiation of spurious
transcripts within downstream regions (Carrozza et al.
2005; Keogh et al. 2005; Joshi and Struhl 2005).

Together, the results discussed above support a self-
reinforcing model with respect to non-coding tran-
scription and the functional state of HAC centrochro-
matin. In this model (Fig. 4), low levels of elongating
polymerase at the centromere maintain the character-
istic chromatin state via direct modulation of local
histone modifications. The resulting over-all state of
centrochromatin is permissive for the incorporation of
CENP-A during mitotic exit. Although a recent study
has demonstrated the presence of actively transcribing
RNA polymerase II at mitotic kinetochores (Chan et
al. 2012), the fact that CENP-A deposition normally
happens following mitotic exit as determined in HeLa
cells (Jansen et al. 2007) is in keeping with more
conventional notions of the cell cycle regulation of
Pol II transcription.

The role of transcription in promoting CENP-A
assembly may either be conveyed by the presence
of specific landmark histone modifications such as
H3K4me2, or by RNA polymerase II activity and
its associated factors. Notably, the FACT (facilitates
chromatin transcription) complex associates with
centrochromatin (Foltz et al. 2006, Izuta et al.
2006, Okada et al. 2009). FACT is thought to
mediate transcription-associated nucleosome destabi-
lization ahead of RNA polymerase as well as the
subsequent re-integration of H2A/H2B dimers dur-
ing transcriptional elongation, thereby promoting the
efficient progression of the transcriptional complex
without the disruption of the underlying chromatin
(Belotserkovskaya et al. 2003; Sims et al. 2004).
Depletion of individual components of the FACT
complex in chicken cells results in a defect in
CENP-A maintenance comparable to that observed
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following loss of CHD1 (Okada et al. 2009). Another
chromatin remodelling factor, RSF, has also been impli-
cated in the stabilisation of CENP-A association with
centrochromatin (Perpelescu et al. 2009).

Both the structure of the transcription units and
the regulation of centromeric transcription remain
critical unanswered questions. Transcription near
the periphery of endogenous centromeres may initi-
ate at promoter-containing elements such as LINEs
or LTRs interspersed within the more divergent
satellite II regions, as previously proposed (Wong and
Choo 2004) and demonstrated (Topp et al. 2004, Carone
et al. 2009) by others. In light of the A/T-richness of
centromeres, cryptic transcription initiation sites within

specific α-satellite monomers themselves could pos-
sibly account for sporadic transcriptional initiation.
This sporadic transcriptional initiation could be also
linked with replication of the long centromeric
repeats. Sequence read lengths of thousands or even
tens of thousands basepairs may reveal unrecognised
sequence ambiguities in centromeric DNA that
would allow for the identification of promoter-like
consensus sequences, as well as for the more precise
mapping of centromeric RNA sequencing reads. The
advent of third generation high throughput sequenc-
ing approaches aiming at longer read lengths may
thus provide the technology to address this question
in the future.

Fig. 4 Amodel for transcriptional maintenance of centrochroma-
tin. Low levels of elongating RNA polymerase leave in their wake
a characteristic chromatin landscape as a result of the recruitment
of distinct histone methyltransferase complexes (HMTase). This
permissive chromatin environment (A) facilitates directly or
indirectly the deposition of newly synthesized CENP-A and the
assembly of the CCAN complex, thus allowing for the propaga-
tion of a functional centromere through subsequent cell divisions.

B Transcriptional repression results in a failure to maintain this
permissive chromatin state and the loss of CENP-A incorporation.
In the case of heterochromatinization, certain histone modifica-
tions or chromatin conformations may further result in defective
assembly of the CCANcomplex. Excessive transcriptional activity
(C) on the other hand is disruptive to CENP-A chromatin, possibly
due to the destabilization or eviction of CENP-A nucleosomes
through the elongating polymerase machinery
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Transcription at the centromere:
it's all in the balance

Just as excessive heterochromatin is incompatible with
centromere function, excessive transcription also appears
to be detrimental. Strong transcriptional bombardment of
the centromere in yeast inactivated the kinetochore, cre-
ating the first conditional centromere (Hill and Bloom
1987). Similarly, targeting of a strong transcriptional
activator into the alphoidtetO HAC caused a loss of
HAC kinetochore function in a fraction of cells (Nakano
et al. 2008). These data suggested that a balance between
euchromatin and heterochromatin might be critical for
the maintenance of centromere identity.

A recent study employed the alphoidtetO HAC
system to specifically address the question of how
transcriptionally permissive chromatin might influ-
ence kinetochore maintenance (Bergmann et al.
2012). Tethering a mild transcriptional activator
(the minimal activation domain of p65) to the
HAC centromere revealed a remarkable degree of
plasticity of kinetochores towards the underlying
chromatin. Despite the induction of local histone
H3K9 hyper-acetylation and elevated RNA poly-
merase activity, levels of CENP-A or CENP-C at
the HAC centromere were virtually unaffected. Indeed,
these engineered HACs retained a fully functional
kinetochore and were stably propagated through several
cell divisions.

In stark contrast was the outcome of tethering the
more potent transcriptional activator, VP16. While
introducing levels of histone H3K9 hyper-acetylation
comparable to those seen after tethering p65 at the
HAC, the transcription of the alphoidtetO array was
significantly (>15-fold) higher following targeting by
VP16, raising its level to near that of house-keeping
genes or the Blasticidin-resistance marker gene. This
resulted in a rapid inactivation of the HAC kineto-
chore due not only to a complete block of CENP-A
loading, but also to the specific and rapid stripping of
pre-assembled CENP-A from the HAC kinetochore
(Bergmann et al. 2012).

Studies with the alphoidtetO HAC to date suggest that
functional centrochromatin requires a tightly regulated
balance of local transcriptional activity (Fig. 4). The
establishment and maintenance of a chromatin environ-
ment permissive for centromere identity thus adds an
additional layer of regulation to the specification and
maintenance of kinetochore assembly.

Outlook

HACs are proving to be an invaluable and highly ver-
satile model system for the study of centrochromatin
and its impact on kinetochore structure and function in
human cells. In particular, the design of synthetic
higher-order α-satellite arrays has generated a range of
data that elegantly confirm the long-standing hypothesis
of the “epigenetic” chromatin environment being inte-
gral to centromere identity.

The alphoidtetO HAC offers the potential to fur-
ther dissect the requirement of individual histone
modifications for the formation and maintenance
of inner kinetochore structure. Next-generation syn-
thetic HACs that allow for the regulated, simulta-
neous tethering of more than one chromatin effector
at a time and construction of HACs bearing syn-
thetic pericentromeric heterochromatin flanking the
kinetochore should further increase our ability to
probe the centrochromatin state.

A key question that arises from the current data is
the precise role of transcription in the maintenance of
centrochromatin and how the role of HAC centromere
transcription is applicable to endogenous centromeres.
Is local RNA polymerase activity an active or a pas-
sive contributor towards centromere identity? In other
words, is it the transcription or the resulting chromatin
modifications that foster the sustained deposition of
CENP-A? One recent study strongly implicates a role
of kinetochore-linked transcription during mitosis
(Chan et al. 2012), but this awaits confirmation and
expansion. A comparable conundrum, which should
technically be easier to address, is whether centromeric
RNA is merely a by-product of a process shaping local
chromatin architecture, or if perhaps—as in yeast
(Pidoux and Allshire 2005)—these RNAs have a direct
role in the maintenance of certain aspects of centromere
structure.
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