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Human centromeres are specialized chromatin domains containing
the centromeric histone H3 variant CENP-A. CENP-A nucleosomes
are interspersed with nucleosomes containing histone H3 dimethy-
lated at lysine 4, distinguishing centromeric chromatin (CEN chro-
matin) from flanking heterochromatin that is defined by H3 lysine
9 methylation. To understand the relationship between chromatin
organization and the genomic structure of human centromeres, we
compared molecular profiles of three endogenous human centro-
meres, defined by uninterrupted higher-order «-satellite DNA,
with human artificial chromosomes that contain discontinuous
blocks of higher-order a-satellite DNA and noncentromeric DNA.
The underlying sequence did not correlate with chromatin states,
because both higher-order a-satellite DNA and noncentromeric
DNA were enriched for modifications that define CEN chromatin,
euchromatin, and heterochromatin. Human artificial chromosomes
were also organized into distinct domains. CENP-A and hetero-
chromatin were assembled over noncentromeric DNA, including
the gene blasticidin, into nonoverlapping domains. Blasticidin
transcripts were enriched at sites of CENP-A binding but not at H3
methylated at lysine 9, indicating that formation of CEN chromatin
within a repetitive DNA environment does not preclude gene
expression. Finally, we tested the role of centric heterochromatin
as a centromeric boundary by increasing CENP-A dosage to expand
the CEN domain. In response, H3 lysine 9 dimethylation, but not
trimethylation, was markedly decreased at all centromeres exam-
ined. We propose that human centromere regions normally exist
in a dynamic state in which a regional boundary, defined by H3
lysine 9 dimethylation, separates CEN chromatin from constitutive
heterochromatin.
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he centromere is the locus that mediates chromosome seg-

regation in mitosis and meiosis (1). In multicellular eu-
karyotes, centromere identity and kinetochore formation are
influenced by primary DNA sequence and epigenetic factors (2).
The histone H3 variant CENP-A is a conserved marker at
centromeres and is assembled into nucleosomes by replacing H3
(1, 3). Interspersed subdomains of CENP-A and histone H3
nucleosomes collectively produce centromeric chromatin (CEN
chromatin), which is the structural foundation of the kinetochore
(4). Given the importance of histone modifications in regulating
chromatin dynamics, modification of H3 within CEN chromatin
may impact centromere assembly, perhaps by recruiting
CENP-A or marking sites for incorporation of newly synthesized
CENP-A. In fact, H3 nucleosomes within CEN chromatin in
humans and Drosophila are dimethylated at K4 (H3K4me2) (5).
As a domain, CEN chromatin (containing both CENP-A and
H3K4me?2) is continuous, meaning that it is uninterrupted or not
interspersed with other types of chromatin. Heterochromatin,
defined by H3-K9 dimethylation and trimethylation (H3K9me2
and H3K9me3), flanks CEN chromatin (2, 6). Thus, CEN
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chromatin is structurally and functionally distinct from hetero-
chromatin (2, 7).

Domain organization of centromere regions is highly con-
served (6). CEN chromatin and heterochromatin are each
required for chromosome segregation and de novo chromosome
assembly (8-10). How heterochromatin contributes to structural
attributes of the kinetochore is unclear, as is the nature of CEN
chromatin itself. In Drosophila, heterochromatin is thought to
prevent the spread of CENP-AC® (11) into noncentromeric
DNA (12, 13). Separation of euchromatic and heterochromatic
domains is often maintained by balancing different histone-
modifying enzymes and chromatin components (14-16). For
instance, overexpression of Su(var)3-9, the histone methyltrans-
ferase in Drosophila that trimethylates H3-K9 (17, 18), triggers
expansion of repressive heterochromatic domains (14). A pre-
diction of this model is that components of CEN chromatin and
heterochromatin are similarly regulated.

Human centromeres are genomically defined by a-satellite, a
171-bp monomeric repeat arranged into tandem, higher-order
arrays that form de novo centromeres when introduced into
human cells (19, 20). The size (=4 Mb) and repetitive nature of
human centromeres have impeded assembly of molecular maps
and limited comprehensive functional analyses. Here, we report
histone modification patterns at human centromeres and on
human artificial chromosomes by using chromatin immunopre-
cipitation (ChIP) with a panel of antibodies that recognize
specific methylated lysine residues on histone H3. We also used
extended chromatin fibers to compare the arrangement of CEN
chromatin at endogenous centromeres and on de novo human
artificial chromosomes (21, 22) that contain interrupted blocks
of a-satellite sequences. Finally, we show that CEN chromatin is
assembled on noncentromeric sequences and does not silence
gene expression within the context of a functional centromere
and that centromere domain organization is disrupted when the
dosage of CENP-A is altered. We conclude that CEN chromatin
and constitutive heterochromatin in humans exist as distinct
domains that are separated by variable amounts of chromatin
defined by H3K9me2. These results provide insights into
CENP-A chromatin and strengthen the emerging model
that CEN chromatin is neither exclusively heterochromatic nor
euchromatic.

Results and Discussion

Histone Modifications Are Conserved at «-Satellite DNA Arrays.
Human centromeres contain homogenous arrays of higher-order
a-satellite DNA, but other smaller arrays of higher-order a-satellite
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Fig. 1.

Human a-satellite DNA is assembled into CEN chromatin, euchromatin, and heterochromatin. (A) ChIP-PCR of histone modifications at a-satellite DNA

from chromosomes X, 7, and 17 in cell lines HT1080, X4, and X5. Bar graphs show relative enrichment (>1). Baseline enrichment was set at 1 (dashed line) (see
Methods). ChIP-PCR was performed three times; averages are shown with standard deviation bars. (B-D) Optical mapping on extended chromatin fibers shows
that CENP-A (red) occupies a fraction of the a-satellite array (DXZ1) of the human X chromosome. H3K9me2 (green) is closely located at one (C) or both (D) sides

of the CEN chromatin domain marked by CENP-A (red), suggesting that a-satellite DNA is also assembled into heterochromatin. (Scale bar, 10 um.)

and stretches of divergent monomeric a-satellite are also located in
or near the primary constriction (22, 23). Noncoding RNAs tran-
scribed from monomeric a-satellite sequences participate in RNA
interference-mediated heterochromatin assembly (24), implying
that heterochromatic histones are excluded from higher-order
a-satellites at which kinetochore proteins and H3K4me?2 nucleo-
somes are assembled (2). We analyzed the distribution of CENP-A
and mono-, di-, and trimethylated H3 at higher-order a-satellite
DNA from human chromosomes 7 (D7Z1), 17 (D17Z1), and X
(DXZ1) by using ChIP and semiquantitative PCR (see Methods).
As expected, D721, D17Z1, and DXZ1 were enriched for CENP-A
in all cell lines studied (Fig. 1). ChIP-PCR analysis also supported
cytological data that a-satellite DNA is enriched for H3K4me2,
which defines euchromatin (2, 25) (Fig. 14). Using chromatin fibers
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to optically map entire centromere regions, we observed that CEN
chromatin occupied 30-50% of a specific a-satellite array (Fig. 1B)
(26). Given the close proximity of H3K9me to CEN chromatin and
the limited extent of CENP-A on a-satellite DNA (Fig. 1 B-D), we
hypothesized that higher-order a-satellite DNA also contributes to
heterochromatin assembly.

By ChIP-PCR, a-satellite DNA was enriched for H3K9me2
and, to a lesser extent, H3K9me3. H3K27mel and H3K27me3,
but not H3K27me2, were also present at a-satellite DNA (Fig.
1A4). We conclude that human centromeres containing homo-
geneous arrays of higher-order a-satellite DNA are assembled
into three types of chromatin, CEN chromatin, euchromatin, and
heterochromatin. Distinctive enrichment for certain modifica-
tions among three different centromeres, such as increased
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Fig. 2. CENP-A spreads over noncentromeric DNA on human artificial chro-
mosomes. (A) Positions of primer pairs on human artificial chromosome input
constructs for cell lines X4 and X5. (B) Proposed models for sequence-
dependent (Model 1) and sequence-independent (Model 2) assembly of
CENP-A on human artificial chromosomes. (C) IF-FISH on chromatin fibers of
DXZ1-derived human artificial chromosomes shows localization of CENP-A
(blue), PACvector DNA (red), and a-satellite DNA (green). Colored arrowheads
show overlap between CENP-A/PAC DNA and CENP-A/a-satellite DNA. (Scale
bar, 15 um.) Arrowed lines denote CENP-A staining (blue), illustrating that
CEN chromatin containing CENP-A and H3K4me2 is organized as a single
domain and not as multiple blocks along the entire artificial chromosome.

H3K9me2 and H3K27me3, was observed on chromosomes 17
and X, compared with chromosome 7 (Fig. 14). Chromosome-
specific variability in histone modifications may reflect under-
lying genomic differences of human centromeric DNAs.

CEN Chromatin Assembly over Noncentromeric DNA on Human Arti-
ficial Chromosomes. Unlike endogenous human centromeres that
contain uninterrupted arrays of a-satellite DNA, human artifi-
cial chromosomes are organized as «a-satellite arrays inter-
spersed with noncentromeric vector [bacterial artificial chromo-
some (BAC)/P1 artificial chromosome (PAC)] sequences and
multiple copies of a selectable marker gene (Fig. 24) (27).
Cytologically visible artificial chromosomes result from multim-
erization of input constructs (27), and centromere organization
on artificial chromosomes might represent one of two models
(Fig. 24). CEN chromatin may be assembled only at blocks of
a-satellite, whereas heterochromatin is located on noncentro-
meric sequences (1). Alternatively, CEN chromatin on artificial
chromosomes could be organized as a single domain of CENP-
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A/H3K4me? that is flanked, and not interrupted, by hetero-
chromatin (2, 28).

To test these models and to investigate the role of genomic
structure in centromere organization, we studied two different
human artificial chromosomes, X4 and X5, generated from
X-chromosome-derived a-satellite sequences (DXZ1) (21, 22).
Extended chromatin fibers from X4 and X5 were stained with
antibodies to CENP-A. CENP-A localized to a single continuous
region on each artificial chromosome, assembling across both
PAC vector DNA and X a-satellite DNA (Fig. 2 B-D). To
confirm these analyses, we examined CENP-A assembly on
noncentromeric sequences using ChIP-PCR (Fig. 3). Primers
specific for the a-satellite/vector junction distinguished DXZ1
on the artificial chromosome X from the endogenous X centro-
mere (Fig. 34) (see Methods). CENP-A was present at the
junction between X a-satellite and the PAC vector, on vector
sequences (V1, V2) flanking the X a-satellite array and on the
bsr gene (Fig. 3B). Heterochromatic and euchromatic modifica-
tions were also detected on these same sequences (Fig. 3 C-E).
The bsr gene on both X4 and X5 was enriched for H3K4me?2,
H3K9me2, and H3K9me3 (Fig. 3 C-E), implying that some
copies of the gene are transcriptionally active and others are
silenced. Chromatin organization on X4 and X5 was largely
consistent, but there were some differences in enrichment for
H3K4me2, H3K9me?2, and H3K9me3 at V1 and V2 on X5 (Fig.
3 B-E). These discrepancies may reflect size differences between
X4 and XS5 that correlate with the amount of heterochromatin
(29). Collectively, these results indicate that distinctive types of
chromatin (CEN chromatin, heterochromatin, and euchroma-
tin) are assembled on human artificial chromosomes (Fig. 2B,
Model 2). Although they lack homogenous «-satellite arrays,
human artificial chromosomes contain a single CEN chromatin
domain that is not interrupted by blocks of heterochromatin, a
configuration that resembles centromeres in fission yeast, flies,
and humans (2, 6, 9). We also conclude that CENP-A can spread
in cis over both centromeric (a-satellite) and noncentromeric
DNA, including a gene. These findings emphasize the impor-
tance of conserved centromere organization (6, 30), despite
differences in underlying DNA sequence.

Transcription of a Gene Occurs in CEN Chromatin. Because DNA
from the selectable marker on artificial chromosomes was
immunoprecipitated by CENP-A antibodies, we investigated
whether transcription occurred within human CEN chromatin.
RNA-ChIP was used to detect transcription of the bsr gene.
Unsurprisingly, bsr transcripts were most highly enriched for
H3K4me3 (see Fig. 6, which is published as supporting infor-
mation on the PNAS web site), a modification linked to active
transcription (31) and enriched to a lesser extent for H3K4me?2.
Negligible bsr transcription was detected within chromatin con-
taining H3K9me3, a marker that defines constitutive hetero-
chromatin. H3K9me and the low level of bsr transcripts by
RNA-ChIP indicate that at least one copy of the gene is silenced
by heterochromatin assembly. However, there was a significant
enrichment for bsr transcripts immunoprecipitated with
CENP-A antibodies compared with H3K9me3 (P = 0.03) (Fig.
6). These data suggest that transcription occurs within chromatin
containing CENP-A, and, unlike constitutive heterochromatin,
CEN chromatin does not inhibit gene expression. Our results
agree with the association of active genes and transcription at
plant centromeres, human neocentromeres, and other artificial
chromosomes (7, 32, 33).

Chromatin Domains at Human Centromeres Are Dynamically Regu-
lated. In model organisms, dosage change in euchromatic or
heterochromatic modifiers has dramatic effects on gene expres-
sion, chromatin assembly, and chromosome stability (8, 14, 15).
To investigate the relationship between CEN chromatin and
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Fig.3. Centromeric organization on human artificial chromosome is similar
to endogenous centromeres. ChIP-PCR identified histone modifications on
human artificial chromosomes X4 and X5. (A) PCR primers recognized specific
regions (V1, V2, junction, and bsr gene) of the input subunit of the artificial
chromosome. Average relative enrichments for CENP-A (B) and each histone
modification (C-E) are shown as bar graphs.

flanking heterochromatin in humans and to specifically test
whether heterochromatin restricts CEN chromatin (13), we
increased CENP-A dosage and examined the effect on CEN
chromatin assembly at endogenous human centromeres and on
human artificial chromosomes. Multiple cell lines were isolated
that stably expressed FLAG-tagged CENP-A, increasing the
amount of chromatin-associated CENP-A by 50% over normal
levels (see Methods; and see Fig. 7, which is published as
supporting information on the PNAS web site). Under these
conditions, which differ from transient expression or mistarget-
ing assays (11, 34, 35), CENP-A is not incorporated into chro-
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Fig. 4. Increased dosage of CENP-A causes the CEN domain to expand at
endogenous centromeres and on human artificial chromosomes. (A and B)
IF-FISH on chromatin fibers using CENP-A antibodies and a-satellite DNA
probes spatially defined CEN chromatin domain on DXZ1 a-satellite array at
endogenous centromeres and on human artificial chromosomes. (A) CENP-A
(red) is present on ~35% of the human artificial chromosome identified by
PAC/a-satellite FISH probe (green). When CENP-A expression is increased (B),
CENP-A (red) spreads over ~80% of the artificial chromosome (green). (Scale
bars, 10 um.) (C) CEN chromatin, defined by CENP-A, also expands at the
endogenous X centromere in HT1080 cells.

mosome arms but remains localized within centromeric regions
(data not shown).

Arrays of a-satellite DNA from endogenous chromosomes X
(DXZ1) and Y (DYZ3) were sized by pulsed-field gel electro-
phoresis (36) (data not shown). These two chromosomes are
haploid in the cell lines studied and easily identified in long-
range optical and molecular sizing analyses. The region occupied
by CENP-A at endogenous centromeres and on artificial chro-
mosomes was measured on chromatin fibers by colocalizing
CENP-A antibodies and DNA probes specific for a-satellite
DNA or PAC vector sequences. In FLAG-CENP-A lines,
CENP-A covered 25-50% more of the a-satellite DNA array
than in controls (Fig. 4). CEN size also expanded on artificial
chromosomes X4 and X5, although less so on X5, the smaller
artificial chromosome (Fig. 4 A-C).

When CENP-A is transiently overexpressed, it replaces H3 in
chromosome arms (9, 34, 35). However, it is not known which H3
modifications are exchanged or whether any are resistant to
replacement by CENP-A. We examined changes in histone
modification patterns in cell lines expressing FLAG-CENP-A
(Fig. 5). CENP-A enrichment clearly increased by 1.5- to 2-fold
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Fig. 5. Overexpression of CENP-A correlates with reduction of H3K9me2 at

human centromeres. ChIP-PCR of histone modifications at three human cen-
tromeres(D7Z1,D17Z1, and DXZ1) in CENP-A-overexpressing cell lines showed
increased CENP-A enrichment at a-satellite from chromosomes 7 and X and
concurrent decrease in H3K9me2. Depending on the centromere, H3K9me3
increased. % IP for histone modifications at a-satellite arrays was compared as
relative ratios of each modification. Bar graphs are relative average ratios (%
IP over input DNA) with standard deviations.

at D7Z1, D17Z1, and DXZ1 in each cell line (Fig. 5). H3K4me2
enrichment did not increase; however, the amount of H3K9me?2
immediately flanking CEN chromatin decreased 2- to 3-fold
(Fig. 5). We conclude that increased dosage of CENP-A causes
CENP-A to spread along a-satellite arrays, displacing H3K9me2
but not H3K9me3 (see Fig. 8, which is published as supporting
information on the PNAS web site). Decreasing pericentromeric
H3K9me?2 in this way did not affect chromosome segregation
(10), because aneuploidy or segregation abnormalities were not
detected (data not shown).
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At some centromeres and on artificial chromosome X4,
H3K9me3 enrichment increased at a-satellite DNA when
CENP-A dosage increased. This finding may reflect a compen-
satory mechanism, similar to that described in mice, in which loss
of H3K9me3 at pericentric heterochromatin causes redistribu-
tion of H3K27me3 to this region, preserving the repressive state
(17). At human centromeres, H3K9me3 may spread to counter-
act potential disruption of the 3D metaphase kinetochore when
H3K9me?2 is decreased. Alternatively, expansion of H3K9me3
may reflect a passive response to the removal of a boundary. In
Schizosaccharomyces pombe, specific structural elements physi-
cally separate heterochromatin from chromatin containing
CENP-A“"! (6). However, boundaries between heterochroma-
tin and CEN chromatin at human centromeres may be larger and
less sequence-specific (22). Regional barriers, such as chromatin
defined by H3K9me?2, may, instead, demarcate distinctive cen-
tromeric domains (Fig. 8).

The centromeres studied here showed some differences in
enrichment for specific histone H3 modifications. Variations in
domain size or composition at each centromere may reflect
differences in a-satellite array size or genomic structure and
explain the different effects (i.e., no change or expansion) on
H3K9me3 pericentric domains when H3K9me2 was reduced by
CENP-A overexpression. Precise sizes of chromatin domains at
individual centromeres remain to be determined as well as
whether variations in histone modification enrichment are func-
tionally significant. It will also be interesting to examine small,
deleted, and rearranged human centromeres or centromeres of
human chromosomes in rodent or other primate backgrounds for
alterations in centromere organization and/or ratios of histone
variants and modifications. Such studies will shed light on
chromosome and centromere evolution and boundaries between
functional chromatin domains.

Methods

Cell Culture. Human HT1080 derivative cell lines X4 and X5
containing human artificial chromosomes assembled from X
a-satellite DNA have been described in refs. 21 and 29.
HTFLI1cl, X4FLCpal.4, and X5FLCpal.2 are derivative clones
that stably express FLAG-CENP-A (4).

ChIP. Chromatin containing oligonucleosomes was prepared by
micrococcal nuclease digestion (4). Soluble chromatin was im-
munoprecipitated overnight at 4°C with no antibody (mock),
rabbit polyclonal (Upstate Biotechnology, Lake Placid, NY), or
mouse monoclonal (Abcam, Cambridge, MA) antibodies to
CENP-A and antibodies recognizing H3K4me2 (Abcam),
H3K9me2, H3K9me3 (Abcam), H3K27mel, H3K27me2, and
H3K27me3 (Abcam). For further details, see Supporting Meth-
ods, which is published as supporting information on the PNAS
web site.

PCR Analysis. Relative DNA enrichment for histone antibodies
was determined by semiquantitative PCR using primers to
amplify a-satellite DNA (37), a-satellite/pPAC4AoriP vector
junction, bsr, and pPAC4AoriP vector sequences (Fig. 24,
primer sequences for test and control sequences are available
upon request). PCR products were analyzed by agarose-gel
electrophoresis and quantified by using the Alpha Imaging
System (Alpha Innotech). Relative enrichment for CENP-A was
calculated by using (%IP DNA/D7Z2 DNA)antivody/(%IP
DNA/D7Z2 DNA)mock, Where %IP is the percentage of immu-
noprecipitated DNA over input. Relative enrichment for
H3K9me2, H3K9me3, and H3K27me2 was calculated by using
(%IP DNA/5S tDNA)antibody/ (%01P DNA/5S rDNA)pock. Rel-
ative enrichment for H3K4me2, H3K27 mel, H3K27me2, and
H3K27me3 was calculated by using (%IP DNA/y-satellite
DNA)amibody/(%IP DNA/y-satellite DNA)mOCk.

Lam et al.
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Immunofluorescence (IF)-FISH. Extended chromatin fibers were
generated as described in refs. 2 and 4. Chromosome-specific
a-satellite DNA was identified by using PCR-cloned products
(37). Vector DNA on human artificial chromosomes was de-
tected by using pPAC4 or pPAC4AoriP (21, 38). Probes were
labeled with biotin-16-dUTP (Roche), digoxygenin-11-dUTP
(Roche), or AlexaFluor dUTPs (Molecular Probes). a-Satellite
array sizes were estimated by pulsed-field gel electrophoresis and
Southern blotting as described in refs. 36, 39, and 40 by using
PCR-generated probes specific for DXZ1 and DYZ3 (37).

Microscopy and Image Analysis. All images were acquired and
analyzed by using the Deltavision Spectris Restoration Imaging
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