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of histone H3, diminishing with distance from the centromere-proximal
end where the HOR diverges (Fig. 1). The proximal-to-distal reduction
in CENP-A and CENP-C enrichment and H3 depletion corresponds to
divergence of the DXZ1 HOR from 98 to 99% identity between the
12-copy a-satellite repeat array to ~70% identity over ~40 kb (3).
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Enrichment of CENP-A and CENP-C and depletion of H3 were
also seen for other annotated HORs. For the DYZ3 Y-chromosome–
specific HOR, we observed robust CENP-A and CENP-C enrichment
for HuRef, which derives from a male, but only background ChIP for
HeLa from a female (fig. S2). For the D17Z1B, D11Z1, and D7Z1 HORs,
we observed strong enrichment similar to that for DXZ1, but only
over some repeat units within each HOR (Fig. 2). Variable enrichment
of units within an HOR suggests that subsets of repeat units are dif-
ferentially amplified at unknown locations within the genome, which
can account for the up to ~1000-fold difference in abundance between
the different HOR profiles. The D19Z1 HOR showed no CENP-A or
CENP-C ChIP enrichment, but this was also the only HOR tested by
Hayden et al. (4) that failed to show activity in an artificial chromo-
some assay. The D5Z1 HOR also showed no CENP-A or CENP-C ChIP
enrichment, but this HOR was found to map away from CENP-A foci
by cytological analysis, in contrast to the D5Z2 HOR, which overlapped
CENP-A foci by fluorescence in situ hybridization (FISH) and showed
some repeat units to be strongly enriched (10). Thus, our CENP-A and
CENP-C ChIP sequences are enriched for the subsets of a-satellite that
likely correspond to functional centromeres.

CENP-A ChIP identifies functional
centromeric sequences
Sequence assembly programs fail on the most homogeneous a-satellite
arrays, because successive copies are too similar to one another to dis-
tinguish alternative tandem registers. However, sequences recovered
by CENP-A or CENP-C ChIP are enriched for functional centromere
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Fig. 1. CENP-A and CENP-C enrichment decreases with a-satellite
divergence in pericentric heterochromatin. Log-ratio CENP-A, CENP-C,

and H3 enrichment profiles spanning the 40-kb most proximal annotated
segment of chromosome armXp, which spans theDXZ1a-satellite HOR gra-
dient (3). Dense CENP-A and CENP-C enrichment diminishes with distance
from the centromere-proximal edge, and depletion of H3 diminishes ~20 kb
from the edge. Diverged a-satellite occupies the Xp arm punctuated by
LINE-1 and other elements where centromere protein enrichment is low.
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Fig. 2. Variable CENP-A, CENP-C, and H3

occupancies at annotated a-satellite
arrays. Occupancy profiles for the most
centromere-proximal 5-kb regions of eight
HORs and monomeric a-satellite arrays
present on BAC clones that have been tested
for artificial centromere function (4), and for
four selected HORs from the hg38 genomic
assembly (2). The DXZ1 profile represents an
enlargement of the rightmost 5 kb of Xp
shown in Fig. 1. HORs are classified on the
basis of localization by FISH (centromeric)
(10, 35) or by an artificial chromosome assay
(competent or inactive) (4). Within each seg-
ment, normalized count occupancies were
scaled to the maximum occupancy of CENP-A
ChIP using the IGV Genome Browser (46).
The number in parentheses indicates the
fold enrichment of the maximum relative to
that of the D19Z1 HOR, which is set at 1, such
that the maximum (CENP-A) peak in the
D5Z2 HOR is 1376-fold higher than the max-
imum (H3) peak in the D19Z1 HOR, and the
maximum (CENP-A) peak in the D11Z1 HOR
is 93.1-fold higher than that in the D19Z1
HOR. Significant BLAST matches to the 17-bp
CENP-B box consensus sequence (CTTCGTT-
GGAAACGGAA) are indicated (magenta lines).
2 of 12

http://advances.sciencemag.org/


R E S EARCH ART I C L E

h
D

ow
nloaded from

 

sequences without being biased by current assemblies, which are lim-
ited to chromosomal regions that are sufficiently diverged to allow for
assembly programs to piece together adjacent copies of tandem arrays.
If we consider an MNase-protected CENP-A nucleosome to be a centro-
meric unit, native ChIP-seq reads that recover CENP-A nucleosomes
can provide a means of annotating human centromeres de novo.

With Illumina PE100 sequencing, CENP-A nucleosomes have been
recovered and mapped to previously assembled HORs as reference se-
quences (11, 12), but we can also use individual merged PE100 nucleo-
some sequences themselves as reference sequences, where each covers
about a single ~171-bp a-satellite repeat unit. Because assembly programs
are designed to extend contigs, but not to identify abundant short re-
peated sequences, we chose a clustering approach. We aimed to identify
the collection of centromere-specific nucleosome-associated reference se-
quences that represent functional centromeric chromatin, as defined by
CENP-A or CENP-C enrichment. We applied the same procedures to
each independent data set and then used phylogenetic analysis to deter-
mine the degree to which the data sets correspond to one another. Non-
correspondence might be attributable to technical differences between
samples, laboratories, or clustering methods or to biological differences.
Conversely, close correspondence between phylogenies implies that
there are no important technical or biological differences between data
sets. Specific sequences identified in this way were used to search existing
Henikoff et al. Sci. Adv. 2015;1:e1400234 12 February 2015
annotations to identify arrays of these sequences that have undergone
homogenization by unequal crossing over in the more recent past (6).

To determine whether the correspondence between centromere
protein ChIP enrichment and sequence homogeneity at pericentric
HORs generalizes to more proximal sequences, we identified the most
abundant individual sequences in our ChIP data sets using two cluster-
based analyses (Fig. 3A). We clustered distinct CENP-A ChIP merged
pairs from HuRef samples and also clustered a filtered subset of input
merged pairs (see Materials and Methods for details). Both clustering
strategies returned similar sets of the most abundant reference se-
quences (Fig. 3B). We also clustered published CENP-A ChIP data
sets from four other human individuals (PDNC4, IMS13q, MS4221,
and HeLa) and constructed phylogenies from the most abundant se-
quences in all data sets. All major branches were shared, with two leaves
on separate branches especially well represented from nearly all individ-
uals (Fig. 3C and fig. S3). Thus, despite biological differences between
individuals and experimental differences between ChIP protocols and
antibodies, similar diverse sequences are found in the most abundant
a-satellite–containing CENP-A nucleosomes in the human population.

Two a-satellite dimeric units dominate CENP-A ChIP
To determine the spatial distribution of these most abundant ChIP-
enriched a-satellite sequences, we searched GenBank (2) using BLAST
 on June 18, 2018
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Fig. 3. Centromere proteins from mul-

tiple human individuals occupy the same
subsets of a-satellite units. (A) Clustering
strategies for identifying the most abundant
CENP-A ChIP-enriched sequences. (B) Phylo-
genetic tree representing the 20 ChIP and
input reference sequences that were most
abundantly enriched for CENP-A ChIP. Boot-
strap percentages are shown for the earliest
divergences, defining four branches on the
basis of a 70% bootstrap threshold. The same
four branches were obtained using only ChIP
or only input reference sequences in the
alignment. (C) Phylogeny representing the
10 most abundant CENP-A ChIP reference se-
quences from each of five individuals.
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(13). As queries, we used each of the 20 most abundant reference se-
quences from a native CENP-A ChIP data set, representing four major
clades (Fig. 4A). Sequences from two clades matched sequences within
a-satellite arrays annotated as being chromosomes 1, 5, and 19 a-satellite
repeats (Cen1-like) (14), and sequences from the other two clades matched
those annotated as being from chromosomes 13, 14, 21, and 22 (Cen13-
like). We also recovered four unplaced clones from the HG19 reference
genome with 99 to 100% identity to several of our ChIP-enriched se-
quences. Alignment of each sequence with these clones revealed a re-
peating dimeric pattern of sequence similarity (15), where reference
sequences from one clade alternated with reference sequences from
the other clade (Fig. 4B, top, and fig. S4). Each dimeric unit was asso-
ciated with a 15-bp exact match to the consensus CENP-B box, the
binding site of the only known sequence-specific mammalian centro-
mere protein (16). Overall, 11 reference sequences aligned on average
at 11 positions with ~95% identity to a 4-kb clone (NW_001839579.1)
with CENP-B boxes 338 to 340 bp apart (Fig. 4B, top). The unplaced
clones therefore represent dimeric a-satellite arrays that likely originated
from regions that have undergone homogenization more recently than
those from HORs on centromere edges.

BLAST also identified a 15-kb homogeneous clone (NT_167220.1)
that closely matched Cen13-like sequences comprising ~11 copies of a
four-dimer HOR. This clone showed ~92% dimer homogeneity, with
a precisely repeating 338-342-342-342–bp pattern of CENP-B dis-
tances (bottom, Fig. 4B). Both Cen1-like and Cen13-like sequences ap-
pear to account for a large percentage of our a-satellite–specific ChIP
libraries because the total number of CENP-A ChIP fragments map-
ping to concatenated arrays of the two dimeric units was more than
half that mapping to annotated sets of concatenated arrays of presum-
Henikoff et al. Sci. Adv. 2015;1:e1400234 12 February 2015
ably all a-satellites. Whereas most of the Cen1-like sequences overlapped
the annotated sequences, accounting for 38.4% of our a-satellite–specific
CENP-A ChIP fragments, the Cen13-like sequences were almost com-
pletely absent from annotated sequences, indicating that our unbiased
method is able to identify uncatalogued repeats (Fig. 4C and Table 1).
Thus, of the ~500,000 a-satellite repeats in the haploid human genome,
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Fig. 4. Young a-satellite dimers are the basic units of expansion
and homogenization. (A) Phylogenetic tree of the 20 most abundantly

bars represent 100% identity and vertical red lines represent mismatches.
Bottom: Same as top except for one of 11 HOR units of NT_167220.1.
CENP-A-enriched input sequences, numbered by decreasing abundance
and color-coded by clade. (B) Top: MegaBLAST alignments of 11 refer-
ence sequences to GenBank NW_001835979.1, where gray horizontal
Numbers on the left are color-coded to correspond to clades in (A).
(C) Overlaps of Cen-like and annotated a-satellites for CENP-A ChIP
merged pairs.
Table 1. Merged pairs mapping to annotated a-satellites [chromosome-
specific a-satellite units catalogued by Hayden et al. (4)]. Merged pairs
aligned with multiple sites were counted only once. Intersection percentages
are of the catalogued a-satellite.
No. of merged pairs
 CENP-A
 CENP-C
 Input
Total merged pairs
 3,652,730
 4,432,991
 21,929,193
Catalogued a-satellite*
 539,990
 165,420
 194,925
Cen1-like†
 277,248
 78,886
 87,758
Cen1-like intersecting
a-sat

2
07,267 (38.4%) 5
4,910 (33.2%) 6
1,567 (31.5%)
Cen13-like‡
 148,958
 40,747
 48,062
Cen13-like intersecting a-sat
 7064 (1.3%)
 1834 (1.2%)
 1737 (0.9%)
Cen1-like intersecting
Cen13-like
62 (0.01%)
 40 (0.02%)
 54 (0.03%)
All three intersecting
 61 (0.01%)
 39 (0.02%)
 53 (0.03%)
*Total merged pairs mapping to concatenated a-satellite units in the catalog. †Total
merged pairs mapping to the 38-mer concatenated array. ‡Total merged pairs mapping
to the 16-mer concatenated array.
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only few distinct variants dominate CENP-
bound and presumably functional centro-
meres. These functional variants comprise
sequences that are younger than those at
the edges of genomic assemblies.

To confirm the long tandem arrangement
of Cen1-like sequences, we used BLAST
to search published PacBio reads represent-
ing an unamplified sample of a human ge-
nome derived from a hydatidiform mole
(17). We identified many single DNAmol-
ecules with tandem copies of a Cen1-like con-
sensus sequence that densely tiled as much
as ~30 kb, on the basis of low-stringency
BLASTmapping (Fig. 5A). Although these
single raw PacBio reads suffered from an
~15% error rate dominated by indels (18),
alignment of successive reads to yield con-
sensus sequences and phylogenetic analy-
sis of these consensus sequences (Fig. 5B)
indicated that all single-molecule reads
identified in this way were derived from
a repeat unit that is closely related to the
340-bp Cen1-like consensus (Fig. 5C). On
the basis of conservative analysis of PacBio
sequencing data, we estimate that there
are ~430 Cen1-like dimers per human chro-
mosome (see Materials and Methods). It
has recently been estimated that there are
~400 CENP-A molecules per chromosome
(19). Assuming that there are two to four
CENP-A molecules per dimeric unit (8),
25 to 50% of total centromeric sequence
could be Cen1-like. Despite multiple un-
certainties in these estimates, the abundance
of Cen1-like sequences based on PacBio
reads is close to our estimate of 38.4% of
annotated a-satellites based on the relative
abundance of Cen1-like sequence in our
CENP-A ChIP data (Fig. 4C).

A unique chromatin
conformation characterizes
young a-satellite dimers
For unplaced clones tiled by Cen1-like and
Cen13-like sequences, we generated a sim-
ple consensus by choosing the most fre-
quent base pair in a multiple alignment
of dimeric a-satellite units (fig. S5). Phylo-
genetic analysis indicated that each half
of the Cen1-like consensus clustered with
the two best-represented branches of the
tree that represents the most frequent 20

sequences from five individuals (fig. S3), and each half of the Cen13-
like consensus clustered with two other well-represented branches. When
we aligned ChIP reads to the Cen1-like consensus, we observed striking
CENP-A occupancy patterns, with two precisely positioned ~100-bp
“pillars” on either side of the CENP-B box (Fig. 6A). A similar pattern was
Henikoff et al. Sci. Adv. 2015;1:e1400234 12 February 2015
seen for CENP-C occupancy, with the CENP-B box at the center of a
sharply defined MNase-protected “pedestal” ~20 bp wide. In contrast,
the most highly represented a-satellite dimer found by CENP-A ChIP
among previously annotated and tested HORs (Fig. 2) showed a single
poorly defined particle, and CENP-C ChIP revealed it to be adjacent
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Fig. 5. Long tandem repeats of the Cen1-like consensus are detected in PacBio single sequence
reads. (A) Maps of BLASTN hits (boxes, where gray horizontal bars represent 100% identity, vertical red lines

represent mismatches, and vertical black lines represent indels) in raw PacBio reads. Displayed are the 10
PacBio single sequence reads (indicated by their sequence read identifier) with the highest bit scores in a
MegaBLAST search of SRR1304331 using the Cen1-like 340-bp query. Alternating hits are shown in two tiers
for visual clarity. We attribute gaps in the array to the ~15% mostly indel error rate characteristic of PacBio
rawdata, an interpretation that is supported by the near-perfect alignment of BLAST hits to the 340-bp tiling
shown as tandem black diamonds at bottom. (B) A consensus sequence was derived for each of the raw
sequences indicated in (A) by automated alignment of the tandem BLAST hits, and a dendrogram was
produced, rooting the tree with the Cen1-like consensus. (C) Alignment of the Cen1-like consensus (top
sequence) identifies 44 ambiguous residues (indicated as “u” or “s”) and six indels (indicated as dashes)
in the overall PacBio-derived consensus (bottom sequence) over the 340-bp sequence.
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