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ABSTRACT

In human chromosomes, centromeric regions com-
prise megabase-size arrays of 171 bp alpha-satellite
DNA monomers. The large distances spanned by
these arrays preclude their replication from external
sites and imply that the repetitive monomers con-
tain replication origins. However, replication within
these arrays has not previously been profiled and
the role of alpha-satellite DNA in initiation of DNA
replication has not yet been demonstrated. Here,
replication of alpha-satellite DNA in endogenous hu-
man centromeric regions and in de novo formed
Human Artificial Chromosome (HAC) was analyzed.
We showed that alpha-satellite monomers could
function as origins of DNA replication and that repli-
cation of alphoid arrays organized into centrochro-
matin occurred earlier than those organized into
heterochromatin. The distribution of inter-origin dis-
tances within centromeric alphoid arrays was com-
parable to the distribution of inter-origin distances
on randomly selected non-centromeric chromoso-
mal regions. Depletion of CENP-B, a kinetochore pro-
tein that binds directly to a 17 bp CENP-B box motif
common to alpha-satellite DNA, resulted in enrich-
ment of alpha-satellite sequences for proteins of the
ORC complex, suggesting that CENP-B may have a
role in regulating the replication of centromeric re-
gions. Mapping of replication initiation sites in the
HAC revealed that replication preferentially initiated
in transcriptionally active regions.

INTRODUCTION

Human centromere DNA comprises 171 bp AT-rich alpha-
satellite monomers that are arranged into tandem arrays (or
alphoid arrays) that typically span 3-5 Mb (1-6). Within
each human centromeric region, alpha-satellites are orga-
nized as multimeric, higher-order repeats (HORs) arrays
flanked by heterogeneous monomers lacking periodicity or
hierarchy (monomeric alpha-satellite arrays) (5,7,8). Re-
gions within the HORSs directly interact with proteins in-
volved in kinetochore assembly and HORs are competent
for de novo centromere establishment (i.e. formation of hu-
man artificial chromosomes or HACs) (9,10). HOR units
are enriched with a 17-bp binding motif for centromere pro-
tein B (CENP-B box) that is required for de novo kineto-
chore formation as well as for prevention of CENP-A nu-
cleosome assembly at ectopic chromosomal sites (11,12).

Accurate and complete duplication of the eukaryotic
genome relies on the initiation of DNA replication from
specific chromosomal regions, termed replication origins,
and follows a reproducible temporal program during S
phase (13,14). Redundancy of centromeric repeats poses
significant challenges to study their replication. Therefore,
little is known about what determines the replication tim-
ing of centromeric domains and the spatial distribution of
replication initiation within those domains has not yet been
described.

In this work, we analyzed replication of alphoid DNA
arrays in endogenous human centromeric regions and in
the structurally characterized de novo formed alphoid®©-
HAC (15,16). The HAC was engineered from a synthetic
alphoid DNA dimer with one monomer from a chromo-
some 17 HOR carrying CENP-B box linked to a consen-
sus alpha-satellite monomer into which a tetracycline oper-
ator (tetO) sequence was incorporated. Replication initia-
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tion patterns were analyzed by different approaches, includ-
ing fiber-FISH, chromatin immunoprecipitation and anal-
ysis of nascent-strand DNA (nsDNA).

Our data revealed that alpha-satellite monomers
can function as replication origins, that alpha-satellite-
containing centromeric repeats within heterochromatin
and centrochromatin domains replicate during mid-late
S phase, and that firing of replication origins throughout
the centromeric repeats seems to be a stochastic process.
In the context of the HAC, however, replication initiation
is suppressed within alpha-satellite arrays, probably due
to the proximity of transcriptionally active regions that
preferentially initiate DNA replication. CENP-B depletion
experiments support the role of this protein in regulating
the replication of centromeric regions.

MATERIALS AND METHODS
Cell culture

For replication analysis, 11 human cells lines were used.
HEK?293 embryonic kidney cells, K562 erythroleukemia
cells and MCF7 breast cancer cells were previously de-
scribed (17). Ovarian cancer OV:ADR-RES cells and lung
cancer LC:H266 cells are from a panel of the NCI-60 cell
lines derived from nine tissue-of-origin types of cancer (18).
Three HAC-containing cells, fibrosarcoma HT1080 cells—
AB221821 (15), mesenchymal MSC cells-HAC-LoxP (19)
and renal carcinoma 786-0 cells-HAC-VHL (20) were de-
scribed in our previous publications. Three HT1080 clones,
AB2-2-2, AB2-5-23 and AB2-5-30, with integration of the
alphoid®©-array into host chromosomes were isolated dur-
ing experiments on de novo HAC formation (15). Condi-
tions for culturing these cells are described in the corre-
sponding publications.

Replication timing analysis

Timing analyses were made as previously described (21). S
phase was divided into four fractions ranging from early-
to-late S phase and designated S1 to S4.

Isolation of nascent-strand DNA

Nascent DNA was prepared using lambda exonuclease
method as previously described (17,22).

Measuring of inter-origin distances

DNA molecular combing, detection of IdU and CldU and
image scanning were carried out as previously described
(23,24).

ChIP assay and real-time polymerase chain reaction

ChIP with antibodies against H3K4me2 (Upstate),
H3K4me3 (Upstate), H3K27me3 (Upstate), Orc2 (Ab-
cam), Cdtl (Santa Cruz), Cdc6 (Santa Cruz), Treslin
and CENP-B (Millipore) was carried out according to
a previously described method (15,16). Anti-Treslin was
a custom-made rabbit monoclonal antibody (epitomics)
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raised against a treslin peptide (aa 1566-1583: cASGLP-
KLRIKKIDPSSSL) recognizing a 220 kD protein in whole
cell protein extracts and validated with truncated Treslin
cDNA transfected cells. These antibodies were bound to
the magnetic beads (Invitrogen) with constant rotation
for 4 h at 4°C. DNA chromatin from nuclear lysate was
prepared. HT1080 cells that were grown in DMEM supple-
mented with 10% FBS to 80% confluent were trypsinized
and fixed with 1% Formaldehyde (Sigma) for 10 min at
37°C. The excess of Formaldehyde was quenched by 125
mM Glycine (Sigma) for 5 min at room temperature.
Chromatins were harvested from approximately 1 x 10°
cells by addition of 250 wl of lysis buffer containing 1%
SDS, 10 mM EDTA, 50 mM Tris-HCI, pH 8, Proteinase
inhibitor cocktail (Sigma) and incubated on ice for 10
min. DNA chromatin was shredded to 200-500 bp by
sonication using Bioruptor (CosmoBio) with high setting
pulse (30 s on, 30 s off) for 10 min at 4°C. Sonicated
chromatin was diluted in 500 wl of washing buffer and
kept on ice. Magnetic beads bound antibodies were washed
and resuspended in sonicated chromatin. ChIP sample
was rotated overnight at 4°C. After successive washing,
antigen—-DNA complexes were isolated from magnetic
beads by elution buffer containing 50 mM Tris-HCI,
pH 8, 10 mM EDTA, 1% SDS, followed by addition of
Proteinase K buffer containing 10 mM Tris-HCI, pH 8,
1 mM EDTA, 0.35% SDS, 50 mg Proteinase K (Roche)
and incubated at 42°C for 1 h. To reverse the cross-link of
protein-DNA, sample was then incubated for 4 h at 65°C.
DNA was subjected to phenol/chloroform extraction and
pure DNA was precipitated with Ethanol in the presence
of 20 pg/pl Glycogen (Roche). The recovery ratio of the
immunoprecipitated DNA relative to input DNA was
measured by real-time polymerase chain reaction (PCR)
using i1Q SYBR Green Supermix (Bio-Rad, USA). Data
were analized using Bio-Rad iQ5 software (Bio-Rad) and
Excell (Microsoft). A set of primers used for ChIP analyses
and real-time PCR is listed in Supplementary Table S1.
Antibodies used in this study are listed in Supplementary
Table S2. All experiments were repeated three times with
each sample prepared in triplicate.

Metaphase FISH

Fluorescent in situ hybridization on metaphase spreads
was performed as described in our previous publications
(15,20). HACs were visualized with bio-tetO and dig-RCA
vector probes. Images were captured using Zeiss axiophot
with 1 x 40/0il ocular (Zeiss) and analyzed using IP lab
software (Signal Analytic).

Immuno-FISH

Immunofluoresence FISH was performed as described pre-
viously (20).

Depletion of CENP-B by siRNNA

Prevalidated siRNA used to deplete CENP-B (1L.003250-00-
0005) as well as non-targeting control pool of siRNA (D-
001810-10-05) were purchased from Dharmacon. HT1080
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cells were grown on 6-well plates in DMEM supplemented
by 10% FBS for overnight with 50% confluent. Cells were
transfected with 20 nM of siRNA-CENP-B and siRNA
pool (control) using Lipofectamin RNAi max (Invitrogen)
reagent according to the protocol provided by manufac-
ture. Transfected cells were incubated for 48 h. The level of
CENP-B depletion in the cells was determined by western
blot. The treated cells were used to evaluate a level of en-
richment of alphoid DNA sequences in nsDNA using qual-
itative real-time PCR.

Nascent DNA mapping to alpha-satellite in endogenous cen-
tromeric regions

Available nascent DNA (nsDNA) datasets from K562 and
MCEFS5 cell lines (17, SRA: SRR190808-23, including four
genomic controls) were mapped to an extensive alpha-
satellite DNA library from a single individual (HuRef, (25)
and all annotated subsets included in the current human
reference assembly (hgl9/GRCh37, 26). Prior to mapping,
alpha satellite containing reads genomic control datasets
(SRR190812,13 and SRR190822,23) were identified by k-
mer mapping (where k = 24, 36 and 50) to contain 2-2.4%
alpha-satellite, concordant with previous genome-wide es-
timates (26,27). nsDNA datasets were largely consistent
in alpha-satellite estimates of K562 and MCF7 replicates
(K562, mean 0.27% SD 0.04, MCF7 mean 0.79%, SD 0.1,
removing outlier SRR190818). Mapping of paired read
datasets were performed initially using Burrows-Wheeler
Aligner (BWA) (28), seeding 24 bp, selecting for best align-
ments with a threshold of two mismatches/35 bp, or 94.5%.
Attention to concordant paired read mapping in hgl9 and
HuRef alpha-satellite reads identified a final dataset of rep-
resenting an average of 86.3% reads with an observed pub-
lished insert length (~120 bp). nsDNA reads that map
specifically to the DXZ1 array (27) were normalized to each
respective dataset and studied with reference to the DXZ1
12-mer higher order repeat consensus.

Quantification of alphoid DNA transcripts in CENP-B-
depleted cells

Real-time RT-PCR was carried out with RNA purified
from CENP-B-depleted (L003250-00-0005) HT1080 cells,
cells treated with si-Pool (D-001810-10-05) and cells with-
out treatment. The level of CENP-B depletion in the cells
was determined by western blot. The level of transcription
was carried out using SYBR® Green PCR Master Mix (Ap-
plied Biosystems) according to the manufacturer’s proto-
col. Total RNA was prepared with the RNeasy Mini Kit
(Qiagen) with on-column DNase treatment using RNase-
Free DNase Set (Qiagen). First-strand cDNA synthesis was
performed using Moloney Murine Leukemia Virus Reverse
Transcriptase (M-MLV RT) (Invitrogen) according to the
manufacturer’s protocol. Reverse transcription and PCR
were carried out with the primers for two high-order re-
peats, D5Z1 and D572, in chromosome 5 listed in Supple-
mentary Table S1.

Statistical analysis

Statistical analysis was made using Excel (Microsoft Inc.,
USA). An unpaired Student’s 7-test was used. P < 0.05 was
considered significant.

RESULTS
New reagents for detection of DNA replication

Comparative analysis of replication initiation patterns
within centromeric repeats requires positive standards com-
prising replication initiation sites (termed ‘replication ori-
gins’) that function reproducibly in a range of cell lines.
However, we found that the activities of several previously
well-characterized origins, which had been identified in sev-
eral different cell lines, are not conserved among other cells.
To identify a DNA sequence that we could use as a uniform
replication origin standard in all our analyzes, we searched
a recent database of nsDNA sequences (17) and identified
two new origins of replication, one near the JUNB gene
on chromosome 19 (29) and the other within the 5S rRNA
gene cluster on chromosome 1 (30). Real-time PCR anal-
ysis of RNA-primed, short nascent DNA strands purified
based on size fractionation and \ exonuclease mediated se-
lection of RNA-primed DNA showed that the JUNB and
58 rDNA loci exhibited origin activity in HT1080 fibrosar-
coma cells (Figure 1A-D). Moreover, JUNB seems to be a
constitutive origin because it is functional in seven other
randomly chosen human cell lines (Figure 1E). The JUNB
locus initiates DNA replication with a variable initiation
frequency within a relatively short genomic region (Fig-
ure 1D and E) similar to other previously described repli-
cation origins (13).

To determine whether pre-replication complexes are
present at the JUNB and 5S rDNA putative origin loci,
ChIP assays were performed using antibodies against Orc2
and Cdtl. We also used antibodies against Treslin recently
developed in our lab (see Materials and Methods). Treslin
is required for the transition from the pre-replication com-
plex (pre-RC) to the pre-initiation complex (pre-IC) (31).
ChIP assays clearly demonstrated that replication origins at
the JUNB and 5S rDNA loci bind Orc2, Treslin and Cdtl
whereas adjacent sequences at the same loci that do not ini-
tiate replication do not (Figure 1B and C; Supplementary
Figure SIA-C). As predicted, positions of replication initia-
tion sites correlate with positions of open chromatin defined
by ChIP analysis (Supplementary Figure SID-F; Supple-
mentary Figure S2). The newly identified JUNB replication
origin and a known origin near the ¢cMyc gene (32) along
with antibodies against Orc2, Cdtl and Treslin were used
as standards to characterize the replication of centromeric
regions.

Mapping origins of replication across a de novo formed cen-
tromere

The study of initiation of replication within natural alpha-
satellite arrays is impeded by redundancy of nearly identical
alphoid DNA units. In attempts to overcome this problem,
we first mapped origins of replication on the alphoid®©-
HAC, which was engineered from an alphoid array that
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Figure 1. (A) Identification of new origins of replication, JunB and 55 rDNA in HT1080 cells. A real-time PCR-based nascent DNA enrichment assay
(A) and ChIP assays with antibodies against components of pre-replication complex (B, C). ¢Myc origin was included as a positive control. Nascent DNA
was normalized with JunB-nonORI (JunB-5). Precipitated chromatins for all antibodies were normalized with IgG. (D, E) Mapping of replication origin
sites upstream the JunB gene in different human cell lines using nsDNA assay. Positions of primers used to map replication initiation sites within the JunB
locus. A set of primers separated by 1.2 to 4.8 kb were chosen for mapping. Positions of primers sequences on the chromosome 19 in hgl9 are shown
in Supplementary Table S1. nsDNA enrichment in the JunB regions in different human cell lines. In each cell line, a profile of nascent DNA enrichment
around JunB was characterized. In all analyzed cell lines, except for MCF-7 and NCI:OV:ADR-RES, the highest peak of nsDNA abundance corresponds
to the JunB-2 sequence. In MCF-7 and NCI:OV:ADR-RES cells, origin of replication is mapped to the JunB-1 and JunB-3 sequences, respectively. Student’s
t-test was used: P < 0.01 (*) and P < 0.05 (*¥*), £SD.
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is distinguishable from the chromosomal arrays (15). This
HAC was developed from a synthetic alphoid DNA dimer
assembled into a 40-kb array and cloned into the 10-kb
YAC/BAC vector (~50 kb input DNA) (Figure 2A). Physi-
cal analysis of the HAC revealed that alphoid®°-HAC for-
mation was accompanied by an approximately 30-fold mul-
timerization of the input DNA (16). A concatenated struc-
ture of the HAC DNA is clearly visualized by fiber-FISH
(Figure 2B).

To investigate replication of the alphoid*®©-array in the
HAC propagated in HT1080 cells, we used a real-time PCR-
based nsDNA enrichment assay. To this end, we selected
primer sets to amplify DNA regions corresponding to: (i)
tetO-containing alpha-satellite DNA, (ii) the YAC back-
bone sequence in the YAC/BAC vector and (iii) the se-
lectable marker sequence, blasticidin (Bsr), included into
the vector to select the HAC in human cells. Reproducibly,
the peaks of highest origin activity mapped to the Bsr gene
sequence rather than tetO-alpha-satellite DNA (Figure 2C).
The analysis of nsDNA enrichment also showed that the
YAC sequence neighboring Bsr in the vector may also func-
tion as an origin of replication, but with a lower efficiency,
thus forming a zone of replication similar to that observed
for JUNB and other euchromatic origins (Figure 2C). This
pattern of replication was not cell-type specific. Similar re-
sults were obtained when the HAC was transferred into
mesenchymal human cells (MSC) and 786-0 renal carci-
noma cells (Supplementary Figure S3A-D). In those cell
lines, replication initiation zones also occurred within ac-
tively transcribed Bsr sequences. Mapping of replication
origins to the Bsr sequences in the HAC was also validated
by ChIP assays using antibodies against Treslin and Orc2
(Figure 2D and E).

ChIP analysis was also employed to characterize chro-
matin architecture across the HAC chromatin. The anal-
ysis revealed that H3K4me2 and H3K4me3, markers for
active transcription, were predominantly associated with
the Bsr sequence (Figure 2F; Supplementary Figure S3E).
In contrast, H3K27me3, a marker for bivalent, repressible
chromatin (33-35), was higher across the tetO-containing
alphoid sequence than that at Bsr (Figure 2G).

We also investigated whether centromere assembly on
the alphoid'!©-array affects the position of replication ori-
gins. For this purpose, we analyzed three independent in-
tegrations of the alphoid*®©-array into chromosome arms
in HT1080 cells. None of these sites exhibited evidence of
kinetochore assembly (15). Origins of replication were as-
sociated with the Bsr sequences in all three cell lines (Sup-
plementary Figure S4).

We conclude that neither host cells nor the presence of
kinetochore proteins affect the selection of Bsr sequences
as origins of DNA replication within the megabase-size
alphoid®®© -array.

Timing of replication of centromeric regions

We next examined the replication of endogenous natu-
ral centromeric regions. First, we determined the timing
of replication of centromeric DNA. For this purpose, an
asynchronous population of human fibrosarcoma HT1080
cells was pulse labeled with BrdU. An asynchronous pop-

ulation of cells was used to avoid artifacts introduced
by drug-induced synchronization procedures. BrdU-treated
cells were sorted by FACS to six fractions: G1, S1 (early S-
phase), S2 (early-middle S-phase), S3 (late-middle S-phase),
S4 (late S-phase) and G2/Mitosis. In each fraction, replicat-
ing sequences were quantified by qPCR using primers de-
signed from an alpha-satellite consensus sequence (2). No-
tably that sequencing of the PCR products confirmed that
these primers recognized centromeric repeats of different
chromosomes (Supplementary Table S3). As internal con-
trols, the replication timing of three unique genomic re-
gions, cMyc, JUNB and 5S rDNA, was determined. These
origins correspond to transcribed loci and, therefore, as ex-
pected, replicate in early S phase (Figure 3A-D). These ex-
periments demonstrated two features of centromere replica-
tion. First, centromeres replicate asynchronously. Second,
most of the alpha-satellite sequences replicate in the mid-
dle to late S phase (Figure 3E). These results are consistent
with previous reports indicating that DNA replication and
centromere assembly do not overlap during the cell cycle
(36-40).

It is known that alpha-satellite sequences forming kine-
tochore are organized into higher-order repeats (HORs).
In most human chromosomes, alpha-satellite DNA forms
a single HOR. Therefore, both heterochromatin and cen-
trochromatin are formed on the same DNA sequences.
This feature had previously prevented analysis of timing of
replication of these two different chromatin domains sepa-
rately using the standard tools. Therefore, we compared the
timing of replication of heterochromatin and centrochro-
matin domains forming a functional kinetochore by tak-
ing advantage of human chromosome 5 that comprises two
HORs, D5Z1 and D572, corresponding to different types
of chromatin (33). Earlier chromatin immunoprecipitation
analysis revealed that the kinetochore forming CENP-A
domain (centrochromatin) is predominantly localized to
D5Z2 while largely excluded from D5Z1 (heterochromatin)
in a range of human cell lines (41). These two arrays can be
distinguished by PCR using specific pairs of primers (41).
To determine if the timing of replication of these HORs
is different or the same, an asynchronous population of
human fibrosarcoma HT1080 cells was pulse labeled with
BrdU, then sorted by FACS to six fractions as described
above (G1, S1 (early), S2 (early-middle), S3 (late-middle),
S4 (late) and G2/Mitosis). In each fraction replicating se-
quences were quantified by qPCR using a set of primers
specific to each HOR array. As internal controls, two known
chromosomal origins, 3-globin origin that replicates in late
S phase, and collagen origin that replicates in early S phase,
were used (17). As seen, the majority of alpha-satellite se-
quences in D5Z2 replicate earlier (S2) than those in hete-
rochromatic D5Z1 region (S3) (Figure 4). These data in-
dicate that chromatin status of alpha-satellite repeats may
affect their timing of replication.

Inter-origin distances on centromeric and non-centromeric re-
gions are identical

In separate experiments, we measured the inter-origin dis-
tance within centromeric regions. For this purpose, a single-
molecule approach based on molecular combing was used
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Figure 2. Mapping of replication initiation events within the alphoid®®©-HAC sequence. (A) Schematic of the HAC organization. The circular alphoid®t©-
HAC was assembled from input DNA comprising ~10 kb of RCA vector sequence (BAC/YAC) containing the Bsr gene and ~40 kb of the synthetic tetO-
alphoid array. The synthetic array is composed by tetO alphoid monomer (in green) arrange within every other monomer from chromosome 17 comprising
CENP-B box (in gray). FISH demonstrates the presence of an autonomous form of alphoid®©-HAC in HT1080 cells. The HAC was visualized using a
vector probe (RCA) (in red) and tetO-alphoid probe (in green). (B) DNA fiber-FISH analysis using a YAC/BAC vector probe demonstrating a regular
structure of the HAC, i.e. a 10 kb YAC/BAC vector signals (in red) are flanked with a 40 kb alphoid®'© array (in green). (C) Real-time PCR-based
nascent DNA enrichment assay to map origins of replication along the HAC sequence. (D, E) ChIP-qPCR with antibodies against Orc2 and Treslin
shows enrichment of ORC on the Bsr sequences. JUNB-2 and cMyc were used as positive controls. (F) Chromatin profiling of the alphoid®‘©-HAC shows
H3K4me?2 accumulation on the Bsr sequences. JUNB-2 and ¢ Myc were used as positive controls. (G) ChIP analysis of H3K27me3 chromatin in the HAC.
Student’s 7-test was used: P < 0.01 (*), £SD.
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Figure 3. Replication timing of alphoid arrays. (A) Replication timing was measured by sorting BrdU-labeled cells into different S-phase fractions followed
by BrdU-IPs. BrdU-labeled cells were stained with Hoechst 33342 and sorted to six fractions by FACS: G1, S1, S2, S3, S4 and G2/M. (B-D) Replication
timing of JunB, 55 rDNA and ¢Myc sites. They replicate early in S phase. (E) Enrichment of BrdU-labeled alpha-satellite DNA in fractions identified by
PCR using primers for the alpha-satellite consensus sequence. This experiment suggests late replication of alphoid DNA.
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Figure 4. Replication timing of two different HORs, D5Z1 and D5Z2, on chromosome 5. Replication timing was measured by sorting BrdU-labeled cells
into different S-phase fractions followed by BrdU-IPs. BrdU-labeled cells were stained with Hoechst 33342 and sorted to six fractions by FACS: G1, S1, S2,
S3, S4 and G2/M. (A, B) Replication timing of B-globin and collagen origins. They replicate in early and late S phase, correspondingly. (C, D) Enrichment
of BrdU-labeled alpha-satellite DNA in fractions identified by PCR using specific primers for D5Z1 and D572 HORs. Statistically significant difference
was observed between S2 and S3 phases for D5Z1 and D5Z2 in three experiments (¢-test, N = 3, P < 0.05).

(16,23,24). An asynchronous population of cells was se-
quentially pulse labeled with the nucleotide analogs iodo-
deoxyuridine (IdU) and chlorodeoxyuridine (CldU) for an
equal time of 20 min each. Cells were immediately harvested
and embedded in agarose plugs to prepare high-molecular-
weight genomic DNA. DNA fibers were then prepared
by molecular combing with a constant and sequence-
independent stretching factor. Centromeric regions were vi-
sualized by a biotinylated probe developed from the 171-
bp alpha-satellite DNA consensus (2). This probe recog-
nizes all centromeric regions (Figure 5A). Newly synthe-
sized DNA labeled with IdU and CldU was detected by
fluorescent antibodies (in blue and in red, respectively).
Images were acquired with an epifluorescence microscope
(Figure 5B). Using this approach, more than 100 inter-
origin distances corresponding to alphoid arrays and ran-

dom chromosomal regions were measured and plotted. Our
analysis did not reveal any significant difference between
the periodicity of inter-origin distances on centromeric re-
gions and on random chromosomal fragments (Figure 5C
and D). Both exhibited a peak at about 140 kb, suggesting
that inter-origin distances are roughly similar between eu-
chromatin and heterochromatin.

Replication of centromeric regions initiates from alpha-
satellite repeats

The results of the molecular combing analyses could not
exclude that initiation of replication might start from
non-alpha-satellite sequence elements such as LINEs and
other mobile elements that might potentially be present
within alphoid arrays (42-44). To clarify whether the pre-
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Figure 5. Measuring of replication fork speeds and inter-origin distances within alphoid DNA arrays. (A) Immuno-metaphase FISH assay. A biotinylated
alpha-satellite consensus probe was used to visualize human centromeres. Abs against CENP-C were used to stain functional kinetochores (in red). (B)
Adjacent replication bubbles were visualized on a combed DNA molecule. Cells were sequentially labeld with IdU (in blue) and CIdU (in red) for 20 min.
Replication origins were determined by the patterns of IdU-blue and CldU-red signals as described previously (23,24). The distance between adjacent
replication origins represents the inter-origin distance. Alphoid DNA arrays were probed with a biotinylated alpha-satellite consensus probe (in green).
DNA fibers were visualized by anti-single-strand DNA antibodies (ssDNA). (C) Histogram of the lengths of alphoid DNA arrays identified by an alpha-
satellite consensus probe (median = 550). (D) Histogram of inter-origin distances within the alphoid DNA arrays (median = 140). Each triangle represents
an inter-origin distance. The shortest measured distance is ~48 kb and the largest is ~710 kb. Inter-origin distances on centromeric repeats and on random
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replication complex forms on alphoid DNA and not on ad-
jacent sequences, we performed ChIP assays and nascent
DNA strand abundance analyses using primers and probes
specific for alphoid DNA. Cross-linked chromatin was
purified and tested using antibodies against components
of the pre-replication complex. DNA was recovered from
antibody—chromatin complexes and tested by PCR us-
ing a pair of primers designed from the alpha-satellite
consensus sequence (2). The consensus primers recognize
~50,000 monomers corresponding to both HORs and
monomeric arrays. Because HORs represent >90% of all
alpha-satellite DNA, these primers should predominantly
amplify this fraction of alphoid DNA. This analysis re-
vealed that alphoid arrays could be pulled down by Orc2
and Treslin antibodies (Figure 6A and B in pink). Thus, we
conclude that the alpha-satellite repeats investigated above
indeed participate in the formation of pre-replication com-
plexes. At the same time, ChIP analysis using the primers
ChrX-CEN, corresponding to another fraction of mega-
base HOR array (DXZ1-derived from chromosome X that
represents approximately a 100-kb sequence (15)) did not
detect any enrichment for Orc2 and Treslin (Figure 6A and
B in yellow). These data indicate that not all blocks of
alpha-satellite repeats are recognized equally by the repli-
cation machinery and participate in the formation of pre-
replication complexes.

To determine if some specific repeat monomers may
preferentially initiate DNA replication, we compared the
published nsDNA sequences isolated from two human fe-
male cell lines, K562 and MCF7 (17), with a recently pub-
lished complete sequence representation of alpha-satellite
monomers across a centromeric region of one of human
chromosomes (27). Supplementary Figure S5 demonstrates
alignments of the 2-kb chromosome X-assigned higher-
order repeat units relative to nsDNA. As seen, there is
a correlation between sites of nsDNA enrichments and
monomers that contain CENP-B boxes. Significance of this
observation may be clarified when a complete sequence rep-
resentation of other chromosome-specific HORs is avail-
able.

ChIP with antibodies against various post-translational
modifications of histone H3 revealed that centromeric se-
quences recognized by the consensus primers are associated
with H3K27me3 (Figure 6C), a marker for a bivalent chro-
matin that has previously been linked with centromeres (33).
They are also associated to a lesser extent with H3K4me?2,
a marker for a transcriptionally competent or neutral chro-
matin (Figure 6D). This result may be interpreted to suggest
that replication of alphoid DNA sequences may be initiated
both in heterochromatin and centrochromatin correspond-
ing to transcriptionally competent chromatin (45,46).

Depletion of CENP-B activates initiation of replication on
alphoid DNA

CENP-B binding to CENP-B boxes influences nucleosome
positioning in centromeric regions (47), which can be a fac-
tor for origin selection in yeast (48). Also, one of the CENP-
B homologs in fission yeast was initially identified as an
ARS-binding protein (49). Therefore, we analyzed if the
CENP-B protein plays a role in replication of human cen-
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tromeric repeats. For this purpose, we depleted CENP-B
from HT1080 cells. We observed a significant decrease in
CENP-B levels in the cells treated by siRNA (Figure 7A).
We used ChIP analysis to compare the assembly of pre-
replication complexes on alphoid sequences from CENP-B
depleted and control cells. Three pairs of primers were cho-
sen: two primer pairs specific for two regions of centromeric
HORSs on the chromosome X, ChrX-CEN (see above) and
ChrX-HOR (these primers recognize most of higher-order
repeats), as well as consensus primers recognizing total
alpha-satellite DNA. CENP-B depletion was accompanied
by CENP-B protein loss from alpha-satellite DNA and in-
crease of the level of H3K4me?2, a marker for a transcrip-
tionally competent or neutral chromatin assembled on all
three analyzed regions (Figure 7B). At the same time, ChIP
assays with antibodies directed against protein members of
the pre-replication complex, including Treslin and Orc2, re-
vealed an increased enrichment of alpha-satellite sequences
in CENP-B-depleted cells than in control cells (Figure 7C).
These data correlate with a 4-fold increase in the abundance
of alpha-satellite sequences in nsDNA isolated from CENP-
B-depleted cells while no detectable change in enrichment
of the cMyc origin sequence was observed (Figure 7D). Im-
portantly, ChIP with Orc2 and Treslin antibodies revealed
the same level of enrichment of JunB and ¢Myc sequences
in control and CENP-B-depleted cells (Supplementary Fig-
ure S6), suggesting that the observed increase in replication
origins is specific for centromeric arrays. These results sug-
gest that the loss of CENP-B protein from alpha-satellite
chromatin causes a change of that chromatin, permitting
a general increase in replication origin assembly and activ-
ity. However, DNA molecular combing analysis did not re-
veal a significant difference in the inter-origin distances on
alphoid DNA arrays between CENP-B-depleted cells and
control cells (Supplementary Figure S7A). The results taken
together imply that there are more initiation events within
the alphoid array, but that those events are not necessarily
close to each other. Therefore, we cannot detect a decrease
in inter-origin distances using the combing technique.

To further confirm that CENP-B depletion results in
a specific change of alpha-satellite chromatin, we applied
gRT-PCR analysis to measure the level of transcription
of well-characterized HORs, D5Z1 and D572, on chro-
mosome 5. As shown in Supplementary Figures S7B and
S7C, we did not observe any significant changes in the level
of alpha-satellite transcripts from the D5Z1 region lacking
CENP-B boxes in CENP-B-depleted cells. At the same time,
a significant increase in the transcription level was detected
for D572 array after depletion of CENP-B. To summarize,
our data indicate a potential role of the CENP-B protein in
replication of centromeric regions.

DISCUSSION

The study of centromeric DNA replication in humans has
been impeded by the massive redundancy of centromeric
repeats. Indeed, each human centromere contains 10,000—
20,000 alpha-satellite monomers. Most (>90%) of these
comprise highly homogeneous HORs. This organization
prevents physical contig assembly of centromeric regions,
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Figure 6. Origin replication complex is assembled on alphoid DNA monomers. (A, B) ChIP-qPCR with antibodies against Orc2 and Treslin shows
enrichment of ORC and Treslin on alpha-satellite monomers. The enrichment was observed with the primers developed from the alpha-satellite consensus
sequence. The primers recognize a major fraction of monomers in the human genome. No enrichment was detected with other primers, ChrX-CEN, that
recognize a 100 kb centromeric region on the chromosome X. (C, D) ChIP for markers of transcriptionally competent or neutral chromatin and bivalent,
repressible chromatin, H3K4me2 and H3K27me3, correspondingly. Precipitated chromatins for all antibodies are normalized with IgG. Student’s 7-test
was used: P < 0.01 (¥), £SD.
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demonstrates the level of the CENP-B protein in the cells treated by siRNA-CENP-B and control cells treated by a pool of non-target-siRNA. B-actin was
used as a loading control. (B) ChIP-qPCR analysis of CENP-B-depleted cells with antibodies against CENP-B and H3K4me2. A level of alpha-satellite
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which still remain as the largest gaps in the human genome
(50).

Here, for the first time we present data showing that
alpha-satellite monomers initiate DNA replication in en-
dogeneous human centromeric regions. Moreover, DNA
fiber-FISH analysis revealed no significant difference be-
tween the ~140-kb inter-origin distance on centromeric re-
peats and on randomly selected chromosomal regions. For
tandem alpha-satellite repeats, this distance corresponds
to ~800 monomers. Therefore, approximately one in 800
monomers might initiate replication. Due to a high homol-
ogy between monomers, the initiation of replication within
alphoid DNA arrays is likely to be a stochastic process.
Thus, each monomer in the arrays could potentially have a
chance to initiate replication. However, our findings do not
exclude the possibility that some monomers are recognized
by the pre-replication complex better than others. For ex-
ample, chromosome X monomers containing the CENP-B
box are enriched in the nsDNA fraction (see Supplementary
Figure S5).

It is commonly accepted that transcriptionally active re-
gions replicate early during S phase while regions orga-
nized into heterochromatin typically replicate later during
S phase (51,52). Thus, a relatively broad distribution of
replication timing observed across alphoid DNA might in-
dicate that heterochromatin and centrochromatin domains
of kinetochores replicate in different time. Indeed, a com-
parison of two HOR arrays on chromosome 5, that are or-
ganized into compact constitutive heterochromatin (D5Z1)
and relatively open centrochromatin (D5Z2), revealed that
the centrochromatin region replicates earlier than D5Z1.

Roughly one third of alpha-satellite monomers contain
a recognition site for the kinetochore CENP-B protein. In
this work, siRNA-induced depletion of CENP-B was ex-
ploited to investigate a possible role of CENP-B boxes in
replication of alphoid arrays. ChIP assay revealed a signifi-
cant enrichment for proteins of the pre-replication complex,
Orc2 and Treslin, on alpha-satellite sequences in CENP-
B-depleted cells compared to control cells. This suggests
that CENP-B is involved in regulation of assembly of pre-
replicative complexes within long alphoid arrays. Two pos-
sible mechanisms may be considered. The first one is based
on the known data that binding of CENP-B can promote
heterochromatin formation (11). In that case, histone H3
heterochromatic modifications of the alphoid arrays may
limit the number of sites that participate in pre-replication
complex assembly. A second possible mechanism is based
on the known phenomenon of nucleosome positioning that
is induced by CENP-B (47) and observation that CENP-B
boxes locate on the linker DNA separating two neighboring
CENP-A nucleosomes (53,54). In yeast, nucleosome posi-
tioning is a major factor for origin selection (48). There-
fore, we can speculate that binding of CENP-B to linker
DNA may suppress assembly of multiple origins on arrays.
Both mechanisms suggest a change of chromatin structure
on alpha-satellite repeats after removal of the CENP-B pro-
tein. It is worth noting that the observed enrichment for pro-
teins of the pre-replication complex in CENP-B-depleted
cells seems to not affect the kinetochore function because
no detectable HAC loss was observed after CENP-B deple-
tion (data not shown), supporting plasticity of the replica-

tion program for centromeric repeats. Further experiments
are required to elucidate if enrichment for proteins of the
pre-replication complex in CENP-B-depleted cells results
in activation of additional functional origins of replication
(the combing technique does not allow to detect a predicted
decrease in inter-origin distances if initiation events are not
close to each other) and effects the timing of replication.
The consequences of the local enrichment for proteins of
the pre-replication complex or increase of activation of ori-
gin of replication in the centromeric regions on cell adap-
tation and transformation deserves a further investigation.
For these studies, cells with a complete deletion of CENP-B
(55-57) may be suitable.

Interestingly, mapping of origins of replication in
the structurally characterized alphoid©-HAC (15,16)
revealed that a megabase-size array of alpha-satellite
monomers in this HAC, which generally possesses the same
chromatin architecture as kinetochores of natural chromo-
somes, does not participate in initiation of DNA replica-
tion. Instead, origins are localized in multiple copies of the
Bsr sequence that are organized into transcriptionally ac-
tive chromatin and interrupt the alphoid repeats approx-
imately every ~50 kb. This may be explained by the fact
that the alphoid DNA array in the HAC is assembled from
a synthetic dimer that is not recognized efficiently by the
pre-replication complex or, alternatively, by origin domi-
nance. Indeed, being organized into open and transcribed
chromatin, the Bsr sequences would be expected to repli-
cate in early S phase (51,52). Therefore, initiation of DNA
replication from multiple Bsr origins may preclude activa-
tion of origins of replication on alpha-satellite monomers
that would be timed to replicate in the middle-to-late S
phase. Future experiments with other HACs generated de
novo from natural alphoid DNA arrays and carrying differ-
ent selectable markers (9,10,26,58—60) may help to reveal
how origins of replication are selected on HAC:s.

To summarize, this study represents the first systematic
analysis of replication of human centromeric regions. A fur-
ther extension of this work may shed light on mechanism
controlling maintenance of kinetochore integrity during cell
divisions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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