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Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV) (also
referred to as human herpesvirus 8) has been causally linked to
KS, primary effusion lymphoma (PEL), and multicentric Castleman’s disease (4, 9, 10, 28, 59). Similar to Epstein-Barr virus
(EBV), KSHV genomes can be maintained as multicopy chromatin-associated episomes in latently infected lymphocytes.
During latent infection in PEL cells, KSHV transcription is
restricted to a few viral genes, including the latency-associated
nuclear antigen (LANA), viral FLICE-inhibitory protein (vFLIP), v-CycD, kaposin, and viral interferon regulatory factor
2 protein (vIRF-2) (7, 23, 36, 48, 51, 55). The latency-associated viral products have been shown to have growth-transforming and cell cycle-deregulating properties likely to contribute
to KSHV-associated malignancies (8, 16, 38). In addition to its
growth-transforming activity, LANA is required for stable episomal maintenance and DNA replication of the latent viral
genome (1, 13–15, 25, 33).
LANA, like EBNA1 from EBV, is a DNA binding protein
that stimulates plasmid-based DNA replication (1, 2, 25, 26,
41). Deletion of the LANA-related protein from herpesvirus
saimiri caused a complete loss of episomal genomes and failure
to establish latent infection (13, 14). KSHV and herpesvirus
saimiri LANAs bind to an ⬃60-bp sequence within the ⬃800bp G⫹C-rich terminal repeats (TR) (1, 17, 24, 25). At least two
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repeats were required for stable episomal maintenance (2, 41),
but a single LANA binding site (LBS) was sufficient to support
transient DNA replication of plasmids (25). This resembles
some of the properties of EBV OriP, which can replicate
transiently with a minimum of two EBNA1 sites (65), but
requires at least seven additional binding sites in the family of
repeats to support stable plasmid maintenance (12, 37, 64).
Most viral genomes have from 2 to 20 copies of the TR, and it
is not clear how these tandem repeats influence LBS conformations to support plasmid maintenance of the viral genome
during latency.
Stimulation of DNA replication by LANA has been presumed to function in a manner similar to that of EBNA1. Like
EBNA1, LANA can coimmunoprecipitate from soluble nuclear extracts with members of the origin recognition complex
(ORC) (21, 41). ORC binding is thought be an essential step in
the establishment of a cellular replication origin (19, 20). ORC
binding allows the cell cycle-regulated recruitment of the minichromosome maintenance complex (MCM), which is thought
to be the replicative helicase and a target of the licensing mechanism that restricts replication firing to once per cell cycle (3,
61). EBNA1 has been shown to recruit the ORC to OriP in
EBV (11, 21, 58), but it has not been formally shown that
LANA can recruit ORC and MCM to the replication origin of
KSHV.
Epigenetic constraints imposed by chromatin structure may
regulate aspects of DNA replication and origin selection (27,
47). Posttranslational modification of histone tails may distinguish chromosomal boundaries and establish higher-order
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The viral genome of Kaposi’s sarcoma-associated herpesvirus (KSHV) persists as an extrachromosomal
plasmid in latently infected cells. The KSHV latency-associated nuclear antigen (LANA) stimulates plasmid
maintenance and DNA replication by binding to an ⬃150-bp region within the viral terminal repeats (TR). We
have used chromatin immunoprecipitation assays to demonstrate that LANA binds specifically to the replication origin sequence within the KSHV TR in latently infected cells. The latent replication origin within the
TR was also bound by LANA-associated proteins CBP, double-bromodomain-containing protein 2 (BRD2), and
the origin recognition complex 2 protein (ORC2) and was enriched in hyperacetylated histones H3 and H4
relative to other regions of the latent genome. Cell cycle analysis indicated that the minichromosome maintenance complex protein, MCM3, bound TR in late-G1/S-arrested cells, which coincided with the loss of histone
H3 K4 methylation. Micrococcal nuclease studies revealed that TRs are embedded in a highly ordered
nucleosome array that becomes disorganized in late G1/S phase. ORC binding to TR was LANA dependent
when reconstituted in transfected plasmids. DNA affinity purification confirmed that LANA, CBP, BRD2, and
ORC2 bound TR specifically and identified the histone acetyltransferase HBO1 (histone acetyltransferase
binding to ORC1) as a potential TR binding protein. Disruption of ORC2, MCM5, and HBO1 expression by
small interfering RNA reduced LANA-dependent DNA replication of TR-containing plasmids. These findings
are the first demonstration that cellular replication and origin licensing factors are required for KSHV latent
cycle replication. These results also suggest that the KSHV latent origin of replication is a unique chromatin
environment containing histone H3 hyperacetylation within heterochromatic tandem repeats.
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MATERIALS AND METHODS
Cells and plasmids. BCBL1 cells, a PEL-derived B-cell line infected with
KSHV, were maintained in RPMI medium containing 10% fetal bovine serum
and penicillin-streptomycin (50 U/ml). Cell cycle studies were performed, using
asynchronous cells; cells were arrested with 400 M mimosine (Sigma); and cells
arrested with 1 M colchicine (Sigma) overnight and collected at a density of 2
⫻ 105 to 5 ⫻ 105 cells/ml of RPMI with 10% fetal bovine serum and antibiotics.
Fluorescence-activated cell sorter analysis was performed subsequently to verify
the cell cycle status of each condition. 293 cells were maintained in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine serum containing
penicillin-streptomycin (50 U/ml). The 2 ⫻ TR plasmid (N700) contains two
contiguous copies of the KSHV TR region inserted into the NotI site of the
pCRII vector (Invitrogen) (courtesy of R. Renne). The BKS plasmid (N103) is
a pBSII-KS vector purchased from Stratagene. The LANA expression plasmid
(N811) was constructed by cloning the LANA gene into the HindIII and XbaI
sites of the p3XFlag-myc-CMV-24 vector (Sigma). LANA was also expressed
without any epitope tag from pA3 M-LANA (a gift of Erle Robertson, University
of Pennsylvania).
ChIP assay. Chromatin immunoprecipitation (ChIP) was based on the protocol by Upstate Biotechnology, Inc., and was performed as described previously
(18, 44). ChIP assays were each performed with ⬃1 ⫻ 106 BCBL1 cells or 293
cells transfected with the 2 ⫻ TR and LANA expression plasmids. ChIP DNA
was analyzed by real-time PCR (ABI Prism 7000 sequence detection system;
Applied Biosystems) and primers designed with computer software (Primer
Express, version 2.0; Applied Biosystems) as previously described (30, 31, 63).
Briefly, 5 l of ChIP DNA and SYBR Green PCR master mix (Applied Biosystems) were combined with amplification primers in a 25-l reaction mixture.
Standard curves for each primer set were constructed by 5 twofold serial dilutions of the input DNA for each IP assay. No-template controls incorporated 5
l of water in place of DNA. Amplification levels were compared to a preamplified baseline value. The threshold cycle (CT) line was set above the amplification noise in the linear part of the logarithmic growth curve, and all derived
amplification values were normalized to the baseline. Standard curves, based on
the starting copy number of the target sequence versus the CT at which the
fluorescence is first detected above the baseline value, were only considered valid
if the slopes were between the values of ⫺3.32 and ⫺3.90. Dissociation curve
analysis was simultaneously performed to determine melting temperatures (Tm)
of nucleic acid sequences, to verify that amplification signals resulted only from
the target DNA species. Result values were calculated using the CT value for the
sample and the standard curve. Reported results were normalized to the values
of the input controls that were quantitated in parallel for each experiment. The
percentage of input partly reflects antibody efficiency for precipitation at each

amplified sequence. ChIP assays included rabbit polyclonal antibodies to MeH3K9
(Abcam), immunoglobulin G (IgG) (Santa Cruz Biotechnology), MCM3 (Abcam), HBO1 (for histone acetyltransferase binding to ORC1) (Zymed), ORC2
(PharMingen), CBP (Santa Cruz Biotechnology), and AcH3, AcH3K9, AcH4,
MeH3K4, and MCM5 (Upstate Biotechnology). A rat monoclonal antibody for
orf73 (LANA) was purchased from Advanced Biotechnology, Inc., while a goat
polyclonal antibody for BRD2 was purchased from Bethyl, Inc. A complete list
of primers is described in Fig. S1 in the supplemental material.
DNA affinity purification assay. Plasmids 2 ⫻TR (N700) and N103 (pBSIIKS
vector) were linearized with XhoI and biotinylated by a fill-in reaction with the
Klenow fragment of DNA polymerase and 0.2 mM deoxynucleoside triphosphates (lacking dCTP) and brotinylated dCTP (Invitrogen). The labeled plasmid
was then phenol-chloroform extracted, precipitated with ethanol, and digested
with XbaI/EcoV for N700 or with Asp718/PvuI for N103 to generate a 1.6-kb
linear fragment biotinylated at one end. The resulting fragments were purified
with the Qiaquick PCR purification kit (QIAGEN) to remove unincorporated
nucleotides and then bound to Streptavidin M-280 dynabeads (Dynal) according
to the manufacturer’s instructions (Dynal). The DNA dynabeads were then
incubated with dialyzed nuclear extract (22) from BCBL1 cells for 1 h. Samples
were centrifuged and washed three times for 5 to 10 min each time in 500 l of
D150 (150 mM KCl, 20 mM HEPES [pH 7.9], 0.2 mM EDTA, 20% glycerol)
with 0.05% NP-40, 5 mM beta-mercaptoethanol, and protease inhibitor cocktail
(Sigma). The protein-bead complexes were then boiled in sodium dodecyl sulfate
lysis buffer and analyzed by Western blotting with the appropriate antibody.
Western blots were visualized with the ECL chemiluminescence reagent (Amersham).
Micrococcal nuclease laddering assay. BCBL1 cells were either untreated or
treated with mimosine and colchicine and then subjected to nuclear extraction as
previously described (43, 44). Briefly, the cells were harvested and disrupted with
a Dounce homogenizer in lysis buffer (0.3 M sucrose, 2 mM magnesium acetate,
3 mM CaCl2, 1% Triton X-100, and 10 mM HEPES [pH 7.9]). The lysate was
then spun through a pad (25% glycerol, 5 mM magnesium acetate, 0.1 mM
EDTA, and 10 mM HEPES [pH 7.4]) at 1,000 ⫻ g for 15 min at 4°C. The nuclei
(2 ⫻ 107) were then partially digested with a range of micrococcal nuclease
(MNase; 30 U/l) at 37°C for 10 min in 100 l of digestion buffer (25 mM KCl,
4 mM MgCl2, 1 mM CaCl2, 50 mM Tris [pH 7.4], and 12.5% glycerol). MNase
concentrations ranged from 15 to 120 U for each 100 l of reaction mixture, as
indicated for each experiment. The reaction was stopped by adding an equal
volume of stop buffer (2% sodium dodecyl sulfate, 0.2 M NaCl, 10 mM EDTA,
10 mM EGTA, 50 mM Tris [pH 8.0], and 100 g of proteinase K/ml) for 2 h at
50°C. The resulting DNA was extracted and purified by phenol-chloroform
extraction, followed by ethanol precipitation. The purified DNA was electrophoresed on a 1.5% agarose gel, transferred to Zeta-Probe blotting membranes
(Bio-Rad), and hybridized with radiolabeled probe (57). The TR probe was
made by digesting plasmid N700 with NotI restriction enzyme, followed by gel
purification of the TR fragment. The LBS probe was constructed by digestion of
the pGC-LBS (pJH10 was obtained courtesy of R. Renne) vector with BamHI
and EcoRI, containing the LBS (nucleotides [nt] 509 to 644 of the KSHV TR),
followed by gel purification. The ORF50 probe was constructed by amplifying a
298-bp region from the ORF50 promoter by conventional PCR (18, 44). All
probe DNA was labeled with the Random Primed DNA labeling kit (Roche)
with ␣-32P-labeled dATP nucleotides and incubated for 30 min at 37°C. The
membrane was developed with a PhosphorImager (Molecular Dynamics) and
analysis software (ImageQuant).
Nucleosome mapping by indirect end labeling. Indirect end labeling was performed essentially as described previously (29, 54). Nuclei (1.5 ⫻107 per reaction
mixture) from asynchronous growing BCBL1 cell cultures were isolated as described above and digested with MNase I (300, 1,500, and 7,500 U/ml) at 37°C for
2 min followed by the addition of stop buffer and proteinase K for 2 h at 50°C.
DNA was extracted with phenol-chloroform, ethanol precipitated, and subjected
to restriction digestion with 500 U of NotI/ml or 1,000 U of DraIII/ml at 37°C for
16 h. Addition of EcoRI (250 U/ml), which does not cleave within the TR, was
included to help solubilize genomic DNA. Control DNA from nuclei not treated
with MNase I was purified as described above and subjected to identical restriction digestion. Some of the control DNA was subject to MNase treatment with
6 or 60 U of MNase I/ml at 37°C for 5 min as indicated (see Fig. 4). DNA was
further purified by phenol-chloroform extraction and ethanol precipitation and
analyzed by Southern blotting of 1.7% agarose gels. Restricted DNA was then
indirectly end labeled with single-stranded oligonucleotides complementary to
the corresponding 5⬘ or 3⬘ ends of the NotI or DraIII restriction fragments of the
KSHV TR. The probes for the TR region consisted of 5⬘-NotI (nt 1 to 55)
(GCGGCCGCATCCCCCCCCCCTGTTTTACCCCCCCGGGGGGGCGCGC
GCGGGCCGC), 3⬘-NotI (nt 809 to 754) (AAAAGAGGCGGCGCCCGCGG
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chromatin structures that can regulate protein access to DNA
replication origins (35, 60). The KSHV latent cycle replication
origin is embedded in the G⫹C-rich sequence of the TR.
G⫹C-rich tandem repeats have been shown to have a high
tendency to form repressive heterochromatin that may exclude
binding of cellular factors required for replication preinitiation
complex assembly (45, 52). The latent KSHV genome is associated with nucleosomes that can be positioned and modified
to repress transcription of key regulatory genes, like the immediate-early open reading frame 50 (ORF50) transcript responsible for activation of the lytic cycle replication pathway
(44). LANA has been shown to interact with numerous proteins associated with chromatin functions, including the histone acetyltransferase CBP (40), the double-bromodomaincontaining protein BRD2 (also known as RING3) (46, 50), and
mSin3 (39). A potential regulatory function of chromatin on
KSHV viral replication origins has not been investigated.
Here, we show that the KSHV TR is organized into nucleosome arrays that are highly enriched in acetyl histone H3 at the
LBSs. We present evidence that histone acetyltransferases and
the double-bromodomain protein BRD2 are localized with
LANA at TR. We also demonstrate that the cellular replication factors ORC and MCM associate with TR and function in
LANA-mediated DNA replication of TR-containing plasmids.
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CGGCGGCGGCGCTTGCTTTCGTTTTCTCCCGCGGCC), 5⬘-DraIII (nt 394
to 448) (TCCAGGGCTCCACGTAGCAAGCACTGAGGAGGCTCCCCCAA
ACAGGCTCACACAC), and 3⬘-DraIII (nt 378 to 324) (GAGGCGAGCGGG
GGGAGGGGGAGGGGCGGCGCGGGGTGGGGGGCGCGGGGCGC
GG). Oligonucleotides were labeled with the DIG Oligonucleotide 3⬘-end labeling kit, second generation (Roche), according to the manufacturer’s specifications. Southern blotting and hybridization were performed as described above.
DNA replication assay. The DNA replication assay was performed as described previously (18, 44). Briefly, 293 cells were transfected with small interfering RNA (siRNA) control or siRNA against ORC2, MCM5, or HBO1. After
6 h, transfected cells were replated and cultured for another 16 h. Cells were
transfected again with TR plasmid (2 g), a plasmid expressing Flag-LANA (2 g),
and comparable siRNA (100 nM). At 24 h posttransfection, cells were detached
by trypsin, washed twice with phosphate-buffered saline, replated onto 10-cm
plates, and cultured for another 2 days. Plasmid DNA was extracted by a modified
Hirt method (Invitrogen). The nucleic acid pellets were dissolved in 30 l of 10
mM Tris (pH 7.8)–1 mM EDTA, and DNA was subjected to restriction digestion

with DpnI and BamHI or with BamHI alone. DNA samples were analyzed on
0.7% agarose gels in the absence of ethidium bromide and transferred to ZetaProbe blotting membranes (Bio-Rad) prior to Southern blotting analysis. Radiographic images were quantified by PhosphorImager analysis. Replication was
measured as a function of DpnI-resistant DNA relative to total DNA recovered
after BamHI digestion. MCM5 and ORC2 siRNA smart pools were available
from Dharmacon, Inc. The siRNA for HBO1 was synthesized by Dharmacon and
contained the targeting sequence AAUCUCGAGCACACAGACAGU.

RESULTS
Chromatin organization of the KSHV genome. To better
understand the nucleoprotein and chromatin organization of
the KSHV genome in vivo, we used the ChIP assay to determine the distribution of histone modifications and key DNAprotein-interactions (Fig. 1). Real time PCR was used to assay
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FIG. 1. Chromatin organization of the KSHV genomes. (A) Eleven primer pairs were designed to sample regions of the KSHV genome
indicated by capital letters above each locus. The amplified regions are delineated by grey bars and KSHV coordinates (53). (B) Real-time PCR
analysis of ChIP assays with antibodies to AcH3, AcH3K9, AcH4, MeH3K4, or MeH3K9 as indicated in each graph. Values were reported as percent
input and reflect the average of at least three independent experiments. (C) The same analyses as appear in panel B, except with antibodies specific for
LANA, ORC2, BRD2, CBP, or control IgG, as indicated for each graph. Letters below each bar correspond to the KSHV loci depicted in panel A.
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FIG. 2. Cell cycle-dependent histone modifications and MCM protein binding at the KSHV TR. (A) Fluorescence-activated cell sorter
analysis of propidium iodide-treated BCBL1 cells grown as asynchronous cultures or arrested in late G1 with mimosine or in G2/M phase
with colchicine. (B) Real-time PCR analysis of ChIP assays with antibodies to AcH4, AcH3, MeH3K4, LANA, ORC2, MCM3, or IgG at
KSHV loci A, G, and K as depicted in Fig. 1A. Asynchronous (black),
mimosine-arrested (grey), and colchicine-arrested (hatched) cultures
are indicated in the bar graph. (C) Western blot analysis of total
cellular proteins derived from asynchronous (ASYN), mimosine-arrested (G1), or colchicine-arrested (M) cells probed with antibodies to
LANA or ␤-actin, as indicated.

similar to cellular DNA replication origins and similar to OriP
of EBV.
Nucleosome organization at the KSHV TRs. The TR region
of KSHV consists of ⬃809-bp tandem repeats that are G⫹C
rich. Repetitive cellular DNA sequences are often subject to
formation of higher-ordered chromatin structure, like heterochromatin, that silences gene expression and restricts DNA
binding protein accessibility. The chromatin structure of the
KSHV replication origin was examined by micrococcal nuclease (MNase I) digestion patterns (Fig. 3A). We found that the
MNase digestion of the TR produced a highly organized ladder
reflective of tandem arrays of phased nucleosomes. A similar
pattern was found when MNase digested DNA was probed
with the 150-bp LBS found within the 809-bp TR. Interestingly, the LBS probe did not detect mononucleosomal bands at
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11 regions of the KSHV genome in BCBL1 PEL cells (Fig.
1A). We first analyzed the KSHV genome for histone H3 and
H4 acetylation and for H3 K4 and K9 methlyation (Fig. 1B).
Remarkably, we found that acetyl histone H3 was highly enriched at the TR (Fig. 1B, lanes K). Histone H4 acetylation was
also enriched at TR, as well as at a region upstream of the K11
promoter and adjacent to a 145-bp tandem repeat. Most of the
KSHV genome was subject to histone H3 K4 methylation, with
the exception of regions upstream of ORF22 (lanes D) and
upstream of the K12 (kaposin) promoter (lanes I). We did not
detect significant levels of H3 K9 methylation in these experiments. Together, these data suggest that the KSHV latent
genome is organized into distinct chromatin domains marked
by variations in histone tail modifications. The most marked
distinction was that of histone H3 hyperacetylation at the TR
(lanes K).
The ChIP assay was also used to investigate the association
of nonhistone proteins with the KSHV genome (Fig. 1C).
LANA was found to be associated exclusively with the TR (Fig.
1C, lanes K). Cellular replication factor ORC2 had a distribution pattern identical to that of LANA and associated exclusively with the TR. We also found LANA-associated proteins,
CBP and BRD2, were enriched at TR but could also be found
at the ORF50 promoter (Fig. 1C, lanes G). Identical results
were found in latently infected JSC1 cells, indicating that these
findings were not peculiar to one cell type (see Fig. S2 in the
supplemental material). These results confirm previous findings that LANA can interact with ORC2, CBP, and BRD2.
These results confirm earlier studies implicating LANA binding to TR in vivo (24), and further demonstrates that CBP,
BRD1, and ORC2 localize to the latent replication origin
within the KSHV TR in latently infected cells.
Cell cycle-associated chromatin modifications at TR. Cellular replication origins are subject to cell cycle-dependent
changes in protein complex assembly and chromatin structure.
To determine if such changes occur at the KSHV latent replication origin, we compared ChIP profiles of asynchronous
PEL cells with cultures arrested in late G1 with mimosine or
G2/M with colchicine (Fig. 2). We found that histone acetylation did not change significantly at these different stages of the
cell cycle. Interestingly, we found that histone H3 K4 methylation was significantly reduced (⬃7-fold) at the TR in cells arrested in late G1/S by mimosine (Fig. 2B). Mimosine treatment
did not produce a similar reduction in H3 K4 methylation at
the two other regions of the KSHV genome examined, suggesting the changes at TR were locus specific.
EBNA1 has been shown to bind to the EBV OriP throughout the cell cycle (32), and it was anticipated that LANA would
also remain bound to TR throughout the cell cycle. To our
surprise, we found that LANA binding to TR was substantially
reduced (⬃3-fold) in both mimosine- and colchicine-arrested
cells. LANA protein levels were also slightly reduced in colchicine-arrested cells (Fig. 2C), suggesting this may account for
some of the reduced LANA binding to TR in M-phase-arrested cells. ORC2 binding did not change, and MCM3 binding
was significantly elevated (⬃4-fold) in mimosine-arrested cells.
The binding of LANA, ORC2, and MCM3 was specific for TR
relative to other regions of the genome and with respect to low
levels of control IgG binding. These results suggest that the
KSHV TR replication origin is subject to cell cycle regulation,
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labeling with DraIII restriction digestion, which cuts at position 378 relative to the 5⬘ NotI site (Fig. 4C and D). MNase I
protection was observed over sequences between ⬃234 to 394
and to a lesser extent over sequences between ⬃500 to 650
relative to the 5⬘ DraIII site (Fig. 4C). These protected regions
most likely correspond to nucleosomes (designated nucleo-

⬃146 bp, and the highest concentration of MNase produced a
band of ⬃350 bp. This suggests that a 350-bp MNase-resistant
nucleoprotein complex protects the LBS, consistent with the
binding of LANA and other cellular replication proteins. In
contrast, mononucleosomal bands were found with the TR and
the ORF50 promoter region, which has been shown to have a
single positioned nucleosome protecting the transcriptional
initiation site (44). These results suggest that chromatin structure at the TR consists of regularly spaced nucleosomes disrupted at the LBS region within each TR segment.
We next examined whether the ordered chromatin structure
at the TR was subject to change in cell cycle-arrested PEL cells
(Fig. 3B). We found that the MNase pattern in G1-arrested
cells (mimosine treatment) led to a decreased intensity of the
MNase pattern, suggesting that DNA became more accessible
to enzymatic digestion. These results suggest that the stable
chromatin pattern at TR is altered during late G1.
To more precisely map nucleosome positions at TR, we used
the indirect end-labeling method (Fig. 4) (29, 54). BCBL1 cell
nuclei were analyzed by MNase I digestion (Fig. 4A to D, lanes
3 to 5) and compared to the MNase I digestion of purified
genomic DNA (lanes 6 and 7). MNase I digestion patterns over
TR were first analyzed by NotI restriction digest and indirect
end labeling with a 55-bp probe to the 5⬘ end of the NotI site
(Fig. 4A). MNase I protection was observed at the regions 300
to 450 bp from the NotI 5⬘ end (Fig. 4A, lanes 3, 5, and 6). This
⬃150-bp protected region most likely corresponds to a nucleosome (designated nucleosome 3). Strong MNase I-hypersensitive sites in nuclei, but not naked genomic DNA, were indicated by the arrows and most likely correspond to linker regions
between nucleosomes. Analysis with the NotI 3⬘ probe showed
clear MNase I protection occurring ⬃350 to 520 bp from the 3⬘
end of the NotI site (Fig. 4B). This ⬃170-bp protected area
corresponds to nucleosome 3, which lies immediately 5⬘ of the
LBSs at nt 560 to 620 relative to the NotI 5⬘ end (25).
Since MNase I protection was not immediately obvious for
the other presumed nucleosomes, we performed indirect end
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FIG. 3. Nucleosome organization at TR. (A) Southern blots of
MNase I-digested BCBL1 nuclei. Nuclei were digested with a twofold
serial increase in MNase I, ranging from 15 to 120 U/100 l of reaction
mixture as indicated above. Extracted DNA was probed with sequences specific for the LBS, TR, or ORF50 region as indicated above
each blot. The arrow indicates mononucleosome fragments of ⬃147
bp. (B) MNase I digestions of asynchronous (A), mimosine-arrested
(G1), or colchicine-arrested (M) BCBL1 cells were probed with sequences specific for the TR. MNase I-digested samples were cut with
NotI (even-numbered lanes) or not restricted (odd-numbered lanes)
prior to electrophoresis.

FIG. 4. Nucleosome mapping by indirect end labeling. BCBL1 cell
nuclei (lanes 2 to 5) or purified DNA (lanes 6 to 8) were treated with
various concentrations of MNase I nuclease and subject to indirect
end-labeling analysis. The number of MNase U/100 l of reaction
mixture was as follows: 30 (lane 3), 150 (lane 4), 300 (lane 5), 6 (lane
6), 0.6 (lane 7), and 0 (lanes 2 and 8). MNase I-treated DNA was
purified and subjected to restriction digestion with NotI (A and B) or
DraIII (C and D). Restricted DNA was then subjected to Southern
blot analysis and probed with 55-bp oligonucleotides specific for the
termini generated at 5⬘ NotI (A), 3⬘ NotI (B), 5⬘ DraIII (C), or 3⬘
DraIII (D). Interpretations of data are indicated to the right of each
panel. Presumed nucleosomes are indicated by grey spheres, and
LANA is indicated by black spheres. Arrows indicate major MNase I
cleavage sites. (E) Summary of predicted nucleosome positions for two
tandem TRs.
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somes 4 and 2, respetively). Similar protection could be observed for the regions ⬃100 to 270 nt and to a lesser extent
from ⬃270 to 420 nt relative to the 3⬘ DraIII site (Fig. 4D).
These protected regions most likely correspond to nucleosomes (designated nucleosomes 2 and 1, respectively). A summary of this nucleosome-positioning analysis is shown with a
schematic of two tandem TR elements (Fig. 4E). Our data are
consistent with the interpretation that a single TR consists of
four nucleosomes in addition to the two LBSs.
LANA recruits ORC and MCM components to TR in vivo.
LANA is required for DNA replication and episomal maintenance of plasmids containing at least two TRs. We next
determined whether LANA expression was required for the
recruitment of ORC components to the TR (Fig. 5). ChIP
was performed on 293 cells transiently transfected with 2 ⫻ TR
(Fig. 5) and a LANA expression vector. We found LANA
bound to the TR region of the plasmid but did not bind to the

plasmid AMP gene. We also found that ORC2 bound to TR only
in cells transfected with LANA but not with cells transfected
with vector alone. ORC2 bound with similar sequence specificity as LANA, suggesting that it was recruited to TR in a
LANA-dependent manner. Similarly, we found that MCM3
was specifically associated with TR in LANA-transfected cells,
suggesting that LANA recruits both ORC and MCM complex
components to the TR element. In contrast to ORC and MCM
components, histone modifications observed at the viral genome TR were not recapitulated in transient transfection assays with plasmid-based TR sequence. Histone H3 acetylation
was not enriched at TR relative to AMP sequences in the absence or presence of LANA coexpression (Fig. 5). These findings
suggest that transiently transfected plasmids can assemble ORC
and MCM complexes in a LANA-dependent manner but do not
recapitulate the same pattern of histone H3 hyperacetylation observed at genomic TR in PEL cells latently infected with KSHV.
ORC and histone acetylases HBO1 and CBP bind TR in
vitro. As a complementary approach to ChIP, we analyzed
cellular protein assembly on 2 ⫻ TR DNA fragments by DNA
affinity purification from nuclear extracts (Fig. 6). BCBL1 cell
nuclear extract was incubated with DNA from 2 ⫻ TR or with
a 1.6-kb control fragment from pBKSII plasmid DNA (BKS)
and analyzed by Western blotting with various antibodies. As
expected, we found that LANA bound specifically to 2 ⫻ TR
but not to BKS. We also found evidence that ORC2, BRD2,
and CBP bound specifically to 2 ⫻ TR but not to BKS by this
method. Interestingly, MCM3 protein did not associate with
2 ⫻ TR by this method, suggesting that additional licensing
events must take place to recapitulate cell cycle-dependent
binding in vitro. Telomere repeat binding factor 2, which binds
the EBV origin of replication, did not bind to 2 ⫻ TR, suggesting that these two replication origins associate with different cellular factors.
The DNA affinity assay was also used to demonstrate that
other cellular factors can bind 2 ⫻ TR with high specificity. We
reasoned that additional histone acetyltransferases are likely to
be involved in establishing histone H3 hyperacetylation at the
TR in PEL cells. The HBO1 histone acetyltransferase is a Myst
family member that interacts with both ORC and MCM complexes and is therefore a likely candidate to associate with the
KSHV replication origin in the TR (6, 34). Using the DNA
affinity purification procedure, we found that the HBO1 was
highly enriched in 2 ⫻ TR affinity-purified fractions but not
with BKS (Fig. 6A). This robust association of HBO1 with 2 ⫻
TR suggests that HBO1 is partly responsible for histone H3
hyperacetylation at TR. To verify the interaction of HBO1 with
TR in vivo, we attempted unsuccessfully to assay by ChIP with
HBO1-specific monoclonal antibodies in KSHV-infected PEL
cell lines. As an alternative, we expressed pCMV-FLAG-HBO1
and 293 cells cotransfected with 2 ⫻ TR in the presence or absence of LANA. We found that FLAG-HBO1 associated specifically with the TR plasmid sequence in cells coexpressing
LANA (Fig. 6B). These results indicate that HBO1 can associate with TR sequence in vivo and that LANA facilitates this
interaction.
Functional requirement for ORC, MCM, and HBO1 in
LANA-dependent DNA replication. The functional contribution of cellular TR binding proteins was determined by DNA
replication assays and siRNA depletion experiments (Fig. 7).

Downloaded from http://jvi.asm.org/ on August 29, 2017 by guest

FIG. 5. LANA recruits ORC to TR. 293 cells transfected with 2 ⫻
TR plasmid and either LANA expression vector (black bars) or empty
vector (grey bars) were then assayed by ChIP assay and real-time PCR.
PCR primers specific for the LBS region of TR or the AMP gene of the
plasmid were analyzed by ChIP assay with antibodies specific for
LANA, ORC2, MCM3, AcH3, and IgG. Data from at least three
independent ChIP experiments were normalized as the percentage of
total input DNA recovered for each antibody.
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for safeguarding the genome and regulating genetic processes
like transcription, DNA replication and repair, chromosome
condensation, and segregation (52). The contribution of chromatin structure to gene regulation and plasmid maintenance of
the KSHV latent genome is poorly understood. In this work,
we investigated the chromatin structure, histone modifications,
and regulatory protein interactions with the KSHV genome in
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FIG. 6. HBO1 binds TR in vitro and in transfected cells. (A) DNA
affinity purification assays with BCBL1-derived nuclear extracts were
compared for binding to 2 ⫻ TR or BKS DNA. Eluted proteins were
analyzed by Western blotting with antibodies specific for LANA,
HBO1, ORC2, BRD2, CBP, MCM3, telomere repeat binding factor 2,
or nonspecific control rabbit IgG as indicated and visualized by enhanced chemiluminescence. (B) ChIP assay of transiently transfected
293 cells with FLAG-HBO1 and untagged LANA expression vectors.
Primer amplifications for TR and AMP genes were quantitated and
presented as the increase over IgG for each IP reaction.

ORC2, MCM5, and HBO1 were targeted for degradation with
siRNA (Fig. 7C). These siRNA had no detectable effect on
PCNA or FLAG-LANA expression (Fig. 7C). LANA-dependent
DNA replication of 2 ⫻ TR was assayed in 293 cells (Fig. 7A and
B). We found that siRNA bound to MCM5 produced the most
significant reduction in TR replication to 30% of wild-type
levels, while siRNA directed against ORC2 and HBO1 inhibited replication ⬃2.5-fold 72 h posttransfection. These results
suggest that MCM5, ORC2, and HBO1 contribute to LANAmediated DNA replication of 2 ⫻ TR and further suggest that
these cellular factors regulate KSHV latent cycle replication.
DISCUSSION
Chromatin organization of the KSHV genome. Packaging of
eukaryotic chromosomes into higher-order structures is critical

FIG. 7. ORC, MCM, and HBO1 contribute to LANA-dependent
DNA replication. (A) Transient DNA replication assay of 2 ⫻ TRcontaining plasmid in 293 cells transfected with LANA expression
vectors (⫹) or with control vector (⫺). Transfections also contained
siRNA directed against ORC2, MCM5, HBO1, or control luciferase as
indicated above. Replicated plasmid DNA was analyzed by DpnI resistance and Southern blotting. (B) Quantification of three independent replication assays is indicated in the bar graph. (C) Western blot
analysis of ORC2, MCM5, and HBO1 siRNA knockdown experiments. Transfected cell extracts were analyzed with antibodies specific
for siRNA-targeted proteins ORC2, MCM5, and HBO1 or control proteins PCNA and FLAG-LANA, as indicated to the right of each panel.
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latently infected PEL cells. We found that KSHV latent cycle
DNA replication origin in the viral TR was enriched in acetylated histone H3. This hyperacetylation at histone H3 was
exclusively restricted to the LANA binding region within TR
(locus K), since a region 20 bp external to the TR (locus A) was
not enriched in acetylated histones. MNase I digestion patterns
of TR revealed that nucleosomes were organized in ordered
arrays throughout most of the TR, with the exception of the
region covering the LBS (Fig. 2C). Indirect end-labeling experiments suggested that four nucleosomes are positioned at
TR in addition to the LBSs (Fig. 4). Based on these findings,
we propose that the 809-bp TR is organized with four nucleosomes separating the LBS from each tandem repeat. Genetic
evidence indicates that at least two TR are required for plasmid maintenance function, and it seems likely that nucleosome
packing may facilitate interaction between LBS sites positioned every 809 bp (Fig. 8). While tandem repeats tend to
form repressive heterochromatin, the central region of the
KSHV TR is maintained in a hyperacetylated state, which
presumably facilitates DNA replication factor assembly.
Cellular origin binding factors assemble at TR and are required for LANA-dependent replication. Recent studies with
EBV revealed that ORC and MCM proteins assemble at OriP.
We now show that components of the ORC and MCM complex assemble at or near the LBS of the TR in cells latently
infected with KSHV. The ORC complex bound to TR consistently throughout the cell cycle. In contrast, the MCM complex
was enriched at the TR in cells arrested in late G1 with mimosine. Knockdown experiments with siRNA revealed that ORC2
and MCM5 were critical for LANA-dependent DNA replica-

tion of 2 ⫻ TR (Fig. 7). MCM binding and dissociation are
hallmarks of replication origin licensing, and our data suggest
that KSHV latent replication is subject to the same or similar
regulation as most cellular origins (3).
Surprisingly, we also found that LANA binding to the TR
was reduced in mimosine- and colchicine-arrested cells (Fig.
2B). LANA protein levels also decreased during M phase,
suggesting that LANA expression and activity may be under
cell cycle control. Since LANA is thought to be essential for
tethering the viral genome to the cellular chromosome during
mitosis, it is unlikely that LANA can be completely dissociated
from the LBS at these critical periods in the cell cycle. It is also
possible that the decrease in ChIP-detected LANA at TR may
be a consequence of changes in protein complex with LANA at
TR during these stages of the cell cycle. These changes may
mask epitopes essential for IP and therefore inhibit detection
by ChIP assay.
ORC was found to associate with 2 ⫻ TR in vivo (Fig. 1, 2,
and 5) and in vitro (Fig. 6). Others have shown that ORC
components can interact with LANA (41) and have shown by
ChIP assay that LANA can bind to TR in vivo (24). Our results
indicate that ORC and LANA bind throughout most of the cell
cycle to the TR in PEL cells latently infected with KSHV.
LANA and ORC binding was relatively specific for TR, since
none of the other 10 amplified regions showed significant interactions with these two factors (Fig. 1). We also found that
ORC bound specifically to TR in vitro (Fig. 6). These results
are in contrast to other studies that suggest that human ORC
possesses nonspecific DNA binding activity (62). Several significant differences in experimental design may explain these
seemingly contradictory findings. In particular, Vashee et al.
(62) found that purified, recombinant ORC could bind DNA
nonspecifically, while we found that endogenous ORC from
nuclear extracts bound specifically to 2 ⫻ TR in reaction mixtures with a gross excess of competitor DNA. We suggest that
ORC is recruited to templates in vivo based primarily on the
DNA binding protein composition of the templates. LANA
and other TR-specific binding proteins are likely to contribute
to the specific recruitment of ORC in these in vitro binding
assays. Future experiments with recombinant proteins can resolve these apparent differences.
Maintenance of histone acetylation at the LBS. In addition
to the binding of ORC and MCM at the LBS, we also present
evidence that LANA-associated proteins BRD2 and CBP interact with the LBS in vivo. CBP is a histone acetyltransferase
that may contribute to the high level of acetylated histone H3
near the LBS. BRD2 is a double-bromodomain-containing
protein that is likely to bind acetylated lysines and may contribute to the maintenance and stability of acetylated histones
adjacent to the LBS. We also found evidence from in vitro
DNA binding assays that HBO1 can be recruited to 2 ⫻ TR
(Fig. 6). HBO1 is a Myst family histone acetyltransferase that
was isolated in two-hybrid screens with ORC1 (34) and in an
independent screen with MCM2 (6). A functional role for
HBO1 in TR replication was established by the use of siRNA
in transient replication assays (Fig. 7). HBO1 is a likely candidate for regulation of KSHV TR replication, since it is
known to associate with cellular origin binding factors like
ORC and MCM and since our data revealed that TR is hyperacetylated throughout most of the cell cycle. We suggest that
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FIG. 8. Model of the KSHV latent replication origin at TR. Four
nucleosomes are predicted to bind between tandem LBS. The nucleosomes adjacent to LBS have high levels of histone H3 acetylation,
maintained by HBO1 and CBP acetyltranferases and the acetyl lysine
binding activity of BRD2. G1/S-arrested cells correlate with a disruption of nucleosome structure at the LBS, MCM2 binding, and the loss
of H3MeK4.
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findings also suggest that cellular origins may be equally diverse and utilize different regulatory strategies, depending on
cell type, genome location, and chromatin environments.
These findings also have implications for our understanding of
the establishment and maintenance of KSHV latent infection.
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HBO1 is the more abundant histone acetyltransferase at TR,
based on the DNA affinity experiments, and is more likely responsible for maintaining the high constitutive levels of H3 hyperacetylation near the LBS than the weaker associated CBP.
The histone acetylation at the LBS did not spread 358 bp to
the K1 ORF (locus A), suggesting that the hyperacetylation is
highly restricted to the region adjacent to the LBS. We were
not able to generate primers that would amplify the G⫹C-rich
sequence outside the LBS in the TR, and therefore we could
not readily determine the precise nucleosomal boundary of the
H3 acetylation. A recent study demonstrated that heterochromatin protein 1 and histone H3 K9 methylation can also be
detected at the KSHV TR and the K1 ORF neighboring regions (56). These findings are consistent with our observation
that nucleosomes are highly organized in the TR and likely to
form heterochromatin. We suspect that chromatin boundary
proteins may restrict the hyperaceylated histone H3 to nucleosomes adjacent to LBS and facilitate higher-order chromatin
structure necessary for the formation of an active replication
origin in the TR. The combination of these origin binding
factors, histone acetyltransferases and bromodomain proteins,
are likely to create a region of histone H3 hyperacetylation in
an otherwise barren region of condensed heterochromatin.
These histone modifications and binding proteins may also
facilitate interactions between the LBS of each tandem repeat
in the TR (Fig. 8).
Replication origins and chromatin regulation. Cell cycle
changes in chromatin structure and modification may regulate
replication at the TR. We found that MCM3 binding was
enriched in cells arrested in late G1 with mimosine. This correlated with a specific loss of histone H3 K4 methlyation at the
LBS (Fig. 2). Loss of H3 K4 methylation was not seen at other
regions of the KSHV genome, and no other histone modification was reduced at TR under these conditions. This suggests
that histones with H3 K4 methylation are exchanged with unmethylated histones through some remodeling process or that
histone H3 K4 is demethylated at G1/S in the vicinity of the
LBS. To date, there is no evidence for a histone H3 K4 demethylase or cell cycle-coordinated loss of histone H3 K4
methylation. Future experiments will attempt to distinguish
between histone demethylation and histone exchange at the
KSHV origin in late G1/S and whether this contributes directly
to MCM loading on TR in late G1.
The chromatin architecture of the KSHV latent origin may
be a suitable model of origin site selection in cellular heterochromatin or highly repetitive regions of the genome. The
KSHV TR origins have some similarity to the origins found in
the ribosomal DNA clusters of budding yeast. Origin selection
in the yeast ribosomal DNA clusters is subject to SIR2-based
epigenetic regulation that limits utilization to ⬃20% of the
potential origins (5, 42, 49). It is not known whether KSHV
TRs utilize more than one of the potential origins within each
TR in the viral genome. In contrast to KSHV, the latent replication origin of EBV is within a short unique region of the
viral genome adjacent to an active RNA polymerase III transcript that is likely to maintain an open chromatin structure in
most latent infections. While KSHV and EBV share the common use of cellular replication origin binding and licensing
factors, it seems likely that these two viral origins employ
different chromatin modifying and regulatory activities. These
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