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Kaposi’s sarcoma-associated herpesvirus (also named human herpesvirus 8) is a �-herpesvirus that under-
goes both lytic and latent infection. During latent infection, two viral elements are required: latency-associated
nuclear antigen (LANA), which functions as an origin binding protein, and the latent origin, which resides
within the terminal repeats (TRs) of the viral genome. Previously, we identified two cis-elements within the TRs
which are required for latent DNA replication: two LANA binding sites (LBS1 and LBS2 [LBS1/2]) and a
GC-rich replication element (RE) upstream of LBS1/2. To further characterize the RE, we constructed a 71-bp
minimal replicon (MR) and performed a detailed mutational analysis. Our data indicate that the first 8
nucleotides within the RE are critical for replication. Moreover, both the position and the distance between the
RE and LBS1/2 can affect origin replication activity, suggesting that the RE may function as a loading pad for
cellular proteins involved in replication. Using biotinylated DNA fragments of wild-type or mutant MRs as
probes, we identified 30 proteins that preferentially bind to the origin. Among these proteins, structure-specific
recognition protein 1 (SSRP1), a subunit of the FACT complex, and telomeric repeat binding factor 2 (TRF2)
formed complexes with LANA at the MR region. Furthermore, the small interfering RNA-based knockdown of
SSRP1, but not the dominant-negative-based knockdown of TRF2, significantly decreased the efficiency of
LANA-dependent DNA replication. These results indicate that SSRP1 is a novel cellular protein involved in
LANA-dependent DNA replication.

Kaposi’s sarcoma-associated herpesvirus (KSHV), also
named human herpesvirus 8 (HHV-8), is associated with Ka-
posi’s sarcoma (KS), primary effusion lymphoma, and multi-
centric Castleman’s disease (MCD) (6, 7, 37, 45). During latent
infection, viral gene expression is highly restricted and only a
small subset of viral proteins encoded by the KSHV latency-
associated region is expressed, including the latency-associated
nuclear antigen (LANA), vCyclin, vFLIP, Kaposins, and 12
viral miRNA gene products (11, 19, 36, 38, 39).

LANA, encoded by orf73, plays an important role in the
maintenance of KSHV latency. The disruption of LANA en-
hances KSHV lytic gene expression and infectious virion pro-
duction (22a). LANA regulates the transcription of several
viral and cellular genes and is required for latent DNA repli-
cation and segregation during S phase and mitosis (1, 2, 17,
27). The interaction of LANA with two major tumor suppres-
sors, p53 and Rb, results in the inhibition of apoptosis and the
dysregulation of the cell cycle (13, 35). LANA also targets the
Wnt pathway by stabilizing �-catenin, thereby inducing cells
into S phase (14). In addition, LANA interacts with a number
of cellular proteins, including ATF4/CREB2, mSin3, HP1�,
CBP, RBP-J�, and RING3, to modulate viral and cellular gene
expression (21, 22, 24–26, 34).

Ballestas et al. first demonstrated that LANA conveys epi-
somal long-term maintenance of terminal repeat (TR)-con-
taining cosmids (2). A chromosome binding sequence within
the N terminus of LANA was shown to interact with histones

H2A/H2B and several chromatin-associated proteins (MeCP2
and Brd4), thereby tethering viral episomes to mitotic chro-
mosomes (4, 20, 54). Similar tethering models have also been
proposed for Epstein-Barr virus (EBV) and bovine papilloma
virus (28, 53).

LANA also functions as an origin binding protein for KSHV
latent DNA replication (17, 27). The C-terminal DNA binding
domain of LANA binds to two sites within TRs which leads to
the recruitment of host cell origin recognition complex (ORC)
and minichromosome maintenance (MCM) proteins and, sub-
sequently, to DNA replication (15, 27, 46, 48). While the C
terminus alone is sufficient for the replication of TR-contain-
ing plasmids, the N-terminal chromosome binding sequence of
LANA enhances the replication activity of the LANA C ter-
minus, suggesting that both replication and maintenance are
interrelated (3, 17). Latent KSHV DNA replication is depen-
dent on the host replication machinery, and as a result, viral
episomes, like host chromosomes, replicate once per cell cycle
(49).

The KSHV latent origin resides within the TRs of the viral
genome. Each 801-bp-long TR contains a high- and a low-
affinity LANA binding site (LBS1 and LBS2 [LBS1/2], respec-
tively), separated by 22 bp from center to center, and is func-
tionally reminiscent of half of a dyad symmetry (DS) of EBV
oriP (15, 16, 51). Multiple copies of LBS1/2 appear to function
analogously to the family of repeats of EBV for viral genome
segregation (43). In addition to LBS1/2, an adjacent highly
GC-rich sequence, termed the replication element (RE), is
required for replication. Deletion of the RE within a TR-
containing plasmid completely abolishes origin activity (18,
49). These observations suggest that the RE may serve as a
landing pad for cellular proteins involved in DNA replication.
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It has been well established by several laboratories using in
vitro and in vivo assays that TR sequences and LANA, analo-
gous to oriP in conjunction with EBNA-1 of EBV, recruit host
cellular ORC and MCM proteins (8, 10, 27, 40, 46, 48). Fur-
thermore, Stedman and colleagues demonstrated the presence
of several chromatin-remodeling factors residing at TRs within
latently infected primary effusion lymphoma. Additionally, the
TRs are part of a highly structured nucleosome array, which
undergoes reorganization in late G1/S phase when replication
licensing and initiation occur (46). The overall goals of this
study were to define the minimal KSHV latent replicator and
to use this information to identify cellular proteins involved in
LANA-dependent DNA replication. A strategy of targeted
mutagenesis was employed that resulted in the delineation of a
71-bp minimal replicon (MR). Wild-type and mutant MRs
were then used as probes in a proteomics approach to identify
cellular proteins involved in LANA-dependent DNA replica-
tion. Thirty proteins were identified that bound preferentially
to MRs compared to controls. Among these candidate pro-
teins, novel proteins that bound to LANA at the origin were
identified, and the functional significance of these interactions
was evaluated using knockdown approaches.

MATERIALS AND METHODS

Cell lines and plasmids. Human embryonic kidney 293 cells were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% fetal calf serum and
antibiotics at 37°C under a 5% CO2 atmosphere. BJAB Tet-on/LANA cells (1)
were cultured in RPMI 1640 medium supplemented with 10% Tet-on fetal calf
serum.

pcDNA3.1/ORF73 and pCRII-TR were described before (17). The wild-type
MR, pCRII-MR, eight MR mutant plasmids, pCRII-ER-LBS1/2, pCRII-LBS1/
2-RE, pCRII-RE(�5)-LBS1/2, and pCRII-RE(�10)-LBS1/2 were constructed
by inserting the upper and lower oligonucleotides into the HindIII and NotI sites
of pCRII after the phosphorylation and annealing of the corresponding oligo-
nucleotides. The structure-specific recognition protein 1 (SSRP1) expression
plasmid pcDNA3-2xFLAG-SSRP1 was a generous gift from Hua Lu (Oregon
Health & Science University). The dominant-negative TRF2 (DN-TRF2) ex-
pression vector was kindly provided by Paul Lieberman (Wistar Institute).

Short-term replication assay. Short-term replication assays were performed as
previously described (17). Briefly, 8 �g of each mutant TR construct was co-
transfected with 2 �g of pcDNA3/ORF73 or carrier DNA into 293 cells using
TransIt-293 transfection reagent (Mirus). Seventy-two hours after transfection,
extrachromosomal DNA was recovered by Hirt extraction. Ten percent of the
episomal DNA was linearized with HindIII as input, and 90% of the extracted
DNA was double digested with DpnI and HindIII. Newly synthesized, DpnI-
resistant DNA was detected by Southern blotting and quantified using radio-
graphic densitometry. The replication efficiency of each plasmid was calculated
by comparing the density of the replicated band with that of its input.

Western blot analysis. A total of 1 � 105 cells were lysed in 100 �l Laemmli
sample buffer. Cell lysates were boiled for 5 min before loading. Ten microliters
of each cell lysate was separated on an 8% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) gel and transferred to a polyvinylidene
difluoride membrane (Millipore). The membranes were blocked for 2 h in Tween
20-Tris buffered saline containing 5% fat-free dry milk. Primary antibodies
against specific proteins were diluted according to the manufacturer’s instruc-
tions and hybridized with membrane at 4°C overnight. After washing was com-
pleted, 1:5,000-diluted corresponding secondary antibodies conjugated with per-
oxidase were incubated with the membrane for 1 h at room temperature. After
a final washing, the blots were developed with ECL substrates (Millipore) and
exposed to films.

Affinity chromatography and protein identification. The purification of the
nuclear extracts and nuclear pellet extracts and affinity chromatography was
performed as described previously (9) with modifications. A total of 7 � 109

BJAB Tet-on LANA cells were induced with 1 �g/ml doxycycline for 4 days. The
cells were lysed with 26 ml buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5
mM MgCl2, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride
[PMSF]) on ice. The nuclei were homogenized and lysed in 21 ml buffer C (20

mM HEPES [pH 7.9], 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25%
glycerol, 1 mM DTT, 1 mM PMSF). After centrifugation was performed, the
soluble fraction (nuclear extract) was collected and dialyzed against D150 buffer
(10 mM HEPES [pH 7.9], 150 mM NaCl, 20% glycerol, 0.4 mM EDTA, 0.05%
NP-40, 1 mM PMSF, 10 mM 2-mercaptoethanol, protease inhibitor cocktail) at
4°C overnight. The insoluble fraction (nuclear pellet) was suspended in 21 ml
nuclear pellet solubilization buffer (10 mM Tris-HCl [pH 8.0], 140 mM NaCl, 1
mM DTT, protease inhibitor cocktail, 1% Triton X-100, 0.1% Na deoxycholate),
homogenized, and sonicated. The supernatant fraction (solubilized nuclear pel-
let) was collected after centrifugation. The nuclear extract was mixed with sol-
ubilized nuclear pellet at a 1:1 ratio (11 mg/ml) and preincubated with 0.4 mg/ml
salmon sperm DNA at 4°C for 1.5 h prior to affinity chromatography. Biotinyl-
ated fragments were PCR amplified with 5�-biotinylated forward primers and
regular reverse primers. The forward and reverse primers for the MR fragment
and the fragment of the RE mutant with an 8-bp sequence substitution at
positions 1 to 8 (REm1–8-LBS1/2) are 5�-CCCAGGCTTTACACTTTATGC-3�
and 5�-CTCTTCGCTATTACGCCAG-3�. The forward and reverse primers for
the ampicillin fragment are 5�-GGATCTCAACACGGTAAA-3� and 5�-TCAC
GCTCGTCGTTTGGTA-3�. Fifty micrograms of biotinylated PCR fragments
were coupled with streptavidin-conjugated magnetic beads (Invitrogen) at room
temperature for 45 min and then incubated with 10 ml nuclear extract mixture at
4°C overnight. After being washed three times with 10 ml D150 buffer, the beads
were sequentially eluted in 100 �l D300 buffer and 100 �l D1000 buffer (both the
same as D150 except for 300 mM KCl or 1,000 mM KCl, respectively) for 15 min.
Eluates were combined and adjusted with D0 buffer (the same as D150 except for
no KCl) to make the KCl concentration 150 mM. The affinity-purified proteins
were subjected to another round of purification. The affinity-purified proteins
were separated on a 4 to 20% gradient SDS-PAGE gel and stained with colloidal
blue. Gel slices were cut out and analyzed by matrix-assisted laser desorption
ionization–time of flight mass spectrometry as previously described (ICBR at the
University of Florida). Small-scale affinity purification with 5 �g biotinylated
DNA fragments and 1 ml nuclear extract mixture was performed to confirm the
mass spectrometry result. Purified proteins were eluted in Laemmli sample
buffer and subjected to Western blotting analysis.

Immunoprecipitation. The 293 cell lysates were assayed by immunoprecipita-
tion 48 h after transfection. One 10-cm plate of transfected 293 cells was washed
once with ice-cold phosphate-buffered saline (PBS) and lysed directly with 1 ml
ice-cold radioimmunoprecipitation assay buffer (50 mM Tris-HCl [pH 7.4], 1%
NP-40, 0.25% Na deoxycholate, 150 mM NaCl, 1 mM EDTA [pH 8.0], supple-
mented with 1 mM PMSF and protease inhibitors). Cell lysates were scraped off
the plates, transferred into centrifuge tubes, and incubated at 4°C for 15 min with
rotation. The cell lysates were centrifuged at 14,000 � g for 15 min to remove cell
debris. The supernatant was transferred immediately to a fresh centrifuge tube
and precleared with 75 �l protein A/G beads at 4°C for 2 h. Five percent of the
total cell lysates was saved as input. The remaining lysates were incubated with
5 �g appropriate antibodies and 100 �l protein A/G beads at 4°C overnight with
rotation. The beads were collected by pulse centrifugation and washed five times
with 1 ml ice-cold radioimmunoprecipitation assay buffer. The immune com-
plexes were eluted in 60 �l of 2� Laemmli loading buffer (62.5 mM Tris [pH 6.8],
40 mM DTT, 2% SDS, 0.025% bromophenol blue, and 10% glycerol) and
subjected to Western blotting analysis.

ChIP–real-time PCR. Transfected 293 cells were assayed by chromatin immu-
noprecipitation (ChIP) 48 h posttransfection. The cells were cross-linked by
directly adding formaldehyde to the growth medium to a final concentration of
1% at room temperature for 10 min. Cross-linking was stopped with 0.125 M
glycine at room temperature for 5 min. The cells were washed twice in ice-cold
PBS with protease inhibitors and lysed in ice-cold swelling buffer (5 mM PIPES
[piperazine-N,N�-bis(2-ethanesulfonic acid); pH 8.0], 85 mM KCl, 0.5% NP-40)
with protease inhibitors. The nuclei were spun down and resuspended in lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl [pH 8.1]). The chromatin was
sheared to about 500-bp fragments with three sets of 10-s pulses using a sonic
dismembrator (Fisher Scientific) set to 40% of maximum power. Eight percent of
each sample was saved and used for input DNA, and the remainder was diluted
to 2 ml with dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 167
mM Tris-HCl [pH 8.1], 167 mM NaCl, and protease inhibitor cocktail). The
chromatin was precleared for 30 min at 4°C with 75 �l protein A/G agarose beads
and 0.4 mg/ml salmon sperm DNA. Five micrograms of appropriate antibodies
and 100 �l protein A/G beads were added to each sample and incubated with
rotation at 4°C overnight. The immune complexes were collected by pulse cen-
trifugation and washed once with low-salt wash buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris [pH 8.1], 150 mM NaCl), high-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH 8.1], 500 mM
NaCl), and LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate,
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1 mM EDTA, 10 mM Tris [pH 8.1]) and twice with TE buffer (10 mM Tris-HCl,
1 mM EDTA [pH 8.0]). The immune complexes were eluted twice in freshly
prepared elution buffer (1% SDS, 0.1 M NaHCO3) at room temperature for 15
min each, and the eluates were combined. The chromatin was reverse cross-
linked by adding 20 �l of 5 M NaCl and heated at 65°C for 4 h. The samples were
treated with 10 �M EDTA (pH 8.0), 40 �M Tris-HCl (pH 6.5), and 40 �g/ml
proteinase K for 1 h at 37°C. DNA was recovered by phenol-chloroform extrac-
tion and ethanol precipitation. Twenty micrograms glycogen was added as a
DNA carrier. DNA pellets were washed once with 70% ethanol and resuspended
in 50 �l H2O. Two microliters of each sample was used as the template for
real-time quantitative PCR using SYBR green master mix (Bio-Rad). Forward
primer 5�-CCCAGGCTTTACACTTTATGC-3� and reverse primer 5�-CTCTT
CGCTATTACGCCAG-3� were utilized to amplify fragments spanning the MR
or REm1-8-LBS1/2 from pCRII-MR or pCRII-REm1-8-LBS1/2, respectively. The
negative-control fragment was amplified with primers 5�-AATCTGGTCACCC
TGAGCT-3� and 5�-GGCTGCGCTTAAGGACATT-3� specific for the immu-
noglobulin G (IgG) Fc gene. The relative amount of DNA immunoprecipitated
in the ChIP sample was normalized on the input DNA.

Synchronization of cells and cell cycle analysis. A total of 3 � 106 cells were
double treated with thymidine for G1/S-phase arrest. A total of 2 mM thymidine
was added directly to the cell culture medium for 19 h. The cells were washed
three times with PBS and then incubated with fresh medium for 10 h. A second
block with 2 mM thymidine was performed for 15 h. For S-phase arrest, the
double thymidine-arrested cells were washed three times with PBS and released
into S phase in complete medium for 4 h. To obtain M-phase-arrested cells, the
cells were treated with 100 ng/ml nocodazole for 14 h. The arrested cells were
fixed with ice-cold 70% ethanol for 30 min, stained with staining buffer (0.1%
Triton X-100, 0.2 mg/ml RNase A, 20 �g/ml propidium iodide in PBS) at room
temperature for 45 min, and analyzed by flow cytometry.

siRNA inhibition of SSRP1. A total of 100 nM scrambled small interfering
RNA (siRNA) or siRNA against SSRP1 (Dharmacon) was transfected into 293 cells
with Lipofectamine 2000 (Invitrogen) when the cell density was about 30 to 50%
according to the manufacturer’s protocol. Western blotting was performed 96 h
posttransfection to determine the knockdown efficiency. For replication assays in
SSRP1 siRNA-transfected cells, 1.5 � 106 293 cells were first transfected with
100 nM siRNA with Lipofectamine 2000. At 24 h posttransfection, the cells were
transfected with pCRII-TR in the presence or absence of LANA plasmid. The
cells were harvested for the replication assay 72 h after the second transfection.

RESULTS

The first 8 nucleotides (nt) within the RE are required for
latent origin activity. Two cis-regulatory elements found within
the terminal repeat, LBS1/2 and an upstream GC-rich RE, are
absolutely required for LANA-dependent DNA replication.
Additionally, a deletion analysis previously determined that at
minimum, 32 bp of the RE are essential for latent origin
activity (18, 49).

To further study the contribution of RE to DNA replication,
we first constructed a 71-bp MR-containing plasmid, pCRII-
MR, which contains a 32-bp RE and LBS1/2 without additional
flanking sequences from the KSHV genome. Short-term rep-
lication assays were performed to determine the replication
activity of pCRII-MR in comparison to a full-length TR-con-
taining plasmid (pCRII-TR). For each assay, 10% of the Hirt-
extracted DNA was linearized with HindIII (input), while the
remaining 90% of DNA was digested with HindIII and DpnI
to detect de novo-synthesized DNA. The replication efficiency
for each plasmid was determined by comparing the intensity of
the replicated DNA band with that of the corresponding input
band from two or three independent assays. As shown in Fig.
1, both the MR-containing and full-length TR-containing plas-
mids replicated with similar efficiency (5% of the total input) in
the presence of LANA (Fig. 1A, compare lanes 1 and 3 with
lanes 2 and 4).

In order to determine which sequences within the RE are
important for function, we constructed four RE mutants:

REm1-8-LBS1/2, REm9-16-LBS1/2, REm17-24-LBS1/2, and
REm25-32-LBS1/2. Each RE mutant has an 8-bp sequence sub-
stitution at positions 1 to 8, 9 to 16, 17 to 24, and 25 to 32,
respectively (Fig. 1B). In the mutants, 50% GC-content se-
quences instead of high GC-content sequences were substi-
tuted, assuming that the DNA sequence itself and not GC
content determines origin activity. This assumption is based on
previous data showing that upstream GC-rich sequences could
not replace the RE element in the context of TRs to support
DNA replication (18). As shown in Fig. 1C, the replication
efficiency decreased for all four mutants compared to that of
the wild-type MR. Interestingly, replication was inhibited to a
greater extent when sequences located more distally from
LBS1/2 were mutated than sequences directly adjacent to
LBS1/2 (Fig. 1C, compare lanes 9 to 12).

Replication activity for REm1-8-LBS1/2 and REm9-16-
LBS1/2 dropped to 4.8% and 9.6% of that of wild-type MR
activity, suggesting that sequences within the first 16 nt of
the RE are critical for function. To further define critical
bases within the RE, we constructed four additional mu-
tants, REm1-4-LBS1/2, REm5-8-LBS1/2, REm9-12-LBS1/2,
and REm13-16-LBS1/2, each with a 4-nt substitution (Fig. 1B).
Short-term replication assays with these four mutants showed
that the mutation of nt 13 to 16 does not change the origin
activity (Fig. 1D, lane 12). REm9-12-LBS1/2 exhibited a mod-
erate reduction in replication (41%) (Fig. 1D, lane 11), while
the mutation of nt 1 to 4 and nt 5 to 8 decreased the replication
efficiency to 13.2% and 8.7%, respectively (Fig. 1D, lanes 9 and
10). These data identify the first 8 nt within the RE as the most
important for origin activity.

The orientation, position, and spacing of the RE relative to
LBS1/2 are critical for origin function. We hypothesize that
the RE may interact with cellular proteins, thereby contribut-
ing to the initiation of DNA replication. If so, both the orien-
tation and the position of the RE relative to LBS1/2 should be
important for origin activity. To test this hypothesis, we con-
structed a mutant origin ER-LBS1/2, in which the orientation
of the RE was reversed upstream of LBS1/2, and mutant LBS1/
2-RE, in which the RE was cloned in the wild-type orientation
downstream of LBS1/2. As shown in Fig. 2A, neither of these
mutants replicated (Fig. 2A, lanes 7 and 8), suggesting that
cellular proteins occupying the RE might cross talk with
LANA bound to LBS1/2. To further investigate this interpre-
tation, two more mutants were constructed in which the dis-
tance between the RE and the LBS1/2 was altered. Mutant
RE(�5)-LBS1/2 contains a 5-nt insertion between the RE and
LBS1/2, positioning the RE half a DNA helix away from
LBS1/2 and, importantly, on the opposite face of the DNA; the
mutant RE(�10)-LBS1/2 has a 10-nt insertion, and the RE is
one full helical turn away from LBS1/2.

As shown in Fig. 2B, both mutants were completely deficient
in DNA replication (Fig. 2A, lane 7, and B, lane 8). The fact
that the orientation, relative position, and distance of the RE
and LBS1/2 are critical for origin function strongly suggests
that the RE may function as a binding site for cellular pro-
tein(s) which form a complex with LANA when bound to
LBS1/2.

Identification of cellular proteins interacting with the
KSHV minimal replicator occupied by LANA. Data from sev-
eral groups demonstrated that LANA interacts with ORC and
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MCM proteins in vivo and in vitro, thereby recruiting the host
cellular DNA replication machinery (27, 46, 48). However,
whether direct interactions between cellular proteins and the
origin occur has not been determined. Additionally, while Si
and colleagues enriched cellular proteins that interact with TR
sequences but not with control DNA and identified more than
95 proteins interacting with TRs, they did not evaluate whether

these proteins contribute to DNA replication (41). To address
these questions, we employed a proteomics approach with the
goal of identifying cellular proteins that interact specifically
with the minimal replicator bound by LANA.

As an affinity probe, the 71-bp-long MR, flanked by 160-bp
pCRII vector sequences on both sides, was amplified by PCR
using a biotin-labeled forward primer. As a control, REm1-8-
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FIG. 1. The first 8 nt within the RE are pivotal for KSHV latent origin function. Replication assays were performed as previously described.
Briefly, 8 �g of each origin-containing construct was cotransfected with 2 �g of pcDNA3/orf73 or carrier DNA into 293 cells. Episomal DNA was
recovered by Hirt extraction 72 h posttransfection. Ten percent of the episomal DNA was digested with HindIII (input), while 90% was double
digested with HindIII and DpnI for 16 h (DpnI digest). DNA were electrophoretically separated in an agarose gel, immobilized on nylon
membranes, and hybridized with radiolabeled probes using pCRII-TR as the template. The replication efficiency of each plasmid was calculated
by comparing the intensity of the replicated DNA band with that of its input from independent experiments. The replication activity of each mutant
was compared with that of the wild-type MR, which was set at 100%. (A) The MR replicates with efficiency similar to that of the full-length TR.
(B) Sequences of the wild-type RE and converted sequences within RE mutants, respectively. (C) The first 8 nt in the RE are critical for origin
activity. The REm1-8-LBS1/2, REm9-16-LBS1/2, REm17-24-LBS1/2, and REm25-32-LBS1/2 mutants replicate with efficiencies of 4.8%, 9.6%, 27%
and 60%, respectively, compared to that of the wild-type MR. (D) Fine mapping of the first 8 nt to determine the sequences important for
LANA-dependent DNA replication. The REm1-4-LBS1/2, REm5-8-LBS1/2, REm9-12-LBS1/2, and REm13-16-LBS1/2 mutants replicate with effi-
ciencies of 13.2%, 8.7%, 41%, and 100%, respectively, compared to that of the wild-type MR. The bracket and arrowheads indicate the positions
of the origin-containing plasmids. LBSs, LBS1/2.
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LBS1/2, deficient in replication (Fig. 1C), was amplified from
pCRII-REm1-8-LBS1/2 using identical primers. An additional
control, a fragment with a length similar to that of RE, was
amplified from the ampicillin resistance gene (amp). Figure 3A
shows an outline of the experimental procedure. Briefly, DNA
fragments were immobilized and incubated with extracts from
BJAB/Tet-on/ORF73 cells expressing LANA. Nuclear extracts
as well as solubilized nuclear pellet extracts were prepared as

previously described (9). Combined nuclear extracts were pre-
cleared with salmon sperm DNA and subjected to two rounds
of affinity purification using immobilized MR, REm1-8-LBS1/2,
or amp fragments. The first round of purified materials was
eluted with low-salt buffer, followed by high-salt buffer. The
second round of affinity-purified proteins was eluted with
Laemmli buffer and analyzed by SDS-PAGE. Several proteins
appeared only in the MR affinity purification but not in con-

FIG. 2. The orientation and position of the RE element relative to LBS1/2 (LBSs) play an important role for origin function. The wild-type
MR or mutants were constructed by inserting synthetic oligonucleotides into pCRII plasmids. Replication assays were performed as described in
Materials and Methods. (A) Origin activity was diminished when the RE was flipped or moved downstream of LBS1/2. (B) Spacing changing
between the RE and LBS1/2 abrogated the origin activity. The bracket and arrowhead indicate the positions of the origin-containing plasmids. The
top panels show the representative structure of the wild-type MR and mutants; the bottom panels show the results of the replication assays with
the wild-type MR and mutants.

FIG. 3. Proteomics approach to study RE binding proteins. (A) Flow chart for experimental design. Biotinylated PCR fragments containing the MR,
REm1-8-LBS1/2, or Amp were immobilized on magnetic streptavidin beads. Nuclear extract and solubilized nuclear pellet extract mixture from BJAB
Tet-on/ORF73 cells induced with doxycycline were subjected to two rounds of DNA affinity purification with the immobilized DNA. The second round
of purified proteins was resolved on a 4 to 20% gradient SDS-PAGE gel. Gels in each lane were sliced and subjected for mass spectrometry analysis.
(B) Colloidal blue staining of DNA affinity chromatography-purified proteins. Unique bands representing proteins specifically bound to REs are indicated
with arrows. M, protein size marker. The molecular weight (in thousands) for each band of the marker is labeled as shown. LBSs, LBS1/2.
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trols when REm1-8-LBS1/2 or the Amp fragment was used as
an affinity probe (Fig. 3B, compare lane 3 with lanes 1 and 2),
indicating that these proteins may interact with the RE. To
identify all proteins that bound differentially to the MR and
control fragments, each lane was cut into five slices represent-
ing molecular-weight ranges, and peptides in each slice were
identified by matrix-assisted laser desorption ionization–time
of flight mass spectrometry (ICBR Protein Chemistry Core,
University of Florida).

Mass spectrometry data were analyzed with Scaffold soft-
ware. Proteins having at least two peptides and 95% se-
quence accuracy were scored positive. Additionally, proteins
with discrepancies in molecular weight were eliminated
from the list. A total of 114 proteins with molecular masses
ranging from 13 to 360 kDa, including LANA, were identi-
fied. Importantly, 30 proteins bound to the MR only, or with
a higher affinity to the MR than to either REm1-8-LBS1/2 or

Amp control fragments. The number of identified peptides
for each protein isolated from the MR pulldown is listed in
Table 1. These proteins can be grouped into several func-
tional categories, including cell cycle regulation, transcrip-
tion regulation, translation regulation, DNA repair, chro-
matin remodeling, and DNA replication (Table 1). Seven
proteins—including DNA topoisomerase II� and -�, scaf-
fold attachment factor B, DEAD box polypeptide 17, the
71-kDa heat-shock cognate protein, heterogeneous nuclear
ribonucleoprotein H1, and splicing factor proline/glutamine-rich
(SFPQ)—have previously been described as either LANA-
interacting proteins or proteins which bind to the full-length
TRs (Table 1) (41). We confirmed the presence of several
identified proteins in the original pulldowns by Western blot-
ting (data not shown). In this study, we chose to further con-
centrate on SSRP1 and TRF2, proteins with known roles in
DNA replication (9, 47).

TABLE 1. Proteins identified in DNA affinity chromatography which bind only to the MR or have higher binding affinity to the MR
than the mutants

Namea Accession no.
Predicted
molecular

mass (kDa)

No. of peptides
identified in

MR pulldown
Function(s)

DNA topoisomerase II� IPI00217709 183 46 Control and alter the topologic states of DNA during
transcription and replication; DNA damage response

DNA topoisomerase II� IPI00218753 179 37 Control and alter the topologic states of DNA during
transcription and replication

Structural maintenance of chromosome 1 IPI00291939 143 5 Mitotic spindle organization and biogenesis; DNA repair
Structural maintenance of chromosome 3 IPI00219420 142 5 Mitotic spindle organization and biogenesis
AF5q31 protein IPI00004344 127 4 Transcription regulation
Scaffold attachment factor B IPI00300631 103 5 Nuclear matrix component; transcription regulation
M-phase phosphoprotein 8 IPI00030408 97 3 N/Ab

Gamma interferon-inducible protein Ifi-16 IPI00003443 88 9 Transcription regulation; DNA damage signaling; cell
cycle checkpoint

Structure-specific recognition protein 1 IPI00005154 81 5 Transcription regulation; chromatin remodeling; DNA
replication

DEAD box polypeptide 17 isoform p82 IPI00023785 80 8 RNA metabolism
Heterogeneous nuclear ribonucleoprotein

M isoform a
IPI00171903 78 4 RNA metabolism

Splicing factor proline/glutamine-rich
(SFPQ)

IPI00010740 76 3 RNA metabolism; DNA repair

Lamina-associated polypeptide 2� IPI00216230 75 33 Nuclear architecture
Interleukin enhancer-binding factor 3 IPI00219330 75 6 Transcription regulation
ALB protein IPI00022434 72 3 Carrier protein
Probable RNA-dependent helicase p68 IPI00017617 69 9 RNA processing
Nucleolar protein Nop56 IPI00411937 66 3 RNA processing
Telomeric repeat binding factor 2 IPI00024214 56 6 Telomere maintenance; DNA replication
Serine/threonine-protein kinase VRK3 IPI00009291 53 11 Protein binding
DERPC IPI00171540 51 5 DNA replication
Elongation factor 1-� 2 IPI00014424 50 2 Protein synthesis
Heterogeneous nuclear ribonucleoprotein

H1
IPI00013881 49 2 RNA processing

KH domain-containing, RNA binding,
signal transduction-associated protein 1
(Sam68)

IPI00008575 48 8 RNA processing

Gamma interferon-inducible protein
Ifi-16 isoform 4

IPI00384836 47 10 Transcription regulation

JKTBP2 IPI00011274 46 3 RNA processing
SRP55-1 of splicing factor IPI00012345 40 2 RNA processing
Pre-mRNA cleavage factor I 25-kDa

subunit
IPI00012995 26 2 RNA processing

FUS-interacting serine-arginine-rich
protein 1

IPI00009071 22 2 RNA processing

CGG triplet repeat binding protein 1 IPI00295585 19 12 Transcription regulation

a Proteins in bold are six proteins that have previously been described as either LANA-interacting proteins or proteins which bind to the full-length TRs (41).
b N/A, not applicable.
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Association of TRF2 with LANA and MR in vitro and in
vivo. Previously for EBV, telomeric repeat binding proteins 1
and 2 (TRF1 and TRF2) have been shown to bind to nanomer
repeats within the DS element of oriP. The mutation of the
nanomer sequences, the overexpression of TRF1, or the ex-
pression of a DN-TRF2 inhibited oriP activity. TRF1 and -2
may also contribute to episome segregation during mitosis (9).
Interestingly, MR sequences do not show any homology to
nanomer sequence motifs within oriP.

To confirm the presence of TRF2 within the affinity-purified
extracts from the MR, we performed Western blot analysis.
TRF2 was detectable in pulldown extracts from the MR (Fig.
4A, lane 3) but not from REm1-8-LBS1/2 or Amp control
fragments (Fig. 4A, lanes 1 and 2). Next, we performed immu-
noprecipitations in 293 cells transfected with myc-tagged hu-
man TRF2, LANA, and either wild-type or mutant MR-con-
taining plasmids. As shown in Fig. 4B, lane 3, TRF2 was only
coimmunoprecipitated with LANA when wild-type MR was
cotransfected but not with mutant MR REm1-8-LBS1/2. To-
gether, both in vitro and in vivo interaction data and the fact
that MR does not contain telomere repeat sequences would

suggest that TRF2 is recruited to the MR via an interaction
with an as-yet-undetermined MR binding protein. To investi-
gate whether TRF2 contributes to LANA-dependent replica-
tion, we asked if DN-TRF2, previously shown to inhibit EBV
EBNA-1-dependent DNA replication (9), would affect LANA-
dependent replication. The transfection of two different
amounts of DN-TRF2 expression vector, leading to robust
DN-TRF2 expression (Fig. 4C, lane 2), did not affect replica-
tion (Fig. 4D, lanes 7 and 8). As was suggested by Deng et al.,
TRF2 may also contribute to episomal maintenance and seg-
regation, a step which is not measured by short-term replica-
tion assays (9). These data confirm TRF2 recruitment to the
MR, although it was nonessential for the replication of a min-
imal origin.

Association of SSRP1 with LANA in vitro and in vivo.
SSRP1 is a subunit of the chromatin structure modulator
FACT (facilitating chromatin transcription) known to disrupt
nucleosome structure and allow RNA and DNA polymerases
to access the DNA. FACT plays a role in transcription initia-
tion, elongation, and, importantly for this study, DNA replica-
tion (5, 31, 47).

FIG. 4. Analysis of the TRF2 interaction with LANA and role in KSHV DNA replication. (A) LANA interacts with TRF2 in an vitro pulldown
assay. BJAB LANA Tet-on nuclear extracts and solubilized nuclear pellets were subject to affinity purification with either the wild-type MR or the
REm1-8-LBS1/2 mutant. The isolated proteins were analyzed by Western blotting with antibody specifically against human TRF2. A total of 0.5
ml nuclear protein mixture was loaded as the input (lane 4). NS, nonspecific signal. (B) LANA interacts with TRF2 in vivo in cotransfected cells.
293 cells were cotransfected with LANA and Myc-TRF2 expression vectors in conjunction with REm1-8-LBS1/2 (lane 1) or MR (lanes 2 and 3)
plasmid. The nuclear extracts were immunoprecipitated with either monoclonal antibody against Myc (lanes 1 and 3) or control mouse IgG (lane
2). The immunoprecipitated proteins were separated on an 8% SDS-PAGE gel and immunoblotted with rabbit polyclonal antibody against LANA.
(C) Expression of DN-TRF2. 293 cells were mock transfected or transfected with FLAG–DN-TRF2. Cell lysate was hybridized with antibody
against FLAG. (D) DN-TRF2 did not interfere with LANA-dependent DNA replication. 293 cells were transfected with 8 mg TR-containing
plasmid, 2 mg LANA expression vector in the absence of DN-TRF2 (lanes 2 and 6), and 2 mg (lanes 3 and 7) or 5 mg (lanes 4 and 8) DN-TRF2
expression vector. The short-term DNA replication assay was performed as described. The position of the TR plasmid is shown with an arrowhead
LBSs, LBS1/2.
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To confirm the specificity of SSRP1 binding to the MR,
affinity-purified extracts from the MR and controls were ana-
lyzed by Western blotting. Surprisingly, robust amounts of
SSRP1 were detectable in pulldown extracts not only from the
MR but also from the REm1-8-LBS1/2 control fragment (Fig.
5A, lanes 2 and 3). Importantly, we did not observe the en-
richment of SSRP1 using the amp fragment as an affinity
probe.

Next, we investigated the association of SSRP1, LANA, and
MR in vivo. 293 cells were cotransfected with 2� FLAG-
SSRP1 and LANA expression plasmids in the presence of
vector plasmid, the wild-type MR, or mutant MR (REm1-8-
LBS1/2) plasmids. At 48 h posttransfection, cell lysates were
immunoprecipitated with anti-FLAG antibody and immuno-
blotted for LANA. Consistent with the results of the in vitro
pulldown assay, LANA was immunoprecipitated with FLAG
antibody when either REm1-8-LBS1/2 or MR DNA was
present (Fig. 5B, lanes 1 and 4). Moreover, LANA was also
detectable in IPs in the absence of origin-containing plasmid

(Fig. 5B, lane 5), suggesting that SSRP1 can interact with
LANA directly and independent of MR sequences. However,
the fact that SSRP1 was more frequently identified in the MR
pulldown may suggest that RE contributes to SSRP1 recruit-
ment, potentially by binding to an unknown cellular protein.

SSRP1 is recruited to the KSHV latent origin in a cell
cycle-specific fashion. SSRP-1, as part of the FACT chromatin
remodeling complex, provides access to DNA for both Pol
II-dependent transcription and DNA replication (31, 47). In-
terestingly, LANA also functions in transcriptional regulation
and latent DNA replication. Mechanistically, FACT aids both
processes by binding to H2A-H2B dimers and dissociating core
histones, removing, as a result, a single nucleosome from DNA
(5). Additionally, SSRP1 binds to and recruits MCM helicases
to facilitate DNA replication (47).

We performed a ChIP assay to test whether LANA recruits
SSRP1 to the KSHV latent origin. 293 cells were cotransfected
with 2� FLAG-SSRP1, LANA expression plasmids, and wild-
type MR or mutant REm1-8-LBS1/2 plasmid, and ChIP was
performed 48 h posttransfection. In agreement with the above-
described IP data, wild-type MR and mutant REm1-8-LBS1/2
origin were enriched by FLAG antibody when both LANA and
2� FLAG-SSRP1 were expressed (Fig. 6A, bars 1 and 3). The
IgG antibody control yielded no detectable amounts of MR
fragment (Fig. 6A, bar 2). A genomic fragment of the IgG Fc
gene, which is known not to have origin activity and is not
transcribed in 293 cells, was amplified as an additional negative
control. SSRP1 was not enriched at this region (Fig. 6A, bar 4),
further validating that the binding of SSRP1 to the origin in the
presence of LANA is specific. These data further suggest that
SSRP1 forms a complex with LANA at the KSHV latent origin
and may contribute to latent KSHV replication.

The initiation of DNA replication in metazoan cells is tightly
controlled by cell cycle-dependent formation and the licensing
of prereplication complexes (pre-RCs) (for a review, see ref-
erence 12). Eukaryotic origins are bound by the ORC with low
sequence specificity. Additionally, cellular proteins, including
MCMs, are recruited to ORC with the aid of cyclin-dependent
kinases and form pre-RCs at the G1/S cell cycle transition.
After the initiation of DNA replication, pre-RCs disassemble,
ensuring that each origin initiates only once per cell cycle.
Similarly, the latent replication of KSHV episomes was dem-
onstrated to be initiated once per cell cycle (48). Based on
these observations, we asked whether the complex formation
of SSRP1, LANA, and the KSHV origin is cell cycle depen-
dent.

293 cells were transfected with 2� FLAG-SSRP1, LANA
expression plasmids, and wild-type MR or mutant REm1-8-
LBS1/2 plasmid. At 48 h posttransfection, the cells were ar-
rested in G1/S phase by double-thymidine treatment. S phase
was induced by releasing cells for 4 h into fresh medium. Cells
in M phase were enriched by nocodazole treatment as de-
scribed in Materials and Methods. Cell cycle profiles were
analyzed by flow cytometry and confirmed synchronization
(data not shown). Cells at different cell cycle phases were
analyzed by ChIP for the association of SSRP1 with the KSHV
latent origin.

In contrast to asynchronous cells in which SSRP1 bound the
MR and mutant REm1-8-LBS1/2 with similar affinity (Fig. 6A,
bars 1 and 3), SSRP1 bound MR with significantly higher

FIG. 5. Complex formation of SSRP1 with LANA/origin in vitro
and in vivo. (A) SSRP1 was pulled down by the wild-type and mutant
MR but not the amp control fragment when LANA was present.
Affinity chromatography was performed as described in Materials and
Methods. A small amount of pulldown lysates was separated on an 8%
SDS-PAGE gel and transferred to a polyvinylidene difluoride mem-
brane. The blot was immunoblotted with antibody specifically against
SSRP1. Lanes 1 to 3 showed the lysates affinity purified with the amp
fragment, mutant REm1-8-LBS1/2, or the wild-type MR fragment.
Lane 4 showed 5% of the extract as input. (B) SSRP1 forms a complex
with LANA/origin through protein-protein interaction. 293 cells were
transfected with LANA expression vector and mutant REm1-8-LBS1/2
(lane 1), MR (lanes 2 to 4), or no origin (lane 5) in the presence (lanes
1, 3, 4, and 5) or absence (lane 2) of FLAG-tagged SSRP1. Cells were
harvested 48 h posttransfection. Cells were lysed and immunoprecipi-
tated with FLAG antibody (lanes 1, 2, 4, and 5) or mock antibody (lane
3) as a negative control. Immune complexes were separated on an 8%
SDS-PAGE gel and immunoblotted with LANA antibody or FLAG
antibody (bottom panels). The expression of LANA and FLAG was
tested with 3% total cell lysate with antibodies specifically against
LANA or FLAG (top two panels, shown as input). A faint background
band was observed with the FLAG antibody (lane 2) compared to that
with the control with no antibody (lane 3). LBSs, LBS1/2.
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affinity than REm1-8-LBS1/2 during G1/S phase (Fig. 6B, com-
pare bars 1 and 4). Moreover, the binding of SSRP1 to MR
increased during both G1/S and S phase (Fig. 6B, bars 4 and 5)
and decreased during M phase (Fig. 6B, bar 6) to levels ob-
served in asynchronized cells (Fig. 6B, bar 2). The IgG control
did not immunoprecipitate target fragments even in the G1/S-
phase-synchronized cells (Fig. 6B, bar 3). Together, these data
demonstrate that SSRP1 associates with MR in a LANA- and
cell cycle-dependent fashion.

SSRP1 is required for LANA-dependent DNA replication.
To directly evaluate the role of SSRP1 in LANA-dependent
DNA replication, we knocked down SSRP1 using siRNAs and
performed short-term replication assays. To optimize the
knockdown conditions, 293 cells were transfected with 100 nM

SSRP1 siRNA or scrambled siRNA. SSRP1 expression levels
were analyzed at 48, 72, and 96 h post-siRNA transfection. The
decrease in SSRP1 expression started to occur at 48 h post-
transfection, while at 72 and 96 h, SSRP1 was reduced by more
than 80% (data not shown). For the replication assay, 293 cells
were transfected with 100 nM SSRP1 siRNA or the scrambled
control. Twenty-four hours later, 8 �g pCRII-TR and 2 �g
pcDNA3.1/ORF73 or empty vector were cotransfected into the
siRNA-transfected cells. The cells were harvested 72 h after
the second transfection. Five percent of the cells was lysed in
SDS-PAGE loading buffer and assayed by Western blotting
with an SSRP1 antibody. As shown in Fig. 7A, at 96 h following
siRNA treatment, SSRP1 expression was reduced to 20% (Fig.
7A, lane 4) compared to that of the mock (Fig. 7A, lanes 1 and
2) or scrambled siRNA-transfected cells (Fig. 7A, lane 3). The
replication efficiency of pCRII-TR dropped to about 20.5% �
2.1% when SSRP1 was knocked down compared to that of the
control with no siRNA (Fig. 7B, compare lane 8 with lane 6).
The scrambled siRNA control had only a moderate effect on
replication (Fig. 7B, compare lane 7 with lane 6). These data
suggest that SSRP1 directly contributes to LANA-dependent
replication.

Since SSRP1 is known to interact with MCM and contrib-
utes to eukaryotic DNA replication (47), we examined whether
the siRNA-induced decrease in SSRP1 expression caused cell
cycle perturbation, which may indirectly cause decreased rep-
lication of the TR plasmid. siRNA-transfected cells were fixed
and stained with propidium iodide 96 h post-siRNA transfec-
tion. DNA content was analyzed by flow cytometry, which
demonstrated that cell cycle profiles were identical between
SSRP1 siRNA-transfected cells and either the scrambled or
control with no siRNA (Fig. 7C). Together, these results dem-
onstrate that SSRP1 directly contributes to LANA-dependent
DNA replication of the KSHV latent origin.

DISCUSSION

This study aimed to identify novel cellular proteins involved
in KSHV latent DNA replication which, with the exception of
LANA, solely depends on the host cellular DNA replication
machinery. Since LANA and TR sequences have been re-
ported to interact with a relatively large number of proteins
and TR sequences also have enhancer activity potentially reg-
ulating K1 expression, our approach to identify novel origin/
LANA-interacting proteins was based on first identifying the
minimally active origin within the TRs. As we reported previ-
ously, the 32-bp-long highly GC-rich RE adjacent to LBS1/2 is
required for replication, a finding which recently has been
confirmed by Verma and colleagues, who also demonstrated
that TR-containing plasmids replicate in synchrony with host
chromosomes once per cell cycle (18, 49). Here we show that
nt 1 to 8 within the RE are critically important for RE function
and furthermore demonstrate that both the relative orienta-
tion and spacing between the RE and LBS1/2 are critical for ori
function. These data suggest a model in which host cellular
proteins interact with RE sequences and LANA bound to
LBS1/2 during a step critical to DNA replication. The fact that
the KSHV minimal origin requires the RE as a cis-regulatory
element in addition to LBS1/2 is different from the EBV min-

FIG. 6. SSRP1 forms a complex with KSHV latent origin in a
cell cycle-dependent manner. (A) SSRP1 binds to the wild-type MR
and mutant REm1-8-LBS1/2 when LANA is expressed. A total of 3 �
106 293 cells were cotransfected with vector pcDNA3.1-LANA,
pcDNA-2xFLAG-SSRP1 and pCRII-REm1-8-LBS1/2, or pCRII-MR.
Cells were harvested 48 h posttransfection for the ChIP assay. SSRP1
IP significantly enriches for MR and REm1-8-LBS1/2 (lanes 1 and 3)
but not for a genomic control (lane 4); IgG IP demonstrates the
specificity of the SSRP1 antibody (lane 2). (B) SSRP1 binds to the MR
in a cell cycle-dependent manner. 293 cells were cotransfected with
pcDNA3.1-LANA, pcDNA-2xFLAG-SSRP1 and pCRII-REm1-8-
LBS1/2, or pCRII-MR. At 48 h after transfection, cells were asynchro-
nized (bar 2) or synchronized to G1/S phase (bars 1, 3, and 4), S phase
(bar 5), or M phase (bar 6) with drug treatments. Cells were harvested
for the ChIP assay to detect the binding of SSRP1 on the MR or
REm1-8-LBS1/2. Relative amounts of immunoprecipitated DNA were
normalized to input for each sample. LBSs, LBS1/2.
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imal origin, where two EBNA-1 binding sites are sufficient for
EBNA-1-dependent replication (52).

In the current study, we found that TRF2 associates with the
minimal replicator in the presence of LANA, and confirmatory
immunoprecipitations clearly showed that TRF2 associates
with LANA only if bound to the wild-type MR (Fig. 4B). In
contrast to its role in EBV latent origin replication, where
TRF2 was shown to facilitate EBNA-1 function in oriP repli-
cation, the overexpression of DN-TRF2 had no effect on the
LANA-dependent replication of TR-containing plasmids (Fig.
4D). Three nanomer repeats flanking and separating pairs of
EBNA-1 binding sites resemble telomeric repeat sequences
which were shown to be bound by TRF2 (9). In contrast, the
RE, which is very GC rich, does not have any sequence ho-
mology to telomeric repeats, suggesting that TRF2 may inter-
act with a yet-unknown protein which bridges the RE and
LANA or that TRF2 has affinity to GC-rich DNA; both pos-
sibilities are currently under study.

Although TRF2 association at latent origins of KSHV and
EBV seems to be conserved, TRF2 inhibition did not affect

KSHV latent origin replication, suggesting that TRF2 may play
additional roles at the KSHV origin. In addition to telomere
maintenance, TRF2 is also involved in DNA damage repair
and relocalizes from telomeres to double-stranded break sites
and, together with MRE11/Rad50/NBS and Ku70, contributes
to the initial response to genotoxic stress and DNA damage
(44, 55). It has therefore been suggested that TRF2 in such
complexes may act as a sensor of DNA damage and regulate
EBV oriP activity in the setting of genotoxic stress. A number
of proteins involved in DNA damage repair (DNA-PK, Ku70,
PARP-1, etc.) have also been shown to bind to TRs and were
found to be associated with the minimal replicator and LANA
(Table 1) (41). Thus, TRF2 may perform important additional
functions related to replication control at the KSHV origin.

Cellular replication licensing factors have been shown to be
recruited to 	-herpesvirus latent origins, where all subsequent
steps required for origin licensing occur, guaranteeing that
each origin fires once per cell cycle. For EBV, it has been
elegantly demonstrated that EBNA-1 recruits ORC proteins
and MCMs to DS of oriP (8, 10, 40). Since then, several
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FIG. 7. SSRP1 is involved in KSHV latent origin replication. A total of 1.5 � 106 293 cells were transfected with 100 nM scrambled or SSRP1
siRNA with Lipofectamine 2000. At 24 h posttransfection, cells were transfected again with 8 �g TR-containing plasmid pCRII-TR and 2 �g empty
pcDNA3.1 (panels A and B, lanes 1) or pcDNA3.1/LANA (panels A and B, lanes 2, 3, and 4). At 72 h after the second transfection, cells were
harvested. One of 20 of the total cells was collected for Western blotting to detect the expression of SSRP1. The remaining cells were assayed for
the replication assay as described in Materials and Methods. (A) Western blot analysis indicated efficient SSRP1 knockdown by siRNA at the time
when replicating DNA was extracted. Lanes 1 and 2, no siRNA transfection; lane 3, scrambled siRNA-transfected samples; lane 4, SSRP1
siRNA-transfected cells. (B) The knockdown of SSRP1 inhibits the replication efficiency of the TR plasmid. The top panel shows a representative
image of the results from three independent replication assays. Lanes 1 to 4 (same samples as for panel A) contain 10% of the Hirt-extracted DNA
digested with HindIII; lanes 5 to 8 have 90% of the Hirt-extracted DNA double digested with HindIII and DpnI, corresponding to lanes 1 to 4,
respectively. Arrowheads indicate the positions of linearized pcDNA3.1/LANA and pCRII-TR. The bottom panel shows the quantification and
statistical analysis of the results from three independent assays. (C) Cell profiling with mock-, scrambled siRNA-, or SSRP1 siRNA-transfected
cells did not show any differences. DNA content was analyzed by flow cytometry after cells were fixed and stained with propidium iodide.
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laboratories have demonstrated that LANA recruits host cel-
lular licensing factors to the latent origin. Lim et al. demon-
strated that ORC1 and ORC2 specifically interact with LANA
via its C-terminal DNA binding domain, and Stedman et al.
demonstrated using ChIP that LANA, CBP, BRD2, ORC, and
MCM proteins are found in complexes at TR sequences (27,
46). The association of ORCs with LANA and TRs as well as
their requirement for latent DNA replication was confirmed by
Verma et al., who additionally identified two regions outside
the TRs which showed enrichment for ORC binding using
ChIP (48).

Surprisingly, we did not enrich for any ORC or MCM pro-
teins in our LANA-MR complexes, although we isolated sev-
eral previously identified TR-interacting proteins, among the
30 proteins identified by mass spectrometry (Table 1). While
the functional association of ORCs and MCMs with origins is
temporal, ORC proteins are chromatin associated throughout
the cell cycle, and therefore, the amount of free ORC and
MCM proteins might have been limited in our extracts of
asynchronized cells. Analogously, Si et al. used full-length TRs
for a similar approach and did not identify any ORC or MCM
proteins (41). In contrast, Stedman et al. detected very small
amounts of ORC2 but also no MCM and suggested that ad-
vanced replication licensing steps are not recapitulated under
these affinity purification conditions utilizing naked DNA as
the probe (46).

Our finding that SSRP1, a component of FACT, a chromatin
remodeling complex, interacts with LANA and contributes to
the efficiency of KSHV replication strongly suggests that chro-
matin remodeling is indeed important for latent KSHV repli-
cation. FACT is required for the efficient transcription of or-
ganized nucleosomes which in yeast is essential for survival
(30). FACT is a heterodimer composed of a large Spt16 sub-
unit and a small SSRP1 subunit through which concerted ac-
tion reorganizes nucleosomal structure by removing and reas-
sembling H2A-H2B histone dimers from DNA in a process
which does not require ATP (42). In addition, FACT is re-
quired for transcription and DNA replication and provides a
core activity that together with process-specific factors conveys
chromatin loosening during transcription, replication, and
DNA repair (5, 32). With respect to DNA replication, FACT
complexes interact and cooperate with MCM in DNA unwind-
ing, thereby directly contributing to the initiation of DNA
replication (47). Like cellular chromosomes, KSHV episomes
are histone-associated and organized into chromatin domains
(46), which require remodeling and reorganization in order to
allow access for proteins involved in replication, suggesting
that FACT plays a similar role in KSHV as in cellular DNA
replication.

Our findings that SSRP1 interacts with LANA independent
of DNA binding, that SSRP1 is present at the origin during
G1/S, and that its knockdown inhibits LANA-dependent plas-
mid replication all support the model that SSRP1 plays a
critical role in KSHV DNA replication. The finding that the
other functional component of FACT, Spt16, was not associ-
ated with SSRP1 at the origin raises some intriguing questions,
as FACT loosens chromatin via interactions with histones that
require both Spt16 and SSRP1 (5). Spt16 binds to the H2A-
H2B dimers and mononucleosomes, whereas SSRP1 interacts
with H3/H4 but not mononucleosomes. FACT activity in mod-

ulating cellular chromatin therefore requires Spt16. Barbera et
al. demonstrated that the N-terminal domain of LANA, which
tethers KSHV episomes to host chromatin, binds specifically to
an acidic pocket within the H2A-H2B interface (4, 33). Based
on these observations, it is tempting to speculate that LANA
recruits SSRP1 to the minimal replicator and that the con-
certed binding of LANA to H2A-H2B replaces the require-
ment for the Spt16 FACT component; thus, LANA and SSRP1
would function as a KSHV replicon-specific chromatin remod-
eling factor. In this regard, it was previously demonstrated that
a subset of promoters can be activated by SSRP1 independent
of Spt16, suggesting the existence of SSRP1 complexes con-
taining other binding partners (23). Substantiating such a
model will require additional experiments, which are currently
ongoing, to probe whether Spt16 is involved in LANA-depen-
dent DNA replication.

A still-open question is how the activity of the KSHV ori is
regulated within the context of an episome harboring 20 to 40
copies of TRs, each containing a potential origin. TR se-
quences are bound by LANA in latently infected cells, giving
rise to the nuclear speckled patterns observed by immunoflu-
orescence assays (2). Based on the strong interaction between
LANA and SSRP1, many of these sites will likely also associate
with SSRP1, specifically during G1/S. Assuming that the initi-
ation of DNA replication on several sites within close proxim-
ity would be deleterious, this early step of SSRP1-dependent
chromatin loosening may convert the entire TR region ame-
nable to replication licensing. The initiation of DNA replica-
tion at different TRs may create a replication zone as demon-
strated for EBV (29) and recently proposed for KSHV (50).
The signal which specifies a firing TR ori will likely be an
epigenetic modification such as the hyperacetylated nucleo-
some adjacent to LBS1/2 as demonstrated by Stedman et al.
(46). Ongoing work will concentrate on the question of how
LANA, SSRP1, and other potentially unknown players con-
tribute to the licensing process. In addition to being involved in
nucleosome disassembly, FACT complexes also play a role in
histone reassembly during transcriptional elongation. Hence,
the enrichment of FACT complexes on TR sequences may aid
in the efficient unwinding of DNA through the very stable
GC-rich TR sequences of rhadinoviruses and possibly in re-
storing nucleosomal structure after initiation. The fact that
SSRP1, a component of the FACT complex, interacts with
LANA and contributes to LANA-dependent DNA replication
further underlines that 	-herpesvirus origins provide attractive
model systems to study eukaryotic DNA replication.
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