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Cellular topoisomerases and helicases are thought to play an essential role in herpesvirus replication and
gene expression and are considered to be potential targets for antiviral therapies. Topoisomerase I (Topo I)
and Topo II inhibitors can selectively inhibit Epstein-Barr virus (EBV) lytic cycle DNA replication. We found
that the Topo I inhibitor camptothecin and, to a lesser extent, the Topo II inhibitor etoposide are potent
inhibitors of the transcription and replication function of the EBV-encoded immediate-early protein Zta (also
referred to as ZEBRA, EB1, and BZLF1). Camptothecin inhibited the Zta transcription activation of endog-
enous and reporter-linked viral promoters. Small interfering RNA depletion of Topo I also inhibited the
Zta-dependent activation of lytic cycle DNA replication. Topo I could be coimmunoprecipitated with Zta, but
this interaction was restricted to EBV-positive cells, suggesting that other viral proteins stabilize the interac-
tion between Zta and Topo I. We also found that the RecQL1 helicase, which is known to associate with
Kaposi’s sarcoma-associated herpesvirus (KSHV) OriLyt, interacts with EBV OriLyt. Treatment with camp-
tothecin reduced both Zta and RecQL1 binding to OriLyt in vivo, suggesting that Topo I promotes replication
protein assembly at OriLyt.

Epstein-Barr virus (EBV) is a human gammaherpesvirus
that has been linked to various lymphoid and epithelial cell
malignancies (reviewed in references 14 and 21). Although
EBV exists predominantly as a multicopy episome in latently
infected B lymphocytes, the productive infection of EBV is
necessary for the propagation of infectious virus particles and
the reinfection of new cells and hosts. Spontaneous lytic reac-
tivation occurs during B-cell terminal differentiation into
plasma cells but may also be triggered by other stress-related
signaling pathways (reviewed in reference 1). Nearly 100 viral
genes are expressed during the lytic cycle, and some of the lytic
gene products may contribute to pathogenesis and early
growth-transforming events. Lytic infection is directly linked to
oral hairy leukoplakia in immunosuppressed individuals (9, 16)
and to an increased risk of EBV-associated nasopharyngeal
carcinoma (6). Moreover, viruses lacking the lytic activator Zta
were compromised for tumor formation in mouse models (11,
12). For these reasons, inhibitors of lytic infection may be of
therapeutic value for the prevention and treatment of EBV-
associated disease.

The lytic cycle of EBV can be initiated by the expression
of the immediate-early protein Zta (also referred to as
BZLF1, ZEBRA, and EB1) (4, 5). Zta is a sequence-specific
DNA binding protein with sequence similarity to the cellular
b-zip proteins C/EBP, c-jun, and c-fos (15). Zta can interact
with a variety of host cell factors including C/EBP, p53, and
mitochondrial single-stranded DNA binding protein (26–28,
30). Zta is required for the transcription activation of nu-
merous viral and cellular genes. Zta also binds to the origin

of lytic replication (OriLyt) (2, 18) and nucleates a viral
replisome (8, 17). Although Zta shares no obvious homology
to the origin binding proteins of alpha- and betaherpesvi-
ruses, the components of the viral replisome that Zta re-
cruits to OriLyt are largely conserved among the various
herpesvirus families (7). This raises the question of how Zta
functions as a viral origin binding protein and whether it
recruits host cell factors that are necessary for the initiation
of EBV lytic cycle replication.

Topoisomerases and helicases play essential roles in cellular
and viral chromosome metabolism including DNA replication,
recombination, and transcription (3, 22, 24). Previous studies
have found that the topoisomerase I (Topo I) inhibitor camp-
tothecin and the Topo II inhibitor ellipticine can inhibit EBV
replication at concentrations that were not toxic to the host cell
(13). Additionally, Topo I has been shown to play a direct role
in the recombination-dependent DNA replication of herpes
simplex virus (HSV), and the Topo II inhibitor ICRF-193 can
inhibit HSV replication (10, 19). A more recent study has
implicated Topo I and Topo II, as well as the helicase RecQL1,
in OriLyt function for Kaposi’s sarcoma-associated herpesvirus
(KSHV) (25). The precise role of Topo I or Topo II in EBV
lytic replication is not known but may be important for the
future development of lytic cycle inhibitors. Topo I changes the
DNA topology and linking number by introducing a transient
single-strand break, while Topo II functions in the decatena-
tion of tangled DNA strands by transient double-strand breaks
(3, 24). Topo I and Topo II inhibitors have been used in cancer
chemotherapy regimens but have not been fully explored as
antiviral compounds (20). In this work, we investigate the role
of Topo I and Topo II and their potential function in facilitat-
ing the assembly of other replication factors, like the RecQL1
helicase, during EBV lytic replication and reactivation from
latency.
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MATERIALS AND METHODS

Cells and plasmids. ZKO-293 cells (a gift from H. J. Delecluse) are 293 cells
transformed with a hygromycin-resistant EBV bacmid with a deletion of the
BZLF1 gene and were grown in RPMI medium with 10% fetal bovine serum
(FBS) and 100 �g/ml hygromycin. D98/HR1 cells (a gift from R. Glaser, Ohio
State University) are an EBV-positive adherent cell line generated by the fusion
of the P3HR1 Burkitt lymphoma line and HeLa cells and were grown in Dul-
becco’s modified Eagle medium with 10% FBS. 293 cells were grown in Dulbec-
co’s modified Eagle medium with 10% FBS. p3xFLAG-Zta and p3xFLAG-Rta
were generated by inserting Zta or Rta cDNA, respectively, as a HindIII-BamHI
fragment into a p3xFLAG-myc-CMV24 vector (Sigma) for mammalian cell ex-
pression. Mp-Luc consists of the EBV BMRF1 promoter at positions �460 to
�60, Hp-Luc consists of the EBV BHLF1 promoter at positions �400 to �30,
and Zp-Luc consists of the EBV BZLF1 promoter at positions �220 to �12,
cloned as NheI-HindIII fragments into pGL3-Basic. The topoisomerase inhibi-
tors etoposide and camptothecin were purchased from Sigma. Topotecan and
irinotecan were purchased from LKT Laboratories (St. Paul, MN). The pan-
caspase inhibitor Z-Val-Ala-Asp (OMe)-fluoromethylketone was purchased
from Calbiochem.

Antibodies. Anti-RecQL1 polyclonal antibody (provided by Perry Blackshear,
NIEHS), anti-Topo I monoclonal antibody A (Santa Cruz Biotechnology), anti-
Topo I monoclonal antibody B (provided by Daniel Simmons, University of
Delaware), anti-Topo II� polyclonal antibody (provided by Gary Gorbsky, Okla-
homa Medical Research Foundation), anti-Muts homologue 2 (MSH2) mono-
clonal antibody (BD Biosciences), anti-Zta polyclonal antibody, anti-EA-D
monoclonal antibody (Advanced Biotechnologies), and anti-Rta monoclonal an-
tibody (Argene) were used.

Western blotting. ZKO-293cells were transfected with plasmid p3xFLAG-Zta
or control vector p3xFLAG using Lipofectamine 2000 reagent (Invitrogen) ac-
cording to the manufacturer’s protocol. The cells were treated with various
concentrations (as indicated in each figure legend) of camptothecin or etoposide
(Sigma) at 6 h posttransfection. Cells were harvested 48 h posttransfection and
lysed in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) loading buffer by boiling for 10 min. Equal amounts of proteins in
sample buffer were loaded onto SDS-PAGE gels and separated by gel electro-
phoresis. The gels were then transferred onto a nitrocellulose membrane and
probed with anti-Zta, anti-EA-D, anti-Rta, and anti-Topo I antibodies. Signals
were visualized by enhanced chemiluminescence (Amersham).

Transfections and reporter assays. 293 cells were transfected with Hp-lucif-
erase plasmid or Mp-luciferase plasmid plus plasmid p3xFLAG-Zta or control
vector p3xFLAG. The cells were treated with camptothecin or etoposide 6 h
posttransfection. Transcription activation assays were performed by using the
luciferase assay system (Promega). The results of luciferase assays were based on
experiments performed in triplicate transfections. Expression levels of Zta were
monitored by Western blot analysis.

siRNA and shRNA depletion. A Topo I small interfering RNA (siRNA)
mixture and control siRNA were purchased from Santa Cruz Biotechnology.
siRNAs were transfected using Dharmacon transfection reagent as recom-
mended by the manufacturer. The Mission short hairpin RNA (shRNA) gene set
against RecQL (RecQ protein-like or DNA helicase Q1-like) was purchased
from Sigma-Aldrich (GenBank accession number NM_002907.2).

A control vector (a nontargeting shRNA that activates the RNA interference
pathway without targeting any known human gene, SHC002) was also purchased
(Sigma-Aldrich). The best two RecQL1-targeting shRNA vectors and control
vector were converted to lentivirus using packaging vectors (pHR�8.2�R and
pCMV-VSV-G). MutuI cells were then transduced with shRNA encoding len-
tivirus in the presence of polybrene (4 mg/ml). Transduced cells were selected
with puromycin (2 �g/ml) for a week. The efficacies of these shRNAs in the
knockdown of the respective proteins were assayed by Western blotting with
specific antibodies. MutuI cells stably expressing RecQL1/control shRNAs were
treated with tetradecanoyl phorbol acetate (TPA) (40 ng/ml) and sodium bu-
tyrate (NaB) (3 mM) to induce EBV lytic replication. Two days postinduction,
total DNA was assayed by real-time PCR to measure lytic replication.

Coimmunoprecipitations. D98 cells were transfected with Zta plasmid or
treated with TPA and NaB (Sigma). Approximately 48 h posttransfection, cells
were washed with phosphate-buffered saline, lysed with NET buffer (20 mM Tris
[pH 8.0], 100 mM NaCl, 0.1% NP-40, 1 mM EDTA) with cocktail protease
inhibitors, placed on ice for 30 min, and sonicated for 5 s. After centrifugation at
10,000 � g for 10 min, the cell extract was preblocked with protein G beads
(Dynal Biotech, Oslo, Norway) for 1 h at 4°C. Immunoprecipitation was per-
formed by the addition of 2 �l of rabbit anti-Zta antibody or normal rabbit
immunoglobulin G (IgG) to the cell lysates with agitation at 4°C overnight.

Protein G beads were then added, and the mixtures were incubated at 4°C for
3 h. The beads were washed five times with immunoprecipitation buffer. Bound
proteins were released by heating samples at 100°C for 5 min in SDS-PAGE
sample buffer.

ChIP assay and quantitative real-time PCR. Cells were cross-linked with 1%
formaldehyde and lysed in a buffer containing 1% SDS, 10 mM EDTA, and 50
mM Tris-Cl (pH 8.0). Chromatin was sonicated to �600 bp and diluted with
immunoprecipitation dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 20 mM Tris [pH 8.0], 167 mM NaCl) to a concentration of 1 � 106

cells/ml. Antibodies were added to 1 � 106 cell equivalents (1 ml of lysate). Input
(total) DNA was obtained from samples not incubated with antibody. Chromatin
immunoprecipitation (ChIP) DNA was analyzed by real-time PCR using an AB
7000 apparatus (Applied Biosystems). All values were normalized to the
respective input controls and IgG corresponding to each sample. Real-time
primers were designed using Primer Express (Applied Biosystems) to amplify
OriLyt (forward primer TCGCCTTCTTTTATCCTCTTTTTG and reverse
primer CCCAACGGGCTAAAATGACA) and actin (forward primer AACC
CAGCCACACCACAAAG and reverse primer CACTGACTTGAGACCAG
TTGAATAAAA).

RESULTS

Camptothecin inhibits Zta-dependent replication and lytic
cycle gene activation. To explore the role of topoisomerase in
EBV lytic replication, we first assayed the effect of topoisom-
erase inhibitors on Zta-dependent lytic replication and the
reactivation of viral gene expression using stable cell lines
containing EBV bacmids lacking the Zta gene (ZKO-293 cells)
(Fig. 1). The transfection of Zta into ZKO-293 cells produced
a �14-fold increase in viral genome copy numbers within 24 h
posttransfection (Fig. 1A and C). We compared different doses
of camptothecin, an inhibitor of Topo I (Fig. 1A and B), or
etoposide, an inhibitor of Topo II (Fig. 1C and D), on Zta-
dependent DNA amplification (Fig. 1A and C) or gene acti-
vation (Fig. 1B and D). We found that 2 �M camptothecin
caused approximately a sevenfold reduction in viral DNA am-
plification (Fig. 1A), while a similar concentration of etoposide
caused only approximately a twofold reduction (Fig. 1C).
Camptothecin and etoposide had no effect on Zta levels ex-
pressed from the exogenous cytomegalovirus (CMV) promoter-
driven plasmid (Fig. 1B and D). Camptothecin also inhibited Zta
transcriptional activation of EA-D and Rta at concentrations as
low as 0.1 �M (Fig. 1B), while etoposide showed no significant
reduction of Zta-mediated viral gene activation (Fig. 1D). The
effects of camptothecin on viral lytic replication were also exam-
ined more directly by Southern blot analysis of EBV DNA (Fig.
1E). EBV-positive D98/HR1 cells were treated with phorbol ester
TPA (40 ng/ml) and NaB (3 mM) to induce lytic cycle replication.
Cells were then treated (3 h postinduction) with 1 �M campto-
thecin or 10 �M etoposide or mock treated and assayed for viral
DNA 24 h postinduction. We found that both camptothecin and
etoposide reduced the amplification of OriLyt DNA, consistent
with the findings from the real-time PCR analysis (Fig. 1A).
Interestingly, we also found that both etoposide and especially
camptothecin caused the formation of smaller, aberrant DNA
products that were likely the result of abortive or incomplete viral
DNA replication.

The effects of camptothecin on viral gene expression were
further investigated by ChIP assays of endogenous viral pro-
moters (Fig. 2A and B). Zta is known to bind directly to the
BHRF1 (Hp), BMRF1 (Mp), and BRLF1 (Rp) promoters. We
therefore tested whether the addition of camptothecin during
the viral reactivation process inhibited Zta binding to these
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promoters (Fig. 2A). We found that 1 �M camptothecin par-
tially inhibited Zta binding at Rp (�28% of mock) but had a
more modest effect at Hp (�64% of mock) or Mp (�72% of
mock). We also tested whether Topo I bound directly to these
viral promoters and whether camptothecin affected this bind-
ing (Fig. 2B). ChIP assays with Topo I antibody revealed that
Topo I bound to the Zta-responsive promoters. Topo I was
most enriched at Rp relative to Hp and Mp. The addition of 1
mM camptothecin caused a complete loss of Topo I binding to
these promoters. This suggests that camptothecin inhibits the
localization of Topo I with Zta at viral promoters. We further
examined the effects of camptothecin on Zta-mediated tran-
scription using luciferase reporter assays (Fig. 2C and D). We
found that camptothecin partially inhibited the Zta transcrip-
tional activation of Hp (threefold) and Mp (about fivefold) at
1 �M. A similar inhibitory activity was observed for the BZLF1
promoter (Zp) and the BRLF1 promoter (Rp) (data not
shown). Zta protein expression levels were not affected by this
concentration of camptothecin, indicating that camptothecin is
not inhibiting the Zta expression vector (Fig. 2E and F). These
results suggest that camptothecin inhibits Zta transcription
activation function but that some promoters may be more
sensitive to the Topo I inhibitor and also that transfected
plasmids may not be as sensitive as the endogenous gene pro-
moters (compare Fig. 1B and 2).

Topo I is required for lytic cycle replication. Although
camptothecin is a highly specific Topo I inhibitor, we tested
whether the siRNA depletion of Topo I had an effect on lytic

replication and transcription similar to that observed with
pharmacological inhibition. Topo I was depleted with an
siRNA mixture (Santa Cruz Biotechnology) and compared to
a control siRNA with no predicted cellular targets (Fig. 3).
Western blotting confirmed that Topo I protein levels were
reduced by Topo I-specific siRNA and not by control siRNA
(Fig. 3A). We assayed for Zta-dependent viral DNA replica-
tion using ZKO-293 cells (Fig. 3B). Zta stimulated EBV DNA
amplification by �50-fold in these experiments. In cells that
were cotransfected with siRNA targeting Topo I, viral DNA
amplification was correspondingly reduced two- to fivefold. In
contrast, no inhibition of viral DNA replication was observed
in cells cotransfected with siRNA targeting the control. siRNA
depletion of Topo I also inhibited the transcription activation
function (Fig. 3C). The depletion of Topo I caused a �50%
reduction in transcription activation function, while control
siRNA had a �9% reduction. These findings indicate that the
Topo I protein contributes to the Zta-dependent activation of
EBV lytic replication and transcription.

Topo I associates with Zta and OriLyt DNA. Zta is known to
interact with numerous cellular factors including several tran-
scription coactivator complexes that might include Topo I. To
test whether Topo I associates with Zta, we assayed Zta im-
munoprecipitates from either latently infected cells that were
induced to express endogenous Zta using phorbol ester TPA
combined with NaB or the same cells transfected with FLAG-
Zta (Fig. 4). In untreated D98/HR1 cells, Topo I was not
detected in the immunoprecipitates with Zta antibody or con-

FIG. 1. Camptothecin inhibits replication and reactivation of gene expression by Zta. (A) EBV DNA copy numbers were assayed by real-time
PCR analysis of OriLyt relative to cellular actin. ZKO-293 cells were transfected with Zta (�) or with control vector (�) and then treated with
either 0, 0.1, 0.25, 0.5, 1.0, or 2.0 �M camptothecin (CTN). (B) The same ZKO-293 cells treated as described above (A) were assayed by Western
blotting with antibodies for Zta, EA-D, and Rta. (C) ZKO-293 cells were transfected as described above (A) and then treated with either 0, 0.5,
12.5, 25, 50, or 100 �g/ml of etoposide (ETO), as indicated. (D) ZKO-293 cells treated in C were assayed by Western blotting for Zta, EA-D, and
Rta expression. (E) Southern blot analysis of EBV DNA in D98/HR1 cells induced with TPA and NaB and then treated with either mock
treatment, 1 �M camptothecin, or 50 �g/ml etoposide at 3 h postinduction. DNA was isolated at 24 h postinduction. DNA was restricted with
BamHI and visualized by hybridization with a probe to OriLyt. Arrows indicate incomplete products of incomplete viral DNA synthesis.
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trol antibody (IgG). In contrast, Topo I was detected in the
immunoprecipitates from Zta antibody (Fig. 4A, lane 6) but
not control IgG in TPA- and NaB-treated cells (Fig. 4A, lane
5). Similarly, Topo I was detected in FLAG immunoprecipi-
tates (Fig. 4A, lane 9) but not in control IgG immunoprecipi-
tates (Fig. 4A, lane 8) in cells that were transfected with
FLAG-Zta. These experiments indicate that endogenous Zta,
as well as ectopically expressed Zta, can form a stable complex
with Topo I.

To determine whether other viral proteins were required for
the interaction of Topo I with Zta, we compared the abilities of
Zta to coimmunoprecipitate with Topo I in cells with and
without EBV genomes (Fig. 4B and C, respectively). EBV-
positive ZKO-293 cells (Fig. 4B) or EBV-negative 293 cells
(Fig. 4C) were transfected with vector or FLAG-Zta and then
assayed by anti-Zta immunoprecipitation and anti-Topo I im-
munoblotting. We found that Topo I was readily detected in
Zta immunoprecipitates from Zta-transfected ZKO-293 cells
(Fig. 4B). However, Topo I was not readily detected in Zta
immunoprecipitates from EBV-negative 293 cells (Fig. 4C).
This suggests that the Zta interaction with Topo I may depend
on other viral proteins induced during lytic replication.

Zta is known to recruit multiple viral and cellular factors to

OriLyt during lytic cycle reactivation and replication. To test
whether Topo I associates with OriLyt DNA during reactiva-
tion, we used a ChIP assay of D98/HR1 cells that were induced
for lytic replication with TPA and NaB treatment (Fig. 4D).
We found that Topo I was highly enriched (20- to 50-fold
relative to control IgG) at OriLyt DNA using two different
antibodies [TopI(a) and TopI(b) antibodies]. Antibodies to
Topo II or the mismatch repair protein MSH2 showed no
significant enrichment relative to control IgG at OriLyt. Pre-
vious studies and data not shown demonstrated that Zta is
highly enriched at this region of OriLyt (�200- to 500-fold
relative to the IgG control). These findings indicate that Topo
I can physically associate with Zta and OriLyt DNA during the
lytic activation of EBV.

Multiple Topo I inhibitors block Zta transcription activa-
tion and DNA replication function. To further validate the role
of Topo I in mediating Zta function during lytic reactivation
and DNA replication, we compared the abilities of two other
Topo II inhibitors, irinotecan and topotecan, to function sim-
ilarly to camptothecin (Fig. 5). While irinotecan and topotecan
are derivatives of camptothecin, they are thought to have al-
tered target specificities and may interfere with different steps
of the topoisomerase cleavage-ligation reaction (20). We

FIG. 2. Camptothecin inhibits Zta-dependent transcription activation. (A) ZKO-293 cells were transfected with Zta and then treated with
1 �M camptothecin or mock treated. Zta binding to the viral promoters Hp, Rp, and Mp was assayed by ChIP with antibody to Zta (	Zta)
or with control IgG. ChIP DNA was quantified by real-time PCR and presented as change over IgG. (B) Same as in A except that ChIP assays
were performed with antibody to Topo I. (C) 293 cells were transfected with Hp-Luc with either Zta expression vector (�) or control vector
(�). Cells were then treated with 0, 0.25, or 1.0 �M camptothecin (CTN), as indicated. Luciferase assays were performed at 48 h
posttransfection. (D) Same as in C except for the Mp-Luc reporter. (E and F) Western blot control for Zta expression levels for luciferase
assays shown in C and D, respectively.
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found that irinotecan and topotecan, like camptothecin, inhib-
ited the Zta transcriptional activation of EA-D and Rta after
transient transfection of ZKO-293 cells (Fig. 5A). Similarly,
irinotecan and topotecan inhibited EBV lytic cycle DNA rep-

lication comparably to camptothecin (Fig. 5B). To test whether
any of these Topo I inhibitors may be blocking the inherent
DNA binding ability of Zta, we isolated Zta from transfected
cells using FLAG affinity purification of FLAG-tagged Zta.
None of these Topo I inhibitors interfered with the DNA

FIG. 3. Depletion of Topo I inhibits Zta-mediated lytic replication.
(A) ZKO-293 cells were transfected with siRNA targeting Topo I
(siTopo I) or control siRNA at 100 or 200 pmol per transfection. Topo
I expression levels were assayed by Western blotting. (B) ZKO-293
cells transfected as described above (A) were assayed for EBV genome
copy numbers using real-time PCR analysis of EBV OriLyt DNA
relative to cellular actin DNA. (C) 293 cells were transfected with
Hp-Luc and either Zta expression vector (�) or control vector (�).
Cells were then transfected with siRNA targeting Topo I (siTopo I) or
control siRNA (siControl) as indicated. Luciferase assays were quan-
tified as the mean values for three independent transfections and
errors for standard deviations from the means. RLU, relative light
units.

FIG. 4. Topo I coimmunoprecipitates with Zta and colocalizes with
OriLyt. (A) EBV-positive D98/HR1 cells were untreated (lanes 1 to 3),
treated with TPA (40 ng/ml) and NaB (3 mM) to induce Zta and lytic
replication (lanes 4 to 6), or transfected with FLAG-Zta expression
vector (lanes 7 to 9). Cells were then assayed at 48 h posttreatment by
immunoprecipitation with antibodies specific for Zta (	Zta) (lanes 3
and 6), FLAG (lane 9), or control antibody (IgG) (lanes 2, 4, and 8).
Input lanes represent 10% of the starting lysate for each immunopre-
cipitation. Immunoprecipitates were assayed by Western blotting with
Topo I-specific antisera. (B) Western blotting of immunoprecipitates
from EBV-positive ZKO-293 cells after transfection with CMV-FLAG
vector or CMV-FLAG-Zta expression plasmids. Input (5%), IgG, and
anti-Zta immunoprecipitates are indicated for each set of transfec-
tions. Western blots were probed with anti-Topo I-specific antibody
and visualized by chemiluminescence.(C) Same as B except that
EBV-negative 293 cells were used for transfection. (D) D98/HR1
cells treated with TPA and NaB as described above (A) were as-
sayed by ChIP with two different antibodies (a or b) to Topo I,
antibodies to Topo II or MSH2, or control IgG, as indicated. ChIP
DNA was quantified for EBV OriLyt DNA as a percentage of the
total input DNA.
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binding activity of Zta proteins by electrophoretic mobility
shift assay (Fig. 5C). However, all of the Topo I inhibitors
reduced Zta binding to OriLyt in ChIP assays (Fig. 5D). Camp-
tothecin inhibited Zta binding to OriLyt to �60%, while iri-
notecan and topotecan reduced Zta binding to �30% of un-
treated samples. These results indicate that Topo I inhibition
alters Zta binding to OriLyt in vivo but has no effect on the
inherent Zta DNA binding properties after purification from
cell extracts.

Camptothecin inhibits replication complex assembly at Ori-
Lyt. Camptothecin was next tested for its ability to interfere
with steps subsequent to Zta binding to OriLyt DNA. Consis-
tent with data described above (Fig. 5D), 1 �M camptothecin
inhibited DNA replication by �85% but only modestly re-
duced Zta-OriLyt binding to �31% of that of mock-treated
cells (Fig. 5B and 6A). Camptothecin had a similar modest
effect of a �44% reduction in Topo I binding to OriLyt (Fig.
6B). To determine if other replication factors might be affected
by camptothecin treatment, we utilized information recently
obtained for proteins that assemble at the related KSHV lytic
origin (25). In that study, the cellular helicase RecQL1 was
found to associate physically and functionally with KSHV Ori-
Lyt. To determine if RecQL1 was also involved in Zta-depen-

dent lytic replication, we first tested whether RecQL1 associ-
ated with Zta (Fig. 6B). We found that RecQL1 was highly
enriched in immunoaffinity-purified FLAG-Zta but not in the
control immunopurifications of transfected ZKO-293 cells
(Fig. 6C). We next use ChIP assays to confirm that RecQL1
associated in vivo with EBV OriLyt during viral reactivation
using the ChIP assay (Fig. 6D). RecQL1 was enriched �20-
fold relative to control IgG. This indicates that RecQL1 asso-
ciates with EBV OriLyt similarly to its association with KSHV
OriLyt. To determine if camptothecin interfered with RecQL1
binding, we assayed RecQL1 binding by ChIP assays using cells
treated with 1 �M camptothecin. We found that camptothecin
reduced RecQL1 binding to EBV OriLyt by �86% of that of
mock-treated cells (Fig. 6D). RecQL1 did not bind signifi-
cantly to control DNA regions at the cellular actin locus.

To determine if the association of RecQL1 with Zta and
OriLyt was functionally relevant for lytic replication, we gen-
erated two different shRNAs specific for RecQL1 (Fig. 7). The
shRNAs were expressed from lentivirus containing a puromy-
cin resistance gene. Control and RecQL1-specific shRNA len-
tiviruses were used to infect EBV-positive MutuI cells and
then selected for puromycin resistance for 6 days. Puromycin-
resistant pools were then treated with TPA and NaB to induce

FIG. 5. Multiple Topo I inhibitors block EBV replication. (A) Western blot analysis of Zta, EA-D, and Rta in ZKO-293 cells transfected
without (�) or with (�) Zta expression vector and then treated with 0.1, 0.3, or 0.9 �M camptothecin, irinotecan, or topotecan (as indicated).
(B) EBV DNA replication was assayed by real-time PCR with primers specific for OriLyt relative to cellular actin DNA primer amplification. Cells
were treated with mock treatment (�), camptothecin, irinotecan, or topotecan as described above (A). (C) FLAG-Zta was affinity purified from
ZKO-293 cells used in A and B and assayed for DNA binding activity by electrophoretic mobility shift assay. FLAG-Zta was assayed at 50, 150,
and 450 �g/ml as indicated by the black triangles above each lane. Free and bound DNAs are indicated. (D) ChIP assay with anti-Zta (	Zta)
relative to control IgG measured at OriLyt (black bars) and control regions in cellular actin (gray bars). ChIP assays were performed with ZKO-293
cells transfected with Zta and then treated as described above (A) with 1 �M camptothecin, irinotecan, or topotecan, as indicated.
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lytic reactivation and assayed by Western blotting with anti-
bodies to RecQL1, Rta, EA-D, Zta, and the cellular loading
control PCNA (Fig. 7A). The RecQL1 expression level was
significantly reduced by the two shRNAs relative to those of viral
lytic proteins and cellular PCNA. The depletion of RecQL1 did
not cause a significant reduction in the level of expression of the
Rta or Zta protein. However, EA-D levels were notably reduced
by RecQL1 depletion. Similarly, lytic replication was notably re-
duced by RecQL1 depletion (Fig. 7B). RecQL1 shRNA reduced
lytic replication by �49% and �67% as measured by real-time
PCR analysis of EBV DNA relative to cellular DNA. Taken
together, these findings suggest that RecQL1 associates with Zta
at OriLyt and contributes to lytic replication. Moreover, Topo I
activity is required for the efficient recruitment of RecQL1 to
OriLyt.

DISCUSSION

In this study, we investigated the mechanism through which
topoisomerase inhibitors block EBV lytic cycle replication. We
found that inhibitors for Topo I (e.g., camptothecin, topotecan,

and irinotecan) and Topo II (e.g., etoposide) reduce viral lytic
replication. Topo I inhibitors were more effective at reducing
replication and lytic gene activation. Camptothecin efficiently
blocked the Zta-dependent reactivation of viral transcription
and DNA replication (Fig. 1). Furthermore, Topo I bound
directly to Zta-responsive promoters and to OriLyt, as mea-
sured by ChIP assays (Fig. 2B, 4D, and 6B). Topo I siRNA
depletion had an effect on viral replication and gene expression
similar to that of pharmacological inhibitors (Fig. 3). The in-
hibition of Topo I reduced Zta binding to OriLyt and nearly
eliminated the assembly of the cellular RecQL1 protein at
OriLyt (Fig. 6D). Based on these findings, we conclude that
Topo I plays a direct role in the transcription activation and
DNA replication functions of Zta.

The inhibition of Topo I by camptothecin is likely to have
broad effects on multiple viral and cellular processes. There-
fore, it is likely that camptothecin may also block other essen-
tial steps in the viral reactivation pathway besides Zta-depen-
dent transcription and replication activation. It is well known
that viral reactivation also depends on the function of the other
viral transcription factor, Rta. We also found that Topo I

FIG. 6. Camptothecin inhibits Zta assembly of replisome at OriLyt. (A) ZKO-293 cells were transfected with Zta expression vector, followed
by treatment with 1 �M camptothecin (CTN) (�) or vehicle control (�). Cells were then assayed by ChIP for Zta binding to viral OriLyt or to
the cellular actin locus. (B) ZKO-293 cells transfected with Zta and then treated with (�) or without (�) camptothecin were assayed by ChIP with
antibodies to Topo I (	TopoI) or control IgG. ChIP DNA was assayed at EBV OriLyt (left bars) or the control region in cellular actin (right bars).
(C) ZKO-293 cells were transfected with FLAG-Zta or control FLAG expression vector and then subjected to FLAG immunopurification (IP).
FLAG affinity-purified proteins were assayed by Western blotting (immunoblotting [IB]) for the cellular RecQL1 protein (left) or by colloidal blue
staining of the affinity-purified proteins (right). FLAG-Zta is indicated by the arrow. (D) A ChIP assay was used to monitor RecQL1 binding to
OriLyt in vivo in ZKO-293 cells transfected with FLAG-Zta followed by the addition of camptothecin (�) or vehicle control (�). ChIP DNA was
assayed at the EBV OriLyt or cellular actin locus and quantified as change over control IgG.
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inhibitors are potent blockers of Rta transcription in transient
reporter assays (data not shown). Thus, it remains possible that
the inhibition of Rta transactivation is an important compo-
nent of the inhibition of viral reactivation by Topo I inhibitors.

While Topo I is likely to affect multiple steps in the reacti-
vation process, our data suggest that Topo I plays a direct role
at OriLyt. We found that Topo I bound with Zta at OriLyt in
ChIP assays (Fig. 4D) and formed a stable complex in lytic
reactivated cells by coimmunoprecipitation (Fig. 4A and B).
Interestingly, Zta did not form a stable complex with Topo I in
EBV-negative 293 cells (Fig. 4C), suggesting that other factors
cooperate to form a stable complex during lytic reactivation.
We did not test whether Rta can form a stable complex with
Topo I in EBV-negative cells, but it will be important to de-
termine if Rta or other viral replication factors mediate the
recruitment of Topo I to OriLyt through more direct binding

to Topo I. The functional requirement for Topo I at OriLyt
was demonstrated by several criteria. Multiple pharmacologi-
cal inhibitors of Topo I blocked lytic replication (Fig. 5). Ad-
ditionally, siRNA depletion of Topo I also blocked lytic repli-
cation (Fig. 3). Topo I inhibition also blocked the recruitment
of the cellular helicase RecQL1 to OriLyt (Fig. 6). RecQL1
had been implicated at KSHV OriLyt, and we now show that
this factor also binds EBV OriLyt and is required for optimal
replication activity, as measured by the effects of the shRNA
depletion of RecQL1 (Fig. 7). Based on these observations, we
propose that Topo I is required for the recruitment of essential
factors, like RecQL1, to OriLyt during lytic reactivation.

Topoisomerases have been implicated in herpesvirus lytic
and latent cycle replication. Topo I was required for the
biochemical reconstitution of HSV replication intermedi-
ates using highly purified viral replication proteins, where it
is required for the relaxation of topologically constrained
templates (19). Topo I is required for relieving torsional strain
during transcription and replication (3, 20). The release of
torsional strain may also be necessary to facilitate strand un-
winding during the early stages of transcription and replication
factor assembly at herpesvirus lytic origins. Topo I has been
implicated in the replication function of several other viruses,
including papillomaviruses (19) and vaccinia virus, which en-
codes its own type I topoisomerase (23). More recently, Topo
I and Topo II were implicated both physically and functionally
at KSHV OriLyt (25). Camptothecin and etoposide were also
shown to inhibit KSHV lytic replication. That KSHV study also
implicated a role for poly(ADP-ribose) polymerase 1 (PARP1)
in OriLyt function, and others previously showed that PARP1
can form a complex with Topo I (29). These findings raise the
possibility that Topo I-PARP1-associated DNA nicking and
repair may play an essential role during the initiation of gam-
maherpesvirus lytic replication.

The DNA helicase RecQL1 has been implicated in ho-
mologous recombination and in regulating chromosomal
replication (22). RecQL1 was found previously through a
proteomic analysis of KSHV OriLyt DNA binding proteins
and was shown to interact with KSHV Rta (25). We found
that RecQL1 associates with the EBV Zta protein in EBV-
positive cells, suggesting that other EBV proteins may be im-
portant for this interaction (Fig. 6C). The findings presented
here indicate that Topo I activity is required for RecQL1
recruitment to OriLyt as well as for the transcription activation
function of Zta and Rta. The common requirement for Topo I
activity by multiple herpesviruses suggests that this factor plays
a critical role in the lytic reactivation process. The availability
of different classes of Topo I inhibitors may help to dissect the
molecular mechanisms controlling lytic cycle transcription and
replication as well as provide additional antiviral strategies to
block herpesvirus infection.
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FIG. 7. RecQL1 depletion compromises EBV lytic replication.
(A) Western blotting of EBV-positive MutuI cells infected with lenti-
virus containing shRNA for control (shControl) or RecQL1-targeting
sequences, as indicated. (B) MutuI cells infected with shRNA-contain-
ing lentivirus as shown above (A) were induced by TPA and NaB for
lytic cycle replication. Viral DNA replication was measured by real-
time PCR analysis of EBV DNA relative to cellular actin.
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