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Kaposi’s sarcoma (KS) and primary effusion lymphoma (PEL) cells are predominantly infected with latent
Kaposi’s sarcoma-associated herpesvirus (KSHV), presenting a barrier to the destruction of tumor cells.
Latent KSHV can be reactivated to undergo lytic replication. Here we report that in PEL cells, oxidative stress
induced by upregulated reactive oxygen species (ROS) can lead to KSHV reactivation or cell death. ROS are
upregulated by NF-�B inhibition and are required for subsequent KSHV reactivation. Disruption of the
intracellular redox balance through depletion of the antioxidant glutathione or inhibition of the antioxidant
enzyme catalase also induces KSHV reactivation, suggesting that hydrogen peroxide induces reactivation. In
addition, p38 signaling is required for KSHV reactivation induced by ROS. Furthermore, treatment of PEL
cells with a higher concentration of the NF-�B inhibitor than that used for inducing KSHV reactivation further
upregulates ROS and induces massive cell death. ROS, but not p38 signaling, are required for PEL cell death
induced by NF-�B inhibition as well as by glutathione depletion. Importantly, anticancer drugs, such as
cisplatin and arsenic trioxide, also induce KSHV reactivation and PEL cell death in a ROS-dependent manner.
Our study thus establishes a critical role for ROS and oxidative stress in the regulation of KSHV reactivation
and PEL cell death. Disrupting the cellular redox balance may be a potential strategy for treating KSHV-
associated lymphoma.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is an on-
cogenic human DNA virus belonging to the gammaherpesvirus
family. KSHV causes Kaposi’s sarcoma (KS), primary effusion
lymphoma (PEL), and a plasmablastic subtype of multicentric
Castleman disease (MCD) (8, 13, 22). KSHV has two phases in
its life cycle, i.e., latency and lytic replication. During lytic
replication, most of the viral genes are expressed and new
virions are produced to facilitate virus propagation and trans-
mission. In contrast, only a few viral genes are expressed dur-
ing latency (20, 57), enabling KSHV to evade immune surveil-
lance and promoting virus persistence (3). KSHV persists in its
latent form in the majority of KS and PEL tumors (21, 53, 77).
Thus, latency presents a barrier to the elimination of KSHV
and the treatment of KSHV-associated tumors.

Therapeutic induction of virus reactivation provides an op-
portunity to target and eliminate KSHV-associated tumor cells
(1, 29, 70). A key prerequisite to the success of this approach
is to understand how cellular signals regulate KSHV reactiva-
tion in order for us to target specific cellular pathways to
achieve efficient virus reactivation in tumor cells. KSHV rep-
lication and transcription activator (RTA) is the key viral reg-
ulator of virus reactivation (49, 61). RTA can activate the
transcription of its target genes through direct binding to RTA-
responsive elements (RRE) (59, 60) or by using cellular co-
regulators, such as CSL/RBP-J� (44, 51), Oct-1 (55), C/EBP�
(68), and AP1 (67). KSHV also encodes negative regulators of
viral lytic gene expression. Latency-associated nuclear antigen
(LANA), which is encoded by KSHV and expressed at high

levels during latency, represses transcription of RTA and sev-
eral other lytic genes to promote latency (39, 40, 46). As lytic
products, vGPCR, K-bZIP, and K1 inhibit virus lytic replica-
tion or the expression of certain lytic genes (7, 34, 41, 45),
suggesting the possible existence of feedback regulation of
viral lytic replication. Chromatin remodeling of the RTA pro-
moter also plays a role in the regulation of KSHV reactivation
(48). Recently, several studies showed that KSHV-encoded
microRNAs (miRNAs) also regulate KSHV reactivation (2,
42, 47), further highlighting the importance of the regulation of
KSHV latency and reactivation. Several cellular factors, such
as XBP-1, Ras, Ets-1, PARP-1, hKFC, CBP, the SWI/SNF
chromatin remodeling complex, the TRAP/Mediator complex,
RBP-J�, human Notch intracellular domain, and HMGB1,
have been shown to promote KSHV reactivation and/or lytic
gene expression (11, 31, 32, 44, 71, 72, 75, 76), suggesting a
close link between many cellular processes and KSHV reacti-
vation. Other cellular factors, such as Oct-2, KAP-1, and Hey1,
were found to inhibit KSHV reactivation and/or lytic gene
expression (12, 19, 25). However, the regulation of KSHV
reactivation by cellular signals is still not fully understood.

Reactive oxygen species (ROS) are highly reactive mole-
cules generated by partial reduction of the unpaired electrons
of oxygen (23). As products of normal cellular metabolism,
ROS include superoxide (O2

�), hydrogen peroxide (H2O2),
and the hydroxyl radical (OH�). ROS originate from various
cellular enzyme systems, such as the mitochondrial electron
transport chain, the NADPH oxidase complex, xanthine oxi-
dase, lipoxygenase, cyclooxygenase, and peroxisomes (23). Low
to moderate levels of ROS exist under various physiological
conditions, with functions ranging from facilitating cellular de-
fense against infectious agents to acting as secondary messen-
gers in a number of cellular signaling systems (64, 65). In
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contrast, high concentrations of ROS can damage various cel-
lular components, including lipids, proteins, and nucleic acids,
and can cause oxidative stress (65). Excess levels of ROS can
result from the overproduction of ROS and/or deficiency in
antioxidants. Major cellular antioxidant systems include anti-
oxidant enzymes such as superoxide dismutase (SOD), gluta-
thione peroxidase (GPx), and catalase (CAT) and the major
nonenzymatic antioxidant glutathione (GSH) (64).

Nuclear factor kappa B (NF-�B) is activated by KSHV pro-
tein vFLIP, K15, and KSHV-encoded microRNA (miRNA) in
PEL cells (4, 14, 28, 42), where it functions to inhibit KSHV
reactivation and lytic gene expression (5, 33, 42, 73). In addi-
tion, NF-�B activity is essential for the survival of PEL cells in
vitro (28, 36) and in vivo (35).

Previous studies showed that NF-�B inhibits ROS genera-
tion and protects cells from ROS-mediated cell death (37, 52,
56, 62), suggesting that ROS may play a role in KSHV reacti-
vation and PEL cell death. Here we have addressed the func-
tion of ROS in KSHV reactivation and PEL cell death induced
by inhibition of NF-�B, by disruption of other cellular antiox-
idant systems, and by anticancer drugs.

MATERIALS AND METHODS

Cell lines and reagents. BC-3 and BCBL-1 cells were kindly provided by E.
Cesarman (Cornell Medical College, NY). The establishment of the BC-3-G cell
line was previously described (76). Bay 11-7082 (Bay), PD 98059 (PD), SB
203580 (SB), p38 inhibitor III, and p38 inhibitor VIII were purchased from
Calbiochem. N-Acetyl-L-cysteine, diethyl maleate, 3-amino-1,2,4-triazole (3-AT),
phorbol 12-myristate 13-acetate, sodium butyrate, and arsenic trioxide were
purchased from Sigma-Aldrich.

Flow cytometry analysis of KSHV reactivation. BC-3-G cells were treated with
chemicals or transfected with plasmids. Cells were cultured in conditioned me-
dium to promote cell survival. At different time points posttreatment or post-
transfection, cells were spun down, washed with phosphate-buffered saline
(PBS), resuspended in PBS, and analyzed by flow cytometry for enhanced green
fluorescent protein (EGFP) expression on a FACSCanto II cytometer (BD
Biosciences). Cells were also analyzed for red fluorescent protein (RFP) expres-
sion if cells were transfected with an RFP plasmid.

Flow cytometry analysis of ROS levels. BC-3 and BCBL-1 cells were loaded
with a 5 �M concentration of the ROS dye 5-(and -6)-carboxy-2,7-dichlorodihy-
drofluorescein diacetate (c-H2DCFDA) for 30 min at 37°C in Hanks’ balanced
salt solution (HBSS) containing Ca and Mg. Cells were then washed with HBSS-
Ca-Mg once to remove dye, resuspended in growth medium, pretreated with 10
mM N-acetyl cysteine (NAC) or the vehicle water for 1 h, and treated with 5 or
20 �M Bay for 2 h. Cells were washed with HBSS-Ca-Mg once, resuspended in
HBSS-Ca-Mg, and subjected to flow cytometry on a FACSCanto II cytometer
(BD Biosciences). Data were analyzed with software provided by Cytobank
(www.cytobank.org).

Western blotting. Protein samples were separated by 8% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and transferred onto polyvi-
nylidene difluoride (PVDF) membranes. The membranes were blocked with 5%
nonfat milk in PBS containing 0.1% of Tween 20, followed by incubation with a
primary antibody and then with anti-rabbit or anti-mouse immunoglobulin G
(IgG) conjugated with horseradish peroxidase (Cell Signaling Technology). Sig-
nals were detected by chemiluminescence detection (ECL Plus system; Amer-
sham Pharmacia Biotech). The �-tubulin antibody was purchased from Santa
Cruz Biotechnology. The generation of anti-RTA rabbit serum was described
previously (60).The phospho-p38 mitogen-activated protein kinase (MAPK)
(Thr180/Tyr182) antibody was purchased from Cell Signaling Technology.

Cell viability assay. Cells were seeded at a density of 5 � 104 or 1 � 105 cells
per well on 48-well plates. Cells were then treated with chemicals. At different
time points posttreatment, the numbers of live and dead cells were measured
with the trypan blue (Sigma-Aldrich) exclusion assay using a hemocytometer.
Cell viability was calculated as the percentage of live cells in the total cell
population of both live and dead cells.

Reverse transcription-quantitative PCR (RT-Q-PCR) analysis. Cells were
washed with PBS twice, followed by centrifugation. RNA was purified using the

PureLink RNA minikit (Invitrogen). First-strand cDNA was synthesized using
Superscript III polymerase (Invitrogen). Syber green PCR was performed using
probes specific for the KSHV RTA and the human GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) gene.

Measurement of virion production. Supernatants from cells treated with
chemicals were collected and cleared by centrifugation at 200 � g for 3 min
followed by another centrifugation at 3,000 � g for 5 min. Cleared supernatants
were then treated with DNase I (Invitrogen) at a concentration of 100 U/ml for
1 h. After heat inactivation of DNase I at 65°C for 30 min in the presence of 10
mM EDTA, supernatants were treated with proteinase K (Sigma-Aldrich) at
65°C for 2 h. Virion DNA was extracted with phenol-chloroform, followed by
DNA precipitation with ethanol. DNA was air dried, dissolved in 40 �l of TE
buffer, and measured by RT-Q-PCR using primers specific for the KSHV major
capsid gene.

Luciferase reporter assay. BC-3 cells were cotransfected with the RTA pro-
moter reporter plasmid and the simian virus 40 (SV40)-RL Renilla luciferase
control plasmid. Cells were treated with chemicals at 12 h posttransfection and
analyzed for luciferase activities at 48 h posttreatment. In other experiments, in
addition to luciferase reporter plasmids, BC-3 cells were also cotransfected with
the indicated short hairpin RNA (shRNA) plasmids and analyzed at 48 h post-
transfection. Luciferase activities were measured using the dual-luciferase re-
porter assay kit from Promega. Firefly luciferase activity from the RTA promoter
reporter was normalized to the Renilla luciferase activity from the SV40-RL
control plasmid. Relative fold activation compared to the control treatment or
transfection was then calculated.

Construction of shRNA plasmids. shRNA plasmids were constructed as pre-
viously described (43). Briefly, two DNA oligonucleotides containing target se-
quences were annealed and cloned into the pLKO.1-TRC vector (Addgene). The
target sequences, obtained from Sigma-Aldrich, are CGG AGA TTC AAC ACT
GCC AAT (shCat) and CAA CAA GAT GAA GAG CAC CAA (shCtrl).

RESULTS

Inhibition of NF-�B upregulates ROS. NF-�B can inhibit
the generation of reactive oxygen species (ROS) (37, 52, 56,
62). To determine whether NF-�B suppresses the generation
of ROS and prevents oxidative stress in primary effusion lym-
phoma (PEL) cells, we examined ROS levels with a fluorescent
sensor, 5-(and -6)-carboxy-2,7-dichlorodihydrofluorescein di-
acetate (C-H2DCFDA) in two types of PEL cells, BC-3 and
BCBL-1, treated with Bay 11-7082 (Bay), a specific NF-�B
inhibitor (36), in the presence or absence of pretreatment with
an antioxidant, N-acetyl cysteine (NAC). A 5 �M concentra-
tion of Bay has been shown to significantly inhibit NF-�B
activity in PEL cells (5, 36) and was used in this ROS assay.
After 2 h of treatment with 5 �M Bay, both BC-3 and BCBL-1
cells had higher levels of ROS than untreated (UT) cells (Fig.
1A). Pretreatment of BC-3 and BCBL-1 cells with NAC re-
duced the levels of ROS to levels slightly lower than those
observed in untreated cells (Fig. 1A).

ROS are required for KSHV reactivation induced by inhi-
bition of NF-�B. To examine whether ROS play a role in
KSHV reactivation induced by NF-�B inhibition, we utilized a
BC-3-derived reporter cell line BC-3-G, which expresses en-
hanced green fluorescent protein (EGFP) driven by the mini-
mal promoter of the KSHV lytic gene, polyadenylated nuclear
RNA (PAN) (76). The minimal PAN promoter responds spe-
cifically to RTA with a high sensitivity (59), enabling us to
monitor KSHV reactivation through EGFP expression, al-
though EGFP expression in BC-3-G cells likely underestimates
the percentage of cells in which KSHV is reactivated since
EGFP needs proper folding and assembly into a tetramer to be
fluorescent. Previous studies have shown that brief inhibition
of NF-�B by Bay can induce KSHV reactivation (5), whereas
prolonged NF-�B inhibition results in apoptotic cell death
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(36), suggesting that a greater degree and/or a longer duration
of NF-�B inhibition favors cell death, whereas a lesser degree
and/or a shorter duration of NF-�B inhibition favors KSHV
reactivation. During our optimization for conditions that limit
PEL cell death and promote KSHV reactivation, we found that
culturing PEL cells in conditioned medium during prolonged
treatment with Bay promoted cell survive (Fig. 1B). We there-
fore cultured PEL cells in conditioned medium when assaying
KSHV reactivation. After 48 h of treatment with 5 �M Bay in
conditioned medium, significantly higher percentages of BC-
3-G cells than of untreated cells were EGFP positive (Fig. 1C).
Pretreatment of cells with the antioxidant NAC was able to
abolish the increase of the percentage of EGFP-positive cells
induced by Bay treatment (Fig. 1C), indicating that ROS are
required for KSHV reactivation induced by NF-�B inhibition.
In contrast, NAC minimally affected KSHV reactivation in-
duced by 12-O-tetradecanoylphorbol-13-acetate (TPA) and so-
dium butyrate (NaB) (Fig. 1D), two well-known inducers of
KSHV reactivation that reactivate KSHV through different
pathways, suggesting that NAC does not affect the reactivation
assay per se and ROS are specifically required for reactivation
induced by NF-�B inhibition.

Previous studies showed that NF-�B inhibition induces
KSHV reactivation through activating the RTA promoter (5).
Therefore, we examined whether ROS are required for the

activation of the RTA promoter by NF-�B inhibition. Treat-
ment of BC-3 cells with 5 �M Bay for 48 h activated the RTA
promoter in a luciferase reporter assay and NAC abolished the
activation of the RTA promoter by Bay (Fig. 1E), indicating
that NF-�B inhibition activates the RTA promoter in a ROS-
dependent manner.

Next, we examined the expression of viral lytic protein K8 in
BC-3 and BCBL-1 cells treated with 2.5 or 5 �M Bay in the
presence or absence of NAC pretreatment. After 48 h of treat-
ment with Bay, significantly higher levels of K8 protein were
observed in both BC-3 and BCBL-1 cells than in untreated
cells (Fig. 1F). Importantly, NAC pretreatment was able to
largely prevent the increase of K8 expression induced by Bay
(Fig. 1F), suggesting that NF-�B inhibition enhances K8 ex-
pression in a ROS-dependent manner. Consistent with these
results, Bay treatment enhanced the production of viral parti-
cles in a ROS-dependent manner (Fig. 1G).

Depletion of GSH induces KSHV reactivation. NAC can
increase intracellular glutathione (GSH) levels by functioning
as a precursor of GSH (74). GSH plays a major role in cellular
defense against oxidative stress (50). Because NAC was able to
inhibit KSHV reactivation induced by NF-�B inhibition (Fig.
1), we asked whether intracellular GSH plays a role in main-
taining KSHV latency in PEL cells. Treatment of BC-3-G cells
with 0.1 or 0.2 mM diethyl maleate (DEM), which can deplete

FIG. 1. Inhibition of NF-�B induces ROS-dependent KSHV reactivation. (A) Fluorescence-activated cell sorter (FACS) analysis of
c-H2DCFDA staining, showing ROS levels in BC-3 and BCBL-1 cells untreated (UT) or treated with 5 �M Bay 11-7082 (Bay) for 2 h in the
presence or absence of 10 mM NAC added 1 h prior to Bay treatment. (B) Cell viability measured by trypan blue exclusion assay of BC-3 cells
treated with 0, 5, or 10 �M Bay for 24 h in the presence of conditioned medium or fresh medium. (C) KSHV reactivation measured by FACS
analysis of EGFP expression in BC-3-G cells untreated or treated with 5 �M Bay for 48 h in the presence or absence of 10 mM NAC added 1 h
prior to Bay treatment. (D) KSHV reactivation measured by FACS analysis of EGFP expression in BC-3-G cells untreated or treated with 5 ng/ml
of TPA or 0.2 mM NaB for 48 h in the presence or absence of 10 mM NAC added 1 h prior to Bay treatment. (E) KSHV RTA promoter activity
measured by a luciferase reporter assay in BC-3 cells treated with 5 �M Bay or its vehicle dimethyl sulfoxide (DMSO) for 48 h in the presence
or absence of 10 mM NAC added 1 h prior to Bay treatment. (F) Western blotting with anti-K8 and anti-�-tubulin antibodies of cell lysates of BC-3
and BCBL-1 cells treated with 5 �M Bay or its vehicle DMSO for 48 h in the presence or absence of 10 mM NAC added 1 h prior to Bay treatment.
(G) Relative virion production by BCBL-1 cells treated with 5 �M Bay or its vehicle DMSO for 72 h in the presence or absence of 10 mM NAC
added 1 h prior to Bay treatment. For panels A and F, data are representative of three independent experiments. For panels B, C, D, E, and G,
data are the means � standard deviations from three independent experiments.
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intracellular GSH (69), for 48 h increased the percentages of
EGFP-positive BC-3-G cells, which is indicative of enhanced
reactivation of KSHV (Fig. 2A). Importantly, pretreatment of
cells with NAC was able to inhibit reactivation induced by
DEM (Fig. 2A), suggesting that DEM induced KSHV reacti-
vation specifically through depleting intracellular GSH. We
noticed that further increasing the concentration of DEM to
0.4 mM and the duration of DEM treatment from 48 h to 72 h
caused a significant decrease of the percentage of EGFP-pos-
itive cells and a large increase in cell death (data not shown),
suggesting that severe depletion of GSH favors cell death at
the expense of KSHV reactivation.

Consistent with the ability of DEM to induce KSHV reac-
tivation, treatment of BC-3 cells with DEM for 48 h signifi-
cantly increased the mRNA levels of RTA and NAC pretreat-
ment inhibited the enhancement of RTA mRNA levels by
DEM (Fig. 2B). Furthermore, treatment of BC-3 cells with
DEM activated the RTA promoter in a luciferase reporter
assay (Fig. 2C), suggesting that depletion of GSH induces
KSHV reactivation through activating the RTA promoter. We
also observed increased protein levels of RTA and K8 in
BCBL-1 cells treated with DEM (Fig. 2D), consistent with
virus reactivation.

Inhibition of catalase induces KSHV reactivation in a ROS-
dependent manner. An important mechanism by which GSH
protects cells against oxidative stress is through functioning as
a cofactor of glutathione peroxidase (GPx) to detoxify hydro-
gen peroxide (H2O2), a major type of ROS (64). Therefore, the

reactivation of KSHV after depletion of GSH suggests that
intracellular hydrogen peroxide may be an inducer of KSHV
reactivation. Another major antioxidant enzyme that protects
cells from hydrogen peroxide is catalase. To investigate the
role of hydrogen peroxide in KSHV reactivation, we examined
the effects of catalase inhibition on KSHV reactivation. Treat-
ment of BC-3-G cells with a 10 mM or 20 mM concentration of
a catalase inhibitor, 3-amino-1,2,4-triazole (3-AT), for 48 h
increased the percentage of EGFP-positive cells (Fig. 3A).
Pretreatment of cells with NAC inhibited KSHV reactivation
induced by 3-AT (Fig. 3A), suggesting that catalase inhibi-
tion induced KSHV reactivation in a ROS-dependent man-
ner. Consistent with the ability of 3-AT to induce virus
reactivation, treatment of BC-3 cells with 10 mM 3-AT also
enhanced the production of viral particles in a ROS-depen-
dent manner (Fig. 3B).

Knockdown of catalase induces KSHV reactivation. To fur-
ther confirm the role of catalase in KSHV reactivation, we also
used shCat, a plasmid that expresses short hairpin RNA
(shRNA) targeting catalase, to examine the effects of catalase
depletion on KSHV reactivation. We transfected BC-3 cells

FIG. 2. Glutathione depletion induces ROS-dependent reactiva-
tion of KSHV. (A) KSHV reactivation measured by FACS analysis of
EGFP expression in BC-3-G cells untreated or treated with 0.05, 0.1,
or 0.2 mM DEM for 48 h in the presence or absence of 10 mM NAC
added 1 h prior to DEM treatment. (B) RT-Q-PCR analysis of RTA
transcripts in BC-3 cells untreated or treated with 0.1 mM DEM for
48 h in the presence or absence of 10 mM NAC pretreatment.
(C) KSHV RTA promoter activity measured by a luciferase reporter
assay in BC-3 cells untreated or treated with 0.1 mM DEM for 48 h in
the presence or absence of 10 mM NAC pretreatment. (D) Western
blotting with anti-RTA, anti-K8, and anti-�-tubulin antibodies of cell
lysates of BCBL-1 cells untreated or treated 0.1 mM DEM for 48 h in
the presence or absence of 10 mM NAC pretreatment. For panel D,
data are representative of three independent experiments. For panels
A to C, data are the mean � standard deviations from three indepen-
dent experiments.

FIG. 3. Inhibition or depletion of catalase induces ROS-dependent
reactivation of KSHV. (A) KSHV reactivation measured by FACS
analysis of EGFP expression in BC-3-G cells untreated or treated with
10 or 20 mM 3-AT for 48 h in the presence or absence of 10 mM NAC
pretreatment. (B) Relative virion production by BC-3 cells untreated
or treated with 10 mM 3-AT for 72 h in the presence or absence of 10
mM NAC pretreatment. (C) Western blotting with anti-catalase, anti-
K8, and anti-�-tubulin antibodies of cell lysates of BC-3 cells trans-
fected with the shRNA plasmid targeting catalase (shCat) or the con-
trol shRNA plasmid (shCtrl). Transfected cells were selected with 3
�g/ml of puromycin at 24 h posttransfection and collected for analysis
at 72 h posttransfection. (D) KSHV RTA promoter activity measured
by a luciferase reporter assay in BC-3 cells transfected with shCat or
shCtrl. Cells were untreated or treated with 10 mM NAC at 12 h
posttransfection and collected for analysis at 60 h posttransfection.
(E) KSHV reactivation measured by FACS analysis of EGFP expres-
sion in RFP-positive and RFP-negative BC-3-G cells cotransfected
with an RFP expression plasmid and shCat or shCtrl at 72 h posttrans-
fection. For panel C, data are representative of three independent
experiments. For panels A, B, D, and E, data are the means � stan-
dard deviations from three independent experiments.
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with shCat or shCtrl, a control shRNA plasmid that does not
target any cellular genes. We also cotransfected cells with
shCtrl and a plasmid that expresses RTA as a positive control
for inducing KSHV reactivation. Because of the low transfec-
tion efficiency of BC-3 cells, with fewer than 30% of cells
transfected, we selected transfected cells with puromycin since
shCtrl and shCat carry a puromycin resistance gene. Western
blotting showed that at 72 h posttransfection, shCat was able to
moderately knock down catalase and increase the protein lev-
els of K8 (Fig. 3C), suggesting that catalase knockdown can
induce KSHV reactivation. The degree of catalase knockdown
was moderate but consistent in three independent experi-
ments. We also found that enforced expression of KSHV RTA
increases the protein level of catalase in BC-3 cells (data not
shown). The upregulation of catalase by RTA expression may
be a reason why we observed only moderate levels of catalase
knockdown. In addition, transfection of BC-3 cells with shCat
activated the RTA promoter in a luciferase reporter assay (Fig.
3D), suggesting that knockdown of catalase induces KSHV
reactivation through activating the RTA promoter.

Catalase protects cells from oxidative stress through decom-
posing hydrogen peroxide into water (64), and hydrogen per-
oxide can diffuse through membranes (66). Therefore, it is
possible that hydrogen peroxide released by cells in which
catalase expression has been inhibited can diffuse to neighbor-
ing cells and induce KSHV reactivation. To investigate
whether knockdown of catalase induces KSHV reactivation in
a cell-autonomous manner, we cotransfected BC-3-G cells with
a plasmid expressing red fluorescent protein (RFP) and shCat
or shCtrl. At 72 h posttransfection, we examined the percent-
ages of EGFP-positive cells in RFP-positive and RFP-negative
cell populations. shCat transfection was able to significantly
increase the percentage of EGFP-positive cells only in the
RFP-positive cell population and not in the RFP-negative cell
population (Fig. 3E), suggesting that knockdown of catalase
induces reactivation of KSHV in a cell-autonomous manner.

p38 signaling is required for KSHV reactivation induced by
ROS. Having established a role for ROS in KSHV reactivation,
we asked what downstream signaling events mediate virus re-
activation induced by ROS. ROS can activate mitogen-acti-
vated protein kinase (MAPK) pathways (30) that have been
shown to play a role in KSHV reactivation (72, 76). Therefore,
we used chemical inhibitors of MAPK pathways to examine
whether MAPK pathways are required for KSHV reactivation
induced by ROS. SB 203580 (SB), a specific inhibitor of p38
MAPK, inhibited KSHV reactivation in BC-3-G cells treated
with Bay, whereas PD 98059 (PD), a specific inhibitor of
MEK1/2, did not (Fig. 4A), suggesting that p38 signaling is
required for KSHV reactivation induced by Bay.

We next asked whether NF-�B inhibition can activate p38.
Treatment of BC-3 and BCBL-1 cells with 5 �M Bay signifi-
cantly activated p38 at 2 and 8 h posttreatment, as shown by
increased activating phosphorylation of p38 at these time
points (Fig. 4B). Importantly, pretreatment of cells with NAC
inhibited the activation of p38 by Bay (Fig. 4B), suggesting that
NF-�B inhibition activates p38 in a ROS-dependent manner.

We also examined whether p38 signaling is required for
KSHV reactivation induced by GSH depletion or catalase in-
hibition. Inhibition of p38 with p38 inhibitor III (p38 I-III) or
p38 inhibitor VIII (p38 I-VIII), two highly specific inhibitors of

p38, prevented KSHV reactivation induced by either DEM or
3-AT (Fig. 4C), suggesting that KSHV reactivation induced by
GSH depletion or catalase inhibition also requires p38 signal-
ing. In addition, activation of the RTA promoter by DEM or
3-AT was also inhibited by p38 inhibition (Fig. 4D). Treatment
of KSHV-negative 293T cells with 3-AT also increased RTA
promoter activity (Fig. 4E), suggesting that ROS can activate
the RTA promoter independent of the autoactivation of the
RTA promoter by RTA itself. Furthermore, overexpression of

FIG. 4. Requirement of p38 signaling for KSHV reactivation in-
duced by ROS. (A) KSHV reactivation measured by FACS analysis of
EGFP expression in BC-3-G cells treated with 5 �M Bay or DMSO
vehicle control for 48 h in the presence or absence of pretreatment
with 20 �M MEK inhibitor PD 98059 (PD), 20 �M p38 inhibitor SB
203580 (SB), PD and SB, or DMSO vehicle control. (B) Western
blotting with anti-phospho-p38 (Thr180/Tyr182) and anti-�-tubulin an-
tibodies of cell lysates of BC-3 and BCBL-1 cells untreated or treated
with 5 �M Bay for 2 or 8 h in the presence or absence of 10 mM NAC
pretreatment. (C) KSHV reactivation measured by FACS analysis of
EGFP expression in BC-3-G cells untreated or treated with 0.1 mM
DEM or 10 mM 3-AT for 48 h in the presence or absence of pretreat-
ment with 20 �M p38 inhibitor III (p38 I-III), 40 �M p38 inhibitor
VIII (p38 I-VIII), or DMSO vehicle control. (D) KSHV RTA pro-
moter activity measured by a luciferase reporter assay in BC-3 cells
untreated or treated with 0.1 mM DEM or 10 mM 3-AT for 48 h in the
presence of 40 �M p38 I-VIII or DMSO pretreatment. (E) KSHV
RTA promoter activity measured by a luciferase reporter assay in 293T
cells untreated or treated with 20 mM 3-AT for 24 h. (F) KSHV RTA
promoter activity measured by a luciferase reporter assay in 293T cells
transfected with a MAP2K3 expression plasmid or a control plasmid.
For panel B, data are representative of two independent experiments.
For panels A, C, D, E, and F, data are the means � standard devia-
tions from three independent experiments.
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MAP2K3, which can activate p38 (18), activated the RTA
promoter (Fig. 4F), suggesting that p38 activation is sufficient
for RTA promoter activation. Thus, p38 signaling mediates
KSHV reactivation induced by ROS through facilitating the
activation of the RTA promoter.

ROS are required for PEL cell death induced by NF-�B
inhibition and GSH depletion. ROS are known to play impor-
tant roles in cell death (23, 63). Previous studies showed that
inhibition of NF-�B induces apoptosis in PEL cells (28, 36).
NF-�B inhibition can induce ROS-dependent death of fibro-
blast and T-cell lymphoma cells (37, 62). Therefore, we asked
whether ROS play a role in PEL cell death induced by NF-�B
inhibition. Treatment of BC-3 cells with 5 �M Bay for 24 h
(Fig. 1B) induced certain degrees of cell death, whereas treat-
ment of BC-3 and BCBL-1 cells with 20 �M Bay reduced cell
viability to zero at 48 h posttreatment as determined by trypan
blue exclusion assay (Fig. 5B and C), consistent with the notion
that a greater degree of NF-�B inhibition shifts the balance
from KSHV reactivation toward cell death. We also observed
a greater degree of ROS upregulation inhibited by NAC pre-
treatment in cells treated with 20 �M Bay (Fig. 5A) than in
cells treated with 5 �M Bay (Fig. 1A), suggesting that higher
levels of ROS favor cell death. Importantly, pretreatment of
BC-3 and BCBL-1 cells with the antioxidant NAC completely
prevented cell death induced by Bay, whereas inhibition of p38
with SB did not (Fig. 5B and C), suggesting that ROS, but not
downstream p38 signaling, are required for cell death induced
by NF-�B inhibition.

We also measured the viability of BC-3 and BCBL-1 cells

treated with the GSH-depleting reagent DEM. We found that
increasing the concentrations of DEM and the duration of
DEM treatment increased cell death (data not shown). At 72 h
posttreatment with 0.25 mM DEM, a concentration compara-
ble to the highest concentration of 0.2 mM (Fig. 2A) used for
inducing KSHV reactivation, cell viability was reduced to be-
low 40% in BC-3 cells and to below 20% in BCBL-1 cells (Fig.
5D and E). Pretreatment of cells with NAC completely pre-
vented increased cell death induced by DEM, whereas pre-
treatment of cells with SB did not (Fig. 5D and E), consis-
tent with the results observed in cells treated with Bay (Fig.
5B and C).

The anticancer drugs cisplatin and arsenic trioxide induce
KSHV reactivation and PEL cell death in a ROS-dependent
manner. Certain anticancer drugs are known to induce ROS
generation (63). For example, the widely used chemotherapeu-
tic drug cisplatin has been shown to induce ROS through
disrupting the function of mitochondria (38). We therefore
asked whether cisplatin can induce KSHV reactivation in a
ROS-dependent manner. Treatment of BC-3-G cells with 4.1
�g/ml of cisplatin for 48 h induced KSHV reactivation, which
was inhibited by pretreatment with NAC (Fig. 6A), suggesting
that cisplatin can indeed induce KSHV reactivation in a ROS-
dependent manner. Consistent with the requirement of p38
signaling in KSHV reactivation induced by ROS, reactivation
induced by cisplatin also required p38 signaling (Fig. 6B).

Another anticancer drug that has been shown to induce
ROS is arsenic trioxide (As2O3). Arsenic trioxide has been
used successfully to treat acute promyelocytic leukemia (58).

FIG. 5. ROS induce PEL cell death. (A) FACS analysis of c-H2DCFDA staining, showing ROS levels in BC-3 cells untreated (UT) or treated
with 20 �M Bay for 2 h in the presence or absence of 10 mM NAC added 1 h prior to Bay treatment. Data are representative of three independent
experiments. (B and C) Cell viability measured by trypan blue exclusion assay of BC-3 cells (B) and BCBL-1 cells (C) treated with 20 �M Bay or
DMSO vehicle control for 48 h in the presence of pretreatment with 10 mM NAC, 20 �M SB, or DMSO vehicle control. (D and E) Cell viability
measured by trypan blue exclusion assay of BC-3 cells (D) and BCBL-1 cells (E) untreated or treated with 0.25 mM DEM for 72 h in the presence
of pretreatment with 10 mM NAC, 20 �M SB, or DMSO vehicle control. For panels B to E, data are the means � standard deviations from three
independent experiments.
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Treatment of BC-3-G cells with 0.5 �M and 1 �M arsenic
trioxide, concentrations easily achievable in vivo, induced
KSHV reactivation (Fig. 6C). Inhibition of p38 signaling with
p38 inhibitor III inhibited reactivation induced by arsenic tri-
oxide (Fig. 6D). Therefore, arsenic trioxide can also induce
KSHV reactivation through the ROS-p38 signaling pathway.

We then asked whether cisplatin and arsenic trioxide can
also induce PEL cell death in a ROS-dependent manner.
Treatment of BC-3 and BCBL-1 cells with 4.1 �g/ml of cis-
platin for 72 h induced cell death, which was prevented by
pretreatment with NAC (Fig. 6E). Similarly, treatment of BC-3
and BCBL-1 cells with 1 �M or 2 �M arsenic trioxide for 48 h
induced significant cell death, which was also prevented by
pretreatment with NAC (Fig. 6F). Therefore, both cisplatin
and arsenic trioxide can induce KSHV reactivation and PEL
cell death in a ROS-dependent manner.

DISCUSSION

Latency is a strategy for a virus to establish persistent infec-
tion in an immunocompetent host. It presents a major hurdle
to the destruction of KSHV-associated tumor cells by facilitat-
ing immune evasion of KSHV-infected tumor cells and pro-
moting tumor cell survival and proliferation through the ex-
pression of oncogenic latent genes. In this study, we
investigated the role of ROS in the regulation of viral latency
and cell survival. An overview of the intracellular antioxidant
system (reviewed in references 23 and 64) and a working model
of the regulation of KSHV reactivation and PEL cell death by
ROS are summarized in Fig. 7. Cellular antioxidant systems

FIG. 6. Cisplatin and arsenic trioxide induce KSHV reactivation and PEL cell death in a ROS-dependent manner. (A) KSHV reactivation
measured by FACS analysis of EGFP expression in BC-3-G cells untreated or treated with 4.1 �g/ml of cisplatin for 48 h in the presence or absence
of 10 mM NAC pretreatment. (B) KSHV reactivation measured by FACS analysis of EGFP expression in BC-3-G cells untreated or treated with
4.1 �g/ml of cisplatin for 48 h in the presence or absence of pretreatment with 20 �M p38 inhibitor III or DMSO vehicle control. (C) KSHV
reactivation measured by FACS analysis of EGFP expression in BC-3-G cells untreated or treated with 1 �M arsenic trioxide for 48 h in the
presence or absence of 10 mM NAC pretreatment. (D) KSHV reactivation measured by FACS analysis of EGFP expression in BC-3-G cells
untreated or treated with 0.5 �M arsenic trioxide for 48 h in the presence or absence of pretreatment with 20 �M p38 inhibitor III or DMSO
vehicle control. (E) Cell viability measured by trypan blue exclusion assay of BC-3 and BCBL-1 cells untreated or treated with 4.1 �g/ml of cisplatin
for 72 h in the presence or absence of pretreatment with 10 mM NAC. (F) Cell viability measured by trypan blue exclusion assay of BC-3 and
BCBL-1 cells untreated or treated with 1 �M or 2 �M arsenic trioxide for 48 h in the presence or absence of pretreatment with 10 mM NAC. Data
are the means � standard deviations from three independent experiments.

FIG. 7. Model of the regulation of KSHV reactivation and PEL cell
death by oxidative stress. Cellular antioxidant systems protect cells
from oxidative stress by converting reactive oxygen species such as
superoxide (O2

�) and hydrogen peroxide (H2O2) into H2O and O2.
These antioxidant systems include superoxide dismutase (SOD), glu-
tathione peroxidase (GPx), and catalase (CAT). SOD converts O2

�

into H2O2, which can be further converted into H2O and O2 by cata-
lase or into H2O by GPx. Glutathione (GSH) provides the reducing
potential for GPx to reduce H2O2 to H2O, while being oxidized into an
oxidized form (GSSG). NAC functions as an antioxidant by increasing
intracellular concentrations of GSH. Oxidative stress resulting from
inhibition of NF-�B or inhibition of various other intracellular antiox-
idant systems leads to p38 activation, which enhances RTA expression
and ultimately reactivation of KSHV. Oxidative stress can also lead to
death of primary effusion lymphoma cells.
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protect cells from oxidative stress. These antioxidant systems
include enzymes such as superoxide dismutase (SOD), gluta-
thione peroxidase (GPx), and catalase (CAT). SOD catalyzes
the conversion of superoxide (O2

�) into hydrogen peroxide
(H2O2), which can be further converted into H2O and O2 by
catalase or into H2O by GPx. Glutathione (GSH) is essential
for the function of GPx by providing the reducing potential for
GPx to reduce H2O2 to H2O, while being oxidized to an oxi-
dized form (GSSG). NAC functions as an antioxidant by in-
creasing the intracellular concentration of GSH. Inhibition of
NF-�B has been shown to result in virus reactivation, and we
show here that ROS play a critical role. We show that ROS are
required for KSHV reactivation induced by GSH depletion,
inhibition or depletion of catalase, and anticancer drugs such
as cisplatin and As2O3. Furthermore, we demonstrate that
ROS are required for PEL cell death induced by NF-�B inhi-
bition, GSH depletion, cisplatin, and As2O3. Therefore, our
findings establish a critical role for ROS and cellular antioxi-
dant systems in regulating KSHV reactivation and the survival
of KSHV-infected tumor cells.

Previous studies showed that NF-�B inhibition can lead to
KSHV reactivation (5, 42) and the death of PEL cells (28, 35,
36), two seemingly contradictory phenotypes. Our data indi-
cate that ROS are required for both KSHV reactivation (Fig.
1) and PEL cell death (Fig. 5B and C) induced by NF-�B
inhibition, providing a mechanistic link between these two im-
portant consequences of NF-�B inhibition. Furthermore, our
data suggest that the degree of NF-�B inhibition and the levels
of ROS affect the balance between KSHV reactivation and
PEL cell death, since a lower (5 �M) concentration of Bay
induced lower levels of ROS and KSHV reactivation (Fig. 1),
whereas a higher (20 �M) concentration of Bay led to higher
levels of ROS (Fig. 5A) and mostly cell death (Fig. 5B and C).
We did observe that treatment of cells with a moderate (5 �M)
concentration of Bay resulted in both KSHV reactivation (Fig.
1C and F) and moderate levels of cell death (Fig. 1B) in a
population of cells. A possible explanation for the coexistence
of KSHV reactivation and cell death could be that individual
cells within the whole population behave differently due to
stochastic cell-to-cell differences such as variation in antioxi-
dant levels, resulting in virus reactivation in some of the cells
and cell death in other cells. The coexistence of cells in which
KSHV was reactivated and cells that died due to oxidative
stress in the same cell population may be one of the reasons
that KSHV is not reactivated in all cells under oxidative stress.
Nonetheless, ROS levels seem to be a critical factor in regu-
lating the balance between KSHV reactivation and PEL cell
death.

Despite the requirement of ROS for both KSHV reactiva-
tion and PEL cell death induced by NF-�B inhibition or GSH
depletion (Fig. 1 and 5B to E), p38 signaling is required only
for virus reactivation and not for tumor cell death (Fig. 5B to
E), suggesting that signaling events bifurcate downstream of
ROS to mediate two processes, i.e., virus reactivation and cell
death. We showed that ROS moderately activate the RTA
promoter (Fig. 1E, 2C, 3D, and 4E), likely via p38 (Fig. 4F).
RTA can activate its own promoter, constituting a positive
feedback loop (17). Thus, a moderate increase of the activity of
the RTA promoter may lead to a greater degree of KSHV
reactivation, making RTA a sensitive switch between latency

and the lytic cycle. ROS may also upregulate the expression of
other KSHV lytic genes independent of its ability to increase
RTA expression.

Previous studies have demonstrated that NF-�B can reduce
ROS through upregulating antioxidant proteins, such as man-
ganese superoxide dismutase (MnSOD) (62) and ferritin heavy
chain (52). A recent study showed that in endothelial cells, the
viral latent protein vFLIP/K13 can upregulate MnSOD in an
NF-�B-dependent manner (62a), suggesting that MnSOD may
also play an important role in ROS suppression in PEL cells.
The authors also showed that vFLJP/Kl3 can protect endothe-
lial cells from superoxide-induced cell death through upregu-
lating MnSOD (62a), consistent with our results demonstrating
the essential role of ROS in PEL cell death induced by NF-�B
inhibition.

Oxidative stress caused by excessive amounts of ROS can
damage various cellular components and jeopardize cell sur-
vival (23). Because the survival of KSHV in its latent state
depends entirely on the survival of infected cells, in order to
avoid elimination, it is logical and critical for KSHV to sense
oxidative stress and initiate lytic reactivation either to escape
from those cells that are destined to die or possibly to counter
oxidative stress through regulating viral and cellular gene ex-
pression. In fact, both de novo infection by KSHV and reacti-
vation of KSHV can activate NF-�B (27, 54), suggesting that
once lytic replication is initiated, upregulated NF-�B activity
may help KSHV control the intracellular redox balance to
facilitate lytic gene expression and the completion of the viral
lytic cycle. Thus, cells under the assault of oxidative stress may
not provide the optimal cellular environment for efficient lytic
replication of KSHV, in accordance with a previous study
showing that inhibition of NF-�B in endothelial cells reduces
lytic gene expression upon de novo infection (54). Nonetheless,
reactivation of KSHV in cells under oxidative stress is probably
an appropriate response that is essential for the survival and
propagation of KSHV.

Although the extent of reactivation induced by ROS is less
than the extent of reactivation induced by the strongest induc-
ers, such as TPA or butyrate (Fig. 1C and D), it is comparable
to or greater than the extent of reactivation induced by some
other known inducers of KSHV reactivation, such as Toll-like
receptor ligands (26), hypoxia (16), and KSHV-encoded
microRNAs (2). More importantly, in contrast to TPA or
butyrate, ROS are natural products of cellular metabolism and
play critical roles in a number of physiological and pathological
conditions. For example, cells of the immune system can pro-
duce high levels of ROS during inflammatory processes (64).
Because inflammation is one of the key features of KS (24),
ROS may play an important role in regulating the balance
between latency and lytic replication in KS. Thus, our finding
in this study can provide one explanation for the pathogenesis
associated with KSHV infection and reactivation.

ROS might also play a role in virus reactivation induced by
hypoxia. Hypoxia induces KSHV reactivation (16). The tran-
scription factors hypoxia-inducible factor 1 alpha (HIF-1�) (6,
15) and X-box binding protein 1 (XBP-1) (15, 71, 75) have
been shown to be involved in hypoxia-induced reactivation of
KSHV. ROS generated by mitochondria signal hypoxia and
are required for HIF-1� stabilization during hypoxia (9, 10),

722 LI ET AL. J. VIROL.



suggesting that ROS may play a role in KSHV reactivation
induced by hypoxia.

Our results also show that anticancer drugs such as cisplatin
and arsenic trioxide can induce KSHV reactivation and PEL
cell death in a ROS-dependent manner (Fig. 6). Notably, virus
reactivation and cell death were induced by arsenic trioxide at
concentrations readily achievable in vivo (Fig. 6), suggesting
that arsenic trioxide may be useful for treating KSHV-associ-
ated malignancies. Taken together, our findings establish a key
role for ROS in regulating KSHV latency and the survival of
KSHV-infected lymphoma cells, providing the framework for
us to understand and exploit viral and cellular regulation of the
redox balance in order to design novel approaches for treating
KSHV-associated malignancies.

ACKNOWLEDGMENTS

We thank the Center for Cell Control for providing the FACSCanto
II machine for our flow cytometry experiments. We thank Helen
Brown for editing the manuscript.

This work was supported by grants from the NIH (DE0190858,
CA091791, and EY018228).

X.L. and R.S. conceived and designed the experiments, X.L. and J.F.
performed flow cytometry experiments, X.L. performed other experi-
ments, and X.L. and R.S. analyzed the data and wrote the paper.

REFERENCES

1. Ambinder, R. F., K. D. Robertson, S. M. Moore, and J. Yang. 1996. Epstein-
Barr virus as a therapeutic target in Hodgkin’s disease and nasopharyngeal
carcinoma. Semin. Cancer Biol. 7:217–226.

2. Bellare, P., and D. Ganem. 2009. Regulation of KSHV lytic switch protein
expression by a virus-encoded microRNA: an evolutionary adaptation that
fine-tunes lytic reactivation. Cell Host Microbe 6:570–575.

3. Brander, C., T. Suscovich, Y. Lee, P. T. Nguyen, P. O’Connor, J. Seebach,
N. G. Jones, M. van Gorder, B. D. Walker, and D. T. Scadden. 2000.
Impaired CTL recognition of cells latently infected with Kaposi’s sarcoma-
associated herpes virus. J. Immunol. 165:2077–2083.

4. Brinkmann, M. M., M. Glenn, L. Rainbow, A. Kieser, C. Henke-Gendo, and
T. F. Schulz. 2003. Activation of mitogen-activated protein kinase and
NF-�B pathways by a Kaposi’s sarcoma-associated herpesvirus K15 mem-
brane protein. J. Virol. 77:9346–9358.

5. Brown, H. J., M. J. Song, H. Deng, T. T. Wu, G. Cheng, and R. Sun. 2003.
NF-�B inhibits gammaherpesvirus lytic replication. J. Virol. 77:8532–8540.

6. Cai, Q., K. Lan, S. C. Verma, H. Si, D. Lin, and E. S. Robertson. 2006.
Kaposi’s sarcoma-associated herpesvirus latent protein LANA interacts with
HIF-1 alpha to upregulate RTA expression during hypoxia: latency control
under low oxygen conditions. J. Virol. 80:7965–7975.

7. Cannon, M., E. Cesarman, and C. Boshoff. 2006. KSHV G protein-coupled
receptor inhibits lytic gene transcription in primary-effusion lymphoma cells
via p21-mediated inhibition of Cdk2. Blood 107:277–284.

8. Cesarman, E., Y. Chang, P. S. Moore, J. W. Said, and D. M. Knowles. 1995.
Kaposi’s sarcoma-associated herpesvirus-like DNA sequences in AIDS-re-
lated body-cavity-based lymphomas. N. Engl. J. Med. 332:1186–1191.

9. Chandel, N. S., E. Maltepe, E. Goldwasser, C. E. Mathieu, M. C. Simon, and
P. T. Schumacker. 1998. Mitochondrial reactive oxygen species trigger hyp-
oxia-induced transcription. Proc. Natl. Acad. Sci. U. S. A. 95:11715–11720.

10. Chandel, N. S., D. S. McClintock, C. E. Feliciano, T. M. Wood, J. A. Me-
lendez, A. M. Rodriguez, and P. T. Schumacker. 2000. Reactive oxygen
species generated at mitochondrial complex III stabilize hypoxia-inducible
factor-1alpha during hypoxia: a mechanism of O2 sensing. J. Biol. Chem.
275:25130–25138.

11. Chang, H., D. P. Dittmer, Y. C. Shin, Y. Hong, and J. U. Jung. 2005. Role of
Notch signal transduction in Kaposi’s sarcoma-associated herpesvirus gene
expression. J. Virol. 79:14371–14382.

12. Chang, P. C., L. D. Fitzgerald, A. Van Geelen, Y. Izumiya, T. J. Ellison, D. H.
Wang, D. K. Ann, P. A. Luciw, and H. J. Kung. 2009. Kruppel-associated box
domain-associated protein-1 as a latency regulator for Kaposi’s sarcoma-
associated herpesvirus and its modulation by the viral protein kinase. Cancer
Res. 69:5681–5689.

13. Chang, Y., E. Cesarman, M. S. Pessin, F. Lee, J. Culpepper, D. M. Knowles,
and P. S. Moore. 1994. Identification of herpesvirus-like DNA sequences in
AIDS-associated Kaposi’s sarcoma. Science 266:1865–1869.

14. Chaudhary, P. M., A. Jasmin, M. T. Eby, and L. Hood. 1999. Modulation of
the NF-kappa B pathway by virally encoded death effector domains-contain-
ing proteins. Oncogene 18:5738–5746.

15. Dalton-Griffin, L., S. J. Wilson, and P. Kellam. 2009. X-box binding protein
1 contributes to induction of the Kaposi’s sarcoma-associated herpesvirus
lytic cycle under hypoxic conditions. J. Virol. 83:7202–7209.

16. Davis, D. A., A. S. Rinderknecht, J. P. Zoeteweij, Y. Aoki, E. L. Read-
Connole, G. Tosato, A. Blauvelt, and R. Yarchoan. 2001. Hypoxia induces
lytic replication of Kaposi sarcoma-associated herpesvirus. Blood 97:3244–
3250.

17. Deng, H., A. Young, and R. Sun. 2000. Auto-activation of the rta gene of
human herpesvirus-8/Kaposi’s sarcoma-associated herpesvirus. J. Gen. Vi-
rol. 81:3043–3048.

18. Derijard, B., J. Raingeaud, T. Barrett, I. H. Wu, J. Han, R. J. Ulevitch, and
R. J. Davis. 1995. Independent human MAP-kinase signal transduction path-
ways defined by MEK and MKK isoforms. Science 267:682–685.

19. Di Bartolo, D. L., E. Hyjek, S. Keller, I. Guasparri, H. Deng, R. Sun, A.
Chadburn, D. M. Knowles, and E. Cesarman. 2009. Role of defective Oct-2
and OCA-B expression in immunoglobulin production and Kaposi’s sar-
coma-associated herpesvirus lytic reactivation in primary effusion lymphoma.
J. Virol. 83:4308–4315.

20. Dittmer, D., M. Lagunoff, R. Renne, K. Staskus, A. Haase, and D. Ganem.
1998. A cluster of latently expressed genes in Kaposi’s sarcoma-associated
herpesvirus. J. Virol. 72:8309–8315.

21. Dittmer, D. P. 2003. Transcription profile of Kaposi’s sarcoma-associated
herpesvirus in primary Kaposi’s sarcoma lesions as determined by real-time
PCR arrays. Cancer Res. 63:2010–2015.

22. Dupin, N., T. L. Diss, P. Kellam, M. Tulliez, M. Q. Du, D. Sicard, R. A.
Weiss, P. G. Isaacson, and C. Boshoff. 2000. HHV-8 is associated with a
plasmablastic variant of Castleman disease that is linked to HHV-8-positive
plasmablastic lymphoma. Blood 95:1406–1412.

23. Fruehauf, J. P., and F. L. Meyskens, Jr. 2007. Reactive oxygen species: a
breath of life or death? Clin. Cancer Res. 13:789–794.

24. Gallo, R. C. 1998. The enigmas of Kaposi’s sarcoma. Science 282:1837–1839.
25. Gould, F., S. M. Harrison, E. W. Hewitt, and A. Whitehouse. 2009. Kaposi’s

sarcoma-associated herpesvirus RTA promotes degradation of the Hey1
repressor protein through the ubiquitin proteasome pathway. J. Virol. 83:
6727–6738.

26. Gregory, S. M., J. A. West, P. J. Dillon, C. Hilscher, D. P. Dittmer, and B.
Damania. 2009. Toll-like receptor signaling controls reactivation of KSHV
from latency. Proc. Natl. Acad. Sci. U. S. A. 106:11725–11730.

27. Grossmann, C., and D. Ganem. 2008. Effects of NFkappaB activation on
KSHV latency and lytic reactivation are complex and context-dependent.
Virology 375:94–102.

28. Guasparri, I., S. A. Keller, and E. Cesarman. 2004. KSHV vFLIP is essential
for the survival of infected lymphoma cells. J. Exp. Med. 199:993–1003.

29. Gutierrez, M. I., J. G. Judde, I. T. Magrath, and K. G. Bhatia. 1996.
Switching viral latency to viral lysis: a novel therapeutic approach for
Epstein-Barr virus-associated neoplasia. Cancer Res. 56:969–972.

30. Guyton, K. Z., Y. Liu, M. Gorospe, Q. Xu, and N. J. Holbrook. 1996.
Activation of mitogen-activated protein kinase by H2O2. Role in cell survival
following oxidant injury. J. Biol. Chem. 271:4138–4142.

31. Gwack, Y., H. J. Baek, H. Nakamura, S. H. Lee, M. Meisterernst, R. G.
Roeder, and J. U. Jung. 2003. Principal role of TRAP/mediator and SWI/
SNF complexes in Kaposi’s sarcoma-associated herpesvirus RTA-mediated
lytic reactivation. Mol. Cell. Biol. 23:2055–2067.

32. Harrison, S. M., and A. Whitehouse. 2008. Kaposi’s sarcoma-associated
herpesvirus (KSHV) Rta and cellular HMGB1 proteins synergistically trans-
activate the KSHV ORF50 promoter. FEBS Lett. 582:3080–3084.

33. Izumiya, Y., C. Izumiya, D. Hsia, T. J. Ellison, P. A. Luciw, and H. J. Kung.
2009. NF-�B serves as a cellular sensor of Kaposi’s sarcoma-associated
herpesvirus latency and negatively regulates K-Rta by antagonizing the
RBP-J� coactivator. J. Virol. 83:4435–4446.

34. Izumiya, Y., S. F. Lin, T. Ellison, L. Y. Chen, C. Izumiya, P. Luciw, and H. J.
Kung. 2003. Kaposi’s sarcoma-associated herpesvirus K-bZIP is a coregula-
tor of K-Rta: physical association and promoter-dependent transcriptional
repression. J. Virol. 77:1441–1451.

35. Keller, S. A., D. Hernandez-Hopkins, J. Vider, V. Ponomarev, E. Hyjek, E. J.
Schattner, and E. Cesarman. 2006. NF-kappaB is essential for the progres-
sion of KSHV- and EBV-infected lymphomas in vivo. Blood 107:3295–3302.

36. Keller, S. A., E. J. Schattner, and E. Cesarman. 2000. Inhibition of NF-
kappaB induces apoptosis of KSHV-infected primary effusion lymphoma
cells. Blood 96:2537–2542.

37. Kiessling, M. K., C. D. Klemke, M. M. Kaminski, I. E. Galani, P. H.
Krammer, and K. Gulow. 2009. Inhibition of constitutively activated nuclear
factor-kappaB induces reactive oxygen species- and iron-dependent cell
death in cutaneous T-cell lymphoma. Cancer Res. 69:2365–2374.

38. Kruidering, M., B. Van de Water, E. de Heer, G. J. Mulder, and J. F.
Nagelkerke. 1997. Cisplatin-induced nephrotoxicity in porcine proximal tu-
bular cells: mitochondrial dysfunction by inhibition of complexes I to IV of
the respiratory chain. J. Pharmacol. Exp. Ther. 280:638–649.

39. Lan, K., D. A. Kuppers, and E. S. Robertson. 2005. Kaposi’s sarcoma-
associated herpesvirus reactivation is regulated by interaction of latency-
associated nuclear antigen with recombination signal sequence-binding pro-

VOL. 85, 2011 OXIDATIVE STRESS INDUCES KSHV REACTIVATION 723



tein J�, the major downstream effector of the Notch signaling pathway.
J. Virol. 79:3468–3478.

40. Lan, K., D. A. Kuppers, S. C. Verma, and E. S. Robertson. 2004. Kaposi’s
sarcoma-associated herpesvirus-encoded latency-associated nuclear antigen
inhibits lytic replication by targeting Rta: a potential mechanism for virus-
mediated control of latency. J. Virol. 78:6585–6594.

41. Lee, B. S., M. Paulose-Murphy, Y. H. Chung, M. Connlole, S. Zeichner, and
J. U. Jung. 2002. Suppression of tetradecanoyl phorbol acetate-induced lytic
reactivation of Kaposi’s sarcoma-associated herpesvirus by K1 signal trans-
duction. J. Virol. 76:12185–12199.

42. Lei, X., Z. Bai, F. Ye, J. Xie, C. G. Kim, Y. Huang, and S. J. Gao. 2010.
Regulation of NF-kappaB inhibitor IkappaBalpha and viral replication by a
KSHV microRNA. Nat. Cell Biol. 12:193–199.

43. Li, X., J. Feng, S. Chen, L. Peng, W. W. He, J. Qi, H. Deng, and R. Sun. 2010.
Tpl2/AP-1 enhances murine gammaherpesvirus 68 lytic replication. J. Virol.
84:1881–1890.

44. Liang, Y., J. Chang, S. J. Lynch, D. M. Lukac, and D. Ganem. 2002. The lytic
switch protein of KSHV activates gene expression via functional interaction
with RBP-Jkappa (CSL), the target of the Notch signaling pathway. Genes
Dev. 16:1977–1989.

45. Liao, W., Y. Tang, S. F. Lin, H. J. Kung, and C. Z. Giam. 2003. K-bZIP of
Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8 (KSHV/
HHV-8) binds KSHV/HHV-8 Rta and represses Rta-mediated transactiva-
tion. J. Virol. 77:3809–3815.

46. Lu, F., L. Day, S. J. Gao, and P. M. Lieberman. 2006. Acetylation of the
latency-associated nuclear antigen regulates repression of Kaposi’s sarcoma-
associated herpesvirus lytic transcription. J. Virol. 80:5273–5282.

47. Lu, F., W. Stedman, M. Yousef, R. Renne, and P. M. Lieberman. 2010.
Epigenetic regulation of Kaposi’s sarcoma-associated herpesvirus latency by
virus-encoded microRNAs that target Rta and the cellular Rbl2-DNMT
pathway. J. Virol. 84:2697–2706.

48. Lu, F., J. Zhou, A. Wiedmer, K. Madden, Y. Yuan, and P. M. Lieberman.
2003. Chromatin remodeling of the Kaposi’s sarcoma-associated herpesvirus
ORF50 promoter correlates with reactivation from latency. J. Virol. 77:
11425–11435.

49. Lukac, D. M., R. Renne, J. R. Kirshner, and D. Ganem. 1998. Reactivation
of Kaposi’s sarcoma-associated herpesvirus infection from latency by expres-
sion of the ORF 50 transactivator, a homolog of the EBV R protein. Virol-
ogy 252:304–312.

50. Meister, A. 1988. Glutathione metabolism and its selective modification.
J. Biol. Chem. 263:17205–17208.

51. Persson, L. M., and A. C. Wilson. 2010. Wide-scale use of Notch signaling
factor CSL/RBP-Jkappa in RTA-mediated activation of Kaposi’s sarcoma-
associated herpesvirus lytic genes. J. Virol. 84:1334–1347.

52. Pham, C. G., C. Bubici, F. Zazzeroni, S. Papa, J. Jones, K. Alvarez, S.
Jayawardena, E. De Smaele, R. Cong, C. Beaumont, F. M. Torti, S. V. Torti,
and G. Franzoso. 2004. Ferritin heavy chain upregulation by NF-kappaB
inhibits TNFalpha-induced apoptosis by suppressing reactive oxygen species.
Cell 119:529–542.

53. Renne, R., W. Zhong, B. Herndier, M. McGrath, N. Abbey, D. Kedes, and D.
Ganem. 1996. Lytic growth of Kaposi’s sarcoma-associated herpesvirus (hu-
man herpesvirus 8) in culture. Nat. Med. 2:342–346.

54. Sadagopan, S., N. Sharma-Walia, M. V. Veettil, H. Raghu, R. Sivakumar, V.
Bottero, and B. Chandran. 2007. Kaposi’s sarcoma-associated herpesvirus
induces sustained NF-�B activation during de novo infection of primary
human dermal microvascular endothelial cells that is essential for viral gene
expression. J. Virol. 81:3949–3968.

55. Sakakibara, S., K. Ueda, J. Chen, T. Okuno, and K. Yamanishi. 2001.
Octamer-binding sequence is a key element for the autoregulation of Kapo-
si’s sarcoma-associated herpesvirus ORF50/Lyta gene expression. J. Virol.
75:6894–6900.

56. Sakon, S., X. Xue, M. Takekawa, T. Sasazuki, T. Okazaki, Y. Kojima, J. H.
Piao, H. Yagita, K. Okumura, T. Doi, and H. Nakano. 2003. NF-kappaB
inhibits TNF-induced accumulation of ROS that mediate prolonged MAPK
activation and necrotic cell death. EMBO J. 22:3898–3909.

57. Sarid, R., O. Flore, R. A. Bohenzky, Y. Chang, and P. S. Moore. 1998.
Transcription mapping of the Kaposi’s sarcoma-associated herpesvirus (hu-
man herpesvirus 8) genome in a body cavity-based lymphoma cell line (BC-
1). J. Virol. 72:1005–1012.

58. Shen, Z. X., G. Q. Chen, J. H. Ni, X. S. Li, S. M. Xiong, Q. Y. Qiu, J. Zhu,
W. Tang, G. L. Sun, K. Q. Yang, Y. Chen, L. Zhou, Z. W. Fang, Y. T. Wang,
J. Ma, P. Zhang, T. D. Zhang, S. J. Chen, Z. Chen, and Z. Y. Wang. 1997.
Use of arsenic trioxide (As2O3) in the treatment of acute promyelocytic
leukemia (APL). II. Clinical efficacy and pharmacokinetics in relapsed pa-
tients. Blood 89:3354–3360.

59. Song, M. J., H. J. Brown, T. T. Wu, and R. Sun. 2001. Transcription activa-
tion of polyadenylated nuclear rna by rta in human herpesvirus 8/Kaposi’s
sarcoma-associated herpesvirus. J. Virol. 75:3129–3140.

60. Song, M. J., X. Li, H. J. Brown, and R. Sun. 2002. Characterization of
interactions between RTA and the promoter of polyadenylated nuclear
RNA in Kaposi’s sarcoma-associated herpesvirus/human herpesvirus 8.
J. Virol. 76:5000–5013.

61. Sun, R., S. F. Lin, L. Gradoville, Y. Yuan, F. Zhu, and G. Miller. 1998. A
viral gene that activates lytic cycle expression of Kaposi’s sarcoma-associated
herpesvirus. Proc. Natl. Acad. Sci. U. S. A. 95:10866–10871.

62. Tanaka, H., I. Matsumura, S. Ezoe, Y. Satoh, T. Sakamaki, C. Albanese, T.
Machii, R. G. Pestell, and Y. Kanakura. 2002. E2F1 and c-Myc potentiate
apoptosis through inhibition of NF-kappaB activity that facilitates MnSOD-
mediated ROS elimination. Mol. Cell 9:1017–1029.

62a.Thurau, M., G. Marquardt, N. Gonin-Laurent, K. Weinlander, E. Nasch-
berger, R. Jochmann, K. R. Alkharsah, T. F. Schultz, M. Thome, F. Neipel,
and M. Sturzl. Viral inhibitor of apoptosis vFLIP/K13 protects endothelial
cells against superoxide-induced cell death. J. Virol. 83:598–611.

63. Trachootham, D., J. Alexandre, and P. Huang. 2009. Targeting cancer cells
by ROS-mediated mechanisms: a radical therapeutic approach? Nat. Rev.
Drug Discov. 8:579–591.

64. Valko, M., D. Leibfritz, J. Moncol, M. T. Cronin, M. Mazur, and J. Telser.
2007. Free radicals and antioxidants in normal physiological functions and
human disease. Int. J. Biochem. Cell Biol. 39:44–84.

65. Valko, M., C. J. Rhodes, J. Moncol, M. Izakovic, and M. Mazur. 2006. Free
radicals, metals and antioxidants in oxidative stress-induced cancer. Chem.
Biol. Interact. 160:1–40.

66. Veal, E. A., A. M. Day, and B. A. Morgan. 2007. Hydrogen peroxide sensing
and signaling. Mol. Cell 26:1–14.

67. Wang, S. E., F. Y. Wu, H. Chen, M. Shamay, Q. Zheng, and G. S. Hayward.
2004. Early activation of the Kaposi’s sarcoma-associated herpesvirus RTA,
RAP, and MTA promoters by the tetradecanoyl phorbol acetate-induced
AP1 pathway. J. Virol. 78:4248–4267.

68. Wang, S. E., F. Y. Wu, M. Fujimuro, J. Zong, S. D. Hayward, and G. S.
Hayward. 2003. Role of CCAAT/enhancer-binding protein alpha (C/EBPalpha)
in activation of the Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic-
cycle replication-associated protein (RAP) promoter in cooperation with the
KSHV replication and transcription activator (RTA) and RAP. J. Virol.
77:600–623.

69. Wedner, H. J., L. Simchowitz, W. F. Stenson, and C. M. Fischman. 1981.
Inhibition of human polymorphonuclear leukocyte function by 2-cyclohex-
ene-1-one. A role for glutathione in cell activation. J. Clin. Invest. 68:535–
543.

70. Westphal, E. M., A. Mauser, J. Swenson, M. G. Davis, C. L. Talarico, and
S. C. Kenney. 1999. Induction of lytic Epstein-Barr virus (EBV) infection in
EBV-associated malignancies using adenovirus vectors in vitro and in vivo.
Cancer Res. 59:1485–1491.

71. Wilson, S. J., E. H. Tsao, B. L. Webb, H. Ye, L. Dalton-Griffin, C. Tsantoulas,
C. V. Gale, M. Q. Du, A. Whitehouse, and P. Kellam. 2007. X box binding
protein XBP-1s transactivates the Kaposi’s sarcoma-associated herpesvirus
(KSHV) ORF50 promoter, linking plasma cell differentiation to KSHV
reactivation from latency. J. Virol. 81:13578–13586.

72. Xie, J., A. O. Ajibade, F. Ye, K. Kuhne, and S. J. Gao. 2008. Reactivation of
Kaposi’s sarcoma-associated herpesvirus from latency requires MEK/ERK,
JNK and p38 multiple mitogen-activated protein kinase pathways. Virology
371:139–154.

73. Ye, F. C., F. C. Zhou, J. P. Xie, T. Kang, W. Greene, K. Kuhne, X. F. Lei,
Q. H. Li, and S. J. Gao. 2008. Kaposi’s sarcoma-associated herpesvirus latent
gene vFLIP inhibits viral lytic replication through NF-�B-mediated suppres-
sion of the AP-1 pathway: a novel mechanism of virus control of latency.
J. Virol. 82:4235–4249.

74. Yim, C. Y., J. B. Hibbs, Jr., J. R. McGregor, R. E. Galinsky, and W. E.
Samlowski. 1994. Use of N-acetyl cysteine to increase intracellular glutathi-
one during the induction of antitumor responses by IL-2. J. Immunol. 152:
5796–5805.

75. Yu, F., J. Feng, J. N. Harada, S. K. Chanda, S. C. Kenney, and R. Sun. 2007.
B cell terminal differentiation factor XBP-1 induces reactivation of Kaposi’s
sarcoma-associated herpesvirus. FEBS Lett. 581:3485–3488.

76. Yu, F., J. N. Harada, H. J. Brown, H. Deng, M. J. Song, T. T. Wu, J.
Kato-Stankiewicz, C. G. Nelson, J. Vieira, F. Tamanoi, S. K. Chanda, and R.
Sun. 2007. Systematic identification of cellular signals reactivating Kaposi
sarcoma-associated herpesvirus. PLoS Pathog. 3:e44.

77. Zhong, W., H. Wang, B. Herndier, and D. Ganem. 1996. Restricted expres-
sion of Kaposi sarcoma-associated herpesvirus (human herpesvirus 8) genes
in Kaposi sarcoma. Proc. Natl. Acad. Sci. U. S. A. 93:6641–6646.

724 LI ET AL. J. VIROL.


