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Abstract

Aims: Kaposi’s sarcoma (KS), caused by the Kaposi’s sarcoma herpesvirus (KSHV), is an AIDS-associated cancer
characterized by angiogenesis and proliferation of spindle cells. Rac1-activated reactive oxygen species (ROS)
production has been implicated in KS tumorigenesis. We used an animal model of KSHV-induced Kaposi’s sar-
comagenesis (mECK36) to study the role of ROS in KS and the efficacy of N-acetyl l-cysteine (NAC) in inhibiting or
preventing KS. Results: Signaling by the KSHV early lytic gene viral G protein-coupled receptor (vGPCR) activated
ROS production in mECK36 cells via a Rac1-NADPH oxidase pathway. Induction of the lytic cycle in KSHV-infected
KS spindle cells upregulated ROS along with upregulation of vGPCR expression. We also found that expression of
the major latent transcript in 293 cells increased ROS levels. ROS scavenging with NAC halted mECK36 tumor
growth in a KSHV-specific manner. NAC inhibited KSHV latent gene expression as well as tumor angiogenesis and
lymphangiogenesis. These effects correlated with the reduction of vascular endothelial growth factor (VEGF), c-myc,
and cyclin D1, and could be explained on the basis of inhibition of STAT3 tyrosine phosphorylation. NAC prevented
mECK36 de novo tumor formation. Molecular analysis of NAC-resistant tumors revealed a strong upregulation of
Rac1 and p40PHOX. Innovation and Conclusion: Our results demonstrate that ROS-induction by KSHV plays a
causal role in KS oncogenesis by promoting proliferation and angiogenesis. Our results show that both ROS and their
molecular sources can be targeted therapeutically using NAC or other Food and Drug Administration (FDA)-
approved inhibitors for prevention and treatment of AIDS-KS. Antioxid. Redox Signal. 18, 80–90.

Introduction

Reactive oxygen species (ROS) have an increasingly
recognized broad function in oncogenesis (18, 19, 42, 44).

One pathway responsible for ROS production is triggered
by signaling cascades leading to Rac1 activation of NADPH-
oxidases (NOX) family (7). ROS play a role in cell cycle reg-
ulation and angiogenesis, yet the specific molecular events
linking ROS and these cancer hallmarks are still elusive (25,
43). Kaposi’s sarcoma herpesvirus (KSHV, also called Human
Herpes Virus 8) is the etiological agent of Kaposi’s sarcoma
(KS) (9, 14, 26). KS is a major cancer caused by KSHV, asso-
ciated with HIV infection (AIDS-KS), and the most prevalent
type of cancer affecting men and children in Sub-Saharan
Africa (13, 15, 26, 37). KS is characterized by spindle cell

proliferation, intense angiogenesis, and erythrocyte extrava-
sation with variable inflammatory infiltrates (13, 15, 26, 37).
Although the incidence of AIDS-KS in the Western world has

Innovation

Kaposi’s sarcoma (KS) remains an incurable disease and
preventive approaches are nonexistent. Here, we demon-
strate that N-acetyl l-cysteine, a Food and Drug Adminis-
tration-approved drug, effectively inhibits tumorigenesis in
a Kaposi’s sarcoma herpesvirus-driven KS mouse model.
Our results suggest reactive oxygen species as therapeutic
and chemopreventive targets for KS, providing opportuni-
ties for low cost drug development for KS treatment.
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declined, since the wide-spread implementation of Highly
Active Antiretroviral Therapy, a significant percentage of
AIDS-KS patients never achieve total remission (22, 32). Un-
derstanding the interplay of viral and host factors in KS carci-
nogenesis is critical for the rational development of new
therapies (12, 41). KSHV-infected KS lesions are composed of
latently infected cells and a rather small minority of cells ex-
pressing lytic genes, such as the angiogenic viral G protein-
coupled receptor (vGPCR) (6, 20), which has been implicated in
the development of KS angioproliferative phenotype via a
paracrine mechanism (6, 8, 15, 26, 28). vGPCR is able to induce
KS-like sarcomagenesis in transgenic mice (27, 47), and it is
essential for KSHV tumor formation in mice in the KSHV-
bearing tumor induced by mECK36 cells (30). The mECK36 cells
are mouse bone marrow endothelial cells transfected with a
KSHV bacterial artificial chromosome (30). mECK36 cells in-
duce KS-like tumors in nude mice in a strict KSHV-dependent
manner. These KS-like tumors, which have been validated as
host and viral surrogates of KS, are suitable for testing anti-KS
therapies as well as the role of viral genes in KS oncogenesis (30).

Rac1 is a critical mediator for vGPCR angiogenesis (29). We
recently found that a constitutively activated Rac1 mutant
induces KS-like tumors (24). We found that Rac1 is over-
expressed in AIDS-KS lesions and in KSHV-infected mECK36
tumors, pointing to a role for KSHV-induced Rac1-mediated
production of ROS in KS pathogenesis (24). Moreover, we
found that the ROS scavenger N-acetyl l-cysteine (NAC) was
able to completely suppress Rac1-induced tumor formation in
RacCA transgenic mice, indicating a causal role of ROS in Rac-
induced tumorigenesis (24). This finding, together with

studies in KS spindle cell tumors (3), points to antioxidants
such as NAC, a Food and Drug Administration (FDA)-
approved drug, which has been shown to be safe and effica-
cious in increasing survival in HIV-infected patients (5, 17), as
potential chemopreventive and therapeutic agents in KS. Be-
fore clinical implementation, the testing of antioxidants in
models that accurately represent KSHV-infected KS lesions is
required. In the present report, we show the chemopreventive
and therapeutic activity of NAC in the mECK36 animal model
of KSHV-induced KS tumorigenesis.

Results

KSHV-induced upregulation of oxidative stress
and ROS production

We have previously shown that Rac1 is overexpressed in all
spindle cells of KS lesions and in all KSHV-infected cells of
mECK36 tumors (24, 30), suggesting that KSHV induction of
oxidative signaling could play a role in KSHV oncogenesis.
To establish a possible link between KSHV tumorigenesis
and oxidative stress, we sought to identify whether KSHV
genes could upregulate ROS production. To this end, since it
has been established that vGPCR is a Rac1 activator, we first
examined the production of ROS in mECK36 cells over-
expressing vGPCR. We found that vGPCR overexpression
with super activation by its ligand Gro-a led to superoxide
production in a Rac1-dependent manner (Fig. 1A). Consistent
with a ROS mechanism involving Rac1 activation of NOX, we
found a much stronger inhibition of vGPCR-induced ROS
production in the presence of the NOX inhibitor diphenylene

FIG. 1. vGPCR and LAT genes increase ROS production in a Rac1-dependent manner. (A) Superoxide production was
measured by DHE staining in mECK36 cells transfected with a vGPCR-expressing plasmid and treated with siRac1 (Rac1
siRNA) or siCTL (control siRNA). LPS/TPA-stimulated macrophages were used as positive control. KSHV-null mECK36 cells,
which do not express vGPCR, served as negative control. Groa is a vGPCR agonist. (B) Superoxide production of vGPCR-
expressing mECK36 cells induced with Groa was measured by DHE staining using DPI or FCCP inhibitors. (C) ROS production
measured by enhanced luminol assay in iSLK.219 cells upon stimulation with 0.5 lg/ml doxycyclin to induce lytic gene
expression. (D) qRT-PCR analysis of KSHV lytic gene expression (RTA, vGPCR) in iSLK.219 cells upon stimulation with 0.5 lg/
ml doxycyclin to induce lytic gene expression. Data indicate fold increase of mRNA as measured by duplicates in two
independent experiments. (E) DCF staining of 293 cells either transfected with LAT vector expressing the major LAT encoding
KSHV LANA, v-cyclin and vFLIP and control vector. {p < 0.05. DCF, 2¢,7¢-dichlorofluorescin; DHE, dihydroethidium; DPI,
diphenylene iodonium; FCCP, p-(tri-fluromethoxy) phenyl-hydrazone; KSHV, Kaposi’s sarcoma herpesvirus; LAT, latent
transcript; LPS, lipopolysaccharide; qRT-PCR, quantitative real-time polymerase chain reaction; ROS, reactive oxygen species;
RTA, replication transcriptional activator; TPA, 12-O-tetradecanoylphorbol-13-acetate; vGPCR, viral gene G protein-coupled
receptor. (To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars.)
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iodonium (DPI) than in the presence of the mitochondrial ROS
inhibitor carbonyl cyanide p-(tri-fluromethoxy) phenyl-
hydrazone (FCCP) (Fig. 1B). As vGPCR is a lytic gene, we then
examined whether the induction of KSHV lytic cycle occurs
with increased ROS production. Since many of the epigenetic
drug inducers, such as TPA and butyrate, can themselves
affect ROS production through indirect mechanisms, we re-
sorted to the iSLK system (31), which is composed of KS
spindle cells latently infected with rKSHV (iSLKr219) and its
uninfected control. In these cells, lytic replication can be in-
duced via tetracyclin-induced KSHV replication transcrip-
tional activator expression. We found that induction of lytic
replication in iSLKr219 cells occurred with a marked increase
of ROS production along with a steep upregulation of vGPCR
expression (Fig. 1C, D). Since explanted KS spindle cells, such
as SLKs, have high levels of native oxidative stress (3), we
used 293 cells to determine whether KSHV latent genes have
the potential to induce ROS using a more stable ROS dye, 2¢,7¢-
dichlorofluorescein diacetate (DCF-DA), that cannot be used
in the context of the enhanced green fluorescent protein
(eGFP) expressing mECK36 and iSLKs. We found that ex-
pression of the KSHV major latent transcript (LAT), which
includes LANA, v-cyclin, and vFLIP, in 293 cells increased
ROS production (Fig. 1E). Taken together, our results identify
vGPCR activation of Rac1 and NOX as a key ROS-inducing
pathway and show that both lytic and latent KSHV infection
could be linked to oxidative stress production.

NAC inhibits KSHV-driven tumorigenesis
by inhibition of angiogenesis, proliferation,
and viral gene expression

Our results on KSHV-linked upregulation of ROS strongly
point to the occurrence of ROS-mediated mechanisms in
KSHV oncogenesis. To assess this possibility, we tested
whether KSHV tumorigenesis could be prevented with the
antioxidant NAC (24) using the mECK36 tumorigenesis
model (30). To further establish a correlation between the
occurrence in vivo of ROS-mediated oncogenic mechanisms
and KSHV infection, we used a KSHV-negative (KSHV - ve)
tumor that we established from explanted mECK36 tumor
cells that had lost the KSHVBac36 episome by growth without
antibiotic selection in vitro (30). In contrast to in vitro grown
mECK36, in which loss of the episome leads to loss of tu-
morigenicity, cell populations that had become irreversibly
transformed by KSHV during in vivo growth upon losing the
KSHV Bac36 episome are able to generate KSHV-negative
tumors in mice. We characterized one of these KSHV-negative
mECK36 cell lines thoroughly for KSHV negativity by quan-
titative real-time polymerase chain reaction (qRT-PCR) and
viral DNA PCR (see Materials and Methods). Genome-wide
transcriptome analysis shows that KSHV-positive tumors
share 81% of the human KS signature, while KSHV-negative
tumors share 79% (Fig. 2A). This data indicates that KSHV-
negative tumors belong to the same cell lineages as
mECK36 tumors and share a significant overlap with the
human KS transcriptome. Therefore, although the exact na-
ture of the KSHV-independent oncogenic mechanisms of
these cells remains to be established, they are the best avail-
able control to be used in combination with KSHV-positive
mECK36 tumors, which are a model of KSHV-dependent
tumorigenesis (30), to assess KSHV-specific biology. We

found that, consistent with the data of Figure 1, KSHV-
positive tumors were inhibited by NAC treatment (Fig. 2B),
whereas KSHV-negative tumors were resistant to NAC anti-
oxidant activity (Fig. 2C), indicating the involvement of a
ROS-dependent mechanism in KSHV-induced tumorigenesis
and pointing to ROS inhibition by antioxidants as a potential
therapeutic approach for KS. To determine the molecular
basis of NAC antitumor effect, we studied the level of expres-
sion of viral and host genes implicated in pathogenesis. LANA
mRNA levels were downregulated together with the other
genes of the major LAT v-cyclin and vFLIP in mECK36 tumors
treated with NAC, whereas early lytic genes, such as vGPCR
and vIL6, were either unaffected or upregulated by NAC (Fig.
3A). It is possible that activation of KSHV genes, such vIL-6, is
part of a compensatory response to the antiangiogenic activities
of NAC. Although these are believed to be pathogenic genes,
the fact that NAC is antitumorigenic suggests that their path-
ogenic effect is overcome by the strong antitumor and anti-
angiogenic activity of NAC. To confirm these qRT-PCR results,
we performed immunofluorescence staining of LANA on tu-
mors treated for 3 days with NAC. We found that LANA
protein levels were downregulated by NAC, whereas eGFP
expression levels remained similar in both groups (Fig. 3B).

We recently found that Rac1-activated ROS could promote
angiogenesis and vascular endothelial growth factor (VEGF)
upregulation (24). Consistent with a role of ROS in KSHV an-
giogenesis, we found that NAC treatment significantly reduced
levels of blood and lymphatic neovascularization as indicated
by a decrease in CD31-positive and VEGF-R3-positive neo-
vessels (Fig. 4C). This correlated with transcriptional inhibition
of angiogenic growth factors that regulate microvessel pro-
liferation and sprouting (VEGF-A) (10), VEGFR-2-mediated
endothelial-specific signaling (ESM-1) (38, 40), and vessel mat-
uration (Angpt-2) (Fig. 4A) (10). Importantly, none of these
transcriptional effects of NAC were observed in KSHV-negative
tumors in which NAC did not have antitumor activity (Fig. 4B).

To delve into transcriptional targets underpinning NAC
anti-KSHV tumorigenic activity, we measured the impact of
NAC on mRNA levels of c-myc, an oncogenic transcription
factor that mediates ROS tumorigenesis (45). Figure 5 shows
that NAC strongly reduced c-myc levels in KSHV-positive,
but not in KSHV-negative tumors, indicating that ROS regulates
c-myc transcription, as well as angiogenic transcription (Fig. 4A,
B) in the context of KSHV oncogenesis. To show that NAC in-
hibition of c-myc has an impact in tumor cell cycle regulation, we
determined the levels of the cell cycle G1/S transition protein
Cyclin D1, which is a c-myc target gene, and found that it was
downregulated upon NAC treatment in vivo (Fig. 5B).

ROS regulate oncogenic STAT3 transcription
in KSHV tumorigenesis

STAT3 is a redox signaling transcription factor implicated
in KS and KSHV infection (2, 4, 34, 49) that can mediate
transcription of proliferative genes such as c-myc and angio-
genic genes such as VEGF (50). To explore possible tran-
scriptional targets of tumor inhibition by NAC, we analyzed
the status of STAT3 activation. We found that NAC-treated
tumors had a significant reduction of STAT3 Tyr705 phos-
phorylation (Fig. 5C), which would be consistent with the
reduction of c-myc and VEGF levels. To be able to directly link
c-myc and VEGF transcription in our cell and animal model of
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KS, we recreated the cytokine-rich environment of KS and
mECK36 tumor by using an in vitro system of mECK36 cells
stimulated with KS cytokines, which play key autocrine and
paracrine roles in KS oncogenesis and are powerful ROS in-
ducers. One of these paradigmatic KS cytokines is platelet-
derived growth factor BB (PDGF-BB), an autocrine and

paracrine KS growth factor overexpressed in KS lesions and in
mECK36 tumors (26, 39) that can upregulate c-myc and VEGF
through activation of platelet-derived growth factor receptor
(PDGFR), a recently identified KS therapeutic target (21). We
found that the KS cytokine PDGF-BB strongly stimulated
STAT3 phosphorylation. STAT3 stimulation was abrogated

FIG. 3. NAC treatment inhibits KSHV
gene expression genes in tumors. (A)
Expression levels of LANA, vCyclin,
vFlip, vGPCR, vIL6, and LANA in
mECK36 tumors with and without NAC
treatment were measured by RT-qPCR.
Hollow bars indicate control tumors, so-
lid bars indicate NAC-treated tumors.
Significance was established by t-test:
*p > 0.05; {p < 0.01. (B) Change of LANA
expression was examined in NAC-trea-
ted mECK36 tumors using immunofluo-
rescence staining. RT-qPCR, real-time
quantitative polymerase chain reaction.

FIG. 2. NAC treatment inhibits KSHV-positive mECK36 tumor growth. (A) Validation of KSHV-negative mECK36
tumors by gene array signature analysis: Heat map representation of 562 genes (q < 0.05) of the human KS Signature that are also
KSHV-positive mECK36 tumor signature (equally upregulated or downregulated) and KSHV - ve mouse signature. Seven
hundred twenty-three genes from the human KS signature were orthologs to mouse genes present in the mouse Affymetrix
Array. Among these, 691 genes were able to differentiate mECK36 spindle cell sarcomas and mouse skin (q < 0.05) for at least a
two-fold difference. The figure shows genes that were upregulated (red) and downregulated (blue), respectively, in mECK36
tumors (KSHV + ve or KSHV - ve) and human KS. (B, C) Mice with established subcutaneous KSHV-positive (mECK36) tumors
(A, n = 7) and KSHV-negative mECK36 tumors (B, n = 5) were treated with NAC (treatment modality). Animals received normal
water (control) or water containing 40 mM NAC. Data indicate mean tumor size – SD. Hollow bars indicate control tumors, solid
bars indicate NAC-treated tumors. KS, Kaposi’s sarcoma; NAC, N-acetyl l-cysteine; SD, standard deviation.
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by NAC and by the Rac1 inhibitor EHT1864, indicating that
PDGF stimulated STAT3 via a Rac1 and NOX-mediated
pathway (Fig. 5D, E). Importantly, inhibition of STAT3 sig-
naling using the JAK/STAT inhibitor AG490 led to a pro-
found transcriptional inhibition of PDGF-BB-induced VEGF-
A and c-myc upregulation, indicating that in the context of
KSHV-infected cells stimulated by KS-cytokines, STAT3 is a
ROS-dependent transcriptional regulator of c-myc and VEGF
(Fig. 5F). Moreover, we found that the STAT3 inhibitor also
inhibited LANA transcriptional levels. Our results suggest
that the NAC antitumor effect is due in part to the targeting of
STAT3-mediated transcription of c-myc, VEGF-A, and KSHV
LANA in KSHV-positive tumors. This suggests that ROS are
implicated in KSHV tumorigenesis by activating signaling
cascades that regulate the phosphorylation of the ROS-de-
pendent transcription factors, such as STAT3, which in turn
could regulate host genes implicated in cell proliferation and
angiogenesis as well as viral genes, such as LANA, implicated
in episome retention. Taken together, these results support a
mechanism whereby KSHV induces oxidative signaling to
promote viral maintenance and oncogenesis, pointing to ROS
as an attractive KS therapeutic target.

NAC treatment can prevent KSHV tumorigenesis

mECK36 cells growth in mice represent a model of in vivo
inducible tumorigenesis (30). Therefore, we examined whe-
ther NAC could prevent the oncogenic process that mECK36
cells undergo in vivo. Mice were given NAC after receiving
subcutaneous injections of either mECK36 cells or KSHV-
negative cells. We found that mECK36 tumor formation was
greatly inhibited with more than 2 weeks’ delay in tumor
onset time (Fig. 6A). Tumor formation of KSHV-negative
mECK36 cells was unaffected by NAC treatment, indicating
that NAC is targeting a specific KSHV-driven process (Fig.
6B). Since tumors that grew in a NAC treatment environment
are to be considered NAC-resistant tumors, we examined

changes on the levels of expression of oxidative stress and
redox-related genes in an attempt to explore the mechanism of
resistance. Interestingly, we found that p40PHOX and Rac1
were upregulated by an average of 22- and 47-fold, respec-
tively (Fig. 6C), in NAC-resistant tumors. NOX2 and p47PHOX

also showed significant upregulation. ROS-related gene up-
regulation in NAC-resistant tumors could either be the con-
sequence of NAC-induced changes in gene expression or
selection of resistant variants. To further characterize the se-
lection mechanism, we analyzed the effects of NAC treatment
on mECK36 tumors at 3, 7, and 14 days. As shown in Figure
6D, we could not detect significant effects of NAC on ex-
pression of NOX2, p47PHOX, p40PHOX, or Rac1. Hence, NAC-
resistance is likely to be the consequence of NAC-induced
selection of variants with increased expression of Rac1 and
p40PHOX. The fact that NAC selects for variants upregulating
genes implicated in ROS production further underscores a
causative role for ROS in KSHV tumorigenesis, reinforcing the
concept of ROS as preventive and therapeutic targets in KS.

Discussion

Our results show that KSHV oncogenesis occurs through
the KSHV gene-induced deregulation of ROS production.
KSHV tumorigenesis is mediated by ROS-induced activation
of angiogenesis and cell proliferation. Furthermore, targeting
of ROS and ROS-mediated signaling is identified as a thera-
peutic or preventive approach in AIDS-KS.

Our data expand the role oxidative stress plays in KS
pathogenesis from previous studies showing that anti-
oxidants block KS spindle cell tumorigenicity to KSHV-
dependent sarcomagenesis (3). This is consistent with Rac1
overexpression in all KSHV-infected cells of AIDS-KS lesions
(24), which, together with upregulation of NOX members
found in the KS molecular signature (46), are indicative of
ongoing oxidative signaling. According to our results, ROS is
increased in lytically infected cells and could be triggered by

FIG. 4. NAC treatment af-
fects host genes in vivo. (A,
B) Expression levels of VEGF-
A, Agpt2, and ESM1 in
mECK36 tumors with and
without NAC treatment were
measured by RT-qPCR. (C)
Immunostaining of NAC-
treated and control mECK36
tumors stained with endothe-
lial marker CD31 (red) and
lymphatic marker VEGFR3
(red). Nuclei were counter-
stained with DAPI (blue).
DAPI, 4¢,6¢-diamidino-2-
phenylindole. (To see this il-
lustration in color, the reader
is referred to the web version
of this article at www
.liebertpub.com/ars.)
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vGPCR signaling via Rac1-mediated NOX activation. Our
results with ROS increase during lytic replication are consistent
with the ROS-producing role of the early lytic gene vGPCR, as
well as with the upregulation of other KSHV lytic genes that are
known to trigger signaling cascades that can activate oxidative
stress, such as K1, K15, and vIL-6 (26). As lytic replication is
considered essential for fueling the angiogenic and prolifera-
tive phenotype of KS lesions by promoting the secretion of
cytokines, such as VEGF-A and PDGFB (26), our new data
support that this mechanism could be mediated by ROS.

Our newly developed and validated KSHV-negative
mECK36 tumor control shows that NAC inhibition of
mECK36 is strictly KSHV-dependent. The KSHV-negative
mECK36 tumor used as a control shared much of the molec-
ular signature of KSHV-positive mECK36, and therefore it is a

strong control for KSHV-specific mechanisms of tumorigen-
esis. In our previous study (30), we showed that KSHV-
positive mECK36 tumorigenesis is reversible, in vivo-induced,
and KSHV-dependent, since cultured mECK36 cells that have
lost the virus were no longer able to form tumors. On the other
hand, some explanted mECK36 cells from advanced tumors
represent the irreversible KSHV-independent stage of tu-
morigenesis, since they do not lose tumorigenicity after losing
the KSHV episome. The KSHV-negative mECK36 are repre-
sentative of this stage. Thus, the data from both Figures 2
and 6 strongly indicate that KSHV tumorigenesis is ROS-
dependent. This is consistent with our data on KSHV
upregulation of ROS, suggesting a major role for ROS in tu-
morigenic mechanisms promoted by KSHV. NAC antitumor
effects in mECK36 are consistent with our observations in our

FIG. 5. ROS regulate oncogenic and angiogenic STAT3 transcription in KSHV tumorigenesis. (A) Expression levels of C-
myc, VEGF-A, and LANA in mECK36 tumors with and without NAC treatment were measured by RT-qPCR. (B, C) Levels of
Cyclin D1, p-STAT3 (Tyr705), and total STAT3 of NAC-treated and control tumors were determined by immunoblotting.
Significance was established by t-test: {p < 0.01. (D) Immunostaining of serum-starved mECK36 cells stimulated with PDGF-
BB (40 ng/ml) for 15 min. The following inhibitors were added 10 min before PDGF stimulation: EHT1864 (50 lM), NSC23766
(100 lM), NAC (40 mM), DPI (40 lM), and AG490 (30 lM). Red, phosphorylated STAT3. Blue (DAPI), nuclei. (E) Serum-
starved mECK36 cells were treated with PDGF-BB (40 ng/ml) for 20 min. Cells were treated as in (D). Levels of p-STAT3
(Tyr705) and total STAT3 were determined by immunoblotting. (F) Expression of c-Myc, VEGF-A, and LANA in serum-
starved mECK36 cells stimulated with PDGF-BB in the presence or absence of increasing concentrations of Jak2 inhibitor
AG490 was measured by RT-qPCR. PDGF-BB, platelet-derived growth factor BB. (To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/ars.)
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RacCA mouse model (24). NAC sensitivity was found to be
KSHV-dependent. These results reinforce the idea that KSHV
promotes oncogenic oxidative stress signaling, providing an
explanation as to why KSHV-induced tumors are sensitive to
NAC. We found that tumor growth inhibition induced by
NAC correlated with downregulation of VEGF-A and c-myc
in KSHV-infected tumors, while c-myc and VEGF levels were
not affected in KSHV-negative tumors, suggesting that in the
context of KSHV oncogenesis and KS, VEGF and c-myc are
regulated by a ROS-sensitive transcriptional mechanism. Our
results point to STAT3 as a one of the ROS-regulated tran-
scription factors that are implicated in ROS-dependent VEGF
and c-myc upregulation in KS. We found that NAC treatment
led to a strong decrease in STAT3 phosphorylation. Further-
more, in vitro experiments where mECK36 cells are stimulated
by cytokines overexpressed in mECK36 KS-like tumors indi-
cate that STAT3 is a ROS-dependent regulator of c-myc,
VEGF-A, and KSHV LANA.

The antiangiogenic and antilymphangiogenic response
obtained with NAC further provides a strong rationale for its
anti-KS tumor activity (1, 3). It was documented by staining of
CD31 and VEGFR3 together with transcriptional analysis of
angiogenic growth factors and signaling markers. Again, we
found that this angiogenic marker inhibition by NAC oc-
curred only in KSHV-infected tumors, indicating that KSHV-
induced angiogenesis was regulated by ROS. The result is
consistent with our finding showing that genetic silencing of
the ROS-promoting vGPCR led to inhibition of angiogenesis
and tumorigenesis in the mECK36 model (30).This is also
consistent with a role of oxidative stress mechanism in the
promotion of VEGF-mediated angiogenesis as we have pre-
viously described (24), with the HIF-1 inhibitory activity of
antioxidants (16, 24), with our new finding showing that lytic
gene expression upregulates ROS, and with our finding that
vGPCR activates ROS via Rac1. These point to inhibition of
oxidative signaling as a plausible anti-KS and KSHV-induced
malignancies approach, which is consistent with recent

studies in the KSHV-infected primary effusion lymphomas
showing that ROS could play a role in KSHV lytic reactivation
and lymphomagenesis both in vitro and in vivo (23, 48). In-
deed, transcriptional analysis of NAC-treated tumors reveals
a major variation in lytic viral gene expression with a clear
tendency to inhibition by antioxidant treatment (data not
shown). Our new results showing the upregulation of ROS by
KSHV lytic reactivation suggest a reciprocal relationship be-
tween KSHV replication and ROS, which could be exploited
for antiviral or antitumor purposes.

In the NAC prevention study, NAC greatly inhibited
mECK36 tumor formation, presumably by negating the ef-
fects from KSHV-induced oncogenic oxidative stress. The
selection of NAC-resistant cells could be considered as wor-
risome in the clinical setting. Yet, our model of prevention is
limited by the fact that we are inoculating a heterogeneous
tumor-causing mass of mECK36 cells into mice and we then
measure the ability of NAC to tamper this effect. Considering
NAC’s preventive effect in the context of this very disad-
vantageous model, it is very conceivable that in the natural
setting of rare cells being oncogenically transformed by the
virus, clinically approved doses of NAC, such as the one that
was previously employed in the HIV study and what we use
would be a very effective treatment (36). Interestingly, in the
case of the therapeutic modality, we did not find resistant
tumors, since all tumors treated initially responded to NAC.
The fact that NAC-resistant tumors from the prevention ex-
periments upregulated NOX members, and Rac1 further
suggests the existence of an underlying ROS-driven onco-
genesis mechanism. The remarkable increase of Rac1 and
PHOX expression in NAC-resistant tumors indicates that
levels of expression of ROS-producing genes could determine
resistance to antioxidants. It also suggests a critical role for
Rac1 in KS oncogenesis, as previously demonstrated in our
RacCA mouse model (24), further underscoring oxidative
stress as a key chemoprevention target in KS. Interestingly,
NAC, an FDA-approved drug indicated for several conditions

FIG. 6. NAC prevents
KSHV-mediated tumorigen-
esis. (A, B) Mice were treated
with NAC 2 weeks after in-
jection of mECK36 cells (n = 7)
or KSHV-negative cells (n = 9)
(preventive modality). Ani-
mals received normal drink-
ing water (control) or water
containing 40 mM NAC. Data
indicate mean tumor size –
SD. (C, D) Gene expression
levels of a subset of viral,
angiogenic, and redoxre-
gulated genes were examined
using RT-qPCR. Untreated
mECK36 cells were used as
controls. {p < 0.05.
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(5), has been shown to be safe and efficacious in increasing
survival in HIV-infected patients (11, 17). It is tempting to
speculate that NAC activity in increasing survivorship might
be due to amelioration and/or prevention of AIDS-associated
malignancies, such as KS. The inability of NAC to affect
KSHV-negative KS may point to a limitation in treatment.
However, in the current study, KSHV-negative KS is an arti-
ficially generated control and not a control representative of a
clinical stage. In humans, all KS lesions, as mECK36 tumors,
are infected with KSHV to a variable extent. The fact that
mECK36 tumors, which as mentioned above do contain cells
subpopulations that are irreversibly transformed by KSHV,
respond to NAC treatment, points to a general response to
NAC in naturally occurring KSHV-infected KS tumors. Our
results warrant further clinical studies of NAC usage for KS
prevention in KSHV + /HIV + populations, particularly in
resource poor settings, such as Africa, where KS continues to
be the major cancer affecting males and children (26).

In summary, our results highlight a ROS-dependent
mechanism, whereby KSHV-induced ROS-regulated tran-
scription induces growth and angiogenesis in infected cells.
We propose that both ROS and their molecular sources could
be targeted in a chemopreventive or therapeutic manner us-
ing NAC or other FDA-approved inhibitors. Our results
warrant further preclinical studies and molecular exploration
of ROS as a target for prevention and treatment of AIDS-KS.

Materials and Methods

Cell culture and reagents

mECK36 cells were obtained and cultured as previously
described (30). KSHV-negative mECK36 were obtained from
mECK36 tumor explants after Bac36 episome loss achieved by
growth without hygromycin selection as previously described
(30). KSHV-negative cells were further selected by weeding
and cell sorting. Absence of KSHV genome was verified by
PCR for LANA, K1, vIRF-1, ORF23, ORF 36, ORF 74, and K15.
KSHV-negative mECK36 cell lineage of cells and tumors was
verified by gene array (Fig. 2). HEK293T cells were cultured in
the Dulbecco’s modified Eagle medium (DMEM) with stan-
dard formulations. iSLK cells were obtained from the Ganem
lab and cultured as previously described (31). Doxycycline
was purchased from Clontech; NAC was from Sigma-Aldrich;
and Groa from PeproTech. dihydroethidium (DHE) and 2¢,7¢-
dichlorofluorescin (DCF) were purchased from Molecular
Probes. Antibodies: p-STAT3 (Tyr705), STAT3, and GAPDH
were purchased from Cell Signaling Technology; p22PHOX,
NOX2, and CyclinD1 from Santa Cruz Biotechnology, b-actin
from Sigma-Aldrich, and LANA from Abcam.

Constructs

Rac1 siRNA was purchased from Dharmacon (Chicago, IL).
Expression constructs: vGPCR was cloned into the pcDNA3
vector (Invitrogen) using EcoRI and XhoI restriction sites. The
LAT transcript expression vector pBabe-LAT1 is composed of
the pBabe backbone with an EcoRI-ClaI insertion of the KSHV
latency locus, including its promoter (LANA-CYC-vFLIP).

ROS detection

DHE staining was adapted from Owusu-Ansah et al. (33).
Briefly, serum-starved cells were incubated with DHE/Hank’s

Balanced Salt Solution (HBSS) at 10lM for 30 min in a CO2

incubator at 37�C (dark conditions), in the presence of growth
factors and inhibitors if required. Cells were then washed three
times with HBSS and images in the red channel were taken
using a Zeiss ApoTome Axiovert 200M microscope.

DCF staining

Cells were seeded on chamber slides and serum-starved
overnight. Cells were washed three times with HBSS and in-
cubated with 20 lM of carboxy-H2DCFDA (Invitrogen Cat#
C-400) in HBSS for 30 min in a CO2 incubator at 37�C (dark
conditions). Cells were then washed three times with HBSS
and images in the green channel were taken using a Zeiss
ApoTome Axiovert 200M microscope.

Enhanced luminol assay

A LumiMAX Superoxide Detection Kit (Agilent) was used
to measure the superoxide production in iSLK cells. Briefly,
iSLK.219 cells were cultured in standard conditions and in-
duced by exposure to doxycycline. iSLK cells were used as
control. Cells were trypsinized and allowed to recover in a
suspension in normal media for 30 min in a CO2 incubator at
37�C. 5 · 105 cells were resuspended in 100 ll SOA assay
medium. Add 100 ll SOA assay medium–reagent mixture
and incubate for 10 min at room temperature. Luminescence
was measured in a Luminometer (Titertek-Berthold).

Array analysis of KSHV - ve cells

Using the Mouse Genome 430 2.0 Array (Affymetrix), we
examined gene expression levels of three biological samples of
KSHV + ve mECK36 and of KSHV - ve mECK36 tumors. RNA
isolation (Trizol; Invitrogen), Turbo DNase treatment (Am-
bion), and RNA purification (RNAeasy; Qiagen) were done
following the manufacturer’s recommendations. The integrity
of RNA was confirmed with a bioanalyzer (model 2100; Agi-
lent Technologies). We synthesized, labeled, and hybridized
cRNA onto arrays at Genome Explorations according to stan-
dard Affymetrix methods. Raw data intensity profiles were
analyzed using the GeneSpring 7 (Agilent) to perform micro-
array normalization and statistical analysis. Statistically sig-
nificant genes were selected by analysis of variance test to
obtain the largest gene list that gave a false discovery rate of
< 1% (35). Significantly expressed genes were clustered with
GeneSpring 7 (Agilent) using the Pearson correlation method.
Mouse skin samples were obtained from gene expression om-
nibus (GEO) data sets GSM26945, GSM26946, and GSM26947.

Real-time quantitative polymerase chain reaction

RNA was isolated with the RNeasy Plus Kit (Qiagen) with
on column DNase treatment. About 500 ng of RNA was
transcribed into cDNA using Reverse Transcription System
(Promega) according to manufacturer’s instructions. Real-
time quantitative polymerase chain reaction (RT-qPCR) was
performed using an ABI Prism 7000 Sequence Detection
System (Applied Biosystems) with SYBR Green PCR Master
Mix (Quanta Biosciences). The following primer sets were used:
GAPDH (5¢-ACCCAGAAGACTGTGGATGG-3¢, 5¢-CACATT
GGGGGTAGGAACAC-3¢); LANA (5¢-CCTGGAAGTCCCAC
AGTGTT-3¢, 5¢-AGACACAGGATGGGATGGAG-3¢); c-myc
(5¢-CAACGTCTTGGAACGTCAGA-3¢, 5¢-TCGTCTGCTTGA
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ATGGACAG-3¢); VEGF-A (5¢-AGCACAGCAGATGTGAA
TGC-3¢, 5¢-AATGCTTTCTCCGCTCTGAA-3¢); CYBA (5¢-TT
GTTGCAGGAGTGCTCATC-3¢, 5¢-CACGGACAGCAGTAA
GTGGA-3¢); NOX1 (5¢-CCGACAACAAGCTCAAAACA-3¢,
5¢-CCAGCCAGTGAGGAAGAGAC-3¢); NOX2 (5¢-CTTGCC
ATCCATGGAGCTGAACG-3¢, 5¢-ACCACCTTGGTGATGA
CCACC-3¢); NOX4 (5¢-CCAGAATGAGGATCCCAGAA-3¢,
5¢-ACCACCTGAAACATGCAACA-3¢); p47PHOX (5¢-GTCC
CTGCATCCTATCTGGA-3¢, 5¢-ATGACCTCAATGGCTTC
ACC-3¢); p67PHOX (5¢-GCAGTGGCCTACTTCCAGAG-3¢,
5¢-ACCTCACAGGCAAACAGCTT-3¢); p40PHOX (5¢-CAAA
ACAAAAGGAGGGTCCA-3¢, 5¢-GTTTTGCGCCCATGTAG
ACT-3¢); and RAC1 (5¢-CTGAAGTGCGACACCACTGTC-3¢,
5¢-CTTGAGTCCTCGCTGTGTGAG-3¢). In every run, melting-
curve analysis was performed to verify specificity of products
as well as water and RT controls. Data were analyzed using the
DDCT method as previously described (30). Target gene expres-
sion was normalized to GAPDH by taking the difference between
CT values for target genes and GAPDH (DCT value). These values
were then calibrated to the control sample to give theDDCT value.
The fold target gene expression is given by the formula: 2DDCT.

Immunofluorescence staining

Immunostaining was performed as previously described
(30). Briefly, cells and frozen sections from tumors were fixed
in 4% paraformaldehyde for 10 min, washed with phosphate-
buffered saline (PBS), and permeabilized in 0.2% Triton-X/
PBS for 20 min at 4�C. After blocking with 10% fetal bovine
serum/PBS for 60 min, samples were incubated with anti-
phospho STAT3, anti-LANA, anti-p22PHOX, anti-NOX2, anti-
CD31, and anti-VEGFR3 antibodies (1:200 dilutions) for 1 h. After
PBS washing, samples were incubated with the secondary anti-
body Alexa Fluor 555 for 1 h (1:500 dilution; Molecular Probes),
washed, and mounted with ProLong� Gold antifade reagent
with 4¢,6¢-diamidino-2-phenylindole (Molecular Probes). Images
were taken using a Zeiss ApoTome Axiovert 200M microscope.
Image quantification was performed with ImageJ (NIH).

Western blotting

Protein concentrations in cell and tumor lysates were
quantified using the DC Protein Assay (Bio-Rad). Twenty
micrograms of protein was mixed with the Laemmli buffer,
boiled for 5 min, resolved by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, and transferred to poly-
vinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories).
Membranes were blocked with 5% nonfat milk/PBS for 1 h and
incubated with primary antibodies (4�C, 16 h). After three Tris-
buffered saline with Tween 20 (TBS/T) washes, membranes
were incubated with horseradish peroxidase-labeled secondary
antibodies (1:10,000 dilution; Promega) for 1 h at room temper-
ature. Protein bands were developed using ECL Plus Detection
Reagents (GE Healthcare) and quantified by densitometry with
QuantityOne software (Bio-Rad Laboratories). To analyze mul-
tiple proteins on the same membrane, membranes were washed
with the Restore PLUS Western Blot Stripping Buffer (Thermo
Scientific) according to manufacturer’s protocol.

Animal studies

All mice were housed under pathogen-free conditions. The
animal studies were performed according to the protocols

approved by the Institutional Animal Care and Use Com-
mittee at the University of Miami. Tumor studies were done in
4- to 6-week-old male Athymic Nude mice obtained from the
National Cancer Institute. Tumors were generated by sub-
cutaneous injection of either mECK36 cells (3 · 105 cells) or
KSHV-negative cells (3 · 105 cells) as previously described
(30). A group of mice was treated with 40 mM NAC in
drinking water 2 weeks after tumor inoculation (preven-
tive modality) or when tumors were already established
and became visible (treatment modality) (24). This NAC
regimen assumes that the steady-state concentration of NAC
is 9.2 mM or 1.5 g/l NAC for a 20 g mouse (16). The control
group received regular drinking water without NAC. Tumor
volumes were measured using a caliber every 2 days and
calculated using the following formula: [length (mm) · width
(mm)2 · 0.52].

Statistical analysis

Statistical significance of the data was determined using the
two-tailed Student’s t-test. p-value lower than 0.05 was con-
sidered significant. Statistical analysis was performed using
Unistat Statistical Package for Microsoft Excel. All values are
expressed as means – standard deviation.

Accession numbers

Details of quality control measures and all microarray data
can be accessed from NCBI’s GEO with accession number
GSE6482.
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DAPI¼ 4¢,6¢-diamidino-2-phenylindole
DCF¼ 2¢,7¢-dichlorofluorescin
DHE¼dihydroethidium

DPI¼diphenylene iodonium
eGFP¼ enhanced green fluorescent protein
FDA¼ Food and Drug Administration
GEO¼ gene expression omnibus

HBSS¼Hank’s Balanced Salt Solution
KS¼Kaposi’s sarcoma

KSHV¼Kaposi’s sarcoma herpesvirus
LAT¼ latent transcript
LPS¼ lipopolysaccharide

NAC¼N-acetyle l-cysteine
NOX¼NADPH-oxidases

PBS¼phosphate-buffered saline
PDGF-BB¼platelet-derived growth factor BB

ROS¼ reactive oxygen species
RT-qPCR¼ real-time quantitative polymerase chain

reaction
SD¼ standard deviation

TPA¼ 12-O-tetradecanoylphorbol-13-acetate
VEGF¼vascular endothelial growth factor

vGPCR¼viral gene G protein-coupled receptor
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