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ABSTRACT
Lytic induction of latent Kaposi’s sarcoma-associated herpesvirus (KSHV) has 

been considered as a therapeutic option for efficient treatment of several KSHV-
associated malignancies. Here, we developed a robust high-throughput screening 
system that allows an easy and quantitative measurement of lytic induction of latent 
KSHV and discovered three anthracyclines as potent inducers from screen of FDA-
approved drugs. Lytic induction of latent KSHV by three compounds was verified by 
the significant induction of lytic genes and subsequent production of infectious KSHV. 
Importantly, lytic induction by three compounds was much more efficient than that 
by sodium butyrate, a well-characterized inducer of KSHV lytic cycle. Mechanistically, 
the anthracyclines caused lytic induction of KSHV through apoptosis induced by their 
DNA intercalation rather than topoisomerase II inhibition. Consequently, our results 
clearly demonstrated a role of anthracyclines as effective lytic inducers of KSHV 
and also provided a molecular basis of their use for efficient treatment of diseases 
associated with KSHV infection.

INTRODUCTION

Kaposi’s sarcoma-associated herpes virus 
(KSHV), also known as human herpesvirus 8 (HHV-8), 
is a member of the gammaherpesvirus subfamily and is 
associated with several malignancies, such as Kaposi’s 

sarcoma (KS), primary effusion lymphoma (PEL), and 
multicentric Castleman’s disease [1, 2]. KSHV causes 
malignancies in individuals immunocompromised due 
to human immunodeficiency virus (HIV) infection 
or immunosuppressive drug therapies following 
transplantations. KS is the most common malignancy 
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associated with acquired immune deficiency syndrome 
(AIDS). The majority of KSHV exists in a latent form 
in tumor cells, although a small population undergoes 
lytic replication. Even though highly-active antiretroviral 
therapies have dramatically reduced the incidence of KS 
in HIV-infected patients, KS remains the most common 
AIDS-associated malignancy in developed countries and is 
one of the most common cancers in developing countries. 

Like other herpesviruses, KSHV exhibits two 
distinct life cycle phases after infection: lytic and latent 
replication. KSHV primarily establishes a lifelong latent 
infection in lymphocytes and endothelial cells, wherein 
the viral genome expresses only a subset of proteins, 
and its limited replication uses cellular machinery. Once 
the virus is reactivated from latency and enters the lytic 
cycle, most viral genes are expressed in a highly-ordered 
fashion (immediate-early, early, and late) [3], leading to 
production of infectious virions [4, 5]. 

The KSHV transition from the latent to lytic phase 
is tightly regulated by replication and transcription 
activator (RTA), a potent viral transactivator encoded 
by open reading frame (ORF) 50 [6]. RTA is necessary 
and sufficient to activate lytic replication in latently-
infected cells [6-8]. RTA transcriptionally activates its 
own promoter and those of many lytic genes, including 
polyadenylated nuclear (PAN) RNA, ORF57, ORF21, 
and ORF36. In particular, the expression of PAN RNA is 
directly regulated by RTA. PAN RNA is the most abundant 
transcript among lytic genes and the regulatory elements in 
the PAN promoter are well-defined. Thus, PAN promoter 
activity has been prevalently used to easily assess lytic 
induction of KSHV [9]. 

Many antiviral drugs currently used to target KSHV 
are based on the inhibition of lytic replication [10]. For 
example, gancyclovir (GCV) is a nucleoside analog that 
is modified by viral proteins and eventually inhibits viral 
DNA polymerase activity [11, 12]. These drugs only target 
lytic KSHV and leave latent KSHV to be eradicated. 
Therefore, efficient lytic induction should be combined 
with lytic replication inhibition to fully treat KSHV-
associated diseases. Lytic replication of KSHV can be 
induced in cultured cells by treatment with the phorbol 
ester, 12-0-tetradecanoyl phorbol 13-acetate, or calcium 
ionophores. These compounds induce RTA expression, 
subsequently triggering a cascade of lytic gene expression. 
However, their use in the clinical setting is hampered 
by severe side effects. Valproic acid, bortezomib, and 
prostratin induce lytic replication in KSHV-infected PEL 
cells [13-15]. Although these compounds have therapeutic 
potential, their effectiveness needs to be evaluated in 
vivo. Therefore, new therapeutic candidates need to be 
identified and evaluated in vivo. The identification of 
therapeutic candidate(s) from FDA-approved drugs is 
favorable because they have been proven safe in clinical 
settings, thus facilitating their therapeutic application to 
KSHV-associated diseases. 

In this study, we developed a robust assay system 
based on luciferase as a reporter for quantitatively 
measuring lytic induction of KSHV. This system was used 
to screen approximately 650 FDA-approved drugs. Three 
anthracyclines were identified as potent and effective 
lytic inducers of KSHV by causing lytic induction in 
greater than 95% of cells. In contrast, sodium butyrate 
(SB) treatment resulted in lytic replication in only 5% 
of cells. Moreover, their unusual modes of action, RTA-
independent activation of PAN promoter and apoptosis-
mediated lytic induction, were found. Consequently, 
our results provided a molecular basis of the use of 
anthracyclines for KSHV-associated diseases.

RESULTS

Development of a high-throughput screening 
system for quantitatively measuring lytic 
induction of latent KSHV

The vero-rKSHV.219 cell line was previously 
established and has been prevalently used to investigate 
lytic induction of latent KSHV and to identify small-
molecule inducers [16]. In this cell system, the expression 
of RFP is controlled by the PAN promoter. PAN is a 
representative lytic gene and its expression is highly 
responsive to RTA protein, thereby allowing for easy 
monitoring of lytic induction of latent KSHV. However, 
in our preliminary experiments with SB, a well-
characterized lytic inducer, the RFP signal was too low 
and was restricted to only a small portion of cells for 
quantification. Therefore, we sought to develop a more 
robust assay system (vero-rKSHV.219/PAN-LUC) for 
easy and quantitative measurement of lytic induction of 
KSHV. We additionally introduced a PAN-LUC reporter, 
in which the luciferase gene is also expressed under the 
control of the PAN promoter, into the host genome of 
vero-rKSHV.219 cells (Figure 1A). 

To evaluate the sensitivity of the new cells to lytic 
induction, the parental cells (vero-rKSHV.219) and the 
new cells (vero-rKSHV.219/PAN-LUC) were treated with 
SB in a dose-dependent manner. PAN RNA levels and the 
expression of both reporters (RFP and luciferase) were 
quantitatively measured for further comparison. In the 
parental cells, PAN RNA levels that were determined by 
real-time PCR analysis, gradually increased following SB 
treatment and were highest at 5 mM (Figure 1B), which 
is consistent with previous observations [16, 17]. On the 
contrary, the RFP signal, which reflects PAN promoter 
activity, was measured on a fluorescence reader and was 
barely responsive under the same conditions (Figure 1C). 
The discrepancy between RFP signals and actual levels of 
PAN RNA indicates that the RFP reporter system is not 
a sensitive measurement of lytic induction. Nevertheless, 
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the RFP reporter system is valuable for assessing whether 
lytic induction occurs globally or in only a portion of 
cells by visualizing the lytic induction using fluorescence 
microscopy. 

In contrast, the new cell system (vero-rKSHV.219/
PAN-LUC) responded well to SB treatment, as judged by 

more than 20-fold increases in luciferase activity at 1 and 5 
mM SB (Figure 1D). The highest activity of luciferase was 
observed at 1 mM SB, while the highest PAN RNA levels 
were detected at 5 mM SB by real-time PCR analysis. 
Therefore, the new cell system based on luciferase activity 
is more sensitive than the previous system (Figures 1B 

Figure 1: Establishment of vero-rKSHV.219/PAN-LUC cells for quantitatively measuring lytic induction of KSHV. (A) 
Establishment of vero-rKSHV.219/PAN-LUC cells by introducing a PAN-LUC reporter into the original vero-rKSHV.219 cells. Using the 
PAN-LUC reporter, the expression of the firefly luciferase gene is controlled by the PAN promoter. (B) Vero-rKSHV.219 cells were treated 
with various concentrations of sodium butyrate (SB) for 24 hours. PAN transcripts were quantified by real-time PCR. The amount of PAN 
RNA in the DMSO-treated sample was set to one, and relative fold increases were calculated. Error bars represent standard deviations (SDs) 
from three independent experiments. (C) Vero-rKSHV.219 cells were treated with various concentrations of SB for 24 hours, and RFP 
signals were measured using a fluorescence reader. The RFP signal in the DMSO-treated sample was set to 100%, and relative fluorescence 
activities were calculated. Averages and SDs were determined from two independent experiments. (D) Vero-rKSHV.219/PAN-LUC cells 
were treated with various concentrations of SB for 24 hours. Firefly luciferase activity was measured using One-Glo reagents. Luciferase 
activity in the DMSO-treated sample was set to 100%, and relative luciferase activities were calculated. Averages and SDs were determined 
from two independent experiments. 

Figure 2: Screening FDA-approved drugs for induction of lytic induction of KSHV. (A) Vero-rKSHV.219/PAN-LUC cells in 
96-well plates were treated with approximately 650 FDA-approved drugs at 10 μM for 24 hours and assayed for firefly luciferase activity. 
SB (3 mM) was used as a positive control. A representative result from a plate containing the three compound hits is presented. (B, C, and 
D) The chemical structures of Doxorubicin, Daunorubicin, and Epirubicin, respectively.
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and 1D). Collectively, these results show that the PAN-
LUC-based assay system is sensitive and suitable for high-
throughput screening of lytic inducers. 

Identification of three anthracyclines as lytic 
inducers of KSHV

Very few compounds have been reported to induce 
lytic replication of KSHV [13-15], and their clinical 
potentials need to be extensively evaluated. Therefore, 
we sought to identify new compound(s), particularly 
from previously FDA-approved drugs, with which 
clinical application for KSHV-associated diseases 
would be more feasible. To compare the effectiveness 
of lytic induction of KSHV, SB was included as a 
positive control. From screening of approximately 650 
FDA-approved drugs, three compounds were identified 
that showed significant increases in luciferase activity, 
thus indicating lytic induction of KSHV (Figure 2A). 
Surprisingly, the compounds are all topoisomerase II 
inhibitors (Doxorubicin, Daunorubicin, and Epirubicin) 
and are structurally related to each other (Figures 2B, 
2C, and 2D). They are classified as anthracyclines 
capable of intercalating DNA [18, 19], which majorly 
induce cytotoxic effect in cancer cells and enable them 
to be used to treat a wide range of cancers [20-22]. Of 
the three, Daunorubicin exhibited the highest luciferase 
activity, which was greater than that of SB (Figure 2A). 
Luciferase activities did increase following Doxorubicin 
or Epirubicin treatments, and they were comparable to 
that following SB treatment. These results indicate that 
some function of anthracyclines is associated with lytic 
induction of KSHV.

Anthracyclines effectively induced lytic 
replication of KSHV 

To determine drug potency, vero-rKSHV.219/
PAN-LUC cells were treated with various doses of the 
three compounds and SB as a positive control. All three 
compounds induced gradual increases in luciferase 
activity, with their highest activities (> 30-fold increases 
over the DMSO control) at 10 µM (Figure 3A, 3B, and 
3C). The highest activities for each compound were greater 
than or comparable to that of SB. Epirubicin further 
induced luciferase activity at 50 µM, while luciferase 
activity induced by Doxorubicin or Daunorubicin 
decreased at the same concentration, which may have been 
caused by cell toxicity. 

To confirm that the three anthracyclines function 
as lytic inducers, the expression of another reporter, 
RFP, was analyzed by Western blotting and visualization 
of RFP signals. Consistent with the data from the PAN-
LUC reporter, RFP expression was also detected in 
samples treated with the three individual compounds or 

SB. Daunorubicin induced the highest RFP expression 
(Figure 4A). The red fluorescence signal from RFP was 
also observed in all cells treated with the three individual 
compounds or SB. Unlike SB treatment that only induced 
RFP signals in a small portion of cells (<3%), treatment 
with any of the three compounds dramatically induced 
RFP signals in most of the cell population (>98%) (Figure 
4B and Supplementary Figure 1). This observation 
that the three anthracyclines, newly identified as lytic 
inducers, affected the large majority of cells rather than 
only a limited number of cells is of great importance with 
regard to the effectiveness of lytic induction and complete 
eradication of latent KSHV via efficient lytic induction.

To further confirm lytic induction of KSHV, we 
examined the expression of other lytic genes in addition to 
PAN RNA. The three compounds efficiently induced the 
expression of all tested lytic genes (RTA, PAN, ORF57, 
ORF21, and ORF36) and SB only showed slight induction 
of each gene (Figure 4C). Consistent with the data in 
Figures 3 and 4A, Daunorubicin exhibited the highest 

Figure 3: Dose-dependent activation of the PAN 
promoter by Doxorubicin, Daunorubicin, or 
Epirubicin in vero-rKSHV.219/PAN-LUC cells. (A, 
B, and C) Vero-rKSHV.219/PAN-LUC cells were treated with 
increasing doses of Doxorubicin, Daunorubicin, or Epirubicin 
for 24 hours and then assayed for firefly luciferase activity. 
Effects of Doxorubicin, Daunorubicin, and Epirubicin on PAN 
promoter activity are separately presented in A, B, and C, 
respectively. SB (3 mM) was used as a positive control. The 
luciferase activity in the DMSO-treated sample was set to 100%, 
and relative luciferase activities were calculated. Averages and 
SDs were determined from two independent experiments. 
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Figure 4: Validation of Doxorubicin, Daunorubicin, or Epirubicin as potent lytic inducers of KSHV. (A) Vero-rKSHV.219 
cells were treated with 10 µM Doxorubicin, Daunorubicin, or Epirubicin for 24 hours, and whole cell extracts were subjected to Western 
blot analysis with anti-RFP antibody. SB (3 mM) was used as a positive control. HnRNP A1 was analyzed as a loading control. (B) 
After incubation with 10 µM Doxorubicin, Daunorubicin, or Epirubicin for 24 hours, cells were visualized for GFP and RFP expression 
using fluorescence microscopy. Phase contrast images were also analyzed for morphological changes. (C) Total RNA was prepared from 
cells treated with 10 µM Doxorubicin, Daunorubicin, or Epirubicin and the expression of lytic genes (RTA, PAN, ORF57, ORF21, and 
ORF36) was analyzed using RT-PCR. GAPDH mRNA was analyzed as an internal control. (D) PAN RNA in compound-treated cells 
was quantitatively measured using real-time RT-PCR. The amount in the DMSO-treated sample was set to one, and fold increases were 
calculated. Averages and SDs were determined from two independent experiments.

Figure 5: Production of rKSHV from vero-rKSHV.219 cells treated with the three compounds. (A) Vero-rKSHV.219 
cells were treated with 10 µM Doxorubicin, Daunorubicin, or Epirubicin for 24 hours, and culture media were harvested. Supernatants 
containing rKSHV were incubated with naïve vero (A) and HEK293 (B) cells for 48 hours. GFP signals were visualized using fluorescence 
microscopy. SB (3 mM) was used as a positive control. 
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induction of every examined lytic gene. The dramatic 
induction of PAN RNA following treatment with any of 
the three compounds was confirmed through real-time 
PCR analysis (Figure 4D). 

Anthracyclines produced infectious KSHV via 
lytic induction

Lytic induction accompanies a cascade of lytic gene 
expression and subsequent viral production followed by 
virus release and infection of other cells [23]. Therefore, 
we analyzed the late stage of the KSHV lytic cycle by 
harvesting cell media containing released KSHV for 
reinfecting naïve cells. Vero-rKSHV.219 cells were treated 
with the three individual compounds for 24 hours, and 
culture media were collected. Thereafter, naïve cells were 
incubated with these media for 48 hours, and the newly-
induced GFP signals were analyzed. The rKSHV.219 
genome contains the GFP gene under the control of the 
mammalian elongation factor 1a (EF-1a) promoter, which 
allows for efficient expression of GFP in host cells after 
rKSHV.219 infection. The detection of GFP signals in 
naïve cells after incubation with cell media indicates the 
production and release of infectious virus from parental 
cells (vero-rKSHV.219). Naïve vero cells exhibited strong 
GFP signals after incubation with culture media from 
cells treated with the three compounds (Figure 5A). A 
similar pattern was also observed in human HEK293 cells 
incubated with identical cell media (Figure 5B). Compared 
to the GFP signals induced by the three compounds, those 

induced by SB were extremely low and barely detectable. 
These results indicate that the three compounds induced 
lytic replication accompanying lytic gene expression 
and subsequent production of infectious KSHV in vero-
rKSHV.219 cells.

Anthracyclines induced lytic gene expression in 
human B-cell lymphoma BCBL1 cells naturally 
infected with KSHV

Lytic induction in response to the three 
anthracyclines was demonstrated in nonhuman vero 
cells. We examined the lytic-inducing effect of the 
three compounds in human B-cell lymphoma (BCBL-
1) cells that were naturally infected with KSHV. To 
optimize the conditions of compound treatment, the 
lytic-inducing effect of Daunorubicin, which consistently 
showed the highest activities in every experiment, was 
first investigated. BCBL1 cells were transfected with 
plasmid expressing luciferase under the control of the 
PAN promoter and treated with Daunorubicin for various 
times (6, 12, and 18 hours). As a result, incubation with 
Daunorubicin at 0.4 and 2 µM for 18 hours induced 
the highest luciferase activity (Supplementary Figure 
2). Therefore, the other compounds were also tested 
under these conditions in the following experiments. As 
expected, all three compounds significantly induced the 
luciferase activity of the PAN promoter more than 2-fold, 
particularly at 2 µM (Figure 6), in spite of slight decreases 
in cell viability (Supplementary Figure 3). Consistent with 

Figure 6: Effects of the three compounds on PAN promoter activities in human B-cell lymphoma BCBL1 cells 
naturally infected with KSHV. Human BCBL1 cells naturally infected with KSHV were transfected with plasmids expressing firefly 
luciferase under the control of the PAN promoter. At 12 hours post-transfection, cells were treated with increasing doses of Doxorubicin, 
Daunorubicin, or Epirubicin for 18 hours and assayed for firefly luciferase activity. SB (3 mM) was used as a positive control. The luciferase 
activities in the DMSO-treated samples were set to 100%, and relative activities were calculated. Averages and SDs were determined from 
two independent experiments.
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the data in vero cells (Figure 3 and 4), the treatment of 
Daunorubicin also exhibited the highest luciferase activity 
in BCBL1 cells, even though its activity was lower than 
that of SB. Therefore, the three compounds induced lytic 
gene expression in human B-cell lymphoma naturally 
infected with KSHV as they did in vero cells. 

Anthracyclines induced expression of lytic genes 
independently of viral proteins

Many compounds that induce lytic replication 
upregulate expression of lytic genes in an RTA-dependent 
manner [24] by upregulating RTA expression that then 
induces a cascade of downstream gene activation. To 
determine if the three topoisomerase II inhibitors also 
function in this manner, vero-rKSHV.219 cells were 
transfected with plasmids expressing luciferase under 
the control of PAN or RTA promoters, and treated with 
the three compounds. All three compounds induced the 
PAN promoter-controlled luciferase activity by more 
than 3-fold (Figure 7B). Similarly, the luciferase activity 
controlled by the RTA promoter was enhanced by more 
than 4-fold (Figure 7A). These data suggest that the three 
compounds likely induce PAN promoter activity in an 
RTA-dependent manner. However, further experiments 
redirected our preliminary conclusion. 

To determine whether viral proteins are involved 
in lytic induction in response to the three compounds, 
we performed the same experiments with vero cells. 
Uninfected vero cells were transfected with plasmids 
expressing luciferase under the control of the PAN or RTA 
promoters and were treated with the three compounds. 
Strikingly, all three compounds induced luciferase 
activity of both PAN and RTA promoters to similar extents 
(Figure 7C and 7D), indicating that activation of the PAN 
promoter is actually independent of RTA activation. 
Consequently, the three compounds functioned on both 
promoters separately. Moreover, the promoter activation 
was not dependent on viral protein(s) because there were 
no viral proteins in uninfected vero cells. Viral protein-
independent activation of the PAN promoter was also 
confirmed by the significant increase in luciferase activity 
in BJAB cells, a human B-cell lymphoma line without 
KSHV infection [25, 26], following treatment with the 
three compounds (Supplementary Figure 4). Collectively, 
these results demonstrated that the three anthracycliness 
regulate the PAN and RTA promoters individually and 
their activation is not dependent on any viral proteins as 
effectors. 

Lytic induction of KSHV by anthracyclines is not 
dependent on topoisomerase II inhibition

Anthracyclines have several mechanisms of action 
such as topoisomerase II inhibition, DNA intercalation, 

generation of free radicals, and induction of histone 
eviction from chromatin [18, 19]. In order to determine 
whether topoisomerase II inhibition is crucial for lytic 
induction of KSHV, we tested additional topoisomerase 
II inhibitors that are structurally different from 
anthracyclines and do not intercalate DNA. Particularly, 
we included two known topoisomerase II catalytic 
inhibitors (Novobiocin and Merbarone) (Figure 8A). 
Surprisingly, topoisomerase II inhibitors other than three 
anthracyclines had no effect on lytic induction of KSHV 
even at the highest concentrations (100 or 50 µM) (Figure 
8B or Supplementary Figure 5, respectively). Note that 
IC50s of Novobiocin and Merbarone for topoisomerase 
II were consistently reported as 10-20 µM [27]. These 
results suggest that anthracyclines have an effect on 
lytic induction of KSHV most probably through DNA 
intercalation rather than topoisomerase II inhibition.

Lytic induction of KSHV by anthracyclines-
induced apoptosis

Recently, it has been proposed that KSHV lytic 
activation is alternatively initiated through apoptosis 
[28]. In this study, cytotoxic chemotherapeutic agents 
including doxorubicin were demonstrated to induce lytic 
replication of KSHV. These previous report in conjuction 
with our observation suggest that only DNA-intercalating 
anthracyclines out of various topoisomerase II inhibitors 
might activate lytic replication of KSHV through 
inducing apoptosis. On the contrary, other topoisomerase 
II inhibitors which are not capable of intercalating DNA 
might not induce apoptosis as sufficiently as to attain 
KSHV activation. In order to prove this hypothesis, we 
examined the involvement of apoptosis in anthracyclines-
induced lytic induction of KSHV. In order to correlate 
lytic-inducing capability of anthracyclines with apoptosis, 
apoptosis was simply analyzed by detecting PARP 
cleavage, which is a representative event during this 
process [29]. As expected, only three anthracyclines 
exhibited an obvious cleavage of PARP, while other 
topoisomerase II inhibitors had no effect (Figure 8C). 
These results suggest that three anthracyclines including 
doxorubicin induced lytic replication of KSHV through 
inducing apoptosis.

DISCUSSION

Latent infection of KSHV makes it difficult to 
achieve complete eradication of KSHV with the currently 
available antiviral drugs. This is why lytic induction of 
latent KSHV combined with known antiviral drugs is 
considered an efficient therapeutic option for treatment 
of KSHV-associated diseases. However, very few 
compounds have been identified as lytic inducers and 
their clinical potential needs to be evaluated further. 
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Figure 7: KSHV-independent activation of the RTA and PAN promoters by the three compounds (A and B) Vero-
rKSHV.219 cells were transfected with plasmids expressing firefly luciferase under the control of the RTA (A) or PAN 
(B) promoters. At 24 hours post-transfection, cells were treated with increasing doses of Doxorubicin, Daunorubicin, or Epirubicin for 
24 hours and assayed for firefly luciferase activity. SB (3 mM) was used as a positive control. The luciferase activities in the DMSO-treated 
samples were set to 100%, and relative activities were calculated. Averages and SDs were determined from two independent experiments. 
(C and D) Vero cells were transfected with plasmids expressing firefly luciferase under the control of the RTA (C) or PAN (D) promoters. At 
24 hours post-transfection, cells were treated with increasing doses of Doxorubicin, Daunorubicin, or Epirubicin for 24 hours and assayed 
for firefly luciferase activity. 

Figure 8: Lytic induction of KSHV by anthracycline-induced apoptosis. (A) The chemical structures of Novobiocin and 
Merbarone. (B) Vero-rKSHV.219/PAN-LUC cells were treated with increasing doses of topoisomerase II catalytic inhibitors (Novobiocin 
and Merbarone) for 24 hours and assayed for firefly luciferase activity. SB (3 mM) was used as a positive control. The luciferase activity 
in the DMSO-treated sample was set to 100%, and relative activities were calculated. Averages and SDs were determined from two 
independent experiments. (C) PARP cleavage induced by three anthracyclines. Vero-rKSHV.219/PAN-LUC cells were treated with 10 
and 50 µM of Doxorubicin, Daunorubicin, Epirubicin, Novobiocin or Merbarone for 24 hours, and whole cell extracts were subjected to 
Western blot analysis with anti-PARP antibody. GAPDH was analyzed as a loading control.
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More importantly, their effectivenesss for lytic induction 
of KSHV is too poor to achieve complete eradication of 
KSHV from infected cells. In our study, we identified 
three anthracyclines (Doxorubicin, Daunorubicin, and 
Epirubicin) as unprecedently effective lytic inducers from 
a screen of approximately 650 FDA-approved drugs.

We first developed a robust assay system that 
quantitatively measures lytic induction of KSHV in 
vero-rKSHV.219 cells that have been prevalently used 
by many researchers [16, 30, 31]. In our preliminary 
experiments, the original vero-rKSHV.219 cells containing 
the RFP gene under the control of the PAN promoter 
were not sensitive enough to be used for high-throughput 
screening. Therefore, we introduced a highly-sensitive 
reporter luciferase (PAN-LUC) whose expression is 
controlled by the PAN promoter into vero-rKSHV.219 
cells. Greatly improved sensitivity was demonstrated by 
the use of sodium butyrate (SB) as a representative lytic 
inducer of KSHV (Figure 1). This upgraded system (vero-
rKSHV.219/PAN-LUC) allowed for high-throughput 
screening with high sensitivity and analysis of the 
effectiveness of candidate compounds at a single-cell level 
by visualizing the RFP signal. 

Several lines of evidence demonstrated that the three 
anthracyclines are potent and effective lytic inducers of 
KSHV in nonhuman cells (vero) and human B-cell 
lymphoma cells (BCBL1) naturally infected with KSHV. 
First, the three compounds dose-dependently induced the 
expression of luciferase under the control of the PAN or 
RTA promoters in BCBL1 and vero cells (Figure 6 and 3, 
respectively). Second, their lytic-inducing activities were 
confirmed by increases in RFP expression, another reporter 
in vero-rKSHV.219 cells (Figures 4A and 4B). Third, the 
three compounds dramatically induced expression of lytic 
genes (RTA, PAN, ORF57, ORF21, and ORF36) in vero-
rKSHV.219 cells as determined by RT-PCR (Figures 4C 
and 4D). Fourth, all three compounds efficiently produced 
infectious viruses from vero-rKSHV.219 cells that were 
judged by the GFP signal in newly-infected vero and 
HEK293 cells (Figure 5). 

The effectiveness of anthracyclines as lytic inducers 
was consistently higher than or comparable to that of SB 
throughout most of the experiments (Figures 2, 3, 4, and 
5). More importantly, lytic induction induced by the three 
compounds was observed in more than 95% of the cells, 
while SB induced lytic replication in less than 5% of 
the cells as assessed by RFP signals in vero-rKSHV.219 
cells (Figure 4B). Similarly, the effectiveness of the three 
compounds was observed by using viruses produced 
following treatment with the compounds for reinfection. 
The titer of viruses produced following treatment with 
the three compounds was much higher than that produced 
by SB (Figure 5). Collectively, these results demonstrate 
that anthracyclines are much more effective drugs for 
achieving efficient lytic induction of KSHV than is SB. 

How do anthracyclines induce lytic replication? 

Many lytic-inducing compounds, including SB, induce 
RTA expression that subsequently triggers a cascade 
of lytic gene expression. Unlike these compounds, 
the three anthracyclines acted on both of the PAN and 
RTA promoters individually rather than by following a 
cascade of lytic gene activation (Figure 7). Moreover, 
lytic induction by the three compounds is not dependent 
on any viral proteins (Figure 7). The study with other 
topoisomerase II inhibitors revealed that lytic induction by 
anthracyclines is not related to topoisomerase II inhibition 
(Figure 8B and Supplementary Figure 5). Rather, DNA 
intercalating activity which only anthracyclines have 
is likely to be crucial. Anthracyclines are capable of 
intercalating into DNA base pairs and cause inhibition 
of DNA replication, thus allowing them to work as 
chemotherapeutic drugs for a wide range of cancers [19, 
32]. Nevertheless, we cannot completely exclude the 
possibility that other functions of anthracyclines such 
as generation of free radicals and induction of histone 
eviction from chromatin might be contributing to lytic 
induction of KSHV. Intriguingly, it has been recently 
proposed that KSHV activation is induced by apoptosis 
[28]. In this study, doxorubicin, one of anthracyclines, 
was demonstrated to induce KSHV activation by inducing 
apoptosis. Our studies extended this previous observation 
by showing that anthracyclines in addition to doxorubicin 
commonly induce lytic replication of KSHV through 
apoptosis, particularly, induced by their DNA intercalation 
rather than topoisomerase II inhibition (Figure 8). Still, it 
remains unclear how apoptosis activates the transcription 
of PAN/RTA genes. Further investigation will clarify this 
issue. 

Topoisomerase II inhibitors have been recently 
reported to be inhibitors of lytic and latent KSHV 
replication [27, 33]. Our finding demonstrates another 
effect of anthracyclines, a class of topoisomerase II 
inhibitors, as potent and effective lytic inducers of KSHV. 
Even though anthracyclines have not been tested so far, it 
is conceivable that they will be functioning as inhibitors of 
lytic and latent KSHV replication as other topoisomerase 
II inhibitors. Since a single compound can function as an 
efficient inducer of the lytic cycle, as well as an inhibitor 
of lytic and latent replication, anthracyclines could be 
considered an ideal class of drug for treatment of KSHV-
associated diseases. Anthracyclines have already been 
FDA-approved as chemotherapy drugs for various cancers 
such as hematological malignancies, many types of 
carcinoma, and soft tissue sarcomas (30, 31). Doxorubicin, 
one of anthracyclines identified here, is currently being 
used as a therapy even for Kaposi’s sarcoma [34-36]. 
Regardless of the multiple actions of anthracyclines on the 
KSHV life cycle, a combination of these anthracyclines 
with known antiviral drugs, such as GCV, is worth 
consideration as another option for the effective treatment 
of KSHV-associated diseases. Likewise, Epstein-Barr 
virus (EBV), another virus in the gammaherpesvirus 
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subfamily, is reactivated following treatment with 
Doxorubicin [11], suggesting that anthracyclines may have 
broad potential treatment of gammaherpesvirus subfamily-
related diseases. The evaluation of the therapeutic 
potential of these anthracyclines in an MHV68-infected 
animal model will be pursued in future studies.

Here, we identified three anthracyclines as potent 
and effective lytic inducers of KSHV. These FDA-
approved drugs will provide various therapeutic options 
for KSHV-associated diseases. 

MATERIALS AND METHODS

Cell culture

African green monkey kidney cells (vero), vero-
rKSHV.219 cells, and human embryonic kidney 293 cells 
(HEK293) were maintained in DMEM medium containing 
10% FBS (Hyclone) and 1% penicillin-streptomycin. 
Vero-rKSHV.219 cells were kindly provided by Dr. Jae U. 
Jung (University of Southern California). Primary effusion 
lymphoma cells (BCBL-1) naturally-infected with KSHV 
and B-cell lymphoma cells (BJAB) were grown in RPMI 
1640 medium (Welgene) supplemented with 10% FBS 
(Welgene) and 1% penicillin-streptomycin. 

Establishment of the vero-rKSHV.219/PAN-LUC 
cell line

To construct the pGL4.14-PAN-LUC reporter 
plasmid, DNA spanning nt -122 to +14 of the PAN 
promoter [37] was obtained from vero-rKSHV.219 
cells using RT-PCR with appropriate primers (forward, 
5’-TGGCCTAACTGGCCGGTACCAGGGT 
CAGCTTGAAGGATGAT-3’ and reverse, 
5’-CCGGATTGCCAAGCTTTGGGCAGTCCC 
AGTGCTAAAC-3’) and inserted into Kpn I/Hind 
III restriction sites of pGL4.14 (Promega). Plasmids 
were transfected into vero-rKSHV.219 cells using 
X-tremeGENE siRNA Transfection Reagent (Roche), and 
transfectants were selected using puromycin (1 μg/mL) 
for more than 1 week. Selected colonies were individually 
amplified and treated with 3 mM SB for 24 hours. Cells 
(vero-rKSHV.219/PAN-LUC) showing the highest 
responsiveness to SB were chosen and maintained for 
further experiments. 

High-throughput screening of FDA-approved 
drugs

An FDA-approved drugs library was purchased 
from Selleckchem (http://www.selleckchem.com). To 
screen approximately 650 FDA-approved drugs, vero-

rKSHV.219/PAN-LUC cells (2 × 104 cells/well) were 
seeded in each well of 96-well plates and incubated with 
10 μM individual drugs for 24 hours. Firefly luciferase 
activity was measured using a One-Glo Luciferase Assay 
System (Promega) as per the manufacturer’s protocol.

Luciferase assays for lytic induction of KSHV

To measure induction of the RTA and PAN 
promoters in response to the active compounds from the 
high-throughput screen, vero and vero-rKSHV.219 cells (3 
× 105 cells/well) in 6-well plates were transfected with 2 
μg of the reporter plasmids pGL3-Rp [38] and pGL4.14-
PAN-LUC using X-tremeGENE DNA transfection 
reagent. Twenty-four hours post-transfection, cells were 
incubated with various concentrations of Doxorubicin, 
Daunorubicin, or Epirubicin for 24 hours and assayed for 
firefly luciferase activity. BCBL-1 cells (2 × 106 cells/well) 
were seeded in 6-well plates 3 hours prior to transfection 
with 4 μg of reporter plasmid using Lipofectamine 2000 
(Promega). Twelve hours post-transfection, various 
concentrations of Doxorubicin, Daunorubicin, or 
Epirubicin were added for 18 hours, and firefly luciferase 
activities were measured. Cell viability was also measured 
using CellTiter-Glo Luminescent Cell Viability Assays 
(Promega) as per the manufacturer’s protocol.

Analysis of red fluorescence protein (RFP) signals 
in vero-rKSHV.219 cells

Vero-rKSHV.219 cells incubated with Doxorubicin, 
Daunorubicin, or Epirubicin for 24 hours were washed 
with phosphate-buffered saline (PBS) and fixed with 4% 
paraformaldehyde at room temperature. Fixed cells were 
washed with PBS twice and RFP signals were visualized 
using fluorescence microscopy. 

Quantitative Western blot analysis

Quantitative Western blot analyses were performed 
as previously described [39]. Briefly, whole-cell extracts 
were resolved by SDS-PAGE and transferred to PVDF 
membranes (GE Healthcare). Membranes were blocked 
in 5% skim milk and incubated overnight at 4°C. Proteins 
that reacted with antibodies were detected on membranes 
using a WEST-ZOL Plus Western blotting detection 
system (Intron Biotechnology) and analyzed with an LAS-
4000 image analyzer (Fujifilm, Tokyo, Japan). Anti-RFP, 
-GAPDH, and -PARP antibodies were purchased from 
MBL International, Sigma, and Abcam, respectively. 
Anti-hnRNP A1 antibody was kindly provided by Gideon 
Dreyfuss (University of Pennsylvania). 
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RT-PCR and quantitative real-time PCR

To examine the induction of lytic genes, vero-
rKSHV.219 cells were treated with Doxorubicin, 
Daunorubicin, or Epirubicin for 24 hours. Total RNA 
was extracted using TRIzol reagent (Invitrogen) 
followed by cDNA synthesis using Omniscript RT kits 
(Qiagen) and oligo-dT primers. PCR was performed 
using GoTaq Green Master Mix (Promega). The primer 
sequences used for PCR were as follows: RTA (forward, 
5’-GTGCATTCGGATTATGAAAGAA-3’ and reverse, 
5’-TACGTGTTGTAGAGCTTCAGT-3’), PAN (forward, 
5’-TTATGATATGCGAGGATACTTAA -3’ and reverse, 
5’-TGTCATTCAAATCGACTTGCTT-3’), ORF57 
(forward, 5’-ATAAGAGCAGGGGGCAAAGA-3’ and 
reverse, 5’-TGACCACCTCCACAGACAGATG-3’), 
ORF21 (forward, 5’-GATCATGTTGCAGTACATCAC-3’ 
and reverse, 5’-TGTCTCCTCTAGGTGATTAAC-3’), 
ORF36 (forward, 5’-ACCATCGACAT 
GTCCTCGTT-3’ and reverse, 5’-AAGTCTCGCTCTAG 
TAGCTTT-3’), and GAPDH (forward, 
5’-GAACGGGAAGCTT GTCATCAATGG -3’ and 
reverse, 5’-TGTGGTCATGAGTCCTTCCACGAT-3’). 
Quantitative real-time PCR of PAN transcripts was 
performed using SYBR Green PCR 2 × Master Mix (Bio-
Rad) with the same PAN primers.

Reinfection of vero and HEK293 cells with 
compound-treated vero-rKSHV.219 cell media

Vero-rKSHV.219 cells were seeded in 6-well plates 
one day prior to treatment with the following compounds. 
Cells were treated with 10 μM Doxorubicin, Daunorubicin, 
or Epirubicin for 24 hours, and culture media were 
harvested. To remove cell debris, culture media were 
subjected to high-speed centrifugation at 16,000 × g, 
and only supernatants were used for the reinfection 
experiment. HEK293 and vero cells were incubated with 
these supernatants for 48 hours, and newly-induced GFP 
signals were analyzed by fluorescence microscopy.

ACKNOWLEDGEMENTS

This research was supported by the Basic 
Science Research Program through the National 
Research Foundation of Korea (NRF) funded by the 
Ministry of Education, Science and Technology (NRF-
2012R1A1A2003182), the International Science and 
Business Belt Program through the Ministry of Science, 
ICT and Future Planning (2013K000498), and the KRIBB 
Research Initiative Program.

REFERENCES

1. Cesarman E, Chang Y, Moore PS, Said JW and Knowles 

DM. Kaposi’s sarcoma-associated herpesvirus-like DNA 
sequences in AIDS-related body-cavity-based lymphomas. 
The New England journal of medicine. 1995; 332(18):1186-
1191.

2. Soulier J, Grollet L, Oksenhendler E, Cacoub P, Cazals-
Hatem D, Babinet P, d’Agay MF, Clauvel JP, Raphael M, 
Degos L and et al. Kaposi’s sarcoma-associated herpesvirus-
like DNA sequences in multicentric Castleman’s disease. 
Blood. 1995; 86(4):1276-1280.

3. Sun R, Lin SF, Staskus K, Gradoville L, Grogan E, Haase 
A and Miller G. Kinetics of Kaposi’s sarcoma-associated 
herpesvirus gene expression. Journal of virology. 1999; 
73(3):2232-2242.

4. Renne R, Zhong W, Herndier B, McGrath M, Abbey N, 
Kedes D and Ganem D. Lytic growth of Kaposi’s sarcoma-
associated herpesvirus (human herpesvirus 8) in culture. 
Nature medicine. 1996; 2(3):342-346.

5. Vieira J, Huang ML, Koelle DM and Corey L. 
Transmissible Kaposi’s sarcoma-associated herpesvirus 
(human herpesvirus 8) in saliva of men with a history of 
Kaposi’s sarcoma. Journal of virology. 1997; 71(9):7083-
7087.

6. Sun R, Lin SF, Gradoville L, Yuan Y, Zhu F and Miller 
G. A viral gene that activates lytic cycle expression of 
Kaposi’s sarcoma-associated herpesvirus. Proceedings of 
the National Academy of Sciences of the United States of 
America. 1998; 95(18):10866-10871.

7. Gradoville L, Gerlach J, Grogan E, Shedd D, Nikiforow 
S, Metroka C and Miller G. Kaposi’s sarcoma-associated 
herpesvirus open reading frame 50/Rta protein activates 
the entire viral lytic cycle in the HH-B2 primary effusion 
lymphoma cell line. Journal of virology. 2000; 74(13):6207-
6212.

8. Lukac DM, Kirshner JR and Ganem D. Transcriptional 
activation by the product of open reading frame 50 of 
Kaposi’s sarcoma-associated herpesvirus is required for 
lytic viral reactivation in B cells. Journal of virology. 1999; 
73(11):9348-9361.

9. Song MJ, Li X, Brown HJ and Sun R. Characterization 
of interactions between RTA and the promoter of 
polyadenylated nuclear RNA in Kaposi’s sarcoma-
associated herpesvirus/human herpesvirus 8. Journal of 
virology. 2002; 76(10):5000-5013.

10. Moore PS and Chang Y. KSHV: forgotten but not gone. 
Blood. 2011; 117(26):6973-6974.

11. Feng WH, Hong G, Delecluse HJ and Kenney SC. Lytic 
induction therapy for Epstein-Barr virus-positive B-cell 
lymphomas. Journal of virology. 2004; 78(4):1893-1902.

12. Feng WH, Israel B, Raab-Traub N, Busson P and Kenney 
SC. Chemotherapy induces lytic EBV replication and 
confers ganciclovir susceptibility to EBV-positive epithelial 
cell tumors. Cancer research. 2002; 62(6):1920-1926.

13. Brown HJ, McBride WH, Zack JA and Sun R. Prostratin 
and bortezomib are novel inducers of latent Kaposi’s 



Oncotarget8526www.impactjournals.com/oncotarget

sarcoma-associated herpesvirus. Antiviral therapy. 2005; 
10(6):745-751.

14. Klass CM, Krug LT, Pozharskaya VP and Offermann 
MK. The targeting of primary effusion lymphoma cells 
for apoptosis by inducing lytic replication of human 
herpesvirus 8 while blocking virus production. Blood. 2005; 
105(10):4028-4034.

15. Shaw RN, Arbiser JL and Offermann MK. Valproic acid 
induces human herpesvirus 8 lytic gene expression in 
BCBL-1 cells. Aids. 2000; 14(7):899-902.

16. Vieira J and O’Hearn PM. Use of the red fluorescent protein 
as a marker of Kaposi’s sarcoma-associated herpesvirus 
lytic gene expression. Virology. 2004; 325(2):225-240.

17. Scholz BA, Harth-Hertle ML, Malterer G, Haas J, Ellwart 
J, Schulz TF and Kempkes B. Abortive lytic reactivation of 
KSHV in CBF1/CSL deficient human B cell lines. PLoS 
pathogens. 2013; 9(5):e1003336.

18. Belloc F, Lacombe F, Dumain P, Lopez F, Bernard P, 
Boisseau MR and Reifers J. Intercalation of anthracyclines 
into living cell DNA analyzed by flow cytometry. 
Cytometry. 1992; 13(8):880-885.

19. Neidle S, Pearl LH and Skelly JV. DNA structure and 
perturbation by drug binding. The Biochemical journal. 
1987; 243(1):1-13.

20. Minotti G, Menna P, Salvatorelli E, Cairo G and Gianni 
L. Anthracyclines: molecular advances and pharmacologic 
developments in antitumor activity and cardiotoxicity. 
Pharmacological reviews. 2004; 56(2):185-229.

21. Peng X, Chen B, Lim CC and Sawyer DB. The 
cardiotoxicology of anthracycline chemotherapeutics: 
translating molecular mechanism into preventative 
medicine. Molecular interventions. 2005; 5(3):163-171.

22. Weiss RB. The anthracyclines: will we ever find a better 
doxorubicin? Seminars in oncology. 1992; 19(6):670-686.

23. Staskus KA, Zhong W, Gebhard K, Herndier B, Wang H, 
Renne R, Beneke J, Pudney J, Anderson DJ, Ganem D and 
Haase AT. Kaposi’s sarcoma-associated herpesvirus gene 
expression in endothelial (spindle) tumor cells. Journal of 
virology. 1997; 71(1):715-719.

24. Inoue N, Winter J, Lal RB, Offermann MK and Koyano S. 
Characterization of entry mechanisms of human herpesvirus 
8 by using an Rta-dependent reporter cell line. Journal of 
virology. 2003; 77(14):8147-8152.

25. Chen L and Lagunoff M. Establishment and maintenance of 
Kaposi’s sarcoma-associated herpesvirus latency in B cells. 
Journal of virology. 2005; 79(22):14383-14391.

26. Paul AG, Sharma-Walia N and Chandran B. Targeting 
KSHV/HHV-8 latency with COX-2 selective inhibitor 
nimesulide: a potential chemotherapeutic modality for 
primary effusion lymphoma. PloS one. 2011; 6(9):e24379.

27. Gonzalez-Molleda L, Wang Y and Yuan Y. Potent antiviral 
activity of topoisomerase I and II inhibitors against 
Kaposi’s sarcoma-associated herpesvirus. Antimicrobial 
agents and chemotherapy. 2012; 56(2):893-902.

28. Prasad A, Remick J and Zeichner SL. Activation of human 
herpesvirus replication by apoptosis. Journal of virology. 
2013; 87(19):10641-10650.

29. Soldani C, Lazze MC, Bottone MG, Tognon G, Biggiogera 
M, Pellicciari CE and Scovassi AI. Poly(ADP-ribose) 
polymerase cleavage during apoptosis: when and where? 
Experimental cell research. 2001; 269(2):193-201.

30. Wells R, Stensland L and Vieira J. The human 
cytomegalovirus UL112-113 locus can activate the full 
Kaposi’s sarcoma-associated herpesvirus lytic replication 
cycle. Journal of virology. 2009; 83(9):4695-4699.

31. Wu W, Vieira J, Fiore N, Banerjee P, Sieburg M, Rochford 
R, Harrington W, Jr. and Feuer G. KSHV/HHV-8 infection 
of human hematopoietic progenitor (CD34+) cells: 
persistence of infection during hematopoiesis in vitro and 
in vivo. Blood. 2006; 108(1):141-151.

32. Sugiura Y, Shiraki T, Konishi M and Oki T. DNA 
intercalation and cleavage of an antitumor antibiotic 
dynemicin that contains anthracycline and enediyne cores. 
Proceedings of the National Academy of Sciences of the 
United States of America. 1990; 87(10):3831-3835.

33. Purushothaman P, McDowell ME, McGuinness J, Salas R, 
Rumjahn SM and Verma SC. Kaposi’s sarcoma-associated 
herpesvirus-encoded LANA recruits topoisomerase IIbeta 
for latent DNA replication of the terminal repeats. Journal 
of virology. 2012; 86(18):9983-9994.

34. Evans SR, Krown SE, Testa MA, Cooley TP and Von 
Roenn JH. Phase II evaluation of low-dose oral etoposide 
for the treatment of relapsed or progressive AIDS-related 
Kaposi’s sarcoma: an AIDS Clinical Trials Group clinical 
study. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology. 2002; 20(15):3236-
3241.

35. Laubenstein LJ, Krigel RL, Odajnyk CM, Hymes KB, 
Friedman-Kien A, Wernz JC and Muggia FM. Treatment of 
epidemic Kaposi’s sarcoma with etoposide or a combination 
of doxorubicin, bleomycin, and vinblastine. Journal of 
clinical oncology : official journal of the American Society 
of Clinical Oncology. 1984; 2(10):1115-1120.

36. Schwartsmann G, Sprinz E, Kromfield M, Kalakun L, 
Sander E, Prolla G, Di Leone L, Gerhardt L and Mans DR. 
Clinical and pharmacokinetic study of oral etoposide in 
patients with AIDS-related Kaposi’s sarcoma with no prior 
exposure to cytotoxic therapy. Journal of clinical oncology 
: official journal of the American Society of Clinical 
Oncology. 1997; 15(5):2118-2124.

37. Song MJ, Brown HJ, Wu TT and Sun R. Transcription 
activation of polyadenylated nuclear rna by rta in human 
herpesvirus 8/Kaposi’s sarcoma-associated herpesvirus. 
Journal of virology. 2001; 75(7):3129-3140.

38. Deng H, Young A and Sun R. Auto-activation of the rta 
gene of human herpesvirus-8/Kaposi’s sarcoma-associated 
herpesvirus. The Journal of general virology. 2000; 81(Pt 
12):3043-3048.



Oncotarget8527www.impactjournals.com/oncotarget

39. Kim H, Choi K, Kang H, Lee SY, Chi SW, Lee MS, Song 
J, Im D, Choi Y and Cho S. Identification of a Novel 
Function of CX-4945 as a Splicing Regulator. PloS one. 
2014; 9(4):e94978.


