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Primary effusion lymphoma (PEL) is an incurable non-Hodgkin’s lymphoma and novel biology-based treatments
are urgently needed in clinical settings. Shikonin (SHK), a napthoquinone derivative, has been used for the treat-
ment of solid tumors. Here, we report that SHK is an effective agent for the treatment of PEL. Treatment with
SHK results in significant reduction of proliferation in PEL cells and their rapid apoptosis in vitro. SHK-induced
apoptosis of PEL cells is accompanied by the generation of reactive oxygen species (ROS), loss of mitochondrial
membrane potential (Aym), an activation of c-Jun-N-terminal kinase (JNK), p38, as well as caspase-3, -8, and
-9. Scavenging of ROS in the presence of N-acetylcysteine (NAC) almost blocks the loss of mitochondrial mem-
brane Aym, activation of JNK, cleavage of caspase-3, -9, and an induction of apoptosis in SHK treated PEL cells.
SP600125, a specific inhibitor of JNK, also rescues a proportion of cells from the apoptotic effect of SHK. In addi-
tion, inhibition of caspase activation in the presence of pan-caspase inhibitor, Q-VD-OPh, blocks the SHK-inducing
apoptosis, but doesn’t completely inhibit SHK-mediated JNK activation. Therefore, ROS is an upstream trigger of
SHK-induced caspase dependent apoptosis of PEL cells through disruption of mitochondrial membrane Aym in
an intrinsic pathway and an activation of JNK in an extrinsic pathway. In a PEL xenografted mouse model, SHK
treatment suppresses PEL-mediated ascites formation without showing any significant adverse toxicity. These

results suggested that SHK could be a potent anti-tumor agent for the treatment of PEL.

Introduction

Primary effusion lymphoma (PEL) is a subtype of non-Hodgkin’s B-
cell lymphoma (NHL) that is universally associated with HHV-8/KSHV
and frequently occurs in an immunodeficient state in HIV/AIDS patients
[1,2]. HIV infected AIDS patients are at a 60 to 200 times higher risk
of developing NHL than HIV negative patients and PEL is accounted ap-
proximately 4% of all HIV infected NHL [3,4]. Although an application
of combined antiretroviral therapy improved the therapeutic outcome
of AIDS related lymphoma, PEL is an aggressive tumor with a median
survival of 6.2 months and treatment with the usual chemotherapeutic
regimens achieved a complete remission rate of only 50% [5]. Actively
proliferating PEL used many signals including the NF-«B, JAK/STAT,
and PI3/AKT pathways for their survival [6-8], and an effective treat-
ment for PEL hasn’t been discovered yet. Therefore, the development of
an effective and less toxic chemotherapy for PEL is urgently needed.

Shikonin (SHK), a naphthoquinone compound of Lithospermum
erythrorhizon root extract, has been used for wound healing, anti-
inflammation, and anti-fungal activity [9] [10]. Recently, SHK has been
shown to be a potent anti-tumor agent by inducing cancer cell death
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[11] and an in vivo context, it is less toxic with good bioavailability
[12]. It has been reported that SHK induced apoptosis through DNA
fragmentation as well as caspase-3 cleavage and inhibited angiogene-
sis in treated HL60 cell tumors [13]. Several other studies have also
been focused on other specific molecular targets of SHK such as NF-«B
[14], proteasome [15], mitogen activated protein kinase family (MAPK)
[11,16], IL-6 induced STAT3 activity [17], and PI3K/AKT to inhibit var-
ious types of cancer cells growth [9,18].

Most recently, it has been shown that SHK induced intracellu-
lar reactive oxygen species (ROS) with disturbance of mitochondrial
membrane potential (Aym) during an early apoptotic phase in hu-
man glioma U87MG and Hs683 cells [19]. SHK also induced cell cy-
cle arrest and necroptosis (programmed necrosis) in a broad spectrum
of human cancers including cervical, colon and hepatocellular carci-
noma [12]. Induction of apoptosis and necroptosis by SHK has also
been reported in human hematological malignant multiple myeloma cell
lines [20].

However, despite these promising results, no study has examined
the SHK-mediated induction of apoptosis in PEL cells. Whether SHK
can induce apoptosis in PEL cells is in need of examination, as well.
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The present study provides us with an insight into a molecular mech-
anism underlying SHK-mediated PEL cell apoptosis in vitro. This study
also demonstrates an in vivo screening system for the evaluation of SHK
as an anti-PEL agent.

Materials and methods
Cell lines

Five human PEL cell lines including BCBL-1, BC-1, BC-3, TY-1, and
GTO were obtained [21-25] and cultured in an exponential growth
phase in RPMI containing 10% (v/v) fetal bovine serum (Thermo Fisher
Scientific, MA) supplemented with 100 U/ml penicillin (Wako, Osaka,
Japan) and 100 ug/ml streptomycin (Wako) in a 5% CO, atmosphere
at 37 °C.

Reagents

Pan-caspase inhibitor (Q-VD-OPh, Tonbo, CA), JNK inhibitor
(SP600125, Santa Cruz, CA), N-Acetyl-L-cysteine (NAC) (Sigma-
Aldrich, MO), and JC-1 (5,5,6,6 -tetrachloro-1,1,3,3 -tetraethyl-
benzimidazolyl-carbocyanine-iodide) (Cell Technology, CA) were
dissolved in DMSO. SHK was purchased from Sigma-Aldrich and
dissolved in water.

MTT assays

PEL cell cytotoxicity was evaluated by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich, USA) assay
[26]. Briefly, PEL (4 x 105 cells/ml) cells in an exponential phase were
incubated with different doses of SHK in 96-well plate at a volume of
0.1 ml for 24 h and then MTT (0.5 mg/ml as a final concentration in
each wells) in a volume of 0.01 ml was added for an additional 4 h
in each well to develop formazan crystal in growing cells in 5% CO,
atmosphere at 37 °C. Subsequently, an equal volume of 0.04 N HCI in
isopropanol was added in each well to dissolve formazan crystals and
the absorbance was measured at 570 nm using iMark microplate reader
(Bio-Rad Laboratories, CA).

Annexin V binding assay

Annexin V binding assay was performed to determine an early and
late apoptotic GTO cells by using an Annexin V-FITC apoptotic detec-
tion kits (eBiosciences, CA) [27]. Briefly, GTO (4 x 105 cells/ml) cells in
an exponential phase were treated with different doses of SHK for 12 h
in 5% CO, atmosphere at 37 °C. Cells were harvested, washed with An-
nexin V binding buffer and incubated in dark with Annexin V-FITC for
20 min at room temperature. Subsequently, propidium iodide (PI) at a
concentration of 1.0 yg/ml in PBS was added in Annexin V-FITC stained
cells before being analyzed by flow cytometry (BD-LSRII, CA). The flow
cytometric data was analyzed on FlowJo software version 10 (TreeStar,
CA).

Cell viability assay

Cell viability in cultured PEL cells was determined by staining with
PI [28]. Briefly, PEL (4 x 10° cells/ml) cells in an exponential phase were
pre-incubated with or without 20 M pan-caspase inhibitor (Q-VD-OPh)
/ 5 mM ROS scavenger (NAC) / 30 yM JNK inhibitor (SP600125) for
2 h, subsequently treated with different doses of SHK in 6-well cultured
plates for 12 h in 5% CO, atmosphere at 37 °C. The harvested cells were
stained with PI at a concentration of 1.0 ug/ml in PBS before being
analyzed with LSR IL. The flow cytometric data was analyzed on FlowJo
software ver. 10.
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Measurement of intracellular ROS

Intracellular reactive oxygen species (ROS) in GTO cells were eval-
uated by using DCFH-DA (2'-7 -dichlorodihydrofluorescein diacetate)
redox-sensitive fluorescent probe (Sekisui Medical, Japan) [29]. Briefly,
GTO (4 x 10° cells/ml) cells in an exponential phase were pre-incubated
in the presence or absence of 5 mM NAC for 2 h followed by the addi-
tion of 10 uM DCFH-DA for an additional 1 h, subsequently, the pre-
incubated cells were treated with or without 2 uM SHK for O to 6 h or 0
to 2 uM SHK for 1 h in 5% CO, atmosphere at 37 °C, and the induction of
ROS was analyzed with LSR II. The flow cytometric data was analyzed
on FlowJo software version v10 (TreeStar, CA).

Measurement of intracellular Ay

The mitochondrial membrane potential (Ay) in the treated and un-
treated PEL cells were measured by staining with JC-1 [30]. Briefly, PEL
(4 x 10° cells/ml) cells in an exponential phase were pre-incubated with
or without 5 mM NAC for 2 h and subsequently treated with or with-
out SHK in a concentration of 2 uM for an additional O to 12 h. The
treated and untreated cells were harvested and incubated with 0.5 ml
of 1xJC-1 reagent solution in RPMI-1640 for 15 min in 5% CO, at-
mosphere at 37 °C before being analyzed by flow cytometry with green
(JC-1 monomers) versus red (JC-1 aggregates) channel. The flow cyto-
metric data was analyzed on FlowJo software version 10 (TreeStar, CA).

Protein extraction and western blotting

Activation of proteins in SHK treated PEL cells were determined by
using western blot as described previously [26]. Briefly, PEL (4 x 10°
cells/ml) cells in an exponential phase were treated with or without
SHK for a specified dose and time interval in 5% CO, atmosphere at
37 °C. The cells were harvested, pelleted, and lysed in whole cell lysis
buffer in the presence of protease inhibitor cocktail (Nacalai Tesque,
Japan) for 1 h on ice. The protein concentration was measured using a
bicinchoninic acid (BCA) protein assay (Thermo Scientific, USA). Pro-
tein extracts were separated on SDS-PAGE and transferred and blot-
ted onto a polyvinylidene difluoride (PVDF) membrane (GE Health-
care, UK). The membrane was blocked using a 5% skim milk in wash
buffer and incubated with primary followed by secondary antibody con-
jugates. Chemi-Lumi one super reagents (Nacalai Tesque) were added
on the protein-antibody conjugates containing membranes and the im-
ages of protein band were quantified using an ImageQuant LAS 4000
system (GE Healthcare, USA). The following antibodies and reagents
were used for western blots: cleaved caspase-3 (Aspl75) (5A1E),
cleaved caspase-8 (D391) (18C8), cleaved caspase-9 (Asp330) (D2D4),
JNK (56G8), phospho-JNK (Thr183/Tyrl85) (81E11), p38 (D13El),
phospho-p38 (Thr180/Tyr182) (D3F9), ERK 1/2 (137F5), phospho-
ERK 1/2 (Thr202/Tyr204) (D13.14.4E), phospho-NF«xB-p65 (S536)
(93H1), Akt (C67E7), phospho-Akt (T-308) (D25E6), phospho-Akt (S-
473) (D9E), phospho-MLKL (Ser358) (D6H3V), and HRP-conjugated
anti-mouse and anti-rabbit IgG were from Cell Signaling Technology;
while actin (C-2) (sc-8432), NF-«B-p65 (C-20) (sc372), STAT3 (F-2) (sc-
8019), and phospho-STAT3 (Tyr705)-R (sc-7993-R) were from Santa
Cruz.

Animal experiments

GTO cells (1 x 107 cells/mouse) in 200 ul PBS were intraperitoneally
injected into the abdominal regions of Nude Rag2/Jak3 doubly defi-
cient (Nude-RJ) mice on day zero [31]. On day 3, the mice were ran-
domly divided into two groups where the treated group received SHK
in a concentration of 2.5 mg/kg and the control group received only
PBS twice a week for twenty-five days. Tumor growth was determined
by measuring the spleen weight and the volume of ascites at the end of
experiment as described[32-34]. Mouse behavior and appearance were
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Fig. 2. SHK induced caspase-3-dependent apoptosis in GTO cells. (A) Human GTO cells treated with or without SHK for 12 h were stained for measurement of
early and late apoptotic cells (Dot-blot) by flow cytometry. (B) Human GTO cells treated with or without SHK for 6 h were processed for measurement of protein
activation by western blot. (C) Human GTO cells pre-incubated with or without Q-VD-OPh in a concentration of 20 yM for 2 h, subsequently treated with or without
SHK for 12 h were stained for measurement of apoptotic cells (mean + SD, n=3) by flow cytometry. Asterisks (*) denote statistical significance (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001) using one-way ANOVA followed by Tukey’s post hoc test. One representative result of three independent experiments is shown.

carefully observed every day at Kumamoto University animal center.
Animal experiments were performed according to the rules of the Ku-
mamoto University committee for animal care.

Statistical analysis

The statistical significance between the treated and untreated groups
with one variable were analyzed by an ordinary one-way ANOVA fol-
lowed by Tukey’s post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001,
**#%p < 0.0001. All error bars represent the mean + the standard devi-
ation of the mean (SD).

Results
SHK had a prompt cytotoxic effect on PEL cell lines

SHK has been shown to exert its cytotoxic effects on various cancer
cells such as human pre-myelocytic leukemia, multiple myeloma, and
oral squamous cell carcinoma [13,14,20]. To determine its effect on PEL,
we performed cytotoxicity assays and showed that SHK treatment for
24 h dose dependently inhibited PEL cell proliferation where GTO cells
showed highest and BC-1 cells showed lowest sensitivity in comparison
with other PEL cell lines (Fig. 1A). The CCy, value of BCBL-1, GTO, BC-1,
BC-3, and TY-1 were 2.43, 1.38, 3.31, 2.04, and 2.11 uM, respectively,
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Fig. 3. SHK induced ROS mediated apoptosis in GTO cells. Human GTO cells pre-incubated with or without NAC in a concentration of 5 mM for 2 h, subsequently
added DCFH-DA in a concentration of 10 uM for an additional 1 h and then treated with or without SHK at a concentration of 2 uM (A) for 0 to 6 h or 0 to 2 pM (B)
for 1 h more were processed for measurement of ROS by flow cytometry (DCF = Dichlorofluorescein, MFI = Mean fluorescent intensity). (C) Human GTO cells pre-
incubated with or without NAC in a concentration of 5 mM for 2 h, subsequently treated with or without SHK for 12 h were stained for measurement of apoptotic cells
(mean + SD, n=3) by flow cytometry. (D) Human GTO cells pre-incubated with or without NAC in a concentration of 5 mM or Q-VD-OPh in a concentration of 20 M
for 2 h, subsequently treated with or without SHK in a concentration of 2 uM for 6 h were processed for measurement of protein activation by western blot. Asterisks
(*) denote statistical significance (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) using one-way ANOVA followed by Tukey’s post hoc test. One representative result

of three independent experiments in (B), (C) and (D) is shown.

after a 24 h treatment with SHK (Fig. 1B). Thus, these data suggested
that SHK had a potent cytotoxic effect on PEL cells.

Caspase-mediated apoptosis in SHK-treated PEL cell lines

We next tried to determine the mechanisms of SHK-mediated cy-
totoxic effects on PEL using GTO, BCBL-1, and BC-3 cell lines. It has
been reported that SHK induced both apoptosis and/or necroptosis path-
ways to kill cancer cells including osteosarcoma and multiple myeloma
[20,35]. Therefore, we first analyzed SHK-mediated apoptotic and/or
necroptotic pathways [27] on the killing of GTO cells and found that
SHK treatment for 12 h dose-dependently increased the percentages of
both early apoptotic (annexin V+/PI-) (2.81 to 47.4%) and late apop-
totic (annexin V+/PI+) (5.10 to 40.7%) cells (Fig. 2A). Thus, SHK may
use both apoptotic and necroptotic pathways to kill GTO cells. To fur-
ther explore the specific mode of action of this SHK-induced killing ef-
fect on GTO cells, we have investigated apoptosis and necroptosis re-

lated proteins in response to SHK treatment. We have found that SHK-
treatment for 6 h in GTO cells dose-dependently increased the activation
of caspase-3, -8, and -9 and decreased the activation of phospho-MLKL,
further indicating an apoptotic mode of cell death (Fig. 2B). Addition-
ally, activation of caspase-8 and deactivation of phospho-mixed linage
kinase domain-like protein (MLKL) in SHK treated cancer cells indicated
an omission of necroptosis pathways [20,36]. Indeed, a pan caspase
inhibitor, (Q-VD-OPh) [37] effectively blocked the SHK-induced GTO,
BCBL-1, and BC-3 cells death (Fig. 2C, S1A-B), confirming the apoptosis
mode of cell death. Thus, the results of these experiments demonstrate
that SHK-inducing PEL cells death was due to caspase dependent apop-
tosis.

ROS was required for SHK-induced apoptosis in PEL cells

It has been reported that SHK induced the apoptosis of cancer cells
through the generation of ROS [38]. We therefore tried to determine
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Fig. 4. JNK activation contributes to SHK-induced apoptosis of GTO cells.
Human GTO cells treated with or without SHK for 6 h (A) or in a concentration
of 2 uM (B) were processed for measurement of protein activation by western
blot. (C) Human GTO cells pre-incubated with or without SP600125 in a con-
centration of 30 uM for 2 h, subsequently treated with or without SHK in a
concentration of 2 yM for 12 h were stained for measurement of apoptotic cells
(mean + SD, n=3) by flow cytometry. (D) Human GTO cells pre-incubated with
or without NAC in a concentration of 5 mM or Q-VD-OPh in a concentration
of 20 uM for 2 h, subsequently treated with or without SHK in a concentration
of 2 uM for 6 h were processed for measurement of protein activation by west-
ern blot. Asterisks (*) denote statistical significance (**p<0.01) using one-way
ANOVA followed by Tukey’s post hoc test. One representative result of three
independent experiments is shown.

whether SHK has any effect on ROS generation in PEL using GTO cell
lines. A probe DCFH-DA was applied to SHK treated GTO cells that could
readily be oxidized to a fluorescent probe, DCF, by intracellular ROS. We
have found that intracellular ROS was maximally accumulated (around
3-fold) within 1 h in 2 uM SHK treated GTO cells in comparison with
control treated cells (Fig. 3A) in a manner that was dose dependent
(Fig. 3B). Importantly, the ROS production could be blocked by pre-
treatment with a free radical scavenger, NAC, in SHK treated GTO cells
(Fig. 3A-B). These data demonstrated that SHK induced the generation
of ROS in GTO cell lines. We next investigated whether SHK inducing
production of ROS is involved in the apoptosis of PEL using GTO, BCBL-
1, and BC-3 cells. We found that SHK induced apoptosis of PEL cells
was completely reversed by pre-treatment of cells with the antioxidant
NAC, indicating that ROS is an important mediator of apoptosis (Fig. 3C,
S2A-B). We then tried to determine whether the generation of ROS is
the preceding event of caspase-3 activation. We have found that antiox-
idant NAC significantly reduced the levels of caspase-3 activation in SHK
treated PEL cells in protein level further indicating that ROS was an up-
stream event of caspase-3 activation for the induction of SHK-induced
apoptosis in PEL cells (Fig. 3C, S2C-D). We have found that antioxi-
dant NAC significantly reduced the levels of caspase-3 activation in SHK
treated GTO cells in protein level further indicating that ROS was an up-
stream event of caspase-3 activation for the induction of SHK-induced
apoptosis in GTO cells (Fig. 3D). These observations suggest that SHK
induced apoptosis occurs through the production of ROS, which sub-
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sequently initiates the caspase-3 dependent apoptotic pathways in PEL
cell lines.

JNK activation is required for SHK-induced apoptosis in PEL cell lines

Previous studies had reported that SHK induces MAPK pathways
[11,16] similar to other anticancer compounds for inducing apoptosis
of cancer cells [39-41]. We therefore further investigated the SHK ef-
fects on MAPK signaling pathways in PEL using GTO, BCBL-1, and BC-3
cell lines. Indeed, SHK treatment for 6 h activated JNK, p38, and ERK
pathways in PEL cells in a manner that was concentration dependent
(Fig. 4A, S3A-B). Therefore, MAPK may be involved in SHK induced
apoptosis of PEL cells.

It has also previously been reported that constitutive activation of
NF-xB, JAK/STAT, and PI3K/AKT signaling pathways are important for
the survival of PEL, and the inhibition of these pathways may be in-
volved in PEL cell death [6-8]. We therefore examined whether sup-
pression of these pathways was necessary for SHK-induced apoptosis of
PEL using GTO cell lines. We found that the expression level of phospho-
NF-xB p65, Akt-T308, and Akt-S473 were not affected in GTO cells when
SHK concentration was increased for 6 h. At the initial low concentra-
tion of SHK (0-1 uM), cells were still activating STAT3 but the activa-
tion of STAT3 pathways was rapidly suppressed in 2 uM SHK treated
GTO cells (Fig. S4). Furthermore, time dependent (30 min - 6 h) exper-
iments clearly demonstrated the activation of JNK prior to p38 activa-
tion and/or STAT3 suppression in 2 uM SHK treated GTO cells (Fig. 4B).
JNK was activated within 30 minutes of 2 uM SHK treated GTO cells. We
next investigated the functional roles of JNK signaling in SHK treated
GTO cells. We show that a specific JNK inhibitor, SP600125, could
partly rescue the GTO cells from the apoptotic effect of SHK (Fig. 4C).
These results indicate that JNK activation was also partly involved in
inducing apoptosis of SHK treated PEL cells. We next tried to deter-
mine the events upstream of JNK pathways in SHK induced GTO cell
death. Our data indicates that the ROS inhibitor, NAC, completely re-
duced the activation of JNK, but Q-VD-OPh did not significantly modify
the activation of JNK induced by SHK at the protein level in GTO cells
(Fig. 4D). Altogether, these data indicated that SHK induced apoptosis of
GTO cell death was partly dependent on ROS-mediated JNK activation
and was independent of the p38, MAPK, NF-«xB, JAK/STAT, and PI3K
pathways.

SHK triggered mitochondrial-dependent apoptosis in PEL cell lines

A previous study has reported that SHK disruption of mitochondrial
membrane Aym [42] is associated with the generation of ROS as well as
an activation of JNK signaling pathways [43,44]. Mitochondrial mem-
brane Aym is a central intermediate in an oxidative energy metabolism
in living cells. We therefore investigated whether SHK treatment re-
sulted in the disruption of mitochondrial membrane Aym in PEL us-
ing GTO and BCBL-1 cell lines. In our experiment, we used JC-1 dye
to detect an intact versus disrupted mitochondrial membrane Aym in
SHK treated PEL cells. JC-1 dye could either form J-aggregates with
an emission of red fluorescence indicating a presence of high levels of
mitochondrial membrane Aym of intact mitochondria, or persist as J-
monomers with an emission of green fluorescence indicating low levels
of mitochondrial membrane Aym with disrupted mitochondria in liv-
ing cells. Indeed, our data demonstrated that SHK in a concentration of
2 pM treatment in PEL cells time dependently (O to 12 h) resulted in in-
creased percentage of cells (2.09, 4.46, 12.9 and 64.7%) with disrupted
mitochondrial membrane Aym (Fig. 5A-B, S5). Moreover, ROS inhibitor
NAC rescued the cells (54.9 to 5.99%) from the loss of mitochondrial
membrane Aym at 12 h of SHK (2 uM) treated GTO cells, indicating that
ROS is an upstream event of mitochondrial mediated apoptosis (Fig. 5C-
D). Additionally, JNK inhibitor SP600125 did not rescue the cells (data
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tration of 2 yM were stained with fluorochrome dye JC-1 for measurement of Aym (Dot-blot) by flow cytometry (JC-1 green positive cells indicate live with disrupt
Aym). (B) % of cells with low Aym (mean + SD, n=3) in panel (A). (C) Human GTO cells pre-incubated with or without NAC in a concentration of 5 mM for 2
h, and subsequently treated with or without SHK in a concentration of 2 yM for 12 h, were stained for measurement of Aym (Dot-blot) by flow cytometry (JC-1
green positive cells indicate live with disrupt Aym). (D) % of cells with low Aym (mean + SD, n=3) in panel (C). (E) Human GTO cells treated with or without
SHK in a concentration of 2 yM were processed for measurement of protein activation by western blot. (F) Human GTO cells pre-incubated with or without NAC
in a concentration of 5 mM or Q-VD-OPh in a concentration of 20 yM for 2 h, and subsequently treated with or without SHK in a concentration of 2 yM for 6 h,
were processed for measurement of protein activation by western blot. Asterisks (*) denote statistical significance (**p<0.01, ****p<0.0001) using one-way ANOVA
followed by Tukey’s post hoc test. One representative result of three independent experiments is shown.
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not shown) from the loss of mitochondrial membrane Aym, indicat-
ing that SHK-mediated JNK activation in treated GTO cells committed
to apoptosis independent of mitochondrial membrane Aym. We next
tried to identify downstream mitochondrial mediated apoptotic path-
ways and found that caspase-9 was activated in SHK treated GTO cells
(Fig. 5E). Additionally, we have showed that both the ROS inhibitor,
NAC, and pan caspase inhibitor, Q-VD-OPh, significantly reduced the
levels of caspase-9 activation at the protein level in SHK induced GTO
cells (Fig. 5F). Thus, these results demonstrated that SHK-induced apop-
tosis of PEL cells was also mediated by pathways involved in the loss
of mitochondrial membrane Aym and followed by an activation of
caspase-9.

SHK completely suppressed PEL cell growth in a PEL-xenografted mouse
model

We next investigated whether SHK has any anti-PEL activity in vivo.
We therefore established a PEL xenografted Nude-RJ mouse model
[31] by intraperitoneal injection of 1 x 107 GTO cells. GTO-xenografted
mice were randomly divided into two groups on day three and treated
with either SHK in a concentration of 2.5 mg/kg SHK or PBS (con-
trol) twice a week for twenty-five days. The applied dose of SHK in
this study was much lower than the dose used to treat other cancer
cell lines, including hepatocellular carcinoma Huh7 cells, murine hep-
atoma H22 cells, human prostate cancer PC-3 cells, and murine leukemia
P388 cells [15,45]. Hence, the dosage of SHK in our experiment was ex-
pected to be safe, and SHK-treated mice appeared stay healthy during
treated. We have shown that control mice with PBS treatment at the end
of twenty-five days had a swollen abdomen with lymphoma compared
with SHK treated mice where lymphoma was completely suppressed
(Fig. 6A). As size and weight of spleen and volume of ascites represent
the progress of PEL in vivo [32-34], we weighed the mouse spleen and
demonstrated that SHK-treated mouse spleen size was similar to normal
mice with no lymphoma. Control mice exhibited a mean spleen weight
of 486.6 + 152.8 mg, compared to 265.7 + 180.6 mg for mice treated
with SHK (Fig. 6B). Finally, we measured the ascites volume of mice and
showed that the growth of GTO cells in ascites of mice treated with SHK
was significantly lower than in control mice (Fig. 6C). The volume of as-
cites in control mice was 3.07 + 0.87 ml, compared to 1.21 + 1.43 ml for
mice treated with SHK, indicating that SHK treatment results in anti-PEL
proliferation in vivo.

Discussion

Over the past few years, SHK has been shown to be a potent anti-
cancer agent on cancer cells [13,46,47]. No report is yet published on
the role of SHK in the treatment of PEL. This study provides the first
evidence to demonstrate that SHK treatment completely suppresses PEL
cell growth in a PEL-xenografted mouse model.

How does SHK induce the cell death of PEL? We have shown that
SHK induces apoptotic pathways when killing PEL cells. Treatment
with SHK dose dependently increased both early and late apoptotic
PEL cells, providing evidence of either an apoptosis and/or necropto-
sis effect. Several reports have also suggested that SHK could use ei-
ther apoptosis or necroptosis, or both pathways, for the death of cancer
cells [11,13,14,20] . Necroptosis is the phenomenon of necrosis induced
through the receptor interaction of protein kinase 1 and 3, thereby in-
hibiting the activation of caspase-8 in caspase independent cell death
and/or activating a pseudo-kinase of necroptosis initiation, phospho-
MLKL [20,35,36]. Indeed, we have shown that caspase-8 was activated
and phospho-MLKL was inhibited in SHK treated PEL cells. This find-
ing ruled out the possibility of necroptosis rather than an induction of
apoptosis as the driver of this effect. In addition, an apoptosis inducing
protein, caspase-3, was activated in SHK treated PEL cells and inhibition
of this protein by pre-incubating with pan-caspase inhibitor, Q-VD-OPh
[37], completely rescued the cells from apoptosis. This provided us with
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Fig. 6. Treatment of GTO-xenografted Nude-RJ mice with SHK completely
suppressed the growth of KSHV-associated lymphoma in mouse model. Hu-
man GTO cells in PBS were intraperitoneally injected into the abdominal cavity
of Nude-RJ mice for three days before treatment with or without SHK in a con-
centration of 2.5 mg/kg twice a week for twenty-five days. (A) A photograph
of GTO-xenografted mice and their spleens. Untreated mice have lymphoma
while SHK treated mice lack lymphoma. (B) Spleen weights and (C) ascites vol-
umes at the end of experiment were measured. Asterisks (*) denote statistical
significance *p<0.05, **p<0.01, ***p<0.001 using one-way ANOVA followed by
Tukey’s post hoc test. Shown is the result of one (mean + SD) representative out
of two experiments.

further evidence that the PEL cell death mode by SHK was due to the
induction of apoptosis. Activation of caspase-8 in PEL cells is partly a
consequence of the loss of mitochondrial Aym [48,49] and it is reported
that SHK induction of apoptosis in cancer cells was dependent on im-
paired mitochondrial functions [11]. Our data also showed that SHK
disrupts mitochondrial function, resulting in the loss of Aym and the
activation of caspase-9 in PEL cells. Thus, the PEL cell death induced
by SHK could be considered caspase dependent apoptosis with the acti-
vation of both intrinsic (mitochondrial) as well as extrinsic (caspase-8)
pathways.

The other possible extrinsic means of causing apoptosis of PEL cells
is based on the JNK signaling pathway [11]. JNK is a member of the
MAPK family [50] proteins and SHK induced significant elevation of
phospho-p38, phospho-ERK, and phospho-JNK in PEL cells. JNK acti-
vation was an earlier event than p38 or ERK activation in 2 uM SHK
induction of apoptosis in GTO cells. Moreover, we noted that a spe-
cific inhibitor, SP600125, targeted on JNK could rescue a portion of the
cells from the apoptotic effect of SHK. This suggests that SHK also pro-
moted GTO cell death via the JNK signaling pathway. We ruled out the
other three important PEL surviving signaling pathways, NF-xB, PI3K
and STAT3, that could be implicated in SHK-induced killing of GTO
cells [6-8]. We showed that SHK neither activated nor inhibited the
NF-xB and PI3K pathways. Protein levels of STAT3 activation were sig-
nificantly inhibited in 2 pM SHK-treated GTO cells. Time dependency
western blot data demonstrated that JNK activation occurred before the
inhibition of STAT3 activation in stress induced SHK treated GTO cells.
Thus, SHK also induced PEL cell death through the JNK mediated ex-
trinsic apoptosis pathway.

The next question is to find out the upstream role of events in SHK
induced apoptosis of PEL cells. SHK is a ROS inducer and an accumu-
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lation of ROS in cancer cells plays an upstream role in apoptosis path-
ways [38]. Moreover, oxidative stress in cancer cells is activated by pro-
death signals through ROS-dependent JNK [11]. Thus, ROS could be
able to augment JNK activation during SHK-induced apoptosis of PEL
cells. In addition, it has also been reported that ROS induction in cancer
cells by SHK may be generated from futile mitochondrial redox cycling
[49]. During an induction of apoptosis of cancer cells, the semiquinone
moieties of SHK are metabolized by a mitochondrial NADH-ubiquinone
oxidoreductase to form unstable semiquinone radicals that enter into
the redox cycle, leading to the reformation of quinones moieties in the
presence of molecular oxygen. As a result, excessive ROS can be gen-
erated through the reaction with dioxygen and semiquinone radicals
[42]. Indeed, our results show that an intracellular ROS accumulation
was generated in the course of SHK induced PEL cell death that be-
came attenuated by the antioxidant, NAC. Furthermore, although an
inhibition of ROS by NAC reduced SHK-induced activation of both JNK,
and caspase-3 and -9, an inhibition of caspase activation by Q-VD-OPh
only remarkably reduced the activation of caspase-3 and -9, and did
not show any significant impact on the inhibition of JNK activation at
the protein level. Thus, ROS generation was a proximal and an initiating
event of JNK as well as caspase-3 activation in SHK-induced apoptosis of
PEL cells. Moreover, pre-incubation of PEL cells with NAC almost com-
pletely decreased an apoptotic cell number indicating that manipulat-
ing ROS levels is an important factor for specifically killing cancer cells
without causing damage to normal cells. Additionally, while NAC com-
pletely rescued the cells from a loss of Aym, SP600125 could not (data
not shown), indicating that JNK activated induction of apoptosis of PEL
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Fig. 7. The signaling pathways proposed for SHK-
induced apoptosis of PEL cells. SHK induced the gen-
eration of ROS in PEL cells. One part of ROS leads to the
disruption of mitochondrial membrane potential (Aym)
with the activation of caspase-9 to promote intrinsic apop-
totic, while another part of ROS leads to the activation of
caspase-8 with an early activation of JNK to promote ex-
trinsic apoptotic pathways.

Atpm\l,

cells was not entirely dependent on mitochondrial mediated pathways.
Taken together, these mechanistic results suggest that SHK selectively
induces the apoptosis of PEL cells in vitro and this should highlight SHK
involvement in the suppression of PEL cell growth in vivo.

In conclusion, we have provided both in vitro and in vivo evidence
that SHK efficiently induces the apoptosis of PEL cells and suppresses
their growth in a PEL xenografted mouse model. The mechanism of SHK
inducing apoptosis was achieved via a ROS-mediated intrinsic and ex-
trinsic pathway, including an activation of JNK, caspase-9, and caspase-
8, and a dissipation of Aym (Fig. 7). Co-operation of these pathways
induced by SHK converge on either an activation of caspase-3 or by di-
rectly inducing apoptosis of PEL cells. Thus, this study provides a basis
for a novel strategy using SHK in the treatment of PEL.
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