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Praziquantel Synergistically Enhances Paclitaxel Efficacy
to Inhibit Cancer Cell Growth
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Abstract

The major challenges we are facing in cancer therapy with paclitaxel (PTX) are the drug resistance and severe side effects.
Massive efforts have been made to overcome these clinical challenges by combining PTX with other drugs. In this study, we
reported the first preclinical data that praziquantel (PZQ), an anti-parasite agent, could greatly enhance the anticancer
efficacy of PTX in various cancer cell lines, including PTX-resistant cell lines. Based on the combination index value, we
demonstrated that PZQ synergistically enhanced PTX-induced cell growth inhibition. The co-treatment of PZQ and PTX also
induced significant mitotic arrest and activated the apoptotic cascade. Moreover, PZQ combined with PTX resulted in a more
pronounced inhibition of tumor growth compared with either drug alone in a mouse xenograft model. We tried to
investigate the possible mechanisms of this synergistic efficacy induced by PZQ and PTX, and we found that the co-
treatment of the two drugs could markedly decrease expression of X-linked inhibitor of apoptosis protein (XIAP), an anti-
apoptotic protein. Our data further demonstrated that down-regulation of XIAP was required for the synergistic interaction
between PZQ and PTX. Together, this study suggested that the combination of PZQ and PTX may represent a novel and
effective anticancer strategy for optimizing PTX therapy.
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Introduction

It became a new trend that turning an old drug for new uses
especially for cancer treatment, because those routinely used old
drugs might have a hidden talent or good potential in dealing
with cancer. The fact is that all workup has been done already,
which allows us to move the drug into the clinical more quickly
and to reduce the cost for drug development [1,2]. The concept
of “new uses for old drug” provides an efficient way to
rediscover new uses for existing drugs with known pharmaco-
kinetics and safety profiles. Some successful examples for this
type of cancer drug development were previously reported such
as Thalidomide [3], Vitamin C [4-6], NSAIDs (Nonsteroidal
anti-inflammatory drugs) [7-11]. Recently, it has been reported
that Artemisinin, an anti-parasite agent, and its derivatives, had
profound cytotoxicity against cancer cells from different tumors
[12-16], providing the impetus to develop anti-parasite drugs
into anticancer drugs. Praziquantel (PZQ), another anti-parasite
agent, has been widely used to treat different schistosomiasis
with good efficacy [17,18]. Interestingly, it was reported that
PZQ) can enhance the humoral and cellular immune responses
of the host against diseases [19,20]. It would be interesting to
investigate whether PZQ has anticancer activity which is still
unclear so far.

In this study, killing activity of PZQ on cancer cells was
assessed with different assays. We also investigated the effects of

combined treatment with PZQ and the commonly used
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chemotherapeutic drug paclitaxel (PTX). PI'X is a microtubule-
stabilizing agent which can promote microtubule stabilization,
resulting in the arrest of cells in G2/M phase of cell cycle and
leading to apoptosis [21,22]. As one of the most commonly used
anticancer drugs, PTX has demonstrated strong efficacy against
a wide range of malignancies, including breast, head and neck,
ovarian and non-small cell lung cancers, as well as Kaposi’s
sarcoma [23]. However, emergence of clinical resistance and
broad range of severe side effects remain significant problems
with PTX therapy [24-26]. Consequently, numerous recent
studies focused on the PTX synergistic therapy aiming to find
an effective solution for overcoming PTX-resistant problem and
reducing toxicity induced by PTX without compromising the
drug efficacy [27,28].

Here, we reported that PZQ) could synergistically enhance the
growth-inhibitory effect of PTX in a variety of cancer cell lines,
including PTX-resistant cell lines such as DLD1 and H1299,
although PZ(Q) treatment alone did not exert cytotoxicity on
these cancer cells. PZQ could also greatly enhance PTX-
induced mitotic arrest and apoptosis. In further studies, we
showed that this cytotoxic synergy between PZQ) and PTX
involved down-regulation of XIAP. The ability of PZQ to
potentiate the anticancer effects of PTX was subsequently
confirmed in a mouse xenograft model. These results provided
important implications for optimizing PTX therapy. Combining
PZQ with PTX may represent a novel and effective anticancer
strategy.
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Materials and Methods

Cell Lines and Cell Culture

Human colon cancer cell line DLD-1, breast cancer cell line
ZR-7530, lung cancer cell lines SPC-A-1 and Ltep-a-2 were
cultured in RPMI 1640. Human non-small-cell lung cancer cell
line H1299, cervical cancer cell line HelLa and human breast
cancer cell line Bcap37 were maintained in DMEM. All media
were supplemented with 10% (v/v) fetal bovine serum (GIBCO,
Carlsbad, CA), 100 units/mL penicillin and 100 mg/mL strepto-
mycin. Cells were maintained at 37°C in a humidified atmosphere
of 5% CO,. All cell lines were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Cell lines were
free of mycoplasma when tested by a PCR-based mycoplasma test
[29,30].

Reagents and Antibodies

Paclitaxel (PTX), roscovitine, the rabbit polyclonal antibody
against Bim, Puma, and the mouse monoclonal antibody (mAb)
against B-actin were obtained from Sigma-Aldrich (St. Louis,
MO). Praziquantel (PZQ) was kindly provided by Dr. Jun Lu
(Nanjing Pharmaceutical factory co., LTD, Nanjing, China).
MG132 was from Calbiochem (Darmstadt, Germany). The
rabbit polyclonal antibody against cleaved poly (ADP-ribose)
polymerase (PARP; p89) and phospho-histone H3 (Ser-10) (P-
H3) were purchased from Cell Signaling Technology (Beverly,
MA). The rabbit polyclonal antibody against Noxa, bax, bak,
caspase-3, Survivin, Bcl-2, and Bcl-Xj, were from Santa Cruz
(Santa Cruz, CA). The mouse mAb against XIAP was from BD
Transduction Laboratories (San Diego, CA). Goat anti-rabbit
and goat anti-mouse horseradish peroxidase—conjugated sec-
ondary antibodies were purchased from Pierce Biotechnology
(Rockford, IL).

Cell Viability Assay

Cell viability was determined by 3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT) assay. Cells plated in
96-well plates were incubated with indicated drugs at 37°C for
different periods of time. Then the culture medium was
removed and medium containing MTT (0.5 mg/ml) was added
to each well. The plates were incubated for an additional 2—4 h
in a COy incubator at 37°C. The formazan crystals were
dissolved in 100% DMSO and absorbance at 570 nm was
measured using a microplate reader. Every sample was
measured in triplicate and repeated three times. The relative
percentage of survival was calculated by dividing the absorbance
of treated cells by that of the control in each experiment. PTX
and PZQ) as single agents and in combination at the highest
concentrations used in the reported experiments do not interfere
with the MTT assay reagents in our control experiments (data
not shown).

Cell CycleAnalysis

For analysis of DNA content and cell cycle by flow cytometry,
cells were harvested, washed once with PBS, and fixed in 70%
ethanol at 4°C over night. At the time for flow cytometry analysis,
cells were washed with PBS and re-suspended in staining solution
(100 pg/mL RNase and 100 pg/mL propidium iodide in PBS).
After cells were incubated for 30 min at 37°C in the dark, the cell
cycle distribution was analyzed by a Coulter EPICS XL flow
cytometer (Beckman Coulter, Miami, FL).
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Western Blot Analysis

Western blot analysis was performed as described previously
[31]. Briefly, cells were harvested and lysed in lysis buffer
containing 20 mM Tris-HCl (PH=7.4), 150 mM NaCl, 1%
Triton-X 100, 1 mM phenylmethanesulfonyl fluoride, 10 pg/
mL leupeptin, 2 pg/mL aprotinin, 10 mM NaF, 1 mM
Na3;VO,, and the protein concentration was determined by
using the bicinchoninic acid (BCA) assay. Cellular proteins were
subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred to the polyvinylidene difluoride
membrane (Millipore, Bedford, MA). Membranes were blocked
with TBS-Tween 20 (0.5%) containing 5% nonfat milk for 2 h
at room temperature and incubated with primary antibodies
overnight at 4°C. After three washes with TBS-Tween 20,
membranes were incubated with goat anti-rabbit or goat anti—
mouse horseradish peroxidase—conjugated secondary antibodies
for 1 h at room temperature. The membranes were washed
with TBS Tween-20 again and developed by enhanced
chemiluminescence (Pierce, Rockford, IL). B-actin was used as
a loading control. The primary antibodies were used at a 1:1000
dilution, except for anti-B-actin, which was used at a 1:5000
dilution. The anti-rabbit or anti-mouse horseradish peroxidase—
conjugated secondary antibodies were used at a dilution of
1:5000.

DAPI Staining

After drug treatment, cells grown in 6-well plates were washed
with PBS and fixed with 3.7% formaldehyde for 10 minutes at
room temperature, then incubated with the staining solution (0.3%
Triton-X 100 and 1 pg/mL DAPI in PBS) for 5 minutes avoiding
light at room temperature. Cells were examined by fluorescence
microscopy (Nikon). Cells having fragmented and uniformly
condensed nuclei were regarded as apoptotic cells, and apoptosis
was expressed as a percentage calculated from the number of cells
with apoptotic nuclear morphology divided by the total number of
cells examined.

Colony Formation Assay

Cells were seeded into 6-well plates at 1.5x10% cells per well and
exposed to drug treatment. After 10 days, the cells were fixed and
stained with crystal violet (0.5% crystal violet and 20% methanol)
for 30 minutes. Then the plates were washed with distilled water
and photographed. Colonies that contained more than 50 cells
were counted. Values for each condition were expressed as
a percentage relative to vehicle-treated controls. Each assay
condition was performed in at least three independent experi-
ments.

Immunofluorescence Staining

Cells on coverslips were fixed in 4% paraformaldehyde in
PBS at room temperature for 10 min, washed with PBS,
permeabilized with 0.2% Triton-X100 in PBS for 10 min, and
then blocked with 3% bovine serum albumin in PBS at room
temperature for 30 min. Anti-Phospho-Histone H3 (Ser-10) (P-
H3) antibody (dilution 1:100) was added and incubated for
30 min at room temperature. After washing with PBS contain-
ing 0.02% Triton X-100 and 1.5% BSA, the coverslips were
incubated with Alexa Fluor 647-conjugated goat anti-rabbit IgG
(dilution 1:200) for 30 min at room temperature. Finally, the
cells were incubated with 1 pg/ml DAPI in PBS for 5 minutes
before mounted in 90% glycerol and sealed with nail polish.
Mitotic index was expressed as a percentage of P-H3-positive-
cells relative to the total number of cells examined.
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Plasmids, Cell Transfection and RNA Interference

The XIAP-expressing plasmid pcDNA3-myc-XIAP was a gift
from Dr. John C. Reed (The Burnham Institute, La Jolla, USA)
and the empty pcDNA3 was used as a negative control. Cell
transfection was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.

To knockdown XIAP, shRNA targeting XIAP sequence
(GTGGTAGTCCTGTTTCAGC) was cloned into a lentiviral
vector Lenti-Lox3.7 (pLL3.7). A sequence with no corresponding
part in the human genome (GATCATGTAGATACGCTCA) was
used as a control. For production of infectious shRNA—expressing
lentiviruses, 293 T cells were transfected with pLL3.7 lentiviral
vector together with packaging vectors pVSV-G, pRSV-Rev and
pMDL gag/pol RRE. 48 h post-transfection, the virus-containing
supernatant media were harvested, passed through a 0.45-um
filter and used to infected cells after addition of 10 pg/mL
Polybrene.

Real-time Reverse Transcription-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. First-
strand cDNA was synthesized from the total RNA using an oligo-
dT primer and Moloney murine leukemia virus reverse transcrip-
tase (TaKaRa, Shiga, Japan). Real-time PCR was performed on
the Rotor-Gene 6000 (Corbett Research, Mortlake, Australia) and
SYBR green (BIO-V, Xiamen, China) was used as a detection
reagent. The primer sequences for XIAP and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were: XIAP (forward: 5'-
GACAGTATGCAAGATGAGTCAAGTCA-3"; reverse: 5'-
GCAAAGCTTCTCCTCTTGCAG-3"), GAPDH (forward: 5'-
CCACCCATGGCAAATTCC-3"; reverse: 5'-TGGGATTTC-
CATTGATGACAAG-3"). Each sample was run in triplicate.
Data analysis was performed with the Rotor-Gene 6000 series
software 1.7 (Corbett Research, Mortlake, Australia). The relative
RNA amounts were normalized to GAPDH mRNA.

Xenograft and Treatment Procedures

All animal procedures were approved by the Animal Care
and Use Committee of Xiamen University. Tumor cells (DLD-
1, 2x10°% were injected subcutaneously into athymic nude mice
(BALB/c, 4-5 weeks old). When tumor volume reached 25—
35 mm®, animals were randomized and assigned to different
treatment groups (n=6 in each group). Animals were injected
intraperitoneally with PZQ alone (100 mg/kg), PTX alone
(30 mg/kg), or a combination of PZQ (100 mg/kg) and PTX
(30 mg/kg). PTX was dissolved in equal volumes of Cremophor
EL and ethanol, and further diluted with PBS before injection.
PTX was given on days 5, 9, and 13 after tumor cell injection.
PZQ dissolved in corn oil was given on days 5, 7, 9, 11, and 13
after tumor cell injection. For single-agent treatment, vehicle
was given in place of PZQ or PTX with the same schedule.
Tumor size was determined by using calipers. Tumor volume
(mm®) was calculated by the formula: (a) x (b?) x 0.5, where a is
tumor length and b is tumor width in millimeter.

Statistical Analysis

Values were expressed as mean*SEM. To determine signifi-
cant differences in the data, the two-tailed unpaired Student’s ¢ test
was applied. Differences were considered to be statistically
significant at P<<0.05. Drug interactions were examined for
synergism or antagonism using Median Dose Effect analysis
(Calcusyn; Biosoft, Ferguson, MO).
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Results

PZQ does not Exert any Cytotoxicity on Tumor Cells

The cytotoxicity of PZQ on various tumor cells was first
examined with tumor cell lines including lung cancer cells (SPC-A-
1, Ltep-a-2 and H1299), breast cancer cells (Bcap37 and ZR7530),
cervical carcinoma cells (HeLa) and colon cancer cells (DLD-1).
However, PZQ) induced neither growth inhibition nor apoptosis
even at concentrations as high as 100 uM (Fig. S1), indicating that
PZQ) did not exert any cytotoxicity on tumor cells.

The Co-treatment of PZQ and PTX Synergistically Inhibits
Tumor Cell Growth

We next evaluated whether PZQ could affect sensitivity of
tumor cells to chemotherapeutic agents such as paclitaxel (PTX)
by MTT assay. We found that PZQ) greatly enhanced the growth
inhibition by PTX in various tumor cell lines including two PTX-
resistant cell lines, DLD-1 and H1299 (Fig. 1A, Fig. S2). We did
most of our following experiments with these two PTX-resistant
cell lines. To gain further insight into this combination effect, dose-
response studies were performed as showed in Fig. 1B. PZQ could
enhance sensitivity of DLD-1 cells to PTX at different concentra-
tions of PTX and PZQ). Colony formation assay also showed that
the combination of PZQ) and PTX remarkably suppressed colony
formation compared with either agent treatment alone (Fig. 1C).
Median Dose Effect analysis was used to characterize interactions
between PZQ) and PTX in regard to decline in cell viability.
Combination index values <1.0, derived from the effect of a range
of PZQ) and PTX concentrations in DLD-1 and H1299 cell lines,
indicated a synergistic effect between PZQ) and PTX (Fig. 1D).

Effect of the Combination of PZQ and PTX on Apoptosis
Induction

To further confirm potentiation of PTX-induced cell death by
PZQ), we analyzed cell extracts for expression of apoptotic markers
such as poly (ADP-ribose) polymerase (PARP) cleavage. The
combination resulted in marked cleavage of PARP in a variety of
different cell lines, whereas administration of PZQ or PTX alone
did not (Fig. 2A), indicating significant activation of the apoptotic
cascade by this combination. Moreover, the percentage of sub-G1
population was determined by flow cytometry. As shown in
Fig. 2B, compared to treatment with either agent alone, the co-
treatment of PZQ with PTX markedly increased the accumulation
of cells in the sub-G1 phase. We also confirmed these results by
nuclear staining with DAPI, an alternative cell apoptosis assay.
The percentage of cells with apoptotic nuclei was significantly
higher in the combination group than in the single-treatment
group (data not shown). We next examined the contribution of
caspases to apoptosis induced by the co-treatment of PZQ) and
PTX. As shown in Fig. 2C, caspase 3 activation and PARP
cleavage were blocked by the broad-spectrum caspase inhibitor
zVAD-fmk. Treatment with zVAD-fmk also greatly blocked
apoptosis induced by the co-treatment of PZQ and PTX
(Fig. 2D). These results suggested that cell apoptosis induced by
the co-treatment of PTX and PZQ) depended on caspase activity.

The Co-treatment of PZQ and PTX could Induce Mitotic
Arrest in Tumor Cells

Flow cytometry was used to examine the effects of PZQ and
PTX on the cell cycle distribution of tumor cells. The co-treatment
of PZQ and PTX dose-dependently increased the G2/M
population compared with PTX treatment alone in DLD-1 cells
(Fig. 3A). To clarify the profile of G2/M-accumulated cells
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Figure 1. PZQ synergistically enhances PTX-induced growth inhibition of cancer cells. (A) The cell viability was determined by MTT assay
after various cancer cell lines were treated with PZQ alone, PTX alone or combined both drugs at concentrations and time points as indicated
following: Hela, ZR7530, DLD-1 and H1299 cells were treated with 20 uM PZQ alone, 10 nM PTX alone, or combined both for 48 h; Bcap37 and SPC-
A-1 cells were treated with 30 UM PZQ, 5 nM PTX alone, or both for 48 h; Ltep-a-2 cells were treated with 30 uM PZQ alone, 5 nM PTX alone, or both
for 60 h. (B) DLD-1 were treated with the indicated concentrations of PTX in the absence or presence of 20 or 40 uM PZQ for 48 h. Cell viability was
then determined by MTT assay. (C) DLD-1 and H1299 cells were treated with 20 uM PZQ alone, 10 nM PTX alone, or the combination for 10 days.
Colonies were then stained with crystal violet and counted. (D) DLD-1 and H1299 cells were treated with various concentrations of PZQ and PTX at
a fixed ratio (2000:1) for 48 h. After cell viability was determined in each condition, the combination index (Cl) was calculated as described in

“Materials and Methods.” Cl values<<1.0 suggest a synergistic interaction between the two drugs. All Values represent mean=SEM from three
separate experiments.

doi:10.1371/journal.pone.0051721.g001

induced by the combination, we examined mitotic index in DLD-1 expression level of phosphorylated histone H3 (Ser-10) (P-H3),

cells treated with PTX in the absence or presence of PZQ), As
expected, PTX treatment alone dose-dependently increased
mitotic index (Fig. 3B). PTX in combination with PZQ) further
led to an increase in mitotic index (Fig. 3B). We also found that
PZQ) could dramatically promote PTX-mediated increase in the
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a mitotic marker (Fig. 3C). These results suggested that PZQ
enhanced PTX-induced mitotic arrest in tumor cells.

A time course experiment based on flow cytometry showed that
the increase in the G2/M population preceded that of the sub-G1
population in DLD-1 cells treated with the combination of PZQ)
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Figure 2. PZQ enhances PTX-induced apoptosis in various cancer cell lines. (A) The indicated cell lines were treated as in Fig. 1A, and
apoptosis was examined by Western analysis of the cleaved PARP (cle-PARP) level. (B) DLD-1 and H1299 cells were treated with 20 uM PZQ alone,
10 nM PTX alone, or the combination for 48 h. Then sub-G1 fraction was determined by flow cytometry. (C) DLD-1 cells were treated with 20 uM PZQ
and 10 nM PTX in the absence or presence of 20 UM caspase inhibitor zZVAD-fmk for 48 h, and the expression of caspase 3 and cle-PARP were
examined by Western blot. (D) After DLD-1 cells were treated as in C, the percentage of apoptotic cells was determined by DAPI staining. All Values

represent mean=SEM from three separate experiments.
doi:10.1371/journal.pone.0051721.9g002

and PTX (Fig. 4A), indicating persistent G2/M arrest probably led
to apoptosis. We then examined whether there was a correlation
between mitotic arrest and apoptosis induced by the co-treatment
of PZQ) and PTX. An inhibitor of CDK, roscovitine, was used.
Roscovitine could selectively inhibit CDK1, CDK2 and CDK)
and block cell cycle progression by preventing cells from entering
the S and M phases [32]. As shown in Fig. 4B, roscovitine almost
completely inhibited the G2/M arrest induced by the co-treatment
of PZQ) and PTX in DLD-1 cells. The increase in the mitotic
index resulted from the co-treatment of PZQ and PTX also
returned to the control level after addition of roscovitine (Fig. 4C),
indicating that roscovitine inhibited the mitotic arrest induced by
this combination. Strikingly, roscovitine also inhibited PZQ-
enhanced PTX-mediated apoptosis almost completely, as de-
termined by apoptotic sub-G1 population and Western analysis of
cleaved PARP (Fig. 4D and E). Similar results were obtained with
H1299 cells (data not shown). These data suggested that increased
apoptosis induced by the co-treatment of PZQ) and PTX likely
resulted from increased mitotic arrest induced by this co-
treatment.
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The Co-treatment of PZQ and PTX could Down-regulate
XIAP Protein

To evaluate the underlying mechanism of synergistic cytotox-
icity between PZQ) and PTX, we assessed the effects of the two
agents, either alone or in combination, on various apoptosis
regulatory proteins in DLD-1 cells. As shown in Fig. 5A, treatment
with PZQ or PTX alone did not alter expression of XIAP.
However, exposure of cells to the combination of PZQ and PTX
resulted in a remarkable decrease in level of XIAP. No significant
changes in the expression of other proteins, such as Bcl-Xj,
surviving, Puma, Bim, Noxa, Bax and Bak, were observed in cells
exposed to PTX alone, PZQ) alone, or the combination.

To determine whether changes in expression of XIAP were
dependent on caspase activation, we treated DLD-1 cells with the
drug combination in the presence or absence of the caspase
mnhibitor zZVAD-fmk. As shown in Fig. 5B, zZVAD-fmk had little
effect on down-regulation of XIAP induced by the combination of
PZQ and PTX, indicating that changes in expression of XIAP
were caspase-independent. Down-regulation of XIAP was also
observed in H1299 cells co-treated with PZQ) and PTX (Fig. 5C),
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Figure 3. The co-treatment of PZQ and PTX could induce mitotic arrest. (A) DLD-1 cells were treated with 10 nM or 20 nM PTX in the
absence or presence of 20 uM PZQ for 12 h, and cell cycle was analyzed by flow cytometry. The results are representative of three independent
experiments. After DLD-1 cells were treated as above, mitotic index was determined as described in “Materials and Methods” (B), and expression level
of phospho-histone H3 (Ser-10) (P-H3) was monitored by Western blot (C). Values represent mean=SEM from three separate experiments.

doi:10.1371/journal.pone.0051721.g003

suggesting that modulation of this protein may not be cell line
specific.

We tried to identify the mechanism by which XIAP was down-
regulated in response to the co-treatment of PZQ) and PTX. To
investigate whether the co-treatment of PZQ) and PTX could
regulate XIAP expression at the transcriptional level, we used
reverse transcription-PCR. Compared with the control group,
combined treatment with PZQ and PTX did not lead to
significant change in the mRNA levels of XIAP (Fig. 5D).

PLOS ONE | www.plosone.org

Another possible explanation for XIAP down-regulation could
be degradation of XIAP by the proteasome. To test this
hypothesis, we treated DLD-1 cells with the drug combination
in the presence of a proteasome inhibitor, MG132. Suppression of
XIAP in DLD-1 cells treated with the combination of PZQ) and
PTX was almost completely abolished by MG132 (Fig. 5E). These
results indicated that PZQ) and PTX might induce XIAP
degradation via the proteasome-mediated pathway.
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Figure 4. Apoptosis induced by the co-treatment of PZQ and PTX may result from the mitotic arrest induced by this treatment. (A)
After DLD-1 cells were co-treated with 20 uM PZQ and 10 nM PTX for indicated time points, the G2/M and Sub-G1 fractions were determined by flow
cytometry. (B) DLD-1 cells were treated with a combination of PZQ (20 uM) and PTX (10 nM) with or without 12.5 uM roscovitine for 12 h, and then
cell cycle was analyzed by flow cytometry. (C) DLD-1 cells were treated as in (B), and mitotic index was determined. After DLD-1 were treated with
a combination of PZQ (20 uM) and PTX (10 nM) in the presence or absence of 12.5 UM roscovitine for 48 h, Apoptosis was assessed by flow
cytometry analysis of Sub-G1 population (D) and Western analysis of cle-PARP level (E). All Values are shown as mean=SEM from three separate
experiments.

doi:10.1371/journal.pone.0051721.g004

XIAP Plays an Important Role in the Synergistic and an empty plasmid that served as a control. Transfection was

Cytotoxicity of PZQ and PTX confirmed by Western blot (Fig. 6A). Overexpression of XIAP in
Based on the above results,we investigated whether down- DLD-1 .C?HS signiﬁcam'ly attenuated I?ZQ_—enha'nce.C} PTX-induced

regulation of XIAP actually mediated cell death induced by the cytotoxicity, as determined by analysis of cell viability and sub-G1

combination of PZQ) and PTX. We transiently transfected DLD-1 population (Fig. 6B and C).

cells with a plasmid containing epitope-tagged XIAP (myc-XIAP)
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Figure 5. The co-treatment of PZQ and PTX could suppress XIAP protein. (A) DLD-1 cells were treated with 20 uM PZQ alone, 10 nM PTX
alone, or the combination for 24 h. Then expression of Bcl-XL, Bcl-2, Survivin, XIAP, Bim, Puma, Noxa, Bax and Bak were monitored by Western blot.
(B) After exposure of DLD-1 cells to a combination of 20 uM PZQ and 10 nM PTX in the presence or absence of 20 uM zVAD-fmk for 24 h, expression
of XIAP was determined by Western blot. (C) H1299 cells were treated with 20 UM PZQ alone, 10 nM PTX alone, or the combination for 24 h, after
which expression of XIAP was examined. (D) After DLD-1 cells were treated as in (A), total RNA was isolated and XIAP mRNA was quantified by real-
time RT-PCR. Following normalization to GAPDH mRNA, the XIAP mRNA expression values for each condition were relative to vehicle-treated control
cells. (E) DLD-1 cells were treated with a combination of 20 uM PZQ and 10 nM PTX in the absence or presence of 10 uM MG132 for 24 h, and then
expression of XIAP was monitored by Western blot. Values represent mean=SEM from three separate experiments.

doi:10.1371/journal.pone.0051721.g005

To further study the role of XIAP in the synergy between PZ(Q)
and PTX, we used lentivirus-mediated short hairpin RNA
(shRNA) to knockdown XIAP in DLD-1 cells. Cells were
harvested at 48 h after infection, and XIAP expression was
analyzed by Western blot. Compared with DLD-1 cells infected
with the control shRNA, cells infected with XIAP shRNA
displayed dramatically suppressed XIAP expression (Fig. 6D).
We next assessed the effect of XIAP knockdown on cell viability.
As shown in Fig. 6E, blocking expression of XIAP had no effect on
the sensitivity of DLD-1 cells to PZQ) treatment. However, XIAP
knockdown significantly sensitized DLD-1 cells to PIX-induced
cytotoxicity (Fig. 6E). Moreover, cytotoxicity induced by the co-
treatment of PZ(Q) and PTX was also enhanced in XIAP-
knockdown DLD-1 cells (Fig. 6E). These data suggest that XIAP
plays a significant role in mediating the synergistic cytotoxicity
caused by the co-treatment of PZQ) and PTX.

The Combination of PZQ and PTX Suppresses Tumor
Growth in vivo

To test if the co-treatment of PZQ) and PTX has any effect on
tumor growth i vivo, we established a xenograft model in nude
mice with PTX-resistant DLD-1 cells. Subcutaneously injected

DLD-1 cells gave rise to exponentially growing tumors in athymic
nude mice (Fig. 7A). Combined treatment with PZQ and PTX

PLOS ONE | www.plosone.org

greatly suppressed tumor growth relative to PTX treatment alone,
whereas PZQ) administered alone was unable to inhibit tumor
growth in the DLD-1 xenograft-bearing mice (Fig. 7A and B).
Compared to the control group, the treatment with PZQ and
PTX combination resulted in a >50% reduction in tumor weight
(Fig. 7C). Weight loss was not noted throughout the different
treatment cycles, and no mice died during the observation period.

Discussion

PZQ has gained considerable interest as an antiparasitic drug
with no obvious side effect. In this study, we showed the anticancer
potential of PZQ) for the first time. PZQ could potentiate the
growth-inhibitory effect of PTX in various tumor cells, including
those resistant to PTX. The co-treatment of PZ(Q) and PTX could
also dramatically activate the apoptosis cascade, accompanied by
perturbations in survival and signaling regulatory proteins. The
synergistic anticancer effect of PZQ and PTX was further
confirmed in a mouse xenograft model. Because PZQ) is a clinically
used drug, our findings may be readily translated into clinical
practice and have important implications for PTX-based therapy
especially in dealing with PTX-resistant cases.

We found that PZQ) itself did not exert any effect on cell cycle.
However, PZQ) could greatly enhance PTX-induced G2/M arrest
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Figure 6. XIAP plays an important role in the synergistic cytotoxicity of PZQ and PTX. (A) Western blot showed XIAP expression in DLD-1
cells at 24 h after transfection with pcDNA3-myc-XIAP or control vector. (B) 24 h after transfection with pcDNA3-myc-XIAP and control vector, DLD-1
cells were treated with 20 UM PZQ alone, 10 nM PTX alone or the combination for 48 h, and then cell viability was determined by MTT assay. (C) 24 h
after transfection with pcDNA3-myc-XIAP and control vector, DLD-1 cells were treated with a combination of 20 UM PZQ and 10 nM PTX. Then the
sub-G1 fraction was determined by flow cytometry. (D) DLD-1 cells were infected with a lentivirus encoding control shRNA or XIAP shRNA for 48 h,
and expression of XIAP was analyzed by Western blot. (E) DLD-1 cells were infected with a lentivirus encoding control shRNA or XIAP shRNA for 48 h,
and then treated with 20 uM PZQ alone, 10 nM PTX alone or the combination for 48 h. The cell viability was determined by MTT assay. All Values are

shown as mean=SEM from three separate experiments.
doi:10.1371/journal.pone.0051721.g006

in DLD-1 and H1299 cells, and cell cycle arrest occurred at the
mitosis phase, which was reflected by elevated mitotic index and P-
H3 protein level. Microtubule-stabilizing agents like PTX can bind
directly to tubulin and stabilize microtubule, which disrupts the
dynamic assembly of the mitotic spindle and leads to mitotic arrest
[21,22]. Numerous studies have demonstrated the importance of
mitotic arrest in PTX-induced apoptosis [33,34]. Our time course
analysis of cell cycle also suggested that the G2/M arrest preceded
the apoptosis induction when DLD-1 cells were treated with the
combination of PZ() and PTX. Furthermore, inhibition of mitotic
arrest by the CDK inhibitor roscovitine almost completely blocked
apoptosis induced by this combination. These results revealed that

PLOS ONE | www.plosone.org 9

the mitotic arrest caused by the co-treatment of PZQ and PTX
played an important role in following apoptosis induction.

The specific role of the anti-apoptotic protein XIAP in
interactions between PZQ) and PTX was investigated in our
study, because we found that XIAP expression was strongly
reduced in DLD-1 and HI1299 cells on treatment with this
combination and inhibition of XIAP occurred upstream of caspase
activation. XIAP, a potent endogenous inhibitor of caspase, is
frequently overexpressed in many tumors and, in certain cancer
type, is correlated to tumor progression [35,36]. Inhibition of
XIAP could reduce tumorigenicity and enhance therapeutic
sensitivity of cancer cells [36,37]. Thus, XIAP has been an
attractive target for the treatment of malignancy. Here we showed
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Figure 7. Potentiation of PTX-induced cytotoxicity by PZQ in vivo. (A) Athymic nude mice were received subcutaneous injections with DLD-1
cells (2x10°%), and grown for 5 days (tumor volume reached 25-35 mm?) before initiation of treatment. These mice (n=6 per group) were injected
intraperitoneally with vehicle, PZQ alone (50 mg/kg), PTX alone (30 mg/kg), or combined both. PZQ was given on days 5, 7,9, 11, and 13, and PTX
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tumor from each group were removed and photographed. Representative tumor in each group was shown. (C) After xenograft tumors were
removed, these tumors were weighted. Data are shown as mean=SEM (n=6 mice, each group). **, p<<0.05, compared with single agent-treated

groups and the vehicle-treated (control) group.
doi:10.1371/journal.pone.0051721.g007

that overexpression of XIAP could protect cells from apoptosis
induced by the co-treatment of PZQ) and PTX. Although XIAP
overexpression can protect cells against apoptosis induced by
multiple agents, the relevance of XIAP down-regulation to the
synergism between PZQ and PTX was supported by our
subsequent studies using lentivirus-mediated knockdown of XIAP.
Knockdown of XIAP significantly increased cell sensitivity to PTX
and its combination with PZQ). These results supported the fact
that suppression of XIAP was a key mechanism for apoptosis
induced by the co-treatment of PTX and PZQ). We also identified
the mechanisms through which XIAP was down-regulated in
DLD-1 cells on treatment with the PZQ and PTX co-treatment.
Although the mRNA level of XIAP was not changed by the co-

PLOS ONE | www.plosone.org
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treatment of PTX and PZQ), the proteasome inhibitor MG132
could greatly inhibit the down-regulation of XIAP induced by this
co-treatment, suggesting that the co-treatment of PTX and PZQ)
may promote activation of the proteasome pathway to degrade
XIAP. XIAP has ubiquitin ligase activity. The self-ubiquitination
and degradation of XIAP is an important mechanism for its
stability and function regulation [36,38]. Further study will be
required to elucidate the mechanism of the synergistic effect on
XIAP by PZQ and PTX.

Taken together, we showed that the co-treatment of PZQ) and
PTX could exert synergistic cytotoxicity to inhibit cancer cell
growth both in vitro and i vivo. Although the mechanism of this
synergistic interaction was not fully understood yet, we did get

December 2012 | Volume 7 | Issue 12 | 51721



some insights into the mechanism. The current data support that
PZQ in combination with PTX could be a new therapeutic
regimen in dealing with PTX-resistant tumor. Such a combination
of two already clinically used drugs could also reduce clinical safety
concerns while performing better anti-cancer efficacy.

Supporting Information

Figure S1 PZQ does not exert cytotoxicity on tumor
cells. (A) HelLa, ZR7530, Bcap37, DLD-1, Ltep-a-2, H1299 and
SPC-A-1 cells were treated with 50 uM or 100 uM PZQ) for 48 h.
Then cell viability was determined by MTT assay. (B) DLD-1 and
H1299 cells were cultured in the absence or presence of 100 uM
PZQ for 10 days, and then colonies were stained with crystal
violet. (C) DLD-1 and H1299 cells were treated with or without
100 uM PZQ) for 48 h and then stained with DAPL
Bars=10 um. (D) After DLD-1 and H1299 cells were treated
with 50 uM or 100 uM PZQ) for 48 h, the Sub-G1 population was
analyzed by flow cytometry.
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mean*=SEM of 3 independent experiments. DLD-1 and H1299
cell lines show significant resistance to PTX.
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