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Despite major advances in cancer treatment, pancreatic cancer is
still incurable and the treatmentoutcomes are limited.Theaggres-
sive and therapy-resistantnatureofpancreatic cancerwarrants the
need for novel treatment options for pancreatic cancer manage-
ment. Drug repurposing is emerging as an effectual strategy in
the treatment of various diseases, including cancer. In the present
study, we evaluated the anticancer effects of pimavanserin tartrate
(PVT), an antipsychotic drug used for the treatment of Parkinson
disease psychosis. PVT significantly suppressed the proliferation
and induced apoptosis in various pancreatic cancer cells and gem-
citabine-resistant cells with minimal effects on normal pancreatic
epithelial cells and lung fibroblasts. Growth-suppressive and
apoptotic effects of PVT were mediated by the inhibition of the
Akt/Gli1 signaling axis. The oral administration of PVT sup-
pressed subcutaneous and orthotopic pancreatic tumor xeno-
grafts by 51%–77%. The chronic administration of PVT did not
demonstrate any general signs of toxicity or change in behavioral
activity ofmice.Our results indicate that pancreatic tumorgrowth
suppression by PVT was orchestrated by the inhibition of Akt/
Gli1 signaling. Since PVT is already available in the clinic with
an established safety profile, our results will accelerate its clinical
development for the treatment of patients with pancreatic cancer.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggres-
sive and devastating diseases. Despite the modern era in cancer
research, pancreatic cancer has proven to be one of the most fatal ma-
lignancies, making it the fourth leading cause of cancer-related deaths
in developed countries, including the United States.1 Owing to the
poor prognosis of patients diagnosed with advanced pancreatic can-
cer, the median survival of pancreatic cancer patients is estimated to
be �6 months.2 The multifactorial nature and aberrant high fre-
quencies of mutations make it more fatal and resistant to current
therapies. The success of conventional chemotherapies is also dismal,
and patients succumb to its debilitating effects. Novel treatment stra-
tegies are thus required for the management of this lethal disease.3

The repurposing of existing drugs is considered as an effective drug
developmental strategy to counteract the high attrition rates, exorbi-
tant costs, and time-consuming factors involved in the traditional
Molecular T
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drug-discovery process.4 Drug repurposing has the potential to sur-
pass several challenges associated with de novo drug discovery and
guarantees quick clinical trials due to the already-established pharma-
cokinetics, tolerability, safety, and toxicity profile of the drug.5

Antipsychotic drugs such as pimozide, penfluridol, fluspirilene, halo-
peridol, olanzapine, chlorpromazine, and reserpine have been
demonstrated to exert antineoplastic effects in various cancer
models.6–11 In this study, we have repurposed pimavanserin tartrate
(PVT) as a novel therapeutic option for pancreatic cancer. PVT was
approved by the US Food and Drug Administration (FDA) in 2016
for the treatment of Parkinson disease psychosis (PDP).

Among several oncogenic signaling pathways, PI3K (phosphatidyli-
nositol 3-kinase)/Akt signaling is a hallmark of pancreatic cancer,
and a vital survival pathway used by cancer cells for their survival
and proliferation.12,13 PI3K/Akt signaling confers malignant pheno-
types and significantly drives pancreatic cancer progression by acting
upstream to various oncogenic signaling pathways. The role of PI3K/
Akt signaling in invasion, metastasis, resistance to apoptosis, chemo-
therapy, and radiation therapy has been well defined in several cancer
models, including pancreatic cancer.13–15

The aberrant activation of Sonic Hedgehog (SHH) signaling was
observed in 70% of PDAC tisues.3,16 Gli1 is a downstream effector
zinc finger transcription factor in the SHH signaling pathway, the
overexpression of which contributes to poor prognosis and survival
in patients with resected PDAC.17,18 Gli1 also plays a role in promot-
ing invasion, metastasis, chemoresistance, and epithelial-mesen-
chymal transition in various cancers, including pancreatic
cancer.8,18–20 Moreover, SHH signaling imparts stem cell properties
to pancreatic cancer cells by the Gli1 activation of pluripotency-main-
taining factors Oct-4, SOX2, NANOG, and c-Myc.8,13,21,22 Non-ca-
nonical activation of Gli1 by PI3K/Akt signaling has been recently
herapy: Oncolytics Vol. 19 December 2020 ª 2020 The Authors. 19
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omto.2020.08.019
mailto:sanjay.srivastava@ttuhsc.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omto.2020.08.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(legend on next page)

Molecular Therapy: Oncolytics

20 Molecular Therapy: Oncolytics Vol. 19 December 2020



www.moleculartherapy.org
identified as a potential target for therapy in renal cell carcinoma.23 In
addition, Akt /Gli1 signaling axis has been strongly implicated in can-
cer progression.8 Targeting PI3K/Akt and SHH signaling suppresses
tumor growth and inhibits cancer stem cell characteristics.13,24

In the present study, we evaluated the effects of PVT in pancreatic
cancer. Our results indicate that PVT treatment suppressed the
growth of various pancreatic cancer cells by inhibiting the Akt/Gli1
signaling axis. The oral administration of PVT significantly sup-
pressed the growth of xenograft and orthotopically implanted pancre-
atic tumors without exhibiting any general signs of toxicity or
apparent changes in behavioral activity. To the best of our knowledge,
this study is the first to demonstrate the anticancer effects of PVT.

RESULTS
PVT Inhibits the Proliferation of Pancreatic Cancer Cells

The treatment of human AsPC1, BxPC3, MIAPaCa2, PANC1, and
murine PO2 pancreatic cancer cells with increasing concentrations
of PVT at 24, 48, and 72 h resulted in the significantly reduced sur-
vival of cells in a concentration- and time-dependent manner. The
half-maximal inhibitory concentration (IC50) of PVT ranged from
3 to 9 mM after 24, 48, and 72 h of treatment (Figures 1A–1E). How-
ever, no significant effect was observed in normal human pancreatic
ductal epithelial (HPDE-6) cells and the normal lung fibroblast
MRC5 with PVT treatment. For example, treatment with 5 mM
PVT for 48 h suppressed 62% ofMIAPaCa2 cell survival, whereas un-
der similar conditions, the survival of HPDE-6 and MRC5 cells was
the least affected (Figure 1F). These results showed that PVT sup-
presses the proliferation of pancreatic cancer cells and it is relatively
non-toxic to normal cells.

PVT Inhibits the Colony Formation of Pancreatic Cancer Cells

The proliferative and propagating ability of pancreatic cancer cells af-
ter PVT treatment was evaluated by clonogenic assay. We chose sub-
toxic concentrations of PVT as determined by sulforhodamine B
(SRB) assay. AsPC1, BxPC3, and PANC1 cells were treated with 2.5
and 5 mM PVT for 48 h. Our results indicated that PVT inhibited
40%–65% of the colony-forming ability of pancreatic cancer cells
when treated with 5 mM PVT (Figures 1G–1I). These results indicate
the anticlonogenic effects of PVT in pancreatic cancer cells.

PVT Induces Apoptosis in Pancreatic Cancer Cells

To determine the mechanism of the antiproliferative effects of PVT,
apoptosis induction by PVT treatment was determined in AsPC1,
BxPC3, MIAPaCa2, and PANC1 pancreatic cancer cells by annexin
V/fluorescein isothiocyanate (FITC) assay. As shown in Figures
2A–2D, the treatment of AsPC1, BxPC3, MIAPaCa2, and PANC1
Figure 1. PVT Suppresses the Survival of Pancreatic Cancer Cells

(A–E) Cytotoxic effects of PVT in (A) AsPC1, (B) BxPC3, (C) MIAPaCa2, (D) PANC1, and

HPDE-6 and MRC5 lung fibroblast cells treated with 5, 7.5, and 10 mMPVT for 48 h. Cell

were repeated independently 3 times with 4 replicates in each experiment. (G–I) Anticlo

forming effects of PVT were assessed by clonogenic assay. The experiments contained

0.0001.
cells with varying concentrations of PVT (5, 7.5, and 10 mM) for
48 h resulted in significantly increased apoptosis. The treatment of
AsPC1 and BxPC3 cells with 7.5 mM PVT caused a 2-fold increase
in apoptotic cells (Figures 2A and 2B), whereas in MIAPaCa2 and
PANC1 cells, a 7- and a 4-fold increase, respectively, in apoptotic cells
was observed (Figures 2C and 2D). The treatment of BxPC3 and
PANC1 cells with 10 mM PVT further increased apoptosis (Figures
2B and 2D). However, under similar experimental conditions, PVT
did not significantly induce apoptosis in HPDE-6 cells (Figure 2E).
The induction of apoptosis by PVT treatment in AsPC1, BxPC3, MI-
APaCa2, and PANC1 cells was confirmed by the cleavage of caspase 3
and cleaved poly (ADP-ribose) polymerase (PARP) (Figures 3A–3D).
Inhibition of Akt/Gli1 Signaling and CSC-like Traits by PVT

Since we observed significant growth-suppressive effects and the
induction of apoptosis by PVT treatment, we wanted to elucidate
the molecular mechanism by which PVT mediated the above-
mentioned effects. We performed a western blot analysis using
whole-cell lysates from AsPC1, BxPC3, MIAPaCa2, and PANC1
cells treated with 0, 5, 7.5, and 10 mM PVT for 48 h. Our results
showed that PVT treatment significantly inhibited the expression
of Akt and its activation by suppressing its phosphorylation at
Ser473 in a concentration-dependent manner in all of the cell lines
tested (Figures 3A–3D). Interestingly, the expression of Gli1 was
also significantly reduced in a concentration-dependent manner
with PVT treatment (Figures 3A–3D). Gli1 is a downstream
effector and transcription factor in SHH signaling.17 Previous
studies have reported that Gli1 activates cancer stem cell (CSC)
markers Oct-4, SOX2, NANOG, and c-Myc. Interestingly, we
observed remarkable inhibition in the expression of Oct-4, SOX2,
NANOG, and c-Myc by PVT treatment (Figures 3A–3D). A signif-
icant cleavage of caspase 3 and PARP was observed in a concentra-
tion-dependent manner in pancreatic cancer cells after 48 h of PVT
treatment (Figures 3A–3D). In addition, immunofluorescence
analysis revealed that AsPC1 cells treated with 2.5 mM PVT for
48 h significantly suppressed the levels of pAkt(Ser473) (Figure 3E).
Furthermore, the reduced expression of Gli1 was confirmed by per-
forming the Gli1 luciferase reporter assay in AsPC1 cells. Our re-
sults indicated that PVT reduced the Gli1 luciferase activity in a
concentration-dependent manner. For example, 5 mM PVT sup-
pressed 72% of the Gli1 reporter activity (Figure 3F). CSC traits
have been widely observed in tumorspheres formed from cancer
cells.25 The treatment of PANC1 cells with 2.5 and 5 mM PVT sup-
pressed the size and number of PANC1 tumorspheres (Figure 3G).
These results show that the antiproliferative effects and apoptosis-
inducing effects of PVT were mediated by the inhibition of the Akt/
Gli1 signaling cascade.
(E) PO2 cells. (F) Comparison of the cytotoxic effects of PVT between MIAPaCa2,

survival was determined by SRB assay to estimate the IC50 values. The experiments

nogenic effects of PVT in (G) AsPC1, (H) BxPC3, and (I) PANC1 cells. The colony-

2 replicates in each experiment. *p% 0.05, **p% 0.01, ***p % 0.001, and ****p %
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Figure 2. PVT Induces Apoptosis in Pancreatic

Cancer Cells in a Concentration-Dependent Manner

(A–E) Apoptotic effects of PVT in (A) AsPC1, (B) BxPC3, (C)

MIAPaCA2, (D) PANC1, and (E) HPDE-6 cells. The per-

centage of apoptotic cells was evaluated by annexin V/FITC

apoptosis assay using the Accuri C6 flow cytometer. The

experiments were repeated independently 2–3 times. *p%

0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.
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Inhibiting or Silencing Akt Potentiates the Effects of PVT

Akt, a serine/threonine protein kinase, activates Gli1 in a ligand-inde-
pendent manner. To establish Akt as a target of PVT in pancreatic can-
cer,Aktwas pharmacologically inhibited byPI3K inhibitor LY294002 in
MIAPaCa2 cells. Interestingly, blocking the phosphorylation of Akt at
Ser473 by LY294002 resulted in the suppression of Gli1 expression
and its downstream targets Oct-4, NANOG, and c-Myc (Figure 4A).
These results indicate the regulation of Gli1 by Akt in our model. In
addition, Akt inhibition alone increased the cleavage of caspase 3. The
effects of PVT in suppressing pAkt(Ser473) and its downstream targets
Gli1, Oct-4, NANOG, and c-Myc were substantially enhanced inMIA-
PaCa2 cells pre-treated with LY294002 (Figure 4A). Similarly, the
enhanced cleavageof caspase 3was observedwith PVT treatment inMI-
22 Molecular Therapy: Oncolytics Vol. 19 December 2020
APaCa2 cells pre-treated with LY294002 (Fig-
ure 4A). In another experiment, Akt was knocked
down using Akt small interfering RNA (siRNA)
inAsPC1 cells. Akt siRNA inhibited the expression
of Akt and its phosphorylation at Ser473. Silencing
Akt induced apoptosis, which was indicated by the
cleavage of caspase 3 andPARP.The effects of PVT
in reducing the phosphorylation of Akt at Ser473
and the expression of Akt and Gli1 were
augmented in cells in whichAktwas silenced using
Akt siRNA (Figure 4B). Moreover, apoptosis-
inducing effects of PVT were significantly
increased in Akt-silenced cells, as indicated by the
enhanced cleavage of caspase 3 and PARP (Fig-
ure 4B). These results indicate that the growth-sup-
pressive effects of PVT in pancreatic cancer cells
were mediated by inhibiting Akt/Gli1 signaling.

Gli1 Inhibition Enhances the Effects of PVT

GANT-61, a pharmacological inhibitor of Gli1,
significantly inhibited the expression of CSC
markers Oct-4 and c-Myc, and enhanced the cleav-
ageof caspase 3 inBxPC3cells (Figure4C).Notably,
Gli1 and its downstream effector molecules SOX2
and NANOG were found to be reduced in Gli1�/�

mouse embryonic fibroblasts (MEFs) as compared
to Gli1+/+ MEFs (Figure 4E). These results indicate
thepotential roleofGli1 in regulating thepancreatic
CSC properties. Interestingly, the increased sup-
pression of Gli1, Oct-4, and c-Myc expression was
observed with PVT treatment in BxPC3 cells pre-
treated with GANT-61 (Figure 4C). A similar trend was observed in
the induction of apoptosis as evaluated by the cleavage of caspase 3 (Fig-
ure 4C). In another experiment, Gli1 was genetically knocked down by
Gli1 siRNA in MIAPaCa2 cells. PVT suppressed Gli1 and its down-
stream targets Oct-4, NANOG, and c-Myc, and the enhanced cleavage
of caspase 3 in Gli1 knocked down MIAPaCa2 cells (Figure 4D). These
results prove the role ofGli1 signaling in PVT-mediated growth suppres-
sion of pancreatic cancer cells.

PVT Suppresses the Growth of Subcutaneously Implanted

Pancreatic Tumors

To examine the in vivo efficacy of PVT and to establish the mecha-
nism of tumor growth inhibition in pancreatic cancer, BxPC3 cells



Figure 3. PVT Inhibits Akt/Gli1 Signaling

(A–D)Western blot analysis of pAkt(Ser473), Akt, Gli1, Oct-4, SOX2, NANOG, c-Myc, cleaved caspase 3, and cleaved PARP in (A) AsPC1, (B) BxPC3, (C) MIAPaCa2, and (D)

PANC1 cells treated with 5, 7.5, and 10 mM PVT for 48 h. b-Actin was used as a loading control. The figures shown are the representative blots of at least 3 independent

experiments. The blots were developed using the Optimax X-Ray film processor . (E) Immunofluorescence analysis of pAkt(Ser473) (FITC, green), nucleus (DAPI, blue),

phalloidin (TRITC, red) in AsPC1 cells treated with 2.5 mMPVT for 48 h, Scale bars, 200mM. (F) Gli1 activity was determined by Gli1 reporter assay in AsPC1 cells. G) Images of

tumorspheres formed from PANC1 cells with or without PVT treatment. Scale bars, 1,000 mM. *p % 0.05.
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Figure 4. Akt Inhibition Enhances the Effects of PVT in

Pancreatic Cancer Cells

(A) Western blot analysis of pAkt(Ser473), Akt, Gli1, Oct-4,

NANOG, c-Myc and cleaved caspase 3 in MIAPaCa2 cells

pre-treated with 50 mM PI3K inhibitor LY294002 and then

treated with 7.5 mM PVT for 48 h. (B) Western blot analysis

of pAkt(Ser473), Akt, Gli1, cleaved caspase 3, and cleaved

PARP in AsPC1 cells transfected with 100 nM Akt siRNA

and then treated with 7.5 mM PVT for 48 h. (C) Western blot

analysis of Gli1, Oct-4, c-Myc, and cleaved caspase 3 in

BxPC3 cells pre-treated with 30 mM Gli1 inhibitor GANT-61

and then treated with 7.5 mM PVT for 48 h. (D) Western blot

analysis of Gli1, Oct-4, NANOG, c-Myc, and cleaved cas-

pase 3 in MIAPaCa2 cells transfected with 100 nM Gli1

siRNA and then treated with 7.5 mMPVT for 48 h. (E) Whole-

cell lysates of Gli1+/+ and Gli1�/� MEFs were analyzed by

western blotting. b-Actin or b-tubulin was used as a loading

control.
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were implanted subcutaneously in female athymic nude mice. Once
the tumor volume reached 70 mm3, mice were randomized and an
experimental group of mice were treated every day with 10 mg/kg
PVT by oral gavage. Our results showed that at the day of sacrifice,
the average tumor volume of control group was 873 mm3, whereas
in the treatment group, it was 429 mm3, indicating a 51% tumor
growth suppression by PVT (Figure 5A). Tumor lysates were
analyzed by western blotting. Our results showed that the phosphor-
ylation of Akt at Ser473 and the expression of Gli1 were reduced in
the tumors obtained from PVT-treated mice. However, the protein
level of Akt remained unchanged. In addition, PVT treatment
increased the cleavage of PARP in pancreatic tumors (Figure 5B). Tu-
mor sections were analyzed by immunohistochemistry (IHC) and
TUNEL assay. The IHC analysis indicated that PVT treatment
decreased pAkt(Ser473), Gli1, Oct-4, and NANOG, and increased
the cleavage of PARP (Figure 5C). As evaluated by TUNEL assay, a
significant induction of apoptosis was observed in PVT-treated tu-
24 Molecular Therapy: Oncolytics Vol. 19 December 2020
mors (Figure 5D). The levels of PVT in tumors
and pancreas were determined by liquid chroma-
tography-tandem mass spectrometry (LC/MS-
MS). After oral administration of 10 mg/kg
PVT for 28 days, 0.35 mg PVT per gram tumor,
0.48 mg PVT per gram pancreas, and 0.31 mg
PVT per gram brain were observed (Tables S2–
S4). The plasma concentration of PVT was esti-
mated to be 0.0618 mg/ml (Table S1). Moreover,
in a National Institute of Mental Health Data
Archive (NDA) pharmacology and toxicology
study (NDA no. 207318), the concentration of
PVT in various organs was estimated 72 h post-
administration of a single oral dose of 30 mg/kg
PVT in male Long Evans rats.26 Changes in
mice weight and organ weight are considered pa-
rameters for assessing the general signs of toxicity
after treatment with any drug. Mice weight dur-
ing the course of the experiment and the weight of organs such as
pancreas, liver, brain, and kidney were recorded after being removed
at the day of sacrifice. Our results indicated that mice weight and or-
gan weight remain unchanged with the chronic administration of
PVT (Figure S1).

PVT Inhibits the Growth of Orthotopic Pancreatic Tumors

To mimic the clinically relevant condition and further validate the
in vivo efficacy of PVT, an orthotopic pancreatic xenograft experi-
ment was performed. PANC-1 luc cells were orthotopically implanted
in the pancreas of athymic nude mice. After 17 days of tumor implan-
tation, mice were randomized, and the treatment group of mice
received 10 mg/kg PVT by oral gavage every day. Our results showed
a constant increase in luminescence in the pancreas of control mice,
whereas no significant increase in luminescence was observed in the
pancreas of PVT-treated mice. At the end of the experiment, the total
flux in control mice was 1.46 � 109 photons per second, while in the



Figure 5. PVT Suppresses the Growth of Pancreatic Tumors in BxPC3 Subcutaneous Xenograft Model

(A) Oral administration of 10mg/kg PVT everyday suppressed the growth of subcuateous BxPC3 tumor xenografts. (B) Western blot analysis of pAkt(Ser473), Akt, Gli1, and

cleaved PARP in BxPC3 tumor lysates. b-Actin was used as a loading control. The protein expression in the control and treatment groups was normalized with the respective

b-actin of each group. Each blot or FFPE represents a tumor from an individual mouse (B, C and D). Individual FFPE tumor tissues were sectioned and analyzed for (C) IHC

and (D) TUNEL assays. Scale bars, 200 mm . The statistical significance level was considered to be p % 0.05.
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treated group, it was observed to be 3.38 � 108 photons per second,
indicating a 77% decrease in luminescence with PVT treatment
when compared to controls. These results suggest that PVT signifi-
cantly suppressed orthotopic pancreatic tumor growth (Figure 6A).
After terminating the experiment, tumors were removed and
weighed. The average weight of PVT-treated tumors was 54% less
when compared to the tumors excised from the control group (Fig-
ure 6B). Furthermore, we compared the luminescence in the pancreas
isolated from both groups. Our results clearly indicated that PVT sup-
pressed 80% of the luminescence in the pancreas, which further vali-
dated our observations made in Figure 6A (Figure 6C). PANC1-luc
tumor lysates and tumor sections were subjected to western blotting
Molecular Therapy: Oncolytics Vol. 19 December 2020 25
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and IHC analysis, respectively. Our results indicated that the level of
pAkt(Ser473), Gli1, and the downstream targets SOX2, NANOG, and
c-Myc were clearly reduced in the tumors from PVT-treated mice,
whereas the cleavage of caspase 3 and PARP was increased with
PVT treatment (Figures 6D and 6E). Significant apoptosis was
observed in PVT-treated pancreatic tumors as evaluated by TUNEL
assay (Figure 6F). Long-term administration of PVT did not change
the overall mice weight and organ weight (Figure S2). PVT is an anti-
psychotic drug and acts as an inverse agonist for 5-HT2A receptors.
Owing to its action on the central nervous system, we assessed the
behavioral activity of mice after long-term PVT administration.
The behavioral activity of mice was monitored using VersaMax (Ac-
cuscan Instruments) after 49 days of 10 mg/kg PVT treatment. Our
results demonstrated that PVT treatment did not affect behavioral ac-
tivity determinants such as total distance, horizontal activity, vertical
activity, and ambulatory activity when compared to control group
mice (Figures S5A–S5D). These results show that the chronic admin-
istration of PVT did not alter the behavioral activity of mice.
PVT Inhibits the Growth of Gemcitabine-Resistant Tumor Cells

Gemcitabine-resistant MIAPaCa2 (MIAPaCa2-GR) cells were evalu-
ated for resistance to gemcitabine using the SRB assay. MIAPaCa2-
GR cells exhibited a 50-fold higher resistance to gemcitabine when
compared to sensitive MIAPaCa2 cells (Figure 7A). Notably, MIA-
PaCa2-GR cells, when treated with increasing concentrations of
PVT, showed a decrease in cell proliferation in a concentration-
and time-dependent manner. The IC50 was 4.5–5 mM after 24, 48,
and 72 h of PVT treatment (Figure 7B). Our mechanistic analysis
indicated that PVT suppressed the levels of pAkt(Ser473), Akt,
Gli1, and the downstream effector molecules SOX2 and c-Myc. The
increase in the cleavage of caspase 3 and PARP with PVT treatment
indicated apoptosis (Figure 7C). We evaluated the efficacy of PVT
in vivo by implanting MIAPaCa2-GR cells in athymic nude mice.
Our results revealed that the oral administration of 10 mg/kg PVT
suppressed 54% of the tumor growth when compared to the control
group (Figure 7D). The weight of the excised tumors at the end of the
experiment revealed a 55% reduction in tumor weight, which further
validated our observations (Figure 7E). Our western blotting and IHC
analysis indicated that PVT treatment decreased the levels of pAk-
t(Ser473), Akt, and Gli1, and increased the cleavage of caspase 3
and PARP as an indicator of apoptosis in gemcitabine-resistant tu-
mors. Overall mice weight and weight of organs such as pancreas
and brain remained unchanged (Figure S3). In addition, PVT did
not alter the clinical chemistry parameters such as alanine transami-
nase (ALT), aspartate transaminase (AST), albumin, calcium and
Figure 6. PVT Suppresses the Growth of Orthotopically Implanted Pancreatic

(A) PANC1-luc cells were orthotopically implanted on the pancreas of athymic nude m

everyday. Tumor luminescence was measured approximately twice per week and plotte

groups at the day of sacrifice. (B) Orthotopic pancreatic tumors were aseptically removed

Individual tumors from control and PVT-treated groups were imaged for bioluminescen

SOX2, NANOG, c-Myc, and cleaved caspase 3 by western blotting. b-Actin was used a

normalized with the respective b-actin of each group. Each lane of blot represents a tu

sectioned, and analyzed for (E) IHC and (F) TUNEL assays. Scale bars, 200 mm. The s
total serum protein, phosphorous, glucose, blood urea nitrogen
(BUN), and creatinine (Figure S4). These results indicated that
PVT was equally effective in suppressing the growth of gemcita-
bine-resistant cells in vitro and in vivo as compared to gemcitabine-
sensitive tumors and did not exhibit any general signs of toxicity.
DISCUSSION
Pancreatic cancer management has become more challenging due to
its aggressive nature and ineffective treatment options. As a result,
there is a wide scope to develop novel treatment strategies for pancre-
atic cancer. In our present study, we have demonstrated the in vitro
and in vivo antineoplastic effects of an anti-Parkinson drug, PVT,
in pancreatic cancer. Considering the heterogenic nature of pancre-
atic cancer, we investigated the effects of PVT in a series of five
different pancreatic cancer cell lines with different phenotype and ge-
notype profile. In fact, BxPC3 cells with wild-type K-ras, and AsPC1,
MIAPaCa2, and PANC1 cells with mutant K-Ras were used in this
study.27 To rule out the sex and species differences, we used two
male PDAC lines (MIAPaCa2 and PANC-1), two female PDAC
cell lines (AsPC1 and BxPC3), and one murine pancreatic cancer
cell line (PO2).27 In addition, we evaluated the toxic effects of PVT
in normal HPDE-6 cells and human lung fibroblasts, and in a mice
model. Our results indicated that PVT displayed remarkable antipro-
liferative and apoptotic effects in all of the pancreatic cancer cell lines
tested, whereas it was the least toxic to normal epithelial and fibro-
blast cells.

A plethora of oncogenic signaling pathways have been established in
pancreatic cancer. Akt/PKB, a serine-threonine kinase, has been
widely shown to be the central node for pancreatic cancer progres-
sion. The hyperactivation of Akt has been reported in 59% of
PDAC tumors.28 Akt is activated by phosphorylation at serine or
threonine residues.29,30 Activated Akt acts as a regulatory intermedi-
ate for various tumor promoting signaling pathways and promotes
tumorigenic phenotypes such as apoptosis resistance, CSC character-
istics, and cell proliferation and survival.28 Owing to its major role in
pancreatic cancer, several PI3K and Akt inhibitors are in clinical trials
for pancreatic cancer treatment and providing the rationale to
develop more.31 Our results indicate that PVT not only suppressed
the phosphorylation of Akt but also reduced the expression of Akt
in various pancreatic cancer cells.

CSCs are a subpopulation of tumor-initiating cells that confer pheno-
typic and functional variations in cancer cells. Their role has been es-
tablished in resistance to the current treatment options.17,22,32 Gli1, a
Tumors

ice, and after 18 days of tumor implantation, mice were treated with 10mg/kg PVT

d against days (n = 5). Representative images of mice from control and PVT-treated

, and the tumor weight was compared between control and PVT-treated groups. (C)

ce. (D) Excised pancreas/tumors were homogenized, lysed, and analyzed for Gli1,

s a loading control. The protein expression in the control and treatment groups was

mor from an individual mouse. Individual FFPE pancreas/tumors were processed,

tatistical significance level was considered to be p % 0.05. *p % 0.05.

Molecular Therapy: Oncolytics Vol. 19 December 2020 27

http://www.moleculartherapy.org


(legend on next page)

Molecular Therapy: Oncolytics

28 Molecular Therapy: Oncolytics Vol. 19 December 2020



www.moleculartherapy.org
downstream transcription factor in SHH signaling, has been shown to
regulate CSC markers Oct-4, SOX2, NANOG, and c-Myc in pancre-
atic cancer.17 The ligand-dependent and ligand-independent activa-
tion of Gli1 promotes tumorigenic progression in various cancer
models. Non-canonically, Gli1 is positively regulated by K-ras, trans-
forming growth factor b (TGF-b), PI3K-Akt, and protein kinase C a

(PKC-a).33 Akt/Gli1 signaling has been shown as a potential pathway
to target renal cell carcinoma and glioblastoma.8,23 Gli1 is shown to be
overexpressed in 70% of human pancreatic tumors. Our results indi-
cate that PVT inhibited Gli1 and stem cell markers Oct-4, SOX2,
NANOG, and c-Myc in various pancreatic cancer cells. In addition,
PVT treatment increased the cleavage of caspase 3 and PARP, con-
firming apoptosis. Suppression of pAkt(Ser473) was validated by
immunofluorescence analysis. Moreover, PVT reduced the formation
of pancreatic cancer cell tumorspheres, indicating the effects of PVT
in inhibiting CSC characteristics. Similar to PVT, the inhibition of
Akt by PI3K inhibitor LY294002 reduced the expression of Gli1
and its downstream targets Oct-4, NANOG, and c-Myc, and induced
apoptosis. These effects were significantly increased in response to
combination treatment (LY294002 and PVT). The inhibition of
Gli1 by GANT-61 inhibited CSC markers Oct-4 and c-Myc and
increased cleaved caspase 3. Interestingly, Gli1 siRNA alone did not
have much effect on the expression of Oct-4, NANOG, and c-Myc,
but it did enhance the cleavage of caspase 3. This can be attributed
to the fact that perhaps the level of Gli1 knockdown achieved in
our studies was not sufficient to inhibit its downstream effectors.
Nonetheless, the inhibition or silencing of Akt or Gli1 further poten-
tiated the effects of PVT in inhibiting the Akt/Gli1 signaling axis.
These results showed that PVT mediated antiproliferative and
apoptotic effects by inhibiting Akt/Gli1 signaling in pancreatic cancer
cells. Three different in vivo pancreatic tumor models were used to
evaluate the antitumor efficacy of PVT. Notably, PVT suppressed
50%–77% of pancreatic tumor growth in subcutaneous and ortho-
topic xenograft models in mice. Further mechanistic analysis of tu-
mors revealed that pancreatic tumor growth suppression by PVT
was associated with the inhibition of Akt/Gli1 signaling, confirming
our in vitro observations. Pro-apoptotic effects of PVT in vivo were
also confirmed by western blotting, IHC, and TUNEL analysis.

Resistance to gemcitabine is a major problem in the treatment of pa-
tients with pancreatic cancer. It is thus vital to find options to inhibit
resistance to therapy and enhance the antitumorigenic effects of gem-
citabine. Our results demonstrated that PVT inhibited the growth of
gemcitabine-resistant MIAPaCa2-GR cells in vitro and in vivo by
inducing apoptosis. Since PVT is an inverse agonist of the 5-HT2A re-
ceptor, we compared the anticancer effects of PVT with other known
Figure 7. PVT Inhibits the Growth of Gemcitabine-Resistant Cells In Vitro and

(A) Cytotoxic effects of gemcitabine in MIAPaCa2 and MIAPaCa2-GR cells. (B) Cytoto

treated with 5, 7.5, and 10 mMPVT for 48 h were subjected to western blotting . (D) Oral

implanted MIAPaCa2-GR tumors. The tumor volume was measured once every 3 day

sacrifice. (F) Snap-frozen tumors were lysed and subjected to western blotting analysis.

respective b-actin of each group. Each lane of blot represents a tumor from an individual

FFPE tissues were analyzed by IHC. Scale bars, 10 mm. The statistical significance lev
inverse agonists and antagonists of 5-HT2A receptors. Surprisingly,
nelotanserin (inverse agonist of the 5-HT2A receptor) and volinan-
serin (antagonist of the 5-HT2A receptor) exhibited the least or no
antineoplastic effects in pancreatic cancer cells as compared to
PVT. For instance, the IC50 of nelotanserin was observed to be
60 mM, whereas the IC50 of PVT was 6.3 mM after 48 h of treatment
in BxPC3 cells, which is 10 times less than the concentration of nelo-
tanserin. Similarly, volinanserin did not significantly reduce the pro-
liferation of BxPC3 cells. We further performed molecular studies in
BxPC3 cells treated with 7.5 mM PVT and 75 mM nelotanserin or vo-
linanserin (10� higher concentration when compared with PVT).
Our observations indicated that nelotanserin and volinanserin did
not inhibit the expression of pAkt(Ser473), Akt, Gli1, and c-Myc,
whereas there was significant inhibition of these proteins in PVT
treatment. Moreover, nelotanserin and volinanserin did not induce
any apoptosis as compared to PVT (Figure S6). However, the under-
lying mechanism behind this phenomenon needs to be explored and
will be the focus of our future studies. At the antitumor dose used in
the present study, PVT did not exhibit any general signs of toxicity or
changed behavioral activity in mice. However, the side effects associ-
ated with the long-term administration of PVT cannot be ruled out
and require further in-depth studies.

Overall, our study provides convincing results that PVT could be
established as a potential drug for the treatment of patients with
pancreatic cancer in the near future. Ours is the first study to report
the anticancer effects of PVT.

MATERIALS AND METHODS
Ethics Statement

All of the animal experiments were carried out in accordance with the
ethical standards and according to approved protocol by the Institu-
tional Animal Care and Use Committee (IACUC).

Cell Culture

Human pancreatic cancer cell lines AsPC1, BxPC3, MIAPaCa2, and
PANC1 were purchased from the American Type Culture Collection
(ATCC; Rockville, MD, USA). Murine pancreatic cancer cell line PO2
was a kind gift from Dr. Guang-Yu Yang (Northwestern University,
Chicago, IL, USA). The PANC1 luc cell line used for the orthotopic
in vivo study was a kind gift fromDr. Erica K. Sloan (Monash Univer-
sity, Melbourne, VIC, Australia). The MIAPaCa2 gemcitabine-resis-
tant cell line was a benevolent gift fromDr. Terry H. Landowski (Uni-
versity of Arizona Cancer Center, Tucson, AZ, USA). The normal
human pancreatic ductal epithelial cell line HPDE-6 was a generous
gift from Dr. Ming-Sound Tsao (University of Toronto, Toronto,
In Vivo

xicity of PVT in MIAPaCa2-GR cells. (C) Whole-cell lysates of MIAPaCa2-GR cells

administration of 10 mg/kg PVT everyday suppressed the growth of subcutaneously

s using a vernier caliper. (E) Aseptically excised tumors were weighed at the day of

The protein expression in the control and treatment groups was normalized with the

mouse. Blots were developed by the Chemidoc Touch Imaging System (BioRad). (G)

el was considered to be p % 0.05. **p % 0.01.
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ON, Canada). Normal human lung fibroblast cell line MRC5 was a
kind gift fromDr. Dipankar Ray (University of Michigan, Ann Arbor,
MI, USA). Gli1+/+ and Gli1�/� MEF cell lines were a kind gift from
Dr. Bushman (University of Wisconsin, Madison, WI, USA). MEFs
were maintained as previously described by us.25 All of the cell lines
were authenticated by short tandem repeat (STR) analysis at Texas
Tech University Health Sciences Center (TTUHSC) core facilities
(Lubbock, TX, USA) before starting the experiments. Monolayer cul-
tures of AsPC1, BxPC3, and MIAPaCa2 gemcitabine-resistant cells
were maintained in RPMI medium, whereas MRC5, MIAPaCa2,
PO2, PANC1, and PANC1-luc cells were cultured in DMEM me-
dium, supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin antibiotic mixture, 2 mM L-glutamine, 10 mM HEPES,
1 mM sodium pyruvate, 2.2 g/L sodium bicarbonate, and 10 mL/L
glucose. All of the cells were cultured at 37�C in an incubator with
5% CO2. HPDE-6 cells were maintained as previously described by
us.14,26

Cell Survival Assay

Cells were plated at a density of 3,000–4,000 cells per well in 96-well
plates and allowed to attach overnight. After overnight incubation,
cells were treated with different concentrations of PVT (Selleck
Chemicals) for 24, 48, and 72 h. Cells were then analyzed by SRB assay
as described by us previously.6,9 All of the experiments were repeated
independently at least 3 times.

Clonogenic Assay

Briefly, 500 cells per well were seeded in a 6-well plate and incubated
overnight. The cells were then treated with various concentrations (0–
5 mM) of PVT for 48 h. After 48 h, the media was replaced with 2 mL
fresh medium and incubated at 37�Cwith 5%CO2 for 13 days or until
the cells in the control group formed large clones. The cells were then
fixed with 10% trichloroacetic acid (TCA) overnight and stained with
SRB for 2 h. The colonies from the control and treatment groups (n =
2) were quantified using ImageJ (NIH) software.

AnnexinV/FITC Apoptosis Assay

The assay was performed with an annexin V/FITC apoptosis detec-
tion kit (BD Biosciences). Briefly, 0.2 � 106 cells were treated with
varying concentrations of PVT (0–10 mM) for 48 h. Cells were then
assayed for apoptosis according to the manufacturer’s instructions
and analyzed by flow cytometer (Accuri C6, Ann Arbor, MI, USA)
as previously described by us.8,9 All of the experiments were repeated
independently at least 2 times.

Western Blot Analysis

AsPC1, BxPC3, MIAPaCa2, and PANC1 cells were treated with vary-
ing concentrations of PVT (0–10 mM) for 48 h. After 48 h, the whole-
cell lysates were subjected to SDS-PAGE, and the resolved proteins
were transferred onto a polyvinylidene fluoride (PVDF) membrane.
The membranes were probed for primary antibodies against pAk-
t(Ser473), Akt, Gli1, Oct-4, SOX2, NANOG, and c-Myc, cleaved cas-
pase 3, cleaved PARP, b-actin, and b-tubulin (Cell Signaling Technol-
ogies, Danvers, MA, USA). The membranes were developed as
30 Molecular Therapy: Oncolytics Vol. 19 December 2020
previously described by us.15 All of the experiments were repeated
independently at least 3 times.

Immunofluorescence

AsPC1 cells were plated on a coverslip in a 24-well plate at a concen-
tration of 4� 104 cells per well and allowed to attach overnight. Cells
were then treated with 2.5 mM PVT for 48 h. For the immunofluores-
cence analysis, cells were washed with 1� PBS twice and then fixed
with 4% paraformaldehyde (PFA) for 15 min. PFA-fixed cells were
washed 3 times with 1� PBS and permeabilized using 0.1% Triton-
X 100 for 5 min. Cells were washed with 1� PBS and then blocked
using 6% goat serum in 1% BSA and 0.1% Triton-X 100 for 1 h. Cells
were then incubated with antibody against anti-pAkt(Ser473) (1:400)
overnight. The next day, cells were washed twice with 1� PBS and
incubated with anti-rabbit Alexa Fluor 488 conjugate secondary anti-
body (1:1,000) in 3% goat serum prepared in 0.5% BSA for 1 h. Cells
were washed and incubated with Alexa Fluor 594 phalloidin (1:500)
in 3% BSA for 15 min. Cells were washed and coverslips were
inversely mounted on the slides using DAPI mounting medium. Im-
ages were taken in 512 pixels using a multiphoton confocal micro-
scope (Nikon).

Gli1 Luciferase Reporter Assay

The activity of Gli1 was assessed by performing the Gli1 luciferase re-
porter assay. The assay was performed using the Cignal Gli reporter
assay kit according to the manufacturer’s instructions (QIAGEN).
Briefly, 40,000 cells per well in a 96-well plate were transfected with
the Cignal Gli reporter. Post-24 h of transfection, cells were treated
with 5, 7.5, and 10 mM PVT for 48 h. GANT-61, a known pharmaco-
logical inhibitor of Gli1, was used as a positive control, in which the
cells were treated with 20 mMGANT-61 for 48 h. After 48 h, the lucif-
erase assay was developed according to the manufacturer’s instruc-
tions using Dual-Glo luciferase assay system (Promega).

Tumorsphere Assay

PANC1 cells were seeded at a density of 1,000 cells per well in a 24-
well ultra-low attachment plate. Tumorspheres were cultured in
DMEM/F12 medium supplemented with 5% FBS, 2% B27 supple-
ment, 20 ng/mL epidermal growth factor (EGF), 20 ng/mL basic
fibroblast growth factor (bFGF), and 5 mg/mL insulin. After overnight
incubation, cells were treated with 0–5 mM PVT and incubated for
12 days for the formation of tumorspheres. Images were taken using
a light microscope (Leica).

Subcutaneous Pancreatic Tumor Implantation

Female athymic nude mice (4–6 weeks old) were purchased from En-
vigo (Houston, TX, USA) and Charles River Laboratories (Houston,
TX, USA). Approximately 1 � 106 BxPC3 or 6.7 � 106 MIAPaCa2-
GR cells (1:1 PBS:Matrigel mixture) were implanted in the right flanks
of the mice. Once the tumor volume was observed to be 70–100 mm3,
mice were randomly divided into 2 groups with 5 mice in each group.
Group I was assigned as the control group, which received the
vehicle only (PBS). Group II mice received 10 mg/kg PVT by
oral gavage every day. Treatment with PVT was started at day 5
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(MIAPaCa2-GR) or day 13 (BxPC3). Tumor growth was monitored
by measuring the tumor volume twice per week until day 30 (MIA-
PaCa2-GR) or day 40 (BxPC3) using a vernier caliper. The
experiment was terminated due to tumor burden. The mice were
euthanized, and the tumors were aseptically removed. A part of the
tumor was snap frozen for western blotting and the other part was
fixed in formalin for IHC and TUNEL analysis. The weight of the
mice was monitored once in 10–14 days.

Orthotopic Pancreatic Tumor Model

Female athymic nude mice (4–6 weeks old) were used for the ortho-
topic injection of pancreatic cancer cells. Mice were anesthetized by
using isoflurane, and a minor incision was made in the left abdomen.
Stably transfected luciferase expressing PANC1 (PANC1-luc) cells
were orthotopically implanted in the pancreas. Injected into the
subcapsular region of the pancreas using a 30-G sterile needle were
1 � 106 exponentially growing PANC1-luc cells in a 20-mL PBS sus-
pension. The peritoneum and skin incisions were closed sequentially
with absorbable sutures. Buprenorphine was administered to mice as
a pain killer every 8 h for 2 days. The growth of orthotopically im-
planted tumors was monitored by measuring luminescence via
In Vivo Imaging System (IVIS) (Caliper Life Sciences). To determine
the basal luminescence value, mice were imaged on the same day after
injecting luciferin (3 mg per mouse, intraperitoneal [i.p.]). Mice were
randomly divided into 2 groups (control and treatment) on day 17.
The control group received vehicle only, whereas the treatment group
received 10 mg/kg PVT by oral gavage every day. Mice weight was
periodically monitored. The experiment was terminated at day 69
by humanely euthanizing the mice using CO2 overdose. The mice
were dissected and representative mice from the control and treat-
ment groups were imaged for luminescence. The pancreas/tumors
from the control and treatment groups were aseptically excised out
and snap frozen for western blot analysis; few tumors were fixed in
formalin for immunohistochemical and TUNEL analysis. Mice
weight was monitored once per week. The weight of excised organs
such as liver, spleen, kidney, pancreas, lungs, and brain were recorded.

Statistical Analysis

Statistical analysis was performed by Prism 7.0 software (GraphPad
Software, San Diego, CA, USA). The results are presented as
means ± standard deviations (SDs) for in vitro experiments or stan-
dard error of the mean (SEM) for in vivo experiments. Statistical sig-
nificance was analyzed using the Student’s t test followed by Fisher’s F
test and the outcomes were considered statistically significant at p%

0.05.
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