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ABSTRACT

Objective: Chemoresistant-epithelial ovarian cancer (EOC) has a poor prognosis, prompting
the search for new therapeutic drugs. The diphenylbutylpiperidine (DPBP) class of
antipsychotic drugs used in schizophrenia has shown anticancer effects. This study aimed to
investigate the preclinical efficacy of penfluridol, fluspirilene, and pimozide (DPBP) using in
vitro and in vivo models of EOC.

Methods: Human EOC cell lines A2780, HeyA8, SKOV3ip1, A2780-CP20, HeyA8-MDR, and
SKOV3-TR were treated with penfluridol, fluspirilene, and pimozide, and cell proliferation,
apoptosis, and migration were assessed. The preclinical efficacy of DPBP was also
investigated using in vivo mouse models, including cell lines and patient-derived xenografts
(PDX) of EOC.

Results: DPBP drugs significantly decreased cell proliferation in chemosensitive (A2780,
HeyA8, and SKOV3ip1) and chemoresistant (A2780-CP20, HeyA8-MDR, and SKOV3-TR) cell
lines. Among these drugs, penfluridol exerted a relatively stronger cytotoxic effect on all cell
lines. Penfluridol significantly increased apoptosis and inhibited migration of EOC cells. In
the cell line xenograft mouse model with HeyA8, the penfluridol group showed significantly
decreased tumor weight compared with the control group. In the paclitaxel-resistant model
with HeyA8-MDR, the penfluridol group had significantly decreased tumor weight compared
with the paclitaxel or control groups. Penfluridol exerted anticancer effects on the PDX
model.

Conclusion: Penfluridol exerted significant anticancer effects on EOC cells and xenograft
models, including PDX. Thus, penfluridol therapy, as a drug repurposing strategy, might be a
potential therapeutic for EOCs.

Keywords: Penfluridol; Drug Repurposing; Epithelial Ovarian Cancer; Diphenylbutyl;
Patient-Derived Xenograft; Cell Line Xenograft
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Synopsis

Penfluridol decreased the cell viability of both chemosensitive and chemoresistant
epithelial ovarian cancer (EOC) cells. Penfluridol exerted an anti-cancer effect on
orthotopic xenograft and high grade serous ovarian patient-derived xenografts mouse
models. Antiproliferative effect of penfluridol is related to the modification of the MAPK
pathway via the activation of protein phosphatase 2A. Repurposing of penfluridol has
the potential as a therapeutic drug for EOC.

INTRODUCTION

Epithelial ovarian cancer (EOC) is the second most prevalent and leading cause of death
among gynecologic cancers [1]. Over 80% of EOC cases are diagnosed at an advanced

stage, leading to a poor disease prognosis with a 5-year survival rate of <45% [2]. Maximal
cytoreductive surgery, followed by adjuvant combination chemotherapy with taxane- and
platinum-based agents, is the standard treatment for EOC. With therapeutic advances,
bevacizumab and poly-ADP-ribose polymerase inhibitors are widely used in therapeutic and
maintenance settings [3]. Despite progress in therapeutic approaches and a good response to
primary treatment, patients with advanced EOC frequently experience relapse and ultimately
die of it. Drug resistance is a major obstacle in overcoming this poor prognosis [4,5]; thus,
new therapeutic drugs for EOC are needed.

The challenges in discovering novel anticancer drugs lead to the concept of drug
repurposing, that is, the development of new uses of a drug outside its original use or initial
approved indication, which emerged as a promising strategy. Repurposing can help identify
new therapies for disease at a lower cost and in a shorter time, particularly when preclinical
safety profiles have already been identified [6]. Previous studies have investigated the
incidence of cancer in patients with psychiatric disorders, such as schizophrenia, who are
undergoing treatment with antipsychotic drugs. There are contradictory reports suggesting
that users of psychiatric drugs exhibit a lower cancer risk compared to the general population
[6,7]. Conclusive results on this issue are difficult to obtain due to potential confounding
factors. Although the relationship between antipsychotic drugs and cancer risk remains
unclear, several reports have demonstrated that antipsychotic drugs induce apoptosis and
inhibit metastasis in various types of cancer. Additionally, research has been conducted on
the functional mechanisms underlying their cytotoxic activities, suggesting the potential
repurposing of antipsychotic drugs as cancer therapeutics.

The diphenylbutylpiperidine (DPBP) class of antipsychotics includes penfluridol, fluspirilene,
and pimozide. Compared with other neuroleptics, these drugs are used for treating psychosis
and have demonstrated superior efficacy in reversing negative schizophrenic symptoms,

such as emotional withdrawal and disrupted affect [6]. Preclinical studies have explored

the potential anticancer effects of DPBP drugs on various cancers. For example, fluspirilene
exhibits antiproliferative effects on hepatic cancer, colon cancer, and glioma [7-9], and
pimozide exerts antiproliferative effects on breast, lung, prostate, and pancreatic cancers
[10-16]. Studies have investigated the anticancer effects of penfluridol on breast, lung, and
colon cancer [1719]. Moreover, several studies have suggested that penfluridol and existing
anticancer drugs may have synergistic effects on pancreatic cancer [20] and glioblastoma
[21], and it could overcome paclitaxel resistance in metastatic breast cancer [22].
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While the mechanism through which penfluridol exhibits its anticancer effects is not well
known, studies have indicated that penfluridol induced apoptosis by activating protein
phosphatase 2A (PP2A) to deactivate downstream AKT and MAPKs (ERK and JNK). PP2A-C
phosphorylation attenuates PP2A activity [23,24].

However, the anticancer effects of DPBP on ovarian gynecologic cancer have not been
examined. Based on previous literature, we hypothesized that DPBP drugs may be effective
in patients with EOC. Thus, this study aimed to investigate the anticancer effects of DPBP on
EOC cell lines in in vitro and in vivo mouse models.

MATERIALS AND METHODS

1. Cell lines and treatments

Human EOC cell lines, HeyA8, HeyA8-MDR, SKOV3ip, SKOV3-TR, and A2780-CP20 were
gifts from Dr. Anil K. Sood, Department of Cancer Biology, University of Texas MD Anderson
Cancer Center (Houston, TX, USA). The A2780 cell line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). The histological features of A2780 and
A2780-CP20 cells were originated from ovarian endometrioid adenocarcinoma. SKOV3ip1l
and SKOV3-TR cells were from ovarian serous cystadenocarcinoma and HeyA8 and HeyA8-
MDR from high-grade ovarian serous adenocarcinoma. All human EOC cell lines were
maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and 0.1%
gentamicin sulfate (Gemini Bioproducts, Calabasas, CA, USA) in 5% CO, at 37°C. DPBP
drugs, namely, penfluridol, fluspirilene, and pimozide, were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2. Cell proliferation assay

Cells were plated in a 96-well plate at a density of 3x10? cells/well in the culture medium.
After 24 hours, human EOC cell lines were treated with penfluridol, fluspirilene, or pimozide,
and assays were performed after 48 and 72 hours. For proliferation assays, cells were stained
with 3-(4,5-dimenthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Amresco, Solon,
OH, USA). After 4 hours of incubation, the culture medium was discarded, 100 pL of acidic
isopropanol (0.1 N HCL in absolute isopropanol) was added, and the plate was gently shaken.
Absorbance was measured using an enzyme-linked immunosorbent assay (ELISA) reader
with a test wavelength of 540 nm.

3. Apoptosis assay

The relative percentage of apoptotic cells was assessed after 48 hours using the Annexin
V-FITC Apoptosis Detection Kit-1 (BD Pharmingen, San Diego, CA, USA) following the
manufacturer’s protocol. Briefly, cells were washed twice with phosphate-buffered saline, and
the pellet was suspended in annexin V binding buffer at 10° cells/mL. Annexin V-FITC and
propidium iodide were added (5 pL to each per 10° cells). The mixture was gently mixed, and
using a fluorescence-activated cell sorter (FACS), the samples were incubated for 15 min at
room temperature in the dark before analysis.

4. Wound-healing and migration assays

Wound-healing and transwell assays were performed to assess the effect of penfluridol on EOC
cell migration. In the wound-healing assay, HeyA8 and HeyA8-MDR cell lines were seeded

into dishes and cultured overnight. Subsequently, to create a wound incubated with or without
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penicillin, the cell monolayer was scratched with a sterile pipette tip. After washing with a culture
medium, the scratched areas were observed using a microscope after 5 hours. After penfluridol
treatment, cell migration was also evaluated using the CytoSelect 24-Well Cell Migration Assay
Kit, which contains polycarbonate membrane inserts (Cell Biolabs, San Diego, CA, USA). The
number of cells that passed through the polycarbonate membrane was measured by colorimetry
(560-nm absorbance) using a plate reader. To visualize the migrated cells, representative
photomicrographs were taken, which were stained with cell stain solution from the kit.

5. ELISA

To analyze the secretion of matrix metalloproteinase 9 (MMP-9), the culture media were
harvested and centrifuged to remove cellular debris. The media were concentrated by
centrifugal filtration at 4,000 rpm for 20 minutes using an Amicon Ultra 10K centrifugal
filter tube (Millipore, Billerica, MA, USA). To measure the concentrations of human
MMP-9 (R & D Systems, Minneapolis, MN, USA), ELISA kits were used as described by the
manufacturer. Samples were measured in triplicate.

6. Western blot analysis

Cells were lysed in PRO-PRE Protein Extraction Solution (Intron Biotechnology, Seongnam,
Korea). Protein concentrations were analyzed using a Bradford assay kit (Bio-Rad, Hercules,
CA, USA). By sodium dodecyl sulfate-polyacrylamide gel electrophoresis, cells (40 pg of total
protein) were separated on 7.5% or 10% acrylamide gels and transferred to Immobilon-P
transfer membranes (Merck Millipore, Burlington, MA, USA). Membranes were blocked

for 1 hour with 5% skim milk in Tris-buffered saline containing 0.1% Tween-20 at room
temperature,. The protein bands were probed with total-PP2A and phospho-PP2A (p-PP2A),
total-AKT and phospho-AKT, total-JNK and phospho-JNK, total-ERK, and phosphor-ERK
(Cell Signaling Technology, Danvers, MA, USA) antibodies at 1:1,000 dilutions and B-actin
(Santa Cruz Biotechnology, Dallas, TX, USA) antibodies at a 1:2,000 dilution and then tagged
with horseradish peroxidase-conjugated antirabbit antibody (GE Healthcare, Piscataway, NJ,
USA). Bands were visualized by enhanced chemiluminescence using an ECL kit according to
the manufacturer’s protocol (Amersham Biosciences, Buckinghamshire, UK).

7. Animal care and development of in vivo models, including established
orthotopic cell lines and patient-derived xenografts (PDX)
Female BALB/c nude mice were purchased from Orient Bio (Sungnam, Korea). This study
was reviewed and approved by the Institutional Animal Care and Use Committee of the
Samsung Biomedical Research Institute (protocol No. H-A9-003), which is accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care International
and abides by the guidelines of the Institute of Laboratory Animal Resources. In this study,
6-8-week-old mice were used in these experiments. To establish orthotopic models, HeyAS8
(2.5%10° cells/0.2 mL Hanks’ Balanced Salt Solution [HBSS]) or HeyA8-MDR (1x10° cells/0.2
mL HBSS) cells were implanted into the peritoneal cavity of female nude mice.

To generate PDX models of EOC, tumor specimen was cut into small pieces (<2-3 mm)
and transplanted into the subrenal capsule of the left mouse kidney [25,26]. A PDX of the
chemosensitive high-grade serous carcinoma sample (OV-179) was selected from a 53-year-
old woman with Federation of Gynecology and Obstetrics stage IIIC [27]. The patient
underwent primary cytoreductive surgery and received 6 cycles of paclitaxel-carboplatin
combination chemotherapy. No residual tumor was found after primary surgery, and the
progression-free survival was 45 months. Penfluridol was orally administered (10 mg/kg,
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daily). Paclitaxel was intraperitoneally injected (6 mg/kg once weekly). The mice (n=10 per
group) were monitored daily for tumor development and were sacrificed either on days 30-35
after cancer cell injection or on days 60-90 (PDX model) or when any of the mice appeared
moribund. The total body weight and tumor weight at the time of sacrifice were recorded.
Tumors were fixed in formalin and embedded in paraffin or snap-frozen in OCT compound
(Sakura Finetek Japan, Tokyo, Japan) in liquid nitrogen.

8. Immunohistochemistry

Formalin-fixed, paraffin-embedded, 4 pm-thick tissue sections were subjected to
immunohistochemical studies. Immunostaining for Ki-67 (NB600-1252; NOVUS Biologicals,
Centennial, CO, USA) was performed using a BOND-MAXTM automated immunostaining
device (Leica Biosystems, Melbourne, Australia) and the BondTM Polymer purification
detection kit (Vision Biosystems, Melbourne, Australia). Briefly, antigen retrieval was
performed in an ER1 buffer at 97°C for 20 minutes. Endogenous peroxidase activity was
blocked with 3% hydrogen peroxidase for 10 minutes, and the antibody was diluted at room
temperature at 1:200 for 15 minutes. Apoptotic-positive cells were analyzed by the TUNEL
assay using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore) as
described above. p-PP2A protein expression was detected using rabbit polyclonal anti-p-
PP2A (Tyr307) antibody (Invitrogen, PA5-36874). The primary antibody was diluted 1:100 and
incubated for 45 minutes. Antigen—antibody complexes were detected with Dako EnVision+
System HRP-labeled polymer following the manufacturer’s instructions (K4003, Dako). Two
pathologists blindly reviewed slides and evaluated immunohistochemical staining.

9. Statistical analysis

Significance and differences among the groups for in vitro and in vivo assays were evaluated
using the Mann-Whitney U test. All statistical tests were 2-sided, and p-values <0.05 were
considered statistically significant. GraphPad Prism (San Diego, CA, USA) was used for all
statistical analyses.

RESULTS

1. DPBP drugs significantly inhibit EOC cell proliferation

The in vitro anticancer effects of DPBP drugs, including penfluridol, fluspirilene, and
pimozide, on EOC cell lines were examined. The MTT assay was performed to investigate
whether the DPBP drugs inhibited EOC cell proliferation. Penfluridol time- and dose-
dependently decreased the cell viability of chemosensitive (A2780, HeyA8, and SKOV3ip-1) and
chemoresistant (A2780-CP20, HeyA8-MDR, and SKOV3-TR) EOC cells (Fig. 1A). Fluspirilene
and pimozide also showed similar antiproliferative effects on A2780, HeyA8, A2780-CP20, and
HeyA8-MDR but were not effective in SKOV3ip1 and SKOV3-TR (Fig. 1B and C). The ICs, of
each drug on EOC cells is described in Table S1.

2. Penfluridol significantly increased EOC cell apoptosis

Among the 3 drugs, penfluridol was more potent and showed consistent effects on all EOC cells,
including drug-resistant lines, in the MTT assay. Therefore, further tests with penfluridol were
performed. To assess apoptosis, FACS analysis of EOC cells was performed using penfluridol.
Apoptotic cells were counted by annexin V incorporation after 48 hours of treatment with
penfluridol (5 uM). The proportion of apoptotic cells significantly increased in penfluridol-
treated A2780, A2780-CP20, HeyA8, HeyA8-MDR, SKOV3ip1, and SKOV3-TR cells (Fig. 2).
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Fig. 1. MTT assay of cell proliferation after treatment of EOC cells with DPBP drugs. Cell proliferation was reduced in EOC cell lines treated with (A) penfluridol,
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DPBP, diphenylbutylpiperidine; EOC, epithelial ovarian cancer; MTT, 3-(4,5-dimenthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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(continued to the next page)

3. Penfluridol inhibits EOC cell migration via MMP-9 downregulation

The effect of penfluridol on HeyA8 and HeyA8-MDR cell migration was examined using
wound-healing and Transwell chamber cell migration assays. In the wound-healing assay,
the cell migration rate decreased in HeyA8 and HeyA8-MDR cells compared with those in
the control group, and the migration capability also decreased significantly after treatment
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with 5 pM penfluridol in both cell lines (Fig. 3A and B). The level of MMP-9 protein, which is
associated with tumor migration and invasion in several cancers [28], significantly decreased
after treatment with penfluridol, indicating its potential role as an underlying mechanism for
the anticancer effects (Fig. 3C).

4. In vivo efficacy of penfluridol in mouse xenograft models containing PDX
In vivo experiments were performed to confirm the potential clinical relevance of the results
from the in vitro experiments and compare the efficacy of penfluridol on tumor growth in
orthotopic cell lines or PDX mouse models. In the HeyA8 model, compared with the control
treatment, penfluridol (10 mg/kg) significantly decreased the tumor weight (Fig. 4A, left).
Moreover, in the HeyA8-MDR model, penfluridol led to a significant decrease in tumor
weight compared with paclitaxel or control treatment (Fig. 4A, right).

These results were quite similar to the in vitro data. Moreover, the body weight of the
penfluridol group did not differ from that of the control or paclitaxel group, which suggests
the absence of significant side effects on mice. When applied to the chemosensitive PDX
model, penfluridol significantly reduced the tumor weight compared with the control
treatment (Fig. 4B), without a significant effect on body weight. Using the harvested tumor
tissue, the inhibitory effect of penfluridol was also confirmed; Ki-67, a cell proliferation
marker, was significantly decreased after penfluridol treatment, whereas TUNEL, a marker
of apoptosis, was significantly increased. Consistent results were observed in mouse models
using HeyA8 and HeyA8-MDR cells and in the PDX model.

5. Potential mechanism for the anticancer effect of penfluridol on EOC cells

To identify the effects of penfluridol on the regulation of cell proliferation or apoptosis, the
PP2A-modulated MAPK pathway in EOC cells was evaluated using Western blot analysis.
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Fig. 3. Effect of penfluridol on HeyA8 and HeyA8-MDR cell migration. Penfluridol significantly inhibited cell migration and MMP-9 expression. (A) Wound-healing
assay after treating HeyA8 and HeyA8-MDR cells with penfluridol (5 pM). Penfluridol interfered with the migratory ability of EOC cells. All photographs were
taken at 100x magnification. (B) HeyA8 and HeyA8-MDR cells were placed into a Transwell chamber containing 5 pM penfluridol and incubated for 24 hours.
Migrated cells were stained and measured by optical density at 560 nm. (C) The expression of MMP-9 was measured by ELISA. A conditioned medium (24 hours)
was used for the MMP-9 ELISA in penfluridol-treated HeyA8 and HeyA8-MDR cell lines.

ELISA, enzyme-linked immunosorbent assay; EOC, epithelial ovarian cancer; MMP-9, matrix metalloproteinase 9.
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Fig. 4. In vivo efficacy of penfluridol in cell line xenograft and PDX models of EOC. (A) In the cell line xenograft models using HeyA8 and HeyA8-MDR, the
penfluridol group had significantly inhibited tumor growth compared with the paclitaxel or control group. The body weight of the penfluridol group was not
different from that of the control group. Tumor cell proliferation based on Ki-67 immunohistochemical analysis of harvested tumor tissues was significantly
decreased in the penfluridol group. Conversely, the TUNEL assay showed higher apoptosis rates in the penfluridol group. (B) Results were consistent with those
in the PDX mouse model. Compared with the control group, the penfluridol group had significantly reduced tumor weight and size.

EOC, epithelial ovarian cancer; PDX, patient-derived xenografts.
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After treatment of HeyA8 and HeyA8-MDR cells with penfluridol, the expression levels
of p-PP2A (at Tyr 307), AKT and ERK significantly decreased compared with the control
treatment (Fig. 5A). These results suggest that penfluridol regulates cell proliferation by
activating PP2A and modulating the MAPK pathway.

DISCUSSION

In this study, in vitro and in vivo analyses were performed to evaluate the anticancer effect

of penfluridol on EOC cells. In the in vitro study, DPBP drugs, particularly penfluridol,
significantly decreased cell proliferation and increased apoptosis in EOC cells. The anticancer
effect of penfluridol was confirmed in vivo using orthotopic xenografts prepared with HeyA8
and HeyA8-MDR cells, as well as a PDX mouse model of EOC. These findings suggest the
potential of penfluridol as a novel therapeutic agent, particularly effective in paclitaxel-
resistant and chemosensitive EOC. In our study, we also conducted in vivo experiments using
A2780 and A2780-CP20 orthotopic xenografts. However, penfluridol did not significantly
inhibit tumor growth in these models (data not shown). Taken together, penfluridol may
exert a cytotoxic effect against high-grade ovarian serous adenocarcinoma.

Studies have proposed that the mechanism of action of penfluridol as an antipsychotic agent
is the blockade of D, dopamine receptor, particularly the postsynaptic D2 receptor and
inhibits the release of hypothalamic and hypophyseal hormones [29-32]. Many studies have
reported on the anticancer effects of antipsychotic drugs such as penfluridol, pimozide, and
fluspirilene [33]. In this study, we investigated the cytotoxic effects of these drugs on EOC
cells. Fluspirilene inhibited the proliferation of hepatocellular carcinoma, colon cancer,

and glioma cells by targeting CDK2-, p53-MDM2-, and STAT3-related signaling pathways,
respectively. The anticancer effects of pimozide have been reported in various cancers,
including gliomas, breast, pancreatic, and prostate cancers. The suggested molecular
targets of pimozide were STAT5, STAT3, Ca** T-channels, PI3K/AKT, and DNA damage/
repair-related proteins. Cytotoxic effects of penfluridol have demonstrated in various cancers
by targeting diverse signaling pathways such as apoptosis, migration/invasion, cholesterol
homeostasis, and DNA damage. In this study, results of MTT assays demonstrated that
penfluridol exhibited more effective cytotoxic activity than fluspirilene and pimozide in EOC
cells. Taken together, each drug may utilize a distinct pathway for inhibiting cell growth,
depending on the cancer type and cellular context. Studies have reported that penfluridol
induces the tumor suppressor PP2A in pancreatic cancer and leukemia cells, leading to AKT
deactivation and resulting in apoptosis [20,34]. In addition, either reactive oxygen species
mediated penfluridol-induced autophagy [17,34]. The inhibition of the integrin signaling
pathway by penfluridol was also reported in triple-negative breast cancer [18]. Furthermore,
penfluridol blocks the human epidermal growth receptor-2/B-catenin signaling pathway,
which is increased in paclitaxel-resistant breast cancer cells [22]. These mechanisms appear
to interact intricately with no direct target for the drug.

In this study, the cytotoxic effect of penfluridol may mediated by PP2A activation and thereby
inhibits AKT and ERK activity. This suggests that PP2A activation and modulated MAPK
pathway could be potential mechanisms of action for penfluridol. PP2A helps regulate cell
growth and has been associated with autophagy activation [35]. It was suggested as an
antitumor target [36]; however, a clear target for the action of penfluridol is still unknown,
indicating the need for more investigations. When compared with paclitaxel, which is a
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Fig. 5. Effect of penfluridol on the PP2A-MAPK pathway in EOC cells. (A) Cells were incubated with penfluridol (5 pM) for 1 hour, harvested, and subjected

to Western blot analysis of p-PP2A, p-AKT, p-JNK, and p-ERK levels. (B) Consistent results were observed in cell line xenograft and PDX models of EOC. The
expression of p-PP2A, measured by IHC, significantly decreased compared to the control.
EOC, epithelial ovarian cancer; IHC, immunohistochemistry; p-AKT, phospho-AKT; PDX, patient-derived xenografts; p-ERK, phosphor-ERK; p-JNK, phospho-JNK;

PP2A, protein phosphatase 2A; p-PP2A, phospho-PP2A.
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microtubule-targeting drug, or other targeted cancer drugs, penfluridol lacks a clearly
defined target, and the absence of a specific target may limit drug development. If a direct
target can be identified, studies of penfluridol derivatives may gain further momentum.

In summary, this study demonstrated the anticancer effect of penfluridol on EOC in vitro
and in vivo. In the quest for potential agents to manage patients with “untreatable cancer,”
penfluridol has emerged as a potent anticancer agent in in vitro and in vivo models with
strong suppressive effects on the characteristic features of cancer. To the best of our
knowledge, this study is the first to report the anticancer effect of penfluridol on EOC. As a
drug repurposing strategy, penfluridol therapy may be a potential therapeutic drug for EOC,
particularly in paclitaxel-resistant EOC.

SUPPLEMENTARY MATERIAL

Table S1
ICsp values of each drug for cell proliferation in epithelial ovarian cancer cell lines
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