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Abstract: Brain tumors are considered as one of the most aggressive and incurable forms of cancer.
The majority of the patients with brain tumors have a median survival rate of 12%. Brain tumors are
lethal despite the availability of advanced treatment options such as surgical removal, chemotherapy,
and radiotherapy. In this study, we have evaluated the anti-cancer effects of pimozide, which is
a neuroleptic drug used for the treatment of schizophrenia and chronic psychosis. Pimozide
significantly reduced the proliferation of U-87MG, Daoy, GBM 28, and U-251MG brain cancer cell
lines by inducing apoptosis with IC50 (Inhibitory concentration 50) ranging from 12 to 16 µM after 48 h
of treatment. Our Western blotting analysis indicated that pimozide suppressed the phosphorylation
of STAT3 at Tyr705 and Src at Tyr416, and it inhibited the expression of anti-apoptotic markers c-Myc,
Mcl-1, and Bcl-2. Significant autophagy induction was observed with pimozide treatment. LC3B,
Beclin-1, and ATG5 up-regulation along with autolysosome formation confirmed the induction of
autophagy with pimozide treatment. Inhibiting autophagy using 3-methyladenine or LC3B siRNA
significantly blocked the apoptosis-inducing effects of pimozide, suggesting that pimozide mediated
its apoptotic effects by inducing autophagy. Oral administration of 25 mg/kg pimozide suppressed
the intracranially implanted U-87MG tumor growth by 45% in athymic nude mice. The chronic
administration of pimozide showed no general signs of toxicity, and the behavioral activity of the
mice remained unchanged. Taken together, these results indicate that pimozide inhibits the growth of
brain cancer by autophagy-mediated apoptosis.
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1. Introduction
The brain is one of the most complex and delicate organs in the human body. Amongst all the
malignant neurological conditions, brain cancer is the most life-threatening disease worldwide. Brain
cancer accounts for 2% of all cancer types in the United States [1,2]. Brain tumors arise from different
types of brain cells and the membranes associated with the brain. The conventional treatments for
brain tumors include surgery, chemotherapy, and radiation therapy. The challenges associated with
the treatment of brain tumors include the following: (1) recurrence of the brain tumor after surgery,
(2) presence of the blood–brain barrier in the brain, (3) development of resistance to therapy over a
prolonged treatment regime, and (4) heterogeneous nature of tumor cells [3]. Although several studies
have provided intriguing insights regarding the mechanisms of brain tumor growth and therapy
resistance, the survival rate for brain tumor patients remains < 1%, and it has been consistent over the
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past 30 years [4]. Hence, it is critical to develop novel treatment strategies and identify new treatment
options for brain cancer management.
The dysregulation of oncogenic signaling pathways is a hallmark of cancer. Several studies have
demonstrated the role of Janus Kinase-Signal Transducer and Activator of Transcription signaling
(JAK-STAT signaling) signaling in various cancer models including brain tumors [5–7]. The JAK–STAT
signaling pathway involves the canonical activation of JAK kinase or other growth factor receptor
kinases [8]. The activation of JAK kinase mediates the activation of STAT3, which is an important
transcription factor. STAT3 is a downstream effector and mediator of cytokine and growth factor
signaling. Activated STAT3 dimerizes and translocates into the nucleus and regulates the transcription
of several oncogenes including Mcl-1, Bcl-2, and c-Myc [9]. These oncogenes play a critical role in cell
proliferation, homeostasis, cellular transformation, and cell cycle maintenance [10]. Recent studies
have suggested STAT3 signaling to be directly associated with the progression of several tumors such
as brain cancer, breast cancer, prostate cancer, and lung cancer [11]. STAT3 up-regulation has also
been associated with the poor prognosis of patients [12]. The Bcl-2 family of proteins belongs to the
anti-autophagy and anti-apoptotic group of genes. Autophagy is an evolutionarily conserved cellular
homeostatic mechanism that mediates the lysosomal degradation of nonessential cellular components.
Several extra or intracellular mechanisms can trigger autophagy. These mechanisms include stress,
nutrient deprivation, DNA damage, and hypoxia, to name a few [13]. Autophagy involves the
formation of a double membrane vesicle called the autophagosome. The fusion of autophagosomes
with lysosomes generates autophagolysosomes that degrade the nonessential components by forming
an acidic vesicle [14]. STAT3 has been reported to transcriptionally activate Bcl-2 expression. Bcl-2 forms
a complex with Beclin 1 that leads to the inactivation of Beclin 1. Consequently, this complex formation
promotes the inhibition of autophagy-mediated apoptosis [15–17].
Brain tumors, specifically glioblastoma multiforme, have been shown to exhibit low mRNA and
protein levels of Beclin 1 [18]. Moreover, high Beclin 1 expression is considered to be in positive
correlation with increased patient survival [19]. Several studies have highlighted the significance of
STAT3 inhibition and its effect on the induction of autophagy [20]. Conventional therapeutic strategies
involved in brain tumor treatment include the induction of apoptosis. However, resistance to apoptosis
is a hallmark of tumorigenic progression [21]. Recently, arsenic trioxide has been shown to inhibit
STAT3 activation, but it up-regulated autophagy in glioblastoma cells [22]. Hence, there is an emerging
need for therapeutics with reduced toxicity and better efficacy toward brain tumors.
It has been documented that schizophrenic patients taking anti-psychotic medication have
reduced incidence of cancer [14]. Anti-psychotic agents such as chloropromazine and thioridazine
have been shown to induce autophagy-mediated cell death [23]; however, toxicities associated with
these drugs have led to fatal outcomes clinically. Our previous studies have shown that penfluridol
(an anti-psychotic drug) can suppress pancreatic tumor growth by inducing autophagy-mediated
apoptosis [14,24].
In the present study, we investigated the anti-cancer effects of pimozide (Figure 1) in brain cancer.
We observed that pimozide significantly suppressed the growth of brain cancer cells by modulating
STAT3-mediated autophagy signaling. The reduced expression of STAT3 with pimozide treatment
resulted in increased autophagy, which in turn enhanced apoptosis in brain cancer cells. Moreover,
the oral administration of pimozide suppressed the growth of brain tumors by inhibiting STAT3 and
inducing autophagy-mediated apoptosis.
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Figure 1. Structure of pimozide.

2. Material and Methods
2.1. Ethics Statement
All the animal experiments were conducted in accordance with the ethical standards and according
to approved protocol by Institutional Animal Care and Use of Committee (IACUC), Texas Tech
University Health Sciences Center.
2.2. Cell Culture
Human pediatric desmoplastic cerebellar medulloblastoma cell line Daoy and adult human brain
cancer cell line U-87 MG were obtained from the American Type Culture Collection (ATCC), Manassas,
VA, USA. We started working on U-87 MG cells 5 years ago when there was no question regarding its
origin. Unfortunately, U-87 MG has been reported to have a different origin than the reported GBM
tumors. However, it is still considered to be from tumors arising in the brain. The patient-derived
glioblastoma cells GBM28 and U-251 MG used in this study were generously provided by Dr. Jann N
Sarkariya, Mayo Clinic, Rochester, Minnesota. Daoy, U-251 MG, and GBM 28 cells were maintained in
DMEM supplemented with 10% FBS and 1% PSN. U-87 MG cells were maintained in MEM media
supplemented with 10% FBS and 1% PSN. All the cells used in this study were within twenty passages
after receipt.
2.3. Cell Survival Assay
Brain tumor cells were plated at a density of ≈3000–4000 cells/well in 96-well plates and incubated
overnight. Then, cells were treated with varying concentrations of pimozide (Sigma-Aldrich, St. Louis,
MO, USA). After a desired treatment time point (24, 48 and 72 h), cells were fixed using ice cold 10%
trichloroacetic acid followed by washing with water and staining with sulforhodamine B (SRB) dye
for 2 h. Plates were washed with 1% solution of acetic acid and allowed to dry. SRB-stained cells
were dissolved in 10 mM Tris-base solution, an optical density was measured using a plate reader
(BioTek Instruments, Winooski, VT, USA) as described previously [3,25]
2.4. Clonogenic Assay
Briefly, 500 cells per well were plated in a six-well culture plate and incubated at 37 ◦ C for 24 h.
Then, plates were treated with 5, 10, 15, and 20 µM pimozide for 48 h. Media was replaced after
48 h, and the cells were incubated at 37 ◦ C for 12-15 days. Once significant colonies were observed
in the control group, the experiment was terminated, and colonies were fixed using ice-cold 10%
trichloroacetic acid and staining with SRB dye. After ≈2 h of staining, the plates were washed with 1%
solution of acetic acid and dried. The colonies from the control and treated group were quantified
using Image J software.

Cells 2020, 9, 2141

4 of 19

2.5. AnnexinV/FITC Apoptosis Assay
AnnexinV/FITC apoptosis assay was performed using a commercially available kit and according
to manufacturer’s instructions (BD Biosciences, San Jose, CA, USA). Approximately 0.2–0.3 × 106 cells
were plated in each well of a six-well plate and incubated overnight at 37 ◦ C. Then, cells were treated
with the increasing concentrations of pimozide for 48 h. Post 48 h of treatment, cells were trypsinized
and washed twice with 1× PBS. An equal number of cells was suspended in 150 µL of binding buffer.
Then, 4 µL Annexin-V FITC and 4 µL propidium iodide were added in every sample followed by
incubation for 20 min in dark. Volume was adjusted to 400 µL by adding binding buffer. Samples were
analyzed by flow cytometer (Accuri C6, Ann Arbor, MI, USA) after gently mixing the cells as described
previously [3].
2.6. Western Blot Analysis
U-87MG, U-251MG, GBM 28, and Daoy cells were treated with 5, 10, 15, and 20 µM of pimozide
for 48 h. Then, cells were collected and washed using 1X PBS solution twice. The whole cell lysates
were prepared using 4% CHAPS in urea-tris buffer. Protein content in the lysates was estimated
using Bradford reagent (Bio-rad, Irvine, CA, USA). Then, 25-40 µg of protein was subjected to SDS
gel electrophoresis, and resolved proteins were transferred onto a PVDF membrane. The membranes
were probed for primary antibody against p-STAT3 (Tyr705), STAT3, p-Src (Tyr416), MCl-1, BCl-2,
Cleaved PARP, and Cleaved Caspase-3. β-Actin was used as a loading control (Cell Signaling and
Technologies (Danvers, MA, USA)). The membranes were developed as described previously [26,27]
2.7. Acridine Orange Staining for Microscopy
Daoy cells were seeded in a six-well plate at a density of 0.2 × 106 . Cells were allowed to
attach overnight, after which cells were treated with pimozide at a concentration of 10 µM for 48 h.
After treatment, media was replaced with 1× PBS in each well. Then, 2-3 drops of NucBlue live
cell stain (Life technologies, Eugene, OR, USA) were added to each well for 5 min. Acridine orange
was added at a concentration of 0.4 µg/mL to each well, and images were taken using fluorescence
microscope (Olympus, Center Valley, PA, USA)
2.8. Treatment with 3-Methyladenine
U-87 MG and Daoy cells were plated at a density of 0.3 × 106 cells in a six-well plate. After overnight
incubation, cells were pretreated with 5 mM 3-methyladenine (Sigma-Aldrich, St. Louis, MO) for 3 h.
After pretreatment, cells were treated with 10 µM and 15 µM pimozide for 48 h and processed for
Western blot analysis as previously described [26,27].
2.9. LC3B Silencing
U-87 MG and Daoy cells were transfected with LC3B siRNA (Cell Signaling Technologies, Danvers,
MA, USA) using Lipofectamine RNAiMAX Transfection reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Cells were transfected with 100 nm LC3B siRNA or Scrambled control siRNA and 24 h post
transfection, cells were treated with 10µM or 15µM pimozide for 48 h, as described by us previously [14].
After the treatment, cells were collected and processed using Western blot analysis.
2.10. shRNA Transfection
pSIH1-puro-STAT3 shRNA plasmid (plasmid #26596) was obtained from Addgene, and the
plasmid DNA was isolated using a ZymoPURETM Plasmid Maxiprep Kit (catalog no: D4203) as
described in the manufacturer’s protocol. Once the plasmid was isolated, it was quantified using
Nano Drop 2000 spectrophotometer. Approximately 0.2 million Daoy cells were seeded in a six-well
plate. The following day, cells were transfected with STAT3 shRNA using Xfect Transfection Reagent
(Takara Bio, USA, lnc., Mountain View, CA, USA) in serum-free medium. With 5µg of STAT3 shRNA
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or control shRNA in serum-free medium, Daoy and U-251 MG cells were transfected as described
in the manufacturer’s protocol and described by us previously [28]. Daoy and U251-MG cells were
incubated overnight with shRNA, and approximately 12 h post transfection, the medium was replaced
with suitable cell medium, and the cells were treated with 15 µM pimozide for 48 h. After 48 h of
treatment, cells were collected and processed for Western blot analysis.
2.11. Intracranial Brain Tumor Implantation
Female athymic nude mice (4–6 weeks old) from Harlan Laboratories (Livermore, CA, USA) were
used for intracranial injection, and the experiments were conducted in strict compliance with the
Institutional Animal Care and Use Committee (IACUC). U-87 MG Luc cells were harvested, washed
twice with sterile PBS, and resuspended in PBS at a density of 30 × 106 cell per mL. A suspension of
5 µL containing 0.15 × 106 cells was intracranially injected using a stereotaxic apparatus as described
by us previously [3]. The growth of tumors was monitored using an IVIS imager. Once the tumors
stabilized and exponential growth was observed, mice were randomized with eight mice in each group.
The control group received the vehicle (water/PEG300/ethanol/2%acetic acid in 8:3:3:1 v/v), while the
treated group received 25 mg/kg pimozide by oral gavage every day. The experiment was terminated
at day 60 by euthanizing the mice using CO2 overdose, and each mice brain was aseptically dissected
out and imaged for luminescence. A few brains from the control and treatment groups were snap
frozen for Western blotting analysis. The mice weight and individual organ weight was measured to
identify any general signs of toxicity with pimozide treatment.
2.12. Mice Behavioral Analysis
Mice from the control and treatment group were analyzed for general signs of toxicity and
behavioral side effects due to pimozide treatment. After 60 days of treatment with pimozide,
the toxicity and behavioral activity of mice was assessed using Versamax (AccuScan Instruments Inc.,
Columbus, OH, USA), as described by us previously [29].
3. Results
3.1. Pimozide Suppresses the Proliferation Of Brain Cancer Cells
The treatment of U-87MG, U-251MG, Daoy, and GBM 28 cells with varying concentrations of
pimozide displayed significant reduction in the survival of cells in a concentration and time-dependent
manner (Figure 2A–D). The IC50 of pimozide was observed to be between 10 and 20 µM in U-87MG,
Daoy, GBM-28, and U-251MG at 24, 48, and 72-h time points. These results indicate that pimozide has the
ability to suppress the proliferation of brain cancer cells in a concentration and time-dependent manner.

Figure 2. Cont.
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Figure 2. Pimozide suppresses the survival of brain tumor cells. (A) U-87 MG, (B) U-251 MG, (C) Daoy,
and (D) GBM 28 cells were treated with different concentrations of pimozide for 24, 48, and 72 h. Cell
survival was measured using Sulforhodamine B assay to estimate the IC50 values. The experiment was
repeated three times with eight replicates in each experiment.

3.2. Pimozide Inhibits the Colony Formation in Brain Cancer Cells
The colony-forming ability of brain cancer cells after pimozide treatment was evaluated by
clonogenic assay. Daoy and U251-MG cells were treated with sub-toxic concentrations of pimozide.
Our observations indicate that 15 µM pimozide inhibited 70% of colony formation, whereas 20 µM
of pimozide was able to completely inhibit the colony-forming ability of Daoy cells. However, 5 µM
and 10 µM pimozide inhibited only 5–30% of colonies in Daoy cells (Figure 3A,B). Similarly, in U-251
MG glioblastoma cells, 10 µM pimozide treatment inhibited 60% of colonies, while 15 µM and 20 µM
pimozide were able to completely inhibit the colony-forming ability of these cells. However, 5 µM
pimozide was only able to inhibit 12% of colonies formed by U-251 MG cells (Figure 3C,D). These results
indicate the anti-clonogenic activity of pimozide in brain cancer cells.

Figure 3. Cont.
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Figure 3. Pimozide inhibits the colony-forming ability of brain tumor cells. (A) Daoy cells were
treated with sub-toxic and toxic concentrations of pimozide (5 µM, 10 µM, 15 µM, and 20 µM) for
48 h. The colony-inhibiting effects of pimozide were assessed by clonogenic assay. (B) Quantitative
representation of the colonies formed in Daoy cells. The experiments contained two replicates in each
experiment. Values are plotted as mean ± SD, and the statistical significance level was considered
as p < 0.05 **** p ≤ 0.001) (C) U-251 MG cells were treated with sub-toxic and toxic concentrations of
pimozide (5 µM, 10 µM, 15 µM, and 20 µM) for 48 h. The colony-inhibiting effects of pimozide were
assessed by clonogenic assay. (D) Quantitative representation of the colonies formed in U-251 MG
cells. The experiments contained two replicates in each experiment. Values are plotted as mean ± SD,
and the statistical significance level was considered as p < 0.05 (* p ≤ 0.5, *** p ≤ 0.01, **** p ≤ 0.001).

3.3. Induction of Apoptosis by Pimozide
The mode of cell death caused by pimozide was determined by Annexin V/FITC assay in U-87MG,
U-251MG, Daoy, and GBM-28 brain cancer cells. As shown in Figure 4, treatment with pimozide
for 48 h resulted in significant apoptosis in all brain cancer cells. Treatment with 5 µM and 10 µM
pimozide had minimal apoptotic effects on U-87 MG and Daoy cell lines (Figure 4A–D); however,
similar concentrations of pimozide induced apoptosis in GBM-28 and U-251MG cells. The percentage
of apoptotic cells with 10 µM pimozide ranged between 5% and 75%, whereas 15µM pimozide induced
10–80% apoptosis in U-87 MG, U-251MG, and GBM 28-cells. The percentage of apoptotic cells with
20 µM pimozide treatment ranged from 30% to 90% in all the brain cancer cell lines tested, with U-87MG
and Daoy being the most sensitive cell lines at this concentration (Figure 4A–D). The induction of
apoptosis by pimozide treatment in these cell lines was further confirmed by increase in the cleavage
of caspase 3 and PARP as assessed by Western blotting (Figure 5A–D).

Figure 4. Cont.
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Figure 4. Pimozide induces apoptosis in brain tumor cells in a concentration-dependent manner.
Approximately 0.2 × 106 of (A) U-87 MG, (B) U-251 MG, (C) Daoy, and (D) GBM 28 cells were
plated in six-well plates, treated with 5, 10, 15, and 20 µM pimozide for 48 h and processed for
AnnexinV/FITC apoptosis assay using a BD FACSverse flow cytometer. Values were plotted as
mean ± SD. The experiment was repeated three times. * Statistically significant at p ≤ 0.05 when
compared with control (* p ≤ 0.5, ** p≤ 0.1, *** p ≤ 0.01).

Figure 5. Pimozide inhibits STAT3 signaling. Approximately, 0.7 million of (A) U-87 MG, (B) U-251
MG, (C) GBM28, and (D) Daoy cells were treated with 5, 10, 15, and 20 µM pimozide for 48 h.
Representative blots showing a concentration-dependent effect of pimozide on pSTAT3 (Tyr705), STAT3,
p-SRC (Tyr416), c-Myc, Mcl-1, Bcl-2, cleaved caspase 3, and cleaved PARP. β-actin was used as a loading
control. Figures shown are the representative blots of at least three independent experiments.
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3.4. Pimozide Inhibits STAT3 Signaling
In order to delineate the mechanism by which pimozide mediates its anti-cancer effects, brain
cancer cell lines, U-87MG, U-251MG, Daoy, and GBM-28 cells were treated with 0, 5, 10, 15, and 20 µM
pimozide for 48 h and evaluated by Western blotting. Our results showed that pimozide treatment
reduced the phosphorylation of STAT3 at Tyr705 in a concentration-dependent manner. However,
the protein level of STAT3 remained unchanged. It has been reported that STAT3 is transcriptionally
activated by non-receptor tyrosine kinases such as Src kinase [21]. Our results indicated that pimozide
treatment reduced the phosphorylation of Src kinase at Tyr416. The hyperactivation of STAT3 in
brain cancer cells has been strongly attributed to the evasion of apoptosis. The transcriptional
activation of anti-apoptotic proteins such as Bcl-2 and Mcl-1 by STAT3 has been documented in several
studies [30–32]. Interestingly, we observed that the treatment of brain cancer cells with pimozide
resulted in a reduced expression of anti-apoptotic proteins Mcl-1 and Bcl-2 in U-87 MG, U-251 MG,
GBM 28, and Daoy cell lines (Figure 5A–D). Moreover, pimozide increased the cleavage of caspase 3 and
PARP, which is an indication of apoptosis (Figure 5A–D). These results suggest that the anti-proliferative
and apoptotic effects of pimozide were mediated by inhibiting STAT3 activation and its downstream
targets Mcl-1 and Bcl-2.
3.5. Pimozide Induces Autophagy in Brain Cancer Cells
We observed a significant induction of apoptosis with pimozide treatment in brain cancer
cells. Our observations suggest that the apoptotic effects of pimozide were mediated through STAT3
inhibition. STAT3 transcriptionally regulates several genes that induce autophagy [13,33,34]. In order to
investigate the underlying mechanism of apoptosis and the effect of pimozide on autophagy-mediated
apoptosis, acridine orange assay was performed. Acridine orange is a cell-permeable green fluorophore.
It can get protonated inside an acidic vesicular organelle (AVO). Acridine orange fluoresces with a red
color when its concentration increases inside an AVO [35]. Interestingly, we observed that pimozide
treatment induced autophagy in a concentration-dependent manner in Daoy cells at the 48 h time point.
A significant increase in red staining indicated the production of AVOs (Figure 6A). Furthermore,
our Western blot analysis showed an up-regulation of LC3B, which is a marker for the formation of
autophagic vesicles, Beclin-1 and ATG5 in U-87 MG, U-251 MG, and Daoy brain cancer cells (Figure 6B).
These results prove the pro-autophagy effects of pimozide in brain cancer cells.

Figure 6. Cont.
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Figure 6. Production of autolysosome by pimozide treatment. (A) Approximately 0.2 million Daoy
cells were plated in a six-well plate. Daoy cells were treated with 10 µM of pimozide. After 48 h of
pimozide treatment, cells were stained with NucBlue followed by staining with 0.4 µg/mL acridine
orange. Images were taken using a florescence microscope. Blue florescence represents DAPI, whereas
red represents the formation of autophagolysosomes. (B) Approximately 0.7 million U-87 MG, Daoy,
and U-251 MG cells were treated with different concentrations of pimozide for 48 h. Representative
blots show the concentration-dependent effect of pimozide on ATG5, Beclin1, LC3B, cleaved caspase
3, and cleaved PARP expression. β-actin was used as a loading control. Figures shown are the
representative blots of at least three independent experiments.

3.6. Silencing LC3B and Inhibiting Autophagy Abrogates the Apoptotic Effects of Pimozide
To validate the role of autophagy in pimozide-mediated apoptosis, we genetically knocked down
LC3B expression in U-87 MG and Daoy cells using LC3B siRNA before treatment with 10 µM or 15 µM
pimozide for 48 h (Figure 7A–C). Our results demonstrated that pimozide treatment reduced the
cleavage of PARP, which is an indicator of apoptosis in LC3B siRNA transfected cells. These results
confirmed that pimozide treatment induced autophagy-mediated apoptosis. In another experiment,
U-87 MG and Daoy cells were pretreated for 3 h with a known autophagy inhibitor 3-methyladenine
(3-MA) followed by treatment with 10 µM and 15 µM pimozide for 48 h. Blocking autophagy resulted
in reduced apoptosis as indicated by a decrease in the cleavage of PARP by pimozide treatment in U-87
MG cells (Figure 7B). These results indicate the regulation of apoptosis by autophagy in our model.

Figure 7. Cont.
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Figure 7. Pimozide induces autophagy-mediated apoptosis. (A,C) Approximately 0.2 million U-87
MG and Daoy cells were treated with LC3B siRNA followed with the treatment of 10µM and 15 µM
pimozide for 48h. Levels of LC3B and cleaved PARP were evaluated by Western blotting. β-actin was
used as a loading control. (B,D) U-87 MG and Daoy cells were pretreated with 5 mM 3-methyladenine
for 3 h. Following the treatment of cells with an autophagy inhibitor, cells were treated with 10 µM and
15 µM pimozide for 48 h. The expression of LC3B and cleaved PARP was evaluated using Western
blot analysis. β-actin was used as a loading control. The figure is a representation of at least three
independent experiments.

3.7. STAT3 Knockdown Potentiates the Autophagic Effects of Pimozide
STAT3 knockdown was performed in Daoy and U251-MG cells using shRNA to validate the
STAT3-mediated autophagy effects of pimozide. As per Western blotting analysis, we observed
approximately 72% inhibition of STAT3 in Daoy cells and approximately 44% inhibition in U-251 MG
cells post STAT3 shRNA transfection. Our results indicated that knocking down STAT3 using shRNA
does not significantly induce autophagy on its own in brain cancer cells. However, we observed
an increase in autophagy as well as autophagy-mediated apoptosis with the treatment of STAT3
shRNA-transfected cells with 15 µM pimozide (Figure 8A,B). These results indicate that pimozide
induces apoptosis in brain cancer cells by inducing autophagy

Figure 8. Pimozide suppresses the growth of brain tumor cells by inducing STAT3-mediated autophagy.
(A,B) Approximately 0.2 million Daoy and U-251 MG cells were transfected with 5 µg of STAT3 shRNA
followed with the treatment of 15 µM pimozide for 48 h. STAT3 inhibition, the induction of autophagy
marker LC3B, and the level of apoptosis induction were evaluated by Western blotting analysis. β-actin
was used as a loading control. The figure is a representation of at least three independent experiments.
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3.8. Pimozide Suppresses the Growth of Intracranially Implanted Brain Cancer Cells
To evaluate the ability of pimozide in inhibiting the growth of brain tumor cells in vivo, U-87
MG luc cells were injected intracranially into the brain of mice using stereotaxic apparatus. Once the
tumor cells started growing, mice were randomized into two groups. The treatment group received
25 mg/kg pimozide every day by oral gavage, while the other group served as control and received
vehicle only. The growth of tumor in mice was evaluated by using an IVIS imager. Our results
showed that pimozide treatment suppressed the growth of intracranially implanted U-87 MG tumors
by 45% (Figure 9A). We also analyzed luminescence in the isolated brains from both the control
and treatment group. The average luminescence in the treated group was 70% less compared to the
control group (Figure 9B). To further validate the in vitro results, whole brain lysates of the control
and treatment groups were analyzed by Western blotting. In agreement with our in vitro results, the
pimozide-treated group of mice showed a reduction in the activation of STAT3 along with a reduced
expression of anti-apoptotic proteins such as Mcl-1 and Bcl-2. Furthermore, pimozide-treated mice
showed an increased expression of autophagy marker LC3B (Figure 9C). As an indicator of apoptosis,
the increased expression of cleaved caspase 3 and PARP was observed with pimozide treatment.
Taken together, these results suggest that reduced tumor growth in the brain by pimozide was due to
autophagy-mediated apoptosis.

Figure 9. Cont.
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Figure 9. Pimozide suppresses the growth of intracranially implanted brain tumor cells. (A) About
0.15 × 106 U-87MG luc cells were implanted intracranially in the brain of 4–6-week-old athymic nude
mice. Mice were treated with 25 mg/kg pimozide starting day 14 after tumor cells were implanted
until day 60. Representative luminescence (photons/second) was measured about thrice a week and
plotted against days. The statistical significance level was considered as * P ≤ 0.05. (B) Representative
mouse brain from the control and pimozide-treated groups after terminating the experiment. (C) After
terminating the experiment, brains with tumors were removed aseptically, lysed, and analyzed for
p-STAT3, STAT3, p-src, Mcl-1, Bcl-2, and LC3B. (D) Graphical representation of the protein expression
in control and treatment groups when normalized with its respective β-actin.

3.9. Pimozide Treatment Display No Major Side Effects in Mice
To evaluate the general signs of toxicity, mice weight and organ weight were recorded. In our
analysis, we observed no significant difference in the average organ weight of the control and
pimozide-treated mice (Figure 10A). Pimozide treatment did not alter kidney or liver functions nor
blood chemistry in mice (Figure 10B). The long-term behavioral side effects such as locomotor activity
were evaluated in both the control and pimozide-treated groups using Versamax. Our observations
indicated that there was no significant difference in the locomotor activities such as ambulatory activity,
total distance, or horizontal activity of the mice (Figure 10C). These results indicate that the chronic
administration of pimozide for treating brain tumors may not have any critical side effects in mice.
However, further detailed studies are required to validate the toxicity profile of pimozide.

Figure 10. Cont.
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Figure 10. Safety profile study in mice. About 0.15 million U-87 MG cells were implanted intracranially
in the brain of 4–6-week-old female athymic nude mice. Once tumors achieved a minimum size,
25 mg/kg pimozide by oral route was administered every day to mice. (A) Mice were observed for
general signs of toxicity, and their organ weight was measured in comparison with the control group.
(B) After 60 days, mice were sacrificed, and plasma was sent for analysis to Texas Veterinary Medical
Diagnostic Laboratory System, Amarillo. A comparative analysis of liver enzymes, metabolic enzymes,
and ions in the plasma of the control and treatment groups was performed. (C) Before the termination
of the experiment, mice were analyzed for any behavioral side effect due to pimozide treatment
using Versmax.

4. Discussion
Glioblastoma is the most aggressive and incurable form of brain cancer in adults, whereas
medulloblastoma is an aggressive form of brain cancer in pediatric patients [2,36]. In our study,
we evaluated the anti-cancer effects of pimozide, an anti-psychotic drug in five different cell lines
from glioblastoma and medulloblastoma, and patient-derived tumor cells [37,38]. Pimzoide belongs
to the diphenylbutylpiperidine class of anti-psychotic drugs. It is prescribed as an oral preparation
for schizophrenia, chronic psychosis, Tourette’s syndrome, and resistant tics [39]. Our current study
demonstrates the anti-cancer effects of pimozide in vitro and in vivo against brain tumors.
Currently approved chemotherapeutic drugs display higher resistance and an enhanced chance
of tumor recurrence. Temozolomide (TMZ) is one of the most commonly used drugs for the treatment
of glioblastoma and medulloblastoma [40,41]. Temozolomide is an alkylating agent that mediates
its effects by activating p53 and therefore inducing apoptosis in cancer cells. The activation of
O6-methylguanine-methyltransferase (MGMT), a DNA repair enzyme in the cancer cells, impairs
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the activity of TMZ [42]. One of the reasons of increased resistance to TMZ could be the minimal
cytotoxic effects of TMZ. The IC50 of TMZ in U-87 MG glioblastoma cells is approximately 100µM
at the 144-h time point [43]. Therefore, identifying a compound with enhanced cytotoxic effects,
which can potentiate the anti-cancer effects of TMZ, is imperative. Epidemiological studies have
indicated that people with schizophrenia are less likely to develop glioma [44]. We observed that
pimozide has the ability to inhibit cell proliferation and the colony-forming ability of various brain
cancer cells. Pimozide exhibited a concentration and time-dependent growth-suppressive effect in
all the tested cell lines, and the IC50 ranged from 12 to 16µM after 48 h of treatment. Additionally,
we observed significant apoptosis with pimozide treatment. Several studies have demonstrated that
glioblastoma and medulloblastoma patients express higher levels of STAT3 as compared to healthy
individuals [45,46]. STAT3 stimulates oncogenesis by promoting cell proliferation, inhibiting apoptosis,
suppressing anti-tumor immune response, and dysregulating the cell cycle, survival, and senescence.
Phosphorylated (activated) STAT3 translocates to the nucleus and promotes the transcription of
downstream genes such as Bcl-2, Mcl-1, and c-Myc [47,48]. Targeting STAT3 has shown to inhibit cell
proliferation and induce apoptosis [49,50]. To the best of our knowledge, no FDA-approved drug
has been able to specifically target STAT3 activation [51,52]. Our results indicated that pimozide
treatment suppressed the activation of Src kinase, which is a non-receptor tyrosine kinase upstream of
STAT3. Furthermore, pimozide treatment reduced the phosphorylation of STAT3 at the Tyr705 site in a
concentration-dependent manner. The downstream effectors of STAT3 such as Mcl-1, Bcl-2, and c-Myc
were also reduced by pimozide treatment.
Several scientific studies have established the role of STAT3 in autophagy [13,53–55]. Autophagy
plays a significant role in regulating apoptosis [56,57]. Our previous studies have shown
autophagy-mediated apoptosis by penfluridol treatment in GBM [14]. Herein, we evaluated the
role of pimozide as an autophagy modulator. From our results, we inferred that pimozide treatment
resulted in a concentration-dependent increase in the production of acidic autophagic vesicle formation
indicating autophagy. In addition, pimozide treatment caused a concentration-dependent increase in
the expression of autophagy markers such as LC3B, ATG5, and Beclin 1.
Bcl-2 is an apoptosis-inhibiting gene that is regulated by STAT3. Several studies have mentioned
that Bcl-2 can inhibit autophagy by repressing the expression of Beclin-1. Thus, Bcl-2 inhibition can
result in increased autophagy [58–60]. Our results showed that pimozide reduced the expression of
Bcl-2 and enhanced autophagy. In order to establish the mechanism of autophagy-mediated apoptotic
effects of pimozide, LC3B siRNA and 3-methyladenine (well-known autophagy inhibitor) were used.
Blocking autophagy using a pharmacological inhibitor 3MA or siRNA exhibited reduced apoptosis by
pimzoide treatment in U-87 MG cells. The treatment of Daoy medulloblastoma cells with LC3B siRNA
reduced the apoptotic effects of PMZ; however, interestingly, the treatment of Daoy cells with the
inhibitor 3MA slightly increased the apoptotic effects of PMZ. The increased apoptosis in the combined
treatment of 3MA with PMZ can be attributed to the off-target effects of the inhibitor. Nonetheless,
in general, our data are in agreement with the published studies demonstrating that induced autophagy
causes cancer growth suppression [61]. Our results showed that inhibiting STAT3 induces autophagy,
which in turn increases the apoptosis in brain cancer cells. In order to establish the role of STAT3 in
inducing autophagy, STAT3 shRNA was used. Inhibiting STAT3 using shRNA potentiated the effects
of pimozide by inducing autophagy and thereby increasing apoptosis in Daoy medulloblastoma cells.
These observations are supported by several published studies that have shown the significant role of
STAT3 in inducing autophagy and autophagy-mediated apoptosis [62,63].
Moreover, pimozide inhibited the growth of intracranially implanted tumor by 45% in mice.
The behavioral activity remained unchanged in mice after the chronic administration of pimozide by
the oral route. The weight of the mice and organ weight also did not change throughout the course of
study. However, side effects associated with the long-term administration of pimozide cannot be ruled
out. The tumors obtained from pimozide-treated mice displayed increased autophagy and apoptosis.
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Taken together, these data suggest that pimozide has the ability to inhibit the growth of brain
cancer in vitro and in vivo by inhibiting STAT3, leading to induced autophagy-mediated apoptosis.
Overall, our study established autophagy-mediated anti-tumor effects of pimozide in brain cancer.
Author Contributions: Conception and design: I.K., A.R. and S.K.S.; Development of methodology: I.K. and
S.K.S.; Acquisition of data: I.K. and A.R.; Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): I.K. and S.K.S.; Writing, review, and/or revision of the manuscript: I.K. and S.K.S.;
Administrative, technical, or material support (i.e., reporting or organizing data, constructing databases): S.K.S.;
Study supervision: S.K.S. All authors have read and agreed to the published version of the manuscript.
Funding: This work was supported in part by R01 grant CA129038 (to S.K.S.) awarded by the National Cancer
Institute, NIH. Authors also appreciate the financial support from Dodge Jones Foundation, Abilene, Texas.
Acknowledgments: Blake Schwettmann, a former summer intern is acknowledged for his role in few
pilot experiments.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.

6.
7.
8.
9.
10.

11.
12.

13.
14.
15.

Chandana, S.R.; Movva, S.; Arora, M.; Singh, T. Primary brain tumors in adults. Am. Fam. Physician 2008, 77,
1423–1430.
Bhowmik, A.; Khan, R.; Ghosh, M.K. Blood brain barrier: A challenge for effectual therapy of brain tumors.
Biomed. Res. Int. 2015, 2015, 320941. [CrossRef]
Ranjan, A.; Srivastava, S.K. Penfluridol suppresses glioblastoma tumor growth by Akt-mediated inhibition
of GLI1. Oncotarget 2017, 8, 32960–32976. [CrossRef] [PubMed]
Australian Institute of Health and Welfare. Cancer in Australia: Actual incidence data from 1982 to 2013 and
mortality data from 1982 to 2014 with projections to 2017. Asia Pac. J. Clin. Oncol 2018, 14, 5–15. [CrossRef]
[PubMed]
Nicolas, C.S.; Amici, M.; Bortolotto, Z.A.; Doherty, A.; Csaba, Z.; Fafouri, A.; Dournaud, P.; Gressens, P.;
Collingridge, G.L.; Peineau, S. The role of JAK-STAT signaling within the CNS. JAKSTAT 2013, 2, e22925.
[CrossRef] [PubMed]
Atkinson, G.P.; Nozell, S.E.; Benveniste, E.T. NF-kappaB and STAT3 signaling in glioma: Targets for future
therapies. Expert Rev. Neurother. 2010, 10, 575–586. [CrossRef]
Mostofa, A.G.; Punganuru, S.R.; Madala, H.R.; Al-Obaide, M.; Srivenugopal, K.S. The Process and Regulatory
Components of Inflammation in Brain Oncogenesis. Biomolecules 2017, 7, 34. [CrossRef]
Swiatek-Machado, K.; Kaminska, B. STAT signaling in glioma cells. Adv. Exp. Med. Biol. 2013, 986, 189–208.
[CrossRef]
Kaza, N.; Kohli, L.; Roth, K.A. Autophagy in brain tumors: A new target for therapeutic intervention.
Brain Pathol. 2012, 22, 89–98. [CrossRef]
Pencik, J.; Pham, H.T.; Schmoellerl, J.; Javaheri, T.; Schlederer, M.; Culig, Z.; Merkel, O.; Moriggl, R.;
Grebien, F.; Kenner, L. JAK-STAT signaling in cancer: From cytokines to non-coding genome. Cytokine 2016,
87, 26–36. [CrossRef]
Shaw, V.; Srivastava, S.; Srivastava, S.K. Repurposing antipsychotics of the diphenylbutylpiperidine class for
cancer therapy. Semin. Cancer Biol. 2019. [CrossRef] [PubMed]
Brantley, E.C.; Nabors, L.B.; Gillespie, G.Y.; Choi, Y.H.; Palmer, C.A.; Harrison, K.; Roarty, K.; Benveniste, E.N.
Loss of protein inhibitors of activated STAT-3 expression in glioblastoma multiforme tumors: Implications
for STAT-3 activation and gene expression. Clin. Cancer Res. 2008, 14, 4694–4704. [CrossRef] [PubMed]
You, L.; Wang, Z.; Li, H.; Shou, J.; Jing, Z.; Xie, J.; Sui, X.; Pan, H.; Han, W. The role of STAT3 in autophagy.
Autophagy 2015, 11, 729–739. [CrossRef]
Ranjan, A.; Srivastava, S.K. Penfluridol suppresses pancreatic tumor growth by autophagy-mediated
apoptosis. Sci. Rep. 2016, 6, 26165. [CrossRef]
Feng, Y.; Ke, C.; Tang, Q.; Dong, H.; Zheng, X.; Lin, W.; Ke, J.; Huang, J.; Yeung, S.C.; Zhang, H. Metformin
promotes autophagy and apoptosis in esophageal squamous cell carcinoma by downregulating Stat3
signaling. Cell Death Dis. 2014, 5, e1088. [CrossRef]

Cells 2020, 9, 2141

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

17 of 19

Tai, W.T.; Shiau, C.W.; Chen, H.L.; Liu, C.Y.; Lin, C.S.; Cheng, A.L.; Chen, P.J.; Chen, K.F. Mcl-1-dependent
activation of Beclin 1 mediates autophagic cell death induced by sorafenib and SC-59 in hepatocellular
carcinoma cells. Cell Death Dis. 2013, 4, e485. [CrossRef]
Marquez, R.T.; Xu, L. Bcl-2:Beclin 1 complex: Multiple, mechanisms regulating autophagy/apoptosis toggle
switch. Am. J. Cancer Res. 2012, 2, 214–221.
Miracco, C.; Cosci, E.; Oliveri, G.; Luzi, P.; Pacenti, L.; Monciatti, I.; Mannucci, S.; de Nisi, M.C.; Toscano, M.;
Malagnino, V.; et al. Protein and mRNA expression of autophagy gene Beclin 1 in human brain tumours.
Int. J. Oncol. 2007, 30, 429–436.
Pirtoli, L.; Cevenini, G.; Tini, P.; Vannini, M.; Oliveri, G.; Marsili, S.; Mourmouras, V.; Rubino, G.; Miracco, C.
The prognostic role of Beclin 1 protein expression in high-grade gliomas. Autophagy 2009, 5, 930–936.
[CrossRef]
Cai, N.; Zhou, W.; Ye, L.L.; Chen, J.; Liang, Q.N.; Chang, G.; Chen, J.J. The STAT3 inhibitor pimozide impedes
cell proliferation and induces ROS generation in human osteosarcoma by suppressing catalase expression.
Am. J. Transl. Res. 2017, 9, 3853–3866.
Mohammad, R.M.; Muqbil, I.; Lowe, L.; Yedjou, C.; Hsu, H.Y.; Lin, L.T.; Siegelin, M.D.; Fimognari, C.;
Kumar, N.B.; Dou, Q.P.; et al. Broad targeting of resistance to apoptosis in cancer. Semin. Cancer Biol. 2015,
35, S78–S103. [CrossRef] [PubMed]
Carmignani, M.; Volpe, A.R.; Aldea, M.; Soritau, O.; Irimie, A.; Florian, I.S.; Tomuleasa, C.; Baritchii, A.;
Petrushev, B.; Crisan, G.; et al. Glioblastoma stem cells: A new target for metformin and arsenic trioxide.
J. Biol. Regul. Homeost. Agents 2014, 28, 1–15. [PubMed]
Shin, S.Y.; Lee, K.S.; Choi, Y.K.; Lim, H.J.; Lee, H.G.; Lim, Y.; Lee, Y.H. The antipsychotic agent chlorpromazine
induces autophagic cell death by inhibiting the Akt/mTOR pathway in human U-87MG glioma cells.
Carcinogenesis 2013, 34, 2080–2089. [CrossRef] [PubMed]
Kaushik, I.; Ramachandran, S.; Prasad, S.; Srivastava, S.K. Drug rechanneling: A novel paradigm for cancer
treatment. Semin Cancer Biol. 2020. [CrossRef] [PubMed]
Sahu, R.P.; Batra, S.; Kandala, P.K.; Brown, T.L.; Srivastava, S.K. The role of K-ras gene mutation in
TRAIL-induced apoptosis in pancreatic and lung cancer cell lines. Cancer Chemother. Pharm. 2011, 67, 481–487.
[CrossRef]
Loganathan, S.; Kandala, P.K.; Gupta, P.; Srivastava, S.K. Inhibition of EGFR-AKT axis results in the
suppression of ovarian tumors in vitro and in preclinical mouse model. PLoS ONE 2012, 7, e43577. [CrossRef]
Srivastava, S.K.; Singh, S.V. Cell cycle arrest, apoptosis induction and inhibition of nuclear factor kappa
B activation in anti-proliferative activity of benzyl isothiocyanate against human pancreatic cancer cells.
Carcinogenesis 2004, 25, 1701–1709. [CrossRef]
Sahu, R.P.; Srivastava, S.K. The role of STAT-3 in the induction of apoptosis in pancreatic cancer cells by
benzyl isothiocyanate. J. Natl. Cancer Inst. 2009, 101, 176–193. [CrossRef]
Ranjan, A.; Gupta, P.; Srivastava, S.K. Penfluridol: An Antipsychotic Agent Suppresses Metastatic Tumor
Growth in Triple-Negative Breast Cancer by Inhibiting Integrin Signaling Axis. Cancer Res. 2016, 76, 877–890.
[CrossRef]
Glienke, W.; Hausmann, E.; Bergmann, L. Downregulation of STAT3 signaling induces apoptosis but also
promotes anti-apoptotic gene expression in human pancreatic cancer cell lines. Tumour Biol. 2011, 32, 493–500.
[CrossRef]
Yue, W.; Zheng, X.; Lin, Y.; Yang, C.S.; Xu, Q.; Carpizo, D.; Huang, H.; DiPaola, R.S.; Tan, X.L. Metformin
combined with aspirin significantly inhibit pancreatic cancer cell growth in vitro and in vivo by suppressing
anti-apoptotic proteins Mcl-1 and Bcl-2. Oncotarget 2015, 6, 21208–21224. [CrossRef] [PubMed]
Lee, J.J.; Lee, J.S.; Cui, M.N.; Yun, H.H.; Kim, H.Y.; Lee, S.H.; Lee, J.H. BIS targeting induces cellular senescence
through the regulation of 14-3-3 zeta/STAT3/SKP2/p27 in glioblastoma cells. Cell Death Dis. 2014, 5, e1537.
[CrossRef] [PubMed]
Sun, L.; Hu, L.; Cogdell, D.; Lu, L.; Gao, C.; Tian, W.; Zhang, Z.; Kang, Y.; Fleming, J.B.; Zhang, W. MIR506
induces autophagy-related cell death in pancreatic cancer cells by targeting the STAT3 pathway. Autophagy
2017, 13, 703–714. [CrossRef] [PubMed]
Portillo, J.C.; Muniz-Feliciano, L.; Lopez Corcino, Y.; Lee, S.J.; Van Grol, J.; Parsons, S.J.; Schiemman, W.P.;
Subauste, C.S. Toxoplasma gondii induces FAK-Src-STAT3 signaling during infection of host cells that
prevents parasite targeting by autophagy. Plos Pathog. 2017, 13, e1006671. [CrossRef] [PubMed]

Cells 2020, 9, 2141

35.

36.
37.

38.
39.
40.
41.

42.

43.

44.
45.

46.

47.

48.
49.

50.

51.

52.
53.

18 of 19

Thome, M.P.; Filippi-Chiela, E.C.; Villodre, E.S.; Migliavaca, C.B.; Onzi, G.R.; Felipe, K.B.; Lenz, G. Ratiometric
analysis of Acridine Orange staining in the study of acidic organelles and autophagy. J. Cell Sci. 2016, 129,
4622–4632. [CrossRef] [PubMed]
Crawford, J. Childhood brain tumors. Pediatr. Rev. 2013, 34, 63–78. [CrossRef]
Dakir, E.H.; Pickard, A.; Srivastava, K.; McCrudden, C.M.; Gross, S.R.; Lloyd, S.; Zhang, S.D.; Margariti, A.;
Morgan, R.; Rudland, P.S.; et al. The anti-psychotic drug pimozide is a novel chemotherapeutic for breast
cancer. Oncotarget 2018, 9, 34889–34910. [CrossRef]
Heath, A.; Svensson, C.; Martensson, E. Thioridazine toxicity-an experimental cardiovascular study of
thioridazine and its major metabolites in overdose. Vet. Hum. Toxicol 1985, 27, 100–105.
Mothi, M.; Sampson, S. Pimozide for schizophrenia or related psychoses. Cochrane Database Syst. Rev. 2013.
[CrossRef]
Lim, M.; Xia, Y.; Bettegowda, C.; Weller, M. Current state of immunotherapy for glioblastoma. Nat. Rev.
Clin. Oncol. 2018, 15, 422–442. [CrossRef]
Cefalo, G.; Massimino, M.; Ruggiero, A.; Barone, G.; Ridola, V.; Spreafico, F.; Potepan, P.; Abate, M.E.;
Mascarin, M.; Garre, M.L.; et al. Temozolomide is an active agent in children with recurrent
medulloblastoma/primitive neuroectodermal tumor: An Italian multi-institutional phase II trial. Neuro Oncol.
2014, 16, 748–753. [CrossRef] [PubMed]
Bobola, M.S.; Kolstoe, D.D.; Blank, A.; Silber, J.R. Minimally cytotoxic doses of temozolomide produce
radiosensitization in human glioblastoma cells regardless of MGMT expression. Mol. Cancer 2010, 9,
1208–1218. [CrossRef] [PubMed]
Akbarnejad, Z.; Eskandary, H.; Dini, L.; Vergallo, C.; Nematollahi-Mahani, S.N.; Farsinejad, A.; Abadi, M.F.S.;
Ahmadi, M. Cytotoxicity of temozolomide on human glioblastoma cells is enhanced by the concomitant
exposure to an extremely low-frequency electromagnetic field (100Hz, 100G). Biomed. Pharm. 2017, 92,
254–264. [CrossRef]
Gao, X.; Mi, Y.; Guo, N.; Xu, H.; Jiang, P.; Zhang, R.; Xu, L.; Gou, X. Glioma in Schizophrenia: Is the Risk
Higher or Lower? Front. Cell Neurosci. 2018, 12, 289. [CrossRef] [PubMed]
Li, C.; Li, H.; Zhang, P.; Yu, L.J.; Huang, T.M.; Song, X.; Kong, Q.Y.; Dong, J.L.; Li, P.N.; Liu, J. SHP2, SOCS3 and
PIAS3 Expression Patterns in Medulloblastomas: Relevance to STAT3 Activation and Resveratrol-Suppressed
STAT3 Signaling. Nutrients 2016, 9, 3. [CrossRef]
Chang, N.; Ahn, S.H.; Kong, D.S.; Lee, H.W.; Nam, D.H. The role of STAT3 in glioblastoma progression
through dual influences on tumor cells and the immune microenvironment. Mol. Cell Endocrinol. 2017, 451,
53–65. [CrossRef]
Zhou, W.; Chen, M.K.; Yu, H.T.; Zhong, Z.H.; Cai, N.; Chen, G.Z.; Zhang, P.; Chen, J.J. The antipsychotic drug
pimozide inhibits cell growth in prostate cancer through suppression of STAT3 activation. Int. J. Oncol. 2016,
48, 322–328. [CrossRef]
Yu, H.; Kortylewski, M.; Pardoll, D. Crosstalk between cancer and immune cells: Role of STAT3 in the tumour
microenvironment. Nat. Rev. Immunol. 2007, 7, 41–51. [CrossRef]
Gurbuz, V.; Konac, E.; Varol, N.; Yilmaz, A.; Gurocak, S.; Menevse, S.; Sozen, S. Effects of AG490 and S3I-201
on regulation of the JAK/STAT3 signaling pathway in relation to angiogenesis in TRAIL-resistant prostate
cancer cells in vitro. Oncol. Lett. 2014, 7, 755–763. [CrossRef]
Spitzner, M.; Roesler, B.; Bielfeld, C.; Emons, G.; Gaedcke, J.; Wolff, H.A.; Rave-Frank, M.; Kramer, F.;
Beissbarth, T.; Kitz, J.; et al. STAT3 inhibition sensitizes colorectal cancer to chemoradiotherapy in vitro and
in vivo. Int. J. Cancer 2014, 134, 997–1007. [CrossRef]
Siveen, K.S.; Sikka, S.; Surana, R.; Dai, X.; Zhang, J.; Kumar, A.P.; Tan, B.K.; Sethi, G.; Bishayee, A. Targeting
the STAT3 signaling pathway in cancer: Role of synthetic and natural inhibitors. Biochim. Biophys. Acta 2014,
1845, 136–154. [CrossRef] [PubMed]
Mankan, A.K.; Greten, F.R. Inhibiting signal transducer and activator of transcription 3: Rationality and
rationale design of inhibitors. Expert Opin. Investig. Drugs 2011, 20, 1263–1275. [CrossRef] [PubMed]
Granato, M.; Rizzello, C.; Gilardini-Montani, M.S.; Cuomo, L.; Vitillo, M.; Santarelli, R.; Gonnella, R.;
D’Orazi, G.; Faggioni, A.; Cirone, M. Quercetin induces apoptosis and autophagy in primary effusion
lymphoma cells by inhibiting PI3K/AKT/mTOR and STAT3 signaling pathways. J. Nutr. Biochem. 2017, 41,
124–136. [CrossRef]

Cells 2020, 9, 2141

54.

55.

56.

57.

58.
59.

60.

61.
62.

63.

19 of 19

Fan, T.F.; Wu, T.F.; Bu, L.L.; Ma, S.R.; Li, Y.C.; Mao, L.; Sun, Z.J.; Zhang, W.F. Dihydromyricetin promotes
autophagy and apoptosis through ROS-STAT3 signaling in head and neck squamous cell carcinoma.
Oncotarget 2016, 7, 59691–59703. [CrossRef]
Yuan, Y.; Zhang, Y.; Han, X.; Li, Y.; Zhao, X.; Sheng, L.; Li, Y. Relaxin alleviates TGFbeta1-induced cardiac
fibrosis via inhibition of Stat3-dependent autophagy. Biochem. Biophys. Res. Commun. 2017, 493, 1601–1607.
[CrossRef] [PubMed]
Deng, X.S.; Wang, S.; Deng, A.; Liu, B.; Edgerton, S.M.; Lind, S.E.; Wahdan-Alaswad, R.; Thor, A.D. Metformin
targets Stat3 to inhibit cell growth and induce apoptosis in triple-negative breast cancers. Cell Cycle 2012, 11,
367–376. [CrossRef]
Tang, Q.; Li, G.; Wei, X.; Zhang, J.; Chiu, J.F.; Hasenmayer, D.; Zhang, D.; Zhang, H. Resveratrol-induced
apoptosis is enhanced by inhibition of autophagy in esophageal squamous cell carcinoma. Cancer Lett. 2013,
336, 325–337. [CrossRef]
Kang, R.; Zeh, H.J.; Lotze, M.T.; Tang, D. The Beclin 1 network regulates autophagy and apoptosis.
Cell Death Differ. 2011, 18, 571–580. [CrossRef]
Akar, U.; Chaves-Reyez, A.; Barria, M.; Tari, A.; Sanguino, A.; Kondo, Y.; Kondo, S.; Arun, B.;
Lopez-Berestein, G.; Ozpolat, B. Silencing of Bcl-2 expression by small interfering RNA induces autophagic
cell death in MCF-7 breast cancer cells. Autophagy 2008, 4, 669–679. [CrossRef]
He, C.; Zhu, H.; Li, H.; Zou, M.H.; Xie, Z. Dissociation of Bcl-2-Beclin1 complex by activated AMPK enhances
cardiac autophagy and protects against cardiomyocyte apoptosis in diabetes. Diabetes 2013, 62, 1270–1281.
[CrossRef]
Lim, S.C.; Han, S.I. Ursodeoxycholic acid effectively kills drug-resistant gastric cancer cells through induction
of autophagic death. Oncol. Rep. 2015, 34, 1261–1268. [CrossRef] [PubMed]
You, L.; Shou, J.; Deng, D.; Jiang, L.; Jing, Z.; Yao, J.; Li, H.; Xie, J.; Wang, Z.; Pan, Q.; et al. Crizotinib induces
autophagy through inhibition of the STAT3 pathway in multiple lung cancer cell lines. Oncotarget 2015, 6,
40268–40282. [CrossRef] [PubMed]
Jiang, C.Q.; Ma, L.L.; Lv, Z.D.; Feng, F.; Chen, Z.; Liu, Z.D. Polydatin induces apoptosis and autophagy via
STAT3 signaling in human osteosarcoma MG-63 cells. J. Nat. Med. 2020, 74, 533–544. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

