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ABSTRACT

Triple-negative breast cancer (TNBC) displays an aggressive clinical course, heightened metastatic
potential, and is linked to poor survival rates. Through its lack of expression of the estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), this subtype
remains unresponsive to traditional targeted therapies. Undesirable and sometimes life-threatening side
effects associated with current chemotherapeutic agents warrant the development of more targeted
treatment options. Targeting signal transducer and activator of transcription 3 (STAT3), a transcription
factor implicated in breast cancer (BCa) progression, has proven to be an efficient approach to halt
cancer growth in vitro and in vivo. Currently, there are no FDA-approved STAT3 inhibitors for TNBC.
Although pimozide, a FDA-approved antipsychotic drug, has been attributed a role as a STAT3 inhibitor
in several cancers, its role on this pathway remains unexplored in TNBC. As a “one size fits all” approach
cannot be applied to TNBC therapies due to the heterogeneous nature of this aggressive cancer, we
hypothesized that STAT3 could be a novel biomarker of response to guide pimozide therapy. Using
human cell lines representative of four TNBC subtypes (basal-like 1, basal-like 2, mesenchymal-like,
mesenchymal stem-like), our current report demonstrates that pimozide significantly reduced their
invasion and migration, an effect that was predicted by STAT3 phosphorylation on tyrosine residue
705 (Tyr705). Mechanistically, phosphorylated STAT3 (Tyr705) inhibition resulting from pimozide treat-
ment caused a downregulation of downstream transcriptional targets such as matrix metalloproteinase-
9 (MMP-9) and vimentin, both implicated in invasion and migration. The identification of biomarkers of
response to TNBC treatments is an active area of research in the field of precision medicine and our
results propose phosphorylated STAT3 (Tyr705) as a novel biomarker to guide pimozide treatment as an
inhibitor of invasion and migration.
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Introduction develop targeted therapies for the TNBC patient population to
reduce the occurrence of systemic toxicities.

Transcription factors, proteins involved in regulating the
expression of genes, are commonly dysregulated in cancer and
are currently being studied as therapeutic drug targets in
TNBC. Signal transducer and activator of transcription 3
(STAT3) is a transcription factor and biomarker indicative
of poor survival in TNBC.””” Constitutively activated STAT3
expression through mutant constructs has revealed this tran-
scription factor to be an important driver of oncogenic pro-
cesses including proliferation, cell survival, angiogenesis,
invasion, and migration.”'*'* Published research has demon-
strated that constitutive activation of STAT3 led to the trans-
formation of human mammary epithelial cells (HMECs)
through upregulation of matrix metalloproteinase-9 (MMP-
9) activity."”” Additional reports have shown that STAT3 can
directly promote the migration of human breast cancer cells
through regulation of the actin-bundling protein, fascin, in
response to cytokine stimulation.'® Indeed, STAT3 has
emerged as a druggable therapeutic target in BCa. Direct

Accounting for 15-20% of all breast cancer (BCa) diagnoses,
triple-negative breast cancer (TNBC) is the most aggressive
subtype of BCa with the poorest short-term prognosis. TNBCs
are differentiated from the other BCa subtypes by their lack of
expression of the estrogen receptor (ER), progesterone recep-
tor (PR), and human epidermal growth factor receptor 2
(HER2)."? Due to intrinsic aggressive biology, TNBCs fre-
quently metastasize to distant organs including the lung,
brain, liver, and bones.” These metastases often result in
death, as less than 30% of women diagnosed with metastatic
TNBC survive beyond 5 years.* Unfortunately, due to the
absence of targetable receptors, women with TNBC are not
candidates for anti-hormonal therapies (tamoxifen) or anti-
HER?2 targeting therapies (trastuzumab), thus making surgery,
radiotherapy, and chemotherapy the only treatment options
for TNBC patients. Major drawbacks that result from non-
specific chemotherapeutics include cardiotoxicity, neurotoxi-
city, and neutropenia.>® As such, there is an urgent need to
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and indirect STAT3 inhibitors are currently being evaluated
in clinical trials for the treatment of TNBC."~*°

Translating drug candidates from bench to bedside
remains an immense challenge. Drug repurposing, or the
repositioning of Food and Drug Administration (FDA)-
approved drugs for new indications, has emerged as an effec-
tive strategy to reduce the time and cost of bringing a drug to
market.”’ > A prime example of drug repurposing is thalido-
mide. Originally approved by the FDA as a sedative and
antiemetic, thalidomide was later withdrawn from the market
due to severe teratogenic side effects. Since then, thalidomide
has been successfully repurposed by the FDA for the treat-
ment of multiple myeloma and a variant of leprosy referred to
as erythema nodosum leprosum.”***> Numerous drug classes
are currently being evaluated as candidates for repurposing in
cancer and include antidepressants, cardiovascular agents,
antipsychotics, and antibiotics.”"** However, in order to max-
imize the efficacy of repurposed drugs, there is an urgent need
to identify and validate selection biomarkers that can predict
patient response to a specific therapy.

Pimozide is a first-generation typical antipsychotic drug of
the diphenylbutylpiperidine class that has been approved by
the FDA for the treatment of Tourette syndrome.*®
Individuals diagnosed with Tourette syndrome and other
chronic psychoses such as schizophrenia exhibit increased
dopaminergic activity. Mechanistically, pimozide acts by
antagonizing the postsynaptic dopamine receptor D2 in the
central nervous system (CNS).>* Interestingly, pimozide
has been shown to exhibit anti-cancer properties in a variety
of solid and hematological cancers including hepatocellular
carcinoma,’® pancreatic cancer,”’ non-small cell lung cancer
(NSCLC),’>* breast cancer,””>® and leukemia.”” Multiple
reports have demonstrated pimozide to act as a STAT5 inhi-
bitor in leukemia and lymphoma.’®*** Moreover, pimozide
treatment seems to be a viable avenue to target STAT3 in
multiple malignancies. In fact, published literature shows that
pimozide inhibited STAT3 phosphorylation (Tyr705) in mul-
tiple myeloma cells, leading to a significant decrease in cell
viability as measured in an ATP-dependent luminescence
assay.*' In prostate cancer, pimozide reduced the prolifera-
tion, migration, and colony/sphere formation in LNCaP and
DU145 cells through inhibition of phosphorylated STAT3
(Tyr705).** In hepatocellular carcinoma, pimozide abrogated
interleukin-6  (IL-6)-mediated STAT3 phosphorylation
(Tyr705) and reversed cancer stem-like phenotypes in
MHCC-97L and Hep 3B cells.*’ Lastly, in osteosarcoma,
pimozide-induced apoptosis, increased reactive oxygen spe-
cies (ROS) generation, reduced proliferation, and inhibited
colony/sphere formation in U20S cells via inhibition of phos-
phorylated STAT3 (Tyr705).** Collectively, these reports
demonstrate pimozide to be a robust anti-cancer agent and
a promising inhibitor of STAT3. Although the first report
demonstrating the efficacy of pimozide to inhibit TNBC
growth was reported almost 30 years ago,”*”> it was only
recently that its anti-cancer effects were discovered to regulate
the RAN GTPase and AKT signaling pathways in MDA-MB
-231 in vitro and in vivo.”® However, due to the innate
heterogeneity present in TNBCs,>* further investigation is
currently warranted to include more TNBC subtypes and to
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investigate pimozide’s role on the STAT3 pathway, which
remains undefined in TNBC. Our current report examines
the efficacy of pimozide on cell survival, invasion and migra-
tion among different molecular subtypes of TNBC, while
using STAT3 phosphorylation (Tyr705) as a biomarker of
response.

Herein, our findings show that phosphorylated STAT3
(Tyr705) was constitutively activated in 75% of TNBC subtypes
examined, in comparison to non-tumorigenic mammary epithe-
lial cells. TNBC cell lines with constitutively activated phos-
phorylated STAT3 (Tyr705) expression conferred the most
sensitivity to pimozide treatment, as evidenced by a reduction
in STAT3 phosphorylation (Tyr705). In contrast, cell lines with
low basal expression of phosphorylated STAT3 (Tyr705) were
found to be resistant to pimozide. Furthermore, upon treatment
with pimozide, inhibition of phosphorylated STAT3 (Tyr705)
correlated with the suppression of invasion and migration in
TNBC cells, two important processes involved in the develop-
ment of metastatic disease. Mechanistically, pimozide treatment
decreased protein expression of STAT3 downstream targets
involved in metastatic progression, including matrix metallopro-
teinase-9 (MMP-9) and vimentin, in TNBC cell lines sensitive to
STATS3 inhibition.

In sum, our research demonstrates that not all molecular
subtypes of TNBC are responsive to pimozide treatment. We
identified phosphorylated STAT3 (Tyr705) as a novel biomarker
of response that is predictive of sensitivity to pimozide treatment
in TNBC. We propose that phosphorylated STAT3 (Tyr705)
should be validated as an important biomarker using patient-
derived TNBC xenografts representative of all molecular sub-
types in vivo to effectively predict response to pimozide therapy
and further confirm its potential clinical value moving forward.

Results

Endogenous STAT3 expression levels across four different
TNBC subtypes: BT-549 (mesenchymal-like), MDA-MB-231
(mesenchymal stem-like), HCC1806 (basal-like 2),
MDA-MB-468 (basal-like 1)

Endogenous protein expression of phosphorylated STAT3
(Tyr705) and total STAT3 was determined in a panel of four
human TNBC cell lines (BT-549, MDA-MB-231, HCC1806,
MDA-MB-468) as compared to non-tumorigenic human
mammary epithelial cells (MCF-10A) (Figure 1(a,b)). The 4
TNBC cell lines selected are representative of different mole-
cular subtypes: BT-549 (mesenchymal-like), MDA-MB-231
(mesenchymal stem-like), HCC1806 (basal-like 2), MDA-MB
-468 (basal-like 1).* Quantitatively, we demonstrate that
phosphorylated STAT3 (Tyr705) expression was significantly
higher in three of the four TNBC cell lines (BT-549, MDA-
MB-231, MDA-MB-468) when compared to non-tumorigenic
breast epithelial cells (Figure 1(c)) (BT-549: 5.5-fold, p < .01,
n = 3), (MDA-MB-231: 3.4-fold, p < .01, n = 3), (HCC1806:
NS, p = .878, n = 3), (MDA-MB-468: 2.5-fold, p < .05, n = 3).
Together, these data show that phosphorylated STAT3
(Tyr705) was constitutively activated in the majority of
human TNBC cell lines except in the basal-like 2 subtype
(HCC1806), compared to non-tumorigenic breast cells.
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Figure 1. Endogenous STAT3 expression levels across four different TNBC subtypes: BT-549 (mesenchymal-like), MDA-MB-231 (mesenchymal stem-like), HCC1806

(basal-like 2), MDA-MB-468 (basal-like 1).

(a) Phase contrast images captured at 20x objective using the EVOS FL microscope (transmitted setting) depict the morphologies of a non-tumorigenic human
mammary epithelial cell line (MCF-10A) and four human TNBC cell lines representative of different molecular subtypes: BT-549 (mesenchymal-like), MDA-MB-231
(mesenchymal stem-like), HCC1806 (basal-like 2), MDA-MB-468 (basal-like 1). (b) Western blot analysis revealed that endogenous phosphorylated STAT3 (Tyr705)
protein levels were constitutively activated in three of the four human TNBC cell lines examined (BT-549, MDA-MB-231, MDA-MB-468) as compared to non-
tumorigenic breast epithelial cells (MCF-10A). Basal expression of phosphorylated STAT3 (Tyr705) in HCC1806 TNBC cells was not significantly different from
phosphorylated STAT3 (Tyr705) expression in MCF-10A cells. GAPDH is shown as a control for equal loading. (c) Densitometry analysis was performed using a LI-COR
imager. Quantitatively, phosphorylated STAT3 (Tyr705) and total STAT3 were each normalized to their respective loading controls (GAPDH). Then, a ratio of
phosphorylated STAT3 (Tyr705) to total STAT3 was calculated. Data are reported as % MCF-10A. All TNBC cell lines, except HCC1806 cells, showed a significant
increase in phosphorylated STAT3 (Tyr705) protein expression when compared to non-tumorigenic mammary epithelial cells (BT-549: 5.5-fold, p < .01, n = 3), (MDA-
MB-231: 3.4-fold, p < .01, n = 3), (HCC1806: NS, p = .878, n = 3), (MDA-MB-468: 2.5-fold, p < .05, n = 3).

Inhibition of phosphorylated STAT3 (Tyr705) by pimozide,
a FDA-approved antipsychotic

To test the efficacy of pimozide as a STAT3 inhibitor in TNBC,
we treated BT-549, MDA-MB-231, HCC1806, and MDA-MB
-468 cells with vehicle or increasing concentrations of pimozide.
Protein expression of phosphorylated STAT3 (Tyr705) and total
STAT3 was then assessed by Western blot (Figure 2(a)).
Quantitatively, compared to vehicle control, 10 uM and 20 uM
doses of pimozide significantly inhibited the phosphorylation of
STATS3 (Tyr705) without affecting total STAT3 protein levels in
BT-549, MDA-MB-231, and MDA-MB-468 cells (Figure 2(b))
(BT-549: 5 uM Pimozide, NS, p = .151, n = 3; 10 uM Pimozide,
2.2-fold, p < .01, n = 3; 20 uM Pimozide, 2.3-fold, p < .05, n = 3),
(MDA-MB-231: 5 uM Pimozide, NS, p = .281, n = 3; 10 uM

Pimozide, 1.9-fold, p < .05, n = 3; 20 uM Pimozide, 3.8-fold,
p < .01, n = 3), (MDA-MB-468: 5 uM Pimozide, NS, p = .994,
n = 3; 10 uM Pimozide, 2.2-fold, p < .05, n = 3; 20 uM Pimozide,
74-fold, p < .01, n = 3). STAT3 phosphorylation (Tyr705)
remained unaffected by pimozide treatment in HCC1806 cells
(Figure 2(b)) (HCC1806: 5 uM Pimozide, NS, p = .622, n = 3;
10 pM Pimozide, NS, p = .780, n = 3; 20 pM Pimozide, NS,
p = 838, n = 3). Qualitatively, as assessed by immunofluores-
cence, phosphorylated STAT3 (Tyr705) nuclear expression was
diminished in BT-549, MDA-MB-231, and MDA-MB-468 cells
in response to 10 uM pimozide treatment when compared to
vehicle-stimulated counterparts, but was unchanged in
HCC1806 cells (Figure 2(c)). These data suggest that TNBC
cell lines with constitutively activated phosphorylated STAT3
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Figure 2. Inhibition of phosphorylated STAT3 (Tyr705) by pimozide, a FDA-approved antipsychotic.

(a) Western blot analysis shows phosphorylated (Tyr705) and total STAT3 protein expression in BT-549, MDA-MB-231, HCC1806, MDA-MB-468 TNBC cells upon
treatment with vehicle (DMSO), 5 pM, 10 pM, or 20 uM pimozide for 24 h. Final DMSO concentration was kept at less than 0.2%. GAPDH is shown as a loading
control. (b) Using a LI-COR imager, densitometry was used to quantitate the inhibition of STAT3 by pimozide. The ratio of phosphorylated STAT3 (Tyr705) to total
STAT3 was calculated upon normalizing to respective loading controls. Data are reported as % vehicle. Significant inhibition of STAT3 phosphorylation (Tyr705) in BT-
549, MDA-MB-231, and MDA-MB-468 cell lines was observed at 10 uM and 20 pM doses of pimozide as compared to vehicle-treated counterparts. No change in
STAT3 phosphorylation (Tyr705) was observed in HCC1806 cells with pimozide treatment (BT-549: 5 uM Pimozide, NS, p = .151, n = 3; 10 pM Pimozide, 2.2-fold,
p < .01, n = 3; 20 uM Pimozide, 2.3-fold, p < .05, n = 3), (MDA-MB-231: 5 uM Pimozide, NS, p = .281, n = 3; 10 uM Pimozide, 1.9-fold, p < .05, n = 3; 20 uM Pimozide,
3.8-fold, p < .01, n = 3), (HCC1806: 5 uM Pimozide, NS, p = .622, n = 3; 10 uM Pimozide, NS, p = .780, n = 3; 20 uM Pimozide, NS, p = .838, n = 3), (MDA-MB-468: 5 uM
Pimozide, NS, p = .994, n = 3; 10 uM Pimozide, 2.2-fold, p < .05, n = 3; 20 uM Pimozide, 7.4-fold, p < .01, n = 3). (c) Qualitatively, immunofluorescence analysis
demonstrated a reduction in phosphorylated STAT3 (Tyr705) nuclear expression in response to 10 uM pimozide treatment compared to vehicle treatment in BT-549,
MDA-MB-231, and MDA-MB-468 cells. Nuclear expression of phosphorylated STAT3 (Tyr705) was unchanged in HCC1806 cells upon treatment with pimozide. Images
were captured at 40x objective using the EVOS FL microscope (blue: DAPI immunostaining; green: phosphorylated STAT3 (Tyr705) immunostaining). DAPI was used
as a nuclear counterstain. Immunofluorescence experiments were performed in triplicate on cells derived from three independent passages.

(Tyr705) expression (BT-549, MDA-MB-231, MDA-MB-468)
are more sensitive to pimozide treatment than TNBC cell lines
with lower endogenous phosphorylated STAT3 (Tyr705) expres-
sion, such as HCC1806, which demonstrated resistance.

Dose-dependent cytotoxicity of pimozide in TNBC cells:
a 10-uM dose of pimozide is non-cytotoxic to non-
tumorigenic mammary epithelial cells

Next, we utilized a caspase-3/7 cleavage assay to determine the
presence of apoptosis following pimozide treatment in all 4
TNBC molecular subtypes and in non-tumorigenic breast

epithelial cells (MCF-10A). As depicted in Figure 3(a), an
apoptotic profile was generated upon treatment of cells with
vehicle or pimozide. The percentage of live, (early) apoptotic,
(late) apoptotic/dead, and dead cells are displayed in each plot.
Quantitatively, as depicted in Figure 3(b), the percentage of live
cells and total apoptotic cells (early apoptotic + late apoptotic)
are shown for each treatment condition. Interestingly, a 10 uM
dose of pimozide was found to be non-cytotoxic to BT-549,
MDA-MB-231, and HCC1806 TNBC cells, with only minor
cytotoxicity observed in MDA-MB-468 TNBC cells (BT-549:
10 pM Pimozide, live cells, NS, p = 298, n = 3; total apoptotic
cells, NS, p = .803, n = 3), (MDA-MB-231: 10 uM Pimozide,
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Figure 3. Dose-dependent cytotoxicity of pimozide in TNBC cells: a 10 pM dose of pimozide is non-cytotoxic to non-tumorigenic mammary epithelial cells.

Top panels show caspase-3/7 activation profiles for BT-549, MDA-MB-231, HCC1806, and MDA-MB-468 TNBC cells and MCF-10A non-tumorigenic mammary epithelial
cells treated with vehicle (DMSO), 10 uM, or 20 uM pimozide for 48 h. The raw percentage of live, (early) apoptotic, (late) apoptotic/dead, and dead cells in each sample
are displayed. Bottom graphs represent quantitatively live and apoptotic populations. Cell lines dosed with 20 uM pimozide for 48 h showed elevated levels of caspase-3/
7 activation compared to vehicle-treated counterparts, as evidenced by decreases in live cells and increases in total apoptotic cell populations. A lower 10 uM dose of
pimozide was non-cytotoxic to normal MCF-10A cells and all TNBC cell lines when compared to vehicle, with the exception of MDA-MB-468 cells, which showed only
minor cytotoxicity. Total apoptotic cell populations refer to the sum of (early) apoptotic and (late) apoptotic/dead cells (BT-549: 10 uM Pimozide, live cells, NS, p = .298,
n = 3; total apoptotic cells, NS, p = .803, n = 3; 20 uM Pimozide, live cells, 1.4-fold, p < .001, n = 3; total apoptotic cells, 2.1-fold, p < .001, n = 3), (MDA-MB-231: 10 uM
Pimozide, live cells, NS, p = .089, n = 3; total apoptotic cells, NS, p = .154, n = 3; 20 uM Pimozide, live cells, 1.2-fold, p < .001, n = 3; total apoptotic cells, 7.5-fold, p < .001,
n = 3), (HCC1806: 10 uM Pimozide, live cells, NS, p = .121, n = 3; total apoptotic cells, NS, p = .078, n = 3; 20 uM Pimozide, live cells, 1.1-fold, p < .05, n = 3; total
apoptotic cells, 1.6-fold, p < .05, n = 3), (MDA-MB-468: 10 uM Pimozide, live cells, 1.2-fold, p < .05, n = 3; total apoptotic cells, 1.7-fold, p < .05, n = 3; 20 uM Pimozide, live
cells, 5.1-fold, p < .001, n = 3; total apoptotic cells, 5.2-fold, p < .001, n = 3), (MCF-10A: 10 uM Pimozide, live cells, NS, p = .297, n = 3; total apoptotic cells, NS, p = .313,
n = 3; 20 uM Pimozide, live cells, 1.1-fold, p < .001, n = 3; total apoptotic cells, 2.4-fold, p < .001, n = 3).
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Figure 3. (Continued).

live cells, NS, p = .089, n = 3; total apoptotic cells, NS, p = .154,
n = 3), (HCC1806: 10 uM Pimozide, live cells, NS, p = .121,
n = 3; total apoptotic cells, NS, p = .078, n = 3), (MDA-MB
-468: 10 pM Pimozide, live cells, 1.2-fold, p < .05, n = 3; total
apoptotic cells, 1.7-fold, p < .05, n = 3). Importantly, treatment
with 10 pM pimozide was non-cytotoxic to MCF-10A cells,
suggesting a lack of off-target toxicity to non-tumorigenic
breast cells at this dose of pimozide (MCF-10A: 10 puM
Pimozide, live cells, NS, p = .297, n = 3; total apoptotic cells,
NS, p = .313, n = 3). Furthermore, a higher 20 uM dose of
pimozide led to a significant decrease in live cells and
a significant increase in total apoptotic cells in the BT-549,
MDA-MB-231, and MDA-MB-468 cell lines and, to a lesser
extent, HCC1806 and MCF-10A cells (BT-549: 20 uM
Pimozide, live cells, 1.4-fold, p < .001, n = 3; total apoptotic
cells, 2.1-fold, p < .001, n 3), (MDA-MB-231: 20 uM
Pimozide, live cells, 1.2-fold, p < .001, n = 3; total apoptotic
cells, 7.5-fold, p < .001, n = 3), (HCC1806: 20 uM Pimozide,
live cells, 1.1-fold, p < .05, n = 3; total apoptotic cells, 1.6-fold,
p < .05 n = 3), (MDA-MB-468: 20 uM Pimozide, live cells,
5.1-fold, p < .001, n = 3; total apoptotic cells, 5.2-fold, p < .001,
n 3), (MCF-10A: 20 uM Pimozide, live cells, 1.1-fold,
p < .001, n = 3; total apoptotic cells, 2.4-fold, p < .001, n = 3).

Pimozide inhibits the invasive potential of BT-549,
MDA-MB-231, and MDA-MB-468 TNBC cells in vitro

As previously discussed, TNBCs are among the most aggres-
sive breast cancers that exhibit increased metastatic

Total Apoptotic

potential.”> STAT3 is an important regulator of such onco-
genic processes, including invasion and migration.'®'>'* As
pimozide inhibited phosphorylated STAT3 (Tyr705) in 75%
of TNBC cell lines examined, we set out to determine if this
biomarker could predict its efficacy at inhibiting invasion. We
selected a 10 uM dose of pimozide to carry out the current
and remaining experiments since 10 uM pimozide was the
lowest effective dose in inhibiting STAT3 phosphorylation
(Tyr705) and was non-cytotoxic to normal breast cells and
most TNBC subtypes. Qualitatively, images of the invaded
cells after treatment with vehicle or pimozide are displayed
in Figure 4(a). BT-549, MDA-MB-231, and MDA-MB-468
cells exposed to 10 pM pimozide showed a significant
decrease in invasion compared to vehicle-treated counter-
parts, whereas the invasive capacity of HCC1806 cells was
unaffected by pimozide treatment (Figure 4(b)) (BT-549:
2.4-fold, p < .001, n = 3), (MDA-MB-231: 4.1-fold, p < .001,
n = 3), (HCC1806: NS, p = .446, n = 3), (MDA-MB-468:
5.4-fold, p < .001, n = 3). These data demonstrate that pimo-
zide suppresses invasion only in TNBC cell lines sensitive to
phosphorylated STAT3 (Tyr705) inhibition.

Pimozide prevents scratch gap closure of BT-549,
MDA-MB-231, and MDA-MB-468 TNBC cells in an in vitro
wound-healing migration assay

To further characterize the functional role of pimozide in
TNBC, we performed a wound healing assay to assess migra-
tion. As observed in Figure 5(a), images of the scratch gap
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Figure 4. Pimozide inhibits the invasive potential of BT-549, MDA-MB-231, and MDA-MB-468 TNBC cells in vitro, an effect predicted by phosphorylated STAT3
(Tyr705) inhibition.

Qualitatively, transwell invasion assay results depict DAPI-stained invaded cells after 24 h treatment with vehicle (DMSO) or 10 pM pimozide (top images). Images of
the invaded cells were captured using the DAPI channel on the EVOS FL microscope at 20x objective. Quantitatively (bottom graphs), the number of invaded cells in
five representative fields of view were averaged for each membrane. Data are reported as % vehicle. All TNBC cell lines except HCC1806 cells showed a significant
decrease in invasion when treated with 10 uM pimozide for 24 h in comparison to vehicle-stimulated cells (BT-549: 2.4-fold, p < .001, n = 3), (MDA-MB-231: 4.1-fold,
p < .001, n = 3), (HCC1806: NS, p = .446, n = 3), (MDA-MB-468: 5.4-fold, p < .001, n = 3).



before and after treatment with vehicle or pimozide are shown
for each cell line. A larger scratch gap area is indicative of less
migration, whereas a smaller scratch gap area is suggestive of
more migration. Quantitatively, the median scratch gap area
measured over time (T = 48 h relative to T = 0) for pimozide
treated cells was significantly greater than the median scratch
gap area measured over time (T = 48 h relative to T = 0) for
vehicle-treated counterparts in BT-549, MDA-MB-231, and
MDA-MB-468 cells (Figure 5(b)) (BT-549: Vehicle (T = 48/
T = 0), 0.21 median, 0.05 IQR; Pimozide (T = 48/T = 0), 0.50
median, 0.02 IQR; p < .01, n = 3), (MDA-MB-231: Vehicle
(T = 48/T = 0), 0.10 median, 0.02 IQR; Pimozide (T = 48/
T = 0), 0.48 median, 0.05 IQR; p < .01, n = 3), (MDA-MB-468:
Vehicle (T = 48/T = 0), 0.46 median, 0.10 IQR; Pimozide
(T = 48/T = 0), 0.79 median, 0.05 IQR; p < .01, n = 3). As
predicted, no significant difference in median scratch gap area
over time (T = 48 h relative to T = 0) was observed between
vehicle and pimozide treated groups in HCC1806 cells (Figure
5(b)) (HCC1806: Vehicle (T = 48/T = 0), 0.42 median, 0.07
IQR; Pimozide (T = 48/T = 0), 0.42 median, 0.07 IQR; NS,
p = .936, n = 3). These results are in concordance with the
transwell invasion data shown above: pimozide can inhibit
migration only in TNBC cells that are sensitive to suppression
of STAT3 phosphorylation (Tyr705).

Pimozide suppresses the migratory potential of BT-549,
MDA-MB-231, and MDA-MB-468 TNBC cells in vitro

To expand on our findings generated from the wound healing
assay, we treated cells with vehicle or pimozide in transwell
migration chambers. Images of the migrated cells for each treat-
ment condition are displayed in Figure 6(a). Quantitative analy-
sis revealed that BT-549, MDA-MB-231, and MDA-MB-468
cells exposed to 10 uM pimozide showed a significant decrease
in migration compared to vehicle-treated counterparts (Figure 6
(b)) (BT-549: 1.4-fold, p < .001, n = 3), (MDA-MB-231: 1.7-fold,
p <.001,n =3), (MDA-MB-468: 2.2-fold, p <.001, n = 3). At this
same timepoint, very few HCC1806 cells migrated upon stimu-
lation with vehicle alone, and it could not be determined if
treatment of HCC1806 cells with pimozide altered their ability
to migrate due to lack of events (data not shown). The decreased
basal migratory and invasive potential of HCC1806 cells
observed in our transwell assays coincide with published litera-
ture demonstrating that HCC1806 cells invade to a lesser extent
and are less aggressive compared to other TNBC cell lines,
including MDA-MB-231 and MDA-MB-468 cells.” However,
upon extending the assay timepoint from 16 h to 48 h, treatment
of HCC1806 cells with 10 uM pimozide did not alter their ability
to migrate (Figure 6(b)) (HCC1806: NS, p = .707, n = 3). These
data indicate a positive correlation between suppression of
migration upon pimozide treatment and inhibition of phos-
phorylated STAT3 (Tyr705).

Pimozide inhibits downstream STAT3 transcriptional
targets involved in metastatic progression in BT-549,
MDA-MB-231, and MDA-MB-468 TNBC cells

To further delineate the mechanistic role of pimozide in
suppressing the invasive and migratory potential of TNBC
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cells, we assessed the expression of markers known to be
transcriptionally regulated by STAT3. Matrix metalloprotei-
nase-9 (MMP-9) and vimentin are two proteins commonly
associated with metastatic processes including migration,
invasion, and epithelial-mesenchymal transition (EMT).**">’
As depicted in Figure 7(a), protein expression of MMP-9 and
vimentin was assessed by Western blot upon treatment of cells
with vehicle or 10 pM pimozide. Quantitatively, MMP-9
expression was significantly reduced in BT-549, MDA-MB
-231, and MDA-MB-468 cells exposed to pimozide in com-
parison to vehicle-stimulated counterparts, whereas no
change in MMP-9 expression was observed in HCC1806
cells upon treatment with pimozide (Figure 7(b)) (BT-549:
MMP-9, 3.5-fold, p < .01, n = 3), (MDA-MB-231: MMP-9,
2.6-fold, p < .01, n = 3), (HCC1806: MMP-9, NS, p = .204,
n = 3), (MDA-MB-468: MMP-9, 8.2-fold, p < .01, n = 3). We
were surprised to observe the highest endogenous expression
of MMP-9 in the least aggressive TNBC cell line (HCC1806).
However, as other published work has demonstrated, it is
possible for less aggressive cells to initially undergo EMT,
but lose attributes of the EMT-derived phenotype over
time.”* Nonetheless, MMP-9 expression remained unaffected
by pimozide treatment in HCC1806 cells. Similarly, in BT-
549, MDA-MB-231, and MDA-MB-468 cells, protein expres-
sion of vimentin was also significantly downregulated in
response to pimozide treatment when compared to vehicle-
stimulated cells. Endogenous vimentin expression was not
detectable in HCCI1806 cells. 293T cells were used as
a positive control for vimentin expression due to undetectable
expression in HCC1806 cells (Figure 7(b)) (BT-549:
Vimentin, 2.0-fold, p < .05, n = 3), (MDA-MB-231:
Vimentin, 1.4-fold, p < .05, n = 3), (HCC1806: Vimentin,
not detected, n = 3), (MDA-MB-468: Vimentin, 13.5-fold,
p < .001, n = 3). Perhaps HCC1806 cells do not rely on as
many pro-metastatic proteins since these cells invade and
migrate to a lesser extent compared to the other TNBC cell
lines examined and are overall less aggressive.*” Taken
together, these data demonstrate that pimozide treatment
suppresses the invasion and migration of TNBC cells,
a process that can also be predicted by endogenous phos-
phorylated STAT3 (Tyr705) expression levels.

Discussion

The first reports of pimozide displaying anti-cancer properties
date back to the early 1990s, where it was demonstrated that
pimozide inhibited the growth of MDA-MB-231 and MDA-
MB-453 TNBC cells in vitro.***> However, a deeper under-
standing of the involvement of pimozide as an anti-cancer
agent in TNBC was most recently explored. It was discovered
that pimozide inhibited proliferation, promoted apoptosis,
caused cell cycle arrest, induced double-strand DNA breaks,
suppressed migration, and inhibited epithelial-mesenchymal
transition in MDA-MB-231 TNBC cells in vitro.’® Although
intriguing, the effects of pimozide were focused on a specific
TNBC subtype (mesenchymal stem-like).** The molecular
heterogeneity in TNBCs is a prominent reason underlying
the failure of targeted therapies for this complex disease.”
It is critical to study this heterogeneous disease by testing
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Figure 5. Pimozide prevents scratch gap closure of BT-549, MDA-MB-231, and MDA-MB-468 TNBC cells in an in vitro wound-healing migration assay.

Using the transmitted setting on the EVOS FL microscope, phase contrast images captured at 4x objective depict wound-healing migration assay results (top images). Upon
inducing a scratch on a monolayer of confluent cells, TNBC cells were treated with vehicle (DMSO) or 10 pM pimozide for 48 h. Closure of the scratch gap for each treatment
condition was monitored over time. The area contained within the scratch gap was measured using the “polygon selections” tool in Image J software. Data are displayed as
scratch gap area in arbitrary units, normalized to T = 0 measurements (bottom graphs). Quantitatively, the scratch gap area at T = 48 h relative to T = 0 was calculated
independently for each treatment group and reported as median scratch gap area (displayed in graph) with an interquartile range (IQR) (BT-549: Vehicle (T = 48/T = 0), 0.21
median, 0.05 IQR, p <.001, n = 3; Pimozide (T = 48/T = 0), 0.50 median, 0.02 IQR, p < .001, n = 3), (MDA-MB-231: Vehicle (T = 48/T = 0), 0.10 median, 0.02 IQR, p < .001,n =3;
Pimozide (T = 48/T = 0), 0.48 median, 0.05 IQR, p < .001, n = 3), (HCC1806: Vehicle (T = 48/T = 0), 0.42 median, 0.07 IQR, p < .001, n = 3; Pimozide (T = 48/T = 0), 0.42 median,
0.07 IQR, p < .001, n = 3), (MDA-MB-468: Vehicle (T = 48/T = 0), 0.46 median, 0.10 IQR, p < .001, n = 3; Pimozide (T = 48/T = 0), 0.79 median, 0.05 IQR, p < .001, n = 3). In BT-549,
MDA-MB-231, and MDA-MB-468 cells, a significant difference in median scratch gap area at T = 48 h relative to T = 0 was found between vehicle and pimozide treated groups
(BT-549: p < .01, n = 3), (MDA-MB-231: p < .01, n = 3), (MDA-MB-468: p < .01, n = 3). In HCC1806 cells, no significant difference in median scratch gap area at T =48 h relative to
T = 0 was observed between vehicle- and pimozide-treated groups (HCC1806: p = .936, n = 3). Furthermore, upon observing each treatment condition independently over
time, vehicle-treated cells showed a significant difference in scratch gap area from T =0 to T = 48 h (###p < .001, n = 3) and pimozide-treated cells showed a significant
difference in scratch gap area from T=0to T =48 h (###p < .001, n = 3).
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Figure 6. Pimozide suppresses the migratory potential of BT-549, MDA-MB-231, and MDA-MB-468 TNBC cellsin vitro.

Qualitatively, transwell migration assay results depict DAPI-stained migrated cells after 16-h treatment with vehicle (DMSO) or 10 pM pimozide (top images). Images
of the migrated cells were captured using the DAPI channel on the EVOS FL microscope at 20x objective. Note: HCC1806 cells (5.0 x 10%) were treated with vehicle or
10 uM pimozide for an extended timepoint of 48 h to ensure a reasonable number of migrated cells for quantitative analysis. Quantitatively, the number of migrated
cells in five representative fields of view were averaged for each membrane (bottom graphs). Data are reported as % vehicle. All TNBC cell lines except HCC1806 cells
showed a significant decrease in migration when treated with 10 UM pimozide in comparison to vehicle-stimulated cells (BT-549: 1.4-fold, p < .001, n = 3), (MDA-MB
-231: 1.7-fold, p < .001, n = 3), (HCC1806: NS, p = .707, n = 3), (MDA-MB-468: 2.2-fold, p < .001, n = 3).

potential therapies on different molecular subtypes to better
align TNBC patients to the most appropriate therapy later
45,46,55
on.
As such, there is an urgent and unmet need to discover
biomarkers that are predictive of response to targeted therapies

in TNBC.’®* Since inhibition of STAT3 phosphorylation
(Tyr705) by pimozide was demonstrated in leukemia,*' prostate
cancer,*? hepatocellular carcinoma® and osteosarcoma,** we
hypothesized if STAT3 could be an effective biomarker of
response to this treatment in TNBC. We thus incorporated
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Figure 7. Pimozide inhibits downstream STAT3 transcriptional targets involved in metastatic progression in BT-549, MDA-MB-231, and MDA-MB-468 TNBC cells.

Western blot analysis shows MMP-9 and vimentin protein expression in BT-549, MDA-MB-231, HCC1806, MDA-MB-468 TNBC cells treated with vehicle (DMSO) or
10 uM pimozide for 24 h. 293T cells were utilized as a positive control for vimentin expression in HCC1806 cells. GAPDH is shown as a control for equal loading. Using
a LI-COR imager, densitometry analysis was used to quantitate Western bands. Each marker was normalized to its respective loading control. Data are displayed as %
vehicle or % positive control (for vimentin expression in HCC1806 cells). Both MMP-9 and vimentin protein expression were significantly suppressed in BT-549, MDA-
MB-231, and MDA-MB-468 cell lines after 24-h treatment with a 10 uM dose of pimozide as compared to vehicle-treated counterparts. No change in MMP-9 protein
expression was observed in HCC1806 cells treated with vehicle or pimozide. Basal protein expression of vimentin was undetectable in HCC1806 cells (293T cells were
used as a positive control for vimentin expression) (BT-549: MMP-9, 3.5-fold, p < .01, n = 3; Vimentin, 2.0-fold, p < .05, n = 3), (MDA-MB-231: MMP-9, 2.6-fold, p < .01,
n = 3; Vimentin, 1.4-fold, p < .05, n = 3), (HCC1806: MMP-9, NS, p = .204, n = 3; Vimentin, undetectable expression, n = 3), (MDA-MB-468: MMP-9, 8.2-fold, p < .01,

n = 3; Vimentin, 13.5-fold, p < .001, n = 3).

TNBC cell lines representative of four different molecular sub-
types in our current report: BT-549 (mesenchymal), MDA-MB
-231 (mesenchymal stem-like), HCC1806 (basal-like 2), and
MDA-MB-468 (basal-like 1).%® Herein, our data show that
TNBC cell lines exhibiting constitutive activation of phosphory-
lated STAT3 (Tyr705) (BT-549, MDA-MB-231, MDA-MB-468)
were most sensitive to pimozide compared to lower expressors
(HCC1806) which exhibited resistance to its inhibitory effects on
invasion and migration.

These findings could be clinically relevant for the treat-
ment of TNBC patients, as recently, STAT3 was identified as
a potential biomarker of response to immunotherapy in non-
small cell lung cancer (NSCLC).”® By inducing the upregula-
tion of programmed death-ligand 1 (PD-L1) on the surface of
tumor cells and by recruiting immunosuppressive cells of the
tumor microenvironment such as myeloid-derived suppressor
cells (MDSCs), STAT3 facilitates NSCLC cells to escape
immune surveillance and promotes resistance toward immune
checkpoint inhibitors.”® As such, STAT3 has emerged as both
a biomarker and a target in oncogene-addicted NSCLC.

Biomarker guided therapy has value for TNBC treatment
management. A prime example of a successful biomarker in
TNBC is the use of breast cancer gene (BRCA) mutation
selection, a gene involved in homologous recombination to
repair DNA double-stranded breaks. TNBC patients harbor-
ing germline mutations in BRCA were recently shown to
benefit from improved sensitivity to the FDA-approved poly-
ADP-ribose polymerase (PARP) inhibitor Olaparib, by ren-
dering DNA repair mechanisms dysfunctional during
therapy.”® Furthermore, biomarkers predictive of response
to epidermal growth factor receptor (EGFR) targeted therapy
are under investigation for the treatment of TNBC. EGFR
methylation is being evaluated as a biomarker indicative of
resistance to anti-EGFR monoclonal antibody therapeutics for
TNBC patients.”" Collectively, these studies demonstrate the
importance of validating biomarkers that could better stratify
TNBC patients most likely to benefit from a given targeted
therapy.

Similar to pimozide, metformin, a first-line anti-diabetic
drug for the treatment of type 2 diabetes, has shown promise



as a repurposed anti-cancer drug for TNBC, through the
inhibition of the STAT3 pathway. Published work has
revealed, in this case, that lowest STAT3 (Tyr705) expression
was linked to highest TNBC growth inhibition by metformin.
In fact, overexpression of constitutively active STAT3 in
TNBC cell lines (representative of basal-like 1, basal-like 2,
mesenchymal stem-like, and unclassified molecular subtypes),
reduced the efficacy of metformin as a STAT3 inhibitor
whereas lentiviral-mediated stable knockdown of STAT3
enhanced its inhibitory effects on growth inhibition and apop-
tosis induction.®” These results are very intriguing, and are in
contrast to our results with pimozide showing that higher
expression levels of phosphorylated STAT3 (Tyr705) pre-
dicted an improved efficacy of pimozide treatment in TNBC
cells. Although metformin and pimozide both inhibit STAT3
phosphorylation (Tyr705) in TNBC, these divergences could
be attributed to different mechanisms of action by which
metformin and pimozide inhibit STAT3 phosphorylation
(Tyr705), which currently remain undefined.*'~**
Additional avenues for investigation will involve delineating
the molecular mechanism(s) by which pimozide inhibits
STAT3 phosphorylation (Tyr705) compared to metformin.
While very little work has focused on the exact mechanism
of action of pimozide as a STAT3 inhibitor, extensive research
efforts have been directed at uncovering its role as an inhi-
bitor of STATS5 phosphorylation (Tyr694). Thus far, published
reports indicate that pimozide does not inhibit the BCR/ABL
kinase, an upstream activator of STAT5 in CML.*® While
progress in identifying the mechanisms underlying phos-
phorylated STAT3 (Tyr705) inhibition by pimozide in solid
and hematological malignancies has been much slower,
further studies should examine its role on phosphatases, inhi-
bition of upstream tyrosine kinases, direct targeting of the
SH2 domain of STAT3, and inhibition of micro RNAs
(miRNAs).1”~2° Our results presented here seem to emphasize
that although pimozide and metformin both inhibit STAT3
phosphorylation on tyrosine 705, their efficacies seem to differ
on the phosphorylation levels of this transcription factor. This
should be taken into consideration for future pre-clinical
studies that might compare the effects of both drugs together
or separate on the progression of TNBC. Our findings further
emphasize the need for selection biomarkers for the treatment
of TNBC. In fact, the Biotechnology Innovation Organization
(BIO) conducted a study that tracked the clinical development
success rates of investigational drugs in terms of Likelihood of
Approval (LOA) by the FDA. They found that the use of
selection biomarkers for patient stratification in clinical trial
programs resulted in a three-fold higher LOA from Phase 1
compared to clinical trials that did not utilize selection
biomarkers.®> This discovery underscores the importance of
clinically validating biomarkers for TNBC to better predict
patient response to investigational therapies.

Interestingly, pimozide does not seem to be the only anti-
psychotic with anti-cancer properties in TNBC. Another first-
generation antipsychotic drug of the diphenylbutylpiperidine
class recently demonstrated efficacy in TNBC. Approved by
the FDA for the treatment of schizophrenia, penfluridol was
shown to suppress the growth, invasion, and migration of
MDA-MB-231, HCC1806, and 4T1 TNBC cells in vitro.**
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Mechanistically, penfluridol treatment reduced the prolifera-
tion of TNBC cells by suppressing the integrin a6p4 signaling
axis. Orthotopic and intracranial mouse models revealed that
penfluridol inhibited TNBC tumor growth in the breast and
brain, respectively, through suppression of integrin
signaling.®* Considering the structural similarities of penflur-
idol and pimozide, it would be interesting to examine if
phosphorylated STAT3 (Tyr705) could also be a biomarker
of response to penfluridol treatment in the different molecular
subtypes of TNBC.

The role of STAT3 in driving tumorigenesis is well
established.”'*"'* In addition to promoting cancer cell prolif-
eration and survival, STAT3 has been robustly shown to
function as a key regulator of metastatic progression, accel-
erating the invasion and migration of breast cancer cells."*™'®
STAT?3 was recently shown to behave as a direct modulator of
gene signatures enriched for pathways related to invasion.®”
Being regarded as an important therapeutic target in TNBC,*
our current report emphasizes endogenous phosphorylated
STAT3 (Tyr705) as a predictive biomarker of sensitivity to
pimozide treatment with regards to suppression of invasion
and migration in vitro. Future directions will involve generat-
ing patient-derived xenograft (PDX) mouse models to capture
different TNBC subtypes as well as high vs low STAT3
expressors, to further characterize the heterogeneity of this
aggressive BCa and response to this antipsychotic and other
related analogues. According to our current results, future
experiments should be designed using in vivo models to
evaluate the anti-cancer efficacy of pimozide in preventing
metastatic spread to distant organs and reducing the inci-
dence of tumor metastases that are already established using
STAT3 (Tyr705) as a guided biomarker of response. Testing
pimozide treatment in already established metastatic TNBC is
especially relevant because there are no effective therapies for
patients with Stage IV metastatic TNBC, characterized by the
presence of life-threatening brain, liver, lung, and/or bone
metastases.” Also of particular interest and as shown in our
results, MMP-9, an endopeptidase that degrades the extracel-
lular matrix to facilitate invasion and metastasis, should also
be followed in response to pimozide treatment, as its levels
correlated with STAT3 inhibition in our system.**** This is
novel and could be clinically relevant, as recent failures of
nonselective MMP inhibitors in clinical trials warrant the
need to uncover additional molecules that could inhibit this
pathway in TNBC.? Finally, the role of pimozide in combi-
nation therapy with traditional chemotherapy should also be
considered and tested using clinically relevant models. For
example, the use of pimozide as a targeted STAT3 inhibitor
could sensitize specific TNBC subtypes to chemotherapies, as
STATS3 is linked to chemoresistance in TNBC.®® Combination
therapy is particularly advantageous™ because the dose of
chemotherapy as well as the dose of pimozide could be
reduced, resulting in less systemic and antipsychotic off-
target effects, respectively.

In conclusion, we have characterized phospho-STAT3
(Tyr705) as a potential biomarker of response to pimozide
treatment in metastatic TNBC cell lines undergoing rapid inva-
sion and migration in vitro. Our study demonstrates that while
most TNBC cells responded to pimozide treatment, those with
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the lowest amount of phospho-STAT3 (Tyr705) are resistant to
the inhibitory effects of pimozide on invasion and migration.
Our current study highlights the need to further investigate the
value of pre-screening TNBCs for their levels of phospho-
STAT3 (Tyr705) before pimozide treatment and following its
level as well as the levels of MMP-9 or vimentin as markers of
pimozide efficacy. Further validation using patient-derived
TNBC models will be required to capture the tumor hetero-
geneity and metastatic progression and to accurately predict if
phospho-STAT3 (Tyr705) could be a reliable predictor of
pimozide treatment for TNBC.

Materials and methods
Cell lines

BT-549 cells (Cat#HTB-122, ATCC) were cultured in RPMI-
1640 growth medium (Cat#30-2001, ATCC) supplemented
with  10% heat-inactivated fetal bovine serum (FBS)
(Cat#16140071, ThermoFisher Scientific), 0.023IU/mL bovine
insulin (Cat#10516, Sigma-Aldrich), and 1% penicillin/strepto-
mycin (Cat#15140163, ThermoFisher Scientific). MDA-MB
-231 cells (Cat#HTB-26, ATCC) were cultured in Dulbecco’s
modified eagle medium (DMEM) (Cat#11965118) supplemen-
ted with 10% heat-inactivated FBS (Cat#16140071), 1% sodium
pyruvate (Cat#11360070), and 1% penicillin/streptomycin
(Cat#15140163) (ThermoFisher Scientific). HCC1806 cells
(Cat#CRL-2335, ATCC) were cultured in RPMI-1640 growth
medium (Cat#30-2001, ATCC) supplemented with 10% heat-
inactivated FBS (Cat#16140071) and 1% penicillin/streptomy-
cin (Cat#15140163) (ThermoFisher Scientific). MDA-MB-468
cells (Cat#HTB-132, ATCC) were cultured in Leibovitz’s L-15
growth medium (Cat#30-2008, ATCC) supplemented with 10%
heat-inactivated FBS (Cat#16140071) and 1% penicillin/strep-
tomycin (Cat#15140163) (ThermoFisher Scientific). MCF-10A
cells (Cat#CRL-10317, ATCC) were cultured in mammary
epithelial basal medium (MEBM) (Cat#CC-3151, Lonza) sup-
plemented with 5% horse serum (Cat#16050-122, Invitrogen),
20 ng/mL epidermal growth factor (EGF) (Cat#CC-4136,
Lonza), 0.5 mg/mL hydrocortisone (Cat#CC-4136, Lonza),
10 pg/mL insulin (Cat#CC-4136, Lonza), 100 ng/mL cholera
toxin (Cat#C8052, Sigma-Aldrich), and 1% penicillin/strepto-
mycin (Cat#15140122, ThermoFisher Scientific). 293T cells
(Cat#CRL-3216, ATCC) were cultured in DMEM medium
(Cat#11965118) supplemented with 10% FBS (Cat#16140071)
and 1% penicillin/streptomycin (Cat#15140163) (ThermoFisher
Scientific). All cell lines were incubated at 37°C in a 5% CO,
incubator, except for MDA-MB-468 cells, which were incu-
bated at 37°C in atmospheric air.

Antibodies

Anti-mouse monoclonal antibodies (mAbs) against phos-
phorylated STAT3 (Tyr705) (Cat#4113S) and total STAT3
(Cat#9139S) were purchased from Cell Signaling
Technology. An anti-mouse mAb against MMP-9 (Cat#sc-
393859) was purchased from Santa Cruz Biotechnology. An
anti-mouse mAb against vimentin (Cat#ab8978) was pur-
chased from abcam. An anti-mouse mAb against

glyceradehyde-3-phosphate dehydrogenase (GAPDH)
(Cat#10R-2932) was purchased from Fitzgerald Industries
International. An IRDye 680RD goat anti-mouse IgG second-
ary antibody (Cat#926-68070) was purchased from LI-COR.

Western blot

Samples were homogenized in RIPA lysis buffer (50 mM Tris
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate,
0.1% SDS) supplemented with complete mini protease inhi-
bitor cocktail (Cat#NC0969110, Roche Diagnostics) and phos-
phatase inhibitor cocktail (Cat#78428, ThermoFisher
Scientific). After homogenization, samples were sonicated
and centrifuged at 10,000 x rpm for 10 min at 4°C.
Supernatant was then collected for measurement of protein
concentration using a bicinchoninic acid (BCA) kit
(Cat#23225, ThermoFisher Scientific). Samples (50-100 pg)
were separated by SDS-PAGE (12% acrylamide) and trans-
ferred to a nitrocellulose membrane (Cat#45-004-001, GE
Healthcare) for probing. Subsequent wash buffers consisted
of 10 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween 20 (TBS-
T). Membranes were blocked in TBS-T supplemented with 5%
bovine  serum  albumin (BSA) (Cat#BP1600-100,
ThermoFisher Scientific) or 5% nonfat dry milk (Cat#50-
447-778, Quality Biological Inc.) for 1 h at room temperature.
The membranes were subsequently incubated with a given
primary antibody (1:100 to 1:500 dilution) overnight at 4°C.
IRDye 680RD secondary antibodies (1:15,000 dilution) were
used to visualize bound primary antibodies (LI-COR). The
Odyssey CLx Imaging System was utilized for near-infrared
(NIR) fluorescent detection of proteins (LI-COR). Image
Studio software version 5 on the Odyssey CLx was used to
quantify Western bands (LI-COR).

Immunofluorescence

Briefly, 1.5 x 10° cells were seeded on Poly-L-Lysine coated
coverslips (Cat#P4707, Sigma-Aldrich) in 6 well plates
(Cat#3516, Corning). Subsequently, cells were treated with
vehicle (dimethyl sulfoxide (DMSO)) (Cat#D128-500,
ThermoFisher Scientific) or 10 uM pimozide (Cat#P1793,
Sigma-Aldrich) for 24 h. Cells were then fixed in 4% paraf-
ormaldehyde (Cat#159-SP, Electron Microscopy Sciences)
for 15 min at room temperature. Fixed cells were washed
three times with Dulbecco’s phosphate-buffered saline
(DPBS) (1x) and then permeabilized in 100% methanol for
10 min at —20°C. Following another DPBS (1x) wash, cells
were blocked in blocking buffer (DPBS 1x, 5% normal
serum, 0.3% Triton X-100) for 60 min at room temperature.
Cells were then incubated with a given primary antibody
(diluted 1:100 in DPBS 1x, 1% BSA, 0.3% Triton X-100) for
1 h at 37°C. After three DPBS (1x) washes, cells were
incubated with an Alexa Fluor 647 conjugated goat anti-
mouse secondary antibody (diluted 1:500 in DPBS 1x, 1%
BSA, 0.3% Triton X-100) for 1 h at 37°C (Cat#A-21236,
ThermoFisher Scientific). Cells were washed three times
with DPBS (1x) before being mounted with ProLong Gold
Antifade with  4'6-diamidino-2-phenylindole  (DAPI)
(Cat#P36931, ThermoFisher Scientific). Using the EVOS



FL microscope, images were acquired at 40x objective using
the Cy5.5 light cube (ThermoFisher Scientific).

Caspase-3/7 assay

Briefly, 1.5 x 10° cells were seeded in 10 cm cell culture
dishes. Cells were treated with vehicle (DMSO) (Cat#D128-
500, ThermoFisher Scientific), 10 uM pimozide, or 20 pM
pimozide (Cat#P1793, Sigma-Aldrich) for 48 h. After 48
h of drug treatment, adherent and non-adherent cells were
collected, counted using a Cell Count and Viability solution
(Cat#MCH600103), and analyzed using a Caspase-3/7 assay
kit (Cat#MCH100108) on the MUSE Cell Analyzer (Sigma-
Aldrich). More specifically, 5 uL of the Caspase-3/7 working
solution was added to 50 pL of cell suspension at a concen-
tration of 1 x 10° cells/mL and incubated for 30 min at 37°
C. After 30 min, 150 pL of the Caspase 7-AAD working
solution was added to the cell suspension and incubated for
5 min in the dark at room temperature before being ana-
lyzed on the MUSE Cell Analyzer. An apoptotic profile was
generated for each sample, displaying the percentage of live,
apoptotic, apoptotic/dead, and dead cells.

Transwell invasion assay

Briefly, 7.5 x 10* cells were resuspended in 500 uL of complete
growth medium containing a reduced serum concentration of
0.5% FBS. Culture medium was supplemented with vehicle
(DMSO) (Cat#D128-500, ThermoFisher Scientific) or 10 uM
pimozide (Cat#P1793, Sigma-Aldrich). Cells were then seeded
in transwell invasion chambers with membranes (8 pm pore
size) pre-coated with growth factor reduced matrigel
(Cat#354483, Corning). Invasion chambers were placed in
24 well plates (Cat#353047, Corning), with each well contain-
ing 750 uL of complete growth medium at a normal serum
concentration of 10% FBS. Chambers were incubated at 37°C/
5% CO, for 24 h to allow cells to invade. The following day,
the inner membranes of the chambers were washed with
DPBS (1x) and gently scraped with cotton swabs to remove
any non-invaded cells and the layer of matrigel. Invaded cells
located on the outer membrane were fixed with 100% metha-
nol at room temperature for 10 min, rinsed with distilled
water, and left to dry before being mounted with
Vectashield mounting medium with DAPI (Cat#H-1200,
Vector Laboratories). Using the EVOS FL microscope
(ThermoFisher Scientific), five representative fields of view
of the DAPI-stained invaded cells on each membrane were
captured at 20x objective.

Wound-healing migration assay

Cells were seeded in 10 cm culture dishes and left to grow until
100% confluent. Once confluency was achieved, a sterile 200 uL
pipette tip was used to induce a scratch on the monolayer of
cells. Non-adherent cells were subsequently removed by wash-
ing twice with DPBS (1x). Complete medium containing vehicle
(DMSO) (Cat#D128-500, ThermoFisher Scientific) or 10 uM
pimozide (Cat#P1793, Sigma-Aldrich) was added to the cells.
Images of the scratches were captured at T = 0 and T = 48
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h using the transmitted setting on the EVOS FL microscope at
4x objective. Closure of the scratch gap was quantified by
measuring the area contained within the scratch, using the
“polygon selections” tool in Image] software (NIH).

Transwell migration assay

Briefly, 2.5 x 10 cells were resuspended in 500 uL of complete
growth medium containing a reduced serum concentration of
0.5% FBS. Culture medium was supplemented with vehicle
(DMSO) (Cat#D128-500, ThermoFisher Scientific) or 10 uM
pimozide (Cat#P1793, Sigma-Aldrich). Cells were then seeded
in transwell migration chambers with membranes of 8 pm
pore size (Cat#08-771-21, ThermoFisher Scientific). Migration
chambers were placed in 24 well plates (Cat#353047,
Corning), with each well containing 750 pL of complete
growth medium at a normal serum concentration of 10%
FBS. Chambers were incubated at 37°C/5% CO, for 16 h to
allow cells to migrate. The inner membranes of the chambers
were washed with DPBS (1x) and gently scraped with cotton
swabs to remove any non-migratory cells. Migrated cells
located on the outer membrane were fixed with 100% metha-
nol at room temperature for 10 min, rinsed with distilled
water, and left to dry before being mounted with
Vectashield mounting medium with DAPI (Cat#H-1200,
Vector Laboratories). Using the EVOS FL microscope
(ThermoFisher Scientific), five representative fields of view
of the DAPI-stained migrated cells on each membrane were
captured at 20x objective.

Statistical analysis

Comparisons involving only two groups were analyzed using
a two-tailed t-test. Comparisons between more than two
groups were performed using a one-way ANOVA followed
by post-hoc adjusted tests for multiple comparisons. Data
were reported as mean + standard error of the mean (SEM).
Differences in fold change between groups were analyzed
using a Wilcoxon two-sample test. Median and interquartile
range (IQR) were reported. Statistical significance was
reached at p < .05 (*)#)(#), p < .01 (**)(##)(##), and
p < .001 (***)(###)(###). N = 3 is defined as three indepen-
dent experiments performed using different passages of cells.
Statistical analyses were performed using Excel and SAS ver-
sion 9.4 (SAS Institute Inc.).
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