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BACKGROUND & AIMS: Prolactin (PRL) signaling is up-
regulated in hormone-responsive cancers. The PRL receptor
(PRLR) is a class I cytokine receptor that signals via the Janus
kinase (JAK)–signal transducer and activator of transcription
and mitogen-activated protein kinase pathways to regulate cell
proliferation, migration, stem cell features, and apoptosis. Pa-
tients with pancreatic ductal adenocarcinoma (PDAC) have high
plasma levels of PRL. We investigated whether PRLR signaling
contributes to the growth of pancreatic tumors in mice.
METHODS: We used immunohistochemical analyses to
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For personal use only. No other uses without permission
compare levels of PRL and PRLR in multitumor tissue
microarrays. We used structure-based virtual screening and
fragment-based drug discovery to identify compounds likely
to bind PRLR and interfere with its signaling. Human
pancreatic cell lines (AsPC-1, BxPC-3, Panc-1, and MiaPaCa-2),
with or without knockdown of PRLR (clustered regularly
interspaced short palindromic repeats or small hairpin RNA),
were incubated with PRL or penfluridol and analyzed in
proliferation and spheroid formation. C57BL/6 mice were
given injections of UNKC-6141 cells, with or without
ealth Care from ClinicalKey.com by Elsevier on May 07, 2020.
. Copyright ©2020. Elsevier Inc. All rights reserved.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Prolactin signaling is upregulated in hormone-responsive
cancers, and patients with pancreatic ductal
adenocarcinoma (PDAC) have high plasma levels of
prolactin. The prolactin receptor (PRLR) signals via the
JAK–STAT and MAPK pathways to regulate cell
proliferation, migration, stem-cell features, and apoptosis.

NEW FINDINGS

Levels of PRLR are increased in PDAC, and exposure of
pancreatic cancer cells to PRL increases their
proliferation and migration. Antipsychotic drugs such as
penfluridol block PRLR signaling in pancreatic cancer
cells and reduced their proliferation, induced autophagy,
and slowed growth of xenograft tumors in mice.

LIMITATIONS

This study was performed in cell lines and mice. Studies in
humans are needed.

IMPACT

Antipsychotic drugs such as penfluridol block JAK2
signaling in pancreatic cancer cells, slow tumor growth
in mice, and might be tested in patients with PDAC.
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knockdown of PRLR, into pancreas, and tumor development
was monitored for 4 weeks, with some mice receiving pen-
fluridol treatment for 21 days. Human pancreatic tumor tis-
sues were implanted into interscapular fat pads of NSG mice,
and mice were given injections of penfluridol daily for 28
days. Nude mice were given injections of Panc-1 cells, xeno-
graft tumors were grown for 2 weeks, and mice were then
given intraperitoneal penfluridol for 35 days. Tumors were
collected from mice and analyzed by histology, immunohis-
tochemistry, and immunoblots. RESULTS: Levels of PRLR
were increased in PDAC compared with nontumor pancreatic
tissues. Incubation of pancreatic cell lines with PRL activated
signaling via JAK2–signal transducer and activator of tran-
scription 3 and extracellular signal–regulated kinase, as well
as formation of pancospheres and cell migration; these ac-
tivities were not observed in cells with PRLR knockdown.
Pancreatic cancer cells with PRLR knockdown formed
significantly smaller tumors in mice. We identified several
diphenylbutylpiperidine-class antipsychotic drugs as agents
that decreased PRL-induced JAK2 signaling; incubation of
pancreatic cancer cells with these compounds reduced their
proliferation and formation of panco spheres. Injections of 1
of these compounds, penfluridol, slowed the growth of
xenograft tumors in the different mouse models, reducing
proliferation and inducing autophagy of the tumor cells.
CONCLUSIONS: Levels of PRLR are increased in PDAC, and
exposure to PRL increases proliferation and migration of
pancreatic cancer cells. Antipsychotic drugs, such as pen-
fluridol, block PRL signaling in pancreatic cancer cells to
reduce their proliferation, induce autophagy, and slow the
growth of xenograft tumors in mice. These drugs might be
tested in patients with PDAC.
Keywords: Dopamine Receptor; Molecular Modeling; Combina-
tion Therapy; Gemcitabine.

rolactin (PRL) signaling has an established role in
Abbreviations used in this paper: AKT, protein kinase B; CRISPR, clus-
tered regularly interspaced short palindromic repeats; DMEM, Dulbecco’s
modified Eagle medium; DRD2, dopamine receptor D2; ERK, extracellular
signal–regulated kinase; FBS, fetal bovine serum; JAK, Janus kinase;
MAPK, mitogen-activated protein kinase; mRNA, messenger RNA; PDAC,
pancreatic ductal adenocarcinoma; PDX, patient-derived xenograft; PRL,
prolactin; PRLR, prolactin receptor; shRNA, short hairpin RNA; SPR, sur-
face plasmon resonance; STAT, signal transducer and activator of tran-
scription; TCGA, The Cancer Genome Atlas; TMA, tumor microarray.
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Pmaintaining pregnancy, mammary gland develop-
ment, immune regulation, adipocyte control, reproduction,
and islet cell differentiation.1,2 Moreover, the pathway is
implicated in multiple endocrine-driven tumors.3 More
recently, the pathway has been observed to play a role in
other tumor types, including colon and hepatocellular can-
cers.4,5 PRL receptor (PRLR) belongs to the class I cytokine
receptor superfamily and lacks intrinsic kinase activity,
transducing signals including Janus kinase (JAK)–signal
transducer and activator of transcription (STAT) and
mitogen-activated protein kinase (MAPK) pathways through
kinases that interact with its cytoplasmic tail.6 The pathway
is implicated in the promotion of cell proliferation, migra-
tion, stemness, and inhibition of apoptosis,7 as well as
chemoresistance.8,9 In colon cancers, PRL induces JAK2–
STAT3 signaling to affect stemness by up-regulating the
Notch pathway.5

We now show that PRLR-based signaling is active in
pancreatic ductal adenocarcinoma (PDAC). The reason for
choosing PDAC is 2-fold: first, patients with PDAC have high
plasma levels of PRL10; second, PDAC remains a leading
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cause of cancer-related deaths in the United States.11 Poor
prognosis, drug resistance, and high recurrence rates char-
acterize PDAC after surgery.12 Here, we show that PRL in-
duces both JAK2–STAT3 and extracellular signal–regulated
kinase (ERK) signaling in the cells. PRLR knockdown
reduced the signaling and tumor growth in the orthotopic
PDAC model, suggesting that PRLR may be an effective
therapeutic target. To identify a small-molecule inhibitor,
we developed an in silico model for the JAK2-interacting
domain and subsequently identified potential interacting
diphenylbutylpiperidine (penfluridol, pimozide, fluspir-
ilene) and phenothiazine (promethazine) antipsychotic
compounds. Using penfluridol as proof of principle, we
show that it is effective in targeting PRLR signaling and
suppressing tumor growth in the orthotopic PDAC model.
Because penfluridol was initially identified as a dopamine
receptor D2 (DRD2) antagonist, we also determined
whether its effect also occurs through DRD2. Although
DRD2 expression is also induced in PDAC, the penfluridol
effect on PDAC cells was not affected by DRD2 knockdown.
This suggests that the penfluridol effect occurs through
suppression of PRLR signaling.
ealth Care from ClinicalKey.com by Elsevier on May 07, 2020.
. Copyright ©2020. Elsevier Inc. All rights reserved.
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Materials and Methods
Please refer to the Supplementary Materials for detailed

additional methods.

Cells and Culture Condition
Human PDAC cell lines AsPC-1, BxPC-3, Panc-1, and

MiaPaCa-2 (all obtained from American Type Culture Collection
(Manassas, VA), Panc 2.15, Panc 3.014, Panc 5.04, Panc 8.13,
Figure 1. PRLR is up-
regulated in PDAC. (A)
PRLR mRNA levels are
high in multiple cancers in
the TCGA database. (B)
The PRLR pathway gene
set, analyzed by GeneA-
nalytics, shows that PRLR
pathway genes are up-
regulated in various can-
cer types: breast (BRCA),
prostate adenocarcinoma
(PRAD), colon adenocarci-
noma (COAD), lung
adenocarcinoma (LUAD),
esophageal carcinoma
(ESCA), pancreatic
adenocarcinoma (PAAD),
and acute myeloid leuke-
mia (AML). (C) Immuno-
histochemistry of a
multiple-organ TMA
shows that PRLR is differ-
entially up-regulated in
several cancers (T) when
compared with normal tis-
sue (N). (D) Kaplan–Meier
plot shows that high
PRLR gene copy number
correlates with low survival
in patients with cancer (P
< .00001). The TCGA pan-
cancer (PanCan) cohort.
(E) Real-time polymerase
chain reaction analyses
shows that PRLR expres-
sion is higher in PDAC
compared with normal
samples (P <.05). (F)
Composite score of PDAC
TMA shows significantly
higher expression of PRLR
in tumors compared with
normal pancreas (P <
.001). (G) PRLR mRNA is
up-regulated early in
PDAC progression, gener-
ated from the TCGA data
sets. FPKM, fragments Per
Kilobase of transcript per
Million mapped reads.
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and Panc 10.05 were gifts from Johns Hopkins University
(Baltimore, MD). The UNKC-6141 cell line was a gift from Dr
Surinder Batra. The cell lines were grown in RPMI 1640 or
Dulbecco’s modified Eagle medium (DMEM) with 4.5 g/L
glucose, L-glutamine, and sodium pyruvate (Corning, Tewks-
bury, MA) containing 10% heat-inactivated fetal bovine serum
(FBS) (Sigma-Aldrich, St. Louis, MO) and 1% antibiotic-
antimycotic solution (Corning) at 37�C in a humidified atmo-
sphere of 5% CO2. HPNE cells were kindly provided by Dr
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Anirban Maitra and were grown in DMEM with 4.5 g/L glucose,
L-glutamine, and sodium pyruvate (Corning) with 5% FBS,
10 ng/mL bFGF (basic fibroblast growth factor), and 50 mg/mL
gentamycin. All the cell lines used in this study were within 20
passages after receipt or resuscitation (approximately 3
months of noncontinuous culturing).

Proliferation and Apoptosis Assays
Pancreatic cancer cells were plated in 96-well plates,

allowed to grow for 24 hours, and treated with increasing doses
of respective compounds. Cell proliferation was measured by
enzymatic hexosaminidase assay, as described previously.1 For
apoptosis, the Apo-one Homogeneous Caspase-3/7 Assay kit
was used to calculate caspase 3/7 activity (Promega, Madison,
WI).

Clonogenicity Assay
Briefly, 350 viable pancreatic cancer cells per well were

seeded in 6-well dishes and treated with penfluridol in 10%
FBS containing RPMI1640/DMEM for 48 hours; then medium
with or without compound was removed, and the cells were
incubated for an additional 10 days in fresh complete medium
to form colonies. The colonies were fixed with formalin and
stained with crystal violet.

Animal Studies
Pancreatic Ductal Adenocarcinoma Orthotopic

Model in Mice. Five-week-old male C57BL/6 mice pur-
chased from The Jackson Laboratory (Sacramento, CA) were
maintained with standard mouse chow ad libidum and used in
protocols approved by the University’s Animal Studies Com-
mittee. Animals were injected with 1 � 106 UNKC-6141,13

empty vector, and UNKC-6141 KD cells in the pancreas and
allowed to grow for 4 weeks. In another experiment, 1 week
after implantation, penfluridol (5 mg/kg body weight) was
administered intraperitoneally daily for 21 days. At the end of
treatment, the animals were euthanized, and the tumors were
removed, weighed, and used for histology (H&E), immunohis-
tochemistry, and Western blot studies.

Pancreatic Ductal Adenocarcinoma Patient-
Derived Xenograft Model. For the patient-derived xeno-
graft (PDX) model, we obtained PDX-carrying NSG mice from
The Jackson Laboratory (Sacramento, CA) (TM01212). The
cryopreserved tumor tissue obtained from patients with
pancreatic cancer was cut into small pieces. The animals were
anesthetized, and then the tissue was implanted subcutane-
ously into the interscapular fat pad by making a shallow inci-
sion in the dorsal region. Once tumors were established, we
=
Figure 2. PRLR signals through JAK2–STAT3–ERK–AKT phosp
regulated in PDAC cell lines. Breast cancer cell line T47D is u
80 [b], 50 [c], and 40 [d] kDa) are shown. (B) Western blot analyse
PRL for 30 minutes in serum free media shows increased ph
(C) Western blot of lysates after treatment of PDAC cells with 20
time-dependent increase in ERK1/2 and STAT3 phosphorylatio
grown in ultra-low-binding plates and treated with increasing do
(200 ng/mL) treatment in MiaPaCa-2 (P … .0010) and Panc-1 (
migration over a period of 12 hours in MiaPaCa-2 (P … .0056
migration in scratch plate assay (P … .0015). GAPDH, glycerald
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started to treat the mice with penfluridol 5 mg/kg intraperi-
toneally for 28 days. Tumor size was measured weekly. At the
end of treatment, the animals were euthanized, and the tumors
were removed and weighed.

Panc-1 Xenograft Tumors in Mice. Five-week-old
male athymic nude mice were procured from Charles River
Laboratory and maintained with water and standard mouse
chow ad libidum. All study protocols were approved by the
University’s Animal Studies Committee. In brief, 1 � 106 Panc-1
cells were injected in the left and right flank of the mice and
allowed to grow a xenograft for a week. One week after injec-
tion, a palpable tumor was observed. Subsequently, penfluridol
(5 mg/kg) was administered intraperitoneally for 35 days.
Tumor volumes were measured weekly. At the end of treat-
ment, the animals were euthanized, and the tumors were
removed, weighed, and used for histology (H&E), immunohis-
tochemistry, and Western blot studies.
Statistical Analysis
All values are expressed as the mean ± standard error of

the mean. Data were analyzed with an unpaired 2-tailed t test.
A P value of less than .05 was considered statistically
significant.
Results
Prolactin Receptor Is Up-regulated in Pancreatic
Ductal Adenocarcinoma and Other Cancers

To investigate the role of PRLR in cancers, we first
assessed expression in normal tissues and cancers using
RNA-sequencing data generated by the Genotype-Tissue
Expression project. PRLR messenger RNA (mRNA)
expression is low in the normal pancreas and prostate
compared with other organs (Supplementary Figure 1A).
However, PRLR mRNA levels are high in all cancers
(Figure 1A). We next analyzed PRLR gene expression with
GeneAnalytics (LifeMap Sciences, Inc., Alameda, CA), using
a set of PRL-signaling genes (Supplementary Figure 1B).14

There were 142 PRL-signaling genes that matched to 919
entities, which represented 381 cell types, 81 anatomic
compartments, 35 organs/tissues, and 422 hits from high-
throughput compound screening studies. Cerebrum and
pancreatic islets exhibited the highest match scores,
ranging from 3.9 to 3.4 in normal tissues, and breast
cancer (score, 36.33) and PDAC (score, 21.35) were the
highest among cancers (Supplementary Figures 1C and D
and Figure 1B). To confirm PRLR increase in cancers, we
horylation. (A) Western blot analysis shows that PRLR is up-
sed as positive control. Different isoforms of PRLR (110 [a],
s of PDAC cell lysates after treatment with 100 and 200 ng/mL
osphorylation of ERK1/2, AKT, JAK2, and STAT3 proteins.
0 ng/mL PRL for up to 4 hours in serum-free media shows a
n. (D) PRL affects pancosphere formation. PDAC cells were

ses of PRL. There were increased spheroid numbers after PRL
P … .0161) cells. (E) PRL (200 ng/mL) treatment induces cell
) and Panc-1 (P … .0305) cells. (F) PRL (200 ng/mL) affects
ehyde-3-phosphate dehydrogenase; min, minutes.

ealth Care from ClinicalKey.com by Elsevier on May 07, 2020.
. Copyright ©2020. Elsevier Inc. All rights reserved.
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performed immunohistochemical analyses of multitumor
tissue microarrays. We observed up-regulation of PRLR
expression in various cancers, including the pancreas
Downloaded for Anonymous User (n/a) at University of Missouri H
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(Figure 1C and Supplementary Figure 1E). More impor-
tantly, the protein is also intracellular, raising the ques-
tion of its role inside the cell. Moreover, an increase in
ealth Care from ClinicalKey.com by Elsevier on May 07, 2020.
. Copyright ©2020. Elsevier Inc. All rights reserved.
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gene copy number correlated with poor survival in cancer
patients in the PanCan database of The Cancer Genome
Atlas (TCGA) (P < .0001) (Figure 1D). These data suggest
that PRLR is up-regulated in multiple tumor types, espe-
cially PDAC, a cancer with high mortality and poor 5-year
survival rates.15

In normal pancreatic tissue, PRLR expression is low
and restricted to islets (Supplementary Figure 1A and
F). In contrast, PRLR mRNA levels were significantly
higher in cancer tissues compared with normal samples
(Figure 1E), which was confirmed by immunohisto-
chemistry (Figure 1F and Supplementary Figure 1F–K).
Interrogation of the TCGA database also showed higher
levels of PRLR mRNA in pancreatic cancers
(Supplementary Figure 1L). The high level of PRLR
expression was observed early in the tumorigenesis
process (Supplementary Figure 1G). We also assessed
PRL levels. In normal tissues, PRL mRNA expression is
observed in breast, ovary, pancreas, and prostate
(Supplementary Figure 1M). However, the transcript is
expressed in multiple cancers (Supplementary
Figure 1N). In addition, Kaplan–Meier analyses of data
from the TCGA PanCan database showed significantly
lower survival (P < .0001) in patients with higher PRL
copy number (Supplementary Figure 1O). Mining of
previously reported microarray data also suggested
significantly higher PRL levels in primary PDACs (n …
145, P … .0042) compared with normal pancreatic tissue
(n … 46) (Supplementary Figure 1P). In normal
pancreas, PRL expression is seen in the b cells, w sur-
rounding acinar cells show lower expression. However,
PRL expression is up-regulated in PDAC tissues, irre-
spective of cancer stage (Supplementary Figure 1Q).
Similarly, we also observed higher PRL protein levels in
established cell lines and primary patient-derived PDAC
cells compared with immortalized pancreatic ductal
epithelial cell line HPNE (Supplementary Figure 1R).

Dopamine plays a predominant role in regulation of PRL
release,16 and DRD2 is present in PDAC tissues.17 To under-
stand the role of DRD2, we first analyzed RNA-sequencing
data generated by the Genotype-Tissue Expression project.
DRD2 mRNA expression is low in the normal tissues, but it is
increased across several cancers (Supplementary Figure 1S
and T). The TCGA data set also showed DRD2 overexpression
in patients with PDAC (P < .01) (Supplementary Figure 1U).
In addition, Kaplan–Meier analyses of data from the TCGA
=
Figure 3. PRLR knockdown affects PDAC growth. (A) Western b
MiaPaCa-2 (human PDAC) and UNKC-6141 (mouse PDAC) ce
knockdown clones of MiaPaca-2 and UNKC-6141, respective
and scrambled (Scr) shRNAs. (B) Western blot analyses of MiaP
no induction in phosphorylation of STAT3, AKT, and ERK1/2,
knockdown MiaPaCa-2 and UNKC-6141 cells show comparati
cells (P < .01). (D) PRLR knockdown significantly reduced panco
spheroid size and number compared with their respective con
ability in scratch plate assay (P < .05). (G) Mice carrying UNKC-6
lower weight compared with those lacking PRLR (U518, n … 10
harboring PRLR knockdown PDAC cells (U518-sh) had a signifi
Ctrl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogen
PanCan data set showed a somewhat lower survival (P …
.0912) in patients with higher DRD2 expression
(Supplementary Figure 1V). To confirm the up-regulation of
DRD2 in PDAC, we used the same tumor microarray (TMA) as
that used to probe for PRLR. In normal tissue, DRD2 levels
were high in islet cells (Supplementary Figure 1W). However,
there was a significant increase in DRD2 expression in PDAC
tissues (P < .01) (Supplementary Figure 1W–Y).

Prolactin Receptor Signals Through Janus Kinase
2–Signal Transducer and Activator of
Transcription 3–Extracellular Signal–Regulated
Kinase–Protein Kinase B Phosphorylation

Alternative spliced transcript variants of PRLR have
been identified that encode different membrane-bound
and soluble isoforms.18 Of these, the full-length 110-
kDa protein19 is expressed at higher levels in PDAC
cells than HPNE cells (Figure 2A). PRLR protein is
present in both the nucleus and cytoplasm in PDAC cells
(Supplementary Figure 2A). On binding to PRLR, PRL
activates the JAK2–STAT3 and JAK2–MAPK/protein ki-
nase B (AKT) signaling pathways.6,20,21 In PDAC cells,
recombinant PRL increased phosphorylation of JAK2,
STAT3, ERK, and AKT in both a dose- and time-
dependent manner (Figure 2B and C).

Previous reports suggest that PRL induces proliferation,
migration, and spheroid formation.5,22,23 Although PRL did
not affect cell proliferation (Supplementary Figure 2A), it
did increase the size and number of panco spheroids in a
dose-dependent manner (Figure 2D and Supplementary
Figure 2C). The significance of this finding is that tumor-
derived spheroids are uniquely enriched for cells with stem
cell–related characteristics.24 Another important point
about cells with higher spheroid-forming capacity is that
they are also highly motile.25 Our data show that PRL in-
duces cell migration, as assessed by a Transwell chamber
(Millipore Sigma, Burlington, MA) (Figure 2E and
Supplementary Figure 2D) and scratch closure assays
(Figure 2F and Supplementary Figure 2E).

Prolactin Receptor Knockdown Affects
Pancreatic Ductal Adenocarcinoma Growth

To show that PRLR signaling is important for PDAC
growth, we sought to knock out the gene using the
clustered regularly interspaced short palindromic
lot shows PRLR knockdown after CRISPR/Cas9 and shRNA in
lls. M63 and M64, and U518 and U525, are CRISPR/Cas9-
ly. These cells were further subjected to PRLR-specific (sh)
aCa-2 cells treated with PRL (200 ng/mL, 30 minutes) shows
in PRLR-knockdown cells. (C) Clonogenicity assay. PRLR-

vely lower colony-forming ability than their respective control
sphere formation. (E) PRLR knockdown cells showed reduced
trol cells (P < .01). (F) PRLR knockdown reduced migration
141 tumors in the pancreas expressing PRLR had significantly
) (P < .01). (H) Kaplan–Meier plot shows that animals (n … 10)
cantly higher survival rate compared with controls (P < .01).
ase; gm, gram.
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repeats (CRISPR)/Cas9 system. Although multiple clones
were tested for each cell line, a complete knockout was
not successful. We chose 1 clone each for MiaPaCa-2
and UNKC-6141 cells, named M64 and U518, respec-
tively, to further knock down the expression using
PRLR-specific short hairpin (shRNA). We observed
maximum suppression of PRLR expression when we
combined CRISPR/Cas9 and specific shRNA (Figure 3A).
However, all the clones (CRISPR alone, shRNA alone, and
the combination) showed lack of JAK2, STAT3, ERK, and
AKT phosphorylation in response to PRL (Figure 3B and
Supplementary Figure 3A). CRISPR and shRNA PRLR
knockdown also reduced PDAC proliferation compared
with controls (Supplementary Figure 3B). Moreover,
there was a significant reduction in the colony (2
dimensional) and spheroid (3-dimentional) sizes
compared with controls (Figure 3C–E). In addition, PRLR
knockdown impaired cell migration (Figure 3F and
Supplementary Figure 3C). Taken together, these data
suggest that PRLR signaling is important for PDAC
growth and migration. This is in line with previous
studies showing that antagonizing PRLR results in
reduced ovarian tumor growth in mice.23 To determine
the effect of PRLR knockdown in vivo, we used a syn-
geneic orthotopic model. We injected control UNKC-
6141 cells, or their CRISPR clone U518 cells express-
ing scrambled or PRLR-specific shRNA, into the pancreas
of C57BL/6 mice. UNKC-6141 control cells formed large
tumors compared with the PRLR knockdown clones
(Figure 3G and Supplementary Figure 3D). Similarly, the
U518 clone expressing a combination of CRISPR and
PRLR shRNA (U518-sh) formed smaller tumors
(Figure 3G and Supplementary Figure 3D). More
importantly, mice with PRLR knockdown tumors had
higher survival rates than mice with tumors expressing
wild-type PRLR (Figure 3H). In addition, PRLR knock-
down tumors have fewer proliferating cell nuclear
antigen (PCNA)–positive nuclei, suggesting reduced cell
proliferation (Supplementary Figure 3E and F).
Furthermore, Western blot analyses of extracts from the
residual PDAC tumors lacking PRLR showed decreased
STAT3, ERK, and AKT phosphorylation compared with
=
Figure 4. In silico molecular modeling identifies penfluridol as
within the cytoplasmic domain of PRLR was subjected to homol
predicting potential interacting compounds with idock and I-TAS
shown in red boxes. (B) Fragment-based drug discovery was us
structural features shown in the red boxes of panel A. The p
including penfluridol, pimozide, fluspirilene, and fluphenazine. (
binding site (green) using AutoDock Vina software (Scripps Rese
PDAC cell proliferation. Cells were incubated with increasing con
in a dose- and time-dependent decrease in cell proliferation com
formation. Cells were incubated with 4 mmol/L penfluridol for 4
bation with penfluridol inhibits clonogenicity. (F) Penfluridol inhi
(P … .0004) and Panc-1 (P … .0005) cells. (G) Penfluridol inhibits
of pancospheres in both primary and secondary spheroids cultu
in ultra-low-adherent plates and treated with penfluridol (4 mmol/
formation. (I) Penfluridol induces autophagy. Lysates from MiaPa
analyzed by Western blotting for LC3B; p62; ATG-5, -7, and -12;
of all of these proteins. GAPDH, glyceraldehyde-3-phosphate d
control tumors (Supplementary Figure 3G). These data
show that PRLR is essential for pancreatic tumor for-
mation and growth.
Identification of Antipsychotic Agents as
Prolactin Receptor–Interacting Compounds

Previous clinical studies with PRLR-specific peptide or
antibody antagonists showed poor clinical efficacy, in part
because they target the extracellular domain.26 We chose a
different approach, wherein we targeted the intracellular
domain of PRLR responsible for downstream JAK2 activa-
tion. However, the intracellular domain of PRLR has not
been crystallized.27 Hence, we used homology-modeling al-
gorithms (I-TASSER, SWISS modeler, RaptorX, and Phyre2)
to predict the structure and evaluated by Ramachandran
plot (Supplementary Figure 4A and B). Next, we performed
structure-based virtual screening of compounds in I-
TASSER and idock servers and identified 2 classes of
compounds with potential binding capacity (Figure 4A).
Subsequently, using a fragment-based drug discovery
approach,28,29 we identified 6 compounds with similarity to
the 2 classes of predicted compounds (Figure 4B and
Supplementary Figure 4C). We confirmed that the com-
pounds can interact with the PRLR–JAK2 domain by mo-
lecular docking (Figure 4C and Supplementary Figure 4D).
However, only 1 compound, penfluridol, showed interaction
within the JAK2 binding domain; the others had allosteric
interactions outside the JAK2 binding domain
(Supplementary Figure 4D). Because penfluridol is an anti-
psychotic compound, we selected additional antipsychotic
drugs belonging to chemical classes of butyrophenones
(haloperidol and pipamperone), diphenylbutylpiperidines
(fluspirilene and pimozide) and phenothiazines (prom-
ethazine and fluphenazine) (Figure 4B and Supplementary
Figure 4E). Of these, only promethazine and fluspirilene
showed interaction within the JAK2 binding domain; the
others had allosteric interactions outside the JAK2 binding
domain (Supplementary Figure 4E). Moreover, prom-
ethazine, penfluridol, and fluphenazine showed lower
binding energies (Supplementary Figure 4F), indicating tight
binding to the JAK2 binding site. Nevertheless, we tested all
a PRLR-interacting compound. (A) The JAK2 binding region
ogy modeling using I-TASSER and was subsequently used for
SER. The predicted structure and their common features are

ed to identify compounds targeting PRLR based on common
anel shows the most potent antipsychotic drugs identified,
C) Molecular docking of penfluridol performed with the JAK2
arch Institute, San Diego, CA). (D) Antipsychotic drugs inhibit
centrations (0–40 mmol/L) of compound for 72 hours, resulting
pared with untreated controls. (E) Penfluridol inhibits colony

8 hours and allowed to grow into colonies for 10 days. Incu-
bits number of colonies compared with control in MiaPaCa-2
spheroid formation assay. Penfluridol suppressed the number
res (P < .001). (H) Cells were grown in spheroid growth media
L) for 5 days. Penfluridol significantly decreased pancosphere
Ca-2 or Panc-1 cells incubated with 4 mmol/L penfluridol were
and beclin-1. Penfluridol-treated cells shows increased levels
ehydrogenase; h, hour; M, mol/L; PEN, penfluridol.
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of the compounds for antiproliferative activity and observed
that the antipsychotic compounds penfluridol, pimozide,
fluspirilene, and promethazine were effective in suppressing
proliferation (Figure 4D and Supplementary Figure 4G–L).
Because penfluridol was the first antipsychotic that
we identified, we chose this compound for proof-of-
principle experiments. In addition to inhibiting PDAC cell
proliferation, penfluridol suppressed colony and spheroid
formation (Figure 4E–H and Supplementary Figure 4M). No
other compound showed any effect on spheroid formation
(Supplementary Figure 4N and O). Moreover, penfluridol
suppressed cell proliferation even in the presence of exog-
enous PRL (Supplementary Figure 4P). Penfluridol induced
autophagy at 48 hours, as evidenced by an increase in the
expression of autophagy-related proteins (Figure 4I). Simi-
larly, fluspirilene, promethazine, fluphenazine, and pimozide
also increased levels of LC3II and p62 protein expression,
indication up-regulation of autophagy (Supplementary
Figure 4Q). However, penfluridol did not induce caspase
activity, except at a higher concentrations (Supplementary
Figure 4R). To confirm the specificity of the inhibitor, we
treated PRLR-knockdown cells with penfluridol. PRLR-
knockdown cells were resistant to penfluridol treatment,
with a shift in the half maximal inhibitory concentration
from 2–2.1 mmol/L to 3.2–3.8 mmol/L in MiaPaCa-2 and
from 5.8–6 mmol/L to 7.4–7.6 mmol/L in UNKC-6141 cell
lines (Supplementary Figure 4S and T). We also determined
the effect of combining penfluridol with gemcitabine. There
was synergistic activity observed in both MiaPaCa-2 and
Panc-1 cell lines, with the best combination observed at a
dose combination of 2.5 mmol/L penfluridol and 5.0 mmol/L
gemcitabine (Supplementary Figure 4U–W).
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Penfluridol Binds to Prolactin Receptor
Given that penfluridol affects cell viability, we further

characterized its interaction with PRLR. In silico modeling
showed penfluridol binding to the JAK2 domain of PRLR
(Figure 5A). To validate the in silico observation, we first
performed surface plasmon resonance (SPR) analyses with
penfluridol and a PRLR peptide encoding the JAK2 binding
site. Penfluridol binding to PRLR peptide on the surface of
gold nanoparticles altered the local refractive index in a
dose-dependent manner, resulting in a shift of the SPR
spectrum (Figure 5B). We confirmed the direct binding of
=
Figure 5. Penfluridol binds to PRLR. (A) Molecular docking sho
Cartoon format of binding model (upper panel) and ball-and-stic
JAK2 binding site: green, interacting amino acid: yellow) are sh
penfluridol binding to PRLR calculated by SPR, RIU, Refractive in
in penfluridol binding to PRLR calculated by the magnetic reso
MiaPACa-2 cells were treated with increasing concentrations of
lysates were subjected to Western blot analyses. Penfluridol p
PEN–PRLR interaction. (E) Cellular thermal shift assay. MiaPAC
fluridol and subjected to differential temperature treatments for 3
against thermal denaturation, suggesting compound interaction
STAT3 phosphorylation. Western blot analyses of cells lysates
phosphorylation in response to penfluridol. (G) Western blot ana
the compound does not affect PRLR protein levels but that it
phosphate dehydrogenase; h, hour; M, mol/L; PEN, penfluridol
penfluridol with the PRLR peptide using magnetic relax-
ometry, a novel method where multivalent magnetic nano-
sensors are generated with the peptide.30,31 Detection of the
interaction between the peptide nanosensor and the com-
pound is achieved by measuring changes in the solution’s
water relaxation times (DT2, measured in milliseconds)
with a magnetic relaxometer. Initial studies with 0.5 mmol/L
penfluridol showed a maximum interaction at 60 minutes
(Supplementary Figure 5A and B). Using this time point, we
determined the effect of increasing doses of penfluridol and
observed a dose-dependent increase in the compound
binding (Figure 5C).

We next validated the binding by treating PDAC cell lines
with penfluridol and subjecting the cell to drug affinity
responsive target stability assay and cellular thermal shift
assay. Here, the target protein is subject to various lysis
(drug affinity responsive target stability) or denaturation
(cellular thermal shift assay) conditions with the assump-
tion that a change in conformation after compound binding
will result in an increase in its stability. We observed sig-
nificant protection from pronase digestion (Figure 5D) and
temperature (Figure 5E). On the other hand, penfluridol
treatment did not change the stability of STAT3, confirming
the specificity of penfluridol binding to PRLR
(Supplementary Figure 5C).

We next determined the effect of penfluridol treatment
on the JAK2–STAT3 signaling pathway. Pretreatment with
penfluridol decreased PRL-induced ERK and STAT3 phos-
phorylation (Figure 5F and G). However, there was no effect
on PRLR levels, suggesting that the compound does not
induce degradation of the protein. Furthermore, we also
found that antipsychotic drugs, including fluphenazine,
fluspirilene, pimozide, and promethazine, inhibited PRL-
induced STAT3 and ERK phosphorylation in the MiaPaCa-
2 cell line (Supplementary Figure 5D).

Penfluridol Induced Suppression of Pancreatic
Ductal Adenocarcinoma Growth Is Not Mediated
Through Dopamine Receptor D2

DRD2 is present in the normal pancreas and is up-
regulated in PDAC.17 Penfluridol exerts its antipsychotic
activity by blocking DRD2.32,33 Molecular docking studies
show that penfluridol binds the DRD2 protein, stabilizing
the interaction by forming a hydrogen bond with ASP114
ws that penfluridol binds to the JAK2 binding site of PRLR.
k format of model (lower panel) (protein: blue, penfluridol: pink,
own. (B) Dose-dependent (10 nmol/L–20 mmol/L) increase in
dex unit. (C) Dose-dependent (10 nmol/L–20 mmol/L) increase
nance technique. (D) drug affinity responsive target stability.
penfluridol (0–20 mmol/L) and then with pronase. The resulting
rotected PRLR against pronase-induced cell lysis, showing
a-2 cells were treated with different concentrations of pen-
minutes. Western blot shows that penfluridol protected PRLR
with receptor. (F) Penfluridol inhibits PRL-induced ERK and
after penfluridol treatment show reduced ERK and STAT3

lysis PDAC cell lysates after penfluridol treatment shows that
inhibits STAT3 phosphorylation. GAPDH, glyceraldehyde-3-

.



Figure 6. Penfluridol-induced suppression of PDAC growth is not mediated through DRD2 receptor. (A) Molecular docking of
penfluridol was performed with DRD2 protein by using AutoDock Vina software. (B) Table showing docking scores of mo-
lecular docking of penfluridol with DRD2. B.E., Binding energy. (C) Western blot analysis shows that DRD2 is up-regulated in
PDAC cell lines. (D) real-time polymerase chain reaction analysis showing knockdown of DRD2 expression induced by small
interfering RNA (siRNA) in Panc-1 and Panc 01728 cell lines. (E) Western blot analysis showing siRNA-mediated knockdown of
DRD2 expression. (F) Penfluridol does not have any differential effect in proliferation of PDAC cells when DRD2 is knocked
down. PEN, penfluridol; Scr, scrambled.
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(Figure 6A and B). Previously, another DRD2 antagonist,
risperidone, was also shown to bind to ASP114, suggesting
that binding to this site is the potential mechanism of action
of penfluridol.34 To understand the role of DRD2 in pen-
fluridol inhibition of PDAC cell growth, we first determined
the DRD2 expression levels. Western blot analysis of PDAC
cell lines showed an increase in DRD2 protein expression
compared with HPNE cells (Figure 6C). Although the major
band indicating DRD2 is found at 52 kDa, there are multiple
weak bands observed between 85 and 100 kDa, suggestive
of DRD2 isoforms.35 We next knocked down DRD2 using
specific small interfering RNA in 2 PDAC lines, Panc-1 and
Panc 01728, resulting in reduction in both DRD2 mRNA and
protein (P < .01) (Figure 6D and E). However, penfluridol
treatment did not show any significant difference in
antiproliferative activity after DRD2 knockdown, although



Figure 7. Penfluridol suppresses PDAC growth in vivo. (A) Penfluridol treatment reduced PDX tissue from patients with
pancreatic cancer grown subcutaneously in the flanks of the NSG mice compared with controls (P < .05). (B) Penfluridol
treatment resulted in significantly lower PDX tumor volumes compared with controls (P < .05). (C) Penfluridol treatment
reduced Panc-1 tumor xenografts (P < .01) compared with controls. (D) Penfluridol treatment resulted in significantly lower
Panc-1 xenograft tumor weight compared with controls (P < .01). (E) Western blot analyses of tissue lysates from penfluridol-
treated animals show significantly higher levels of autophagy protein markers.
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at 1 concentration (1.5 mmol/L), there was a small but
insignificant effect (Figure 6F). This suggests that DRD2 is
not a potential target for penfluridol in suppressing PDAC
growth.

Penfluridol Suppresses PDAC Growth In Vivo
To determine the effect of penfluridol on tumor growth,

we injected UNKC-6141 and KPCC cells into the pancreas of
immunocompetent C57BL/6 mice and waited 1 week for
tumors to develop. Subsequently, we injected penfluridol (5
mg/kg intraperitoneally daily), which reduced the weights
of orthotopic tumors by more than 50% compared with
control tumors (Supplementary Figure 6A–C). Next, we
performed subcutaneous xenograft models with PDX and
Panc-1 xenografts in immunodeficient NSG and athymic
nude mice, respectively. Penfluridol treatment significantly
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reduced tumor weight and volume in both xenograft tumors
(Figure 7A–D and Supplementary Figure 6D and E). Immu-
nohistochemistry also showed significantly lower prolifer-
ating cell nuclear antigen (PCNA)–positive cells in penfluridol-
treated tumors (Supplementary Figure 6F and G). Western
blot analyses suggested that penfluridol induced autophagy-
related proteins p62, ATG-5, ATG-7, ATG-12, LC3B, and
beclin-1 (Figure 7E). These data suggest that antipsychotic
agents such as penfluridol significantly induce autophagy,
resulting in suppression of PDAC tumor growth.
Discussion
To our knowledge, this is the first demonstration of the

role of PRLR in PDAC, a deadly cancer with a very low 5-
year survival rate. PRL can be produced by both the ante-
rior pituitary gland and other tissues including mammary
glands, adipocytes, pancreatic b cells, and immune cells to
produce autocrine effects.36 In normal tissue, PRL signaling
is important for pancreatic b-cell proliferation.37 Previous
studies have focused on PRLR activity in hormone response
cancers. Although PRLR in PDAC has not been demon-
strated, elevated serum PRL levels have been reported,10

suggesting a role for this signaling pathway in PDAC.
Moreover, using Gene Analytics, we show that 22% of all
published reports on PDAC pertain to molecules associated
with PRLR signaling. Probing the TCGA database also
showed higher PRLR expression in PDAC, which we vali-
dated using a complementary DNA panel and tissue
microarray. These results indicate that PRLR has a role in
PDAC pathogenesis.

PRL binds to its cognate receptor (PRLR) and activates
downstream signaling pathways, including JAK–STAT and
MAPK. Although previous reports suggested that PRLR in-
duces JAK2-mediated STAT5 phosphorylation in breast38

and ovarian23 cancer cells, we did not observe STAT5 acti-
vation. Interestingly, it was shown that STAT5 and STAT3
mediate opposing effects, and activation of both STAT3 and
STAT5 at the same time results in reduced proliferation of
breast cancer cells.39 In our study, we observed dose-
dependent phosphorylation of STAT3. In addition, we
observed that PRL did not affect PDAC cell proliferation.
However, PRL did increase stemness and migration in PDAC,
which we also previously observed in colon cancer cells.5

Similar results have been reported for ovarian cancer,
where PRL failed to induce proliferation.23 Moreover, PRL
has been shown to suppress cell death and enhance survival
in various cancers.3

Patients with PDAC reported elevated psychological
distress compared with those with other cancers.40 Indeed,
under conditions of stress, there is increased production of
pituitary PRL and higher circulating PRL levels.41 PRL plays
key roles in the stress response by suppressing the hypo-
thalamic–pituitary–adrenal axis and weakening the immune
system.42 Although the evidence for psychological stress
causing cancer may be weak, those under stress may culti-
vate certain unwanted behaviors, including smoking, over-
eating, and decreased exercise, resulting in increased cancer
risk. In addition, studies have shown that mice subjected to
stress have significantly larger tumors, angiogenesis, and
increased metastasis.43 Moreover, antidepressants, antihy-
pertensive agents, and drugs that increase bowel motility
are known to induce hyperprolactinemia by acting through
suppressing DRD2 activity.44 A recent study also showed
that stress accelerates PDAC45 in a mouse model by
inducing catecholamines, which were suppressed by the
nonselective b-adrenergic receptor blocker propranolol. In
fact, previous studies have shown that b-adrenergic recep-
tor agonists can induce PRL secretion from pituitary cells
and pre-adipocytes, which can be reversed by an antagonist
such as propranolol.46 Taken together, these data raise the
question of whether inhibition of aggressive PDAC behavior
may be due, in part, to the b-blocker reduction of PRL levels.

To get further insights into the role of PRLR in PDAC, we
first used the CRISPR/Cas9 system to knock out the gene.
However, after repeated testing, we were unable to obtain a
complete knockout. We considered problems such as short
guide RNA design, delivery methods, off-target effects, and
homology-directed repair.47 To overcome the shortcomings
with guide RNA design, we generated multiple guide RNAs,
but the results were the same. To eliminate the potential for
off-target effects, we designed scrambled controls. Finally,
we tried multiple ways to deliver the guide RNAs, including
transfection reagents and lentiviral systems. Because none
of these worked, we believe that it is not the system but,
rather, the increased copy number at the gene loci or the
potential presence of pseudogenes. However, subsequent
knockdown with specific shRNA mitigated PRLR function in
the cells, resulting in reduced proliferation, clonogenicity,
migration, and pancosphere formation capacity.

Given the aggressive role of PRLR in PDAC growth, we
conclude that it is an excellent therapeutic target. Previ-
ously, 2 PRLR antagonists, peptide G129R and monoclonal
antibody LFA102, were reported. G129R is a novel antago-
nist peptide of PRL that inhibited PRL/PRLR signaling and
reduced tumor growth in an orthotopic mouse model of
ovarian cancer.23 However, this has not progressed toward
clinical trials, possibly due to stability issues on systemic
delivery of the peptide. A second inhibitor, LFA102, is a
monoclonal antibody, but clinical trials in breast and pros-
tate cancer failed.48 However, this might be for a couple of
reasons. One is the potential unanticipated compensatory
changes of downstream signaling pathways or up-regulation
of other compensatory tumorigenic signaling pathways in
response to PRLR inhibition. A second reason could be that
the receptor is present intracellularly in cancer cells. Hence,
targeting the extracellular domain may not be an effective
strategy. Therefore, we believe that targeting the intracel-
lular domain may be a better approach. We have observed
that multiple antipsychotic agents can bind PRLR and affect
cell viability. As proof of principle, we have taken pen-
fluridol in our subsequent studies. We show that penfluridol
targets the JAK2 binding site in PRLR, thereby suppressing
JAK2–STAT3 and ERK/AKT signaling (Supplementary
Figure 7). Penfluridol is a Food and Drug Administration–
approved, long-lasting, and orally bioavailable drug used
for the treatment of schizophrenia.49 Recent reports have
shown that penfluridol has anticancer properties against
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breast cancer50,51 and PDAC,52 but the mechanism of action
has not been fully described. We have now determined that
this inhibition is through suppression of PRL signaling. In
addition, we have also observed that fluspirilene and
promethazine have similar activity. Because these are
approved as antipsychotic medications by the US Food and
Drug Administration, further research into these com-
pounds is warranted to determine clinical efficacy. Previous
studies have identified that DRD2, also a target for these
antipsychotic agents, is up-regulated in PDAC and may play
a role in growth of the tumor.17 However, in our current
studies, penfluridol did not appear to affect cells where
DRD2 expression was suppressed. This is similar to another
study that reported that thioridazine, also a DRD2 antago-
nist, inhibits the proliferation of breast cancer cells but is
independent of DRD2 receptor expression.53 This suggests
that the antipsychotic agents function to inhibit PDAC
growth exclusively through PRLR. Finally, growth hormone
receptor can also activate JAK2-mediated signaling.54 It
would be interesting to determine whether these compounds
also interfere with GHR (Growth hormone receptor)-JAK2
interaction, or whether the compound has a unique activity
against PRLR. These are part of the future directions of the
project.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://doi.org/10.1053/
j.gastro.2019.11.279.
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Supplementary Materials and Methods

Cells and Reagents
Human pancreatic cancer cells AsPC-1, BxPC-3, Panc-1,

MiaPaCa-2 (all cell lines obtained from American Type
Culture Collection) at passage 4 Panc 2.15, Panc 3.014, Panc
5.04, Panc 8.13, and Panc 10.05 were gifts from Johns
Hopkins University. The S2-007 and UNKC-6141 cell lines
were gifts from Dr Animesh Dhar and Dr Surinder Batra,
respectively. The cell lines were grown in RPMI 1640 or
DMEM with 4.5 g/L glucose, L-glutamine, and sodium py-
ruvate (Corning) containing 10% heat-inactivated FBS
(Sigma-Aldrich) and 1% antibiotic-antimycotic solution
(Corning) at 37�C in a humidified atmosphere of 5% CO2.
HPNE cells were kindly provided by Dr Anirban Maitra, MD
Anderson Comprehensive Cancer Center. All the cell lines
used in this study were within 20 passages after receipt or
resuscitation (approximately 3 months of noncontinuous
culturing). Penfluridol, LY255582, 4-acetylglutaranilic acid,
5-{4-[(tert-butylamino)-carbonyl]-anilino}-5-oxopentanoic
acid, 4-(ethoxycarbonyl)-glutaranilic acid, and 4-
butylglutaranilic acid (BG) were purchased from Sigma-
Aldrich, and PRL was purchased from R&D Systems
(Minneapolis, MN). For evaluating the effects of PRL, the
cells were cultured in serum-free media for 24–48 hours
before treatment with PRL (200 ng/mL). When indicated,
cells were pretreated with penfluridol. Ferric chloride
hexahydrate, ferrous chloride tetrahydrate, hydrochloric
acid, and ammonium hydroxide were obtained from Thermo
Fisher Scientific (Waltham, MA). Dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), polyacrylic acid (PAA), N-
hydroxysuccinimide (NHS), and other chemicals were pur-
chased from Sigma-Aldrich and used as received. The 1-
ethyl-3-(3-[dimethylamino] propyl) carbodiimide hydro-
chloride (EDC) was obtained from Pierce Biotechnology
(Rockford, IL). The 2-(N-morpholino)ethanesulfonic acid
(MES) sodium salt from Acros Organics and the magnetic
column were purchased from Miltenyi Biotec (Auburn, CA).

Proliferation and Apoptosis Assays
Pancreatic cancer cells were plated in 96-well plates,

allowed them to grow for 24 hours, and were treated with
increasing doses of respective compounds. Cell proliferation
was measured by enzymatic hexosaminidase assay, as
described previously.1 For apoptosis, the Apo-one Homo-
geneous Caspase-3/7 Assay kit was used to calculate cas-
pase 3/7 activity (Promega).

Clonogenicity Assay
Briefly, 350 viable pancreatic cancer cells per well were

seeded in 6-well dishes and treated with penfluridol in 10%
FBS containing RPMI1640/DMEM for 48 hours; then me-
dium with or without compound was removed, and the cells
were incubated for an additional 10 days in fresh complete
medium to form colonies. The colonies were fixed with
formalin and stained with crystal violet.

Western Blot Analysis
For Western blot analysis, pancreatic cancer cells were

washed with phosphate-buffered saline (PBS) (3 times) and
lysed in protein lysis buffer (Thermo Fisher Scientific)
containing protease inhibitor (Roche, Basel, Switzerland).
The resultant lysates were centrifuged at 6000 revolutions/
minute for 10 minutes. Protein (30–75 mg) was loaded into
gels. Cell lysates were subjected to polyacrylamide gel
electrophoresis and transferred onto Immobilon poly-
vinylidene difluoride membranes (Millipore, Bedford, MA).
These membranes were then blocked with 5% milk or 5%
BSA and probed with different antibodies. The specific
proteins were detected by the enhanced chemiluminescence
system (GE Health Care, Piscataway, NJ). Protein expression
was captured by the Bio-Rad (Hercules, CA) ChemiDoc-
XRSþ instrument and analyzed by image lab software.
PRL (sc-48383), PRLR (sc-20992), and GAPDH (sc-365062)
were purchased from Santa Cruz Biotechnology (Dallas, TX);
p-ERK (Thr202/Tyr204) (9101), ERK (4696), p-STAT3
(Tyr705) (9131), STAT3 (4904), p-JAK2 (Tyr1007/1008)
(3776), JAK2 (3230), p-Akt (Ser473) (9271), AKT (9272),
LC3B (2775), p62 (8025), ATG-5 (12994), ATG-7 (8558),
ATG-12 (4180), beclin-1 (3738), and and Bcl2 (15071) were
purchased from Cell Signaling Technology (Beverly, MA);
b-actin (A1978) was purchased from Sigma-Aldrich; and
DRD2 antibody (ab85367) was purchased from Abcam
(Cambridge, UK).

Pancosphere Assay
Cells were cultured in DMEM supplemented with 20 ng/

mL bFGF 10 mL per 500 mL of 50� B27 supplement,
epidermal growth factor 20 ng/ml (all from Life Technolo-
gies, Waltham, MA) at low densities (3000 cells/mL) in 96-
well low-adhesion plates. Cells were treated with or without
compounds. After 5 to 7 days, the number and size of
pancospheres were determined. For second passages, cells
were grown in the absence of these compounds. To evaluate
the effects of PRL on spheroid formation, we reduced the
amount of growth factors used in the culture conditions to
prevent any growth-promoting effects by these growth
factors, which can complicate the analyses, and to gain a
better idea of the role of PRL in promoting spheroid for-
mation.2 Specifically, we used one fourth the doses of
growth factors (epidermal growth factor, fibroblast growth
factor), heparin, and B12 supplements that were recom-
mended by earlier studies.2 This is the minimal concentra-
tion of growth factors necessary for cells to grow as
spheroids. Below this limit, the cells would aggregate and
die. Pancosphere formation was assessed after 5–7 days,
and the number and size of pancospheres were determined.

Scratch Plate Assay
Migration of pancreatic cancer cells was measured using

an in vitro wound-healing assay (or scratch plate assay)
performed in a 6-well plate (Becton Dickinson, Franklin
Lakes, NJ). Briefly, cancer cells were seeded at a density of
5–10 � 104 cells per well, grown to nearly confluent
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monolayers in 10% serum-supplemented DMEM/RPMI
medium, and then starved overnight in a serum-free me-
dium. Perpendicular wounds were scratched through the
cell monolayer with a sterile 10-mL pipette tip. The cells
were then washed twice very gently with PBS, and the
scratched areas were photographed at �4 or �10 magnifi-
cation with computer-assisted microscopy. PBS was
removed and replaced with 2 mL of media with or without
10% Fetal bovine Serum (FBS) and/or PRL. After 12 hours
in a humidified incubator at 37�C with 5% CO2, cells were
fixed with formalin, each well was photographed at �4
and �10 magnification, and the pictures analyzed.

Transwell Assay
Cancer cell chemotaxis was performed in a Boyden

chamber consisting of a cell culture insert (8-mm pore
polyethylene terephthalate membrane, seated in each well
of a 24-well companion plate). A total of 2 � 104 cells were
seeded in the upper chamber of an insert in serum-free
media and positioned in a 24-well plate containing serum-
free media. Prolactin was added to the medium in the up-
per chamber, and migration was carried out in a humidified
incubator at 37�C with 5% CO2 for 12 hours. Nonmigratory
cells on the upper side of the insert were removed with a
cotton swab. Then, cells were fixed with formalin and
stained with 40,6-diamidino-2-phenylindole. For quantifica-
tion, randomly selected fields on the lower side of the insert
were photographed and quantified.

Pancreatic Cancer Orthotopic Model in Mice
Five-week-old male C57BL/6 mice, purchased from The

Jackson Laboratory, were used for in vivo experiments. They
were maintained with water and standard mouse chow ad
libitum, and were used in protocols approved by the Uni-
versity’s Animal Studies Committee. Animals were injected
with 1 � 106 UNKC-6141,3 empty vector, and UNKC-6141
KD cells in the pancreas and were allowed to form a tu-
mor. The tumors were allowed to grow for 4 weeks. In
another experiment, 1 week after implantation, penfluridol
(5 mg/kg body weight) was administered intraperitoneally
daily for 21 days. At the end of treatment, the animals were
euthanized, and the tumors were removed, weighed, and
used for histology (H&E), immunohistochemistry, and
Western blot studies.

Pancreatic Cancer Patient-Derived Xenograft
Model

For the PDX model, we purchased PDX-carrying NSG
mice from The Jackson Laboratory (TM01212). The cry-
opreserved tumor tissue obtained from patients with
pancreatic cancer was cut into small pieces. The 6-week-old
NSG mice were anesthetized, and then the tissue was
implanted subcutaneously into the interscapular fat pad by
making a shallow incision in the dorsal region. Once tumors
were established, we started to treat the mice with pen-
fluridol 5 mg/kg intraperitoneally for 28 days. Tumor size
was measured weekly. At the end of treatment, the animals

were euthanized, and the tumors were removed and
weighed.

Panc-1 Xenograft Tumors in Mice
Five-week-old male athymic nude mice were procured

from Charles River Laboratory and maintained with water
and standard mouse chow ad libitum. All study protocols
were approved by the University’s Animal Studies Com-
mittee. In brief, 1 � 106 Panc-1 cells were injected in the left
and right flank of the mice and allowed to grow a xenograft
for a week. One week after injection, a palpable tumor was
observed. Subsequently, penfluridol (5 mg/kg) was admin-
istered intraperitoneally for 35 days. Tumor volumes were
measured weekly. At the end of treatment, the animals were
killed, and the tumors were removed, weighed, and use for
histology (H&E), immunohistochemistry, and Western blot
studies.

Immunohistochemistry
Paraffin-embedded tissues were cut to 4-mm sections

and deparaffinized, followed by antigen retrieval. The tissue
sections were blocked with UltraVision Hydrogen Peroxide
block for 10 minutes (Thermo Fisher Scientific). The slides
were incubated with primary antibodies overnight at 4�C.
PRL (ab64377), PRLR (35-9200), DRD2 (SAB4301831)
antibody were purchased from Abcam, Thermo Fisher Sci-
entific and Sigma Aldrich. The next day, the primary anti-
body was washed, and tissues were incubated with HRP
Polymer Quanto for 10 minutes and then developed with a
DAB Quanto Chromogen-Substrate mixture (Thermo Fisher
Scientific). Finally, the slides were counterstained with he-
matoxylin. The slides were examined in Nikon (Tokyo,
Japan) Eclipse Ti microscope under a �20 objective. The
multiorgan tumor microarray was purchased from Biomax
(Rockville, MD; catalog number BCN963): multiple-organ
carcinoma microarrays, containing 16 types of organ can-
cer with matched or unmatched adjacent normal tissue
(esophagus, stomach, colon, rectum, liver, lung, kidney,
breast, uterine cervix, ovary, bladder, lymph node, skin,
brain, prostate, pancreas). We obtained a human PDAC tis-
sue microarray from Moffitt Cancer Center (96 tumors and
54 normal pancreatic tissues) and the University of Kansas
Medical Center (87 tumor and 3 normal pancreatic tissues).

Real-Time Reverse-Transcription Polymerase
Chain Reaction Analysis

Pancreatic cancer complementary DNA panel with
matched adjacent tissue controls was obtained from Ori-
Gene (Rockville, MD). Total RNA from cell lines was isolated
using Trizol reagent (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. We used 2 mg RNA to synthe-
size complementary DNA using Superscript II reverse
transcriptase and random hexanucleotide primers (Invi-
trogen). Individual gene expression was quantified with
SYBR green reagent (Molecular Probes, Eugene, OR) and
specific primers with b-actin as an internal standard.
Primers for the polymerase chain reaction (PCR) include 50-
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TGAACAAGTGCACCGAGTTG-30 and 50-AGTGAGTAAGGCA-
GAAAGCCC-30 for PRLR and 50-GACAACGGCTCCGGCAT-30

and 50-CTCGTCGCCCACATAGGAAT-30 for b-actin, 5’-CAA-
TACGCGCTACAGCTCCAAG-3’ and 5’-GGCAATGATG-
CACTCGTTCTGG-3’ for DRD2.

Homology Modeling and Molecular Docking
The x-ray crystal structure of the human PRL receptor

intracellular domain structure is not available. Therefore,
we used the homology-modeling approach to design a
3-dimensional (3D)structure by using the online server of
I-TASSER (https://zhanglab.ccmb.med.umich.edu/I-
TASSER/), SWISS modeler (https://swissmodel.expasy.
org/interactive), and Phyre2 (http://www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id…index).4 We used the FASTA
sequence of PRLR of the intracellular domain from UniProt
(P16471) for homology modeling. The resulting 3D protein
structure was evaluated with the PDBSUM-Generate online
server and confirmed by Ramachandran plots (http://www.
ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.html).
Interaction of compounds with PRLR was studied using the
best-predicted 3D structure. To identify compounds inter-
acting with PRLR in silico, we used the idock and I-TASSER
online program, which yielded 2 compounds. Based on these
compounds, we selected similar compounds available from
Sigma-Aldrich and used them for further studies. All of the
docking calculations were carried out with AutoDock Vina
software5 to analyze the compound interactions with the 3D
structure PRLR. Later, the most stable conformation for
compounds was selected based on the scoring function and
the lowest binding energy and was visualized with PyMOL
(https://pymol.org/2/).6 AutoDock Vina is a free molecular
docking program for faster drug discovery and virtual
screening of drug molecules. It also offers high performance
and increased accuracy compared with its previous ver-
sions. AutoDock Vina software is developed in Molecular
Graphics Lab at The Scripps Research Institute (http://vina.
scripps.edu/). It analyzes a rapid energy assessment
through precalculated grids of affinity potentials and follows
a variety of algorithms to determine suitable binding posi-
tions. The 3D grid box is generated containing all active site
residues and a grid center coordinate consisting of grid
spacing of 1.0 Å and 60 � 60 � 60 point size. All docking
calculations were performed by using default parameters of
the AutoDock tools. Total Kollman and Gasteiger charges
were added to the protein and the ligand before docking.
The Lamarckian genetic algorithm was used to find the best
conformations. Approximately 10 conformations for each
compound were selected. The interaction of penfluridol
with the binding site of DRD2 was carried out with Auto-
Dock Vina by using same protocol. The DRD2 protein
structure was downloaded from the Protein Data Bank
(identifier: 6CM4.pdb),7 and the grid was generated around
the risperidone binding site for docking.

Cellular Thermal Shift Assay
The ability of penfluridol to interact with and stabilize

PRLR in cells was studied with the cellular thermal shift

assay.8 Briefly, MiaPaCa-2 cells were cultured and grown to
70%–80% confluence. The cell suspension was treated with
media containing DMSO or penfluridol (5, 10, and 20 mmol/
L) for 4 hours. After treatment, the cell suspension was
aliquoted into PCR tubes and heated for 3 minutes at
different temperature gradients. Subsequently, cells were
lysed by using 2 repeated freeze–thaw cycles using liquid
nitrogen, followed by centrifugation for 20 minutes. The
resultant proteins were diluted with 4� Laemmli buffer,
boiled at 70�C for 10 minutes and loaded onto 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) gel, transferred to polyvinylidene difluoride mem-
brane, and incubated with PRLR antibody at a concentration
of 1:1000. Protein levels on Western blot were pictured by
the Bio-Rad ChemiDoc-XRSþ instrument and analyzed by
Image Lab software (Bio-Rad).

Drug Affinity Responsive Target Stability
The ability of Penfluridol to interact with and stabilize

PRLR in cells was studied by using drug affinity responsive
target stability.9 Cells were lysed by using M-PER
(Mammalian Protein Extraction Reagent, Thermo Fisher
Scientific) lysis buffer supplemented with protease inhibitor
cocktail tablet, collected by scraping off with a cell scraper,
and lysed on ice for 10 minutes, followed by centrifugation
to pellet cell debris; supernatant was transferred to fresh
tubes, followed by protein estimation using the bicincho-
ninic acid assay (BCA assay) method. Cell lysates were
divided into equal-concentration aliquots and incubated
with DMSO or penfluridol (5, 10, and 20 mmol/L) for 30
minutes with shaking. After incubation, respective lysates
were divided into equal parts and treated with pronase (10
mg/mL) from 1:400; 1:800; 1:1600; 1:3200; 1:6400;
1:12,800; 1:26,000; and 1:57,000 protein:pronase ratio for
10–15 minutes. The protease digestion was stopped by
using 20� protease inhibitor cocktail and further incubated
for 10 minutes on ice. The resultant protein samples were
diluted with 4� Laemmli buffer, boiled at 70�C for 10 mi-
nutes, loaded onto 10% SDS-PAGE gel, transferred to poly-
vinylidene difluoride membrane, and incubated with PRLR
antibody at a concentration of 1:1000. Protein levels on
Western blot were pictured by the Bio-Rad ChemiDoc-XRSþ
instrument and analyzed by Image Lab software.

Small Interfering RNA Transfection
DRD2 knockdown in cancer cells was performed with a

pool of 3 target-specific 19.25-nucleotide small interfering
RNA (siRNA) (sc-35161, Santa Cruz Biotechnology). Trans-
fection was performed using Lipofectamine-2000 (Invi-
trogen) and OptiMEM (Life Technologies) according to
manufacturer recommendations. Briefly, cells were plated at
2 � 105 cells per well into 6-well plates or 5000 cells per
well in 96-well plates and transfected by using either a
combination of si scramble or siRNA. The concentration of
siRNA used was 80 nmol/L. Lipofectamine-2000 (Invi-
trogen) was used as the transfection reagent. Six hours after
transfection, cells were washed with PBS and treated with
10% serum containing DMEM. The knockdown was
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confirmed with real-time PCR and Western blot at 24 and
48 hours after transfection, respectively. Twenty-four hours
after siRNA transfection, cells were treated with penfluridol,
and proliferation was measured with hexosaminidase assay.
All data plotted were statistically analyzed.

Short Hairpin RNA Transduction
PRLR knockdown in cancer cells was done by using the

lentiviral short hairpin RNA (shRNA) particles. shRNA plas-
mids for PRLR and scrambled were procured from Sigma-
Aldrich. Lentiviral particles were generated using the pLVX
Advanced plasmid system (ClonTech Laboratories, Mountain
View, CA) in Lenti-X cells, transfected with the pGIPZ set of
packaging plasmids generously donated by Roy Jensen.
Pancreatic cancer cells were transduced with PRLR shRNA
lentivirus, followed by selection with 10 mg/mL of puromy-
cin (Life Technologies). Cells were consistently maintained in
0.4 mg/mL puromycin after selection unless otherwise noted.

Clustered Regularly Interspaced Short
Palindromic Repeats–Cas9 Transfection

Knockout of the PRLR protein in pancreatic cancer cells
was done by using the CRISPR/Cas9 gene editing tool. For
this, the PRLR gene sequence was edited by targeting mul-
tiple sites in the PRLR gene for both human and mouse
separately. Guide RNA sequences, specific to mouse and
human PRLR genes, were procured from OriGene. For stable
cell line development, donor plasmids with green fluores-
cent protein and puromycin resistance cassette inserts were
used. Donor plasmid was inserted into the target genome
sequence by using the homology directed repair (HDR)
repair mechanism using guide RNA targeted sequences as a
template for the insertion of donor plasmid. Guide RNA and
donor plasmids were transiently transfected in pancreatic
cancer cells lines (MiaPaCa-2 and UNKC-6141) using Lip-
ofectamine 2000. Cells were grown in serum- and antibiotic-
free media 18 hours before transfection. After 4 hours of
transfection, the media was changed with complete media
containing serum and antibiotics. Cells were further grown
for 5 or 6 passages and were treated with puromycin for
PRLR -knockout clone selection. PRLR-knockout clones
were selected and used for further studies.

Magnetic Susceptibility Studies
The overall size and zeta potential of nanoparticles were

measured by using dynamic light scattering studies with a
Zetasizer Nano ZS90 from Malvern Instruments (Worces-
tershire, UK). Magnetic resonance data were collected using
a benchtop magnetic relaxometer from Bruker (Billerica,
MA), mq20, B … 0.47T (B … magnetic flux density, T …
Tesla). The spin–spin magnetic relaxation times, designated
as T2, were measured by using the magnetic relaxometry
and expressed in milliseconds. For each magnetic relaxation
experiment, a control sample was prepared and run paral-
lelly to obtain the corresponding magnetic relaxation time;
this was treated as a baseline. This value was deducted from
the corresponding binding experiment data to obtain any
effective binding, DT2.

Synthesis of Polyacrylic Acid–Coated Magnetic
Nanosensor

Magnetic nanoparticles were synthesized by using the
water-based precipitation method. Three solutions were
prepared: (1) iron salt solution (0.9 g of FeCl3 and 0.2 g of
FeCl2 in 2mol/L HCl solution), (2) alkaline solution (30%
NH4OH solution in N2-purged deionized water), and (3) PAA
solution in water. The iron salt solution was added to the
alkaline solution, followed by the addition of the stabilizing
agent. The reaction was continued for 60 minutes. There-
after, the resulting magnetic nanosensor (MnS) was centri-
fuged to get rid of macro-sized particles and then purified
with a magnetic column. The concentration of iron in the
magnetic nanoparticles was determined with our previously
reported procedure and was found to be 7.5 mmol/L. The
overall size of the MnS was 71 ± 2 nm, with a polydispersity
index of 0.28 and the negative zeta potential (z … –28 mV)
confirmed for the presence of carboxylic acid groups (from
PAA coatings) on the surface.

Synthesis of Prolactin Receptor Peptide–

Conjugated Magnetic Nanosensor: Carbodiimide
Chemistry

To synthesize PRLR peptide–conjugated MnS, 5 mL of
MnS suspension was mixed with EDC (10 mmol/L) and
mixed for 10 seconds, followed by NHS (10 mmol/L) in MES
buffer (pH 6.0) added and incubated for 3 minutes at room
temperature on a table mixer. Finally, PRLR peptide (10
mmol/L) in 500 mL of PBS (pH … 7.4) was added to the
reaction mixture dropwise and kept for incubation at room
temperature on the table mixer for a minimum of 3 hours.
The resulting PRLR peptide–MnS suspension was purified
by passing it through the magnetic column, washed with
PBS, and suspended in PBS solution (pH … 7.4).

Surface Plasmon Resonance Spectroscopy
SPR experiments were performed with a Reichert (Buf-

falo, NY) SPR system SR7500DC at 25�C. The PRLR was
captured on a CM5 sensor chip. To activate the sensor chip,
a mixture of 40 mg/mL of EDC and 10 mg/mL NHS solution
was injected. Next, a 10-minute injection of 1 mol/L etha-
nolamine pH 8.5 was used to block the unreacted sites on
the sensor chip. Penfluridol at concentrations of 1, 5, and 10
mmol/L was perfused over the surface of PRLR at a flow rate
of 50 mL/minute. After each injection, the surface of the chip
was regenerated by injection of 10 mmol/L glycine at pH
1.5. Scrubber 2 software was used for data analysis. The
equilibrium dissociation constant (KD) determined from SPR
analysis was 1.6 mmol/L.

The Cancer Genome Atlas (TCGA) Data
The TCGA data is extracted by using Xena browser,

Firebrowse and the human tissue atlas.

Statistical Analysis
All values are expressed as the mean ± standard error of

the mean. Data were analyzed with an unpaired 2-tailed t test.
A P value of less than .05 was considered statistically
significant.
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Supplementary Figure 1. (A) Differential RNA expression of PRLR in various normal tissues. The samples were adapted from
the Genotype-Tissue Expression (GTEx) data set. RNA-sequencing data are reported as median (in reads per kilobase per
million mapped reads [RPKM]), generated by the GTEx project. (B) The PRLR pathway gene set used for analyses with the
GeneAnalytics program (http://geneanalytics.genecards.org). (C) GeneAnalytics analysis: the top-ranked tissues and cells
related to the PRLR pathway gene set. (D) GeneAnalytics analysis: the top-ranked diseases related to the PRLR pathway gene
set. (E) Immunohistochemistry was used to evaluate PRLR expression in multiple cancer tissues (kidney, bladder, uterine
cervix, lung, lymph node, skin, and brain). PRLR is differentially up-regulated in several cancers (N, normal; T, tumor). (F)
Immunohistochemistry was used to evaluate PRLR expression in a PDAC tumor microarray obtained from Moffitt Cancer
Center. Only b cells express high PRLR levels in normal pancreas. However, in tumors, PDAC cells show high levels of PRLR
expression. (G) Immunohistochemistry was used to evaluate PRLR expression in pancreatic tumor (PCa) microarray from the
University of Kansas Cancer Center. Pancreatic tumors show high levels of PRLR expression, whereas expression in normal
pancreas is low. Again, pancreatic b cells express high PRLR levels in normal pancreas. (H) Immunohistochemistry: composite
score shows significantly high expression of PRLR in tumor compared with normal pancreas (P … .024). (I) Immunohisto-
chemistry: composite score shows significantly higher levels of PRLR expression in various differentiation status of PDAC
compared with normal pancreas (P < .05). (J) Composite score of immunohistochemistry shows significantly higher
expression of PRLR in the various stages of PDAC compared with normal pancreas (p < .05). (K) Immunohistochemistry:
patient characteristics including sex, age, lymphovascular invasion (LVI), perineural invasion (PNI), and tumor size are inde-
pendent of PRLR expression. The composite score is the sum of the level of PRLR staining and the number of PRLR-positive
cells. (L) Differential gene expression of PRLR between normal and tumor patient samples obtained through the Firebrowse
server. PRLR gene expression is high in tumor samples compared with normal samples of breast and pancreatic cancer
(RSEM, RNA-Seq by Expectation Maximization). (M) Differential expression of prolactin (PRL) mRNA in the various normal
tissues adapted from the GTEx data set. RNA-sequencing data are reported as median RPKM, generated by the GTEx project.
(N) PRL RNA-sequencing data in cancer types are reported as median number of fragments per kilobase of exon per million
reads (FPKM), generated from data obtained from TCGA. (O) Kaplan–Meier plot showing that high copy number of the PRL
gene correlates with low survival in patients with cancer from the TCGA Pan-cancer (PanCan) cohort (P < .0001). (P) PRL
mRNA levels are up-regulated across primary pancreatic adenocarcinomas (n … 145) compared with normal pancreatic tissue
(n … 46), as previously reported from microarray expression data downloaded from the Gene Expression Omnibus (accession
number: GSE71729) (P … .0042). (Q) Immunohistochemistry was used to evaluate PRL expression in PDAC TMA. Only b cells
express high PRL levels in normal pancreas. However, in tumors, PDAC cells show high expression of PRLR. (R) Western blot
analysis shows that PRL levels are higher in pancreatic cancer cell lines. (S) Differential expression of DRD2 mRNA in the
various normal tissues adapted from the GTEx data set. RNA-sequencing data are reported as median RPKM, generated by
the GTEx project. (T) DRD2 RNA-sequencing data in cancer types are reported as median FPKM, generated from data ob-
tained from TCGA. (U) DRD2 mRNA levels are significantly high in PDAC cancer (P < .01) in the TCGA database. (V) Kaplan–
Meier plot shows that high gene expression of the DRD2 gene correlates with low survival in with cancer from the TCGA Pan-
cancer (PanCan) cohort (P … .912). (W) Immunohistochemistry to evaluate DRD2 expression in pancreatic tumor microarray
from the University of Kansas Cancer Center. Pancreatic tumors show high levels of DRD2 expression, whereas expression in
normal pancreas is low. Again, pancreatic b cells express high DRD2 levels in normal pancreas. (X) Immunohistochemistry:
composite score shows significantly high expression of DRD2 in tumor compared with normal pancreas. (Y) Composite score
of immunohistochemistry shows significantly higher expression of DRD2 in various types of PDAC compared with normal
pancreas.
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Supplementary Figure 1. (continued).
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Supplementary Figure 2. (A) Western blot analysis shows that PRLR is present in both nuclear and cytoplasmic fraction in
Panc-1 and MiaPaCa-1 PDAC cell lines. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Lamin B were used as
internal controls for cytoplasmic and nuclear extracts, respectively. (B) PRL treatment at increasing doses (50–200 ng/mL)
does not affect proliferation of PDAC cells for up to 72 hours. (C) PRL affects pancosphere formation. PDAC cells were grown
in specific spheroid media in ultra-low-binding plates and treated with increasing doses of PRL (0–200 ng/mL). The panco-
spheres were photographed and counted after 10 days. A significant increase in spheroid size was observed in the presence of
PRL. (D) PRL affects transwell migration. PRL (200 ng/mL) treatment induces migration in MiaPaCa-2 and Panc-1 cell lines
over a period of 12 hours in a transwell/Boyden chamber assay. After 12 hours, cells fixed with formalin, stained with 40,6-
diamidino-2-phenylindole and imaged with a fluorescence microscope. (E) PRL affects scratch plate migration. PRL (200
ng/m:) treatment induces migration in MiaPaCa-2 cell lines over a period of 12 hours in scratch plate assay, photographed with
a light microscope. h, hour.
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Supplementary Figure 3. (A) Western blot analyses show that suppressing PRLR expression leads to reduced phosphory-
lation of ERK, STAT3, and AKT in MiaPaCa-2 and UNKC-6141 PDAC cells where PRLR is knocked down. M64 and U518 are
clustered regularly interspaces short palindromic repeats (CRISPR)/Cas9 PRLR knockdown clone of MiaPaCa-2 and UNKC-
6141 cells, respectively. Scr, scrambled shRNA; sh-PRLR: PRLR-specific shRNA. (B) MiaPaCa-2 and UNKC-6141 cells
lacking PRLR exhibited lower rates of proliferation compared with their respective control cells (P < .05). (C) Cells lacking
PRLR showed reduced ability to migrate in the scratch plate assay compared with their respective control cells. (D) UNKC6141
cells with shRNA alone (control (Ctrl], Scr, sh-PRLR) or after CRISPR (U518, U518-Scr, U518-Sh) were injected into the
pancreas of C57BL/6 mice, and tumors were allowed to develop for 28 days. On day 29, tumors were excised and subjected to
further analyses. All of the PRLR-knockdown cells (sh-PRLR, U518, U518-scr, U518-sh) developed smaller tumors compared
with the control group. (E) Immunohistochemistry analyses of PRLR down-regulated U518-sh tumors showed a lower number
of proliferating cell nuclear antigen (PCNA)–positive nuclei than control tumors (P < .01). (F) Quantification of the number of
PCNA-positive cells showed reduced numbers of PCNA-positive nuclei in U518-sh cells compared with controls. (G) The
excised PDAC orthotopic tumors were cut into small parts, homogenized in lysis buffer, sonicated, and subjected to Western
blot analyses. PRLR–down-regulated U518-sh-PRLR tumors showed reduced levels of ERK, STAT3, and AKT phosphory-
lation compared with controls.
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Supplementary Figure 4. (A) Homology modeling. The Phyre2 online server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.
cgi?id…index) was used to generate the protein structure of the cytoplasmic domain of PRLR. The JAK2 binding site is
shown in green. (B) The predicted homology model is characterized by Ramachandran plot (http://www.ebi.ac.uk/thornton-
srv/databases/pdbsum/Generate.html). (C) The fragment-based drug discovery approach was used to identify structurally
similar compounds, as indicated in red boxes in panel A. Six compounds were identified initially, and penfluridol, a known
antipsychotic drug, was found to bind the receptor as well as inhibit proliferation in PDAC cells. Furthermore, 6 drugs
belonging to 3 different chemical class of antipsychotic drugs were identified such as butyrophenones (haloperidol and
pipamperone), diphenylbutylpiperidines (fluspirilene and pimozide) and phenothiazines (promethazine and fluphenazine). (D, E)
Molecular docking. AutoDock Vina software (http://vina.scripps.edu/) was used to perform docking of selected compounds
into PRLR protein cavity. JAK2 binding site (green) was used to design the grid. The best stable conformation is presented
(yellow, interacting residues; pink, compound). (F) Molecular docking. The table shows molecular docking interactions and
consequence scores of best conformations of compound–PRLR binding. (G) Antiproliferative activity in MiaPaCa-2 and Panc-
1 cells. Cells were incubated with increasing doses (0–40 mmol/L) of LY255582 (LY), 4-acetylglutaranilic acid (AG), 5-{4-[(tert-
Butylamino)carbonyl]anilino}-5-oxopentanoic acid (PA), 4-(ethoxycarbonyl)-glutaranilic acid (EGA), and 4-butylglutaranilic acid
(BG) for up to 72 hours and analyzed for cell proliferation. None of these compounds inhibits proliferation. (H) Antiproliferative
activity in MiaPaCa-2 and Panc-1 cells. Cells were incubated with increasing doses (0–40 mmol/L) of haloperidol, prom-
ethazine, and pipamperone for up to 72 hours and analyzed for cell proliferation. These compounds inhibit proliferation at
higher doses. (I) Penfluridol inhibits proliferation of pancreatic cancer cells. Cells were incubated with increasing doses of
penfluridol (0–40 mmol/L) for up to 72 hours and analyzed for cell proliferation. Penfluridol treatment suppressed PDAC cell
proliferation in all cell lines when compared with untreated controls in a dose- and time-dependent manner. (J) The half
maximal inhibitory concentration (IC50) values for antiproliferative effects of antipsychotics are summarized in the table. (K) The
IC50 values for the antiproliferative effects of penfluridol against PDAC cell lines are summarized in the table. (L) Fluphenazine,
fluspirilene, pimozide (10 mmol/L) and promethazine (30 mmol/L) inhibit colony formation. Pancreatic cancer cell lines were
incubated with compounds for 48 hours and allowed to grow into colonies for 10 days. Incubation with these compounds
inhibits colony formation at higher concentrations only. (M) Penfluridol inhibits colony formation. Pancreatic cancer cell lines
were incubated with 4 mmol/L penfluridol for 48 hours and allowed to grow into colonies for 10 days. Incubation with pen-
fluridol inhibits colony formation. (N) Spheroid formation assay. MiaPaCa-2 and PanC-1 cells were grown in specific spheroid
media in low-adherent plates and treated with increasing concentrations of compounds (AG, PA, EGA, and BG, 2–8 mmol/L).
After 5 days, the pancosphere were photographed and counted. The compounds did not affect spheroid formation. (O) None
of the compounds affected the number of spheroids. (P) Penfluridol (4 mmol/L) inhibits proliferation of PDAC cell lines
MiaPaCa-2 and Panc-1 in the presence of PRL (200 ng/mL) over a period of 48 hours (P < .01). (Q) Antipsychotic drugs induce
autophagy. Lysates from MiaPaCa-2 or Panc-1 cells incubated with fluphenazine, fluspirilene, pimozide, and promethazine
(IC50 value) were analyzed by Western blotting for LC3B and p62. (R) Caspase-3/7 assay: MiaPaCa-2 and Panc-1 cells were
treated with PEN (2–8 mmol/L) over a period of 48 hours. Commercial caspase-3/7 assay kit was used to estimate activity.
Penfluridol induced caspase-3/7 activation at 48 hours at 8-mmol/L concentration (P < .001), whereas lower concentrations
were unable to induce caspase-3/7 activation. (S) Penfluridol (0–5 mmol/L) did not inhibit proliferation of PDAC cell lines
MiaPaCa-2 and UNKC-6141 when PRLR was knocked down to the same levels as their PRLR-sufficient respective controls
(Ctrl). M64 and U518 are CRISPR/Cas9 clones knocking down PRLR from MiaPaCa-2 and UNKC-6141 cells, respectively.
Scrambled shRNA (Scr), sh-PRLR, and PRLR-specific shRNA. (T) IC50 values. Penfluridol did not inhibit proliferation of PDAC
cell lines MiaPaCa-2 and UNKC-6141 lacking PRLR to the same level as their PRLR-sufficient respective controls. (U) Pen-
fluridol and gemcitabine combination inhibits proliferation of pancreatic cancer cells. Cells were incubated with increasing
doses of a combination of penfluridol (PEN, 0–20 mmol/L) with gemcitabine (0–10 mmol/L) for up to 72 hours and analyzed for
cell proliferation. Penfluridol and gemcitabine combination treatment suppressed PDAC cell proliferation in all cell lines
compared with untreated controls in a dose- and time-dependent manner. (V) Penfluridol (PEN) and gemcitabine (GEM)
produce synergistic activity in PDAC cell lines. Combinatorial index (CI) values are as follows: synergism (S), CI of 0.3–0.7;
moderate synergism (MS), CI of 0.7–0.85; slight synergism (SS), CI of 0.85–0.9 (W) The normalized isobolograms showing for
combination of penfluridol and gemcitabine in PDAC cells. M, mol/L.
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Supplementary Figure 4. (continued).
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Supplementary Figure 4. (continued).
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Supplementary Figure 5. (A) Magnetic relaxometric technique. Iron supermagnetic nanoparticles were synthesized and
conjugated with JAK2 binding peptide. The nanoparticles were then incubated with penfluridol (500 nmol/L) (P < .001). Higher
T2 values were recorded after compound binding to the peptide conjugate. (B) Penfluridol binds to the PRLR JAK2 binding
site. Iron supermagnetic nanoparticles were synthesized and conjugated with JAK2 binding peptide and incubated with
penfluridol (500 nmol/L). Maximum binding occurs at 1 hour, after which the binding reduces. (C) Drug affinity responsive
target stability (DARTS). MiaPaCa-2 cells were treated with different concentrations of penfluridol (0–20 mmol/L) and subjected
to lysis with different concentrations of pronase. Resulting lysates were subjected to Western blot analyses. Penfluridol
protected PRLR against pronase-induced cell lysis, suggesting penfluridol–PRLR binding. STAT3 stability is not affected by
PEN, suggesting lack of interaction of the protein with the compound. This also suggests specific binding of the compound to
PRLR. (D) Antipsychotic drugs fluphenazine, fluspirilene, pimozide, and promethazine inhibits PRL-induced ERK and STAT3
phosphorylation. Cells were pretreated with antipsychotic drugs for 4 hours, followed by PRL for 30 minutes. Western blot
analyses show reduced ERK and STAT3 phosphorylation in response to antipsychotic drugs.
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Supplementary Figure 6. (A) UNKC-6141 and KPCC cells were allowed to grow for 7 days and form tumors in the pancreas of
C57BL/6 mice (n … 10). Subsequently, penfluridol (5 mg/kg of body weight) was injected intraperitoneally every day for 21
days. On day 29, tumors were excised and subject to further analyses. Penfluridol treatment resulted in significantly lower
tumor weight when compared with control (P < .01). (B) Penfluridol (PEN) treatment significantly reduced the tumor size in
UNKC-6141 cells. (C) Penfluridol treatment significantly reduced the tumor size in KPCC. (D) Penfluridol treatment resulted in
significantly lower size compared with control in PDX tumor tissue. (E) Penfluridol treatment resulted in significantly (P < .01)
smaller tumor size compared with control in Panc-1 xenograft tumors. (F, G) Immunohistochemistry analysis of penfluridol-
treated tumors shows lower numbers of PCNA-positive nuclei than control tumors in C57BL/6 mice carrying orthotopic tu-
mors of UNKC6141 and KPCC cells.
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Supplementary Figure 7. Schematic representation of PRL–PRLR signaling and inhibition of tumor growth in PDAC.
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