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Growth hormone receptor inhibition decreases the
growth and metastasis of pancreatic ductal
adenocarcinoma

Ramadevi Subramani, Rebecca Lopez-Valdez, Alyssa Salcido, Thiyagarajan Boopalan, Arunkumar Arumugam,
Sushmita Nandy and Rajkumar Lakshmanaswamy

Pancreatic cancer is the only major cancer with very low survival rates (1%). It is the fourth leading cause of cancer-related
death. Hyperactivated growth hormone receptor (GHR) levels have been shown to increase the risk of cancer in general and this
pathway is a master regulator of key cellular functions like proliferation, apoptosis, differentiation, metastasis, etc. However, to
date there is no available data on how GHR promotes pancreatic cancer pathogenesis. Here, we used an RNA interference
approach targeted to GHR to determine whether targeting GHR is an effective method for controlling pancreatic cancer growth
and metastasis. For this, we used an in vitro model system consisting of HPAC and PANC-1 pancreatic cancer cells lines. GHR
is upregulated in both of these cell lines and silencing GHR significantly reduced cell proliferation and viability. Inhibition of
GHR also reduced the metastatic potential of pancreatic cancer cells, which was aided through decreased colony-forming ability
and reduced invasiveness. Flow cytometric and western blot analyses revealed the induction of apoptosis in GHR silenced cells.
GHR silencing affected phosphatidylinositol 3 kinase/AKT, mitogen extracellular signal-regulated kinase/extracellular signal-
regulated kinase, Janus kinase/signal transducers and activators of transcription and mammalian target of rapamycin signaling,
as well as, epithelial to mesenchymal transition. Interestingly, silencing GHR also suppressed the expression of insulin receptor-f§

and cyclo-oxygenease-2. Altogether, GHR silencing controls the growth and metastasis of pancreatic cancer and reveals its

importance in pancreatic cancer pathogenesis.
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INTRODUCTION

Cancer of the pancreas occurs most often in cells of the
exocrine compartment, which accounts for 95% of all
pancreatic cancer cases. In particular, pancreatic ductal
adenocarcinoma (PDAC) is the most common type (90%) of
pancreatic cancer diagnosed in the exocrine component of the
pancreas. Pancreatic cancer incidence and mortality rate are
nearly equivalent and the 5-year survival rate is estimated at
only 1%.! This makes the pancreatic cancer one of the
most lethal malignant carcinomas affecting humans.?
This dismal prognosis is due to absence of early warning
signs and symptoms.® This is also due to PDAC resistance/
unresponsiveness to existing conventional treatments like
chemotherapy and radiation therapy.? These characteristics
coupled with the highly invasive nature of PDAC translate to
a median survival rate of <6 months in most pancreatic
cancer patients.’

Most PDAC cases (99%) are reported to arise from KRAS
gene mutation. However, this known genetic information has
not yet led to the development of effective targeted therapeutic
strategies. This indicates that there is still much lacking in
understanding the molecular mechanisms involved in PDAC
pathogenesis. Growth hormone receptor (GHR), a member of
the cytokine receptor superfamily, has been shown to regulate
multiple cellular pathways including KRAS and insulin-like
growth factor-1 receptor (IGF-1R) signaling® In fact, an
increased level of GHR in pancreatic cancer cells has been
demonstrated in earlier studies.® Therefore, GHR could serve
as a valid target to study in pancreatic cancer tumorigenesis
because it has a direct role in KRAS signaling and is aberrantly
expressed in a majority of cancer types, including pancreatic
cancer.

Growth hormone (GH) activates mitogenic signaling
through Janus kinase (JAK)/signal transducers and activators
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of transcription (STAT), mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) and mam-
malian target of rapamycin (mTOR) pathways.” GHR is also
known to mediate its effects via IGF-1R.®2 IGF-1R overexpres-
sion has often been noted in pancreatic cancer and has been
tied to resistance to apoptosis, increased growth and survival,
etc., of pancreatic cancer.’ Thus, there is clear evidence that the
GH/IGF1 signaling axis is involved in the development and
progression of pancreatic cancer, as well as, many other cancer
types.!? However, the molecular mechanisms and signaling
pathways responsible are only beginning to be unraveled. In
fact, the role of GHR in pancreatic cancer has not yet been well
studied. To our knowledge, this is the first study assessing the
role of GHR in PDAC, revealing for the first time the
importance of GHR in pancreatic tumorigenesis.

MATERIALS AND METHODS

Ethics statement

All the experiments performed were approved and performed follow-
ing the guidelines of the Institutional Biosafety Committee of Texas
Tech University Health Sciences Center.

Cell lines, reagents and antibodies

PDAC cell lines such as PANC-1, HPAC and MIAPaCa-2 were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA); PANC-1 and HPAC cells were maintained in
RPMI-1640 media supplemented with 10% fetal bovine serum, 100
units mI™' of penicillin and 100 pgml™! of streptomycin. MIAPaCa-2
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS and 2.5% horse serum. Normal human
pancreas cell line hTERT-HPNE (CRL-4023) was obtained from
ATCC and maintained in 75% Dulbecco’s modified Eagle’s medium
and 25% M3 base medium supplemented along with 5% FBS, 10
ngml™' human recombinant epidermal growth factor, 5.5mm b-
glucose and 750 ng ml~! puromycin. Cells were maintained at 37 °C in
a humidified atmosphere with 5% carbon dioxide.

TransIT- siQUEST transfection reagent was obtained from Mirus
Bio (Madison, WI, USA). Transwell plate inserts (6.5mm, 8.0 pm
pore polycarbonate membrane) were purchased from Corning Incor-
porated (Corning, NY, USA). BD Pharmingen Annexin V-FITC
Apoptosis Detection Kit I (San Diego, CA, USA) and BD Matrigel
was purchased from BD Biosciences (Bedford, MA, USA). GHR small
interfering RNA (siRNA) targeting and GHR gene was obtained from
Origene (Rockville, MD, USA). Bovine serum albumin was procured
from Sigma-Aldrich Corporation (St Louis, MO, USA). Mammalian
protein extraction reagent was acquired from Thermo Scientific
(Rockford, IL, USA). Promega’s (Madison, WI, USA) MTS reagent
[3-(4, 5- dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium] was used for cell viability assays.

Antibodies used in this study are as follows: STAT3 (H-190), pERK
(sc-101760), ERK (sc-94) (sc-7179), AKT (5298), pAKT (sc-101629)
and Bcl-2 (sc-783) were acquired from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). IR-f (3024), pIRS-1(2388), IRS-1(2382),
pSTATS3 (ser 727) (4113), pPI3K p85(4228), PI3K p85(4292), pPTEN
(9549), pmTOR(2974), mTOR(4517), pp70s6kinase (9206), p70s6ki-
nase (9202), Bax (2772), caspase 3 (9661), PARP (9542), Notch 2
(4530P), Snail (3879), E-cadherin (3195), N-cadherin (4061), Zeb
(3396), Vimentin (5741), Slug (9585), IGF-1R(3027), Ras(3965) and
COX-2 (4842) were acquired from Cell Signaling Technology (Boston,
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MA, USA). GHR (ab 78426) and caspase 8 (ab 25901) antibodies was
purchased from Abcam (Cambridge, MA, USA).
B-Actin was procured from Sigma-Aldrich Corporation. Appropriate
secondary antibodies were obtained from Santa Cruz Biotechnology.

Expression of GHR in human pancreas adenocarcinoma
Immunohistochemistry was done to determine the expression levels of
GHR in human pancreas adenocarcinoma tissue microarray (TMA);
obtained from US Biomax, Inc., Rockville, MD, USA. The TMA
contains formalin-fixed paraffin-embedded samples of normal pan-
creatic and pancreatic adenocarcinoma tissues with varying tumor
stages (stages 1—4). Institutional Review Board approval was not
required for using TMAs.

Immunohistochemistry for GHR antigen was performed using the
pancreas adenocarcinoma TMA. Tissue adhesion was enhanced by
incubating the charged glass slide at 58 °C for 2 h. Deparaffinization
and rehydration was achieved by xylene and serial ethanol baths (100,
95, 70, 50 and 30%), respectively. Heat-induced epitope retrieval with
trilogy (Cell Marque, Rocklin, CA, USA) was then done to unmask the
antigenic sites. Perox-free blocking reagent (Cell Marque) was added
to inhibit nonspecific antibody binding. TMAs were incubated with
GHR antibody (1:50 dilution) overnight at 4°C. Ultra Marque
polyscan HRP Label (Cell Marque) was then added for 1h. After
phosphate-buffered saline wash, TMAs were stained with the chromo-
gen solution (Cell Marque) for 20min. The TMAs were then
counterstained with hematoxylin for 40 s. The TMAs were dehydrated
with serial ethanol baths (30, 50, 70, 95 and 100%) followed by a
xylene bath. Finally, TMAs were mounted with the mounting media
(Surgipath Medical Industries, Richmond, IL, USA) and digital images
were obtained using a Nikon Microscope- ECLIPSE 50i (Brighton, MI,
USA).

Transfections of GHR siRNA in PANC-1 and HPAC cells
siRNA targeting GHR was transiently transfected into PANC-1 and
HPAC cells using MIrus bio TransIT siQUEST transfection reagent. A
non-targeting siRNA sequence (Scrambled) was used as a control. In
brief, cells were seeded at a density of 2.5 X 10° cells per well in six-well
plates. Cells were transfected with different siRNA subtypes (A, B and
C) at 10 nm concentration for 48 h using Mirus siQUEST transfection
reagent. According to the manufacturer’s protocol, siRNA and
transfection reagent ratio was maintained as 1:0.5 for efficient silencing
without toxicity. The 10 nm concentration of siRNAs was found to be
sufficient for maximum silencing of GHR in both the cell lines. After
48 h, transfected cells were used for protein isolation or invasion,
migration, clonogenicity or apoptosis studies. To assess the biological
effect of GHR in pancreatic carcinogenesis, GHR silenced PANC-1
and HPAC were used for all the experiments.

Cell viability assay

PANC-1 and HPAC cells were transfected with GHR siRNA at a final
concentration of 10 nm for 48 h along with scrambled controls. For
this assay, PANC-1 and HPAC cells were seeded in 96-well plates at a
density of 0.3x10% cells per well and 0.5x10* cells per well,
respectively. After 48h, the MTS assay was performed as per the
manufacturer’s instructions. Absorbance at 490 nm was quantified on
the Victor X4 2030 plate reader (Perkin Elmer, Waltham, MA, USA).

Colony formation assay
PANC-1 and HPAC cells were transfected with GHR siRNA as
described above. Transfected cells were then seeded at a density of



2x10* cells in 60-mm dishes containing a top layer of 0.7% agar and
a bottom layer of 1% agar. Cells were incubated at 37 °C until visible
colonies formed (approximately 3-4 weeks). Colonies were then
stained with 0.2% crystal violet and visible colonies were counted
manually in five separate fields per dish.

Scratch assay

Cell migration in GHR silenced cells was measured via scratch assay
technique. Transfected cells were seeded in six-well plates at a density
of 3.5x 10°cells per well and allowed to reach monolayer confluence.
At this time, a scratch was gently made with a sterile pipette tip in each
monolayer culture. All detached cells were removed with phosphate-
buffered saline wash; cell monolayers were then replenished with fresh
media and monitored continuously for 96 h using the Biostation CT
(Nikon Instruments Inc., Melville, NY, USA). Photographs were
automatically captured every 2h over a period of 96 h. The resulting
migration images were recorded and analyzed using NIS-Element AR
software (Melville, NY, USA).

In vitro cell migration and invasion assay

GHR silenced PANC-1 and HPAC cells were trypsinized and
resuspended in FBS-free RPMI-1640 media. Migration assay was
performed using a total of 5x 10 cells in the top chamber of the
transwell with a noncoated polycarbonate membrane. Similarly, the
invasion assay was executed by seeding 2x10* cells in the top
chamber of the transwell polycarbonate membrane coated with
matrigel at a concentration of 1mgml™'. RPMI-1640 media with
10% FBS was used as a chemoattractant in the lower chamber.
Migrating and invading cells on the lower surface of the membrane
were fixed with 5% formalin and stained with 0.2% crystal violet after
48-h incubation. Images of migratory and invading cells were captured
using the Nikon Eclipse TS 100 microscope at X 20 magnification.
Cells were then counted in a blinded manner at five or six randomly
selected fields.

In vitro assays for cell death using flow cytometry (apoptosis
assay)

Annexin V-FITC Apoptosis Detection Kit I was used to assess the
apoptotic effect of GHR silencing in pancreatic cancer cells. Forty-
eight hours post-transfection, cells were harvested and stained with
Annexin V-fluorescein isothiocyanate and propidium iodide according
to the manufacturer’s instructions. The percentage of apoptosis or cell
death was assessed using a flow cytometer (FACS Accuri C6, San Jose,
CA, USA).

Immunoblot analysis

Equal amounts of protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto polyvinylidene
difluoride membranes. Membranes were blocked with 5% bovine
serum albumin in 1X Tris-buffered saline with Tween 20 and were
probed overnight with a panel of primary antibodies against pAKT,
AKT, Bcl-2, pERK, ERK, STAT3, IGF-1R, Notch 2, Snail, E-cadherin,
N-cadherin, Zeb, Vimentin, Slug, Bax, caspase 3, PARP, pPI3K p85,
PI3K p85, IR-B, pIRS-1, IRS-1, pSTAT3, COX-2, pPTEN, pmTOR,
mTOR, pp70s6kinase, p70s6kinase, caspase 8 and f-actin. Proteins of
interest were detected with secondary horseradish peroxidase-coupled
antibodies and visualized using enhanced chemiluminescence.
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Statistical analysis

Statistical analysis was conducted using Prism version 5.03 software
(La Jolla, CA, USA). Unpaired Student’s t-test was applied to
determine significant differences between groups. The P-value
<0.05 was regarded as significant, whereas P-values <0.01 and
0.001 were regarded as highly significant.

RESULTS

Aberrant expression of GHR in PDAC cell lines

GHR has a vital role in carcinogenesis, which has been
clearly demonstrated in metastatic melanoma where GHR
expression is 50-fold higher than in normal cells. However,
the precise role of GHR in the carcinogenesis of many other
cancers, including pancreatic cancer, remains to be defined.!!
To the best of our knowledge, ours is the first study to examine
GHR expression and function in PDAC cell lines. Here, we
detected higher expression levels of GHR in all three aggressive
pancreatic cell lines, PANC-1, HPAC, and MIAPaCa-2 when
compared with normal pancreatic cell line hTERT HPNE
(Figure 1a). PANC-1 had the highest expression of GHR,
whereas HPAC had the least expression among the three cell
line tested. So we chose to use PANC1 and HPAC cells
for all our experiments based on their GHR expression
(Figure 1a). This result suggests a prominent role for GHR
in pancreatic carcinogenesis.

Immunohistochemistry analysis was performed to further
confirm the expression levels of GHR in normal pancreatic
tissue and pancreatic adenocarcinomas. GHR expression
increased with increasing grade of PDAC (Figure 1b).

GHR silencing by predesigned siRNA induces anti-
proliferative effect in PDAC cell lines

GHR was silenced in PANC-1 and HPAC cells using prede-
signed siRNAs at a concentration of 10 nm (Figure 1c). As GHR
has direct as well as indirect effects on cell proliferation
through modulation of various intracellular signaling
pathways,!> we next examined the effect of GHR silencing on
cell viability. PANC-1 and HPAC cells were transfected with
GHR siRNA (si-GHR) or scrambled control (Scr) for 48 h and
cell viability was assessed using MTS assay. Cell viability was
notably attenuated in GHR silenced cells with only 39.6% and
21.5% viable cells in PANCI and HPAC cells, respectively
(Figure 1d). GHR silencing significantly increases cell death,
which clearly indicates the proliferative effect of GHR in
pancreatic cancer cells.

Silencing GHR inhibits soft agar colony formation

To assess anchorage-independent growth potential of GHR
silenced PANC-1 and HPAC cells, they were subjected to
the soft agar clonogenic assay—a well-known technique for
assessing anchorage-independent growth and thus metastatic
properties of cells. GHR knockdown drastically reduced the
number and size of colonies for both PANC-1 and HPAC
cells (Figure le). Results from three independent experiments
were quantified revealing >90% colony-forming inhibition in
GHR silenced pancreatic cancer cells (Figure 1f). Our result
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Figure 1 Silencing growth hormone receptor (GHR) inhibited viability and anchorage-independent growth of pancreatic ductal
adenocarcinoma (PDAC) cell lines. (@) GHR expression levels from PANC-1 HPAC and MIAPaCa-2 were compared with normal pancreatic
cells using western blot. (b) Representative immunohistochemical analysis of GHR by tumor stage in pancreatic adenocarcinoma tissues
and normal pancreas tissue. (c) Three predesigned GHR small interfering RNAs (siRNAs) (a—c) were transfected in PANC-1 and HPAC cells
at 10 nm along with scrambled control siRNA (labeled as ‘S’), untreated control PANC-1 and HPAC cells (labeled as ‘C’) and mock control
transfection reagent alone (labeled as ‘M’). GHR siRNA silencing efficacy was examined using western blot in PANC-1 and HPAC cells.
(d) Effect of GHR knockdown on cell viability of PANC-1 and HPAC. PANC-1 and HPAC cells were transfected with 10 nm of GHR siRNA
and scrambled siRNA. MTS assay kit was used to determine the cell viability of post transfected cells after 48 h. Error bars denote the s.d.
between triplicates. (e) Loss of anchorage-independent growth in GHR silenced PDAC cells, PANC-1 and HPAC. Colony-forming abilities of
GHR transfected PANC-1 and HPAC were determined using soft agar colony formation assay along with scrambled control. Transfected
PANC-1 and HPAC cells were allowed to grow in 0.7% agarose in growth media supplemented 10% fetal bovine serum (FBS) for 16 and
28 days, respectively. Representative images of colony formation were shown from two independent experiments done in triplicate.
(f) Percentage of colonies in transfected PANC-1 and HPAC cells were compared with scrambled control (SCR) serving as the baseline.
Data presented as the mean +s.d. (n=3). *P<0.05.

shows that GHR has a key role in anchorage-independent
growth and metastatic properties of pancreatic cancer cells
(Figure 1f).

Inhibition of cell migration/motility by GHR suppression

(i)  Scratch  assay/wound-healing  assay. Colony-forming
ability and migration/invasion capabilities are characteristics
generally associated with cancer cell metastasis.'> The classic
scratch assay was performed to study the role of GHR in
regulating the migratory ability of pancreatic cancer cells. After
GHR knockdown, a scratch was created in monolayer cultures
and cell migration into the scratch was monitored over a
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period of 96h. Compared with scrambled controls, GHR
suppressed PANC-1 and HPAC cells demonstrated reduced
migratory abilities. Control PANC-1 cells reformed a complete
monolayer within 96h and control HPAC cells reformed a
complete monolayer within 48 h. Meanwhile, GHR suppressed
cells did not reform a complete monolayer even after 96 h
(Figures 2a—c).

(i) Transwell migration assay. Suppressed migratory capabil-
ities after GHR knockdown were further confirmed using
transwell assays. Once again, compared with controls, both cell
lines showed a marked reduction of migratory ability upon
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GHR silencing suppressed cell migration in pancreatic cancer cell lines
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Figure 2 Silencing of growth hormone receptor (GHR) suppresses cell motility and migration in pancreatic ductal adenocarcinoma (PDAC)
cell lines. (@) PANC-1 and HPAC cells were transfected with scrambled or GHR small interfering RNA (siRNA) and were performed wound
healing assays with a 96-h recovery period. Forty-eight hours after post-transfection, monolayer cultured cells were scratched and cell
motility was monitored with automated Nikon Biostation CT at 2-h intervals up to 96 h. (b, c¢) The cell motility was analyzed by the rate of
cells moving toward the scratched area. The percentage motility was calculated with the aid of NIS-Element AR software. Scr, Scrambled
control siRNA and si-GHR, GHR siRNA treatment. (d) Knockdown of GHR inhibits migration of PANC-1 and HPAC cells. Transwell
migration assay with matrigel uncoated Boyden chambers determined the cell migratory ability of GHR post transfected PANC-1 and HPAC
cells. Post transfected PANC-1 and HPAC cells were incubated for 48 h to migrate through pores to the bottom surface of transwell.
Migrated cells at the bottom of transwell were fixed and stained with 0.2% crystal violet in 5% formalin. (e) Graphical representation of
percentage migration for transwell assays. Data presented as the mean+s.d. (n=3). *P<0.05.

GHR silencing (Figures 2d and e). The above results indicate
the regulatory role of GHR in migration of pancreatic
cancer cells.

Knockdown of GHR inhibits cell invasion

Invasion and metastasis are integral for tumor cell escape from
the primary site of origin and dissemination into distant organs
via blood and lymphatic systems.'* Matrigel-coated Boyden
chamber inserts were designed to mimic the internal basement
membrane of the tumor microenvironment to investigate the
invasive potential of pancreatic cancer cells with and without
GHR silencing. This assay clearly demonstrates reduced inva-
sion by GHR silenced cells (Figure 3a). Compared with
scrambled controls, GHR silenced cells exhibited a reduction
of invasive capacity of >82% and 91% in PANC-1 and HPAC
cells, respectively (Figure 3b). Collectively, these results indicate
that silencing GHR decreases both migratory ability and
invasive properties of PDAC cells.

Silencing GHR inhibits EMT

Epithelial to mesenchymal transition (EMT) is a well-known
biological process that is often activated during invasion and
metastasis of cancer.'®> Here, we show that silencing GHR
resulted in a reversal of EMT progression by suppressing the
expression of proteins that drive the EMT process. Using
western blot, we observed the inhibition of mesenchymal
markers N-cadherin, vimentin, Notch-2, Snail, Zeb and slug
in GHR knockdown cells (Figure 3c). Interestingly, expression
levels of the epithelial marker E-cadherin were concurrently
increased in GHR silenced cells (Figure 3c). E-cadherin is a key
cell—cell adhesion molecule; loss of its expression is shown to
be involved in metastasis.'® Densitometric analysis further
confirmed that GHR silencing significantly represses the
expression of proteins involved in EMT (Figure 3d).

GHR silencing induces apoptosis
Using Annexin V/propidium iodide staining, we demonstrate
that GHR silencing results in a significant increase in apoptosis

)

Experimental & Molecular Medicine



Growth hormone receptor and pancreatic cancer
R Subramani et al

(&)

Invading ability of pancreatic cancer cells was inhibited by silencing GHR (Matrigel invasion assay)

a SCRAMBLE

si-GHR
120 -
i ! 100
< i b S c
| PR ¥ R c 80 -
Mg 7 g
[ IO 2 60 4
s ..’;‘ 2 401
(% i 20 -
&
| R 0
L TUREE

Scrambled | si-GHR

Scrambled si-GHR

HPAC

PANC-1

GHR silencing inhibits Epithelial-Mesenchymal Transition

c PANC1 HPAC d
§CR siGHR §CR si-GHR

/-—- wemm »#% | Notch-2 \

[ e /| sna

c
& o @k | E-Cadherin o
=] ot §
E oy | [p— o N-Cadherin g
_— | — Zeb %
w
ES

e ) [T i

=B

\ T == )

| [ . e | Slue

mPS mPG mHS mHG

Notch2 snail E-cad N-cad zeb  Vimentin  Slug

Figure 3 Silencing growth hormone receptor (GHR) inhibited invasion and metastasis through epithelial to mesenchymal transition (EMT).
(@) Matrigel invasion assay was performed in GHR transfected PANC-1 and HPAC. Cells that had invaded through matrigel gel-coated
Boyden chamber were fixed and stained with crystal violet. (b) Cells that invaded were counted and expressed as percentage of invasion.
(¢) EMT markers were inhibited in GHR silenced PANC-1 and HPAC cells. Protein expression levels of Notch-2, Snail, E-cadherin,
N-Cadherin, Zeb, Vimentin and Slug along with internal control p-actin were analyzed by western blotting in scrambled control and GHR
silenced PANC-1 and HPAC cells. (d) Percentage expression of proteins was calculated using densitometric values obtained from density
ratio of EMT markers/p-actin. PS-PANC-1 Scrambled, PG-PANC-1 GHR silenced, HS-HPAC Scrambled, HG-HPAC GHR silenced. Data

presented as the mean +s.d. (n=3). *P<0.05.

in pancreatic cancer cells (60.1% and 47.3% in PANC-1 and
HPAC, respectively; Figures 4a and b). To identify the
molecular mechanism involved in the induction of apoptosis,
we assessed the expression of key apoptotic molecules. In
HPAC cells, GHR silencing resulted in increased expression of
pro-apoptotic molecule Bax, caspase 8, caspase 3 and PARP. In
PANC-1 cells, GHR silencing also results in increased expres-
sion of Bax, caspase 3 and PARP except caspase 8. The anti-
apoptotic protein Bcl-2 was downregulated in both PANC-1
and HPAC cells upon GHR silencing (Figures 4c and d). These
data reveal that GHR silencing induces apoptosis via both death
receptor and mitochondrial-mediated pathways of apoptosis in
HPAC cells. Meanwhile, apoptosis is only mediated via the
mitochondrial pathway in PANC-1 cells.

Effect of GHR on key signaling pathways

Finally, using western blot, we conducted a more comprehen-
sive analysis of the molecular pathways affected by GHR
silencing in pancreatic cancer cells. Our findings reveal that
GHR does in fact coordinate the regulation of multiple cellular
pathways involved in survival, proliferation, metastasis, EMT,
apoptosis and cell cycle (Figures 5 and 6).
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GHR silencing significantly downregulated the active forms
of both AKT and phosphatidylinositol 3 kinase (PI3K), while
total protein levels remained unchanged (Figures 5a—d). The
PI3K/AKT signaling pathway is frequently overexpressed in
many cancers where it results in enhanced cell proliferation
and reduced apoptosis.!”

AKT/PI3K signaling activates mTOR and its downstream
effector molecule pp70s6kinase. Therefore, we assessed the
expression of these signaling intermediates in GHR silenced
cells and found that mTOR phosphorylation is significantly
inhibited in PANC-1 and HPAC cells, whereas total mTOR
levels are increased upon GHR knockdown (Figures 5e and f).
GHR silencing also decreased the phosphorylation of p70s6ki-
nase, with no change observed in the expression of total
p70s6kinase for PANC-1 cells and increased expression of total
p70S6kinase in HPAC cells (Figures 5e and f).

PI3K is negatively regulated by a potent inhibitor phospha-
tase and tensin homolog (PTEN), which is mutated at high
frequency in several cancers, including pancreatic cancer.'®
Here, we found that PTEN was highly activated upon GHR
silencing in both PANC-1 and HPAC cells (Figures 5e and f).
Activation of PTEN in GHR silenced cells efficiently enhances
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GHR inhibitioninduces Apoptosis in PANC-1 & HPAC cells
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Figure 4 Apoptosis is increased in growth hormone receptor (GHR) silenced pancreatic cancer cell lines. (a) Flow cytometric analysis
showed that GHR silencing induces apoptosis in PANC1 and HPAC cells. Fluorescence-activated cell sorting (FACS) histogram of cells
stained with Annexin V-fluorescein isothiocyanate and propidium iodide. The percentage of early apoptotic (bottom right quadrant),
apoptotic (top right quadrant), late apoptotic and necrotic cells (top left quadrant), and live healthy cells (bottom left quadrant) are
represented. (b) Percentage apoptosis and cell death in PANC-1 and HPAC cells. (c) GHR inhibition induces apoptosis in PANC1 and
HPAC cells. Bax, Bcl-2, caspase 8, caspase 3 and cleaved PARP and p-actin expression was assayed using western blot in GHR silenced
PANC-1 and HPAC cells. (d) Densitometry analysis obtained from density ratio between apoptotic markers and p-actin shows significant
potentiation of apoptosis in GHR silenced pancreatic cancer cells. Data presented as the mean+s.d. (n=3). *P<0.05.

apoptosis and inhibits proliferation by suppressing the active
status of PI3K/AKT and its intermediates.

Constitutive activation of ERK is commonly found in
various primary tumors and also in PDAC.!” ERK is known
to regulate many important cellular functions such as survival,
proliferation, mitosis, motility, differentiation and apoptosis.?’
As simultaneously targeting PI3K/AKT and ERK was shown to
have an additive effect in reducing proliferation of melanoma
cells,>! we sought to determine the effect of GHR on ERK
signaling. GHR silenced PANC-1 and HPAC cells demon-
strated a significant inhibition of ERK phosphorylation, and no
change was observed in total ERK expression (Figures 6a and
b). These results indicate that GHR functions upstream of ERK
and may be a good therapeutic target for controlling the
growth and progression of pancreatic cancer.

Another pathway known to be deregulated in PDAC is the
JAK/STAT pathway.?? This pathway has a prominent role in
initiation and progression of PDAC?? and is widely known for
its role in cell proliferation, migration, invasion and
apoptosis.”* STAT3 is one of the isoforms of STAT protein
family that is constitutively activated in most cancers in
response to growth factors and cytokines. Activated STAT3

has been shown to involve in cell proliferation and angiogenesis
through the upregulation of Bcl-xl, Bcl-2, cyclin D1, c-myc,
mcl-1 and VEGF. Here, we demonstrate that silencing GHR
results in markedly reduced levels of STAT3 phosphorylation,
as well as, reduced levels of the pro-inflammatory cytokine
cyclo-oxygenease-2 (COX-2) (Figures 6¢ and d). Insulin
signaling is one of the key pathways that activate STAT3
signaling and overexpression of insulin receptor-f (IR-f) has
been linked to cancer pathogenesis.> Moreover, overexpression
of IR-P has been associated with suppression of PTEN.2° Thus,
we assessed the expression of active and total forms of IR
substrate-1 (IRS-1) and found that GHR silencing profoundly
decreased the levels of phospho IRS-1 (pIRS-1) in PANC-1 and
HPAC cells (Figures 6¢ and d). Remarkably, GHR suppression
also proficiently inhibited the expression of IR-f, IGF-1R and
Ras (Figures 6¢ and d). These results suggest that there is a
significant cross-talk between GHR and the IR-f, IGF-1R and
Ras signaling pathways in promoting PDAC pathogenesis.

DISCUSSION
Aberrant GHR expression is associated with increased risk of
developing several types of cancer, including breast, prostate,
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GHR knockdown on AKT/phosphatidylinositol 3 kinase (PI3K) signaling was analyzed in pancreatic cancer cells. The expression of
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lung, melanoma, endometrial and colon cancer.”” The purpose
of this study was to investigate the impact of silencing GHR on
pancreatic cancer pathogenesis. To the best of our knowledge,
this is the first study to directly assess the role of GHR in
pancreatic cancer. Only two previous studies have provided
indirect evidence suggesting a role for GH signaling in
pancreatic cancer cell growth.”®?° However, the precise role
of GHR signaling and its downstream targets is yet to be
defined in pancreatic cancer pathogenesis. There is a great need
to define better therapeutic targets in the treatment of PDAC
because this remains one of the most understudied and fatal
cancers affecting humans. It is already well appreciated that
GH signaling via GHR has an important role in the growth of
both normal and neoplastic cells.®!

In many cases, it is the more aggressive and poorly
differentiated cancers that tend to overexpress GHR.??> Given
the fact that pancreatic cancer is one of the most aggressive and
poorly differentiated cancers affecting humans,® it is not
surprising that compared with normal pancreatic cells our
results reveal significant overexpression of GHR in PDAC (cell
lines (PANC-1, HPAC and MIAPaCa-2) and human pancreatic
adenocarcinoma tissues). Using siRNA approach, we success-
fully knocked down GHR in PDAC cells and clearly
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demonstrate for the first time that GHR has a principal role
in PDAC cell proliferation, migration, invasion and thus,
metastasis.

Metastatic potential is arguably the most important factor in
determining how fatal a given cancer will be.** Thus, the
finding that GHR exerts significant control over PDAC
metastatic potential is a strong indication that GHR has
excellent therapeutic potential for the clinical treatment of
PDAC. Here, not only was cell motility and invasion signifi-
cantly arrested in GHR silenced PDAC cells, but the EMT was
also potently inhibited. The ability to undergo EMT is a classic
hallmark of cancer and is required for metastasis—both locally
within the tissue of origin and distally to other parts of the
body.’> Here, we show that GHR knockdown blocked the
expression of the mesenchymal markers N-cadherin, vimentin,
notch-2, snail, zeb and slug, while it augmented the expression
of the epithelial marker E-cadherin. The loss of E-cadherin is a
hallmark of increased EMT and is adequate to confer increased
metastatic potential of the cancer cells.'® This is due to
structural alterations that result in decreased cell-cell junctions
upon loss of E-cadherin. Therefore, silencing GHR profoundly
inhibits EMT, which is the primary process involved in
invasion and metastasis of PDAC cells.
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of transcription (STAT) signaling in PANC-1 and HPAC cells. Western blot analysis showing the effect of GHR silenced PANC-1 and HPAC
on ERK and STAT signaling. Active and total forms of proteins were analyzed using whole-cell lysates from control and GHR silenced cells.
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silenced. Data presented as the mean +s.d. (n=3). *P<0.05.

Our results further reveal that inhibition of GHR also causes
significant reduction of cell proliferation and increased induc-
tion of apoptosis. Although apoptosis was induced in both
PDAC cell lines, our results show the induction of apoptosis at
a higher frequency in GHR silenced PANC-1 cells than HPAC
cells. GHR silencing led to downregulation of Bcl-2 and
upregulation of Bax, caspase 3 and cleaved PARP in both cell
lines, whereas caspase 8 was also upregulated in HPAC cells
alone. Caspase 8 is the classical initiator molecule involved in
the death receptor/extrinsic pathway of apoptosis.’® In HPAC
cells, apoptosis was effected by both intrinsic and extrinsic
pathways, while in PANC-1 it seems to be mainly through
intrinsic pathway. These results warrant further investigation as
different pancreatic cancer subtypes may respond somewhat
differently to the same treatment. We believe targeting GHR
will not only reduce the spread of PDAC to other sites
(inhibition of metastasis), but will also effectively inhibit tumor
growth through induction of apoptosis and decreased cell
proliferation. Together, we expect that these effects will
translate to superior disease resolution and much better life
expectancy in PDAC patients.

Many studies indicate a close connection between GHR and
IGF-1R signaling in the initiation and progression of multiple
cancers.’” Moreover, IGF-1R is often overexpressed in pan-
creatic cancer where it is associated with resistance to apoptosis
and exhibits increased cell proliferation.” Similar to previous
studies, we demonstrate that GHR silencing results in a
reduction of IGE-1R levels in both PDAC cell lines. Further,
we observed a simultaneous reduction of IR and IRS-1 levels

upon GHR silencing. Inhibition of IGF-1R, IR and IRS may
confer an improved anticancer effect since activation of these
factors are also associated with PDAC tumorigenesis.*®

GHR suppression enhances the expression of tumor-
suppressor PTEN and negatively regulates the PI3K/AKT
signaling, which further increases the antitumor effect of
GHR silencing in PDAC cell lines. PTEN also negatively
regulates mitogen extracellular signal-regulated kinase (MEK)/
ERK (MAPK) signaling via inhibiting the activity of Shc and
IRS phosphorylation.?’ Suppressed levels of PTEN along with
hyperactivated AKT expression are common in many cancers
including PDAC. Altered expression levels of these markers are
involved in deregulation of important physiological functions
like proliferation, metastasis, angiogenesis, cell growth and
apoptosis.>

Active signaling between GH and its receptor, GHR,
predominantly activates JAK/STAT/MAPK signaling to increase
cell proliferation and survival.®® Here, GHR RNA interference
effectively inhibited this downstream signaling cascade. MAPK
signaling is essential for dedifferentiation of acinar cells into
duct-like cells and this transition has a key role in development
of pancreatic intraepithelial neoplasia.*! As mentioned above,
GHR-deficient PDAC cell lines exhibited reduced pIRS-1
expression and this has been shown to suppress MEK/ERK
and PI3K/AKT signaling in other systems.*> Thus, we believe
that a similar mechanism is at work in PDAC cell lines where
GHR silencing results in IRS-1 suppression and this ultimately
leads to reduction of MEK/ERK and PI3K/AKT signaling.
Indeed, we found that the active form of ERK (pERK1/2) was
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profoundly inhibited in GHR suppressed PANC-1 and
HPAC cells, which is likely a major factor contributing to
decreased proliferation of PDAC cells. GHR silencing strongly
decreased the pAKT, pPI3K, pmTOR and also p70S6Kinase
expression, which could have contributed to both increased
apoptosis and decreased proliferation of PDAC cell lines.
Current reports indicate that targeting mTOR itself has
significant therapeutic potential for PDAC treatment.*> Taken
together, our findings support the notion that silencing GHR
signaling inhibits important pathways in PDAC pathogenesis,
including mTOR.

Transcription factors like STAT and nuclear factor-xB are
known to upregulate COX-2 levels and increase the risk of
cancer.** Further, mutations in Kras are associated with >90%
of precancerous pancreatic intraepithelial neoplasia lesions.*!
Activated Kras is known to stimulate many downstream
mitogenic pathways, including JAK/STAT signaling, which
results in hyperproliferation, anti-apoptotic and neoplastic
transformation.®> In addition, STAT3 has been shown to be
required for Kras tumorigenic transformation. Blockade of
STAT3 efficiently induces apoptosis in kras mutant cancer
cells.*® Carcinogenic Kras-MAPK signaling is regulated down-
stream of GHR, the master regulator for many signaling
cascades in cancer cells.!? Kras also induces COX-2 expression
in tumor cells and expression levels of COX-2 were
positively correlated with extent of invasion and metastasis.*’
A recent study has shown the intrinsic role of COX-2 in PDAC
initiation and development through PI3K/AKT signaling.*®
Even so, the precise role of COX-2 in PDAC development is
not completely clear.*8 To the best of our knowledge, we show
for the first time that GHR is able to regulate the level of these
molecules in PDAC: COX-2, Kras, STAT3, etc. Here we show
GHR silencing diminishes constitutively expressed Ras,
pSTAT3 and COX-2 levels in PDAC cells lines. This indicates
that there is a therapeutic role for GHR in carcinogenesis of
PDAC. Thus, targeting GHR alone appears to be sufficient for
inhibition of most of the major signaling pathways involved in
PDAC pathogenesis indicating that this is a superior therapeu-
tic target for treatment of pancreatic cancer.

In summary, the results from our study give insight into the
critical role that GHR has in pancreatic cancer and indicates
that targeting GHR will be greatly beneficial for PDAC
treatment. Our study demonstrates that silencing GHR tilts
the balance between cell proliferation and cell death. Blocking
GHR profoundly inhibited cell proliferation and anchorage-
dependent growth of PDAC cell lines culminating in apoptotic
cell death. Blocking GHR expression also inhibited invasion
and metastatic properties of aggressive PDAC cell lines through
modulation of several signaling cascades downstream of GHR.
This study reveals novel information related to the GHR
molecular signaling cascade, which regulates most of the
primary oncogenes and tumor suppressors involved in PDAC
pathogenesis. We believe targeting GHR will be highly bene-
ficial against a complex disease like PDAC, which is associated
with the highest rates of mortality. In conclusion, GHR
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signaling represents a novel therapeutic target for superior
treatment options in highly aggressive PDAC.
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