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1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) has a very poor prognosis
with a 5-year survival rate of around 6%." The disease is generally

diagnosed at an advanced stage with limited opportunities for
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Abstract

The Cancer Genome Atlas (TCGA) of a pancreatic cancer cohort identified high MST1R
(RON tyrosine kinase receptor) expression correlated with poor prognosis in human
pancreatic cancer. RON expression is null/minimal in normal pancreas but elevates from
pan-in lesions through invasive carcinomas. We report using multiple approaches RON
directly regulates HIF-1a, a critical driver of genes involved in cancer cell invasion and
metastasis. RON and HIF-1a are highly co-expressed in the 101 human PDAC tumors
analyzed and RON expression correlated with HIF-1a expression in a subset of PDAC cell
lines. knockdown of RON expression in RON positive cells blocked HIF-1a expression,
whereas ectopic RON expression in RON null cells induced HIF-1a expression suggesting
the direct regulation of HIF-1a by RON kinase receptor. RON regulates HIF-1a through
an unreported transcriptional mechanism involving PI3 kinase-mediated AKT phosphor-
ylation and Sp1-dependent HIF-1a promoter activity leading to increased HIF-1a mRNA
expression. RON/HIF-1a modulation altered the invasive behavior of PDAC cells. A small-
molecule RON kinase inhibitor decreased RON ligand, MSP-induced HIF-1a expression,
and invasion of PDAC cells. Immunohistochemical analysis on RON knockdown ortho-
topic PDAC tumor xenograft confirmed that RON inhibition significantly blocked HIF-1a
expression. RON/HIF-1a co-expression also exists in triple-negative breast cancer cells, a
tumor type that also lacks molecular therapeutic targets. This is the first report describing

RON/HIF-1a axis in any tumor type and is a potential novel therapeutic target.
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surgical intervention, leaving chemotherapy as a current standard of
care with significant adverse side effects and poor efficacy.” Im-
munotherapy studies with checkpoint inhibitors in PDAC have failed
to elicit a similar therapeutic response as seen in some other tumor

types.® The molecular markers that are involved in the invasive and
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metastatic process of PDAC are not yet clearly defined and hence
lack targeted therapies.*

A tyrosine kinase receptor, RON (recepteur d' origine nantais)
which belongs to the c-MET family is reported to be widely ex-
pressed in the PDAC tissues.””* RON and c-MET receptors are ac-
tivated by two distinct ligands, macrophage stimulating protein (MSP)
and hepatocyte growth factor (HGF), respectively.’® RON homo-
dimers are functionally active but also form heterodimers with
c-MET, EGFR, IGFR, and PDGFR.”® A recent report analyzing The
Cancer Genome Atlas (TCGA) of a pancreatic cancer cohort revealed
that high RON expression was associated with poor prognostic
outcomes.’® Although RON expression was reported to be null/
minimal in the normal pancreas, it is elevated through the progression
from PanlIN lesions to invasive PDAC with highly active MSP-RON
signaling.'? All published reports indicate that RON mediates cancer
cell invasion and metastasis rather than cancer initiation. RON was
reported to be overexpressed in various cancers of epithelial origin.*
Aberrant RON expression in human PDAC is associated with an ag-
gressive cancer phenotype and decreased disease-free survival time
in patients and an increase in metastasis. knockdown of RON ex-
pression in PDAC cells was shown to suppress the primary tumor
growth and decreased liver metastasis in an orthotopic animal model
system.™ Moreover, there are small molecule inhibitors and anti-
RON antibody-drug conjugates in preclinical studies to target RON
expression/activity.”*°"” These studies provide the molecular basis
and rationale to target RON for therapeutic benefit in PDAC.

In addition to RON, another protein that is established to pro-
mote PDAC metastasis is hypoxia-inducible factor-1 alpha (HIF-1a).*®
HIF-1a is a helix-loop-helix transcription factor that drives the ex-
pression of many genes vital in all aspects of the cancer cell invasion
and metastasis.’” ** Multiple studies of HIF-1a and PDAC have
shown a significant association between HIF-1a overexpression and
poor prognosis.>>>> High HIF-1a expression in PDAC is a predictor
for metastatic disease.®>°? HIF-1a expression has also been linked
to chemotherapy resistance.”” Hence, RON and HIF-1a are both
associated with PDAC metastasis. However, there are no studies to
date exploring if oncogenic RON kinase receptor is one of the con-
tributing factors for HIF-1a overexpression in PDAC and the re-
levance of RON/HIF-1a axis in PDAC or other tumor types.

We now report that these two mediators of PDAC metastasis, RON
and HIF-1a are highly co-expressed in the 101 human PDAC tumors
analyzed and a correlation between RON and HIF-1a expression exists in
a subset of PDAC cell lines. We have provided data through manipulation
of RON kinase receptor expression/activity using molecular and phar-
macological approaches demonstrating RON kinase receptor tightly reg-
ulates steady-state HIF-1a expression in PDAC cells. We have also
identified that RON regulates HIF-1a through an unreported transcrip-
tional mechanism in PDAC cells. Significantly, blockade or rescue of RON
expression through a molecular approach or inhibition of RON kinase
receptor activation through a small molecule RON kinase inhibitor, LCRF
altered the invasive phenotype of PDAC cells. The importance of clinical
and in vitro data demonstrating the RON/HIF-1a association in PDAC
was corroborated by immunohistochemical (IHC) analysis on the in vivo
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orthotopic tumor tissue from RON knockdown PDAC cells which re-
vealed RON inhibition blocked HIF-1a expression. To our knowledge, this
is the first report describing the direct regulation of HIF-1a by RON
kinase receptor in any tumor type with potential clinical relevance. Fur-
ther, these results may have broader implications to other invasive tumor
types as we report the existence of RON/HIF-1a axis in the invasive
triple-negative breast cancer (TNBC) cells, a tumor type that also lacks

molecular therapeutic targets.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

PDAC and TNBC cells were obtained from American Type Culture
Collection (ATCC) and BXPC3 vector control, RON knockdown
clones were provided by Dr. Freeman.'* Cell line identities were
verified at TGEN by short tandem repeat (STR) profiling using the
AmpFISTR Identifiler PCR Amplification Kit (Applied Biosystems).
Results were compared with published STR sequences from the
ATCC. The STR profiling is repeated once a cell line has been pas-
saged more than 6 months after previous STR profiling. Transient
knockdown of RON in CFPAC1 cells was done using siRNA RON
(SC-36434) and HIF-1a knockdown in BXPC3 cells using siHIF-1a
(5C-44225) and Lipofectamine 3000 transfection reagent (Invitro-
gen). Panc1 vector and Pancl FL-RON cells were generated through
a stable expression of CMV-Neo and CMV-FL-RON (full-length RON
cDNA) plasmids, respectively. Human recombinant MSP was pur-
chased from R&D Systems and RON TKI, LCRF-0004 (will be referred

to as LCRF) was provided by Dr. Raeppel.**

2.2 | The human PDAC tissue microarrays (TMAs)
PDAC tissues analyzed were collected by Dr. Han's research group at
TGen, Phoenix as part of an NIH PO1 program pilot grant. Patient
samples were collected under protocols approved by the Western
Institutional Review Board (WIRB) and patients informed consent
was obtained. These are archived tissue samples that are devoid of
Protected Health Information (PHI).

2.3 | Mouse orthotopic pancreatic tumor tissue

Flash-frozen paraffin-embedded (FFPE) primary tumor tissue from
BXPC3 Vector cells and BXPC3 RON knockdown cells was proved by
Dr. Freeman.™*

2.4 | Immunohistochemical analysis

Human PDAC tissues and mouse orthotopic pancreatic tumor tissues
were stained with H&E and immunohistochemistry using RON (SC



Molecular

KATO ET AL

—l—Wl LEY

74588-HRP, 1:100 for 60 min) and HIF-1a (NB100479, 1:100 for

60 min) primary antibodies were performed as described.*> RON and
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HIF-1a staining intensity in the PDAC tissues was assessed on a scale
of 0-3, where 0 is considered negative (0%-5% staining), 1 is weak
(5%-10% staining), 2 is moderate (10%-50% staining), and 3 is strong
(>50% staining). A board-certified pathologist, Dr. Zhou performed
the blind scoring of the PDAC tissues.

2.5 | Western blot analysis

Protein analysis was done on the total cell lysates using RON
(SC-74588), pRON (R&D AF1947), HIF-1a (CST-14179), GAPDH
(SC-47724), Actin (SC-4778), Caspase 3 (CST-9662), Cleaved Cas-
pase 3 (CST-9661), pAKT (CST-4060), and AKT (CST-9272) anti-
bodies. To analyze the effect of LCRF in blocking the stimulation of
RON signaling pathway by MSP, cells were grown in the serum-free
medium for the indicated time in the absence or presence of MSP
following 1 h pretreatment with LCRF. Serum starved cells were
treated for 24 with a 1-uM AKT inhibitor, MK-2206 to determine the
involvement of AKT in the RON-mediated HIF-1a expression.

2.6 | Quantitative real-time RT-PCR

RNA was reverse-transcribed into cDNA and real-time PCR was
performed with SYBR Green PCR mix (Applied Biosystems). RON and
HIF-1a primers were previously described.”> GAPDH was used as a
control.

2.7 | Luciferase assay

HIF-a promoter activity was analyzed by transfection of a 0.69-kb
HIF-1a promoter-luciferase reporter plasmid®* and a control CMV-
Renilla plasmid using Lipofectamine 3000 reagent (Invitrogen). 72 h
after transfection, HIF-1a promoter activity was measured using a
Dual-Luciferase Assay Kit (Promega), and firefly luciferase activity
was normalized to renilla-luciferase activity. To determine the effect
of Sp1 on HIF-1a promoter, CMV-Sp1 plasmid was cotransfected
into cells. Sp1 specificity on HIF-1a promoter was determined by
treating cells with 1 uM Mithramycin for 24 h before luciferase assay.

2.8 | Matrigel invasion assay

The invasive behavior of PDAC cells was analyzed.”® We have used a
serum-free medium to identify the exclusive contribution of RON
when cells were stimulated by RON ligand, MSP in the absence or
presence of RON TKI LCRF or targeted knockdown of RON, HIF-1a,
or ectopic RON expression in PDAC cells. Cells were stimulated with
200 ng MSP following 1 h pretreatment of 200 or 400 nM LCRF.
Following 24 h incubation, cells on the top surface of the chamber

were gently removed with cotton swabs. Invaded cells on the un-
dersurface of the membrane were fixed with 70% ethanol and
stained with 0.1% crystal violet and captured using ECHO Revolve
photomicroscope. Staining intensity was quantified using Image)
software and represented as relative staining intensity. Quantifica-
tion data represent the mean £ SD of three separate invasion assays.

2.9 | Cell proliferation assay

Cell proliferation analysis was performed using CellTiter non-
radioactive protocol as described by the manufacturer (Promega).
Briefly, 8000 cells/well were seeded in a 96-well plate. After over-
night incubation, cells were grown in the serum-free medium for an
additional 24 h either in the absence or presence of MSP following
1 h pretreatment with LCRF. The dye solution was then added and
incubated for 1 h. Using a plate reader absorbance of the colored

formazan product was read at 570 nm.

2.10 | Immunofluorescence

Cells were grown in chamber slides, fixed with paraformaldehyde,
and incubated with RON or HIF-1a primary antibodies overnight.
Following washing, cells were incubated with secondary antibodies
for 2 h. RON and HIF-1a expression was analyzed using a Carl Zeiss
inverted fluorescence microscope using Axio Vision Version 4.8

software. DAPI was used as a nuclear counterstain.

2.11 | Statistical analysis

Statistical analysis was performed using GraphPad InStat software
(GraphPad Software, Inc.). The significance of differences among
groups was determined by one-way ANOVA, t-test. Statistical sig-
nificance was considered as p < 0.05.

3 | RESULTS

3.1 | RON and HIF-1a co-expression in pancreatic
ductal adenocarcinomas and pancreatic cancer cells

RON and MSP expression is null/minimal in the normal pancreas but
is elevated from preneoplastic PanIN lesions through PDAC and liver
metastasis.’” Similarly, RON expression is null in normal pancreatic
ductal epithelial cells but exhibits differential expression in various
pancreatic cancer cells."* HIF-1a, a master regulator of genes in-
volved in tumor cell invasion and metastasis is stable under hypoxia
(1%-2% O,) but undergoes ubiquitin/proteasome pathway mediated
degradation in normoxia (20% O,). HIF-1a expression is minimal
under normoxia in normal human pancreatic ductal epithelial cells but

constitutively expressed in several pancreatic cancer cells as well as
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PDAC tumors and is associated with poor prognosis.** %’ We ana-
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lyzed by immunohistochemical analysis the co-expression of RON
and HIF-1a in 101 PDAC tumors (Figure 1A). RON and HIF-1a are
co-expressed in all the tumors analyzed. Significantly, 95 out of the
101 tumors analyzed showed high-intensity staining (>50% i.e., score
3 on a scale of 0-3). We performed Western blot analysis to detect
RON and HIF-1a expression in PDAC cells with GAPDH as an in-
ternal control. RON antibody recognizes intracellular 150-kDa
B-chain of mature RON containing tyrosine kinase domain and 170-
kDa pro-RON. The HIF-1a antibody recognizes 93-kDa unmodified
protein as well as 120-kDa posttranslational modified species.
GAPDH antibody detects 37-kDa species. PDAC cell lines showed
differential RON and HIF-1a expression (Figure 1B). Interestingly,
PDAC cells that expressed RON also displayed HIF-1a which was
strikingly absent in RON null cells. The unmodified 93-kDa steady-
state HIF-1a protein was the major species observed under normoxia
(20% O,). When the cells were grown under hypoxia (1% O5), 93-kDa
unmodified HIF-1a protein was significantly elevated, and post-
translational modified species was also observed (Supporting

Information Figure).

3.2 | RON controls HIF-1a expression and invasive
behavior of PDAC cells

Molecular approaches were used to determine the direct involve-
ment of RON in the regulation of HIF-1a expression in PDAC cells.
RON expression was knockdown in RON positive BXPC3 and
CFPAC1 cells, whereas RON expression was rescued in RON null
Pancl cells through ectopic stable expression of full-length RON
cDNA plasmid. We have used control and stable RON expression
knockdown BXPC3 clones as well as RON knockdown CFPAC1 cells
generated after 48 h following transient transfection with siRNA
RON plus CMV vector or CMV FL-RON expressing Pancl cells.
Transient transfection was also used to generate BXPC3 and Pancl
FL-RON HIF-1a knockdown cells. Western blot analysis was done to
determine RON and HIF-1a expression in these cells (Figure 1C).
While the control cells (lanes 1, 4, 6, and 8) expressed RON and
HIF-1a, the targeted knockdown of RON reduced HIF-1a expression

in both BXPC3 and CFPAC1 cells (lanes 2, 3, and 7). Keeping RON
expression intact and specific knockdown of HIF-1a in BXPC3 cells
(lane 5) confirmed that the protein which was modulated in RON
knockdown BXPC3 and CFPAC1 cells (lanes 2, 3, and 7) was indeed
HIF-1a and that a RON/HIF-1a axis exists in a subset of PDAC. In the
reverse, ectopic RON expression in RON null Panc1 cells exhibited a
robust induction of HIF-1a (lane 10) confirming the role of RON in
the regulation of HIF-1a in a subset of PDAC cells. We next ascer-
tained if RON/HIF-1a axis is critical for MSP mediated invasive
phenotype of PDAC cells by carrying out matrigel assay (Figure 1D).
The invasion assay was performed in the serum-free media to de-
termine the exclusive contribution of RON/HIF-1a signaling pathway
when cells are stimulated with MSP. While MSP promoted the in-
vasion of RON/HIF-1a expressing BXPC3 and CFPAC1 control cells,
targeted knockdown of RON or HIF-1a inhibited MSP-induced in-
vasive behavior of PDAC cells suggesting a central role of the RON/
HIF-1a axis. The importance of RON/HIF-1a axis in PDAC cell in-
vasion is further confirmed in Pancl cells where ectopic RON ex-
pression augmented invasive phenotype which was blunted in the
HIF-1a knockdown cells. Staining intensity was quantified using Im-
ageJ software and represented as relative staining intensity in control
versus RON or HIF-1a knockdown and RON expression rescued cells
(Figure 1D).

3.3 | RON regulates HIF-1a expression through
PI3 kinase signaling pathway mediated transcriptional
mechanism

We previously reported the involvement of PI3K and ERK signaling
pathways in cancer cell invasion.*® knockdown of HIF-1a expression
reduced MSP-induced invasion of PDAC cells (Figure 1D). We tested
the hypothesis that RON through PI3K mediated AKT activation
(phosphorylation of Ser 473) regulates Sp1-dependent HIF-1a ex-
pression in PDAC cells (Figure 2A). RON positive cells (BXPC3 con-
trol) and RON knockdown cells (BXPC3 shRON cl2) were grown to
70% confluence in complete medium and switched to serum-free
medium and grown for another 24 h to analyze the exclusive con-

tribution of RON signaling pathway in the induction of HIF-1a

FIGURE 1 RON and HIF-1a co-expression in human PDAC tumors, pancreatic cancer cells, and invasive behavior: (A) Immunohistochemical
analysis using RON and HIF-1a antibodies was performed on 101 PDAC tumors. RON and HIF-1a proteins are highly co-expressed in all the
tumors analyzed. H&E staining is shown to view the tissue histology. Scale bar 200 um. (B) RON and HIF-1a protein expression was analyzed in a
panel of pancreatic cancer cells with GAPDH as an internal control. HIF-1a protein expression under normoxia was observed in RON positive
cells but not in RON negative cells. (C) RON and HIF-1a protein expression was analyzed in control and RON, HIF-1a knockdown or ectopic
RON expressing pancreatic cancer cells. RON or HIF-1a knockdown significantly inhibited HIF-1a expression in RON positive cells while ectopic
RON induced HIF-1a expression in RON null PDAC cells. GAPDH or actin is used as a loading control. (D) In vitro matrigel invasion assay either
in the absence or presence of RON ligand, MSP (200 ng/ml) was performed in the control and RON, HIF-1a expression knockdown or RON
expression rescued PDAC cells. MSP promoted the invasion of RON/HIF-1a positive control cells but significantly inhibited in the RON, HIF-1a
expression knockdown cells, while RON expression rescued PDAC cells showed augmented invasion. (E) ImageJ software was used to measure
the staining intensity of the invaded cells and quantification data representing the mean + SD of three separate invasion assays was presented.
*p < 0.05 and **p < 0.01 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Transcriptional regulation of HIF-1a through PI3K mediated RON Kinase pathway: (A) Western blot analysis on the total cell
lysates from serum-starved RON positive BXPC vector control, RON knockdown BXPC3 shRON cl2 cells and AKT inhibitor, MK-2206 treated
BXPC3 cells was performed with various antibodies. RON knockdown or AKT inhibitor, MK-2206 inhibited PI3K mediated AKT phosphorylation
and HIF-1a expression with no apparent changes in other proteins tested. (B) Quantitative real-time RT-PCR using RON, HIF-1a, and GAPDH
internal control primers was performed on the total RNA from BXPC3 vector control, RON knockdown clones 2 and 4. RON knockdown
significantly decreased HIF-1a mRNA expression. *p < 0.05. (C) Sp1 transcription factor effect on HIF-1a promoter activity was analyzed in
breast cancer cells. An Sp dose-dependent increase in HIF-1a promoter activity was observed. (D) HIF-1a promoter activity was analyzed in
RON positive BXPC3 vector control in the absence or presence of Sp1 inhibitor, Mithramycin A, and RON knockdown BXPC3 sh RON cl2 cells.
HIF-1a promoter activity was blunted in the Mithramycin A treated and RON knockdown cells

expression. Western blot analysis was performed using RON, pAKT,
AKT, Sp1, HIF-1a, and actin antibodies. RON antibody recognizes
150 kDa, HIF-1a antibody 93 kDa, AKT and pAKT antibodies 62 kDa,
Sp1 antibody 95 and 105kDa species, respectively. Decreased
phosphorylation of PI3K substrate AKT along with reduced HIF-1a
expression was observed in the RON knockdown cells with no ap-
parent change in total AKT and a minor change, if any in the spl
expression was observed (Figure 2A). The specificity of AKT in the
RON-mediated HIF-1a protein expression was determined by treat-
ing the serum-starved RON/HIF-1a positive BXPC3 cells with 1 uM
AKT inhibitor, MK-2206 which was recently shown to inhibit AKT
phosphorylation in these cells.*® Inhibition of AKT phosphorylation
blocked HIF-1a expression in RON positive BXPC3 cells (Figure 2A).
To determine if the decrease in HIF-1a protein expression in BXPC3
RON knockdown PDAC cells was due to a decrease in HIF-1a mRNA
expression, we carried out real-time RT-PCR analysis on BXPC3
control and RON knockdown clones using RON, HIF-1a, and GAPDH
primers (Figure 2B). While RON and HIF-1a mRNA were detected in

the BXPC3 control cells, RON knockdown clones exhibited a dra-
matic decrease in the HIF-1a mRNA expression suggesting the in-
volvement of a transcriptional mechanism in the regulation of HIF-1a
by RON in the PDAC cells. GAPDH mRNA was amplified simulta-
neously for an endogenous control and represented as RON/GAPDH
mRNA and HIF-1a/GAPDH mRNA. Decrease in HIF-1a transcription
can be evaluated by analyzing the HIF-1a promoter activity in the
RON positive and RON knockdown cells. HIF-1a promoter region is
well-characterized with no distinct TATA box in the transcription
initiation region and multiple Sp1 transcription factor binding sites in
the core promoter (Figure 2C). We obtained the 0.69 kb HIF-1a
promoter-luciferase reporter plasmid from Dr. Yu's lab** and initially
confirmed the activation of HIF-1a promoter by Sp1 thorough ana-
lysis of the activities of this promoter-luciferase reporter in MDA MB
231 breast cancer cells in the absence or presence of CMV-Sp1. An
Sp1 dose-dependent increase in HIF-1a promoter activity was ob-
served (Figure 2C) confirming the involvement of Sp1 in the regula-
tion of HIF-1a expression. To determine if the loss of Sp1-dependent
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HIF-1a promoter activity was a contributing factor to decreased
HIF-a mRNA expression observed in the RON knockdown PDAC

cells, we have analyzed the activities of this HIF-1a promoter con-

—Carcnogene!

struct in RON positive BXPC3 vector cells in the absence or presence
of Sp1-DNA binding inhibitor, Mithramycin A which was previously
shown to inhibit HIF-1a promoter-luciferase activity”® and RON
knockdown (BXPC3 shRON) PDAC cells. While high HIF-1a pro-
moter activity was noticed in the RON/HIF-1a expression positive
BXPC3 vector cells, Sp1-dependent HIF-1a promoter activity was
almost abrogated in the Sp1 inhibitor, Mithramycin A treated BXPC3
cells as well as RON knockdown HIF-1a expression blocked BXPC3
shRON cells (Figure 2D).

3.4 | Blockade of RON receptor activation
inhibited HIF-1a expression and invasion
of PDAC cells

A pharmacological approach using a small molecule RON inhibitor
was employed to determine if blocking RON ligand, MSP-induced
RON receptor activation (tyrosine phosphorylation in the kinase
domain) inhibits HIF-1a expression and invasive behavior of PDAC
cells. LCRF, a small molecule RON TKI was recently reported to block
MSP/RON signaling and inhibit the growth of malignant pleural
mesothelioma.** To determine if LCRF is effective in blocking RON
phosphorylation and activation in PDAC cells, we initially carried out
an LCRF dose-response analysis and determined 400 nM dosage was
effective in blocking RON ligand, MSP-induced phosphorylation of
RON tyrosine kinase receptor. We then grew BXPC3 cells in the
serum-free medium overnight and stimulated with 200 ng MSP fol-
lowing 1 h pretreatment with 400 nM LCRF (Figure 3A). Total RON
and phospho-RON along with internal control GAPDH protein ex-
pression were analyzed over a time course (0-4 h). While MSP sti-
mulated RON receptor phosphorylation in the control cells, LCRF
pretreatment inhibited RON ligand, MSP-induced phosphorylation.
Total RON or GAPDH expression was unaffected. We next analyzed
if blockade of RON receptor activation by LCRF affects HIF-1a ex-
pression in PDAC cells (Figure 3A). BXPC3 and CFPAC1 cells were
seeded and incubated overnight in complete medium and switched to
serum-free medium and grown for an additional 24 h in the absence
or presence of 200 ng MSP following 1 h pretreatment with 200 or
400 nM LCRF. Western blot analysis using HIF-1a and GAPDH an-
tibodies was performed. MSP stimulated HIF-1a expression in the
control cells while small-molecule RON TKI was effective in blocking
the MSP-induced HIF-1a expression. A matrigel invasion assay was
carried out to determine if blockade of RON kinase receptor acti-
vation by LCRF inhibits RON ligand, MSP-induced invasion of PDAC
cells (Figure 3B). BXPC3 and CFPAC1 cells were plated in the serum-
free medium and stimulated with RON ligand, MSP (200 ng) either in
the presence or absence of 200 or 400 nM LCRF. 24 h later cells that
were invaded through matrigel were stained with crystal violet and
photographed. MSP stimulated the invasion of RON/HIF-1a positive
BXPC3 and CFPAC1 cells through matrigel while RON TKI was

effective in reducing the MSP influence. Staining intensity was
quantified using ImageJ software and represented as relative cell

staining intensity in control versus LCRF treated cells (Figure 3B).

3.5 | RON TKI LCRF blocks PDAC cell invasion
without significantly altering cell proliferation or cell
death

We performed cell proliferation and cell survival analysis to de-
termine if reduced cell growth or increased cell death was a con-
tributing factor to the decreased invasion observed in the LCRF
treated PDAC cells. BXPC3 and CFPAC1 cells were grown in the
serum-free medium for 24 h with 200 ng MSP following 1 h pre-
treatment of 200 or 400 nM LCRF, as utilized in the invasion assay.
24 h later cell proliferation was determined by nonradioactive
method in the control, RON ligand, MSP stimulated as well as LCRF
treated PDAC cells (Figure 3C). There appear to be no statistically
significant changes in the proliferation rates among control, MSP-
stimulated, and RON TKI treated PDAC cells. Caspases play an im-
portant role in the regulation of apoptosis. Caspase-3 is considered as
one of the key executioners of the cell death pathway and its acti-
vation involved proteolytic processing from an inactive zymogen
(34 kDa) to active p17 and p12 fragments. To determine if enhanced
cell death was involved in the decreased cell invasion noticed in the
RON TKI treated PDAC cells, total and cleaved caspase 3 protein
expression was analyzed by western blot in the PDAC cells grown for
24 h in the presence of 200 ng MSP following 1 h pretreatment of
200 or 400 nM LCRF (Figure 3D). Total and cleaved caspase frag-
ments were observed in the control, MSP-stimulated, and RON TKI
treated cells. No apparent change either in the total or cleaved

caspases was observed.

3.6 | RON knockdown reduced HIF-1a expression
in the human PDAC tumor xenograft

Orthotopic implantation of BXPC3 vector control cells and RON
knockdown cells into the pancreas of 15 athymic nude mice sig-
nificantly suppressed primary tumor growth and decreased lymph-
node and liver metastasis, 80% in vector control versus 26% in RON
knockdown with a significant p value of 0.0092.>* We obtained the
FFPE tissue from BXPC3 vector control and RON knockdown tumor
xenografts to determine if decreased HIF-1a expression in the RON
knockdown tissue was a contributing factor to the reduction in the
primary tumor growth and decreased metastasis observed. Following
deparaffinization, immunohistochemical analysis using RON, HIF-1a
antibodies was performed on the control and RON knockdown tis-
sues (Figure 4A). While high RON and HIF-1a expression was de-
tected in the BXPC3 vector control tissue, RON knockdown tissue
exhibited a significant reduction in RON and HIF-1a expression. H&E
was used as a counterstain and showed no apparent changes in

histology.
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FIGURE 3 RON TKI, LCRF blocks MSP-induced RON phosphorylation/activation and inhibits HIF-1a expression and invasion of pancreatic
cancer cells. (A) Serum starved BXPC3 cells were stimulated with MSP 200 ng/ml either in the absence or presence of RON TKI, LCRF for the
indicated time and phospho RON, total RON, and GAPDH protein expression was analyzed. MSP-induced RON phosphorylation in the control
cells, but RON TKI inhibited MSP-induced RON phosphorylation. PDAC cells were grown in a serum-free medium containing 200 ng/ml MSP for
24 h either in the absence or presence of RON TKI, LCRF, and HIF-1a, GAPDH protein expression was analyzed. MSP-induced HIF-1a
expression in the control cells, but RON TKI was effective at 400 nM concentration in significantly blocking the MSP-induced HIF-1a expression.
(B) Matrigel invasion assay was performed in the serum-free medium containing 200 ng/ml MSP either in the absence or presence of RON TKI,
LCRF. MSP-induced invasion of both the pancreatic cancer cells. However, RON TKI at 400 nM concentration significantly inhibited
MSP-induced invasion. ImageJ software was used to measure the staining intensity of the invaded cells and quantification data representing
three separate invasion assays was presented. *p < 0.05 and **p < 0.01. (C) Pancreatic cancer cells were seeded in a 96-well plate and incubated
overnight. Cells are then changed to serum-free medium containing 200 ng/ml MSP and grown for 24 h either in the absence or presence
of RON TKI, LCRF. Cell proliferation was determined using nonradioactive CellTiter method. Very minimal alteration in the cell proliferation was
observed in the control versus LCRF treated cells. (D) Pancreatic cancer cells were grown in the serum-free medium containing 200 ng/ml
MSP either in the absence or presence of RON TKI, LCRF. Total and cleaved Caspase 3 protein expression along with GAPDH control was
analyzed. No apparent change in the total or cleaved Caspase 3 was observed between control and RON TKI treated pancreatic cancer

cells [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 RON knockdown inhibited HIF-1a expression in the human pancreatic tumor xenograft and RON, HIF-1a co-expression in TNBC
cells. (A) RON and HIF-1a expression was analyzed in the BXPC3 control and RON knockdown xenograft FFPE tissue. High RON and HIF-1a
expression was detected in the BXPC3 control xenograft tissue. However, RON knockdown xenograft tissue exhibited a significantly decreased
HIF-1a expression. Scale bar: 100 um. (B) Immunofluorescence analysis was done on the invasive MDA MB 231, MDA MB 468 TNBC cells,
and noninvasive MCF-7 non-TNBC cells. RON and HIF-1a co-expression was detected in the TNBC cells but not in the non-TNBC cells. (C) RON
and HIF-1a protein expression was analyzed by Western blot analysis in the MDA MB 231 vector control and RON knockdown clones.
RON and HIF-1a are expressed in the vector control cells, but RON knockdown significantly reduced HIF-1a expression [Color figure can be

viewed at wileyonlinelibrary.com]

3.7 | RON/HIF-1a axis exists in triple-negative
breast cancer cells (TNBC)

To determine if the relevance of the RON/HIF-1a axis is limited to
PDAC or may be present in other tumor types we analyzed RON and
HIF-1a expression in TNBC cells, a tumor type which also has a poor
prognosis due to lack of targeted therapies. Immunofluorescence
analysis using RON and HIF-1a antibodies was performed on the
invasive MDA MB 231, MDA MB 468 TNBC cells along with non-
TNBC MCF-7 cells (Figure 4B). DAPI was used as a nuclear coun-
terstain. While RON and HIF-1a co-expression was observed in the
TNBC cells it was remarkably absent in the non-TNBC MCF-7 cells.
RON expression was observed both in the cytoplasm and nucleus, a
finding that is not surprising since nuclear RON has been found to

bind the c-Jun promoter and regulate its expression.”® We analyzed

by Western blots RON and HIF-1a expression in the MDA MB 231
vector control and RON knockdown clones to determine if RON
regulates HIF-1a expression in TNBC cells as observed in the PDAC
cells (Figure 4C). While RON and HIF-1a expression was detected in
the MDA MB 231 vector control cells, RON knockdown significantly

reduced HIF-1a expression.

4 | DISCUSSION

Prognosis for PDAC remains poor due to late diagnosis and metas-
tasis. Standard treatment options include chemo and radiotherapy,
but these therapies have many adverse side effects and limited ef-
ficacy. Immunotherapies have not yet had a significant impact on
PDAC outcomes, necessitating the exploration of novel molecular
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targets for therapeutic development. Independent studies of RON
and HIF-1a expression support that both are involved in the devel-
opment of chemo and radiotherapy resistance in PDAC. However, no
studies have explored the potential relevance of a RON/HIF-1a axis
in PDAC. Significantly, levels of RON and its ligand, MSP as well as
enzyme matriptase which activates MSP were found to be low in
normal human pancreatic tissue but elevated from preneoplastic
PanIN lesions through PDAC with liver metastasis suggesting a po-
tential role for MSP/RON signaling in PDAC development and me-
tastasis to adjacent and distant tissues, thus providing molecular
rationale to explore RON signaling pathway for future therapeutic
development in PDAC.

Our analysis of the 101 human PDAC tumors revealed that RON
and HIF-1a are co-expressed in all the tumors analyzed. Remarkably,
an overwhelming majority (95 out of 101 tumors) displayed high
expression of both RON and HIF-1a (Figure 1A). This is the first
reported observation in any tumor type. Targeted knockdown of
RON in PDAC cells through shRNA-based molecular approach in-
hibited HIF-1a expression, while rescue of RON expression in RON
null PDAC cells exhibited robust induction of HIF-1a demonstrating a
direct role for RON signaling in the regulation of HIF-1a in a subset of
PDAC cells (Figure 1C). We have shown the potential involvement of
an unreported transcriptional mechanism in the regulation of HIF-1a
by RON since real-time RT-PCR analysis showed a significant
decrease in the HIF-1a mRNA expression in RON knockdown PDAC
cells (Figure 2B). Additional studies involving HIF-1a promoter ana-
lysis confirmed the transcriptional regulation of HIF-1a by RON in
PDAC cells. We previously reported the involvement of PI3 kinase/
AKT role in the RON-mediated invasion of TNBC cells.”® PI3k/AKT
mediated phosphorylation of Sp1 transcription factor and its binding
to VEGF promoter was shown to be involved in the regulation of
VEGF gene expression and tumor cell angiogenesis.”* However, we
have observed only minimal changes, if any in Sp1 protein levels/
phosphorylation status between RON positive and RON knocked-
down PDAC cells. HIF-1a gene promoter region is characterized.? It
lacks a distinct TATA box and is GC-rich with multiple Sp1 binding
sites in the promoter region with additional binding sites for tran-
scriptional regulators, such as NFkB, CREB, Ap1, Ap2, Stat3, and
hypoxia-responsive element, and so on. The =200 bp core promoter
contains 3 Sp1 transcription factor binding sites and is essential for
HIF-1a gene expression.*” However, Stat3 was also reported to be
required for HIF-1a mRNA expression in tumor cells.** Consequently,
it is plausible that PI3k/AKT induced Sp1 transcription factor binding
to HIF-1a core promoter region may trigger binding of additional co-
regulators of HIF-1a gene transcription in the RON signaling path-
way. However, additional regulation at the translational/post-
translational level cannot be ruled out and will be a focus of our
future studies.

As RON has been documented to be involved in the develop-
ment and progression of various tumor types,'® preclinical/clinical
efforts are being aggressively pursued to develop small molecule or
antibody-drug conjugate therapies.’” '’ Recently, a small molecule
RON inhibitor, LCRF was reported to block MSP/RON signaling and

Carchocg);léerc!lé's?lg—Wl LEY—w
inhibited the growth of malignant pleural mesothelioma.** Notably,
we found that this RON TKI was effective in blocking the MSP/RON
signaling pathway induced HIF-1a expression in the PDAC cells
(Figure 3A). We also show that both RON and HIF-1a are involved in
the MSP/RON signaling-induced PDAC cell invasion since the tar-
geted blocking of either RON or HIF-1a decreased the invasive po-
tential of PDAC cells (Figure 1C). Interestingly, the RON TKI
mediated decrease in PDAC cell invasion (Figure 3B) was not due to a
decrease in cell proliferation or increased cell death as there is no
appreciable difference between control and RON TKI treated PDAC
cells (Figures 3C and D). This finding is consistent with a previous
report indicating that RON ligand, MSP promoted metastasis in a
mouse model of breast cancer without altering cell proliferation or
cell survival.>®> RON through HIF-1a may regulate invasion and me-
tastasis by influencing the capability of tumor cells to migrate and
invade extracellular matrix and blood vessels without affecting cell
proliferation or cell survival.

The potential involvement of RON/HIF-1a axis in the human
PDAC tumor growth and metastasis to adjacent lymph nodes and
liver was supported by the immunohistochemical analysis on the
tumor xenograft where RON knockdown tumor showed reduced
HIF-1a expression (Figure 4A). It was reported that although RON
knockdown suppressed tumor growth up to 7 weeks, tumors began
to grow a few weeks later due to compensatory hyperactivation of
c-MET, a comember of the RON family.'* It is plausible that c-MET
regulated tumorigenicity may also involve HIF-1a and HIF-1a
expression in cancer stem cells was cited as a contributing factor
for tumor recurrence following successful chemotherapy in some
tumor types. HIF-1a inhibitors are currently in clinical use for cardi-
ovascular disease and a range of HIF-1a inhibitors are in preclinical/
clinical development for oncology.”* Perhaps a combinatory ap-
proach with RON and HIF-1a inhibitors may offer therapeutic benefit
in RON/HIF-1a positive PDAC tumors.

Overall, our studies involving PDAC clinical samples, in vitro data
in pancreatic cancer cells along immunohistochemical analysis on
in vivo human PDAC tumor xenograft establish that a novel RON/
HIF-1a signaling axis exists in pancreatic cancer and potentially other

invasive tumors such as TNBCs.
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