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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
chemotherapy- and radiotherapy-resistant tumors. The c-Met
and Hedgehog (Hh) pathways have been shown previously by
our group to be key regulatory pathways in the primary tumor
growth and metastases formation. Targeting both the HGF/
c-Met and Hh pathways has shown promising results in pre-
clinical studies; however, the benefits were not readily trans-
lated into clinical trials with PDAC patients. In this study,
utilizing mouse models of PDAC, we showed that inhibition
of either HGF/c-Met or Hh pathways sensitize the PDAC tumors

to gemcitabine, resulting in decreased primary tumor volume
as well as significant reduction of metastatic tumor burden.
However, prolonged treatment of single HGF/c-Met or Hh
inhibitor leads to resistance to these single inhibitors, likely
because the single c-Met treatment leads to enhanced expres-
sion of Shh, and vice versa. Targeting both the HGF/c-Met
and Hh pathways simultaneously overcame the resistance to
the single-inhibitor treatment and led to a more potent anti-
tumor effect in combination with the chemotherapy treatment.
Mol Cancer Ther; 16(11); 2399–409. �2017 AACR.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) has the worst prog-

nosis of any major malignancy, with 5-year survival of about 5%
(1, 2), and is one of the most chemotherapy- and radiotherapy-
resistant tumors (2, 3). PDAC is characterized by very dense
stroma that makes up anywhere from 60% to 90% of the total
tumor volume (4). The stromal compartment is made up of a
variety of different cells and proteins that act together to develop

an environment that is suppressive to the immune system, drug
resistant, and protumorigenic (5). Although there have been
numerous new therapies developed for other cancers, little pro-
gression has been made finding new therapies for PDAC despite
promising results from preclinical studies.

It is well documented that c-Met receptor and its ligandHGF are
upregulated in PDAC (6). Upregulation of c-Met and HGF is
detected early in PDACdevelopment and promotes tumorigenesis
in conjunction with other oncogenic signals (7). Because HGF
is exclusively secreted by stromal fibroblasts (8) and stromal
expression of HGF was correlated with decreased disease-free
survival (9), activation of c-Met in neoplastic cells is believed to
be subject to the regulation of signals from the stroma. More
recently, HGF/c-Met has been investigated as a therapeutic target
forPDAC.The combinationof gemcitabineandcrizotinib, a small-
molecule c-Met inhibitor, was tested in murine models and was
shown to enhance the intratumoral delivery of gemcitabine and
result in tumor reduction of the PDAC xenograft (10). Moreover,
Jin andcolleagues showed that antibody targetingof c-Met receptor
in an orthotopic mouse model of PDAC led to decreased tumor
burden and prolonged survival (11). More recently, HGF/c-Met
inhibitors have been tested in multiple early-phase clinical trials,
which have shown promising results in a variety of solid cancers
(10). Unfortunately, the phase II trial of cabozantinib showed
minimal benefits in patients with PDAC, despite promising results
in subjects with other solid tumors (12, 13).

The hedgehog (Hh) pathway, specifically the activating ligand,
Sonic hedgehog (Shh), is overexpressed by PDAC tumor cells;
however, its function is restricted to the stromal compartment
(14–16). It has been noted that Hh pathway activation and Smo
receptoroverexpressiononlyoccur in cancer-associatedfibroblasts
but not the neoplastic cells (17). It was subsequently reported that
targetingHh pathway inmurinemodels of PDACdepletes stroma
and sensitizes primary tumors to gemcitabine, leading to tumor

1The Sidney Kimmel Comprehensive Cancer Center, The Johns Hopkins Univer-
sity School of Medicine, Baltimore, Maryland. 2Department of Oncology, The
Johns Hopkins University School of Medicine, Baltimore, Maryland. 3Graduate
Program in Cellular and Molecular Medicine, The Johns Hopkins University
School of Medicine, Baltimore, Maryland. 4Department of Surgical Oncology,
the Second Affiliated Hospital of the Zhejiang University School of Medicine,
Hangzhou, China. 5Cancer Institute, University School of Medicine, Hangzhou,
China. 6Department of Hepatobiliary Oncology, Sun Yat-sen University Cancer
Center, State Key Laboratory of Southern China, Collaborative Innovation
Center for Cancer Medicine, Guangzhou, China. 7Pancreatic and Gastric Surgery
Department, Cancer Hospital, Peking Union Medical College, Chinese Academy
of Medical Sciences, Beijing, China. 8Department of Pathology, The Johns
Hopkins University School of Medicine, Baltimore, Maryland. 9Department of
Surgery, The Johns Hopkins University School of Medicine, Baltimore, Maryland.
10The Skip Viragh Center for Pancreatic Cancer, The Johns Hopkins University
School of Medicine, Baltimore, Maryland.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

A.A. Rucki and Q. Xiao contributed equally to this article.

Corresponding Author: Lei Zheng, Department of Oncology, Sidney Kimmel
Cancer Center at Johns Hopkins University School of Medicine, 1650 Orleans
Street, CRB1, Room 488, Baltimore, MD 21231. Phone: 410-502-6241; Fax: 410-
614-8216; E-mail: lzheng6@jhmi.edu

doi: 10.1158/1535-7163.MCT-16-0452

�2017 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 2399

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/11/2399/1853203/2399.pdf by guest on 19 M
ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/1535-7163.MCT-16-0452&domain=pdf&date_stamp=2017-10-16


shrinkage (18, 19).However, targeting theHhpathway in patients
with PDAC showed no additional benefit when added to the
standard-of-care chemotherapy treatments (20).

Although targeting both the HGF/c-Met and Hh pathways has
shown promising results in preclinical studies, the benefits were
not readily translated into clinical trials with PDAC patients
(20–23). Thus, we investigated the mechanisms of resistance to
the single inhibitor of HGF/c-Met or Hh pathway and determined
whether targeting both the HGF/c-Met and Hh pathways simul-
taneously would overcome the resistance to single inhibitor
treatment and lead to a more potent antitumor effect in combi-
nation with chemotherapy treatment.

Materials and Methods
Cell culture

Themurine pancreatic tumor cell lines KPC andmouse cancer-
associated fibroblasts (mCAF) were established in accordance
with the Johns Hopkins Medical Institution Institutional Review
Board (JHMI IRB)-approved protocols, obtained between 2011
and 2015, authenticated by DNA and gene expression profiling,
and cultured as described previously (24, 25). Briefly, cells were
maintained in RPMI1640 medium (Gibco) supplemented with
10% FBS (Gibco), 2 mmol/L L-glutamine (Gibco), 1% nonessen-
tial amino acids (Gibco), 1 mmol/L sodium pyruvate (Gibco),
50 U/mL penicillin, and 50 mg/mL streptomycin (Gibco). The
KPC cells were grown at 37�C in 5% CO2.

Mouse models of PDAC
All animal experiments conformed to the guidelines of the

Animal Care andUseCommittee of the JohnsHopkinsUniversity
(Baltimore, MD), and animals were maintained in accordance
with the guidelines of the American Association of Laboratory
Animal Care. All mice were monitored twice a day.

A genetically engineered mouse model of PDAC, designated
KPC mice, was previously established through a knock-in of
pancreatic-specific, conditional alleles of the KRASG12D and
TP53R172H mutations on a mixed 129/SvJae/C57Bl/6 back-
ground. These mice, when crossed with PDX-1-CREþ/þ mice,
develop PanIN lesions that progress stepwise, similar to human
disease, into PDAC (26).

The mouse pancreatic orthotopic model was described pre-
viously (27). In brief, 2 � 106 KPC cells were subcutaneously
injected into the flanks of syngeneic female C57Bl/6 mice. After
1 to 2 weeks, the subcutaneous tumors were harvested and cut
into approximately 1-mm3 pieces. New syngeneic female
C57Bl/6 mice, ages 8 to 10 weeks, were anesthetized. The
abdomen was opened via a left subcostal incision. A small
pocket was prepared inside the pancreas using microscissors,
into which one piece of the subcutaneous tumor was
implanted. The incision in the pancreas was closed with a
suture. The abdominal wall was sutured, and the skin was
adapted using wound clips.

c-Met and Hh inhibitor and gemcitabine treatments
For the in vivo studies, the Hh signaling pathway inhibitor (28)

NVP-LDE225 (provided by Novartis) was used at 50 mg/kg and
the HGF/c-Met inhibitor INCB28060 (purchased from AbMole;
refs. 29, 30) was used at 1 mg/kg, and both inhibitors were
resuspended in DMSO. DMSO was used as a vehicle control for
all treatments. The KPC and orthotopic transplant model mice

were dosed daily by oral (31) gavage with NVP-LDE225,
INCB28060, NVP-LDE225 þ INCB28060 (at the same dose as
their corresponsive single inhibitor treatments) or DMSO for 7,
14, or 21 days as indicated in the treatment schemas (Figs. 1, 3,
and 4). In vitro experiments utilizing the abovementioned inhi-
bitors were described previously (25). Gemcitabine (Sigma-
Aldrich) was reconstituted in deionized and distilled water at
20 mg/mL and 100 mL administered via intraperitoneal injection
into respective mice.

Ultrasound and tumor measurement
KPCmice of 12 to 14weekswere examined byultrasound using

the VEVO770 (VisualSonics) small animal ultrasound to confirm
primary tumors. Mice bearing tumors of similar sizes were chosen
for the study. Orthotopic mice were examined by ultrasound
5 days after tumor implantation to confirm the presence of the
tumor and establish a baseline tumor volume. Ultrasound on the
mice was performed again on day 7 of treatment in all experi-
ments and on treatment day 14 and 21 in experiments with 14-
and 21-day treatments. Tumor volume was calculated from the
following formula: [L (long axes) � S2 (short axes)]/2. In total,
three images of each tumor were captured, and the image with the
largest value was used to calculate the tumor volume. Tumor
volume fold change was determined for each 7 days of treatment
by calculating the ratio of tumor volume from week 1/baseline,
week 2/week 1, and week 3/week 1.

TUNEL assay
The TUNEL (terminal deoxynucleotidyl transferase–mediated

deoxyuridine triphosphate nick end labeling) assay was per-
formed according to the manufacturer's instructions (Roche).
Briefly, the slides were baked at 62.5�C for 30 minutes to melt
the paraffin. Then, the slides were hydrated and proteinase K was
added for 30 minutes at room temperature to expose the tissue.
Following 5-minute wash in PBS, the TUNEL reaction solution
was added to slides and positive control (DNAse I–mediated
DNA breakage) and incubated for 60 minutes at 37�C,
protected from light. For negative control, label solution only
was added to a slide and incubated as above. Then, all slides were
washed 3 times in PBS (5 minutes for each wash). After the
washes, converted POD was added to the slides, and the
slides were incubated again for 60 minutes at 37�C, protected
from light. Following another 3 washes in PBS (5 minutes each),
DAB was added to develop the reaction (10 minutes). Finally,
the slides were washed as above, dehydrated, mounted, and
subjected to analysis.

IHC and Immunofluorescence
IHC staining for Shh, c-Met, E-cadherin, IGF-1, and Ki67 were

performed by hand. Tissue blocks with poor quality were exclud-
ed from the study. The slides for all stainings were hydrated;
antigen retrieval was performed in a pressure cooker with citrate
buffer (pH 6.0) for Shh and Ki67, in a steamer with citrate buffer
(pH 6.0) for c-Met and IGF-1 and with Tris-EDTA buffer (pH 9.0)
for E-cadherin. Then, the slides were blocked in peroxidase,
avidin, and biotin block sequentially. Goat-anti-Shh (R&D),
rabbit-anti-c-Met (Santa Cruz Biotechnology), rabbit anti-IGF-1
(Abcam), rabbit anti-E-Cadherin (Abcam), or rabbit anti-Ki67
(Abcam) primary antibodies at 1:50 (Shh, c-Met, E-cadherin), 1:
500 (Ki67), and 4 mg/mL (IGF-1) were added, and the slides were
incubated for 1 hour at room temperature. Then, rabbit anti-goat
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or goat anti-rabbit biotinylated secondary antibodies (Vector
Laboratories), respectively, were added for 30 minutes at room
temperature. The signal was amplified and detected using the ABC
Vectastain Kit (Vector Laboratories) according to the manufac-
turer's instructions. The slides were developed using DAB and
counterstained by hematoxylin. Finally, the slides were dehy-
drated and mounted. All IHC slides were analyzed and scored
by a pathologist. Immunofluorescence staining of c-Met and Shh
was described in Supplementary Materials and Methods.

shRNA knockdown of c-Met
Viral supernatants were produced as previously described

using shRNA against mouse c-Met or scrambled shRNA control
(Dharmacon; ref. 27). Then, KPC cells were plated at 50% con-

fluency and allowed to adhere for 24 hours. On the day of viral
infection, the KPC media were aspirated and replaced with
appropriately tittered viral supernatant (1mL/1 well of 6-well
plate) with polybrene (8 mg/mL). The infection was allowed to
proceed for 24 hours. After 24-hour infection, the cells were
treated with appropriate inhibitors or vehicle control for addi-
tional 24 hours. Then, the cells were harvested and Annexin V
expression was analyzed as described previously (32). Knock-
down of c-Met was confirmed by qRT-PCR as described below.

qRT-PCR
The RNeasy Micro Kit (Qiagen Inc.) was used to extract total

RNA from cell pellets. The RNA was then converted to cDNA
using the Superscript III First Strand Synthesis Supermix Kit

Figure 1.

Short-term inhibition of HGF/c-Met or Hh signaling enhances the sensitivity of PDAC tumors to gemcitabine in transgenic and orthotopic mouse models of
PDAC. A, Schematic representation of 1-week treatment regimen in the transgenic (KPC) and orthotopic mouse models of PDAC. Day 0 represents the day
of the orthotopic implantation of primary pancreatic tumors. Mice in the orthotopic model were subjected to ultrasound on postoperative day 5 to establish
baseline tumor data. Daily treatment by oral gavage with inhibitor(s) or vehicle control was initiated on the day after ultrasound. In the KPC mouse model,
ultrasound was performed 1 day prior to treatment initiation. In both models, gemcitabine was administered biweekly by intraperitoneal injection. Second
ultrasound was performed on the last day of treatment. Mice from all groups were euthanized on the last day of treatment and the panreata and livers were
harvested for analysis. B and C, The KPC (B) and orthotopic (C) mouse models of PDAC were treated with daily Hh and/or HGF/c-Met inhibitors and biweekly
gemcitabine as shown in A. Tumor volumes were obtained at baseline and on the last day of treatment. The data show tumor volume fold changes
calculated as a ratio by comparison of the posttreatment tumor volume to the baseline tumor volume. Data are representative of one experiment. Mice that
died before the completion of the planned treatment or whose quality of tumor was not adequate for analysis due to necrosis were excluded. Gem,
gemcitabine (n ¼ 8); Hh-Hh inhibitor þ gemcitabine (n ¼ 9); c-Met-HGF/c-Met inhibitor þ gemcitabine (n ¼ 7); DMSO-vehicle control (n ¼ 14); Hh þ c-Met þ
gemcitabine (n ¼ 8). � p < 0.05, �� p < 0.01 ��� P < 0.001; ���� P < 0.0001; n.s., non significant; (unpaired Student t test).
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(Life Technologies). qPCR was performed on the StepOnePlus
Real Time PCR System (Life Technologies) and analyzed by the
StepOne software V2.1. The expression of c-Met, HGF, and Shh
was measured by SYBR Green–based qPCR. All gene expression
was normalized to the expression of GAPDH. All PCR reactions
were performed in triplicate. The primers used for RT-PCR are
as follow:

c-Met: F-50TGTCCGATACTCGTCACTGC30

R-50CATTTTTACGGACCCAACCA 30(Invitrogen),
Shh: F-50GGCCAAGGCATTTAACTTGT
R-50CCAATTACAACCCCGACATC30(Invitrogen),
GAPDH: F-50TTGATGGCAACAATCTCCAC30,
R-50CGTCCCGTAGACAAAATGGT 30 (Invitrogen).

Coculture assay
Treatment utilizing the transwell system (BD Biosciences) was

performed by plating KPC cells in the bottom chamber and
mCAFs in the top chamber to spatially separate the cell types.
c-Met was knocked down from KPC cells, whereas the mCAFs
were kept in a separate 6-well plate(s) during infection. After 24-
hour infection, the cells were treated in no serum media as
described previously (25). After 24-hour treatment, KPC cells
were harvested and Annexin V analyzed.

Statistical analysis
Statistical analysis and graphing was performed using Graph-

Pad Prism version 6.0 software (GraphPad Software). The data are
presented as themeans� SEM. Student t test was used to compare
differences between groups. Fisher exact test was used to compare
differences between treatment groups in the metastasis study and
apoptosis study. For all analyses, a P value of less than 0.05 was
considered statistically significant.

Results
Short-term inhibition of HGF/c-Met or Hh signaling enhances
the sensitivity of PDAC tumors to gemcitabine in transgenic and
orthotopic mouse models of PDAC

To understand the discrepancy in the efficacies observed
between preclinical mouse studies and clinical studies of Hh
inhibitors and HGF/c-Met inhibitors for treating PDACs, we
examined both inhibitors in mouse models of PDAC. To this
end, we utilized two mouse models of PDAC. The first is a
genetically engineered PDAC mouse model with knock-in alleles
of both KrasG12D and p53R172H mutants (KPC mice), which
exhibits a multistage tumorigenesis that progresses from normal,
throughPanIN lesions, to invasive andmetastatic PDAC (26). The
second is an orthotopic implant model where tumors are grown
subcutaneously from a cell line (the KPC cells) derived from KPC
mice. Then, tumors of similar size are implanted orthotopically
into the pancreas of syngeneicmice (24). The treatment schema is
shown in Fig. 1A. Briefly, mice in both models were subjected to
the small animal ultrasound examination to obtain baseline
tumor volume.On the second day following the ultrasound,mice
began daily treatment of either Hh inhibitor or HGF/c-Met inhib-
itor together with biweekly gemcitabine injection for a course of
7 days. On the last day of treatment, the mice were subjected to a
second ultrasound to determine tumor volume. After the ultra-
sound, the mice were euthanized and their pancreata were har-
vested for analysis. In both models, the treatment of gemcitabine
alone showed a modest, however not significant decrease of
primary tumor growth when compared with the vehicle treat-
ment. Addition of Hh inhibitor to the gemcitabine resulted in a
further trend of tumor shrinkage when compared with gemcita-
bine treatment alone. Addition of c-Met inhibitor to the gemci-
tabine however did not result in additional tumor shrinkage. The

Figure 2.

Combination of Hh and/or HGF/c-Met
inhibitor(s) with gemcitabine in short-
term treatment regimen results in
enhancement tumoral cell death in the
transgenic (KPC) and orthotopic mouse
models. A and B, The KPC (A) and
orthotopic (B) mouse models of PDAC
were treatedwith Hh and/or HGF/c-Met
inhibitor(s) and biweekly gemcitabine
as shown in Fig. 1A. Primary tumors from
both mouse models were harvested on
the last day of treatment and subjected
to TUNEL staining for apoptotic cells.
Representative images for each
treatment group in both models are
shown. The images are representative
of one experiment. Mice that died
before the completion of the planned
treatment or whose quality of tumor
was not adequate for analysis due to
necrosis were excluded. Gem-
gemcitabine (n ¼ 8), Hh-Hh inhibitor þ
gemcitabine (n¼ 9), c-Met- HGF/c-Met
inhibitorþ gemcitabine (n¼ 7), DMSO-
vehicle control (n ¼ 14), Hh þ c-Met þ
gemcitabine (n¼ 8). Scale bar, 200 mm.
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additional effect on tumor shrinkage observed with Hh inhibitor
but not the c-Met inhibitor can be explained by the targets of the
inhibitors. The Hh inhibitor affects stroma, whereas the c-Met
inhibitor works predominantly on the neoplastic cells (25). The
data suggest that combination of both inhibitors with gemcita-
bine shows a trend in shrinkage of primary tumor volume in both
mousemodels of PDACafter 1week of treatment regimen (Fig. 1B
and C).

To assesswhether theobserved tumor shrinkage is due to tumor
cell death, but not a decrease in the stroma compartment, we
performed terminal deoxynucleotidyl transferase (TdT) dUTP
nick-end labeling (TUNEL assay) staining on the primary tumors
harvested from the KPC and the orthotopic mouse models
(Fig. 1A) to evaluate tumor cell apoptosis. Tumors from neither
model showed significant difference in tumor cell apoptosis in the
gemcitabine treatment group when compared with the vehicle
treatment (Fig. 2A and B). However, we observed an increased
apoptosis in PDACs treated with gemcitabine in combination
with c-Met inhibitor. In contrast, little enhanced apoptotic activity
was seen in the tumors treated by the combination of gemcitabine

and Hh inhibitor compared with gemcitabine alone, suggesting
that the observed tumor shrinkage by ultrasoundmay represent a
decrease in the stromal component. The apoptotic activity in
tumors treated by gemcitabine and c-Met inhibitor was similar
to that in tumors treated by gemcitabine and both inhibitors
(Fig. 2A and B). Taken together, following 1 week of treatment,
there are some enhancements in antitumor activity by adding c-
Met or Hh inhibitor or both to gemcitabine. Although the
enhancement is modest in our study, it is consistent with the
published preclinical studies.

Prolonged treatment of single HGF/c-Met or Hh inhibitor leads
to resistance, which can be overcome by the combination of
both c-Met and Hh inhibitors

Next, we examined whether resistance to the c-Met and Hh
inhibitors is developed after a longer course of treatment. To this
end, we treated the orthotopic model for 2 weeks and KPC mice
for 3 weeks. Mice in the orthotopic model could not be treated
for more than 2 weeks due to the aggressive nature of this model
(24, 25). We subjected those mice to ultrasound examination to

Figure 3.

Prolonged combination treatment of transgenic mouse model (KPC) with Hh and HGF/c-Met inhibitors in combination with gemcitabine leads to reduction
in primary tumor volume and increased apoptosis. A, Schematic representation of 3-week treatment regimen in the KPC mouse model of PDAC. Baseline
tumor volume was determined one day before treatment, following weekly ultrasounds until the last day of treatment. Mice were treated daily by oral
gavage with Hh and/or HGF/c-Met inhibitors or vehicle control. Gemcitabine was administered biweekly via intraperitoneal injection. B, The change in tumor
volume (calculated as ratio between week 3 and baseline tumor volume) is shown. C, Semiquantification of TUNEL staining for apoptotic cells in KPC
mouse model after 3 weeks of treatment (as shown in A). The scoring method used score between 0 and 3, where 0 is no positive staining and 3 is high
positive staining. The data are representative of one experiment. Mice that died before the completion of the planned treatment or whose quality of tumor
was not adequate for analysis due to necrosis were excluded. Gem-gemcitabine (n ¼ 7), Hh-Hh inhibitor þ gemcitabine (n ¼ 6), c-Met- HGF/c-Met
inhibitor þ gemcitabine (n ¼ 5), DMSO-vehicle control (n ¼ 9), Hh þ c-Met þ gemcitabine (n ¼ 4). ns, not significant; � , P < 0.05; ��, P < 0.01; ���, P < 0.001;
���� , P < 0.0001 (unpaired Student t test).
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obtain baseline tumor volumes. The treatment regimen was
initiated on the second day following ultrasound and consisted
of daily treatment of Hh inhibitor, HGF/c-Met inhibitor, or
vehicle control together with biweekly gemcitabine administra-
tion. Second ultrasound was performed 7 days after the first one.
For KPCmice, the last ultrasoundwas performedon the last day of
21-day treatment, and for the orthotopic model, the last ultra-
soundwas performedon the last dayof 14-day treatment (Figs. 3A
and 4A). Interestingly, gemcitabine treatment had no effect on
tumor size in the KPC mice (Fig. 3B); however, it did result in
significant reduction of primary tumors in the orthotopic model
(Fig. 4B). Gemcitabine is in the family of nucleoside analogue
medications, and it works by blocking the creation of new DNA
(33).We therefore examined the proliferation capacity of both the
KPC and orthotopic tumors and showed that the activity of
gemcitabine with or without Hh or c-Met inhibitor does not
appear to correlate with the proliferation status of the tumors
(Supplementary Fig. S1). Moreover, c-Met but not Hh inhibitor
further enhanced the antitumor response of gemcitabine in the

KPC but not the orthotopic model. More importantly, the com-
bination of c-Met and Hh inhibitors significantly enhanced the
tumor response to gemcitabine in both the KPC and orthotopic
mouse models (Figs. 3B and 4B). We did not observe significant
toxicities with the treatments, as we did not observe any weight
loss in the mice. Treatment with single target inhibitor shows no
benefit in terms of tumor shrinkage (25). We observed large
variability of tumor growth in the control group and the gemci-
tabine-alone group. This may be explained by our recent finding
showing intertumoral heterogeneity of stromal signaling, namely
the HGF/c-Met and Shh/IGF-1/IGF-1R pathways in mouse mod-
els of PDAC (25). The large variability in growth of untreated
tumors and tumors treated by gemcitabine alone may be because
some tumors express high Shh signaling, whereas other tumors
express high c-Met signaling. However, when the tumors are
treated by stroma-targeting agents, their responses to gemcitabine
become more uniform. To determine the effect of the treatment
regimen, we analyzed the apoptosis of tumor cell via the TUNEL
assay following more than 1 week of treatment. As expected,

Figure 4.

Prolonged combination treatment of orthotopic mouse model with \Hh and HGF/c-Met inhibitors in combination gemcitabine leads to reduction in
primary tumor volume and metastatic burden. A, Schematic representation of 2-week treatment regimen in the orthotopic mouse model of PDAC. Baseline
tumor volume was determined on postoperative day 5, following by weekly ultrasounds until the last day of treatment. Mice were treated daily beginning
one day after the first ultrasound by oral gavage with Hh and/or HGF/c-Met inhibitors or vehicle control. Gemcitabine was administered biweekly via
intraperitoneal injection. In the metastasis study (C), livers, lungs, gut, and peritoneum were harvested for gross and histologic analysis of metastases.
B, The change in tumor volume (calculated as ratio between week 3 and baseline tumor volume) is shown. Data are representative of one experiment.
C, Summary of total numbers of metastases formed (gross and histologic) in each group. The data are representative of one experiment. Mice that died
before the completion of the planned treatment or whose quality of tumor was not adequate for analysis due to necrosis were excluded. Gem-gemcitabine
(n ¼ 7), Hh-Hh inhibitor þ gemcitabine (n ¼ 8), c-Met- HGF/c-Met inhibitor þ gemcitabine (n ¼ 10), DMSO-vehicle control (n ¼ 6), Hh þ c-Met þ gemcitabine
(n ¼ 8). ns, not significant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 (unpaired Student t test in B and Fisher exact test in C).
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gemcitabine only group shows a minimal increase in tumor cell
death when compared with the vehicle treatment (Fig. 3C).
Moreover, the addition of single inhibitor seems to have no effect
on the incidence of apoptotic tumor cells, suggesting that the
resistance to single inhibitors is developed following a longer
course (14 or 21 days) of treatment. Importantly, only dual
inhibition of both Hh and HGF/c-Met pathways shows increased
sensitivity to gemcitabine as demonstrated by the significantly
increased tumor cell death (Fig. 3C). These results suggest that the
resistance to the c-Met and Hh inhibitor is developed following a
prolonged treatment of each individual inhibitor; however, the
resistance may be overcome by combining both c-Met and Hh
inhibitors.

Next, wewanted to determinewhether prolonged combination
treatment of dual stromal inhibitors and gemcitabine has an effect
on incidence of metastasis. We utilized the orthotopic model for
this part of the study, as it allows for the establishment of primary
tumors of similar size (24). We previously showed that untreated
mice become morbid and die between day 17 and day 25 with a
median survival of 21 days (25). Thus, following 2-week treat-
ment (Fig. 4A), we chose to stop the experiment on day 19 before
the majority of mice would have died, specifically, before there
were no more than 2 dead mice in each treatment group. We
euthanized all the mice and harvested their livers, gut, lungs, and
peritoneum for further analysis. Gross examination followed by
histologic examination of the metastasis formed revealed that

Figure 5.

Single c-Met or Hh inhibitor treatment leads to the enhanced expression of the other target and the combination of both c-Met and Hh inhibitors
suppresses the expression of both targets more effectively. A and B, Representative IHC images of primary tumors from the transgenic mouse model-KPC
stained for expression of Shh (A) and c-Met (B) showing upregulation of Shh in the c-Met treatment group and vice versa, that can be overcome by
combination treatment of Hh and c-Met inhibitors with gemcitabine. C and D, Representative IHC images of primary tumors from the orthotopic mouse
model stained for expression of Shh (C) and c-Met (D) showing upregulation of Shh in the c-Met treatment group and vice versa, that can be overcome by
combination treatment of Hh and c-Met inhibitors with gemcitabine. Mice in both models were treated for 1 week (as shown in Fig. 1A). The data are
representative of one experiment. Mice that died before the completion of the planned treatment or whose quality of tumor was not adequate for
analysis due to necrosis were excluded. Arrows, positive staining. Gem-gemcitabine (n ¼ 8), Hh-Hh inhibitor þ gemcitabine (n¼ 9), c-Met- HGF/c-Met inhibitor þ
gemcitabine (n ¼ 7), DMSO-vehicle control (n ¼ 9), Hh þ c-Met þ gemcitabine (n ¼ 8). Scale bar, 200 mm.
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single-stromal agents in combination with gemcitabine show a
trend in the reduction of metastases formation, which is consis-
tent with literature reports (Fig. 4C; refs. 34, 35). Importantly, the
group with dual inhibitor treatment in addition to gemcitabine
showed no metastases (Fig. 4C). This result suggests that the
combination of c-Met and Hh inhibitors in addition to gemcita-
bine has significantly suppressed metastasis formation.

Single c-Met or Hh inhibitor treatment leads to enhanced
expression of the other target, and the combination of both
c-Met and Hh inhibitors suppresses the expression of both
targets more effectively

We then sought to understand the lack of effect of Hh or c-Met
inhibitiononprimary tumor volumeby examining the expression
of their targets in PDACs from treated mice. We performed IHC
staining on primary tumors from both the KPC (Fig. 5A) and the
orthotopic (Fig. 5B) mouse models that have been treated with
gemcitabine alone or in combination with the inhibitors for one
week (Fig. 1A). As anticipated, either single c-Met or Hh inhibitor
in combination with gemcitabine lead to decrease of the c-Met
and Shh expression, respectively (Fig. 5; Supplementary Fig. S2).
However, in the mice treated with c-Met inhibitor, the expression
of Shh was enhanced, and in mice treated with Hh inhibitor, the
expression of c-Met was enhanced following one week of treat-
ment. Similar results were observed in PDACs from the mice
treated for three weeks (Supplementary Fig. S3). These results
suggest that the ineffectiveness of these inhibitors in further
sensitizing PDAC to the gemcitabine treatment beyond one week
may be attributed to the activation of alternative pathways.
Consistent with this notion, inhibition of both c-Met and Hh
pathways along with gemcitabine treatment shows a decrease in
the expression of both c-Met and Shh when compared with the
gemcitabine-alone treatment group.

Compensatory overexpression/activation of alternative
pathways may account for single-target resistance in PDAC

To further investigate the mechanism of resistance to gemcita-
bine in combination with one inhibitor, we first examined the
effect of Shh inhibitor and c-Met inhibitor onKPC tumor cells and
mCAF cells, respectively. As shown in Fig. 6A, Shh inhibitor
decreased the expression of Shh, but increased the expression of
HGF from mCAF cells. In addition, c-Met inhibitor decreased the
expression of c-Met, but increased the expression of Shh from the
KPC tumor cells. This result suggests that when Shh is inhibited,
theHGF/c-Met pathway is activated as a compensation, andwhen
c-Met is inhibited, the Shh expression is induced. Second, we
confirmed that inhibition of c-Met and/or Shh via the pharma-
ceutical agents utilized in the study, leads to blockade of their
respective pathways by analyzing downstream targets of each
pathway (Fig. 6B and C). Our recently published study placed
IGF-1 downstream of Shh (25). Analysis of IGF-1 expression in
PDAC tumors from orthotopic mouse model confirmed that
expression of the protein is decreased in samples treated with
Hh inhibitor but not in the c-Met–treated samples when com-
pared with vehicle control. As expected, combination treatment
resulted in decreased expression of IGF-1.Moreover, no difference
in the amount of IGF-1was noted between the vehicle control and
gemcitabine groups (Fig. 6B). E-Cadherin is downstream of both
HGF/c-Met and Shh pathways (5, 25, 36); therefore, either inhib-
itor was able to activate E-cadherin. When both inhibitors were
used, the expression of E-cadherin was higher than that seen with

single inhibitors (Fig. 6C). Third, we tested the selectivity of c-Met
inhibitor utilizing tumor cells with c-Met knockdown by shRNA.
As shown in Table 1, when c-Met is knocked down (Supplemen-
tary Fig. S4A), c-Met inhibitor is no longer capable of increasing
apoptosis, although c-Met knockdown itself can induce apopto-
sis. Interestingly, Shh inhibitor also failed to increase the apo-
ptotic rate in cells with c-Met knockdown, suggesting that the
effect of the combination of c-Met and Shh inhibitors also
depends on c-Met. Moreover, this finding suggests that c-Met can
not only mediate the effect of Hh, but it also implies that
knockdown and small molecule targeting of c-Met has a different
effect on Shh expression (Fig. 6A; Supplementary Fig. S4B).

Discussion
PDAC is still one of the deadliest cancers worldwide with

limited therapeutic options (2). Here, we demonstrate that com-
bination of targeted stromal pathway inhibition of the c-Met and
Hhpathways alongwith gemcitabine treatment lead to significant
reduction of primary tumor volume and diminished metastases
formation in mouse models of PDAC. We also provide evidence
that this dual stromal therapy overcomes single-agent resistance
and increases gemcitabine sensitivity.

This study not only confirms the prior finding but also provides
an additional mechanistic explanation to the affectivity of dual
stromal inhibition in terms of the decrease in PDAC tumor
burden. It also explains why single stromal agent clinical trials
fail to show efficacy in human subjects (37). One of the reasons is
the development of resistance to those agents by overexpression
of other, nontargeted pathways. We demonstrated that the upre-
gulation of those nontargeted protumorigenic pathways tends to
be more prominent in longer term treatments.

The use of PDAC mouse models, although very informative,
has some limitations. Mice with implanted tumors have a very
short lifespan (�3 weeks) without treatments; thus, we used the
"2-week" treatment course tomimic the long course of treatment.
Although KPC spontaneous tumor models could be treated for a
longer course, we found that the mice could not tolerate a
prolonged course of treatment with daily oral gavage and were
concerned about inadvertent effect from oral gavage. Those lim-
itations lead to difficulty in accessing survival benefit in these
studies. Nevertheless, the data presented in these studies support
further testing of the combination of Hh and c-Met inhibitors in
clinical trials.

Numerous studies reported the benefit of stromal modulation
in enhancing chemosensitivity in mouse models of PDAC (19,
38–41); however, the use of Hh inhibitor in combination with
chemotherapy agents in clinical trials with human subjects failed
to show benefit (20–23). The importance of Hh and c-Met path-
ways as potential PDAC targets has been well documented (25,
42–44). The role of Hh signaling in PDAC has been rather
controversial. Some studies show that targeting the pathway is
beneficial in PDAC (45), whereas others documented that acti-
vation of Hh signaling can slow tumorigenesis (46). We recently
published a study showing that expression of Shh and HGF is
heterogeneous in the tumor microenvironment of PDAC, and
only blockade of both pathways has a beneficial effect on metas-
tasis of PDAC (25). This current study offers an insight into the
lack of success of trials as well it begins to answer the opposing
reports in current literature on the role of Hh pathway by showing
that combinational targeted therapy results in PDAC tumor
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sensitization to gemcitabine and overcomes the resistance mech-
anism of single-agent targeted therapies. Targeting c-Met with
cabozantinib was shown to increase gemcitabine efficacy on
cultured pancreatic tumor cells. The fact that cabozantinib
reduced stemcellmarkers and also self-renewalpotential of PDAC
cells may account for the mechanism of inhibition of c-Met in
overcoming the resistance of PDAC to chemotherapy (43, 44).
Our recent study described the role of stroma in c-Met inhibition
(25), which provides a separate mechanism to overcoming
resistance to chemotherapy, although we show that inhibition
of c-Met is compensated by increased levels of another stromal
pathway,namely theHhpathway.AsHhsignaling is also involved
in self-renewal of PDAC, it is possible that the combination of Hh
and c-Met inhibition overcomes the resistance in PDAC to gem-
citabine through inhibiting the self-renewal potential of PDAC.

Table 1. Summary of the rate of apoptosis in KPC cells with/without c-Met
knockdown after inhibitor treatment

c-Met status
Treatment
group

Percentage of Annexin
V–positive cells
(�SEM)

shRNA-Ctrl DMSO 10.59 � 0.23
c-Met 22.36 � 1.09
Hh 36.47 � 0.85

shRNA-c-Met DMSO 69.19 � 2.56
c-Met 70.26 � 0.98
Hh 71.17 � 1.12

NOTE: Fisher test was performed. There is a statistically significant difference
(P < 0.0001) between the DMSO-treated and Hh inhibitor–treated KPC tumor
cells transfected with shRNA-Ctrl. There is no statistical difference between
treatments of cells transfectedwith c-Met shRNA. Data are shown as themean�
SEM.

Figure 6.

Compensatory overexpression/activation
of alternative pathways explains single
target resistance in PDAC. A, qRT-PCR
analysis of c-Met, Shh, and GAPDH
(control) in KPC tumor cells after c-Met
inhibitor treatment and qRT-PCR analysis
of Shh, HGF, and GAPDH (control) in
mCAFs after Hh inhibitor treatment. The
gene was normalized to GAPDH and is
shown as a fold change. B and C,
Representative IHC images of primary
tumors from the orthotopic mouse model
stained for expression of IGF-1 (B) and
E-cadherin (C). Mice were treated for 1
week (as shown in Fig. 1A). The data are
representative of one experiment. Mice
that died before the completion of the
planned treatment or whose quality of
tumor was not adequate for analysis due
to necrosis were excluded. Gem-
gemcitabine (n ¼ 8), Hh-Hh inhibitor þ
gemcitabine (n ¼ 9), c-Met- HGF/c-Met
inhibitor þ gemcitabine (n ¼ 7), DMSO-
vehicle control (n ¼ 9), Hh þ c-Met þ
gemcitabine (n ¼ 8). Scale bar, 200 mm.
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Further studies are warranted to determine the exact molecular
mechanism underlying the role of c-Met and Hh signaling in
chemotherapy resistance in PDAC.
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