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Hypoxia activated HGF expression in pancreatic stellate cells
confers resistance of pancreatic cancer cells to EGFR inhibition

Xiuhui Shi,“* Min Wang,** Yuging Zhang,b'c Xingjun Guo,” Mingyang Liu,bZhijun Zhou,” Yan Zhao,® Ruizhi He," Yang Gao,” Yuhui Liu,*
Shutao Pan,” Min Zhou,” Chunle Zhao," Taoyuan Yin," Xu Li,* Hebin Wang,* Jingxuan Yang,b Feng Zhu," Min Li,%** and Renyi Qin“*

*Department of Biliary-Pancreatic Surgery, Affiliated Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China
bDepartment of Medicine, The University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA

Summary
Background Epidermal growth factor receptor (EGFR) is an essential target for cancer treatment. However, EGFR
inhibitor erlotinib showed limited clinical benefit in pancreatic cancer therapy. Here, we showed the underlying
mechanism of tumor microenvironment suppressing the sensitivity of EGFR inhibitor through the pancreatic stellate
cell (PSC).

Methods The expression of alpha-smooth muscle actin (a-SMA) and hypoxia marker in human pancreatic cancer
tissues were detected by immunohistochemistry, and their correlation with overall survival was evaluated. Human
immortalized PSC was constructed and used to investigate the potential effect on pancreatic cancer cell lines in
hypoxia and normoxia. Luciferase reporter assay and Chromatin immunoprecipitation were performed to explore
the potential mechanisms in vitro. The combined inhibition of EGFR and Met was evaluated in an orthotopic
xenograft mouse model of pancreatic cancer.

Findings We found that high expression levels of a-SMA and hypoxia markers are associated with poor prognosis of
pancreatic cancer patients. Mechanistically, we demonstrated that hypoxia induced the expression and secretion of
HGF in PSC via transcription factor HIF-1at. PSC-derived HGF activates Met, the HGF receptor, suppressing the
sensitivity of pancreatic cancer cells to EGFR inhibitor in a KRAS-independent manner by activating the PI3K-
AKT pathway. Furthermore, we found that the combination of EGFR inhibitor and Met inhibitor significantly
suppressed tumor growth in an orthotopic xenograft mouse model.

Interpretation Our study revealed a previously uncharacterized HIF1a-HGF-Met-PI3K-AKT signaling axis between
PSC and cancer cells and indicated that EGFR inhibition plus Met inhibition might be a promising strategy for
pancreatic cancer treatment.

Funding This study was supported by The National Natural Science Foundation of China.

Copyright © 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction Pancreatic stellate cell (PSC), the resident mesen-
Pancreatic cancer is currently the third leading cause of ~ chymal cells of the pancreas, is the primary source of
cancer death in the United States, with a five-year sur- cancer-associated fibroblast or myofibroblasts that con-

vival rate of 11%." One major characteristic of pancreatic ~ tributes to the desmoplasia in pancreatic cancer.”” PSCs
cancer tissues is the extensive desmoplasia that leads to ~ are at low numbers at quiescent statuses in normal
tissue hypoxia and restricts immune infiltration.”* pancreas and characteristically express alpha-smooth
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Research in context

Evidence before this study

Pancreatic cancer is one of the most fatal caners with few
effective therapies. The refractory responses of pancreatic
cancer to chemotherapy as well as targeted therapy and
immunotherapy could be largely attributed to the highly
desmoplastic stroma comprised of abundant activated
pancreatic stellate cells (PSCs). However, the underline
mechanism of PSC mediated drug resistance is not fully
understood.

Added value of this study
This study revealed the underlying mechanism of PSC
suppressed the sensitivity of EGFR inhibitor in pancreatic

muscle actin (a-SMA) when activated and transform
into myofibroblasts.”® Activated PSCs profoundly affect
tumor cell initiation, progression, and metastasis
through secreting extracellular matrix components,
growth factors, amino acids, and lipids."*"

Hypoxia is a common feature of most solid tumors,
particularly pancreatic cancer.” Hypoxia-inducible fac-
tor-1a (HIF-1a) plays a central role in hypoxic cancer by
regulating its downstream targeted genes.">?' Previous
studies show increased hypoxia and activated PSC dur-
ing pancreatic cancer development, but the underlying
mechanisms are not fully understood.”'** Hepatocyte
growth factor (HGF), the ligand of the Met (mesen-
chymal-epithelial transition factor)-receptor, which is
secreted mainly from stromal cells and plays an essen-
tial role in resistance to tyrosine kinase inhibitors (TKIs)
in many cancers, including melanoma, lung cancer, and
colorectal cancer.”” The expression of HGF was re-
ported to correlate with HIF-1a, but the underlying
mechanism is unclear.?®*

The epidermal growth factor receptor (EGFR) tyro-
sine kinase is often activated in various cancer types.”
Activated EGFR leads to the subsequent signaling cas-
cades, such as PI3K/Akt, MAPK, and STAT signaling,
which involve cell survival, apoptosis, and prolifera-
tion.”" Epidermal growth factor receptor TKIs are well-
used therapeutic agents for non-small cell lung cancer
and colorectal cancer in patients with EGFR muta-
tions.”»** However, many patients develop drug resis-
tance after treatment due to secondary mutation or
bypass signaling activation.”* The EGFR inhibitor
erlotinib (ERL) has also been approved for treating
pancreatic cancer but showed little effect in clinical ap-
plications. The high-frequency mutation of KRAS in
pancreatic cancer has been thought to be the factor that
limited the effect of erlotinib, but it could not be a
predictor for therapy resistance.”” The limited effect of
EGFR inhibitor in pancreatic cancer needs further
investigation since EGFR is overexpressed in 57%-95%

cancer under hypoxia. A previously uncharacterized HIFla-
HGF-Met-PI3K-AKT signaling axis between PSC and cancer
cells mediates EGFR resistance was identified.

Implications of all the available evidence

Our study indicated high expression levels of a-SMA and
hypoxia marker are associated with poor prognosis of
pancreatic cancer patients. The combined inhibition of EGFR
and Met signaling might be a promising strategy for
pancreatic cancer treatment.

of pancreatic cancer and EGFR signaling is necessary
for KRAS-driven tumor progression.**

In the present study, we found that patients with a
high level of a-SMA expression and a high level of car-
bonic anhydrase IX (CAIX), a hypoxia marker, predict a
worse prognosis in pancreatic cancer. Upon investi-
gating the cytokine profiles of PSC conditioned medium
under hypoxia, we observed that the level of HGF
significantly increased. Using the luciferase reporter
system and chromatin immunoprecipitation assay, we
found that hypoxia-induced stabilization of HIF-la
regulates the expression and secretion of HGF in PSC,
which contributes to the resistance of EGFR inhibitor
treatment in pancreatic cancer in a KRAS-independent
manner. EGFR inhibitor, in combination with the Met
inhibitor, showed a remarkable effect in suppressing
tumor growth in the pancreatic cancer orthotopic
xenograft mouse model. In conclusion, this study
showed a novel mechanism of stromal signaling from
PSC under hypoxia that contributes to the resistance to
EGEFR inhibition in pancreatic cancer.

Methods

Ethics

This study was approved by the Human Ethics Com-
mittee of Tongji Hospital, Huazhong University of
Science and Technology. All animal experiments were
approved by the Animal Care and Use Committee of
Huazhong University of Science and Technology.

Human specimens

Human pancreatic cancer specimens were obtained
from the Department of Biliary-Pancreatic Surgery at
Tongji Hospital (Wuhan, China). All tissue sections
were stained with H&E and diagnosed by pathological
examination.
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Cells and cell culture

PANC-1 (#CRL-1469), BxPC-3 (#CRL-1687), SW1990
(#CRL-2172), MIA PaCa-2 (#CRM-CRL-1420), AsPC-1
(#CRL-1682), CFPAC-1 (#CRL-1918), and Panc 03.27
(#CRL-2549) cells were purchased from American Type
Culture Collection. These cells were cultured following
the manufacturer’s instructions as described previ-
ously.”*” Human primary pancreatic stellate cells were
purchased from ScienCell (#3830; ScienCell Research
Laboratories, CA, USA). The pLVSIN-CMV vector con-
taining sequences of SV40 large T-antigen and hTERT
was used for constructing immortalized human
pancreatic stellate cell lines (ImPSC). The ImPSC were
identified by PCR, and these cell lines did not exhibit
senescence traits, even after passage 20. PSC and
ImPSC were cultured in the recommended stellate cell
medium (#5301; ScienCell Research Laboratories, CA,
USA) with 2% fetal bovine serum (FBS, #0010, Scien-
Cell) and 1% stellate cell growth supplement (#5352;
ScienCell). All the cell lines used in the study were
identified by short tandem repeat (STR) profiling.

Stable cell line construction

The shRNA sequence of HGF was inserted into the
pLKO.1 puro (Plasmid #8453, Addgene) using Agel and
EcoRI sites. The recombinant and control plasmid were
co-transfected with lentiviral packaging plasmids into
293T cells. Lentiviral supernatants were collected and
transduced to the PSC as we described previously.*!
Stable cells of HGF knockdown were selected by puro-
mycin for two weeks.

Preparation for the conditioned medium
Serum-free medium was added to the PSC at >80%
confluence to form a conditioned medium under hyp-
oxia (5% CO,, 1% O,, and 94% N,) or normoxia (5%
CO,, 21% O,, and 74% N,) for 24 h. The conditioned
medium (CM) was centrifuged at 3000 rpm for 10 min
and filtered through the 0.45 pm PES filter. The CM was
stored at —80 °C until use.

Quantitative real-time PCR

Total RNA of cells or tissues was extracted using the
Trizol reagent ((#15596026, Invitrogen). The purity and
concentration of RNA were detected by the NanoDrop
spectrophotometer (Thermo Scientific, USA). Messenger
RNA was converted to complementary DNA using the
Reverse Transcriptase Kit (#RR047A, Takara, Japan) and
amplification by real-time PCR reaction using an SYBR
Premix Ex Taq kit (#RR420A, Takara, Japan), following
the manufacturer’s protocol. Comparative quantification
of gene expression was calculated using the 2744
method. The gene-specific primer sequences used for
PCR are listed in Supplementary Table S4.
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Luciferase reporter assay

The pRL Renilla luciferase reporter vector with pGL3
reporter vector (RRID: Addgene_48743) containing the
partial or full promoter or control pGL3 vector was co-
transfected into PSC with pcDNA3-HIF-1a or a control
pcDNA3 vector, then incubated for 24 h under normoxia
or hypoxia. Relative luciferase activity was detected us-
ing a dualluciferase reporter assay system per the
manufacturer’s protocols (#1910; Promega, USA).

Chromatin immunoprecipitation assay

Based on the manufacturers’ recommendations, the
Pierce™ Agarose ChIP kit (#26156, Thermo Scientific,
USA) was used for the ChIP assay. PSCs were treated
with 1% formaldehyde to induce DNA-protein cross-
linking. Next, incubated with glycine, lysed in lysis
buffer, and sonicated to shear DNA. After centrifugation
and resuspension, cell lysates were incubated with
Protein A/G Agarose beads and immunoprecipitated
overnight with either anti-HIF-1la or IgG antibody at
4 °C. After that, the protein-DNA complexes were pulled
down by Protein A/G Agarose beads. The immunopre-
cipitated DNA was quantified by PCR.

Animal experiment

Five-week-old female BALB/c nude mice were pur-
chased from HFK BioTechnology (Beijing, China). One
single mouse is an experimental unit. The sample size
was calculated by the “resource equation” method,* and
we used the power analysis tool PASS v16 (Utah, USA,
2018) to estimate the minimum detectable effect size of
the selected sample size. In a single factor ANOVA
study, the sample size of 6 mice per group and 4 groups
total achieves 80% power to detect a difference of at least
3.37 standard deviation (SD) using the Dunnett (With
Control) multiple comparison test at a 0.05 significance
level. Since there are two different groups of cells in the
animal experiment, the minimum number of mice is 48
in the animal experiment. Considering the expected
attrition or death of animals, the total number of mice
we used in this study is 55. PANC-1 cells (1 x 10°)
transduced to express luciferase with or without PSC
(1 x 10% were suspended in 50 pl PBS mixed with
Matrigel and were orthotopically injected into mice
pancreas. Four mice were excluded from the experiment
due to leakage during implantation. One week after
implantation, mice injected with PANC-1 and PANC-
1+PSC cells were randomly (simple randomization)
divided into four groups (DMSO, ERL, Criz, ERL+Criz),
six mice per group. Each cage was selected randomly
from the pool of all cages. Then, we administered
50 mg/kg ERL and/or 40 mg/kg Criz or DMSO daily by
gavage for seven weeks and collected tumors and tissues
for detection at the endpoint of the experiment. Mouse
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weights were monitored twice a week. Tumor volumes
were monitored by bioluminescence imaging weekly.

Statistics

Statistical analysis was performed with IBM SPSS sta-
tistics 24 or GraphPad Prism 8 software. The correlation
between study variables was analyzed by the Spearman
correlation test. The Survival curves were plotted using
the Kaplan—Meier method, and the survival rates were
compared by log-rank test. The significance of single-
factor and multiple-factor on the survival time was
analyzed using univariate and multivariate Cox regres-
sion analyses. The Shapiro—Wilk test and Kolmogorov—
Smirnov test were used for the data normality
evaluation. For the two groups’ comparison, Student’s
t-test (parametric test) was performed for continuous
variables following normal distribution, and the Mann—
Whitney test (non-parametric test) was performed for
the data that followed the skewed distribution. For
multiple comparisons, the ANOVA test (parametric test)
followed by the Bonferroni test was performed for data
following normal distribution, and the Kruskal-Wallis
test (non-parametric test) was performed for the data
following the skewed distribution. Bonferroni correction
was performed to adjust the P value in multiple com-
parations. A P-value <0.05 was considered statistically
significant.

Role of the funding source

The funding agencies of this study had no role in the
study design, data collection, analysis, interpretation of
data, or manuscript writing.

Results

High levels of a-SMA and CAIX predict a worse
prognosis in patients with pancreatic cancer

The pancreatic tumor microenvironment is character-
ized by the accumulation of a-SMA" myofibroblasts
and a large number of stromal collagen fibers in
both primary tumors and metastases in the liver
(Supplementary Fig. S1a). To determine the functions of
cancer-associated fibroblasts in pancreatic cancer, we
used immunohistochemical staining to evaluate the
expression of a-SMA, CAIX, PCNA, Vimentin, TP53,
and SMAD4, which play important roles in pancreatic
cancer. Using a tissue microarray from a cohort of 90
patients with pancreatic cancer, we found that the
expression of a-SMA was positively correlated with
CAIX (Spearman r = 0.391; P < 0.0001). While PCNA,
Vimentin, TP53, and SMAD4 were not correlated with
either CAIX or a-SMA (P > 0.05; Supplementary
Tables S1 and S2). Since CAIX is an essential enzyme
of cancer cell response to the hypoxic environment,
another hallmark of pancreatic cancer, we further

evaluated the CAIX level in tumor tissues. To analyze
the effects of a-SMA and CAIX on patients’ survival, we
divided the expression of a-SMA and CAIX into high
(>2.0) and low (<2.0) groups according to immunohis-
tochemical staining score. The staining of a-SMA was
scored based on staining intensity in the stromal cells,
and the CAIX was scored based on staining intensity in
both stromal cells and cancer cells. We found that a high
level of a-SMA was associated with a poor prognosis
(median survival of 13.8 months vs. 28.0 months;
P =0.001 (log-rank); Fig. 1a). The high level of CAIX
was insignificantly associated with poor prognosis
(P = 0.093, Fig. 1b). When we combined a-SMA with
CAIX, we found that a high level of a-SMA and a high
level of CAIX predicted a worse prognosis (median
survival of 9.2 months compared with 33.0 months;
P = 0.003; Fig. 1c). Representative images of immuno-
histochemical staining of a-SMA and CAIX in pancre-
atic cancer tissue microarrays were shown in Fig. 1d
and e.

We next used single-factor and multiple-factor
regression analyses to assess the impact of expression
of a-SMA and CAIX on survival. We noticed that both
a-SMA (HR = 2.349; P =0.003), and CAIX (HR = 1.491;
P = 0.095) are correlated with worse prognosis in uni-
variate analysis (Supplementary Table S3). A more sig-
nificant effect on survival was found in combined a-SMA
with CAIX expression in both univariate analysis
(HR = 3.026; P = 0.004) and multivariate analysis
(HR=3.997; P=0.001) (Supplementary Table S3). In the
univariate analysis, other traditional clinical-pathological
prognostic indicators were also analyzed. Among these
indicators, tumor size, vascular infiltration, and tumor
differentiation exhibited a significant correlation with
overall survival (P < 0.05) (Supplementary Fig. S1b-h).
Taken together, these results indicated that high a-SMA
and hypoxia predict significantly poor prognosis in
pancreatic cancer patients.

Hypoxia promotes HGF expression and secretion in
pancreatic stellate cells
The pancreatic stellate cell is an important source of
cancer-associated fibroblasts or «-SMA™ myofibro-
blasts,* which can affect pancreatic tumor progression
by secreting ECM and cytokines. Based on our findings
above, we hypothesized that hypoxia-related cytokines
from PSC could play an essential role during tumor
progression. To this end, we used primary pancreatic
stellate cells isolated from the human pancreas to
construct an immortalized pancreatic stellate cell line
via transfection with the SV40 large T antigen and hu-
man telomerase (hTERT) (Fig. 1f~h). The primary and
immortalized PSC were identified by immunofluores-
cence with characterized markers of PSC (Fig. 1i).

To investigate the hypoxia-related cytokines secreted
by PSC, we collected the conditioned medium under
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Fig. 1: Hypoxia promotes PSC activation and upregulates HGF level in pancreatic cancer. a-c, Overall survival of pancreatic cancer patients
stratified by a-SMA expression (a), CAIX expression (b), or both a-SMA and CAIX expression (c). d and e, Representative tissue microarray
images of immunohistochemistry staining for a-SMA and CAIX from a set of 90 patients with pancreatic cancer. f, Morphology in culture
conditions of primary pancreatic stellate cells and immortalized pancreatic stellate cells. g and h, The immortalized human pancreatic stellate cell
line was identified by RT-PCR. i, Human primary and immortalized pancreatic stellate cells were identified by immunofluorescent staining using
a-SMA and GFAP (Glial fibrillary acidic protein) antibody observed under a confocal microscope. Scale bars, 100 pm j, Cytokine array analysis
between HCM and NCM of PSC. Hierarchical clustering of cytokine according to their relative signal intensity. k, Cross-data analysis of TCGA,
tissue data, and PCR-analyzed cell line data demonstrated that HGF was significantly up-regulated in all datasets. ***P < 0.001.

normoxia (NCM) and the conditioned medium under
hypoxia (HCM). Using a cytokine microarray analysis,
we found seventeen differently expressed cytokines in
HCM compared with NCM, and six of these cytokines
were significantly overexpressed (Fig. 1j). We further
evaluated the mRNA levels of these cytokines in PSC
cultured in hypoxia or normoxia. The mRNA levels of
HGF, MIF, IL-6, and IL-1a were significantly higher in
hypoxia compared to normoxia (Supplementary
Fig. S2a). To gain insight into the clinical relevance of
hypoxia-related cytokines in PSC, the RNA levels of cy-
tokines in pancreatic cancer specimens (n = 178) were
analyzed by The Cancer Genome Atlas (TCGA) data-
base. We found that RNA levels of these six cytokines,
except IL-la, were significantly higher in pancreatic
cancer tissues than adjacent tumor controls
(Supplementary Fig. S2b-g). Moreover, the results
from our pancreatic cancer patients’ specimens con-
sisting of matched normal and tumor tissues (n = 30,
Supplementary Fig. S2h-m) indicated a significant dif-
ference in the RNA levels of HGF (P < 0.0001) and
CCL2 (P =0.0019) in tumor tissues and controls. When
considered together with the mRNA levels from the

www.thelancet.com Vol 86 December, 2022

stellate cells data, the TCGA database and our tissue
samples, we found that HGF level was significantly
changed in pancreatic tumor tissues compared to adja-
cent normal control tissues (Fig. 1k). Taken together,
these results indicate that a-SMA™ PSC highly expressed
HGF under hypoxia and may contribute to the malig-
nant phenotype of pancreatic cancer.

Hypoxia increases HGF expression and secretion in
pancreatic stellate cells by enhancing
transcriptional activity

Since HGF is mainly secreted by stromal cells and
hypoxia affects the expression of a large number of
genes that promote cell survival by regulating the sta-
bilization of HIF-1a,** we further investigated the as-
sociation between HGF and HIF-la under hypoxia
condition. We compared the expression of HGF in PSC
under normoxic and hypoxic conditions for different
time points (Fig. 2a and b). We found that hypoxia
exposure increased the expression of HGF in a HIF-1a
dependent manner in PSC, which suggests that HGF is
overexpressed in hypoxic conditions and is positively
correlated with HIF-la level. To determine the
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Fig. 2: Hypoxia activates the transcription of HGF in PSC. a, HGF expression level was detected in PSC by immunofluorescence assay after
treatment with hypoxia or normoxia for 24 h. b, The expression of HGF and HIF-1a in PSC was determined by Western blot after treatment
with hypoxia for 0, 2, 4, 6, 12, or 24 h. ¢, The protein expression level of HIF-1a and HGF in PSC under hypoxia for 24 h was assayed by Western
blot after transfection with pcDNA, pcDNA-HIF-1a, shControl, or shHIF-1a. d, Graphical representation of putative transcription factor binding
sites in the promoter of the HGF gene. e, Relative luciferase activity assayed after co-transfection with luciferase reporter vector containing the
promoter of HGF with shControl, shHIF1a, pcDNA, or pcDNA-HIF1o in PSC under hypoxia or normoxia. f, ChIP products were amplified by
quantitative PCR with each designed primer. Cell lysates of PSC exposure to hypoxia for 24 h were subjected to the ChIP assay with control IgG
or HIF-1a antibody. g, Luciferase activity was detected in PSC under hypoxia for 24 h after transfection with luciferase reporter vector containing
HGF full promoter, a promoter with BS1, BS2, or BS3 deletion. h, ChIP-PCR assay was conducted to analyze HIF-1a binding on human HGF
promoter in PSC cells. i, Schematic diagram of the luciferase reporter vector containing wild-type or mutant BS1. j, Luciferase activity was
detected in PSC under hypoxia for 24 h after transfection with luciferase reporter vector containing wild-type, mutant BS1, or empty control. ns:
not significant, *P < 0.05, **P < 0.01.

association between HGF and HIF-la, we knocked  regulate expression under hypoxia,” here, we hypoth-
down and overexpressed HIF-1a in PSC (Fig. 2¢c). Three  esized that HIF-1a might activate HGF transcription.
shRNAs of HIF-1a were designed to knock down HIF-  To verify this, we analyzed the promoter sequence of
la. Among them, shRNA1 showed the most significant ~ the HGF gene by using the JASPAR public database.”
inhibition efficiency in PSC (Supplementary Fig. S2n).  Three putative HRE sites (BS1, BS2, and BS3) were
Thus, we used shRNA1 for the subsequent experiments  identified in the promoter of the HGF gene on chro-
and named it shHIF-1a. Then, we observed that HGF ~ mosome 7 (Fig. 2d). Then, we performed the luciferase
was increased in PSC when the HIF-la was upregu-  reporter assay to examine whether HIF-la could
lated, whereas HGF expression was decreased at both  regulate the transcription activity of HGF. As expected,
RNA and protein levels with HIF-la knocked down  we found that HIF-la significantly increased HGF
under hypoxia (Supplementary Fig. S20-p). promoter activity in stellate cells under hypoxic con-

As HIF-1a could bind to the hypoxia-response ele-  ditions compared with normoxic conditions. Accord-
ments (HRE) on the promoters of its target genes to  ingly, the promoter activity of HGF decreased after
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HIF-1a was knockdown by shRNA (Fig. 2e). Next,
through the chromatin immunoprecipitation (ChIP)
assay we found that HIF-1a could directly bind to the
promoter of HGF, and we found that all the three
putative binding sites on the promoter of HGF were
detectable (Fig. 2f). To further determine which bind-
ing site is necessary for regulating the transcriptional
activity of HGF, we constructed three deletion reporter
vectors of these three binding sites, respectively. We
observed that only BS1 deletion led to a significant
change in luciferase activity (Fig. 2g). The ChIP-PCR
results showed HIF-la could directly bind to the
binding site 1 of HGF promoter region (Fig. 2h).
Accordingly, the mutation of BS1 showed decreased
luciferase activity (Fig. 2i and j), indicating that HIF-1a
increased HGF transcription by binding to its BS1 re-
gion of the promoter.

HGF derived from PSC under hypoxia suppresses
the sensitivity of cancer cells to EGFR inhibitor
Previous studies reported that stromal-derived factors
acting on pancreatic cancer cells had various effects,
such as proliferation, invasion, and metastasis in a
paracrine manner.” To investigate the effects of HCM
and NCM from PSC on pancreatic cancer cells, we
performed a transcriptome sequencing analysis with PC
cells incubated with PSC-HCM or PSC-NCM. The
conditioned treatment schema was shown in
Supplementary Fig. S3a. We noticed a significant
change in the signaling pathway of EGFR tyrosine ki-
nase inhibitor resistance (Fig. 3a). HGF-Met activity has
been shown to affect the sensitivity of tyrosine kinase
inhibitor, including the EGFR inhibitor.”*** Thus, we
postulated that PSC might affect the sensitivity of
pancreatic cancer cells to EGFR inhibitors by secreting
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HGF. We found that only HGF could rescue pancreatic
cancer cell lines from erlotinib, an EGFR inhibitor
killing (Fig. 3b), while CCL2, IL-la, MIF, IL-6, or
CXCL10 could not. The effect of HGF promoting cell
proliferation is insignificant in the absence of erlotinib
(Supplementary Fig. S3b). The cell viability analysis
showed that recombinant HGF decreased the sensitivity
of pancreatic cancer cells to erlotinib (Fig. 3¢ and d).

Based on the above results, we reasoned that HCM
from PSC may serve as an intrinsic barrier to drug
therapy sensitivity in pancreatic cancer. To verify this,
we analyzed the effects of five widely used drugs in eight
pancreatic cancer cell lines under treatment with
PSC-HCM or PSC-NCM. We found that PSC-HCM
significantly rescued the pancreatic cancer cell lines to
erlotinib compared with PSC-NCM (Fig. 3e and f). At
the same time, we found that PSC-HCM-mediated
rescue was significant to erlotinib, but not oxaliplatin,
5-fluorouracil, paclitaxel, or gemcitabine. Then, we
quantified the effect of exposing pancreatic cancer cell
lines to the half-maximum inhibitory concentration
(IC50) of the conditioned medium and cell proliferation
for erlotinib. We found that PSC-HCM increased the
resistance of pancreatic cancer to erlotinib, promoted
proliferation, colony formation, and inhibited cell
apoptosis (Fig. 4a—d; Supplementary Fig. S3c—).

Next, we examined whether PSC promotes pancre-
atic cancer progress and erlotinib resistance was medi-
ated by HGF. We found that the colony formation
capacity of cancer cells in the presence of erlotinib was
decreased with HGF knockdown, whereas there was an
increase with HGF overexpression in PSC (Fig. 4e).
However, cell colony formation, cell viability, and
apoptosis in cancer cell in the absence of erlotinib did
not change significantly after HGF knockdown in PSC
(Supplementary Fig. S3g—i). When we used the HGF-
neutralizing antibody to block HGF, and it increased
pancreatic cancer cell sensitivity to erlotinib in PSC-
HCM in a concentration-dependent manner (Fig. 4f;
Supplementary Fig. S3j). Moreover, to validate whether
HGF mediated erlotinib resistance is dependent on Met
receptor, we treated cells with Crizotinib (Criz), a potent
inhibitor of Met. We found the PSC-HCM-mediated
drug resistance could be reversed partially by Criz
(Fig. 4g and h; Supplementary Fig. S3k and 1). These
results indicated that PSC-HCM increased the resis-
tance of pancreatic cancer to EGFR inhibition is medi-
ated by HGF.

HGF suppresses the sensitivity of EGFR inhibition in
pancreatic cancer by re-activating the PI3K-AKT
pathway

To investigate the mechanism of PSC-HCM derived
HGF mediated EGFR inhibitor resistance, we assessed
the status of three downstream survival signaling path-
ways activated by EGF that have been reported in

previous studies: the MAPK, PI3K-AKT, and STAT3
pathways.” We first used PSC-HCM or PSC-NCM to
treat pancreatic cancer cell lines with or without erlotinib
and then detected the activity of ERK, AKT, and STAT3
pathways. We found that PSC-HCM led to the significant
activation of the PI3K/AKT pathway upon treatment with
erlotinib compared with PSC-NCM (Fig. 5a). Similar ac-
tivations of the MAPK and STAT3 pathways were also
observed (Supplementary Fig. S4a and b).

Interestingly, we found that HGF activated down-
stream survival signaling of EGFR in the presence of
erlotinib, and this was largely abolished by Met inhibitor
(Fig. 5b, Supplementary Fig. S4c). Here, these results
indicated that MAPK, PI3K-AKT, and STAT3 pathways
re-activation was not induced by EGF, as EGFR tyrosine
kinase phosphorylation was suppressed by erlotinib,
indicating that they were re-activated by the presence of
HGF. As expected, when the Met activity was inhibited by
crizotinib, HGF-mediated pathway activation was abol-
ished, followed by increased sensitivity of cancer cells to
erlotinib (Fig. 5¢). To determine whether these three
signaling pathway activations are necessary for HGE-
induced intrinsic resistance, we used signal pathway in-
hibitors for further study. We found that LY294002, a
PI3K inhibitor, potently reversed the resistance to erloti-
nib induced by HGF treatment (Supplementary Fig S4d,
Fig. 5d-h). We also found that pretreatment with
LY294002 suppressed apoptosis and increased viability of
pancreatic cancer cells upon combined co-treatment with
EGFR inhibitor and Met inhibitor (Supplementary
Fig. S4e). These findings indicated the critical role of
the PI3K-AKT pathway in HGF-mediated suppression of
EGFR inhibitor sensitivity for cancer cells. We next used
constitutively active AKT to assess the role of the PI3K-
AKT pathway in the HGF-mediated suppression of
EGEFR inhibitor sensitivity. As expected, overexpression
of constitutively active AKT significantly reversed cell
death induced by co-treatment of EGFR inhibitor and
Met inhibitor in pancreatic cancer cells (Fig. 5i). When
we pretreated cells with PD184352 (MEK1/2 inhibitor)
and BP-1-102 (STAT3 inhibitor), it did not significantly
affect the cell death induced by combination treatment
(Supplementary Fig S4f and g). These results indicated
that the MAPK and STAT3 signaling pathways may be
involved but are not sufficient for the regulation of HGF-
mediated suppression of EGFR inhibitor sensitivity. The
above findings suggest that HGF-mediated suppression
of EGFR inhibitor sensitivity in pancreatic cancer cells
occurs via re-activation of the PI3K/AKT signaling
pathway.

The combination of EGFR inhibitor and Met
inhibitor significantly suppresses pancreatic cancer
growth

To further confirm the role of HGF-Met signaling in
pancreatic cancer resistance to erlotinib, we established
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with erlotinib or DMSO control in PSC-NCM or PSC-HCM. Cell apoptosis was assessed by flow cytometry after annexin V/PI staining. d, Colony
formation experiment of PANC-1 treated with erlotinib or DMSO control in PSC-NCM or PSC-HCM. e, Colony formation experiment of PANC-1
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was used to evaluate erlotinib sensitivity when treated with HGF and or Met inhibitor alone. PANC-1 were cultured with HCM with or without
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erlotinib, no HGF, and no crizotinib. h, Apoptosis experiment of PANC-1 cultured with HCM with or without HGF and treated with ERL with or
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an orthotopic model by implanting PANC-1 Luc cells or
PANC-1 Luc cells plus PSC into the pancreases of im-
munodeficiency mice. The schema of the animal model
is shown in Fig. 6a. After the first bioluminescence im-
aging on the seventh day of implantation, EGFR inhibi-
tor, Met inhibitor, EGFR inhibitor plus Met inhibitor, or
vehicle control was administered to mice in each group
daily for seven weeks. We observed that ERL monotherapy
inhibited tumor growth in both the mono-transplantation
co-transplantation models (Supplementary Fig. S5a and b,
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Fig. 6b—e). ERL in combination with Criz significantly
inhibited tumor growth in the co-transplantation model
compared with the Criz alone or ERL alone groups
(Fig. 6b—e). Consistent with the previous reports, the co-
transplantation group’s tumors grew faster than those in
the mono-transplantation group. There was no significant
toxicity observed (Supplementary Fig. S5c). These results
showed that the combination of EGFR inhibitor and Met
inhibitor significantly suppresses pancreatic cancer
growth in orthotopic mouse model.
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Fig. 5: Pancreatic stellate cells derived HGF suppressed the sensitivity of cancer cells to EGFR inhibitor through the re-activating PI3K-
AKT pathway. a, The effect of CM on pancreatic cell lines treated with erlotinib or DMSO control. PI3K-AKT pathway activation was assessed by
Western blot analysis after 24 h of treatment. b, Immunoblots showing the effect of Met kinase inhibition + HGF on EGFR, Met, AKT, and ERK
phosphorylation. Cells were co-treated with erlotinib. ¢, CCK-8 assay showing the relative cell proliferation of pancreatic cancer cells. Cells were
co-treated with erlotinib + HGF = crizotinib. d, The effect of LY294002 on pancreatic cell lines treated with erlotinib or DMSO control, with or
without HGF. PI3K-AKT pathway activation was assessed by Western blot analysis after 24 h of treatment. e, The cell viability of pancreatic
cancer cell lines treated with the PI3K inhibitor. Cells were co-treated with erlotinib + HGF. f, The apoptosis rates of PANC-1 and BxPC-3 cells,
which were incubated with erlotinib + HGF + PI3K inhibitor and stained with Hoechst 33258. g, Cell apoptosis was measured by Western blot
assay of PANC-1 and BxPC-3 cells treated with erlotinib + Met inhibitor + PI3K inhibitor. Cells were co-treated with HGF. h, Cell viability was
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Discussion

In the present study, we found that high levels of
a-SMA* myofibroblasts and hypoxia predict poor prog-
nosis in pancreatic cancer. Further studies indicated
that pancreatic stellate cell-derived HGF contributes to
the limited sensitivity of EGFR inhibitor in pancreatic
cancer cells by re-activating the Met-PI3K-AKT pathway
(Fig. 6f). Although some studies have shown the tumor-
suppressing role of stroma on tumor growth and
metastasis, there is continuously growing evidence
supporting the tumor-promoting role of PSC.**** On
one hand, a-SMA™* myofibroblasts promote tumor pro-
gression by secreting cytokines; on the other hand,
a-SMA" myofibroblasts suppress tumor proliferation

10

and metastasis via secreting ECM, creating hypoxia and
nutrient-deficient = microenvironments.*®  Recently,
Ohlund et al. revealed the heterogeneity of CAF in
pancreatic cancer, as they found that two types of CAF
coexist with significant differences in space and func-
tion in pancreatic cancer, which provides new infor-
mation on the controversial CAF function in pancreatic
cancer.” Although the role of PSC in pancreatic cancer
remains controversial, our findings provide a potential
mechanism of EGFR inhibitor resistance mediated by
PSC under hypoxia.

HGF, also called scatter factor, is a mesenchymal
cell-derived cytokine that activates a tyrosine kinase
signalling cascade via binding to the Met receptor.”®
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Fig. 6: Met inhibitor in combination with the EGFR inhibitor showed a remarkable effect in suppressing pancreatic cancer growth in vivo.
a, The tumor pancreatic orthotopic formation assay in BALB/c mouse model. PANC-1 Luciferase (Luc) cells (control group, n = 6) or PANC-1 Luc
mixed with PSC (co-injection group, n = 6) were implanted into the pancreata of each immunodeficient mouse. b, The tumor volume curves of
indicated group were monitored by bioluminescence image analysis. ¢, Tumor volumes were assessed in orthotopically implanted mice on the
eighth week after all mice were euthanized. d, Representative bioluminescence images of indicated groups. e, Tumor weight were assessed in
orthotopically implanted mice on the eight week after all mice were euthanized. f, Schematic diagram of how PSC-derived HGF suppresses the
sensitivity of EGFR inhibitor in pancreatic cancer. Left: Hypoxia promotes the transcriptional activation of HGF gene expression by HIF-1a in
the pancreatic stellate cell, then the overexpressed HGF contributed to the resistance of pancreatic cancer cells to EGFR inhibitor through re-
activating the PI3K-AKT pathway. Right: Met inhibitor inhibited HGF mediated downstream signaling and increased the sensitivity of pancreatic
cancer cells to EGFR inhibitor. ns: not significant, *P < 0.05, **P < 0.01.

The Met proto-oncogene plays a pivotal role in tumor
invasion and metastasis, but the abnormal HGF/Met
signaling in the human tumor microenvironment is not
fully understood.””** Pennacchietti et al. reported that
hypoxia increases the expression of Met, which can
partly account for the overexpressed Met in human
neoplastic lesions.” McDonald et al. found pancreatic
cancer cells with activated KRAS upregulate CAIX via
stabilizing HIF-1la in response to hypoxia.” Xu et al.
demonstrated HGF/c-Met pathway is a crucial element
of pancreatic cancer chemotherapy that limits primary
tumor growth and eliminates metastasis.” Our present
results showed that hypoxia could also promote the
transcriptional activation of HGF gene expression in
the stromal cells of pancreatic cancer. Considering the
critical role of HGF-Met signaling in human cancer, our
study further explored the underlying mechanism be-
tween hypoxia and HGF-Met signaling in pancreatic
cancer.

Drug resistance is a big challenge for patients with
pancreatic cancer.®* Wilson et al. found that growth
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factors can drive the resistance of cancer cells to kinase
inhibitors.® Straussman et al. demonstrated that the
tumor microenvironment promoted innate resistance to
RAF inhibitors in melanoma by secreting HGF.” Joos-
ten et al. reported that EGFR inhibition could be over-
come by HGF/Met signaling in colorectal cancer.” The
EGFR-targeted inhibitor erlotinib has also been
approved for treating pancreatic cancer but has had little
effect in clinical applications.” The overall results were
not sufficiently significant for the FDA to recommend
the combination of gemcitabine with erlotinib as a
standard of care. Overexpression of EGFR in pancreatic
cancer provides a basis for using EGFR-targeted in-
hibitors for erlotinib in this disease. Many studies have
shown that the main reason for the poor efficacy of
EGFR-targeted inhibitors in pancreatic cancer is that
KRAS is abundantly mutated in pancreatic cancer cells,
and EGFR is located at upstream of KRAS.”* The in-
hibition of EGFR cannot prevent the downstream
oncogene signaling pathway driven by KRAS mutation.
However, EGFR signaling is necessary for KRAS-driven

11
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pancreatic tumorigenesis and progression, with an un-
known mechanism. Recently, Yang et al. found that
Rhein, a medicinal herb, could potentiate human
pancreatic cancer cells to EGFR inhibitors by sup-
pressing the STATS3 signaling pathway.” Our results
indicate that the Met-PI3K-AKT pathway is specifically
against EGFR-targeted inhibitor-induced apoptosis in a
KRAS-independent manner, regardless of KRAS muta-
tion status. A similar erlotinib resistance effect was
demonstrated in the KRAS mutant PANC-1 cell line and
the KRAS wild-type BxPC-3 cell line. We suspect that the
intrinsic resistance of pancreatic cancer to erlotinib is at
least partially caused by HGF secreted from the
pancreatic tumor microenvironment. Whether HGF
also plays a role in erlotinib-acquired drug-resistant
pancreatic cancer remains to be determined.

Several small molecule inhibitors or antibodies of
HGF or Met are in clinical development or have been
approved by the FDA for use in other diseases.”” Given
the resistance of these drugs to EGFR inhibitors, joint
clinical trials of pancreatic cancer and other tumor types
should be considered. Our findings indicate that the
microenvironment is an important source of anticancer
drug resistance. We recognize that this study has limi-
tations: 1) The cohort of 90 patients is from a single
center which may somewhat limit the generalizability of
the study findings. 2) The effect of ERL combined with
Criz against tumor growth was evaluated only in mice
with orthotopic xenograft tumors. However, the results
of the present study indicated that the mechanism of
resistance could be revealed by systematically dissecting
the interaction between tumor cells and the
microenvironment.

In conclusion, we showed that hypoxia increased the
secretion of HGF from stromal cells in pancreatic can-
cer, contributing to the limited effect of EGFR inhibitor
in a KRAS-independent manner. We found that hypoxia
promoted HGF expression and secretion in pancreatic
stellate cells via transcriptional activation. HGF acts on
Met, an HGF receptor, suppressing the sensitivity of
EGFR inhibitor in pancreatic cancer cells by re-
activating the PI3K-AKT pathway. The combination of
EGFR inhibitor and Met inhibitor significantly sup-
pressed pancreatic cancer growth in an orthotopic
xenograft mouse model. These results indicate that the
combined inhibition of EGFR and Met might be a
promising strategy for pancreatic cancer therapy.
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