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Integrin 11 in pancreatic stellate cells regulates tumor
stroma interaction in pancreatic cancer
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ABSTRACT: Pancreatic ductal adenocarcinoma (PDAC) is the deadliest tumor due to its highly abundant tumor
stroma. Pancreatic stellate cells (PSCs) are considered precursor cells of cancer-associated fibroblasts (CAFs), which
induce tumor progression, invasion, and metastasis. In this study, we investigated the role of integrin subunit «
(ITGA) 11, the receptor for collagen type I, in tumor stroma interaction. Clinical sample analysis showed that
ITGA11 was overexpressed by CAFs in PDAC stroma, as shown with colocalization immunostaining with
a—smooth muscle actin. In contrast, there was no expression in healthy pancreas. Public transcriptomic data
confirmed a reduced expression of ITGA11 in healthy pancreas and adjacent nontumoral tissues compared with
human tumor tissues. Primary human PSCs (hPSCs) activated with either TGF-f or pancreatic cancer cell (PANC-1)-
conditioned medium (CM) resulted in the significant up-regulation of ITGA11 and various CAF markers. Fur-
thermore, short hairpin RNA (shRNA)-mediated stable ITGA11 knockdown (shITGA11) in hPSCs significantly
inhibited TGF-B- and PANC-1 CM—mediated activation at both gene and protein levels of extracellular matrix,
cytokines, and adhesion molecules. Additionally, shITGA11 hPSCs had a reduced migration and contractility
compared with shRNA control (shCTR) PSCs. Furthermore, we investigated the effect of ITGA11 on the paracrine
effects of hPSCs. Interestingly, the CM from shITGA11 hPSCs, activated with either TGF-p or PANC-1 CM, caused
tumor cells to migrate and invade lesser compared with their counterpart, activated shCTR PSCs. In summary, this
study presents ITGA11 as an interesting stromal therapeutic target that plays a crucial role in the regulation of the
differentiation of PSCs into CAFs and paracrine effects.—Schnittert, J., Bansal, R., Mardhian, D. F., van Baarlen, J.,
Ostman, A., Prakash, J. Integrin a11 in pancreatic stellate cells regulates tumor stroma interaction in pancreatic
cancer. FASEB ]J. 33, 6609-6621 (2019). www.fasebj.org
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Pancreatic ductal adenocarcinoma (PDAC) is one of
the most devastating diseases in our society, with a
5-yr survival rate of only 8% (1). Due to the advanced

stage of the disease, a surgical resection of the tumor is
not feasible in most of the patients with PDAC.
Therefore, radiotherapy or cytotoxic chemotherapy
are the gold standards of treatment, but these treat-
ments are not effective for PDAC, which results in a
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survival benefit of only a few months (2, 3). One of
the biologic features that contributes to the high drug
resistance, progression, invasion, and metastasis of
PDAC is the abundant desmoplastic reaction, also
known as the tumor stroma (4). The pancreatic tumor
stroma can take up to 90% of the entire tumor mass, and
its main cellular components are cancer-associated fi-
broblasts (CAFs), which support PDAC progression by
producing extracellular matrix (ECM) proteins and se-
creting various cytokines and growth factors, which
stimulate tumor growth, angiogenesis, invasion, and
metastasis (5-7).

Studies have shown antitumoral effects of tumor
stroma modulation in pancreatic tumor (8, 9), whereas
on the contrary, complete genetic depletion of the
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stroma resulted in an aggressive tumor phenotype
(10). Therefore, current strategies focus on modulating
the activity of tumor stroma instead of completely
depleting it to gain therapeutic benefits (8, 11-13). In
human pancreatic cancer, the main progenitors of
CAFs are human pancreatic stellate cells (hPSCs) (14).
In the healthy pancreas, quiescent hPSCs have a cyto-
plasmic lipid storing capacity and are normally pre-
sent in the connective tissue in low numbers, secreting
only small amounts of ECM components (15). How-
ever, during malignancy, quiescent hPSCs get acti-
vated, lose their cytoplasmic lipid storing capacity,
and secrete high amounts of ECM, which ultimately
presents as a barrier for tumor drug penetration. In
addition, activated hPSCs secrete various cytokines
and growth factors, which stimulate tumor cells and
other stromal cells, inducing tumor progression, me-
tastasis, and drug resistance (16, 17). Activated hPSCs
therefore present an attractive and promising cellular
target for developing therapies to modulate tumor
stroma.

Cellular interaction with the extracellular environ-
ment are mostly mediated by integrins, a known family
of cell surface receptors, which have been recognized for
their role in myofibroblast differentiation (18). In gen-
eral, the integrin family consists of 24 different hetero-
dimeric transmembrane receptors composed of different
combinations of 18 different a-subunits and 8 different
B-subunits (18). Because integrins build a physical con-
nection with the inside and the outside of a cell, they are
capable of conducting bidirectional signaling. Through
this dynamic mechanism, integrins have the ability
to control cellular cytoskeleton organization, thereby
controlling crucial cellular functions, such as cell ad-
hesion, migration, proliferation, survival, and differ-
entiation (18, 19). Integrins are also known for their
interaction with growth factors; for example, av integ-
rins can activate latent TGF-81 (18, 20). Additionally,
integrins interact with growth factor receptors via dif-
ferent mechanisms to regulate their signaling pathways
(18, 21).

Integrins are therefore interesting target receptors
to develop novel therapeutic strategies against tu-
mor stroma. As collagens are the major ECM proteins in
the tumor stroma, CAFs express one of the major col-
lagen binding receptors (i.e., integrin «11p1 (ITGA11).
Integrin subtype a (ITGA) 11 has been shown to be
overexpressed in the tumor stroma of head and neck

squamous cell carcinoma, in which it positively corre-
lated with the expression of CAF marker a—smooth
muscle actin (a-SMA) (22). Additionally, ITGA11 was
recognized for its role in inducing tumor cell growth
and metastatic potential of small cell lung carcinoma
cells (23). In this study, we investigated the expression
and cellular localization of ITGA1l in human PDAC
samples. Next, we studied the ITGA11 expression in
activated hPSCs in vitro and demonstrated its role in
regulating hPSC activation, differentiation, migration,
and phenotypic changes using knockdown studies. Fi-
nally, we investigated the influence of ITGA11 knock-
down on hPSC-mediated paracrine effect on tumor
cells.

MATERIALS AND METHODS
Staining of human PDAC sections

Paraffin-embedded human PDAC sections and normal human
pancreatic sections were obtained from Laboratory Pathology
East Netherlands (LabPON; Hengelo, The Netherlands). Tis-
sue sections were sliced, deparaffinized in xylene, and rehy-
drated in serially diluted alcohol solutions followed by
demineralized water for 5 min, respectively. Antigen retrieval
was performed in Tris EDTA buffer (pH 9.0) (Agilent Tech-
nologies, Santa Clara, CA, USA) by heat induction at 80°C.
Endogenous peroxidase was blocked by incubation in 0.3%
hydrogen peroxide (Thermo Fisher Scientific, Waltham, MA,
USA) in methanol for 30 min.

After rinsing with Milli-Q water, the tissue sections
were incubated overnight at 4°C with primary antibodies
(Table 1) diluted in PBS. Control samples were incubated
without primary antibodies in PBS overnight at 4°C. The
slides were then incubated with the secondary and tertiary
fluorescent antibody or horseradish peroxidase (HRP)-
labeled antibody (Table 1) diluted in PBS supplemented
with 5% normal human serum (Thermo Fisher Scientific),
respectively, for 1 h at room temperature. Stainings per-
formed with HRP-labeled antibodies were visualized using
3.3-diaminobenzidine tetrahydrochloride solution (Agilent
Technologies) for 5-10 min, resulting in a brown color, and
then counterstained with hematoxylin for 2 min. Sub-
sequently, the tissue sections were dehydrated and moun-
ted with VectaMount (Vector Laboratories, Burlingame,
CA, USA). For staining with fluorescent antibodies, the
slides were washed and mounted with Fluoroshield with
DAPI (MilliporeSigma, Burlington, MA, USA) for staining
of nuclei. All stained sections have been imaged using a
Hamamatsu NanoZoomer Digital Slide Scanner 2.0HT
(Hamamatsu Photonics, Hamamatsu, Japan), and visual
scoring was performed on the scanned images.

TABLE 1. Antibodies used for the staining of human PDAC and normal pancreas sections

Antibody Source Dilution
Goat anti-ITGA11 R&D Systems (Minneapolis, MN, USA) 1:250
Mouse anti—a-SMA MilliporeSigma 1:200
HRP-conjugated goat anti-rabbit IgG Thermo Fisher Scientific 1:100
HRP-conjugated rabbit anti-goat IgG Thermo Fisher Scientific 1:100
HRP-conjugated rabbit anti-mouse IgG Thermo Fisher Scientific 1:100
Alexa Fluor 594-labeled donkey anti-goat Thermo Fisher Scientific 1:100
Alexa Fluor 488—Ilabeled donkey anti-mouse Thermo Fisher Scientific 1:100
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ITGA11 mRNA expression in the human cohort from
the public database

We selected and downloaded 2 human pancreatic gene expres-
sion datasets from the Gene Expression Omnibus (GEO) data-
base (National Center for Biotechnology Information, Bethesda,
MD, USA: https://www.ncbi.nlm.nih.gov/geo/). The GSE28735 (24,
25) dataset comprises 41 normal and 41 pancreatic tumor tissues
from 41 pancreatic tumor patients; GSE16515 (26) consists of 16
normal and 36 pancreatic tumor tissues. We used GEO2R to
assess the expression of ITGA11l mRNA expression pancreatic
tumor tissues vs. pancreatic nontumor tissues and plotted the
gene expression levels.

Cell lines

Primary hPSCs (ScienCell Research Laboratories, Carlsbad, CA,
USA), were cultured in complete Stellate Cell Medium [supple-
mented with 2% fetal bovine serum (FBS), 1% penicillin/
streptomycin, and 1% Stellate Cell Growth Supplements] (Sci-
enCell Research Laboratories). Pancreatic cancer cell line 1
(PANC-1) cancer cells were cultured in DMEM high glucose
(4.5 g/L) with L-glutamine (GE Healthcare, Waukesha, WI, USA)
supplemented with 10% FBS (Lonza, Basel, Switzerland) and
100 pg/ml penicillin/streptomycin (MilliporeSigma). The cells
were maintained at 37°C in a humidified 5% CO, atmosphere.

Stable ITGA11 knockdown in hPSCs

To generate hPSCs with a stable knockdown of ITGA11l
(shITGA11), primary hPSCs were transfected with either a
scrambled short hairpin RNA (shRNA) control plasmid or
shRNA ITGA11 plasmid using Lipofectamine 2000 (Thermo
Fisher Scientific) as described by Bansal et al. (27). After 24 h of
transfection with Lipofectamine, transfected cells were selected
and cultured with 1 pg/ml of puromycin (Thermo Fisher
Scientific).

Real-time quantitative PCR and RT? Profiler
PCR Array

To evaluate the effect of ITGA11 knockdown on TGF-B-
mediated hPSC activation, cells were seeded into a 12-well

plate at a seeding density of 40,000 cells per well. The cells
were starved for 24 h and activated with 5 ng/ul TGF-B or
PANC-1 conditioned medium (CM). Twenty-four hours
after activation, total RNA was isolated using the GenElute
Mammalian Total RNA Miniprep Kit (MilliporeSigma). The
amount of isolated RNA was measured by a NanoDrop ND-
1000 Spectrophotometer (Thermo Fisher Scientific). Next,
cDNA was synthesized with iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA). Five nanograms cDNA was
used for each real-time PCR reaction. Real-time PCR pri-
mers (Table 2) were purchased from (MilliporeSigma).
Real-time PCR was performed using the 2X SensiMix Sybr
and Fluorescein Kit (Bioline, London, United Kingdom)
with a Bio-Rad CFX384 Real-Time PCR Detection System
(Bio-Rad). For the Human Extracellular Matrix and Adhe-
sion Molecules RT? Profiler PCR Array (Qiagen, German-
town, MD, USA), cDNA from 3 independent experiments
was mixed and performed as described in the manufac-
turer’s instructions, analyzed using the Data Analysis
Center, and read with a Bio-Rad CFX384 Real-Time PCR
Detection System.

Western blot analysis

Cells were prepared as previously described for real-time PCR
analysis. Cells were lysed using 1X SDS lysis buffer. The cell lysis
was centrifuged at 10,000 g for 10 min, and the supernatant was
collected for Western blot analysis. In short, protein lysates and
CM were loaded on 10% Tris-glycine gels (Thermo Fisher Sci-
entific) and transferred onto PVDF membranes (Thermo Fisher
Scientific). The membranes were incubated overnight at 4°C with
the required primary antibody (Table 3) followed by incubation
with species-specific HRP-conjugated secondary and tertiary
antibody for 1 h at room temperature. HRP was detected with the
Pierce ECL Plus Western Blotting Substrate Kit (Thermo Fisher
Scientific) and exposed to FluorChem M System (Bio-Techne,
Minneapolis, MN, USA). The protein levels were quantified by
Image] software (National Institutes of Health, Bethesda, MD,
USA).

F-actin staining

Cells were prepared as previously described for real-time quan-
titative PCR (qPCR). Subsequently, the cells were fixed in PBS

TABLE 2. Sequences of forward and reverse primers used during real-time PCR

Primer, 5'-3’

Gene Forward Reverse

RPS18 TGAGGTGGAACGTGTGATCA CCTCTATGGGCCCGAATCTT
ITGAII CAGCTCGCTGGAGAGATACG TTACAGGACGTGTTCGCCTC
ACTA2 (a-SMA) CCCCATCTATGAGGGCTATG CAGTGGCCATCTCATTTTCA
ITGAII CAGCTCGCTGGAGAGATACG TTACAGGACGTGTTCGCCTC
PDGIBR AGGCAAGCTGGTCAAGATCT GCTGTTGAAGATGCTCTCCG
DESMIN GCGGGTTTCGGCTCTAAGG AGAAACTCCTGGTTCACCGC
COLIAI GTACTGGATTGACCCCAACC CGCCATACTCGAACTGGAAT
COL3A1 AAGAAGGCCCTGAAGCTGAT GTGTTTCGTGCAACCATCCT
NSDHL ATGCTATGGAGAGGACCGTG CAGAAGGAGTCACAGGCTCA
CTGF GTTTGGCCCAGACCCAACTA GGCTCTGCTTCTCTAGCCTG
INSIGI GGCAGCTTCCCAAGTATTCG CTACCTCCTTTGGGCACTGA
IDI1 TTGGGCTGGATAAAACCCCT GCAACATCCGGCATAACTGT
MMP2 AGGAGGAGAAGGCTGTGTTC CTCCAGTTAAAGGCGGCATC
CXCR4 GCGGTTACCATGGAGGGGAT CCCATGACCAGGATGACCAAT

Col3al, collagen type III al chain; RPS18, ribosomal protein S18.
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containing 10% formaldehyde (MilliporeSigma) for 15 min. After
permeabilization with 0.1 M Triton X-100 (MilliporeSigma) for
5 min, F-actin was stained with phalloidin (Thermo Fisher Sci-
entific) at a concentration of 250 ng/ml for 30 min at room tem-
perature. Next, cells were washed with PBS and imaged for
phalloidin (excitation 540/emission 565) using an Evos FI Fluo-
rescent Microscope (Thermo Fisher Scientific).

Immunocytochemistry

Cells were prepared as previously described for real-time qPCR.
Next, cells were fixed and immunostained for a-SMA and col-
lagen type I as described by Bansal et al. (28).

Cell proliferation assay

hPSCs were seeded at a density of 2500 cells per well into a 96-
well plate, starved for 24 h, and activated with 5 ng/pul TGF- or
PANC-1 CM. Cell number was monitored every 24 h over a time
period of 72 h. To measure the cell number, 10 pl of AlamarBlue
Dye (Thermo Fisher Scientific) in 100 .l of hPSC growth medium
was added per well. The fluorescent signal was measured after
incubation for 4 h at 37°C using a Viktor Plate Reader (Perki-
nElmer, Waltham, MA, USA).

Three-dimensional collagen type | gel
contraction assay

A collagen suspension consisting of 3.0 ml Collagen G1 (5 mg/m;
Matrix BioScience, Mérlenbach, Germany), 0.5 ml 10X M199
medium (MilliporeSigma), 85 nl 1 N NaOH (MilliporeSigma),
and sterile water was mixed with 1.0 ml of cell suspension
containing 200,000 shRNA control (shCTR) or shITGA11l
hPSCs. Per well of a 24-well plate, 600 .l of collagen gel per cell
was plated and allowed to form a gel for 1 h at 37°C. Once the
collagen gel was formed, 1 ml of serum-free medium was
added with or without TGF-B (5 ng/ml) or PANC-1 CM. Next,
the gels were detached from the walls of the well plate with a
10-ul pipette tip. Representative images were made at 72 h
using a digital camera. Measurements of collagen gel diameter
were normalized with the diameter of the respective well and
performed using Image] imaging software.

M

To collect hPSC CM, shCTR and shITGA11 hPSCs were seeded
into a 12-well plate at a seeding density of 40,000 cells per well.
As previously described, cells were starved and activated with
TGF-B or PANC-1 CM for 24 h. Next, the cells were washed 3
times with serum-free medium. After 48 h of incubation with
serum-free medium, the medium was collected for use in CM
experiments.

Wound healing assay

Cells were seeded into a 24-well plate at a seeding density of
50,000 cells per well. Cells were starved and TGF-$ activated as
previously described. To study migration, a scratch was made on
the culture plate using a 200-p pipette tip fixed in a custom-made
holder. The cells were washed to remove all detached cells and
incubated with fresh serum-free medium. Images were captured
at 0 and 12 h with an Evos microscope. Images were analyzed by
Image] software to calculate the area of the scratch and repre-
sented as the percentage of wound closure.

Transwell migration assay

PANC-1 cells were seeded at a density of 50,000 cells per well into
the upper chamber of a 24-well, 8-um Transwell insert (Milli-
poreSigma). The lower compartment of the Transwell insert was
filled with CM from shITGA11 and shCTR hPSCs as chemo-
attractant. After 24 h, the cells were fixed with ice-cold methanol
(Thermo Fisher Scientific) for 10 min and incubated with 0.1%
crystal violet solution (MilliporeSigma) in 25% methanol for
10 min. After washing the cells with Milli-Q Water (Milli-
poreSigma), cells from the upper compartment were removed
with a cotton swab. After drying the inserts, the migrated cells
were imaged with a Nikon microscope (Eclipse E400; Nikon,
Tokyo, Japan). The positively stained area per picture was an-
alyzed by Image] software.

Transwell invasion assay

The upper and lower compartment of 8-um BD Matrigel In-
vasion Chambers (BD Biosciences, San Jose, CA, USA) were filled
with warm DMEM containing 0% FBS and rehydrated for 2 h at
37°C. Next the DMEM was removed from both compartments
and PANC-1 cells were seeded at a density of 50,000 cells per well
into the upper compartment of the invasion chamber. The lower
compartment of the Transwell insert was filled with CM from
shITGA11 and shCTR hPSCs as chemoattractant. After 48 h, the
gel from the upper compartment was removed with a cotton
swab. Next, the cells were fixed with ice-cold methanol for 10 min
and incubated with 0.1% crystal violet solution in 25% methanol
for 10 min and subsequently washed with Milli-Q water. After
drying the inserts, the invaded cells were imaged with a Eclipse
E400 Nikon microscope. The positively stained area per picture
was analyzed by ImageJ software.

RESULTS

ITGA11 is specifically expressed by CAFs in
human PDAC

Immunohistochemical analyses for ITGA1l expres-
sion in human PDAC sections showed clear and high

TABLE 3. Primary and secondary antibodies used for Western blot

Antibody Source Dilution
Goat-anti-ITGA11 R&D Systems (Minneapolis, MN, USA) 1:250
Mouse anti-a-SMA MilliporeSigma 1:200
Mouse monoclonal anti—B-actin MilliporeSigma 1:10,000
HRP-conjugated goat anti-rabbit IgG Thermo Fisher Scientific 1:2000
HRP-conjugated rabbit anti-goat IgG Thermo Fisher Scientific 1:2000
HRP-conjugated rabbit anti-mouse IgG Thermo Fisher Scientific 1:1000
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expression levels in the tumor stroma, whereas no ex-
pression was observed in the tumor epithelial cells. In
addition, ITGA11 was completely absent in normal
human pancreatic tissues (Fig. 1A). We have previously
shown that ITGA11 is absent in healthy human and
mouse liver and lungs, whereas it is overexpressed in
fibroblasts during fibrotic diseases of kidney, liver, and
lungs (27). In this study, we also examined other human
organs, such as kidneys, liver, skin, and small intestine,
and found no expression of ITGA11 (Supplemental Fig.
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S1). Visual scoring (n = 6 patients) was based on
the percentage of stroma positive area for ITGA1l
staining as high, moderate, and low for >65, 35-65,
and <35%, respectively. In total, 66.7% of stained tu-
mors showed a moderate to low expression of ITGA11
in the tumor stroma, whereas 33.3% showed high
stromal expression levels. Additionally, we found that
ITGA11 was expressed by CAFs, as demonstrated
with colocalization immunofluorescent double staining
with the CAF marker a-SMA (Fig. 1B). The double

Figure 1. ITGAI1 expression in
human pancreatic tumor tissue
and activated PSCs. A) Staining
of human PDAC and normal
pancreas for ITGAI1. Scale bar,
250 pm. High-magnification im-
ages are shown as subsets. S,
stroma; T, tumor nest. Scale
bar, 100 pwm. High, moderate,
and low staining indicate the
>65, 33-65, and <33% positive
area for the ITGAIll staining,
respectively. B) Colocalization
of ITGAll with o-SMA. C)
Transcriptome analysis showing
ITGA11l expression in 16 nor-
mal human pancreatic tissues
and 36 human PDAC tissues.
D) Transcriptome analysis per-
formed on 45 human patients
comparing ITGA11l expression
in pancreatic tumor wvs. adja-
cent nontumor tissue within
the same patient. E, F) Gene
% expression (F) and protein ex-
2 pression (F) of ITGA1l in TGF-
o B-activated and nonactivated

hPSCs and 3 different tumor
= cell lines. G, H) Gene expres-

sion (G) and protein expres-
0 sion (H) of a-SMA and Collal
\,\-a" in TGF-B-activated and non-
activated hPSCs. N.d. not de-
tected. Data represent the
mean * sgMm for =3 indepen-
dent experiments. Statistical
analysis was performed by a 2-
tailed, unpaired Student’s ¢ test.
*P < 0.05, #P < 0.01, ¥**P <
0.001.

Il hPSC
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immunofluorescence staining data showed that 80% of
a-SMA-positive cells were also ITGA1l-positive and
20% of a-SMA-positive cells were ITGA11 negative,
whereas only 5% of ITGA11-positive cells were negative
for a-SMA (Fig. 1B). Transcriptome analysis on public
data showed that ITGA11 is found to be significantly
induced in the tumor tissue compared with normal
pancreatic tissue in 45 patients (Fig. 1C). In addition, a
significant induction of ITGA11 expression levels was
found in human PDAC compared with adjacent non-
tumor tissues (Fig. 1D).

TGF-B induces ITGA11 expression in hPSCs

To determine whether ITGA11 expression is specifi-
cally induced in primary human activated hPSCs, we
compared the gene and protein expression of ITGA11 in
TGF-B-activated and nonactivated control hPSCs. We
found that ITGA11, on both gene and protein levels,
was expressed in low levels in nonactivated hPSCs,
whereas its expression levels were induced in TGF-B-
activated cells (Fig. 1E). Additionally, no expression
of ITGA11 was found in the human pancreatic cancer
cell lines PANC-1, MiaPaCa-2, and AsPc-1 (Fig. 1F).
Furthermore, the induction of ITGA11l was in line
with hPSC activation markers collagen type I a1 chain
(Collal) and a-SMA, as shown at gene and protein levels
(Fig. 1G, H).

Knockdown of ITGA11 inhibits TGF-p- and
PANC-1 CM-mediated differentiation of hPSCs

To demonstrate the role for ITGA11 in hPSC activation, we
stably knocked down ITGA1l in hPSCs using shRNA
plasmid and evaluated the effect of the ITGA11 knock-
down on the hPSC phenotype and TGF-f-mediated ac-
tivation and differentiation. The knockdown of ITGA11
was confirmed using real-time qPCR and Western blot
analysis, showing a reduction of about 50% at the mRNA
level and about 85% at the protein level in ITGA11
knockdown (shITGA11) hPSC compared with the control
(shCTR) hPSCs (Fig. 24, B). ITGA11 knockdown resulted
in a drastic phenotypic change, leading to cellular hyper-
trophy compared with shCTR hPSCs (Fig. 2C).

Upon activation with TGF-, both shCTR and
shITGA11 hPSCs showed only a slight induction in
ITGA11 levels (Fig. 2D). Of note, surprisingly, we found
that the induction of ITGA11 and a-SMA protein levels
with TGF-B in plasmid-treated hPSCs (either shCTR or
shITGA11) was less than those with normal hPSCs (Fig.
2D vs. Fig. 1E-H), which might be attributed to higher
passage numbers, which was unavoidable to achieve
stable transfection. Interestingly, TGF-B—mediated in-
duction of a-SMA in shITGA11 hPSCs was significantly
attenuated compared with shCTR hPSCs (Fig. 2D). As
shown previously by Fernando et al. (29), CM of PANC-1
tumor cells contains a mixture of different cytokines,
such as IL-8, IGF binding protein 1, osteoprotegrin,
VEGF, angiogenin, IGF binding protein 2, placental
growth factor, and granulocyte-macrophage colony-
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stimulating factor. We evaluated whether knockdown
of ITGA11 in hPSCs attenuated not only TGF-B-induced
differentiation but also PANC-1 CM-induced differen-
tiation of hPSCs. We investigated the influence of PANC-
1 CM on ITGA11 expression and PANC-1 CM-induced
activation of hPSCs and shITGA11 hPSCs. Unlike TGF-3
treatment, treatment of hPSCs with PANC-1 CM did not
induce ITGA11 levels in either shITGA1l or shCTR
hPSCs (Fig. 2E). The protein expression of a-SMA was
induced in shCTR hPSCs activated with PANC-1 CM,
whereas these inductions were attenuated in shITGA11
hPSCs. Immunostaining showed the same trend for the
protein expression of Collal and a-SMA, both in TGF-
and PANC-1 CM activated shITGA11 hPSCs (Fig. 2F, G).

Additionally, we examined the effect of ITGA11
knockdown on CAF markers and found that ITGA11
knockdown significantly down-regulated the gene
expression of CAF markers, such as platelet-derived
growth factor B receptor (PDGFBR), desmin, collagen
type III a1 chain (COL3A1), NAD(P) dependent steroid
dehydrogenase-like (NSDHL), insulin-induced gene 1
(INSIG1), isopentenyl-diphosphate A-isomerase 1 (IDI1),
and C-X-C chemokine receptor type 4 (CXCR-4) (Fig. 3).
Upon activation with TGF-$, shITGA11 hPSCs showed
an attenuated expression in the CAF markers PDGFBR,
desmin, NSDHL, INSIG1, IDI1, and CXCR-4 as com-
pared with shCTR hPSCs (Fig. 3A), indicating that these
genes are regulated by ITGA11. When these cells were
activated with PANC-1 CM, the CAF markers a-SMA,
PDGEFBR, desmin, INSIG1, and CXCR-4 showed an at-
tenuated expression in shITGA1l as compared with
shCTR hPSCs (Fig. 3B). It needs to be noted that among
these markers only PDGFBR was significantly induced
with PANC-1 CM.

We further analyzed shCTR and shITGA11 hPSCs with
and without TGF-B—mediated activation for the mRNA
gene expression profiling of 84 ECM and adhesion
proteins using a human profiler gene array. Genes
down-regulated after the knockdown of ITGA11 in-
cluded various receptors responsible for the adhesion
to immune cells [selectin E, integrin subunit g (ITGB) 2,
selectin P, integrin subunit o (ITGA)L, selectin L,
ITGAM, ITGA4]; laminin receptors (ITGA7, ITGB4); colla-
gen receptors (ITGAS); Arg-Gly-Asp receptors (ITGA3);
ECM molecules (COL7A1l, COL11A1, COL12A1,
COL15A1, COL16A1, ECM protein 1, laminin subunit «
(LAMA)1, LAMAS3, vitronectin); MMPs (matrix metal-
lopeptidases) and TIMP metallopeptidase inhibitors
(TIMPs) (MMPS8, MMP9, MMP10, MMP11, MMP12,
MMP13, TIMP3, and ADAM metallopeptidase with
thrombospondin type 1 motif 8); cell adhesion mole-
cules (contactin 1, cadherin 1, catenin A2, thrombo-
spondin 2, C-type lectin domain family 3 member B,
neural cell adhesion molecule 1); and a protein involved
in ECM production (hyaluronan synthase 1) (Supple-
mental Table S1).

Furthermore, we identified TGF-B—induced genes that
are regulated by ITGA11. We found several genes whose
expression was less induced in shITGA11l hPSCs com-
pared with shCTR hPSCs after activation with TGF-$ or
PANC-1 CM (Tables 4 and 5). The extended lists are
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presented in Supplemental Tables S2 and S3. These in-
cluded cell adhesion molecules (THBS1, SPP1); collagen
receptors (ITGA2); Arg-Gly-Asp receptors (ITGB3,
ITGAD5); growth factors (CTGF); ECM molecules (TNC,
FN1, COL8A1, COL11A1, TGFBI); MMPs and TIMPs
(TIMP1, MMP1, MMP3); and protein involved in ECM
production (SPARC).
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Knockdown of ITGA11 attenuates TGF-p- and
PANC-1 CM-induced hPSC function

We further investigated whether ITGA11 regulates
the functions of hPSCs, including migration and
contraction. hPSCs are known for their ability to mi-
grate to the tumor site and differentiate into CAFs with
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Figure 3. Knockdown of ITGA11 inhibits TGF-B- and PANC-1 CM-mediated differentiation of hPSCs. A) Real-time qPCR of
hPSCs activated with TGF-$ for the CAF markers a-SMA, PDGFBR, desmin, COL3A1, NSDHL, INSIGI, IDI1, and CXCR-4. B)
Real-time qPCR of hPSCs activated with PANC-1 CM for the CAF markers o-SMA, PDGFBR, desmin, COL3A1, NSDHL, INSIGI1,
IDI1, and CXCR-4. Data represent the mean * sem for at =3 independent experiments. Statistical analysis was performed by a
2-tailed, unpaired Student’s ¢ test. *P < 0.05, **P < 0.01, ***P < 0.001.

high contractile properties and support metastasis (30).
Although nonactivated hPSCs do not have the ability to
contract, hPSCs activated with TGF-f or PANC-1 CM
acquire a contractile phenotype. In comparison with
shCTR hPSCs, shITGA1l hPSCs showed significantly
poor contractile ability (Fig. 44, B). Furthermore, cell mi-
gration (with and without TGF-B induction) within 12 h
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was attenuated in shITGA11l hPSCs as compared with
shCTR hPSCs (Fig. 4C). In contrast to TGF-B activation,
PANC-1 CM did not show induction of migration of
shCTR hPSC, yet ITGA11 knockdown reduced the mi-
gration of hPSCs (Fig. 4D). These data indicate that
ITGA11 can regulate the activation of hPSCs by control-
ling more pathways than only TGF-.
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TABLE 4. List of top genes that were least up-regulated afier the treatment with TGIB in shITGA11 hPSCs compared with shCTR hPSCs

Fold change

Gene RefSeq Description shCTR + TGF-B shITGA11 + TGF-B A Change
THBS1 NM_003246 Thrombospondin 1 14.26 3.32 10.94
CTGF NM_001901 Connective tissue growth factor 6.22 2.81 341
TNC NM_002160 Tenascin C 7.65 5.92 1.73
TIMPI1 NM_003254 TIMP metallopeptidase inhibitor 1 2.49 1.06 1.43
MMP3 NM_002422 Matrix metallopeptidase 3 2.41 1.43 0.98
SPP1 NM_001251830 Secreted phosphoprotein 1 2.71 1.82 0.89
FN1 NM_212474 Fibronectin 1 2.28 1.78 0.55
COL8A1 NM_001850 Collagen type VIII al chain 2.47 1.96 0.51
SPARC NM_003118 Secreted protein acidic and cysteine rich 2.16 1.86 0.3
TGFBI NM_000358 TGF-B induced 2.25 1.96 0.29

Fold regulation was calculated with the respective nonactivated controls (shCTR or shITGAIl hPSCs). The data were obtained with the
Human Extracellular Matrix and Adhesion Molecules RT? Profiler PCR Array and analyzed using the Data Analysis Center. The extended list is

incorporated in the Supplemental Data. RefSeq, reference sequence.

Knockdown of ITGA11 in pancreatic stellate
cells inhibits paracrine effects on tumor cells

We first examined whether hPSC CM collected after
activation with either TGF-B or PANC-1 CM induced
migration and invasion of PANC-1 cells, which was due
to epithelial mesenchymal transition in PANC-1 cells,
as shown in Supplemental Fig. S2. After confirming the
direct effects of ITGA11 knockdown on hPSC activa-
tion, we investigated whether ITGA11 knockdown can
inhibit hPSC-mediated paracrine effects on tumor cell
migration and invasion. To evaluate this, we collected
CM from nonactivated and TGF-B- or PANC-1 CM-
activated shCTR and shITGA1l hPSCs and put on
PANC-1 cells.

We found that PANC-1 cells incubated with CM
obtained from shITGA11 hPSCs had a reduced ability to
migrate and invade compared with the CM from shCTR
hPSCs (Fig. 5). These data demonstrate that ITGA11 in
pancreatic stellate cells (PSCs) plays a critical role in con-
trolling TGF-B— or PANC-1 CM-activated PSC secretome,
which acts as a stimulant for tumor cell migration and
invasion.

DISCUSSION

The present study introduces the collagen type I-
binding transmembrane receptor ITGA11 as a regulator
for the PSC differentiation and protumorigenic func-
tions in pancreatic cancer. ITGA1l was shown to be
substantially expressed in the stroma of human PDAC
and colocalized with the major CAF marker o-SMA.
Strikingly, the knockdown of ITGA11 in hPSCs inhibi-
ted their differentiation, migration, and contractility. A
gene profiler array showed that many ECM and adhe-
sion molecules were down-regulated in hPSCs after
ITGA11 knockdown. Moreover, our data revealed that
the knockdown of ITGA11 attenuated hPSC-mediated
paracrine effects on PANC-1 tumor cells. These findings
suggest ITAG11 as a potential therapeutic target for
inhibiting ECM production and paracrine effect of
PSCs.

The pancreatic tumor stroma is well known as one
of the hallmarks of PDAC. CAFs, the most abundant
stromal cells, promote PDAC progression by producing
high amounts of ECM and secreting various cytokines
and growth factors, which in turn stimulate tumor

TABLE 5. List of top genes that were least up-regulated afier the treatment with PANC-1 CM in shITGA11 hPSCs compared with shCTR hPSCs

Fold change

Gene RefSeq Description shCTR + PANC-1 CM shITGA11+ PANC-1 CM A Change
TNC NM_002160 Tenascin C 9.94 3.56 6.38
MMPI NM_001145938 Matrix metallopeptidase 1 5.77 2.17 3.6
MMP3 NM_002422 Matrix metallopeptidase 3 4.38 1.83 2.55
ITGA2 NM_002203 Integrin subunit a2 5.02 2.54 2.48
THBS1 NM_003246 Thrombospondin 1 5.76 4.1 1.66
FN1 NM_212474 Fibronectin 1 3.03 1.81 1.22
ITGB3 NM_000212 Integrin subunit 33 2.68 1.5 1.18
COLI1IAI NM_001854 Collagen type XI al chain 3.54 2.69 0.85
ITGAS NM_002205 Integrin subunit a5 2.19 1.79 0.4

Fold regulation was calculated with the respective nonactivated controls (shCTR or shITGAIl hPSCs). The data were obtained with the
Human Extracellular Matrix and Adhesion Molecules RT? Profiler PCR Array and analyzed using the Data Analysis Center. The extended list is

incorporated in the Supplemental Data. RefSeq, reference sequence.
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Figure 4. Knockdown of ITGAIll attenuates TGF-B—induced hPSC function. A) Representative images and quantification of
collagen gel contraction of shCTR and shITGA11l hPSCs with and without TGF- activation. B) Representative images and
quantification of collagen gel contraction by shCTR and shITGA1l hPSCs with and without PANC-1 CM activation. C)
Representative microscopic images and quantification showing the migration of shCTR and shITGA11 hPSCs with and without
TGF-B activation. D) Representative microscopic images and quantification showing the migration of shCTR and shITGAll
hPSCs with and without PANC-1 CM activation. Scale bars, 500 pm. Data represent the mean * sgMm for at =3 independent

experiments. Statistical analysis was performed by a 2-tailed, unpaired Student’s ¢ test. ¥*P < 0.05, **P < 0.01, ***P < 0.001.

growth, angiogenesis, invasion, and metastasis (5-7,
31). hPSCs are regarded as the main precursors of CAFs
in the pancreatic tumor stroma (16), and in response to
TGEF-B, they acquire a CAF-like myofibroblast pheno-
type, as we and others have previously shown (32-34).
Recent studies have demonstrated that PSCs can dif-
ferentiate into 2 different CAF subtypes: myofibroblast-
like CAFs (driven by TGF-B) and inflammatory CAFs
(driven by IL-1-induced JAK/signal transducer and
activator of transcription pathway) (35, 36). Therefore,
modulating the tumor stroma through therapeutic
strategies that aim to inhibit the activation of hPSCs into
CAFsis arational approach to gain therapeutic benefits
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for the treatment of PDAC (13). ECM transmembrane
receptors of the integrin family allow cells to attach,
migrate, and proliferate. Some integrin receptors are
strongly up-regulated in CAFs, which by themselves
produce high amounts of ECM, including collagens
(18). Integrin targeting in myofibroblasts has been
shown to inhibit fibrosis in multiple organs, such as
liver, lung, and kidney (18, 27, 37, 38). Targeting to
ITGA11 will be selective to a fibrotic disease or PDAC
due to its absence or very low expression in other or-
gans, as shown in our previous study in liver and lungs
(27) and this study (kidneys, liver, skin, and small
intestine).
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Figure 5. CM from hPSCs with shITGA11 inhibit paracrine effects on PANC-1 migration and invasion. Representative images and
quantification of PANC-1 tumor cell migration (A, C) and invasion (B, D) after incubation with CM obtained from shCTR and
shITGAI1 hPSCs after TGF-B (A, B) or PANC-1 CM (C, D) activation. For migration studies, PANC-1 cells were incubated with the
CM for 24 h, whereas for invasion assay, they were incubated with CM for 48 h. Scale bars, 400 wm. Statistical analysis was
performed by a 2-tailed, unpaired Student’s ¢ test. ¥*P < 0.05, **P < 0.01, ***P < 0.001.

With transcriptome analysis, we show that ITGA11
expression is induced in human PDAC compared with
healthy human pancreas. Furthermore, when comparing
nontumoral pancreatic tissues to human tumor tissues
within 45 patients, ITGA11 shows significantly higher
expression in the tumoral part of the pancreas. In the
present study, we show for the first time that ITGA11 is
highly up-regulated in the tumor stroma of human PDAC.
Coimmunostaining of ITGA11 with a-SMA showed that
ITGA11 was almost exclusively expressed on CAFs within
these tissues, with 80% of a-SMA-positive cells being
ITGA11-positive and only 20% of a-SMA-—positive cells
being ITGA11 negative. Interestingly, no expression of
ITGA11 was found in healthy pancreatic tissue, suggest-
ing it as a specific therapeutic target.

We found that quiescent hPSCs had an extremely
low expression of ITGA1l, whereas activation with
TGEF-B resulted in a significant up-regulation of ITGA11,
which correlated with the significant up-regulation of
the main CAF markers, a-SMA and Collal. The induc-
tion of ITGA11 can be attributed to the TGF-B-mediated
regulation of ITGA1l in a Smad-specificity protein 1
(Smad-Sp1)-dependent manner, which was previously
demonstrated by Lu et al. (39). Stable knockdown of
ITGA11 in hPSCs significantly attenuated the TGF-B—
and PANC-1 CM-mediated differentiation of hPSCs
and ECM production, as shown with the CAF-related
markers a-SMA and COL1A1 (Figs. 2 and 3). In addition,
ITGA11 knockdown significantly reduced the TGF-p—
and PANC-1 CM-induced expression of PDGER, des-
min, NSDHL, IDI1, INSIG1, MMP-2, and CXCR-4. These
markers were previously found to be induced in acti-
vated PSCs by transcriptome analysis (8, 40). Of high
significance is the down-regulation of ECM proteins
(e.g., collagens limiting chemotherapeutic activity by
blocking drug delivery) (41, 42). In addition, the gene
profiler array for ECM and cell adhesion molecules

INTEGRIN a11 IN PANCREATIC STELLATE CELLS

revealed genes that were controlled by ITGA11, as
shown by the knockdown of ITGAl1l. Among them,
selectin, connectin, and TIMP3 were the top down-
regulated genes. Furthermore, we also revealed TGF-—
and PANC-1 CM-induced genesregulated by ITGA11in
hPSCs, and among them, thrombospondin and CTGF,
known to decrease the tumor response to gemcitabine
(43) and TNC, correlating with the differentiation of
pancreatic cancer (44), were the most reduced ones
(Tables 4 and 5).

We further studied whether ITGA11 controls the phe-
notype and activation of PSCs. Interestingly, ITGA11
knockdown resulted in a loss of cell contractility or
migration with and without TGF-3 or PANC-1 CM-
mediated activation of hPSCs. Overall, these data dem-
onstrate that ITGA11 is crucial for the maintenance of the
phenotypic features and activation of hPSCs.

Because hPSCs crosstalk with tumor cells and other
stromal cells in the tumor microenvironment, we exam-
ined the effect of ITGA11 on the paracrine effects hPSCs
exert on cancer cells. It has previously been demonstrated
that hPSCs can induce tumor-promoting paracrine effects
by secreting mutagenic factors such as growth factors and
cytokines to induce tumor progression, invasion, and
metastasis (5, 16). In this study, we found that after the
treatment with hPSC CM, PANC-1 cells went under epi-
thelial mesenchymal transition, as shown in Supplemental
Fig. 52, which led to the increased migration and invasion
of these cells. Interestingly, we found that CM from
shITGA11 hPSCs, with and without activation with TGF-8
or PANC-1 CM, showed an attenuated migration and in-
vasion of PANC-1 tumor cells compared with shCTR
hPSCs. This further demonstrates the role of ITGA11 in
regulating the tumor-promoting phenotype of hPSCs.

In summary, the present study for the first time dem-
onstrates the expression and role of ITGA11l in PSCs in
pancreatic tumor stroma. ITGA11l was specifically and
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strongly expressed in the tumor stroma colocalized with
CAFs. Furthermore, we show ITGA11 as a crucial target in
maintenance of the phenotype and activation and differ-
entiation of hPSCs. Nonetheless, our knockdown studies
demonstrated a direct regulatory effect of ITGA11 on the
transcriptome and secretome of activated hPSCs, thereby
controls their paracrine function. Altogether, ITGA11 is a
promising therapeutic target for developing new thera-
peutics to inhibit the hPSC-mediated crosstalk in the tu-
mor microenvironment.
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