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Pancreatic stellate cells facilitate pancreatic
cancer cell viability and invasion
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Abstract. The biological features of pancreatic cancer and
the associated hypoxic environment around the cancer cells
often lead to resistance to radiotherapy and chemotherapy.
The present study was performed in order to explore the
effect pancreatic stellate cells (PSCs) have on the proliferation
of pancreatic cancer cells. In the present study, PSCs from
human pancreatic cancer tissues were isolated, and the PSCs
markers a-smooth muscle actin and desmin were overex-
pressed in the cytoplasm of PSCs. An MTT assay revealed
that PSCs promoted the viability of pancreatic cancer cells.
However, the viability of pancreatic cancer cells promoted by
PSCs was partially blocked by SB525334. Cellular invasion
analysis demonstrated that PSCs promoted the invasion ability
of pancreatic cancer cells. An apoptosis assay indicated that
PSCs decreased the level of apoptosis induced by gemcitabine.
In vivo experiments consisting of mice bearing MIA-PaCa-2
and PSCs demonstrated an increase in the rate of tumor growth
compared with MIA-PaCA-2 alone, whereas SB525334 may
delay the tumor progression induced by PSCs. The present
findings indicated that PSCs promoted the viability and inva-
sion of pancreatic cancer cells, and decreased the apoptosis of
pancreatic cancer cells induced by gemcitabine.

Introduction

Pancreatic cancer is an aggressive and lethal disease with
a poor prognosis, representing the fourth leading cause of
cancer-associated mortality worldwide (1). The overall
prognosis of pancreatic cancer has remained unchanged
even though advances have been made in surgical tech-
niques and adjuvant treatment regimens (2). The biological
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features of pancreatic cancer and the hypoxic environments
surrounding cancer cells often lead to resistance to radio-
therapy and chemotherapy (3). The tumor microenvironment
has an active role in the progression of pancreatic cancer,
and targeting the components of this microenvironment may
denote a novel therapeutic strategy (4). Pancreatic cancer is
characterized by an abundant desmoplastic/stromal reaction.
It is reported that pancreatic stellate cells (PSCs) are respon-
sible for the development of the desmoplastic reaction (5).
As one of the most important types of stromal cell in the
microenvironment of pancreatic cancer cells, PSCs have
become notable (6,7).

Normally, PSCs are in their quiescent state, character-
ized by abundant vitamin A stored in lipid droplets in the
cytoplasm (8). In response to pancreatic injury or pancreatic
inflammation, PSCs are activated, transforming from quies-
cent phenotypes into myofibroblast-like cells that express the
cytoskeletal protein a-smooth muscle actin (a-SMA), and
synthesize excessive amounts of extracellular matrix (ECM)
proteins leading to fibrosis (9,10). The interaction between
pancreatic cancer cells and PSCs is the focus of an increasing
number of studies. There is accumulating evidence that PSCs
have an important role in the progression of pancreatic fibrosis
in chronic pancreatitis, as well as in pancreatic cancer (11-13).
PSCs interact with pancreatic cancer cells to create a fibrotic
and hypoxic microenvironment, which promotes the initia-
tion, development of and resistance to chemoradiation therapy.
However, the specific role of PSCs in pancreatic cancer is
currently unclear, and the association between PSCs and
pancreatic cancer cells is under discussion. The present study
was performed in order to explore the effect of PSCs on the
viability of pancreatic cancer cells, and to elucidate the poten-
tial molecular mechanisms underlying the interaction between
PSCs and pancreatic cancer cells.

Materials and methods

Cell culture. The PANC-1 and MIA-PaCa-2 human pancre-
atic cancer cell lines (American Type Culture Collection,
Manassas, VA, USA) were grown at 37°C in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
high glucose, 1.5 g/l sodium bicarbonate, 100 U/ml peni-
cillin, 100 mg/ml streptomycin (Invitrogen; Thermo Fisher
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Scientific, Inc., Waltham, MA, USA) and 10% fetal calf serum
(FCS; HyClone; GE Healthcare, Logan, UT, USA). AsPC-1
cells (American Type Culture Collection) were maintained
in RPMI-1640 (Invitrogen; Thermo Fisher Scientific, Inc.)
supplemented with 10% FCS, penicillin (100 U/ml) and
streptomycin (100 mg/ml). Cells were maintained in a 5% CO,
humidified incubator at 37°C.

Human PSCs were isolated as previously described (14).
The protocols used in the present study were approved by
the Ethics Committee of the Affiliated Hospital of Qingdao
University, and conducted in full accordance with ethical
principles. All patients gave informed consent to use excess
pathological specimens for research and human pancreatic
cancer tissues were collected with written informed consent
from patients prior to participation in the study. The resected
pancreatic tissues from patients who had undergone surgery
for pancreatic cancer were digested with a mixture of colla-
genase P, pronase and DNase in Gey's balanced salt solution
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). The
suspension of cells was centrifuged in a 28.7% Nycodenz
gradient at 1,400 x g for 23 min at room temperature. Stellate
cells separated into a hazy band just above the interface of
the Nycodenz solution and the aqueous buffer. This band
was harvested, and the cells were washed and resuspended in
Iscove's modified Dulbecco's medium (Invitrogen; Thermo
Fisher Scientific, Inc.) containing 10% FBS (Hyclone; GE
Healthcare, Life Sciences, Logan, UT, USA), 4 mmol/l
glutamine (Life Technologies; Thermo Fisher Scientific,
Inc.) and antibiotics (Invitrogen; Thermo Fisher Scientific,
Inc.). The cultured PSCs were used with their second-fourth
passages. The expression of glial fibrillary acidic protein
(GFAP) and a-SMA was examined by immunofluorescent
staining. Briefly, PSCs were incubated without serum for
24 h at 37°C and fixed in 4% paraformaldehyde for 30 min
at room temperature. Following blocking with 1% normal
bovine serum albumin (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) for 1 h at room temperature, cells were
incubated with mouse anti a-SMA antibody (Sigma-Aldrich,
Merck KGaA; catalog number: A5228) or anti-GFAP anti-
body (Abcam; catalog number: ab7260) at 1:400 dilution
overnight at 4°C. Following washing with PBS, PSCs cells
were incubated with anti-rabbit Alexa 488Yconjugated IgG
at 1:100 dilution (Abcam; catalog number: ab150077) and
Alexa 555Y labeled anti-mouse IgG antibody (Abcam,;
catalog number: AB_2563179) at 1:100 dilution for 1 h at 4°C
and washed again with PBS, and then samples were analyzed
for fluorescence under a confocal laser scanning microscope
(Nikon A1/Cl1, Tokyo, Japan). For the negative control,
the primary antibody was replaced with 2% bovine serum
albumin or polyclonal rabbit IgG at 1:200 dilution (Abcam;
catalog number: ab6721).

Co-culture of pancreatic cancer cells and PSCs. Pancreatic
cancer cells were seeded at a density of 2x10° cells/well into
6-well culture plates (BD Biosciences, Franklin Lakes, NJ,
USA). Human PSCs were seeded at 4x10° cells/culture insert
into culture inserts with 1.0 gm pores (BD Biosciences). The
subsequent day, the culture inserts seeded with PSCs were
placed into the 6-well plates containing pancreatic cancer
cells, and incubation was continued for <3 days at 37°C.
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Cellular viability assay. PANC-1, MIA-PaCa-2 and AsPC-1
pancreatic cancer cell lines in the exponential phase of
growth were seeded into a 96-well tissue culture plate with
(1x10%)/well and incubated for 24 h at 37°C. The cells were
co-cultured with medium alone (control group) or PSCs or
SB525334, an inhibitor for TGF-betal receptor, (Abmole
Bioscience Inc., Huston, TX, USA; Catalog number: M2108)
for 12, 24 and 48 h for evaluation. Cell viability was deter-
mined using an MTT assay, according to the manufacturer's
protocol (kit CGDI, Sigma-Aldrich, ). Briefly, cells were grown
in media supplements with 10% FBS, harvested using trypsin
(Thermo Fisher Scientific, Inc.; Catalog number: 25200056)
and counted using Trypan blue and a hemocytometer. Cells
were then serially diluted in a clear cell culture plate and
incubated for 3 h with MTT reagent at 37°C. Following this
incubation, cells were treated with MTT solvent for 15 min
at room temperature and measured with spectrophotometer
(SKU: S500, Parco Scientific Company, USA). Absorbance
was measured at OD=590 nm.

Cellular invasion analysis. A cellular migration assay was
performed using modified Boyden Chambers consisting of
Transwell pre-coated Matrigel membrane filter inserts with
8 um pores in 24-well tissue culture plates (BD Biosciences).
Briefly, PSCs were seeded at 5x10* cells/well into the plates.
Media supplemented with 10% FCS in the lower chamber
served as the chemoattractant. The following day, pancreatic
cancer cells were seeded at 2x10° cells/insert into the culture
inserts (8 ym pores) and placed on the 24-well plate containing
human PSCs or SB525334. After a 24-h incubation at 37°C,
the stained cells were counted by inverted microscopy. Briefly,
cells were removed from the upper surface of the membranes
with a cotton swab, and cells that migrated to the lower surface
were stained with 0.2% (w/v) crystal violet in 2% ethanol for
15 min at room temperature and were washed with water.
Dried membranes were cut out and mounted on glass slides
in immersion oil. At least 10 random high-power fields from
each of triplicate membranes were counted for each experi-
mental condition at X200 magnification. Each experiment was
performed in triplicate.

Apoptosis assay. The apoptosis of MIA-PaCa-2 and AsPC-1
pancreatic cancer cells, with or without human PSCs, was
induced by gemcitabine and detected by flow cytometry using
an Annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection kit (Nanjing KeyGen Biotech, Co., Ltd., Nanjing,
China) according to the manufacturer's protocol. Briefly,
the cells were harvested and stained with propidium iodide
(PI) and Annexin V-FITC. The apoptosis rate was assayed
using a FACSCalibur flow cytometer (BD Biosciences and
Beckman-Coulter, Inc., San Jose, CA, USA) at a 488-nm
wavelength.

In vivo experiments. BALB/c female nude mice at the age
of 6-8 weeks (weighing, 18-22 g) were used. BALB/c mice
were purchased from the Center of Experimental Animals,
Affiliated Hospital of Medical College, Qingdao University,
and maintained in a pathogen-free facility at room tempera-
ture. Mice had free access to food and water and were kept
in a 12 h light/dark cycle. Female BALB/c nude mice were
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Figure 1. PSCs promote the viability of AsPC-1, PANC-1 and MIA-PaCa-2 cells, and these effects may be partially inhibited by SB525334. The viability of
cancer cells significantly increased, compared with those in the control group without co-culture (P<0.05). The effect of PSCs on the viability of AsPC-1
was significantly higher compared with the control (140.13+12.50%; P=0.014). However, the proliferation of pancreatic cancer cells promoted by PSCs was
partially blocked by the transforming growth factor-3 (TGF-f) inhibitor, SB525334. "P<0.05. PSCs, pancreatic stellate cells.

divided into the following groups: MIA-PaCa-2 alone as
the control group; co-transplantation of MIA-PaCa-2 and
PSCs group; co-transplantation of MIA-PaCa-2, PSCs and
SB525334 group. MIA-PaCa-2 (1x10°) and PSCs (5x10%) or
SB525334 were suspended in 100 1 PBS, and then subcutane-
ously co-transplanted with PSCs (5x10%) into the right flank of
the mice. In total, 10 mice were used in each group, and the
number of mice used in the experiment is 30. Tumor sizes and
body weight were measured every week by external caliper,
and the average tumor volumes were calculated as (length
x weight?). A total of 2.5 weeks subsequent to implantation,
mice were humanely euthanized with 3% pentobarbital
sodium (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
and tumors were harvested. All protocols were approved by
the Animal Ethics Committee of the Affiliated Hospital of
Medical College, Qingdao University.

Statistical analysis.Results are presented as the mean + standard
deviation of triplicate cultures, and statistical differences were
assessed using the Student's t-test or two-way analysis of vari-
ance. P<0.05 was considered to indicate a statistically significant
difference. Data were analyzed using SPSS version 16.0 (SPSS,
Chicago, IL, USA).

Results

Isolation and identification of PSCs. PSCs from human
pancreatic cancer tissues were isolated by the aforementioned
enzymatic digestion-gradient centrifugation method. Attached
cells exhibited an activated phenotype, characterized by a
myofibroblast-like appearance and a shortening of double time.
Under cytoimmunochemistry examination, the PSC markers
o-SMA and GFAP were overexpressed in the cytoplasm of the
PSCs.

In vitro proliferation assay. The AsPC-1, PANC-1 and
MIA-PaCa-2 (1x10%) pancreatic cancer cell lines and PSCs
(5x10%) were seeded into the upper and lower chambers,
respectively. The cells were then co-cultured for 72 h.
Subsequently, an MTT assay was performed to determine
the number of pancreatic cancer cells in the upper chamber,
and the results were expressed as the absorbance at 490 nm
in a spectrophotometer. The MTT assay revealed that,
subsequent to a 72-h co-culture with PSCs, the viability of
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Figure 2. PSCs increase the invasive ability of AsPC-1 and MIA-PaCa-2
cells. With the presence of PSCs in the lower chambers, the invasion
capacity of AsPC-1 cells was prone to increase as compared with the
control (437.50+21.61%; P<0.001). A significant increase in the migration of
MIA-PaCa-2 cells was also induced in the presence of PSCs, as compared
with the control (353.85+19.16%; P=0.013). "P<0.05. The number of invasive
cells was calculated by counting the cells from 10 randomly selected fields of
view at x200 magnification. PSCs, pancreatic stellate cells.

cancer cells significantly increased, compared with those in
the control group without co-culture (P<0.05). The effect
of PSCs on the viability of AsPC-1 was significantly higher
compared with the control (140.13+£12.50% vs. 104.21+8.9%;
P=0.014). However, the proliferation of pancreatic cancer
cells promoted by PSCs was partially blocked by the
transforming growth factor-f3 (TGF-f) inhibitor, SB525334
(125.71+11.30% vs. 140.13+12.50%; P=0.036; Fig. 1). The
viability of PANC-1 in control, PSCs and SB525334 group
was 65.06+10.9, 137.13+£11.30 and 99.78+13.11% respectively
(P=0.017). The viability of MIA-PaCa-2 in control, PSCs
and SB525334 group was 87.26+11.1, 165.73+15.35 and
95.18+11.09% (P=0.008), demonstrating that PANC-1 and
MIA-PaCa-2 also exhibited similar results. These findings
demonstrated that PSCs promoted the viability of pancreatic
cancer cells, and the effects may be partially inhibited by
SB525334.

Cells migration analysis. A Matrigel invasion assay was
performed to evaluate the effect of PSCs on the invasion
ability of pancreatic cancer cells. With the presence of PSCs
in the lower chambers, the invasion capacity of AsPC-1
cells was prone to increase as compared with the control
(437.50+21.61%; P<0.001). A significant increase in the
migration of MIA-PaCa-2 cells was also induced in the pres-
ence of PSCs, as compared with the control (353.85+19.16%;
P=0.013; Fig. 2).
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Figure 3. The percentage of apoptotic cells in the pancreatic cancer cell population induced by gemcitabine was decreased by PSCs. The percentage of
apoptotic cells for AsPC-1 in the PSCs group was decreased compared with that in control group at 48 h subsequent to intervention (32.7+6.1% vs. 55.3+9.1%;

P=0.027). PSCs, pancreatic stellate cells.

Apoptosis assay. The percentage of apoptotic cells in the two
groups was increased with the extension of the intervention
time, and the percentage of apoptotic cells was significantly
different (P<0.05). The percentage of apoptotic cells for
AsPC-1 in the PSCs group was decreased compared with that
in control group at 48 h subsequent to intervention (32.7+6.1%
vs. 55.3+9.1%; P=0.027; Fig. 3). The percentage of apoptotic
cells for MIA-PaCa-2 cells in PSCs group and in control group
was 39.6+7.3% vs. 68.3+8.7% (P=0.013), a similar result being
observed for MIA-PaCa-2 cells.

In vivo experiments. To evaluate the effects of PSCs on
in vivo tumor growth, MIA-PaCa-2 cells and PSCs or
SB525334 were co-transplanted into nude mice. The results
demonstrated that PSCs significantly enhanced the growth
of MIA-PaCa-2 cells compared with the control group
(P=0.003). Mice bearing MIA-PaCa-2 cells and PSCs exhib-
ited an increase in the rate of tumor growth compared with
MIA-PaCA-2 cells alone, whereas SB525334 delayed the
tumor progression induced by PSCs. The tumor volumes in
the control group and co-transplantion group differed signifi-
cantly at 3, 4 and 5 weeks subsequent to implantation (the
P-values were 0.02, 0.013 and 0.007 respectively). In total,
5 weeks subsequent to implantation, the mean tumor volume
changed to 1,374.6+195.8 mm?® from 109.0+14.7 mm? in the
control group, compared with in the mice with co-trans-
planted MIA-PaCa-2 cells and PSCs (2,548.6+142.9 mm®)
or with co-transplanted MIA-PaCa-2 cells and SB525334
(2,015.7+£202.3 mm?; Fig. 4). Body weight was not signifi-
cantly different among the three groups.

Discussion

The incidence of pancreatic cancer is gradually increasing
and the mortality rate has not reduced significantly (1). The
pathogenesis of pancreatic cancer has primarily focused on the
molecular biology of the tumor cells (15). Previously, it has
been reported that the initiation, growth and progression of
cancer is associated with intricate crosstalk between the tumor
and stroma (16). The interaction between pancreatic cancer
cells and the surrounding microenvironment, which consists
of ECM proteins, growth factors and constituent non-tumor
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Figure 4. PSCs significantly enhances the growth of MIA-PaCa-2 and
AsPC-1 cells, as compared with the control group in vivo. The mean tumor
volume changed to 1,374.6+195.8 mm® from 109.0+14.7 mm?® in the control
group, compared with in the mice with co-transplanted MIA-PaCa-2 cells
and PSCs (2,548.6+142.9 mm?) or with co-transplanted MIA-PaCa-2 cells
and SB525334 (2,015.7+202.3 mm?® after 5 weeks implantation. "P<0.05.
PSCs, pancreatic stellate cells.

cells, remains largely ignored (17). In 2004, PSCs were
revealed to produce the ECM proteins and were the principal
source of collagen in the fibrotic matrix, which comprised the
pancreatic tumor stroma (18). Additionally, the presence of
activated PSCs in surrounding human pancreatic intraepithe-
lial neoplastic lesions (Pan-INs) demonstrated that they may
function during the early stages of cancer development (10).
Therefore, the interaction between pancreatic cancer cells and
PSCs is receiving increasing attention.

The present study isolated, identified and cultured human
PSCs. The role of PSCs in stimulating pancreatic cancer
cell migration, invasion and resistance to chemotherapy was
determined. The findings of the present study may be summa-
rized as follows: Activated PSCs are present in pancreatic
cancer tissues; PSCs promote the viability of pancreatic
cancer cells; the viability induced by PSCs may be blocked by
SB525334, an inhibitor of TGF-f3; PSCs increase the invasive
ability of pancreatic cancer cells; PSCs decrease the degree
of apoptosis induced by gemcitabine, indicating that PSCs
have an important role in the resistance of pancreatic cancer
cells to gemcitabine; co-injection of pancreatic cancer cells
with PSCs in an orthotopic model resulted in increased tumor
volume.

TGF-p1 is a pleiotropic cytokine that controls cellular
proliferation, differentiation, adhesion, migration, apoptosis
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and the epithelial-mesenchymal transition (19). TGF-f1 also has
a vital role in the interaction between cellular and non-cellular
components of the tumor microenvironment (20). It has previ-
ously been demonstrated that TGF-f1 promotes the activation
and proliferation of PSCs, as well as the epithelial-mesen-
chymal transition of pancreatic cancer cells (21,22). SB525334
is a selective inhibitor of TGF-p1 (23). In the present study,
SB525334 partially blocked the increased proliferation and the
invasive ability of pancreatic cancer cells induced by PSCs.
Additionally, SB525334 reduced the resistance of pancreatic
cancer cells to gemcitabine caused by PSCs.

In the present study, the association between pancreatic
cancer cells and PSCs has been determined. However, the
mechanism by which PSCs regulate the proliferation and
apoptosis of pancreatic cancer cells remains unclear. In
particular, signaling pathways involved in genetic alterations
during the process of PSC activation must be characterized.
The origin of activated PSCs arising from the existing pool
of quiescent PSCs or from mesenchymal stem cells remains
controversial (24,25). An improved understanding of the
pathophysiology of pancreatic cancer is possible following the
resolution of current challenges in the field. PSCs are a poten-
tial novel therapeutic target, which may improve the outcome
of pancreatic cancer.
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