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Background: Pancreatic stellate cells (PSCs) is a highly heterogeneic stroma cell population in pancreatic 
cancer tissue. Interaction between PSCs and pancreatic cancer cells has not been well elucidated. This 
research was aimed to study the relationship between fibroblast activation protein α (FAPα)-positive (FAPα+) 
PSCs and the pathological features and prognosis of pancreatic cancer. The effects and mechanisms of FAPα 
+ PSCs in pancreatic cancer were also explored. 
Methods: Tissue microarray analysis was used to detect FAPα expression in tumor and adjacent tissues. 
The relationship between FAPα expression and pancreatic pathological features and prognosis were analyzed. 
The effects of FAPα+ PSCs on the proliferation, migration and invasion of pancreatic cancer were detected 
in vitro and in vivo. A cytokine chip was used to detect the differential expression of cytokines in FAPα-
positive (FAPα+) and FAPα-negative (FAPα−) PSCs. Phosphorylated tyrosine kinase receptors were detected 
by a human phosphotyrosine kinase receptor protein chip. The interaction between differential cytokine and 
tyrosine kinase receptors was detected by immunoprecipitation. 
Results: Compared with the adjacent tissues, pancreatic cancer stromal tissues showed high FAPα 
expression. FAPα was mainly expressed in the PSCs. FAPα+ PSCs were associated with lymph node 
metastasis. Higher numbers of FAPα+ PSCs predicted shorter survival. Pancreatic cancer cells released 
TGFβ1 and induced PSCs to express FAPα. FAPα+ PSCs released the chemokine CXCL1 and promoted 
the phosphorylation of the tyrosine kinase receptors EphB1 and EphB3 in pancreatic cancer cells. CXCL1, 
EphrinB1, and EphrinB3 worked together to promote the migration and invasion of pancreatic cancer cells 
by Akt phosphorylation. Talabostat (PT100), an FAPα inhibitor, inhibited the roles of FAPα+ PSCs.
Conclusions: FAPα+ PSCs can promote the migration, invasion, and metastasis of pancreatic cancer by 
the Akt signaling pathway. This interaction of FAPα+ PSCs with pancreatic cancer cells may become a new 
strategy for the comprehensive treatment of pancreatic cancer.
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Introduction 

The prognosis of pancreatic cancer is extremely poor, with 
a 5-year survival rate of <10% (1). The stromal components 
of pancreatic cancer promote tumor occurrence and 
development (2-5). In the normal pancreas, pancreatic 
stellate cells (PSCs) are located around the pancreatic acinus 
and in the interlobular space, thereby accounting for 4% 
of the total number of cells (6,7). PSCs, as the important 
components of pancreatic cancer stroma, play an important 
role in pancreatic cancer development. Pancreatic cancer cells 
release mitotic and fibrotic-stimulating factors, causing PSCs 
to exhibit an activated phenotype. Activated PSCs secrete 
various chemical and growth factors affecting the biological 
behavior of pancreatic cancer cells in proliferation, apoptosis, 
invasion, metastasis, angiogenesis, and chemoresistance (8,9).

FAPα is a membrane serine peptidase that is a member 
of the type II serine protease family, which can break the 
peptide bonds of amino acids. The proteolytic activity of 
FAPα enhances the ability of tumor cells to invade the 
extracellular matrix and promote tumor proliferation (10). 
FAPα is expressed in the extracellular matrix of epithelial-
derived malignant tumors, embryonic developmental tissue, 
and wound healing, but not in normal adult tissues (11-13).  
FAPα can dissociate growth factors bound to matrix 
proteins by protease hydrolysis and promotes tumor growth 
and angiogenesis or degrades the extracellular matrix of 
adjacent cells, further promoting tumor cell migration, 
invasion, and metastasis. Han et al. (14) found that tumor 
cells stably expressing FAPα grew considerably faster than 
the control group by establishing a mouse model of breast 
cancer. Clinical studies on colon cancer have found that 
patients with high FAPα expression in the colon cancer 
stroma are likely to relapse after surgery and have short 
survival rates (15). However, the roles and mechanisms of 
FAPα-positive PSCs in regulating the malignant behaviors 
of pancreatic cancer remain largely unknown. 

Methods

Pathological specimens

The pathological specimens were obtained from pancreatic 
cancer patients admitted to the Peking Union Medical 
College Hospital of Chinese Academy of Medical Sciences. 
All cases were surgically removed and confirmed by 
pathological examination. The exclusion criteria were as 
follows: neoadjuvant treatment, incomplete case data, no 
follow-up data and difficulty in preparing paraffin specimens 

for immunization slices required for histochemical staining. 
This study included 56 patients with pancreatic cancer, 
including 24 male cases and 32 female patients. Among 
these patients, 37 were aged <65 years, and 19 were aged 
>65 years. The tumor site was located in the pancreatic 
heads of 36 patients and in the pancreas body or pancreas 
tail of 20 cases. Thirty-two cases had low and moderate 
differentiation, and 24 had high differentiation. Forty-
four cases had Tumor Node Metastasis (TNM, 7th edition) 
stages 1 or 2, and 12 had TNM stages 3 or 4. Meanwhile, 
46 patients underwent R0 resection, and 10 underwent R1 
resection. All the patients signed the agreement for scientific 
research use of the samples. The study was reviewed by 
the Ethics Committee of Peking Union Medical College 
Hospital, Chinese Academy of Medical Sciences.

Immunohistochemical staining and evaluation

Paraffin sections were prepared by screening the 
pathological tissue sections of cancer tissues and adjacent 
tissues of pancreatic cancer. The paraffin sections used 
for immunohistochemistry were dewaxed, subjected to 
endogenous peroxidase removal, and incubated with primary 
(rabbit anti human FAPα polycolonal antibody, abcam, 
ab28244; mouse anti human SMA monocolonal antibody, 
Dako, Clone 1A4) and secondary antibodies (ZSGB-Bio, 
PV-6001 kit). Following DAB color development, the 
sections were dehydrated, mounted, and observed under 
a microscope. Positive expression was indicated by the 
appearance of brownish-yellow particles in the cytoplasm 
of the cells. The results of immunohistochemical staining 
were evaluated by two pathologists who were blinded to 
the clinicopathological data. Brownish-yellow particles 
appeared as a marker of positive expression in the cytoplasm 
of the cells. The FAPα expression evaluation criteria were 
as follows: dyeing area ≤10% was scored as 0 points; 
11% ≤25% as 1 point; >26% ≤50% as 2 points; >51% 
as 3 points. A negative staining intensity was scored as  
0 points, weak staining as 1 point, intermediate staining as 
2 points, and strong staining as 3 points. The classification 
of slice staining was divided according to the sum of the 
stained area and staining intensity score: ≤3 indicated low 
expression of FAPα (FAPα negative, FAPα−); >3 indicated 
high expression of FAPα (FAPα positive, FAPα+) (16).

Cell culture

The human pancreatic cancer cell lines AsPc1, MIAPaCa2, 
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SW1990, SU86.86, and T3M4 were purchased from the 
Cell Line Bank of Chinese Academy of Medical Sciences. 
BxPC3, Capan1, and PANC1 were donated by Professor 
H. Freiss of the Technical University of Munich, Germany. 
Nontumor tissues that were surgically removed from 
pancreatic cancer patients were collected, and human 
primary PSCs were extracted by the outgrowth method. 
The isolation and culture of human primary PSCs were 
performed as described previously (6,17). The original 
human PSCs were extracted before the 10th generation for 
subsequent experiments. BxPC3 was cultured in RPMI1640 
medium (HyClone, SH30809.01B) containing 10% FBS 
(HyClone, SH30084.03). AsPc1, MIAPaCa2, SW1990, 
SU86.86, T3M4, Capan1, PANC1, and human PSCs were 
cultured in DMEM/high-glucose medium containing 10% 
FBS (HyClone, SH30022.01B). The cells were cultured at 
37 ℃ and 5% CO2.

Induction and identification of FAPα+ PSCs in vitro 

Human primary PSCs were seeded on Nunc Lab-Tek II 
chamber coverslips and were cultivated in different media 
for 48 h to induce FAPα+ PSCs: (I) serum-free DMEM/
F12 medium with or without TGFβ1 (R&D system, 240—
B—010, 10 ng/mL); (II) human pancreatic cancer cell line 
(BxPC3, Capan1, or PANC1)-conditioned medium (CM) 
with or without TGFβ1 (10 ng/mL). Formalin solution 
was added, and the samples were fixed for 30 min. Next, 
immunofluorescence blocking buffer was added and blocked 
for 30 min. Thereafter, a PBS solution containing anti-
human FAPα rabbit polyclonal antibody (Abcam, ab28244) 
(1:100 ratio) was added. Next, the samples were incubated 
at room temperature for 3 h in the dark, followed by the 
addition of PBS solution containing anti-rabbit IgG-FITC 
antibody (1:200) (Sigma-Aldrich, F0382) and incubation at 
room temperature for 45 min in the dark. DAPI staining 
solution was then added to the samples, followed by staining 
for 30 min and observation under an inverted fluorescence 
microscope.

Detection of TGFβ1 and CXCL1 expression in pancreatic 
cancer cells by enzyme-linked immunosorbent assay 
(ELISA) 

Pancreatic cancer cell supernatants were collected, and 
then 50 μL of the dilution solution was added to each well 
of a 96-well plate in an ELISA kit (TGFβ1 and CXCL1; 
eBioscience, Austria). Next, 50 μL of the standard product, 

control sample, or sample to be tested was added to the 96-
well plate. The film was attached and incubated at room 
temperature for 1.5 h. The liquid from each well was 
pipetted, and 200 μL of the substrate solution was added 
to each well. The well was incubated for 15 min at room 
temperature in the dark. Next, 50 μL of the stop reaction 
solution was added to each well, mixed, and placed on a 
microplate reader for detection.

Western blot analysis of protein expression

The cell lysate was added, fully lysed, and centrifuged 
at 12,000 rpm for 10 min at 4 ℃. The total protein of 
the supernatant was aspirated, and the total protein 
concentration was determined using the BCA method. 
The protein was submerged in boiling water for 5 min and 
centrifuged at 12,000 rpm for 4 min at 4 ℃. The lower 
(6%) and upper layers of the concentrated gel (8%) were 
prepared. Next, the protein loading amount obtained was 
40 μg/well. After electrophoresis and transfer, the strip was 
blocked with 5% skim milk powder for 40 min. Primary 
(rabbit anti human FAPα polycolonal antibody, abcam, 
ab28244; rabbit anti human CXCR2 polycolonal antibody, 
EphB1 monoclonoal antibody, EphB3 monoclonal 
antibody, abcam, ab14935, EPR6457, EPR8280; rabbit 
anti human Akt monoclonal antibody, Cell Signal 
Technology, 4691; rabbit anti human phosphorylated Akt 
monoclonal antibody, Cell Signal Technology, 4060) and 
β-actin antibodies (mouse anti human β-actin monoclonal 
antibody, Santa cruz,Sc-47778) were diluted in 5% BSA 
according to the specification. The band-of-interest protein 
was incubated and slowly shaken at 4 ℃ overnight. The 
secondary antibody was added and incubated for 1 h. Next, 
ECL illuminant was added to the target strip, and the image 
was placed in a FluorChem SP instrument.

Flow cytometry for FAPα expression detection

The cells were trypsinized and centrifuged. PBS containing 
anti-human FAPα polyclonal antibody (Abcam, ab28244) 
was added at a ratio of 1:500. Isotype control IgG (MACS, 
130-092-213) was used as the control group and then 
incubated for 2 h. Meanwhile, PBS containing FITC-
labeled secondary antibody (Sigma-Aldrich, F0382) was 
added at 1:1,000 and incubated for 45 min in the dark. PBS 
was added and centrifuged at 1,000 g and 4 ℃. Thereafter, 
the cells were resuspended in PBS, and flow cytometry was 
performed.
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CCK8 assay for the effects of FAPα+ and FAPα− PSCs on 
the proliferation of pancreatic cancer cells 

Human primary PSCs were seeded in the upper chamber 
of a cocultured 96-well plate, and the number of inoculated 
cells was 4,000/well. Next, DMEM/F12 medium with or 
without TGFβ1 (10 ng/mL) was added. The cells were 
then cultured for 48 h to obtain FAPα+ and FAPα− PSCs. 
BxPC3, Capan1, and PANC1 were seeded in the lower 
chamber of the cocultured 96-well plate at 1,000/well. At 
the same time, the upper chamber containing FAPα+ and 
FAPα− PSCs was placed and cocultured with pancreatic 
cancer cells for 24, 48, and 72 h. Thereafter, the upper 
chamber containing FAPα+ and FAPα− PSCs was extracted. 
Next, 10 μL of CCK8 reagent (DOJINDO, CCK8 KIT) 
was added to the lower chamber containing pancreatic 
cancer cells, placed in 5% CO2 cell culture at 37 ℃, and 
incubated for 3 h. The 96-well plate was extracted and 
placed in a microplate reader, and the absorbance value was 
read at a wavelength of 450 nm.

Transwell method for migration and invasion detection

Human primary PSCs were seeded in the upper chamber 
of a cocultured 96-well plate, and the number of inoculated 
cells was 4,000/well. DMEM/F12 medium and DMEM/
F12 medium containing TGFβ1 (10 ng/mL) were added. 
The cells were cultured for 48 h to obtain FAPα+ and 
FAPα− PSCs and were grouped as follows: FAPα+ PSCs, 
FAPα− PSCs, FAPα+ PSCs+PT100 (FAPα inhibitor), and 
the control group (no PSC). In the invasion experiment, 
50 μL of Matrigel gel was added to the Transwell and was 
placed in a 37 ℃ cell incubator for 4 h to allow the Matrigel 
to coagulate. BxPC3, Capan1, and PANC at 1,200 μL each 
with 40,000 cells/well were added to the upper chamber of 
the Transwell. The lower chamber medium was aspirated, 
added to 500 μL of fresh serum-free medium, and placed 
in a 5% CO2 cell incubator at 37 ℃ for 24 h. Meanwhile, 
the upper chamber was extracted, and hematoxylin-eosin 
staining solution was added. Subsequently, five high-power 
microscope fields (400×) were randomly selected under a 
microscope, and the cells were observed and counted.

Effects of FAPα+ and FAPα− PSCs on pancreatic cancer 
formation in nude mice

Five- to 6-week-old athymic nude mice (BALB/c, nude) 
were purchased from Beijing Weitong Lihua Experimental 

Animal Technology Co., Ltd. All the animal studies were 
performed in accordance with the principles and procedures 
set by the Laboratory Animal Management and Use 
Committee of the Chinese Academy of Medical Sciences. 
FAPα+, FAPα− PSCs, BxPC3, and PANC1 were injected 
subcutaneously into the back of nude mice using a 1-mL 
syringe according to the following settings: BxPC3 cells 
alone (4×106), BxPC3 cells+ FAPα− PSCs (4×106), BxPC3 
cells+ FAPα+ PSCs; PANC1 cells alone (6×106), PANC1 
cells+ FAPα− PSCs (6×106), and PANC1 cells+ FAPα+ 
PSCs. Six groups were generated, each containing four 
nude mice. After the injection, the mice were observed 
daily. The long diameter (A) and broad diameter (B, mm) 
of the subcutaneous tumor were measured weekly using a 
Vernier caliper, and the volume of the tumor (mm3) was 
calculated as follows: (A×B2)/2. After 4 weeks, the mice were 
euthanized to obtain xenografts.

Effects of FAPα+ and FAPα− PSCs on pancreatic cancer 
cell metastasis in nude mice

The cells were mixed in the following ratios with 100 μL 
of PBS: PANC1 cells alone (1×106), PANC1 cells+ FAPα− 
PSCs (1×106), and PANC1 cells+ FAPα+ PSCs (1×106). 
The experiment was divided into four groups with five 
mice in each group, as follows: PANC1 alone, PANC1+ 
FAPα− PSCs, PANC1+ FAPα+ PSCs, and PANC1+ FAPα+ 
PSCs+PT100. Using 1% chloral hydrate at 4-g/kg dose, the 
mice were anesthetized by intraperitoneal injection. The 
surgical area was disinfected with iodophor, the left inferior 
costal area was incised, and the abdominal cavity was cut 
in layers. The spleen was gently resected from the surgical 
incision. The lower pole of the spleen was also exposed 
and slowly injected with 100 μL of the cell suspension. 
The needle was removed, and the site was pressed with a 
gelatin sponge into the needle. After properly stopping the 
bleeding, the layer was stitched with an absorbable suture. 
On the first day after surgery, each mouse in group 4 was 
administered PT100 intragastrically at a dose of 50 μg/day 
for 2 weeks (18). The general condition of the mice was 
observed daily. After 2 weeks, the mice were euthanized, 
and the number of liver metastatic nodules was calculated.

Cytokine chip detection

FAPα+ and FAPα− PSCs were cultured in serum-free 
DMEM/F12 for 25 h. The medium was aspirated, and the 
cell debris was filtered through a Millipore filter (0.2 μm). 
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Next, the filtered medium was obtained for chip detection 
(Shanghai Kangcheng Bioengineering Co. Ltd).

Phosphotyrosine kinase receptor protein chip detection

Pancreatic cancer cells were cocultured with FAPα+ and 
FAPα− PSCs in a 6-well plate. These cells were added to 
cell lysis buffer for 30 min and centrifuged at 10 ℃ for 10 
min at 12,000 rpm. Next, the supernatant protein solution 
was extracted. The BCA method was used to determine 
the protein concentration, and the chip was detected by 
Shanghai Kangcheng Bioengineering Co. Ltd.

Co-immunoprecipitation (Co-IP) procedure

The cells were digested and centrifuged, and the cell pellet 
was extracted and placed on ice. The cell lysate required 
for co-IP was added and shaken in an oscillating mixer for 
30 min and then was centrifuged at 12,000 rpm at 4 ℃ for 
10 min. The supernatant protein extract was also removed. 
Next, 10 μL of anti-human EphB1 (Abcam, EPR6457), 
or EphB3 (Abcam, EPR8280), or chemokine receptor 2 
(CXCR2) antibody (Abcam, Ab14935) was added to the cell 
lysate. Meanwhile, 10 μL of normal rabbit IgG was added to 
the control group, placed on a silent mixer, and incubated 
at 4 ℃ for 1 h. The ProteinA/G beads were removed and 
centrifuged to remove the glycerin from the supernatant. 
The beads were added, mixed with the cell lysate-antibody, 
placed on a silent mixer, and incubated overnight at 4 ℃. 
Next, 1 mL of lysate was added to each of the experimental 
and control groups. The ProteinA/G beads were washed 
three times and centrifuged at 4,000 rpm for 2 min. The 
supernatant was removed, and 26 μL of 2× SDS loading 
buffer was added and boiled for 5 min. Finally, Western 
blot analysis was performed.

siRNA interference experiment

The siRNA design and synthesis  were performed 
a c c o r d i n g  t o  t h e  s i R N A  d e s i g n  p r i n c i p l e s  a n d 
Eph1:NC_000003.11 (134514099..134979309) and 
Eph3:NC_000003.11 (184279587..184300 196) sequences 
in GenBank. These sequences were designed using 
the Invitrogen BLOCK-IT designer from Invitrogen 
(Shanghai, China). The chemically synthesized pairs 
of EphB1-siRNA sequences are as follows: A: EphB1-
siRNA,5'-GCGAUAAGCUCCAGCAUUATT-3' and 
5'-UAAUGCUGGAGCUUAUCGCTT-3'; B: EphB1-

siRNA,5'-GUGCCCAUCAAACUCUACUTT-3' and 
5'-AGUAGAGUUUGAUGGGCACTT-3'; C: EphB1-
siRNA, 5'-ACCUUCAACUUGUAUUACUTT-3' and 
5'-AGUAAUACAAGUUGAAGGUTT-3'; D: negative 
control-RNA, 5'-UUCUCCGAACGUGUCACGUTT-3' 
and 5'-ACGUGACACGUUCGGAGATT-3'. The siRNA 
sequences of each pair of EphB3 were as follows: A: EphB3-
siRNA, 5'-GCCGUAAUAUCACCACAAATT-3' and 
5'-UUGUGGUGAUAUUCACGGCTT-3'; B: EphB3-
siRNA, 5'-CCUGGAAUGAAGGUUUAUATT-3' and 
5'-UAUAAACCUUCAUUCCAGGTT-3'; C: EphB3-
siRNA, 5'-GAGGUGUGA UCUCCAAUGUTT-3' and 
5'-ACAUUGGAGAUCACACCUCTT-3'; D: negative 
control-RNA, 5'-UUCUCCGAACGUGUCACGUTT-3' 
and 5'-ACGUGACA CGUUCGGAGAATT-3'. BxPC3 
and PANC1 were inoculated in a 6-well plate. When 
the cells were grown to 80%, the corresponding serum-
free medium was added to continue the culture for  
12 h for siRNA transfection. The experiment was divided 
into the following groups: group A, the negative control 
RNA group; B-D groups, the siRNA groups. After 48 h of 
culture, the total protein of each group was extracted and 
detected by Western blotting.

Statistical analysis

Statistical analysis was performed using SPSS 13.0 (SPSS 
Inc., Chicago, IL, USA). The survival time was analyzed 
using the Kaplan-Meier method. The log-rank test was 
used to analyze the difference in the survival curves between 
different groups by single-factor analysis. Multivariate 
survival was analyzed using the Cox proportional hazard 
regression model. Measurement data were expressed as the 
means ± standard deviation. The two groups were compared 
using t-test. One-way ANOVA was also applied between 
groups. Chi-squared test and Fisher’s exact probability 
method were used to compare the data between the groups. 
P<0.05 was considered statistically significant.

Results

FAPα expression in human pancreatic cancer and adjacent 
tissues

FAPα was almost absent in the paracancerous tissues 
[Figure 1A (a,b)]. The positive expression of FAPα protein 
was mainly located in the stroma tissues [Figure 1A (c,d)]. 
FAPα expression was remarkable in the immediate vicinity 
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of pancreatic cancer cells [Figure 1A (e,f)]. SMA expression 
was also observed in the stroma region of pancreatic cancer 
cells expressing FAPα [Figure 1A (g,h)]. In pancreatic cancer 
tissues, FAPα was lowly expressed in 22 cases and highly 
expressed in 34 cases. In the paracancerous tissues, FAPα 
was lowly expressed in 52 cases and highly expressed only 
in 4 cases. The FAPα expression in pancreatic cancer tissues 
was significantly higher than that in adjacent tissues, and the 

difference was statistically significant (P<0.0001; Figure 1B).

Relationship between the FAPα expression level and 
pathological features in human pancreatic cancer

The immunohistochemical staining of FAPα was analyzed 
to compare the relationship between the expression level of 
FAPα protein and pathological features in pancreatic cancer 

Figure 1 Expressions of FAPa in tumoral and adjacent tissues and its survival impact on pancreatic cancer patients. (A) FAPα is absent in adjacent 
pancreatic cancer cell tissues (a,b). FAPα expression in pancreatic cancer tissues (c). Low FAPα expression (d). High FAPα expression. FAPα 
expression is remarkable in the region (→) adjacent to pancreatic cancer cells (*; e,f). The expression of the marker SMA of myofibroblast-like 
cells can be seen in the interstitial region of pancreatic cancer-expressing FAPα (*pancreatic cancer cells → pancreatic cancer stroma). (g) FAPα 
immunohistochemical staining. (h) SMA immunohistochemical staining (a, c, d, ×100; b, e, f, g, ×400); (B) comparison of the FAPα expression 
scores in pancreatic cancer and adjacent tissues; (C) effect of FAPα expression on the overall survival of patients with pancreatic cancer.
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Table 1 Relationship between expression of FAPa protein and 
pathological features in pancreatic cancer

Pathological 
features

Number  
of cases

FAPα

P valueLow 
expression

High 
expression

Age 0.645

<65 37 16 21

>65 19 7 12

Sex 0.884

Male 31 13 18

Female 25 10 15

Tumor site 0.903

Head 36 15 21

Body/tail 20 8 12

Surgical 
methods

0.947

PD 33 14 19

DP 20 8 12

TP 3 1 2

Histological 
grade

0.530

1/2 32 12 20

3 24 11 13

T classification 
(7th)

0.183

T1/T2 10 6 4

T3/T4 46 17 29

Lymph node 0.038*

− 26 14 12

+ 30 8 22

Distant 
metastasis

0.071

− 51 23 28

+ 5 0 5

TNM staging 
(7th)

0.288

I/II 10 6 4

III/IV 46 17 29

*,  P<0.05.  PD, pancreat icoduodenectomy; DP, dista l 
pancreatectomy; TP, total pancreatectomy. 

tissues. The results suggested that higher FAPα protein 
expression in pancreatic cancer tissues was associated with 
positive lymph node metastasis (P=0.038; Table 1).

The FAPα expression level is associated with overall 
survival in patients with pancreatic cancer

Patients with high FAPα expression (mean survival time:  
13 months; 95% confidence interval: 9.31–18.69 months) 
had a shorter survival time than those with low FAPα 
expression (median survival time: 34 months; 95% 
confidence interval: 8.84–59.16 months; Figure 1C, log-rank 
test; P=0.044<0.05). Univariate and multivariate analyses 
(Cox regression model) were used to investigate the effects 
of the FAPα expression levels and clinicopathological 
features on the overall survival of patients. The results 
showed that the FAPα expression level is an independent 
risk factor for the prognosis of patients with pancreatic 
cancer. High FAPα expression indicated a poor prognosis in 
patients with pancreatic cancer (Table 2; P<0.05).

Human primary PSC identification and culture

Human primary PSCs were successfully isolated using the 
outgrowth method. Under light microscopy, PSCs were 
star shaped [Figure 2A (a)]. The relative specific markers 
of PSCs were detected by immunofluorescence staining. 
Human primary PSCs expressed SMA, Desmin, and GFAP 
[Figure 2A (b,c,d)] (19).

Pancreatic cancer cells induce FAPα expression in PSCs  
in vitro

Flow cytometry and immunofluorescence were used to 
detect FAPα expression in human primary PSCs in adjacent 
tissues. The results suggested that the FAPα+ cell ratio in 
human primary PSCs in six adjacent tissues is 0.98%±0.98%. 
No FAPα expression was detected, a finding that was 
consistent with the result of immunofluorescence assay 
[Figure 2B; Figure 2C (a)].When TGF-β1 was added to the 
different media, FAPα expression in human primary PSCs 
was significantly induced [Figure 2C (b,c); Figure 2D (a)].  
The neutralizing antibodies to TGFβ reduced FAPα 
expression [Figure 2C  (d);  Figure 2D  (b)].  TGFβ1 
expression in BxPC3, Capan1, and PANC1 CM (BxPC3:  
458.50±23.80 pg/mL; Capan1: 223.20±13.32 pg/mL; 
PANC1: 360.00±10.93 pg/mL) was significantly higher 



Wen et al. FAPα+ PSCs promote pancreatic cancer by CXCL1-mediated Akt phosphorylation

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(20):532 | http://dx.doi.org/10.21037/atm.2019.09.164

Page 8 of 21

than that in human primary PSCs (P<0.001; Figure 2E).

Effects of FAPα+ and FAPα− PSCs on pancreatic cancer 
cell proliferation

The effects of FAPα+ and FAPα− PSCs on the proliferation 
of BxPC3, Capan1, and PANC1 were detected by the CCK8 
method. Both FAPα+ and FAPα− PSCs promoted BxPC3, 
Capan1, and PANC1 proliferation, and the difference 
was statistically significant (P<0.05; Figure 3A). However, 
BxPC3, Capan1 and PANC1 proliferation in the coculture 
of either FAPα+ PSCs or FAPα− PSCs showed no significant 
differences (P>0.05; Figure 3A). The tumor growth of nude 
mice in different groups was compared. Compared with 
BxPC3 and PANC1 cells alone, both FAPα+ and FAPα− 
PSCs can promote the growth of BxPC3 and PANC1 
xenografts (P<0.05). However, the effects of FAPα+ and 
FAPα− PSCs to promote the growth of pancreatic cancer 
were not significantly different (P>0.05; Figure 3B).

Effects of FAPα+ and FAPα− PSCs on pancreatic cancer 
cell migration

The effects of FAPα+ and FAPα− PSCs on BxPC3, Capan1, 
and PANC1 migration were examined by Transwell 
experiments. The effects of FAPα+ and FAPα− PSCs on 
BxPC3, Capan1, and PANC1 migration were compared. The 
results suggested that, compared with FAPα− PSCs, FAPα+ 
PSCs significantly promoted BxPC3, Capan1, and PANC1 
migration, and the difference was statistically significant 
(P<0.05). PT100 inhibited the effect of FAPα+PSCs on 
BxPC3, Capan1, and PANC1 migration (Figure 3C).

Effects of FAPα+ and FAPα− PSCs on pancreatic cancer 
cell invasion

The effects of FAPα+ and FAPα− PSCs on the invasion of 
pancreatic cancer cells (BxPC3, Capan1, and PANC1) were 
analyzed using the Transwell assay. The results suggested 

Table 2 Univariate and multivariate analysis of items on overall survival of pancreatic cancer patients

Variable
Univariate analysis Multi-factor analysis

HR (95% CI) P value HR (95% CI) P value

Sex

Male vs. female 0.968 (0.458–2.049) 0.932

Age (year)

>65 vs. ≤65 0.938 (0.423–2.079) 0.874

Tumor site

Head vs. body/tail 1.755 (0.808–3.811) 0.155

Histological grade

1/2 vs. 3 1.182 (0.548–2.551) 0.669

T classification

I/ II vs. III/IV 1.015 (0.428–2.409) 0.973

Lymph node 

− vs. + 0.920 (0.412–2.054) 0.838

Distant metastasis

− vs. + 0.212 (0.073–0.614) 0.004 0.240 (0.082–0.702) 0.009

TNM staging

I/II vs. III/IV 0.986 (0.391–2.486) 0.976

FAPα

Low vs. high expression 3.629 (1.479–8.904) 0.005 3.013 (1.240–7.319) 0.015
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Figure 2 Human pancreatic cancer cells induce FAPα expression in PSCs in vitro by TGFβ1. (A) Human primary PSC isolation and identification. 
a: Human primary PSC morphology under optical field of view (magnification, 200×). Immunofluorescence was used to detect SMA (b), 
Desmin (c), and GFAP expression (d) in human PSCs; scale: 70 μm; (B) flow cytometry was used to detect the proportion of FAPα+ PSCs; (C) 
immunofluorescence assay was used to detect FAPα expression in human PSCs under different conditions: a—control group; b—TGFβ added 
to medium; c—conditioned medium (CM) added to pancreatic cancer cells; d—neutralizing antibodies to TGFβ1 were added to CM; (D) after 
adding human primary PSCs in medium containing TGFβ1 (10 ng/mL) for 2 days, FAPα expression is significantly induced in human primary 
PSCs; (E) ELISA was used to detect TGFβ1 expression in pancreatic cancer cells and six human primary stellate cells. **, P<0.001.
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Figure 3 Human FAPα(+) PSCs promote the migration of pancratic cancer cells in vitro. (A) Effects of FAPα+ and FAPα− pancreatic 
stellate cells on the proliferation of pancreatic cancer cells; (B) effects of FAPα+ and FAPα− pancreatic stellate cells on the proliferation 
of subcutaneous xenografts (BxPC3 and PANC1) in nude mice; (C) effects of FAPα+ and FAPα− PSC on BxPC3, PANC1, and Capan1 
migration. *, P<0.05; **, P<0.001.
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that both FAPα+ and FAPα− PSCs can promote the invasion 
of pancreatic cancer cells compared with the control group. 
Compared with FAPα− PSCs, FAPα+ PSCs significantly 
promoted BxPC3, Capan1, and PANC1 invasion, 
and the difference was statistically significant (P<0.05;  
Figure 4A). PT100 reduced the effect of FAPα+ PSCs on 
BxPC3, Capan1, and PANC1 invasion (P<0.05; Figure 4A). 
Both FAPα+ and FAPα− PSCs promoted PANC1 invasion 
and metastasis to nude mouse liver compared with the 
PANC1 alone group, and the difference was statistically 
significant (P<0.05). FAPα+ PSCs showed stronger potential 
to promote PANC1 invasion to nude mouse liver and 
formed more metastases than FAPα− PSCs; Additionally, 
the difference was statistically significant (P<0.05). PT100 
reduced the ability of FAPα+ PSCs to promote PANC1 
invasion and metastasis (P<0.05; Figure 4B).

The cytokine chip detects differential cytokines expressed by 
FAPα+ and FAPα− PSCs

The cytokines expressed by FAPα+ and FAPα− PSCs were 
detected using the RayBio’s human cytokine chip. FAPα+ 
PSCs highly expressed cytokines, including GRO-α (CXCL1), 
MCP-3, IL-7, VEGF, GCP-2, eotaxin, and osteoprotegerin, 
compared with FAPα− PSCs. Among the highly expressed 
differential cytokines, CXCL1, which had the most frequent 
increase and significant difference (35.88-fold), was selected 
as the cytokines for subsequent study (Figure 5A,B).

ELISA for the differential expression of cytokines expressed 
by FAPα+ and FAPα− PSCs

Six human primary PSCs (PSC3#, PSC4#, PSC5#, PSC6#, 
PSC7#, and PSC8#) were cultured with DMEM/F12 
medium with or without TGFβ1. The cell supernatants 
of FAPα+ and FAPα− PSCs were collected for CXCL1 
detection. The results showed that FAPα+ PSCs highly 
expressed CXCL1 in five human primary PSCs (i.e., PSC3#, 
PSC4#, PSC5#, PSC6#, and PSC7#), and the difference was 
statistically significant (P<0.0001; Figure 5C). The results 
showed that the cytokine CXCL1 receptor CXCR2 was 
expressed in the eight pancreatic cancer cell lines (Figure 5D).

The phosphotyrosine kinase receptor protein chip detects 
differentially expressed proteins in pancreatic cancer cells 
under the influence of FAPα+ or FAPα− PSCs

The following phosphorylated tyrosine kinase receptors of 

BxPC3 cocultured with FAPα+ PSCs were highly expressed 
compared with those cocultured with FAPα− PSCs: JAK3, 
EphB1, ZAP70, LCK, IGF-1R, Btk, ErbB3, EphA5, NGFR, 
POR2, EphA3, JAK2, ALK, MUSK, SYK, FGFR2, SRNS, 
Tie-2, RYK, EphA2, BMX, TRKB, EphA8, and VEGFR3 
(Figure 6A). The following phosphorylated tyrosine kinase 
receptors of PANC1 cocultured with FAPα+ PSCs were 
highly expressed compared with those cocultured with 
FAPα− PSCs: EphA4, FAK, and EphB3 (Figure 6B). Based 
on the cluster analysis of differential proteins and degree of 
significance, a differentially phosphorylated tyrosine kinase 
receptor protein, EphB1 (Figure 6C), was highly expressed 
by BxPC3, and a differentially phosphorylated tyrosine 
kinase receptor protein, EphB3 (Figure 6D), which was 
highly expressed by PANC1, were selected as proteins for 
subsequent follow-up studies.

Interaction of differentially expressed phosphorylated 
tyrosine kinase receptor proteins with differential cytokine 
receptors

The expression of EphB1 and EphB3, in eight pancreatic 
cancer cell lines (i.e., AsPc1, BxPC3, Capan1, MIAPaCa-2, 
PANC1, SW1990, Su86.86, and T3M4) were confirmed 
by Western blotting (Figure 7A). After incubating BxPC3 
and PANC1 in medium containing CXCL1 (10 ng/mL)  
for 30 min, the interactions of CXCR2, EphB1 and 
EphB3 were detected by co-IP. An interaction was found 
between CXCR2 and EphB1 in BxPC3 cells. In PANC1 
cells, an interaction relationship was also found between 
CXCR2 and EphB3 (Figure 7B). BxPC3 and PANC1 were 
stimulated with CXCL1, EphrinB1, and EphrinB3 fusion 
proteins. The effects of CXCL1, EphrinB1, and EphrinB3 
on the Akt signaling pathway were detected by Western 
blotting. The results suggested that CXCL1, EphrinB1, 
and EphrinB3 can promote the Akt phosphorylation of 
BxPC3 and PANC1. CXCL1, EphrinB1, and EphrinB3 
also synergistically promoted Akt phosphorylation  
(Figure 7C). Using Transwell migration and invasion 
experiments, we added the Transwell lower chamber to the 
prepared medium (DMEM/high-glucose or RPMI1640 
medium containing 0.5% BSA, 10 mM HEPES), 
medium+CXCL1 (10 ng/mL), and medium+EphrinB1-
Fc or EphrinB3-Fc (1 μg/mL). The medium + CXCL1 
(10 ng/mL) + EphrinB1-Fc or EphrinB3-Fc (1 μg/mL) 
was used to examine the effects of CXCL1, EphrinB1, 
CXCL1, and EphrinB3 on BxPC3 and PANC1 migration 
and invasion. The results showed the following: (I) CXCL1 
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Figure 4 Human FAPα(+) PSCs promote invasion and metastasis of pancreatic cancer. (A) Effects of FAPα+ and FAPα− pancreatic stellate 
cells on BxPC3, PANC1, and Capan1 invasion; (B) infection of pancreatic cancer cells PANC1, FAPα+ PSCs, and FAPα− PSCs into nude 
mice spleen to establish a liver metastasis model; (a) General scheme. (b) Comparison of the effects of FAPα+ and FAPα− pancreatic stellate 
cells on PANC1 invasion and metastasis in vivo; (C) Masson staining of the spleen tumor and liver metastasis. *, P<0.05; **, P<0.001.
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Figure 5 Human FAPα(+) PSCs and pancreatic cancer cells express high level of CXCL1, CXCR2, respectively. (A) Cluster analysis of the 
differential expression of cytokines in FAPα+ and FAPα−PSCs; (B) RayBio human cytokine chip detected differential cytokines expressed by 
FAPα+ and FAPα− PSCs (PSC1# and PSC2#). FAPα+ PSCs highly expressed CXCL1 compared with FAPα− pancreatic stellate cells. The 
black box was identified as the chip detection site of CXCL1; (C) enzyme-linked immunosorbent assay showed that FAPα+ PSCs highly 
expressed CXCL1 in different human primary PSCs; (D) Western blotting was used to detect the expression of CXCR2 in 8 pancreatic 
cancer cell lines. **, P<0.0001.
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Figure 6 Human FAPα(+) PSCs induce EphB1 and EphB3 of pancreatic cancer. (A) RayBio human phosphotyrosine kinase receptor 
microarray assay for differentially phosphorylated tyrosine kinase receptor protein clustering analysis of BxPC3 (A) and PANC1 (B) 
expression under the influence of FAPα+ or FAPα− pancreatic stellate cells. The differentially phosphorylated tyrosine kinase receptor 
protein EphB1 (indicated by the red box) was expressed by BxPC3 (C) and PANC1 (D) under the influences of FAPα+ and FAPα− pancreatic 
stellate cells, respectively.
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Figure 7 Interactions between CXCR2 AND EphB1 or EphB3 of pancreatic cancer cells activate Akt signaling. (A) Western blot analysis 
of the expression of the tyrosine kinase receptors EphB1 and EphB3 in eight pancreatic cancer cells; (B) immunoprecipitation and Western 
blot analysis of the interaction between differentially expressed phosphorylated tyrosine kinase receptor proteins and differential cytokine 
receptors. Interaction relationship between CXCR2 and EphB1 in the pancreatic cancer cell line BxPC3. Interaction between CXCR2 and 
EphB3 in the pancreatic cancer cell line PANC1; (C) effects of CXCL1, EphrinB1, and EphrinB3 on Akt signaling; (D) EphB1 and EphB3 
protein expression after siRNA interference with BxPC3 EphB1 and PANC1 EphB3 receptors.
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and EphrinB1 can promote the migration and invasion of 
BxPC3; the application of siRNA to interfere with EphB1 
expression (Figure 7D) reduced the effect of EphrinB1 on 
the migration and invasion of BxPC3, and both CXCL1 
and EphrinB1 synergistically promoted the effects of the 
migration and invasion of BxPC3 (Figure 8A,B); (II) the 
application of siRNA to interfere with EphB3 expression 
reduced the effect of EphrinB3 on PANC1 migration 
and invasion, and CXCL1 and EphrinB3 synergistically 
promoted the effects of PANC1 migration and invasion 
(Figure 8C,D).

Discussion

FAPα dissolves collagen and gelatin, thereby degrading 
the extracellular matrix, suggesting that FAPα plays an 
important role in the formation and maintenance of the 
tumor extracellular matrix (20,21). FAPα also has the 
activity of dipeptidyl peptidase to cleave and alter the 
specificity of certain peptide hormones and chemical factor 
receptors (22). FAPα is selectively expressed in embryonic 
tissues, physiologically reconstructed organs, wound 
healing, and malignant tumor-associated myofibroblasts, 
such as colorectal, ovarian, breast, bladder, and lung 
malignancies (23,24). FAPα has also been associated with 
growth, invasion, metastasis, and angiogenesis in epithelial-
derived malignancies (16,25,26). Cheng et al. (27) reported 
that FAPα promotes the growth of human embryonic 
kidney 293 cells in mice. Inhibiting FAPα activity can also 
slow the growth of FAPα expression-positive tumors in a 
colon cancer xenograft model. Henry et al. (16) found that 
patients with high FAPα expression in colon cancer have 
a worse prognosis and are more likely to metastasize or 
recur. Our study found that FAPα was highly expressed in 
pancreatic cancer stroma. The expression of FAPα in the 
interstitial region adjacent to pancreatic cancer cells was 
also higher than that in the interstitial region away from 
pancreatic cancer cells. FAPα expression was also related to 
lymph node metastasis. Patients with high FAPα expression 
had a short survival and poor prognosis. FAPα+ PSCs 
showed more potential to promote the migration, invasion, 
and metastasis of pancreatic cancer cells compared with 
FAPα− PSCs.

Talabostat has been applied to phase II clinical trials 
in patients with advanced colorectal cancer. The results 
showed that 21% of patients were under control (14). This 
molecular drug with low cytotoxicity is cross-linked with 
a targeting polypeptide to shield the active site of FAPα 

to form a temporarily inactive prodrug. This prodrug is 
infused into the body and delivered to the tumor in an inactive 
form, and then it is activated to release the active parent 
drug against FAPα (15). Studies have also been conducted 
to inhibit tumorigenesis by modulating FAPα-mediated 
downstream signaling. Gonzalez-Gronow et al. (28) found 
that plasminogen binding to FAPα in prostate cancer cells 
activates Ca2+—primed cascade signaling pathways, which 
promote matrix metalloproteinase-9 production and cancer 
cell invasion. Thus, the inhibition of related molecules in 
the FAPα signaling pathway or related signaling pathways 
of the interaction between FAPα+ myofibroblasts and 
tumor cells may become a new strategy to inhibit tumor 
progression. This study showed that Talabostat inhibited 
pancreatic cancer cell migration, invasion, and metastasis 
by FAPα+ PSCs in vitro and in vivo, respectively. The 
treatment strategy for pancreatic cancer stroma may 
improve the comprehensive therapeutic effect of pancreatic 
cancer.

TGFβ is involved in tumor cell proliferation, apoptosis, 
angiogenesis ,  immunosuppress ion,  invas ion,  and  
metastasis (29). TGFβ in pancreatic tissue is involved in 
the regulation of tumor-associated PSCs (30) and promotes 
the progression of pancreatic cancer. Shukla et al. (31) 
found that tumor cells can promote the transformation of 
fibroblasts into myofibroblasts in tumor stroma and further 
promote tumor cell migration, invasion, and the epithelial-
mesenchymal transition through TGFβ1. The results of the 
present study showed that pancreatic cancer cells can induce 
FAPα expression by TGFβ1. When TGFβ1-neutralizing 
antibody was added, the effect of inducing FAPα expression 
can be reduced. Thus, pancreatic cancer cells are involved 
in FAPα expression in PSCs through TGFβ1, which, in 
turn, affects the tumor microenvironment of pancreatic 
cancer.

CXC, which is a family of chemokines, plays an 
important role in cancer progression (32). CXCR2, which 
was originally found in neutrophils (33), eosinophils (34), 
monocytes (35), and macrophages (36), is involved in the 
regulation of the motion of these cells. CXCR2 is activated 
by the chemokines CXCL1-3 and CXCL5-8. The results 
of the present study showed that CXCL1 and its receptor 
CXCR2 were highly expressed in many cancers and 
important factors influencing prognosis. In high-grade 
ovarian cancer, CXCR2 is an independent risk factor for 
a poor prognosis. Patients with high CXCR2 expression 
have a short survival time and are likely to relapse after  
surgery (37). CXCL1 and its receptor CXCR2 are highly 
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expressed in the tissue samples of different stages of 
colorectal cancer (38). In colon cancer, increased CXCL1 
expression is associated with tumor size, stage, depth of 
invasion, lymph node metastasis, and patient survival. 
CXCL1 promotes the invasion of colon cancer cells (39). 
CXCR1 and CXCR2 are also highly expressed in pancreatic 
cancer cell lines and pancreatic cancer tissues (40). Using a 
cytokine chip to compare differential cytokines expressed 
by FAPα+ and FAPα− PSCs, FAPα+ PSCs were shown to 
highly express CXCL1, and CXCL1 promotes pancreatic 
cell migration and invasion.

As the largest family of tyrosine kinases, the Eph receptor 
has 14 members, and the binding site of its ligand, Ephrin, 
is located in the cell membrane, which is directly contacted 
by cells, triggering subsequent biological processes. Eph 
and Ephrin are expressed differently in different tumors and 
can play different roles in promoting tumor progression or 
inhibiting tumor development. In breast cancer, EphA2 and 
EphB4 expression levels are higher than those in normal 
mammary epithelial cells, and high expression of EphA2 is 
associated with a poor prognosis (41,42). EphB expression 
at the initial stage of colon cancer accelerates the onset 
of oncogenic mutations and regulates the involvement 
of peripheral mesenchyme in colon cancer progression. 
As colon cancer progresses, the EphB expression levels 
decrease, thereby accelerating colon cancer cell migration, 
invasion, and metastasis (43,44). Duxbury et al. (45) found 
that high EphA2 expression promotes MMP2 expression 
dependent on the FAK pathway and promotes pancreatic 
cancer cell invasion. Iiizumi et al. (46) found that high 
EphA4 expression promoted the growth of pancreatic 
cancer cells and inhibited the growth of pancreatic cancer 
cells by regulating the EphB4 and EphrinA3 ligand 
signaling pathways. However, the role of EphB in the 
progression of pancreatic cancer is lacking. The results 
of the present study showed that, under the influence of 
FAPα+ PSCs, the expression levels of the phosphorylated 
EphB1 and EphB3 proteins are increased in pancreatic 
cancer cells. EphB1 and EphB3 promote pancreatic cancer 
cell migration and invasion by binding their ligands Ephrin 
B1 and EphrinB3, respectively. CXCR2 interacts with 
EphB1, CXCR2 and EphB3, and CXCL1, EphrinB1 and 
EphrinB3 can synergistically promote pancreatic cancer cell 
migration and invasion.

The serine/threonine protein kinase (Akt)  is  a 
downstream target of phosphatidylinositol-3 kinase (PI3K). 
Activated Akt is involved in numerous biological processes, 
such as cell growth, apoptosis, cell cycle, differentiation, 

transcription, translation, and glucose metabolism. An 
increasing number of studies has shown that Akt is involved 
in the regulation of tumor cell proliferation, apoptosis, 
tumor cell migration and adhesion, angiogenesis, and 
extracellular matrix degradation (47). In breast and ovarian 
cancer, Akt2 overexpression can regulate the expression 
of β1 in type IV collagen, thereby promoting tumor 
cell invasion and metastasis (48). High Akt expression 
can induce the epithelial-mesenchymal transition and 
enhance the ability of squamous cell carcinoma to invade 
and metastasize (49). Akt signaling promotes tumor 
necrosis factor-induced endothelial cell migration and 
regulates tumor angiogenesis (50). During tumor invasion 
and metastasis, platelet growth factor promotes MMP3 
production via the PI3K/Akt pathway, which, in turn, 
affects tumor angiogenesis (51). The results of this study 
indicated that CXCL1 and EphrinB1 and EphrinB3 
can affect the Akt signaling pathway, promote Akt 
phosphorylation, and synergistically promote pancreatic 
cancer cell migration and invasion. 

Taken together, pancreatic cancer cells can induce 
FAPα+ PSCs by TGF-β1. Clinically, a higher number of 
FAPα+ PSCs predicts a poorer survival of patients. FAPα+ 
PSCs can produce CXCL1, which binds to CXCR2 and 
activates EphrinB1 and EphrinB3, finally leading to Akt 
phosphorylation to promote the invasion and migration 
of cancer cells. FAPα inhibition significantly weakens the 
effects of FAPα+ PSCs. This study unveils the mechanistic 
roles of the interactions between FAPα+ PSCs and 
pancreatic cancer cells, presenting new targets for the 
comprehensive treatments of pancreatic cancer (Figure 9).  
As well known, TGF-β1 is a multifunctional factor which 

Figure 9 Scheme of this study.
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could potentially affect other roles of PSCs, besides 
induction of FAPα. To directly confirm the roles of FAPα 
in PSCs, knock-in of FAPαis more reliable, however it is 
technically challenging, which we are keeping trying. 
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