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Abstract

Objectives: This study investigated the specific molecular mechanism and the roles

of extracellular matrix protein Spondin 1 (SPON1) in the development of pancreatic

ductal adenocarcinoma (PDAC).

Materials and Methods: The expression pattern and clinical relevance of SPON1 was

determined in GEO, Ren Ji and TCGA datasets, further validated by immunohistochemical

staining and Kaplan-Meier analysis. Loss and gain of function experiments were employed

to investigate the cellular function of SPON1 in vitro. Gene set enrichment analysis, lucif-

erase assay, immunofluorescence and Western blot and immunoprecipitation were

applied to reveal the underlying molecular mechanisms. Subcutaneous xenograft model

was used to test the role of SPON1 in tumour growth and maintenance in vivo.

Results: SPON1 is significantly upregulated in PDAC tumour tissues and correlated with

progression of PDAC. Loss and gain of function experiments showed that SPON1 pro-

motes the growth and colony formation ability of pancreatic cancer cells. Combining

bioinformatics assays and experimental signalling evidences, we found that SPON1 can

enhance the IL-6/JAK/STAT3 signalling. Mechanistically, SPON1 exerts its oncogenic

roles in pancreatic cancer by maintaining IL-6R trans-signalling through stabilizing the

interaction of soluble IL-6R (sIL-6R) and glycoprotein-130 (gp130) in PDAC cells. Fur-

thermore, SPON1 depletion greatly reduced the tumour burden, exerted positive effect

with gemcitabine, prolonging PDAC mice overall survival.

Conclusions: Our data indicate that SPON1 expression is dramatically increased in

PDAC and that SPON1 promotes tumorigenicity by activating the sIL-6R/gp130/

STAT3 axis. Collectively, our current work suggests SPON1 may be a potential ther-

apy target for PDAC patient.

1 | INTRODUCTION

Pancreatic cancer is one of the most deadly cancers, with a devastat-

ing median survival time of 6 months.1 In recent decades, despite pro-

gression in surgical treatment, chemotherapy and immune checkpointYanmiao Huo, Jian Yang, Jiahao Zheng, and Dapeng Xu contributed equally to this study.

Received: 23 January 2022 Revised: 15 March 2022 Accepted: 7 April 2022

DOI: 10.1111/cpr.13237

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Cell Proliferation published by John Wiley & Sons Ltd.

Cell Prolif. 2022;55:e13237. wileyonlinelibrary.com/journal/cpr 1 of 14

https://doi.org/10.1111/cpr.13237

https://orcid.org/0000-0002-5941-3825
mailto:zball2004@yeah.net
mailto:syw0616@126.com
mailto:syw0616@126.com
mailto:sugliuwei2004@126.com
mailto:lphu@shsci.org
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/cpr
https://doi.org/10.1111/cpr.13237


therapy, the prognosis of pancreatic cancer patients is still not opti-

mistic, and the 5-year survival rate is only 8%.2,3 Moreover, pancreatic

cancer was the fourth leading cause of cancer-related deaths in

Europe in 20204,5 and is projected to become the second leading

cause of cancer-related deaths by 2030.6

The tumour microenvironment (TME), the complex environment in

which tumour cells survive, is mainly composed of a variety of different

extracellular matrix (ECM) components and stromal cells.7 Structural and

non-structural proteins are the main components of the ECM.8 Among

them, non-structural ECM proteins have many biological activities and

play important roles in chronic inflammation, tumour growth, invasion

and metastasis and immune microenvironment regulation.9,10 There-

fore, exploring the roles of ECM proteins in the occurrence and devel-

opment of pancreatic cancer is expected to provide new insights into

the diagnosis and treatment of pancreatic cancer.

The ECM protein SPON1, also known as F-spondin or vascular

smooth muscle cell growth-promoting factor (VSGP), is a member of the

thrombospondin family encoded by a highly conserved gene.11 SPON1

is a secreted ECM protein derived from the floor plate of vertebrate

embryos. It was reported that SPON1 promotes the growth of neural

axon cells while inhibiting the migration of neural crest cells.12,13 In terms

of disease research, SPON1 was regarded as a novel candidate hyperten-

sion gene, and its expression increased over time in spontaneously

hypertensive rats.14 In addition, SPON1 could bind the amyloid precursor

protein and inhibit its cleavage by β-secretase, resulting in cognitive

decline in Alzheimer's disease.15 SPON1 has been also reported to be

abnormally expressed in solid tumours. Previous studies showed that

SPON1 triggers focal adhesion kinase 1 (Fak) and tyrosine-protein kinase

Src signalling and promotes distant metastasis in osteosarcoma.16

Another study reported that SPON1 promotes tumour invasion and

metastasis in liver cancer.17 However, these studies have not clearly elu-

cidated the specific molecular mechanism, and the roles of SPON1 in the

development of pancreatic cancer remain unknown.

In the present study, we discovered that SPON1 is markedly

upregulated and correlated with malignant progression in PDAC. Func-

tional experiments revealed that SPON1 silencing significantly inhibited

the proliferation and colonization of PDAC cells. Mechanistically, SPON1

exerts its pro-growth function in maintaining IL-6R trans-signalling by sta-

bilizing the interaction of sIL-6R/gp130 in PDAC cells. Using an in vivo

PDAC model, we demonstrated that targeting SPON1 profoundly hin-

dered the tumorigenesis of PDAC. More interestingly, the combination of

gemcitabine treatment and SPON1 depletion more profoundly delayed

tumour growth and significantly extended the survival of tumour-bearing

mice. Taken together, our results pave the way for developing novel ther-

apeutic strategies for pancreatic cancer based on targeting SPON1.

2 | MATERIAL AND METHODS

2.1 | Cell culture and reagents

Human PDAC cell lines HPDE, AsPC-1, BxPC-3, Capan-1, PANC-1 and

SW1990 were obtained from the Shanghai Cancer Institute, Ren Ji

Hospital, School of Medicine, Shanghai Jiao Tong University. AsPC-1 and

BxPC-3 were cultured in RPMI medium1640 supplemented with 10%

foetal bovine serum (FBS) at 37�C in a humidified incubator under 5%

CO2 condition, others were cultured in Dulbecco's modified Eagle's

medium (DMEM) with 10% FBS. All cell lines underwent verification in

January 2020 by Shanghai Cancer Institute and regular testing (every

3 months) to ensure no contamination with the Mycoplasma. Stattic

(20 mM, S7024) was obtained from Selleck (Texas, USA), Puromycin

(A1113802) was obtained from Gibco, recombinant human F-Spondin/

SPON1 Protein (3135-SP) and IL-6 (206-IL) were obtained from R&D,

Gemcitabine(LY-188011)was purchased from Selleck.

2.2 | Knockdown and overexpression assay

The lentivirus against SPON1 was purchased from Gene Pharma

(Shanghai, China), and the sequences targeting SPON1 were: sh-1, 50-

GGGTGACTGACAAACCCATCT-30, sh-2, 50-GGAGGAAGAAATTCG

ACAACA-30 (sense), and OE, NM_006108.4:183-2606 Homo sapiens

spondin 1 (SPON1) mRNA. LV16 (U6/Luciferase17&Puro) vector and

LV17 (EF-1a/Luciferase17&Puro) were used for SPON1 knockdown and

overexpression experiments, respectively. For transducing lentivirus, the

indicated cells were cultured in a six-well plate, and 200 μl lentivirus sus-

pension was added in the presence of 5 μg/ml polybrene (Gene Pharma,

Shanghai, China). Forty-eight hours after transduction, 5 μg/ml puromy-

cin was added into culture medium for stable cell line screening.

2.3 | Quantitative real-time PCR

Total RNA was extracted using TRI REAGENT (MRC, TR118) according to

the manufacturer instructions. The PrimeScript™ RT Master Mix (Takara,

RR036A) was used to synthesize cDNAs in accordance with the protocol

of the manufacturer. Quantitative real-time PCR were performed with

FastStart Universal SYBR Green Master (Roche, 04913914001) on a 7500

Real-time PCR system (Applied Biosystems) at the recommended thermal

cycling settings: one initial cycle at 95�C for 10 min followed by 40 cycles

of 15 s at 95�C and 60 s at 60�C. Relative mRNA expression was calcu-

lated by the 2�ΔΔCt method and normalized to 18S mRNA levels. Primer

sequences are listed as follows: sIL-6R 50-CATGTGCGTCGCCAGTAGT-30,

50-AGCTCAAACCGTAGTCTGTAGA-30; 18S 50-TGCGAGTACTCAACAC

CAACA-30 , 50-GCATATCTTCGGCCCACA-30.

2.4 | Western blotting

The lysates of protein samples were collected by using RIPA lysis and

extraction buffer (ThermoFisher, 89900), separated by SDS-PAGE in

polyacrylamide gels, and transferred to nitrocellulose membranes.

Subsequently, membranes were washed with TBST (50 mM

TRIS + 150 mM sodium chloride + 0.1% Tween 20, pH 7.4) and

blocked using 5% nonfat milk solution in TBST at least 1 h at room

temperature. Membranes were then incubated with primary
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antibodies: ADAM10 (1:1000, Proteintech, 25900-1-AP),

ADAM17 (1:1000, Abcam, b57484), IL-6R (1:1000, Proteintech,

23457-1-AP), IL-6R alpha (1:1000, R&D, MAB227), gp130 (1:1000, Pro-

teintech, 67766-1-Ig), JAK2 (1:1000, Proteintech, 17670-1-AP), SPON1

(1:1000, Abcam, ab14271), STAT3 (1:1000, Proteintech, 60199-1-Ig),

mIL-6R (1:1000, MAB227, R&D), sIL-6R (1:1000, HCA257, bio-Rad), P-

JAK (1:1000, CST, 66245), P-STAT3 (1:1000, CST, 9145S), β-actin

(1:1000, Abcam, ab8227). Molecular weight-specific clipped bands were

incubated with specific primary antibodies at 4�C overnight and were

then incubated with HRP-conjugated secondary antibodies (goat anti-

mouse, 1:10,000, Jackson ImmunoResearch, 115-035-003; goat anti-

rabbit, 1:10,000 Jackson ImmunoResearch, 111-035-003; goat anti-

chicken, 1:10,000, Abcam) for 1 h at room temperature. The bands were

visualized with ECL reagents (ShareBio).

2.5 | Cell Counting Kit-8

For measurement of cell proliferation, indicated cells were seeded in

plates (96-well) at a moderate density. CCK-8 reagent (10 μl/well,

CCK-8, Dojindo, Japan) mixed with the serum-free medium (90 μl/

well) was added to each well at 0, 1, 2, 3, and 4 days. After incubation

for 1 h, the absorbance was measured at 450 nm using a Power Wave

XS microplate reader (BIO-TEK), and then the grow curve was plotted

with the relative OD450 values on the vertical axis and the time on

the horizontal axis. This experiment was repeated twice.

2.6 | Colony-formation assays

In the colony-formation assays, indicated cells (3000 cells/ml) were

seeded in six-well plates. The colonies were collected after incubation

for 2 weeks and then fixed with 4% paraformaldehyde fix solution

and stained with 0.5% (w/v) crystal violet, followed by calculation

with Image J. This experiment was repeated twice.

2.7 | EdU (5-ethynyl-20-deoxyuridine)

The indicated cells were seeded into chambered coverslips (80826, ibidi)

and incubated at 37�C with 5% CO2 condition for 48 h, and then added

EdU working solution (10 μM, Yeasen) into culture medium at 37�C with

5% CO2 condition for overnight. After that, the chambers were fixed

with 4% paraformaldehyde fix solution for 10 min at room temperature.

After following the manufacturer's instruction, DAPI (G1012, Servicebio)

were used to counterstain nuclei for 5 min. Confocal microscopes (Leica,

Germany) were used to capture digital images.

2.8 | Immunohistochemistry (IHC) assay

All the patients were supplied with written informed consent before

enrollment, and the study was approved by the Research Ethics

Committee of Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong

University. Scoring was calculated based on the percentage of positive-

staining cells: 0%–5% scored 0, 6%–35% scored 1, 36%–70% scored

2, and more than 70% scored 3; and staining intensity: no staining scored

0, weakly staining scored 1, moderately staining scored 2, and strongly

staining scored 3. The final score was showed using the percentage

score � staining intensity score as follows: “�” for a score of 0–1, “+”
for a score of 2–3, “++” for a score of 4–6 and “+++” for a score

of > 6. The median SPON1 expression was selected as the threshold to

define low and high expression of SPON1. Low expression was defined

as a total score < 4 and high expression with a total score ≧ 4. These

scores were verified independently by two senior pathologists in a

blinded manner. Specifically, positive staining in the endocrine pancreas

was excluded for scoring. Specific antibodies used for immunohisto-

chemistry were: SPON1 (1:100, Abcam, ab14271), PCNA (1:500, CST,

13110), P-JAK (1:100, CST, 66245), P-STAT3 (1:100, CST, 9145S).

2.9 | Immunoprecipitation

Cells with indicated treatments were lysed in IP buffer supplemented

with protLytic protease and phosphatase inhibitor cocktail, EDTA-

Free, 100� in DMSO (NCM, P002). Then lysates were incubated with

pre-linked anti-antibody (5 μg, Abcam, ab40797), or control rabbit IgG

(5 μg, Abcam, ab172730) Dynabeads protein G (Life technologies,

10004D) for 2 h at RT, following immunoblot with SPON1 (1:1000,

Abcam, ab14271), gp130 (1:1000, Proteintech, 67766-1-Ig), sIL-6R

(1:1000, MAB227, R&D).

2.10 | Immunofluorescence

The indicated cells were seeded into chambered coverslips (80826, ibidi)

and incubated at 37�C with 5% CO2 condition for 48 h. After that, the

chambers were fixed with 4% paraformaldehyde fix solution for 10 min

at room temperature (necessarily, treated with 0.1% Triton X-100 for

5 min at RT). After blocking with 5% BSA for 1 h, the chambered cover-

slips were incubated with primary antibodies: P-STAT3 (1:100, CST,

9145S), IL-6R (1:100, Proteintech, 23457-1-AP), gp130 (1:100, Pro-

teintech, 67766-1-Ig), SPON1 (1:100, Abcam, ab14271) for overnight at

4�C, followed by incubation with secondary antibodies goat anti-mouse

FITC (1:200, Servicebio, GB22301), goat anti-rabbit FITC (1:200, Ser-

vicebio, GB22303), goat anti-mouse Cy3 (1:200, Servicebio, GB21301),

goat anti-mouse Cy3 (1:200, Servicebio, GB21303), or goat anti-chicken

647 (1:200, Abcam, ab15075) for 1 h at RT. DAPI (G1012, Servicebio)

were used to counterstain nuclei for 5 min. Confocal microscopes (Leica,

Germany) were used to capture digital images.

2.11 | Measurement of sIL-6R

For measurement of sIL-6R level in the culture medium, a total of

5 � 106 indicated PDAC cells were seeded into 10 cm-plates and
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allowed to attach overnight. Then cells were incubated for another

12 h in a humidifier at 37�C, and the culture medium was collected.

For preparation of tissue homogenates, 14 PDAC tissues and paired

non-tumour tissues were washed with PBS to remove blood compo-

nents. Following homogenization in a standard ELISA buffer, the tubes

were centrifuged at 12,000 g for 30 min at 4�C. The supernatant was

carefully removed and transferred for further measurement of sIL-6R.

For preparation of platelet-poor-plasma samples, 10 ml blood was col-

lected into an EDTA plasma tube and centrifuged at 1000 g for

30 min at 4�C. Then plasma was aliquoted, labelled and stored at

F IGURE 1 High SPON1 expression is correlated with poor prognosis in patients with PDAC. (A,B) SPON1 expression in tumour tissues and paired
corresponding adjacent pancreatic tissues in the GSE15471 and Ren Ji cohort datasets (GSE102238). (C,D) Upregulated expression of SPON1 is linked
to PDAC progression in TCGA database. (E) Standard immunohistochemical scoring of SPON1 expression in 311 pancreatic cancer tumours and
corresponding adjacent normal tissues based on images. Scale bar, 50 μm. (F) The percentage of tumour size in SPON1 high and low expression group.
(G) Kaplan–Meier analysis of overall survival related to the expression of SPON1 in 311 cases based on the Ren Ji cohort. **p < 0.01, ***p < 0.001
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�80�C until measurement. All necessary precautions were taken to

ensure complete certification of very low concentration of sIL-6R in

plasma. No patient was taking medication that could interfere with

sIL-6R metabolism. The amount of sIL-6R in the culture medium, tis-

sue homogenates and plasma was detected using a commercial ELISA

kit according to the manufacturer's instructions (Elabscience, China).

Values from each sample in tissues were normalized to total protein

content as detected by BCA assay (Thermo Pierce).

2.12 | Luciferase assay

As the characteristics of chemiluminescence reaction using the combi-

nation of luciferase and substrate, the indicated cells were transfected

with vectors, STAT2, STAT3 and hedgehog using jetPRIME (Polyplus

transfection). Next, the cells were assayed for firefly luciferase activi-

ties via a luciferase system (Promega, Madison, WI, USA) according to

the manufacturer's instructions.

F IGURE 2 PDAC cell growth in vitro was affected by the level of SPON1 expression. (A) SPON1 expression in six pancreatic cancer cell lines
at the protein level. (B) Protein expression of SPON1 in SPON1-knockdown (SPON1KD) cells transfected with shRNA. (C,D) Cell Counting Kit-8
assays showed that the proliferation of PANC-1 and SW1990 cells was suppressed by SPON1 knockdown. (E) Colony-formation assays showed
that SPON1KD cells exhibited suppressed proliferation. (F) Relative colony counts in SPON1KD cells. (G) Relative mRNA and protein expression of
SPON1 in SPON1-overexpressing AsPC-1 and Capan1 (SPON1OE) cells. (H,I) Relative cell proliferation of SPON1OE cells expressing vector or

overexpressing SPON1. ***p < 0.001. (ANOVA for C, D and H; two-tailed Student t test for F, G and I)
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2.13 | Animal model studies

Animal experiments were approved by Institutional Animal Care and

Use Committee of East China Normal University (Shanghai,

P.R. China). Mice were manipulated and housed according to the

criteria outlined in the Guide for the Care and Use of Laboratory Ani-

mals prepared by the National Academy of Sciences and published

by the NIH (Bethesda, MD).

2.14 | Subcutaneous and orthotopic xenograft
model

Athymic male nu/nu mice aged from 6 to 8 weeks were used in this

study. Subcutaneous implant models were established by subcutaneous

injection at a total cell number of 2 � 106 for either shNC or shSPON1

PANC-1 cells in 100 μl DMEM in the right back flank of mice. Tumour

diameters were monitored with callipers every 3 days. Mice were

sacrificed after 30 days and the tumour was isolated and weighed.

Tumour volumes were calculated by volume = 0.5 � length � width.2

For orthotopic xenografts study, 1 � 106 luciferase-expressing

Panc02 cells suspended in 25 μl DMEM were transplanted into the

body of pancreas. Mice were randomly divided into four groups

treated with 0.9% NaCl, shSPON1 cells, gemcitabine (50 mg/kg,

every 5 days), and shSPON1 cells plus gemcitabine for 4 weeks

after 5 days postsurgery, respectively. Luciferin emission imaging

of isoflurane-anesthetized animals was measured every 5 days

using the IVIS spectrum (Calliper Life Sciences) after intraperitoneal

injection of D-luciferin (150 mg; Promega, catalogue no. P1043)

into the mice. Five mice from each group were chosen randomly for

bioluminescent imaging. Emission was quantified using Living

Image software, version 4.5.3.

2.15 | Data mining and bioinformatics analysis

Two Gene Expression Omnibus (GEO) datasets (GSE15471,

GSE102238) were used in this study to determine the SPON1 expres-

sion in PDAC compared with the corresponding adjacent pancreatic tis-

sues. The gene expression data for PDAC was downloaded from The

Cancer Genome Atlas (TCGA). And our reproduction abided by the rules

of the TCGA request. Gens set enrichment analysis (GSEA) was per-

formed on the Broad Institute Platform and statistical significance (false

discovery rate, FDR) was set at 0.25. The gene sets divided into the

high-SPON1 and low-SPON1 groups were used to identify the

differences. The gene expression was obtained using GEPIA2 database

(http://gepia2.cancer-pku.cn/#analysis) based on TCGA cohort.

2.16 | Statistical analysis

Numerical data processing was performed with GraphPad Prism

8.4.3 and Excel. Statistical analyses were done using SPSS 23.0

for Windows (IBM). Cumulative survival time was calculated by the

Kaplan–Meier method and analysed by the log-rank test. Correlation

of SPON1 expression with categorical clinical variables in patients with

PDAC was evaluated by χ2 test or Fisher's exact test. Univariate and

multivariate Cox regression analyses were performed to identify the

factors that had a significant influence on survival by Cox proportional

hazards model. The student's t-test or one-way ANOVA was used for

comparison between groups. Values of p < 0.05 were considered sta-

tistically significant.

All error bars in this study represent the mean ± SD, except for

bioluminescent emission, whose error bars represent the mean ± SEM

(n.s, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

3 | RESULTS

3.1 | SPON1 is upregulated in PDAC and
associated with the poor prognosis of PDAC

To determine the expression of SPON1 in PDAC, we first analysed two

related Gene Expression Omnibus (GEO) datasets: GSE15471 and the

Ren Ji cohort (GSE102238). SPON1 mRNA expression was upregulated

in cancer tissues compared with the corresponding adjacent pancreatic

tissues (Figure 1A,B). Next, we analysed the association of SPON1

expression and clinical attributes in The Cancer Genome Atlas (TCGA)

PDAC patient cohort. We found that SPON1 expression was associated

with the sensitivity of PDAC to chemotherapy. SPON1 expression in the

progressive (PG) group was significantly higher than that in the complete

remission (CR) and partial remission (PR) groups (Figure 1C). In addition,

we found that SPON1 expression increased with increasing T stage, and

SPON1 expression increased sequentially in T1, T2 and T3 PDAC speci-

mens (Figure 1D). To further validate our results at the protein level, we

performed immunohistochemical (IHC) staining. Expression was scored

based on staining intensity and area. As shown in Figure 1E, a higher

staining score was exhibited by the tumour tissues. According to clinical

data obtained from Ren Ji cohort, our results suggested that samples

which are larger than 3 cm in size show higher staining score than the

F IGURE 3 SPON1 activation enhances PDAC cell growth via IL-6/JAK/STAT3. (A) Gene set enrichment analysis (GSEA) of the groups
expressing SPON1 at high and low levels in three datasets was carried out by using hallmark gene sets. (B) Luciferase assay showed the
normalized LUC intensities in vehicle, STAT2, STAT3 and HEDGEHOG cells. (C,D) PANC-1 and SW1990 cells (C) and SPON1KD cells (D) were
cultured for 24 h with or without 5 μM or 10 μM F-spondin. Phosphorylated and total STAT3 was measured by immunoblotting.
(E) Immunofluorescence analysis of P-STAT3 in SPON1KD cells. Scale bar, 50 μm. (G) After treatment with plasmid for SPON1 overexpression
with or without Stattic, the relative number of SPON1KD cells was measured. (F,H,I) Cell proliferation of the indicated cells treated with vehicle, a
plasmid for SPON1 overexpression, 5 μM Stattic (a selective STAT3 antagonist) or the plasmid for SPON1 expression plus 5 μM Stattic.
***p < 0.001 (two-tailed Student t test for B and I; ANOVA for F and G)
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F IGURE 4 SPON1 plays important roles in IL-6 trans-signalling. (A) Relative IL-6 protein levels in SPON1KD cells were measured by ELISA
(n = 3). (B) Immunoblot analysis of the indicated cells treated with 5 μM or 10 μM F-spondin. (C) sIL-6R and mIL-6R protein levels in SPON1KD

cells were measured by western blotting. (D) Relative numbers of PDAC cells treated with vehicle, 10 μg/ml F-spondin, 20 μg/ml sgp130 or F-
spondin plus sgp130. (E) EdU assays showed that SPON1 counteracted sgp130-induced suppression of cell proliferation Scale bar, 50 μm.
(F) Immunofluorescence staining for P-STAT3 (green) in PANC-1 and SW1990 cells upon indicated treatment. Scale bar, 50 μm. n.s. >0.05
(ANOVA for A; two-tailed Student t test for D)
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less 3 cm (Figure 1F). As expected, Kaplan–Meier analysis revealed that

patients with higher SPON1 expression had a poorer prognosis

(Figure 1G). These data suggested that SPON1 plays an important role

as an oncogene in PDAC progression.

3.2 | SPON1 promoted the growth of PDAC cell
in vitro

To gain further insight into the roles of SPON1 in PDAC, we examined

SPON1 expression in six pancreatic cancer cell lines at the protein level

(Figure 2A). We selected PANC-1 and SW1990 cells, which exhibit rel-

atively high SPON1 expression, for genetic inhibition of SPON1 by

short hairpin RNA (shRNA) transfection. After verifying SPON1 expres-

sion at the protein level (Figure 2B), cell proliferation was assessed. It

was shown that knockdown of SPON1 expression impaired cell growth

in vitro (Figure 2C–F). Meanwhile, we selected two cell lines that

express SPON1 at relatively lower levels for SPON1 overexpression,

and SPON1 expression was examined at the mRNA and protein levels

(Figure 2G). As expected, cell proliferation and colony formation were

enhanced by SPON1 overexpression (Figure 2H–I). The above results

indicated that the level of SPON1 expression has crucial effects on

PDAC cell growth.

3.3 | SPON1 activates the IL-6/JAK/STAT3
pathway in PDAC cells

To further understand the underlying mechanism by which SPON1 pro-

motes PDAC cell proliferation, we first performed gene set enrichment

analysis (GSEA) of samples in TCGA divided into two groups based on

SPON1 expression. As shown in Figure 3A, the HALLMARK_

IL2_STAT5_SIGNALLING, HALLMARK_IL6_JAK_STAT3_SIGNALLING

and HALLMARK_HEDGEHOG_SIGNALLING datasets were sifted. Fur-

ther, luciferase assay was performed to figure out which pathway may

mediate the pro-growth effect of SPON1. The results showed that JAK-

STAT3 pathway activation was much higher than others pathway upon

SPON1 overexpression in PDAC cell (Figure 3B). To verify the effects of

SPON1 on this pathway, we then examined the protein level of phospho-

STAT3 in the nuclear (hereafter referred to as P-STAT3) after treatment

with different doses of F-spondin. The results showed that the P-STAT3

expression level increased with increasing doses of F-spondin

(Figure 3C–D). In general, phosphorylated STAT3 in the cytosol exerts its

effects by entering the nuclei. Therefore, the nuclear translocation of P-

STAT3 was assessed by confocal microscopy and clearly decreased in the

SPON1-knockdown (SPON1KD) cell lines (Figure 3E). To validate whether

SPON1 enhances cell proliferation via STAT3 activation, we used Stattic, a

small molecule that specifically inhibits STAT3 activation and nuclear

translocation, with IC50 dose 5 μM to suppress STAT3 activation in cell

proliferation assays. The results indicated Stattic treatment diminished the

growth promotive effect mediated by SPON1 overexpression

(Figure 3F–I). Our data showed that SPON1 facilitates cell growth by acti-

vating STAT3.

3.4 | SPON1 activated IL-6 trans-signalling to
triggering IL-6/JAK/STAT3 pathway

IL-6 activates downstream signalling pathways by forming complexes

with its receptors, including two subunits: IL-6R (also called IL-6α or

CD126) and signal-transducing glycoprotein-130 (also called gp130,

IL-6β, CD130). In addition, IL-6 signalling pathway models may vary in

different contexts: in the classic IL-6 signalling pathway, extracellular

IL-6 binds membrane-bound IL-6R (mIL-6R) to yield a complex to

which gp130 binds, forming a complex consisting of two IL-6, two IL-

6R and two gp130 molecules18; alternativly, IL-6 trans-signalling that

follows the classical pathway except that IL-6 binds soluble IL-6R (sIL-

6R) rather than mIL-6R can also occur.19 The third model, termed IL-6

trans-presentation, has recently been identified and is specific to den-

dritic cells.20 IL-6 level was measured by ELISA assays after adminis-

tration of F-spondin, and were not significantly different (Figure 4A).

As shown in Figure 4B, we examined the IL-6 related receptors after

treatment with F-spondin. It was shown that the level of sIL-6R was

markedly increased, while the mIL-6R level was not. In addition,

SPON1KD cells showed reduced sIL-6R protein levels; however, mIL-

6R levels were not reduced (Figure 4C).

To further explore the potential mechanism of SPON1-induced

STAT3 phosphorylation, we then performed cell proliferation assays to

determine which model is responsible for this effect. Soluble gp130

(sgp130) blocks IL-6 trans-signalling by binding the IL-6/sIL-6R.21 Fur-

ther, the PDAC cell lines were treated with F-spondin, sgp130 or F-

spondin plus sgp130. The results revealed that sgp130 impaired cell pro-

liferation. Also, sgp130 could diminish the F-spondin-induced prolifera-

tion advantage (Figure 4D,E). In line with this, the immunofluorescence

results showed that F-spondin could promote the nuclear translocation

of p-STAT3, which was impaired by sgp130 treatment (Figure 4F). We

speculated that SPON1 activates the IL-6 trans-signalling pathway by

competitive binding with sgp130. That is, sIL-6R may be affected by

SPON1 in some ways, resulting in changes to cell proliferation.

3.5 | SPON1 enhances the IL-6/JAK/STAT3
pathway by stabilizing the sIL-6R/gp130 complex

We next investigated why sIL-6R was increased with increasing

F-spondin doses. In general, sIL-6R proteins were translated from alterna-

tively spliced IL-6R mRNA. Moreover, a disintegrin and metalloproteinase

domain-containing protein 10 (ADAM10) and metalloproteinase domain-

containing protein 17 (ADAM17) can cleave mIL-6R to generate sIL-6R.22

Therefore, we examined the mRNA level of sIL-6R after the addition of F-

spondin, but the difference was not statistically significant (Figure 5A).

Then, ADAM10 and ADAM17 were assessed at the protein level and

showed no significant changes as well (Figure 5B). Intriguingly, F-spondin

decreased the sIL-6R level in the culture medium (Figure 5C). The results

of immunoblot analysis showed decreased P-STAT3 levels after treat-

ment with IL-6 for increasing durations (Figure 5D,E). Given the above

results, we speculated that SPON1 contributes to the formation of the

sIL-6R/gp130 complex, thus sustaining IL-6 trans-signalling and STAT3
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F IGURE 5 SPON1 cooperates with sIL-6R/gp130 for signal transduction. (A) Relative sIL-6RmRNA levels in PANC-1 and SW1990 cells treated
with 5 μM or 10 μM F-spondin (n = 3). (B) Immunoblot analysis of ADAM10 and ADAM17 in PDAC cells treated with or without 5 μM or 10 μM F-
spondin. (C) sIL-6R proteins derived from the indicated cell culture medium were measured by ELISA (n = 3). (D,E) SPON1KD cells treated with IL-6 for
different times (30 min or 1, 2, or 6 h). Phosphorylated and total STAT3 was measured by immunoblotting. (F) Co-immunoprecipitation of SPON1 and
sIL-6R/gp130 in PANC-1 and SW1190 cells. (G) Immunofluorescence staining for SPON1 (pink), gp130 (green) and sIL-6R (red) in PDAC cells. Scale
bar, 50 μm. (H) Representative IHC images of SPON1, gp130 and sIL-6R in the Ren Ji cohort PDAC specimen. Scale bar, 50 μm. (I) ELISA detection
results of sIL-6R protein level in the cell membrane subcellular fractionation in SPON1KD and SPON1OE cells (n = 3). (J) WB of sIL-6R protein pull down

by anti-GP130 antibody in SPON1KD and SPON1OE cells. n.s. >0.05, **p < 0.01, ***p < 0.001 (two-tailed Student t test for A, C and I)
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F IGURE 6 SPON1 promoted PDAC progression in vivo. (A–C) Growth of subcutaneous xenografts from SPON1KD cells. Scale bar, 1 cm.
(D) IHC staining of subcutaneous xenografts for PCNA, P-JAK and P-STAT3. Scale bar, 50 μm. (E) Representative bioluminescence image of mice
orthotopically implanted with luciferase-expressing PANC1 cells administered shNC, shSPON1, gemcitabine or shSPON1 in combination with
gemcitabine every 5 days. (F) Bioluminescence total flux showed that the group treated with shSPON1 cells plus gemcitabine exhibited lower
bioluminescence emission. (G) Tumour weight decreased with gemcitabine treatment. (H) IHC staining of mouse orthotopically implanted tissue
for PCNA, P-JAK and P-STAT3. Scale bar, 50 μm. ***p < 0.001 (ANOVA for B; two-tailed Student t test for C, F and G)
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activation. To test our hypothesis, we performed endogenous immuno-

precipitation assays to confirm the interaction between SPON1 and sIL-

6R/gp130 (Figure 5F). Consistently, immunofluorescence co-localization

analysis and immunofluorescence staining were used to further verify the

interaction between SPON1 and sIL-6R/gp130 (Figures 5G and S1). The

results showed that both SPON1 and sIL-6R/gp130 were co-localized in

human PDAC tumour tissues (Figure 5H). Besides, we detected the

changes of sIL-6R located in cell membrane. The cell membrane of

SPON1KD cell and control cells were isolated by subcellular protein

fractionation kit, following ELISA detection. As expected, the membrane

location of sIL-6R dramatically decreased upon SPON1 knockdown. The

CO-IP results showed that much less of sIL-6R interacted with gp130 in

SPON1KD cells when compared with the control (Figure 5I–J). Conversely,

extopic SPON1 expression could enhance the membrane location of

sIL-6R/gp130 and its interaction (Figure 5I,J). Taken together, these data

showed that SPON1 stabilizes the sIL-6R/gp130 complex to sustaining

the IL-6 trans-signalling pathway.

3.6 | Genetic inhibition of SPON1 suppressed the
progression of PDAC in vivo

A subcutaneous xenograft model was used to further test the role of

SPON1 in tumour growth and maintenance in vivo. As shown in

Figure 6A–C, mice injected with SPON1KD cells exhibited a lower

tumour burden than the control group. Specifically, the results showed

that the negative control (NC) mice developed larger tumours than the

shSPON1 mice in terms of size, volume and weight. In addition, immuno-

reactivity for proliferation index proliferating cell nuclear antigen (PCNA),

P-JAK and P-STAT3 was significantly reduced in SPON1KD cells com-

pared with the corresponding controls (Figures 6D and S2A).

Gemcitabine (GEM) can profoundly improve the prognosis of

advanced pancreatic cancer, but the development of chemoresistance

still leads to poor clinical outcomes. On the basis of treatment with

GEM, more pancreatic cancer patients require precision treatment and

targeted drugs as well. Therefore, we wondered whether SPON1 knock-

down would have antitumour effects with GEM and then generated

orthotopic PDAC mice model. Total luminescence flux derived from bio-

luminescence imaging was used to evaluate orthotopic tumour growth.

The results showed that the group injected with SPON1KD cells com-

bined with gemcitabine exhibited lower bioluminescent emission and a

greatly reduced tumour burden compared with injection with only

SPON1KD cells (Figure 6E–G). As expected, combination treatment fur-

ther reduced the expression of PCNA, P-JAK and P-STAT3 (Figures 6H

and S2B). Our data demonstrated that targeting SPON1 with

gemcitabine effectively prevented PDAC progression.

4 | DISCUSSION

Pancreatic ductal adenocarcinoma (PDAC), one of the most dev-

astating malignancies, is characterized by the excessive deposition

of extracellular matrix (ECM), termed desmoplasia.23 Altered

expression of ECM components in the tumour microenvironment

(TME) greatly regulates PDAC cancer cell growth and survival,

adhesion and migration,24 indicating that targeting the ECM

would greatly facilitate the design and development of novel

therapeutic approaches for PDAC.

Previous studies have shown that SPON1 expression is dramati-

cally increased in osteosarcoma and hepatocellular carcinoma

(HCC).16,17 Consistently, we found that SPON1 expression was signifi-

cantly increased in PDAC specimens upon the analysis of pairs of nor-

mal and tumour tissues from GEO dataset GSE15471, and this finding

was also confirmed by microarrays and tumour tissue arrays with the

Ren Ji PDAC cohort at both the mRNA and protein levels. Taking use

of genome-scale screening, SPON1 has been reported to act as a bio-

marker of prostate cancer,25 ovarian cancer,26 gastric cancer27 and

colorectal cancer.28 Additionally, we found that SPON1 expression

was associated with tumour TNM stage and tumour size in PDAC.

Interestingly, we found that PDAC patients with low SPON1 expres-

sion were more sensitive to chemotherapy. Moreover, we provide

in vivo evidence that targeting SPON1 exerted a promotive effect

with gemcitabine in orthotopic xenograft PDAC mice, providing insight

into the treatment of PDAC patients with chemotherapy.

Although several studies have reported the dysregulation of

SPON1 and its role in promoting tumour growth, the specific

mechanism by which SPON1 affects cancer development remains

largely unknown. F-Spondin, an extracellular protein, mainly

exerts its function by regulating intracellular signalling pathways.

Heping et al. reported that SPON1 promotes osteosarcoma cell

migration and invasion by triggering Fak and Src signalling.16

However, this study did not provide evidence regarding how Fak

and Src signalling is activated. In addition, SPON1 was shown to

promote survival in a murine neuroblastoma model under stress-

ful conditions via a p38 MAPK dependent pathway, ultimately

upregulating IL-6 expression.29 Consistent with the above men-

tioned study, the details regarding SPON1-mediated activation of

p38 MAPK signalling have not been researched. In our current

study, by combining bioinformatics assays and experimental evi-

dence, we found that SPON1 can activate IL-6/JAK/STAT3 sig-

nalling. However, our results show that SPON1 does not affect

IL-6 expression at either the mRNA or protein level. The effects

of receptor blockade showed that the oncogenic effects of

SPON1 depend on IL-6 trans-signalling, in which IL-6R shedding

plays important roles. Our research showed that IL-6R shedding

was not altered upon SPON1 knockdown and treatment. Further

experiments showed that F-spondin could interact with both sIL-

6R and gp130 and sustain IL-6 trans-signalling, resulting in con-

tinuous IL-6/JAK/STAT3 signalling activation in PDAC cells. Our

data indicated that SPON1 could interacted with sIL-6R and

gp130. However, the specific way that SPON1 exert its function

needs more efforts. On the one side, SPON1 could combined

with sIL-6R and gp130. On the other side, SPON1, as a secreted

ECM protein, also could interacted with sIL-6R firstly in the con-

dition media in vitro or extracellular compartment of PDAC

tumour, then binding to the gp130. In addition, previous studies
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reported that IL-6-STAT3 signalling could crosstalk with

IL2-STAT5 pathway.30,31 In line with this, our data showed that

IL2-STAT5 axis had some extent activation, not as stronger as IL-

6-STAT3 signalling. In summary, our data reveal the roles of

SPON1 in signalling and as a mediator of pancreatic cancer.

5 | CONCLUSION

We have shown that SPON1 expression is dramatically increased in

PDAC and that SPON1 promotes tumorigenicity by activating the sIL-

6R/gp130/STAT3 axis. We have also demonstrated that targeting

SPON1 may represent an attractive therapeutic strategy. Collectively,

our findings provide not only new insights into the role of SPON1 in can-

cer progression but also a novel and effective therapeutic approach for

the eradication of PDAC, which remains a life-threatening disease with-

out an effective, targeted therapeutic strategy.
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