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Abstract: Pancreatic cancer (PC) is one of the most common gastrointestinal malignancies that are highly aggres-
sive with a low 5-year survival rate. Accumulated evidence has indicated that decoy receptor 3 (DcR3) is involved 
in several pathologic processes and various cancers. However, the mechanisms underlying dysregulated DcR3 ex-
pression and activation in PC remain to be fully established. In this study, we investigate the function and regulatory 
network of DcR3 in PC. We found that DcR3 was upregulated in PC tissues and serum. High DcR3 expression was 
associated with aggressive clinicopathological features and poor prognosis. Functionally, DcR3 not only increased 
cell migration and invasion in vitro but also promoted tumour growth both in vitro and in vivo by loss-of-function and 
gain-of-function experiments. Mechanistically, DcR3 promoted the phosphorylation of signal transducers and acti-
vators of transcription 1 (STAT1), leading to a dramatic increase in interferon regulatory factor 1 (IRF1). IRF1 then 
increased the transcriptional activity of DcR3, forming a positive feedback loop to reinforce DcR3 expression. In ad-
dition, DcR3 promoted carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) expression through 
activated IRF1. In conclusion, our findings provided novel insights into the function and mechanism of DcR3 in the 
pathogenesis of PC, which may be a potential therapeutic target for PC.
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Introduction

Pancreatic cancer (PC) is one of the most com-
mon gastrointestinal malignancies in the world 
and is recognized as the fourth leading cause 
of cancer-related deaths [1]. In most patients, 
PC is diagnosed at locally advanced or distant 
metastatic disease stages, losing the opportu-
nity for surgical resection [2]. Despite recent 
strides in chemotherapy and targeted therapy, 
successful therapeutic strategies for PC are 
limited and the 5-year survival rate remains at 
only 6%-8% [3]. Invasion and metastasis are 
the most important characteristics of PC. 
Therefore, there is an acute need to explore the 
molecular mechanisms involved in these 
processes.

Recently, the secretome has gained increased 
attention in areas of tumourigenesis, metasta-
sis and drug resistance [4, 5]. Pancreatic can-

cer cells can produce a large amount of secret-
ed proteins into conditioned medium, promot-
ing extracellular matrix (ECM) degradation and 
tumour cell invasion [6]. These tumour-specific 
proteins are significant in many cellular func-
tions, including signal transduction and cross-
talk with plasma membranes [7, 8].

Decoy receptor 3 (DcR3), also known as tumour 
necrosis factor receptor superfamily member 
6B (TNFRSF6B) or M68, is a secreted molecule 
because it lacks a transmembrane sequence 
[9]. A growing volume of literature has reported 
that DcR3 expression is positively correlated 
with malignant processes and poor survival in 
lung cancer [10, 11], gastric cancer [12], pan-
creatic cancer [13, 14], and colon cancer [15, 
16]. Overexpression of DcR3 may contribute to 
tumour growth and immune suppression by 
blocking the regulating effects of FasL [17], 
TL1A [18] and LIGHT [19]. Our previous study 
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demonstrated that DcR3 protected pancreatic 
cancer cells from FasL-induced cell apoptosis 
[20]. A recent study reported that DcR3 induced 
epithelial-mesenchymal transition (EMT) in 
colorectal cancer [21]. However, the factors 
that contribute to its upregulation and the key 
roles of protein interaction networks in PC 
remain unknown.

In the present study, overexpression of DcR3 
was detected in both the tumour tissues and 
sera of pancreatic cancer patients and corre-
lated with overall survival. We also found that 
DcR3 promoted the growth and invasion both 
in vitro and in vivo and plays a critical role in the 
phosphorylation of STAT1 and STAT2. DcR3/
STAT1/IRF1 formed a positive feedback loop, 
leading to increased transcriptional activity of 
DcR3 and CEACAM1, providing a potential ther-
apeutic target for pancreatic cancer.

Materials and methods

Patients and samples

A total of 112 serum samples were obtained 
from pancreatic cancer patients (stage: I, 28; II, 
36; III, 26; IV, 22) at First Affiliated Hospital of 
Soochow University from September 2012 to 
December 2015. Forty serum samples of 
healthy volunteers were recruited as controls 
for this study. Pancreatic cancer tissues and 
paired adjacent non-tumourous tissues were 
obtained from 64 patients who underwent sur-
gery for pancreatic cancer (stage I and II). All  
of the resected and needle biopsy samples 
were confirmed by diagnostic pathology. No 
local or systemic neoadjuvant radiotherapy 
and/or chemotherapy and targeted therapy 
were managed. Tumour grade was classified 
according to the World Health Organization 
(WHO) criteria, and the patients were staged 
according to the 8th edition of the American 
Joint Committee of Cancer (AJCC) staging sys-
tem. Informed consent was obtained from all of 
the patients, and the study was approval by the 
Ethics Committee of Soochow University.

Reagents

Antibodies were obtained from the following 
sources. The antibodies against DcR3 (Ab- 
57956), CEACAM1 (Ab108397) and CDH11 
(Ab151302) were purchased from Abcam 
(Cambridge, UK). Antibodies against phospho-
STAT1 (9167s), phospho-STAT2 (4441s), phos-

pho-STAT3 (9145), STAT1 (9172s), STAT2 
(4594s), and STAT3 (9139) were from Cell 
Signaling Technology (MA, USA). Anti-IRF1 
(11335-1-AP) was obtained from Proteintech 
(IL, USA). GAPDH was from Multi Sciences. 
Horseradish peroxidase-conjugated goat anti-
mouse IgG and goat anti-rabbit IgG were 
obtained from Solarbio (Beijing, China).

Fludarabine, a STAT1 activation inhibitor, was 
purchased from Selleck (TX, USA), dissolved in 
DMSO and used to treat cells for 48 hours at 
2.5 μM. 

Cell culture

The human pancreatic cancer cell lines 
SW1990, PL45, PATU8988, CFPAC-1, and 
PANC-1 were obtained from the Chinese 
Academy of Sciences (Shanghai, China). All of 
the cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; HyClone, UT, USA) con-
taining 10% foetal bovine serum (Gibco, NY, 
USA) in 5% CO2 at 37°C.

Plasmids, small interfering RNAs and transfec-
tion

Expression vectors encoding DcR3 were con-
structed by cloning the open reading frames 
and downstream 3’-UTR into the pcDNA3.1  
vector (Invitrogen, CA, USA) (OE-DcR3). The 
empty pcDNA3.1 vector served as a negative 
control (Vector). The siRNA sequence targe- 
ting DcR3 was designed and synthesized  
by GenePharma (Suzhou, China). The siRNA 
sequence targeting DcR3 (si-DcR3) was 5’- 
CUCAAUGUGCCAGGCUCUUTT-3’. A nonspecific 
scrambled siRNA sequence (si-Scramble) was 
used as a negative control (5’-UUCUCCGAA- 
GGUGUCACGUTT-3’).

PATU8988 and PL45 cells were transfected 
with plasmids or siRNA using Lipofectamine 
2000 (Invitrogen, CA, USA) according to the 
manufacturer’s protocol. Cells were incubated 
for 48 h before use in experiments.

Cell proliferation

A cell proliferation assay was performed with 
the cell-counting kit-8 (CCK8, Dojindo, Japan). 
In total, 5×103 cells were seeded per well in 
96-well culture plates with 100 µL complete 
medium. Then, 10 µL CCK8 was added to each 
well, and the plates were cultivated at 37°C for 
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2 hours with 5% CO2. Then, the absorbance at 
450 nm was read using a 96-well microplate 
reader (Scientific Multiskan MK3, Thermo 
Finland). The cell proliferation assay was per-
formed at 0, 24, 48, and 72 hours.

Clone formation assay

Cells were seeded into 6-well plates in a densi-
ty of 500 cells/well. The media were changed 
every 2 days, and the cells were allowed to 
grow for 14 days. Cells were fixed with 4% para-
formaldehyde and stained with 1% crystal vio-
let. Cell colonies containing at least 20 cells 
were counted using an inverted microscope at 
40× magnification.

Wound healing assay

Cells were seeded into 6-well plates in a densi-
ty of 3×105 cells/ml and cultured. When the 
cells were confluent, three scratches were 
made in each well using a 10-µl pipette tip. 
After washing away the detached cells by ster-
ile PBS, cells were cultured in medium supple-
mented with 2% FBS under standard condition. 
At 0, 24, 48 and 72 h after scratch, images of 
the wounds were captured for the measure-
ment of wound width.

Cell invasion assays

Cell invasion assays were performed using 
Transwell® cell culture chambers with 8 μm 
pores (Corning, NY, USA). The inserts in the 
membrane filter were coated with 40 μl config-
ured Matrigel™ on the upper surface. The cells 
were resuspended in serum-free DMEM at a 
concentration of 5×105 cells/ml and placed in 
the upper chamber. The lower chamber was 
filled with DMEM with 10% FBS. After incuba-
tion at 37°C for 48 hours, the invading cells at 
the bottom of the Matrigel™ were fixed in meth-
anol and stained with 0.1% crystal violet. The 
number of invading cells in five random fields 
per well was calculated using a microscope at 
200× magnification.

Microarray and data analysis

Si-DcR3 (n=3) and si-Scramble cells (n=3)  
were collected for total RNA isolation. Then  
the extracted RNA samples were assayed  
for genome-wide expression changes by an 
Affymetrix GeneChip array (Thermo Fisher 
Scientific, MA, USA) following the manufactur-

er’s instructions. All RNA samples were pro-
cessed three times to generate a technical rep-
licate. The filtration was performed by com- 
paring the gene expression levels between si-
DcR3 and si-Scramble cells. Differential genes 
were selected based on P value <0.05 and 
absolute fold change >2. Functional enrich-
ment analysis was performed using Blast2GO, 
and GO annotation was applied to describe the 
functions of the differentially expressed genes. 
Moreover, the ingenuity pathway analysis (IPA) 
software was used to assign differentially 
expressed genes to specific biological func-
tions and pathways which related to DCR3 
gene.

Western blot

Proteins were extracted using lysis buffer and 
quantified by bicinchoninic acid (BCA) protein 
quantitative assay (KeyGen Biotech, Nanjing, 
China). Protein lysates were separated using 
10% SDS-PAGE and then transferred onto  
PVDF membranes (Roche, Switzerland). Then, 
the membranes were incubated with primary 
antibodies (DcR3, CEACAM1, CDH11, STAT1, 
STAT2, STAT3, IRF1, and phospho-STAT1/2/3  
at 1:1000 dilution; GAPDH at 1:5000 dilution) 
at 4°C overnight, followed by incubation with 
horseradish peroxidase-conjugated goat anti-
mouse IgG (1:5000) or goat anti-rabbit IgG 
(1:5000). Finally, the membranes were detect-
ed using an enhanced chemiluminescence 
(ECL) detection system (FDbio, China). All 
experiments were performed according to the 
manufacturer’s instructions.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay 
was performed using a ChIP assay kit (Upst- 
ate Biotechnology, MA, USA) as described by 
the manufacturer. Briefly, crosslinked chroma-
tin was sonicated into 200 to 1000 bp frag-
ments. Anti-phospho-STAT1 and anti-IRF1 were 
used to precipitate DNA-protein complexes. 
Mouse immunoglobulin G (IgG) was used as a 
negative control. After removing protein and 
RNA, the ChIP-derived DNA was subjected to 
polymerase chain reaction (PCR). The primers 
are listed in Table S1.

Luciferase reporter assay

The IRF1, DcR3 and CEACAM1 promoter 
regions were cloned into the pGL3-basic pro-
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moter vector (Promega, WI, USA). The mutation 
reporters (separate deletions of binding sites  
in the promoter) were then generated. Lu- 
ciferase reporter assays were performed by 
transfecting the mutated promoter reporter 
plasmid, together with the pRL-TK vector 
(Promega), into human HEK293T cells using 
Lipofectamine 2000 (Invitrogen). After 48 h 
transfection, luciferase activities were detect-
ed using a dual luciferase assay system 
(Promega) according to the manufacturer’s 
instructions.

Animal experiments

BALB/C nude mice (female, 4-6 weeks old and 
16-20 g) were purchased from the Shanghai 
Experimental Animal Centre (Shanghai, China). 
All animal experiments were performed in 
accordance with the Guide for the Care and 
Use of Laboratory Animals of Soochow 
University. For xenograft models, an siRNA 
sequence targeting DcR3 (5’-CGCTGGTTT- 
CTGCTTGGAGCAC-3’) was subcloned into a len-
tiviral vector (LV-si-DcR3), and a lentiviral vec-
tor containing a random sequence was used  
as a control (LV-si-Ctrl). Full-length DcR3 was 
synthesized and subcloned into a GV358 vec-
tor (Genechem, Shanghai, China), designated 
LV-DcR3. The empty vectors served as a nega-
tive control (LV-Ctrl). To study cell growth in 
vivo, 5×106 cells were injected subcutaneou- 
sly into the right flank of nude mice (n=5 per 
group). The tumour-bearing mice were sacri-
ficed when they became moribund or on day  
30 after injection and their tumours were 
removed. Tumour dimension was determined 
by calliper measurements of the length and 
width. Tumour volume was calculated using the 
following formula: tumour volume = (length × 
width2)/2.

Immunohistochemistry

Tissues were fixed with formalin and embedded 
in paraffin. According to the specifications of 
the S-P (streptavidin peroxidase) kit, 4 μm  
thick sections were retrieved with citrate buff-
er, incubated with anti-DcR3 (1:200), anti-
CEACAM1 (1:1000), anti-phospho-STAT1 (1: 
200) and anti-IRF1 (1:300) monoclonal anti-
bodies overnight at 4°C, followed by incuba- 
tion with the secondary antibody and ExtrAvi- 
din-conjugated horseradish peroxidase. Sec- 
tions were evaluated by light microscopy and 

staining intensity was scored semi-quantita-
tively by multiplication of the intensity score  
(0, negative; to 1, low; 2, medium; or 3, high) 
and the quantity score (0 for ≤ 5%; 1, 6% to 
25%; 2, 26% to 50%; 3, 51% to 75% and 4 for 
>75%). Scores of six of more were considered to 
represent positive expression.

ELISA

The level of DcR3 in human serum was meas-
ured using a commercially available sandwich 
ELISA kit (R&D, MS, USA). Procedures were con-
ducted as suggested by the manufacturer.

Statistical analysis

Statistical analysis was performed using SPSS 
version 19.0 software. All numerical data are 
presented as the means ± S.D. for multiple 
samples, except for the relative DcR3 level in 
patients, which is presented as median with 
range. Mann-Whitney test was used for non-
parametric variables, and parametric variables 
were compared using one-way analysis of  
variance (ANOVA) or t-test. Categorical varia-
bles were compared by Chi square test. The 
correlation analysis was performed using a 
Spearman’s Rank Correlation test. Survival was 
assessed according to the Kaplan-Meier meth-
od and compared using the log-rank test. 
Differences were considered significant at val-
ues of P<0.05.

Results

DcR3 is upregulated in PC and its expression 
correlates with prognosis

We first analysed the RNA-seq data of pancre-
atic cancer from the Cancer Genome Atlas 
(TCGA). The results indicated that transcripts 
per million (TPM) of DcR3 were significantly 
elevated in PC tissues compared with matched 
normal tissues (P<0.001, Figure 1A). Moreover, 
PC patients with high TPM of DcR3 exhibit sig-
nificantly shorter overall survival than patients 
with low DcR3 TPM (P=0.013, Figure 1B).

We also detected the serum levels of DcR3 in 
112 cases of PC in The First Affiliated Hospital 
of Soochow University. The results confirmed 
that the serum DcR3 was upregulated in 
patients with PC compared to control subjects 
(P<0.001, Figure 1C). Similarly, assessment via 
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IHC revealed that DcR3 was overexpressed in 
PC tissues (n=64) compared with adjacent  
non-tumour pancreatic tissues (χ2=19.574, 
P<0.001, Figure 1D). Examination of the corre-
lation between DcR3 and clinical pathological 
features revealed that DcR3 overexpression 
was correlated with larger tumour size 
(P=0.040), lymph node metastasis (P=0.037) 
and advanced clinical stage (P=0.010) (Table 
1). Moreover, the serum levels of DcR3 were 
associated with DcR3 expression as deter-
mined by IHC in the tumour tissues (r=0.3747, 
P=0.0023, Figure 1E). These samples of PC 
were classified into a DcR3 negative group 
(n=21) and a DcR3 positive group (n=43) deter-
mined by immunostaining. Consistent with the 
TCGA database, patients with DcR3 positive 
expression were associated with shorter over-
all survival (P=0.0098, Figure 1F). Collectively, 
these data suggested that DcR3 was overex-
pressed in both tumour tissues and serum of 

pancreatic cancer patients and correlated with 
overall survival.

Regulation of DcR3 expression in pancreatic 
cancer cells

We detected and compared the expression 
level of DcR3 protein in five pancreatic cancer 
cell lines, including CFPAC-1, SW1990, PANC-1, 
PL45 and PATU8988, by Western blot. From 
the results, we found that PATU8988 cells had 
the highest expression of DcR3 in contrast  
with the PL45 cells, which expressed a low 
level (Figure 2A). To evaluate the effects of 
DcR3 on the biological behaviour of pancreatic 
cancer cells, we manipulated the expression of 
DcR3 by transfecting DcR3 cDNA into PL45 
cells or DcR3 siRNA into PATU8988 cells. 
Western blot confirmed that DcR3 expression 
was upregulated (P<0.0001) or downregulated 
(P<0.01), compared with that observed in con-
trols (Figure 2B).

Figure 1. DcR3 is upregulated in PC and its expression correlates with prognosis. (A) DcR3 is significantly elevated 
in PC tissues (n=179) compared with normal tissues (n=171) obtained from TCGA database (***P<0.001). (B) 
Kaplan-Meier curve of low DcR3 (n=89) and high DcR3 (n=89) expression patients from TCGA database (P=0.013) 
were evaluated using the log-rank test. (C) The serum DcR3 level of PC patients (n=112) was higher than that of 
the control group (n=40) (***P<0.001). Mann-Whitney test was used to analyze the differences between groups in 
(A and C), data were presented as the median with range. (D) Immunohistochemistry (IHC) staining indicated that 
DcR3 expression is upregulated in human pancreatic cancer tissues compared with non-tumour pancreatic tissues 
(NT) (left panel: magnification ×100; right panel: magnification ×400) (χ2=19.574, ***P<0.001). (E) The positive 
relationship was observed between DcR3 serum concentrations measured by ELISA and DcR3 expression by IHC 
(P=0.023). (F) Kaplan-Meier curves of pancreatic cancer patients with negative (n=21) versus positive (n=43) ex-
pression levels of DcR3 were evaluated using the log-rank test, P=0.098.
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DcR3 promoted proliferation, migration and 
invasion of pancreatic cancer cells in vitro and 
in vivo

A CCK8 assay revealed that cell growth was  
significantly impaired in PATU8988 cells  
transfected with si-DcR3 (P<0.05 for 24 h; 
P<0.0001 for 48 h, 72 h) while the upregula- 
tion of DcR3 expression in the PL45 cells pro-
moted cell growth compared with the vector 
group (P<0.0001 for 24 h, 48 h, 72 h, Figure 
2C). A similar trend was observed in a colony 
formation assay as enhanced DcR3 expres- 
sion in PL45 cells promoted cell proliferation 
(P<0.0001, Figure 2D). Conversely, transfec-
tion of PATU8988 cells with si-DcR3 impeded 
the colony forming efficiency by approximately 
50% (P<0.0001). To investigate whether DcR3 
contributes to tumor growth in vivo, we estab-
lished xenografts in nude mice using lentivirus-
mediated PATU8988 cells with stably silenced 
DcR3 and PL45 cells that stably overexpressed 
DcR3, as well as the respective empty vectors. 
After two weeks, there was a dramatic decrease 

by RNAi and then upregulated DcR3 expres- 
sion by pcDNA3.1-DcR3. Western blot indicat-
ed that the co-transfection of pcDNA3.1-DcR3 
and si-DcR3 in PATU8988 cells efficiently 
restored DcR3 expression (P<0.01, Figure 
S1A). After that, we found that overexpression 
of DcR3 on the basis of knockdown of DcR3 
partially reversed the suppression of prolifera-
tion and invasion induced by DcR3 silencing 
(P<0.01, Figure S1B; P<0.01, Figure S1C). 
Taken together, these results indicated that 
DcR3 promoted proliferation, migration and 
invasion of pancreatic cancer cells in vitro and 
in vivo.

Pathway and biological interaction network 
analysis of DcR3 target genes

The above findings indicated that DcR3 is sig-
nificant for malignant phenotypes in human 
pancreatic cancer cells. However, mechanisms 
underlying DcR3’s impact on tumour develop-
ment and its downstream pathways have not 
been systematically explored. We performed 

Table 1. Relationship between DcR3 expression and clinical 
pathological features of PC patients

Features Cases
DcR3

χ2 P value
positive negative

Gender
    Male 31 20 11 0.194 0.659
    Female 33 23 10
Age (years)
    ≤ 65 25 18 7 0.431 0.512
    >65 39 25 14
Tumor location
    Head 37 24 13 0.215 0.643
    Body and tail 27 19 8
Tumor size (cm)
    ≤ 4 34 19 15 4.205 0.040*

    >4 30 24 6
Differentiation
    Well/Moderate 35 27 8 3.472 0.062
    Poor 29 16 13
Lymph node metastasis
    N 37 21 16 4.328 0.037*

    Y 27 22 5
Clinical stage
    I 28 14 14 6.670 0.010*

    II 36 29 7
*P<0.05.

in tumour volume in the si-DcR3 
group compared with the control 
group (P<0.001, Figure 2E), where-
as DcR3 knockdown in the si-DcR3 
group had the opposite effect, sup-
pressing tumor growth (P<0.001).

We investigated the cell migration 
and invasion ability via wound heal-
ing assay and transwell systems 
respectively, after performing DcR3 
ectopic transfection or DcR3 kno- 
ckdown. We found that the si-DcR3 
pancreatic cells with knocked down 
DcR3 displayed relatively slower 
migration towards the wound spa- 
ce compared with the si-Scramble 
cells (P<0.0001, Figure 2F). How- 
ever, the upregulation of DcR3 
expression in the OE-DcR3 group 
could enhance the migration spe- 
ed towards the wound space 
(P<0.001). Similar results were 
observed in the transwell assay 
showing that DcR3 promoted cell 
invasion (P<0.001, Figure 2G). To 
further demonstrate the function  
of DcR3, we performed a rescue 
experiment for siRNA experiments. 
We first silenced DcR3 expression 
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Figure 2. DcR3 is expressed in pancreatic cancer cells and promoted the proliferation, migration and invasion of pancreatic cancer cells in vitro and in vivo. A. 
The relative expression of DcR3 was examined by Western blot in five PC cell lines (CFPAC-1, SW1990, PANC-1, PL45 and PATU8988). B. DcR3 expression level 
was increased after transfection with the DcR3 expression plasmid in PL45 cells. DcR3 expression level was suppressed by specific siRNAs in PATU8988 cells. C. 
Growth curves of PATU8988 and PL45 cells after transfection with si-DcR3 or OE-DcR3 were determined via CCK8 assays. D. The anchorage-independent growth 
of PATU8988 and PL45 cells was assessed via colony formation assays. E. Four representative Photographs of the pancreatic cancer xenografts from LV-si-DcR3 or 
LV-DcR3 cells are shown. Histogram shows the mean tumor weights after the tumours harvested. F. The width of the scratch-wounded cell monolayer was recorded 
at 0 and 72 h after wounding via photography. G. DcR3 promoted PC cell invasion based on Transwell assays. Representative images of migrating cells are shown, 
scale bars =50 µm. The data were represented as the mean ± S.D. of three independent experiments in vitro or five independent experiments in vivo. Significant 
differences are indicated as follows: *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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microarray analysis comparing the gene ex- 
pression of si-DcR3 cells and negative control. 
In total, 868 genes exhibited significant differ-
ential expression (P<0.05 and fold change 
>1.5), including 351 upregulated genes and 
517 downregulated genes.

Gene Ontology (GO) analysis indicated that  
the enrichment of these genes regulated by 
DcR3 were involved in Biological Process  
(BP), Cellular Component (CC) and Mole- 
cular Function (MF), including regulation of  
type III interferon production (GO:0034344), 
host cell (GO:0043657), hydrolase activity 
(GO:0016817), etc. (P<0.05, Figure S2). Then, 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis was performed 
and the differentially expressed genes were 
enriched in fifteen pathways (P<0.05, Figure 
3A), including the JAK-STAT signalling path- 
way (hsa04630), prolactin signalling pathway 
(hsa04917), Toll-like receptor signalling path-
way (hsa04620), etc.

To further clarify the direct and indirect interac-
tions among the identified genes, we performed 
Ingenuity Pathway Analysis (IPA) to generate a 
network. The network was centred around 
STAT1/STAT2, NF-κB, IFN-α/IFN-β, IRF1, and 
IRF7, which regulate inflammation, cell growth 
and apoptosis (Figure 3B).

DcR3 enhanced the phosphorylation of STAT1 

To verify the potential link between STAT1, 
STAT2 and DcR3 based on the microarray  
analysis, we detected the phosphorylation  
levels of STAT1, STAT2 and STAT3 after ma- 
nipulating DcR3 expression. As shown in Figure 
3C, upregulation of DcR3 could enhance the 
phosphorylation levels of STAT1 (P<0.001, 
Figure 3D) and STAT2 (P<0.01, Figure 3E), 
whereas the total STAT1 and STAT2 levels 
remained unchanged (P>0.05). Downregulation 
of DcR3 had the opposite effect (P<0.001 for 
p-STAT1; P<0.01 for p-STAT2), consistent with 
the microarray analysis findings. In addition, we 
found that DcR3 had no effect on STAT3 
(P>0.05, Figure 3F).

To confirm the effect of DcR3 mediated by 
STAT1, Fludarabine, a STAT1 activation inhibi-
tor, was used to treat OE-DcR3 and negative 
control cells. After treatment with Fludarabine 
for 48 h, the phosphorylation of STAT1 was sig-

nificantly inhibited in OE-DcR3 cells (P<0.001, 
Figure 4A). As shown in Figure 4B and 4C, we 
found that treatment with Fludarabine partially 
reversed cell proliferation and invasion promot-
ed by DcR3 expression (P<0.0001). These 
results indicated that the effect of DcR3 in pan-
creatic cancer cells could be partially mediated 
by STAT1 activation.

A positive regulatory loop between DcR3, 
STAT1 and IRF1

Phosphorylation of STAT1 facilitates nuclear 
translocation and transcriptional regulation. To 
further explore the downstream targets of 
STAT1 in pancreatic cancer, we performed 
JASPAR database analysis combined with our 
IPA analysis (Figure 3B). Two potential STAT1 
protein binding sites were predicted on the pro-
moter regions of the IRF1 gene (Figure 5A). 
ChIP assays showed that STAT1 bound to the 
IRF1 promoter P1 site but not to the promoter 
P2 site (Figure 5B). A luciferase assay further 
confirmed that the deletion of P1 in the promot-
er caused an obvious decrease in luciferase 
activity compared with a wild type vector 
(P<0.01, Figure 5C). These findings indicated 
that STAT1 increased the transcriptional activi-
ty of IRF1 by binding to the IRF1 promoter P1 
site.

To investigate whether DcR3 regulated IRF1 
expression through STAT1 phosphorylation, we 
examined the IRF1 expression in OE-DcR3 cells 
with or without Fludarabine treatment. As 
shown in Figure 5D, DcR3 enhanced the 
expression of IRF1 (P<0.01) while Fludarabine 
largely abolished the DcR3-induced promoting 
activity on IRF1 (P<0.01). Our data demonstrat-
ed that IRF1 was upregulated by DcR3 partially 
through STAT1 activity.

IRF1 was initially characterized as a transcrip-
tional activator. From the JASPAR database, we 
examined which genes were the direct tran-
scriptional targets of IRF1. Interestingly, the 
promoter region of the DcR3 gene was identi-
fied as having a potential binding site (-1675 to 
-1666 bp) for transcription factor IRF1. ChIP 
analysis of PATU8988 cells using specific anti-
bodies against IRF1 showed occupancy of IRF1 
on the DcR3 promoter (Figure 5E). Luciferase 
assays revealed that IRF1-based DcR3 regula-
tion was lost when the region between -1675 
and -1666 bp was mutated (P<0.01, Figure 
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Figure 3. Pathway and biological interaction network analysis of DcR3 target genes and DcR3 enhanced the phosphorylation of STAT1. A. Differentially expressed 
genes were enriched in fifteen pathways through KEGG enrichment analysis (P<0.05). B. The direct and indirect interactions among the identified genes by IPA. C. 
Western blot assays showed changes in the levels of STAT1, STAT2, STAT3 and their phosphorylation in DcR3 knockdown or DcR3-overexpressing cells. These protein 
levels were normalized to GAPDH. D-F. Histograms show the relative expression of p-STAT1/STAT1, p-STAT2/STAT2 and p-STAT3/STAT3. The data were represented 
as the mean ± S.D. of three independent experiments in vitro. Significant differences are indicated as follows: **P<0.01, ***P<0.001.
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Figure 4. Inhibiting the STAT1 signalling pathway suppressed the proliferation and migration of pancreatic cells. A. 
OE-DcR3 cells were cultured with 2.5 μM Fludarabine for 48 h. Western blot analyses were performed to evaluate 
the effects of the inhibitor on phosphorylation levels of STAT1. GAPDH was used as a loading control. Histograms 
show the relative expression of p-STAT1/STAT1. B. CCK8 assay results demonstrating inhibited proliferation in OE-
DcR3 cells treated with 2.5 μM Fludarabine. C. Transwell assays results demonstrating inhibited invasion in OE-
DcR3 cells treated with 2.5 μM Fludarabine. The data were represented as the mean ± S.D. of three independent 
experiments in vitro. Significant differences are indicated as follows: ***P<0.001, ****P<0.0001.

Figure 5. A positive regulatory loop between DcR3, STAT1 and IRF1. A. Prediction of two potential STAT1 protein 
binding sites for IRF1. B. ChIP assay showed PCR products targeting P1-P2 of the IRF1 promoter. Specific anti-STAT1 
or control normal mouse IgG was used for immunoprecipitations, whereas genomic DNA was used as the input 
control. C. Luciferase assay confirmed that the deletion of P1 (-356~-347 bp) in the promoter caused an obvious 
decrease in luciferase activity compared with the wild type vector (**P<0.01). D. The relative expression of IRF1 
was decreased after the OE-DcR3 cells were treated with Fludarabine (2.5 μM) for 48 hours by Western blot. E. ChIP 
analysis of PATU8988 cells using specific antibodies against IRF1 showed occupancy of IRF1 on the DcR3 promoter. 
F. Luciferase assay revealed an obvious decrease in luciferase activity when DcR3’s promoter region between -1675 
and -1666 bp was mutated (**P<0.01).
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5F), validating the ChIP results. Western blot 
confirmed that IRF1 enhanced DcR3 expres-
sion (Figure 6G). Therefore, these results dem-
onstrated that DcR3/STAT1/IRF1 formed a 
positive regulatory loop that is involved in cell 
proliferation and invasion of pancreatic cancer 
through increasing DcR3 expression.

DcR3 promoted CEACAM1 expression via tran-
scriptional regulation of IRF1

Plasma membrane proteins are located at the 
cell surface to interact with secreted proteins. 
From CC of GO analysis, we found that 8 plas-
ma membrane proteins were regulated by 
DcR3 (Figures 6A and S2). The top three 
(CEACAM1, CDH11 and TNFRSF10B) were 
interrogated by TCGA database, which revealed 
that CEACAM1 and CDH11 were upregulated  
in pancreatic cancer tissues compared with 
control (P<0.001, Figure 6B). However, 
TNFRSF10B showed no significant difference 
between the two groups (P>0.05). Next, we 
confirmed our microarray results by Western 
blot, which indicated that CEACAM1 and CD- 
H11 were correlated with DcR3 (Figure 6C). As 
shown in Figure 6D, DcR3 TPM was associated 
with CEACAM1 TPM (P=0.037) but not with 
CDH11 (P=0.270).

Our findings suggested that DcR3/STAT1/IRF1 
formed a positive feedback loop and DcR3 pro-
moted CEACAM1 expression. We finally investi-
gated whether IRF1 could regulate the tran-
scriptional activity of CEACAM1. ChIP and lucif-
erase assays showed that IRF1 could bind to 
the two CEACAM1 promoter sites (Figure 6E 
and 6F). Western blot confirmed that IRF1 
enhanced DcR3 expression (Figure 6G), sug-
gesting that IRF1 enhances CEACAM1 expres-
sion in pancreatic cancer cells.

Relationship between DcR3/STAT1/IRF1 and 
CEACAM1 in pancreatic cancer tissues

Finally, to test whether the relationship be- 
tween DcR3, STAT1, IRF1 and CEACAM1 is clini-
cally relevant, IHC for phosphorylated STAT1 
(p-STAT1), IRF1 and CEACAM1 was performed 
on the 64 pancreatic cancer tissues that were 
used for DcR3 analysis. We found that DcR3 
positive expression tended to correlate with 
increased expression of p-STAT1, IRF1 and 
CEACAM1 (Figure 7A). Further correlation anal-
ysis revealed that the expression of DcR3 was 

significantly correlated with that of p-STAT1 
(r=0.3904, P=0.0014), IRF1 (r=0.2998, P= 
0.0161) and CEACAM1 (r=0.3523, P=0.0043) 
(Figure 7B-D). These results indicated that  
the DcR3/STAT1/IRF1 feedback loop and 
CEACAM1 were active in human pancreatic 
cancer.

Discussion

In the present study, our experimental and  
clinical evidence strongly suggested that Dc- 
R3 was overexpressed in pancreatic cancer 
patients, correlated with overall survival, and 
promoted tumour cell growth and invasion in 
vitro and in vivo. Additionally, we demonstra- 
ted for the first time that DcR3 enhanced the 
phosphorylation of STAT1 and that the activity 
of STAT1 stimulated the expression and tran-
scriptional activity of IRF1. DcR3/STAT1/IRF1 
formed a positive feedback loop, leading to 
increased transcriptional activity of DcR3 and 
CEACAM1 (Figure 7E).

Previous studies demonstrated that several 
solid tumours release large amounts of secret-
ed proteins. Some of these factors are tumour-
specific and play crucial roles in the process of 
tumourigenesis. In cancer patients, elevated 
serum DcR3 levels correlated with poor progno-
sis and resistance to chemotherapy [22, 23]. 
There is accumulating evidence that DcR3 can 
inhibit cell apoptosis by neutralizing three  
members of the tumour necrosis factor super-
family (TNFSF): FasL, LIGHT, and TL1A. In addi-
tion, DcR3 regulates dendritic cell (DC) differ-
entiation, leading to Th2 polarization and in- 
duction of monocyte adhesion [24]. In the pre-
sent study, we found that DcR3 was upregulat-
ed in both tumour tissues and serum of pan- 
creatic cancer specimens. Overexpression of 
DcR3 promoted tumour cell growth and inva-
sion, whereas knockdown of DcR3 expression 
produced opposite results.

Multiple signalling pathways, including TGF- 
β3/SMAD [21], PI3K/Akt [12] and NF-κB [25], 
are activated downstream of DcR3 in human 
tumours. However, the pathways that contrib-
ute to DcR3 and the molecular and functional 
interaction in pancreatic cancer have remained 
unclear. In the current study, we performed 
microarray analysis comparing the gene expres-
sion of DcR3 knockdown cells and negative 
control. Our data indicate that, first, the JAK-



DcR3/STAT1/IRF1 promotes pancreatic cancer progression

2629 Am J Cancer Res 2019;9(12):2618-2633



DcR3/STAT1/IRF1 promotes pancreatic cancer progression

2630 Am J Cancer Res 2019;9(12):2618-2633

STAT signalling pathway was activated by DcR3 
based on KEGG analysis. Second, the interac-
tion network was centred on STAT1/STAT2, 
NF-κB, IFN-α/IFN-β, IRF1, and IRF7. Third, our 
experimental data suggested that DcR3 could 
enhance the phosphorylation levels of STAT1 
and STAT2.

STAT1, a member of the STAT family, is a  
signal transduction and transcriptional activa-
tion factor protein that is involved in the devel-
opment of cancer [26]. Interestingly, STAT1 has 
both tumour suppressive and tumour promo-
tive activity [27-29]. The antitumour properties 
of STAT1 correlate with an increase in the 
expression of pro-apoptotic caspase genes  
and inhibition of the expression of bcl-xl and 
bcl-2. Contrary to its antitumour effects, STAT1 
increases the transcriptional activity of cyclin 
D1 to promote tumour proliferation in hepato-
cellular carcinoma [30]. Other studies have 
also demonstrated the ability of STAT1 to 
increase PI3K/AKT/mTOR signalling and pro-
mote the survival of KRAS colon tumours [31, 
32]. In the present study, our results provided 
evidence that DcR3 promoted the proliferation 
and invasion of pancreatic cancer cells, at 
least, partially through STAT1 activation. 

In addition, we found that STAT1 transactiva- 
ted IRF1 and that activation of IRF1 stimulated 
the expression and transcriptional activity of 
DcR3 and CEACAM1. IRF1, which belongs to 
the interferon regulatory factor family, was ini-
tially characterized as a transcriptional activa-
tor. Members of this family were originally rec-
ognized for their roles in inflammatory respons-
es; however, recent research has suggested 
that they are also involved in tumor biology 
[33]. Other recent studies have demonstrated 
that IRF1 gene induction by IFN-γ was consist-
ent with its rapid transactivation by phospho-
Y701-STAT1 [34]. Meanwhile, IRF1 is character-

ized as a transcriptional regulator, serving as 
an activator of genes involved in cell prolifera-
tion, apoptosis, the immune response, and 
DNA damage response [35]. In our study, we 
also predicted a potential binding site of IRF1 
within the DcR3 promoter. ChIP and luciferase 
assays showed that IRF1 directly bound the 
DcR3 promoter. Therefore, DcR3, STAT1 and 
IRF1 formed a positive feedback loop. DcR3 
expression was reinforced by this positive feed-
back loop in the latency pathway, permitting 
even higher production, and ultimately promot-
ing tumour cell growth and invasion.

Finally, we found that CEACAM1, a plasma 
membrane protein, was regulated by DcR3. 
CEACAM1 mediates cell adhesion via homo-
philic and heterophilic binding to other proteins 
[36]. Previous studies found that increased 
CEACAM1 expression significantly contributed 
to many human malignant tumours, including 
breast cancer [37], colorectal cancer [38], and 
pancreatic cancer [39]. In the present study, 
IRF1 activated by DcR3 increased the tran-
scriptional activity of CEACAM1 by binding to 
the CEACAM1 promoter in pancreatic cancer 
cells. However, further studies will be required 
to define the precise molecular mechanism of 
the regulation of CEACAM1 by DcR3.

In summary, our results demonstrated that 
DcR3 promoted the phosphorylation of STAT1, 
leading to a dramatic increase in IRF1. IRF1 
then increased the transcriptional activity of 
DcR3, forming a positive feedback loop to  
reinforce DcR3 and CEACAM1 expression. 
Therefore, we have not only illuminated a 
molecular mechanism underlying the regula-
tion of DcR3 in pancreatic cancer cells but also 
have revealed that the new DcR3/STAT1/IRF1 
feedback loop is a promising therapeutic strat-
egy for pancreatic cancer.

Figure 6. The relationship between DcR3 and CEACAM1. A. Cellular component analysis showed that 8 plasma 
membrane proteins were correlated with DcR3. B. TCGA database showed that CEACAM1 and CDH11 were upregu-
lated in pancreatic cancer tissues (n=179) compared with control (n=171) (***P<0.001) while TNFRSF10B showed 
no significant difference between the two groups (P>0.05). Mann-Whitney test was used to analyze the differences 
between groups, data were presented as the median with range. C. Western blot assays showed changes in the 
levels of CEACAM1 and CDH11 in DcR3 knockdown or DcR3-overexpressing cells. D. DcR3 TPM was associated with 
CEACAM1 TPM (*P=0.037) but not with CDH11 (P=0.27) in TCGA database. E. ChIP assay showed PCR products 
targeting P1-P2 of the CEACAM1 promoter. Specific anti-IRF1 or control normal mouse IgG was used for immunopre-
cipitations, whereas genomic DNA was used as the input control. F. Luciferase assay showed that IRF1 could bind to 
the two CEACAM1 promoter sites. G. Western blot was used to examine the expression of DcR3 and CEACAM1 after 
manipulating IRF1 expression. The data were represented as the mean ± S.D. of three independent experiments 
in vitro. Significant differences are indicated as follows: *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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Figure 7. Relationship between DcR3/STAT1/IRF1 and CEACAM1 in pancreatic cancer tissues. A. IHC for p-STAT1, IRF1 and CEACAM1 was performed between 
DcR3 negative group (left panel) and DcR3 positive group (right panel) in 64 pancreatic cancer tissue samples. Representative cases show stains of the same 
cohorts of pancreatic cancer sections. Magnification ×100. B-D. Correlation analysis of the expression of DcR3 with that of p-STAT1 (r=0.3904, **P=0.0014), IRF1 
(r=0.2998, *P=0.0161) and CEACAM1 (r=0.3523, **P=0.0043). E. Schematic illustration showing that DcR3/STAT1/IRF1 forms a feedback loop to reinforce DcR3 
and CEACAM1 expression.
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Table S1. The ChIP primers of gene promoter
Site Primers bp
The primers of IRF1 gene promoter
    P1 F: 5’-AGGTTTGGCATTGGTCACA-3’ 134 bp

R: 5’-TGCAGGCTATAAATAGACACACC-3’
    P2 F: 5’-GTGAAGGAAATGACACGCC-3’ 122 bp

F: 5’-CCTAGAGACTTGACTGGGTGTT-3’
The primers of DcR3 gene promoter
    P1 F: 5’-GCCTATAAGCAAGACGACGA-3’ 176 bp

F: 5’-GGAGCTTCAATCAGACCCG-3’
The primers of CEACAM1 gene promoter
    P1 F: 5’-GCTTTGCTAAGGAGGTGAAGG-3’ 132 bp

F: 5’-ACAGGGACCCCTCACAGAAC-3’
    P2 F: 5’-ACCTGAGACCCCTGGACTTG-3’ 174 bp

F: 5’-TTCAGTGTGCTGGGAAGGTAG-3’

Figure S1. A rescue experiment for siRNA experiments. A. We first silenced DcR3 expression by RNAi and then up-
regulated DcR3 expression by pcDNA3.1-DcR3. Western blot assays showed changes in the levels of DcR3. GAPDH 
was used as a loading control. B. Growth curves were determined via CCK8 assays. C. DcR3 promoted PC cell inva-
sion based on Transwell assays. The data were represented as the mean ± S.D. of three independent experiments. 
Significant differences are indicated as follows: **P<0.01.
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Figure S2. Gene Ontology (GO) analysis indicated genes regulated by DcR3 were involved in Biological Process (BP), 
Cellular Component (CC) and Molecular Function (MF). P<0.05.


