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Abstract 
Objectives  Previously, Interferon-induced Protein with Tetratricopeptide Repeats 1 (IFIT1) has been shown to promote 
cancer development. Here, we aimed to explore the role of IFIT1 in the development and progression of pancreatic cancer, 
including the underlying mechanisms.
Methods  We explored IFIT1 expression in pancreatic cancer samples using The Cancer Genome Atlas (TCGA) and Gene 
Expression Omnibus (GEO) datasets. Cell Counting Kit-8 (CCK8), colony formation, scratch wound-healing and Transwell 
assays were performed to assess the proliferation, migration and invasion abilities of pancreatic cancer cells. Gene Set 
Enrichment Analysis (GSEA) and Western blotting were performed to assess the regulatory effect of IFIT1 on the Wnt/β-
catenin pathway.
Results  We found that upregulation of IFIT1 expression is common in pancreatic cancer and is negatively associated with 
overall patient survival. Knockdown of IFIT1 expression led to decreased proliferation, migration and invasion of pancreatic 
cancer cells. We also found that IFIT1 could regulate Wnt/β-catenin signaling, and that a Wnt/β-catenin agonist could reverse 
this effect. In addition, we found that IFIT1 can promote epithelial-mesenchymal transition (EMT) of pancreatic cancer cells.
Conclusions  Our data indicate that IFIT1 increases pancreatic cancer cell proliferation, migration and invasion by activating 
the Wnt/β-catenin pathway. In addition, we found that EMT could be regulated by IFIT1. IFIT1 may serve as a potential 
therapeutic target for pancreatic cancer.
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1  Introduction

As the fourth leading cause of tumor-related death, pancre-
atic ductal adenocarcinoma (PDAC) is the most malignant 
cancer in the world, with a 5-year overall survival (OS) 
rate lower than 7% [1, 2]. At present, surgical resection 
is the only potential cure. However, patients with PDAC 
are usually diagnosed at a late stage with locally advanced 
or metastatic disease [3]. In addition, most patients who 
undergo resection experience recurrence and metastasis 
[4]. Although several therapies and technologies have 
been used to treat and diagnose PDAC patients, the mor-
tality rate continues to increase by 0.3% each year [5]. 
There are some reasons that could explain this trend. First, 
because of the limitations of detection technologies and 
specific markers, pancreatic cancer patients are usually 
diagnosed at advanced stages. Second, pancreatic cancer 
is often resistant to radiotherapy, chemotherapy, immune 
therapy and molecular targeted therapy. In addition, com-
plex molecular and cellular changes in pancreatic cancer 
pose a substantial challenge for treatment efficiency [6, 7].

Epithelial-mesenchymal transition (EMT) is a complex 
process by which epithelial cells acquire mesenchymal 
traits and lose their cell-cell junctions. EMT is charac-
terized by upregulation of N-cadherin, fibronectin and 
vimentin expression and downregulation of E-cadherin 
expression [8, 9]. In pancreatic cancer it has been shown 
that EMT plays a significant role in the processes of tumor 
progression and metastasis [10–12]. Several pathways 
have been correlated with the modulation of Wnt/β-catenin 
signaling, with EMT being one of the most canonical ones 
[13, 14]. Wnt/β-catenin signaling can effectively influ-
ence the progression of pancreatic cancer [15]. Once Wnt 
ligands bind to their family member receptors, this path-
way can be activated by the nuclear transport of β-catenin. 
By subsequently binding to TCF/LEF transcription factors, 
β-catenin can activate the transcription of a series of EMT-
related marker genes in the nucleus [16, 17].

Modulated by the JAK/STAT pathway, IFIT1 is known 
as an inflammation-related protein that can be aberrantly 
expressed in cancer [18]. As RNA-binding proteins, the 
IFIT protein family has been found to inhibit the transla-
tion of non-self RNA in the process of viral infection [19]. 
Its tetratricopeptide repeat (TPR) motifs have been shown 
to regulate the homodimerization of IFIT protein family 
members [19]. Although most attention has focused on the 
correlation of IFITs with antiviral characteristics, recent 
evidence indicates that the IFIT protein family may also 
play an important role in cancer development [20, 21]. 
Liu et al. suggested that IFIT1 and IFIT3 expression could 
modulate cell migration and metastasis in patients with 
hepatocellular carcinoma [21]. Pidugu et al. showed that 

IFIT1/3 could regulate resistance to cisplatin and modu-
late the metastatic ability of oral squamous cell carcinoma 
(OSCC) cells [20]. In addition, IFIT1/3 has been shown 
to enhance sensitivity to gefitinib by increasing p-EGFR 
recycling in OSCC cells [20]. At present, the exact role of 
IFIT1 in pancreatic cancer development is still unknown.

First, we investigated IFIT1 expression in PDAC tissues 
by analyzing TCGA and GEO datasets and by performing 
immunohistochemistry. Next, we evaluated the relationship 
of IFIT1 expression with patient survival and clinicopatho-
logical features. In addition, we evaluated the role of IFIT1 
in the proliferation, invasion and migration of pancreatic can-
cer cells using functional assays. GSEA revealed that MMP 
cytokine-, TGF-β- and Wnt/β-catenin-associated gene sets 
were enriched in pancreatic cancer samples with high IFIT1 
expression levels. In addition, we found that IFIT1 could 
regulate the expression of Wnt/β-catenin pathway-related 
markers and EMT markers. A Wnt/β-catenin signaling path-
way activator rescued the effects of IFIT1 knockdown on 
pancreatic cancer cell proliferation and migration. IFIT1 may 
serve as a potential target for the treatment of pancreatic can-
cer patients.

2 � Materials and methods

2.1 � Bioinformatics analysis

mRNA expression data were acquired from TCGA and GEO 
datasets. Survival data of the pancreatic cancer samples were 
analyzed using a log-rank test. Samples from TCGA datasets 
with a high IFIT1 expression (above the mean) were denoted 
as a group with high IFIT1 expression, and samples with a 
low IFIT1 expression (below the mean) were denoted as a 
group with low IFIT1 expression. To explore crucial bio-
logical pathways modulated by IFIT1, GSEA was performed 
based on expression data from patients with low and high 
expression levels.

2.2 � Tissue microarray analysis

A tissue microarray was acquired from Zuocheng Biotech 
(Shanghai, China) containing 76 pancreatic tumor samples 
and 76 normal adjacent pancreatic samples. The patients 
enrolled in our study received little preoperative treatment. 
The tissues were incubated with a primary anti-IFIT1 anti-
body (1:500 dilution), after which the staining results were 
evaluated by microscopy (Nikon ECLIPSETs2R). The 
results were scored by two pathologists independently as fol-
lows: cells stained less than 10% were rated as negative (−, 
1), cells stained between 10 and 49% were rated as (+, 2), 
cells stained between 50 and 74% were rated as (++, 3) and 
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cells stained between 75 and 100% were rated as (+++, 4). 
The intensity/color of staining was rated as negative parti-
cles, lightly yellow particles [22], brownish yellow particles 
[23] and brown particles [24]. We defined the final scores by 
multiplying the staining number scores by the staining color 
scores [25]. A score between 0 and 5 was defined as negative 
and a score > 5 as positive expression.

2.3 � Cell lines and culture conditions

The pancreatic cancer cell lines AsPC-1, MiaPaCa-2, BxPC-
3, Patu8988, Panc-1 and CFPAC-1 were obtained from the 
American Type Culture Collection (ATCC). The cell lines 
were seeded in DMEM, RPMI-1640 or IMDM (HyClone) 
media supplemented with 10% fetal bovine serum (FBS, 
Gibco) and 1% antibiotics and grown in a cell incubator at 
37 °C with 5% CO2.

2.4 � Transfection assay

Cells were seeded and cultured in 6-well plates at 37 °C 
for 24 h. When the cells reached 50–70% confluence, they 
were infected with an IFIT1-overexpression plasmid (IFIT1- 
OE) or a negative control plasmid (IFIT1-NC) (Tsingke, 
China). IFIT1 cDNA was synthesized and subcloned into a 
pcDNA3.1(+) vector using its BamHI and XhoI restriction 
sites. A small interfering IFIT1 RNA (si-IFIT1) (siRNA: 
5’-CCU​UGG​AAU​ACU​ACA​CUC​A-3′) and a negative 
control siRNA (siNC) (siRNA: 5′- UUC​UCC​GAA​CGU​
GUC​ACG​U-3′) were constructed by RiboBio (Guangzhou, 
China). Lipofectamine 3000 (Invitrogen, USA) was used 
according to the manufacturer’s instructions. The efficiency 
of the transfections was investigated after 48–72 h using 
Western blotting (WB) and RT-PCR.

2.5 � Western blotting

Western blotting assays were performed as described previ-
ously [26]. The primary antibodies used were: anti-IFIT1 
(Proteintech, 23,247–1-AP), anti-E-cadherin (Proteintech, 
20,874–1-AP), anti-N-cadherin (Proteintech, 22,018–1-
AP), anti-Vimentin (Proteintech, 10,366–1-AP), anti-MMP9 
(CST, 2270), anti-β-catenin (CST, 8480), anti-Cyclin D1 
(Abcam, AB16663), anti-c-Myc (CST, 5605), anti-survivin 
(CST, 2808) and anti-GAPDH (Proteintech, 10,494–1-AP).

2.6 � RNA isolation and RT‑PCR

RNA was extracted from treated pancreatic cancer cells 
using TRIzol reagent (Ambion, Life Technologies). cDNA 
was generated using a reverse transcription kit (Takara, 
China) in a 96-well thermal cycler (Applied Biosystems). 
Quantitative PCR was conducted using SYBR Premix Ex 

TaqTM-Reagent (TakaRa, China) by applying StepOne-
Plus™ (Applied Biosystems) based on the manufacturer’s 
instructions. The IFIT1 forward primer used was TGA​GCC​
TCC​TTG​GGT​TCG​TCTAC, and the IFIT1 reverse primer 
used was CTC​AAA​GTC​AGC​AGC​CAG​TCT​CAG​. β-actin 
forward: CTC​CAT​CCT​GGC​CTC​GCT​ GT; β-actin reverse: 
GCT​GTC​ACC​TTC​ACC​GTT​CC. Fold changes in expression 
relative to β-actin were calculated using the 2–DDCt method.

2.7 � Cell viability and colony formation assays

Pancreatic cancer cells were seeded in 96-well plates 
(2.5 × 103 cells per well) after which viability was meas-
ured at 5 time points (0 h, 24 h, 48 h, 72 h and 96 h) using a 
CCK8 assay (Dojindo) at 450 nm. To investigate prolifera-
tion, we performed a colony formation assay. After prepar-
ing single cell suspensions, 1200 cells were seeded in each 
well of a 6-well plate. After 11–14 days, the cells were fixed 
in 3.7% formaldehyde (Sigma-Aldrich) and stained with 
0.4% crystal violet (Sigma-Aldrich). Each plate was washed 
by 3 thorough immersions in pure water and then scanned.

2.8 � Transwell migration and invasion assays

The upper chambers of a Transwell plate (24-well, 8-μm, 
Corning, Life Sciences) were coated with Matrigel (BD Bio-
sciences, USA) for the invasion assay, whereas no Matrigel 
was used for the migration assay. Approximately 3 × 104 
cells were seeded in the upper chamber and incubated 
overnight. Culture medium with 10% FBS was placed in 
the lower chamber, and culture medium without FBS was 
placed in the upper chamber. After incubation at 37 °C 
for 48 h the nonmigrating cells were gently removed. The 
migrated/invaded cells were fixed in 90% ethyl alcohol and 
then stained with 1% crystal violet. Cells from 5 random 
fields were counted under an inverted microscope.

2.9 � Statistical analysis

The results are presented as mean ± standard deviation. Cat-
egorical variables were analyzed by applying the chi-square 
test, and continuous variables were analyzed by applying 
the t-test. Fisher’s test was applied to explore associations 
between IFIT1 expression and clinicopathological features. 
Kaplan-Meier analysis and the log-rank test were applied 
for overall survival analysis. Multivariate prognostic predic-
tors were calculated by Cox regression analysis. Statistical 
analyses were performed using SPSS 23.0 software (SPSS, 
Chicago, USA) and GraphPad Prism 7.0 (La Jolla, USA). A 
p value < 0.05 was considered statistically significant.
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Fig. 1   Expression of IFIT1 in pancreatic ductal adenocarcinoma tis-
sues. (A-C) Differential expression levels of IFIT1 in pancreatic can-
cer. (D-F) Expression of IFIT1 in PDAC tissues and peritumor tissues 

as detected by IHC. (G, H) High expression of IFIT1 correlates with 
a poor prognosis in pancreatic cancer patients
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3 � Results

3.1 � The expression level of IFIT1 is markedly higher 
in pancreatic cancer tissues than in normal 
tissues

To determine IFIT1 expression in pancreatic cancer, we 
referred to  the TCGA, GEO (GSE16515, GSE15471) 
and Genotype-Tissue Expression (GTEx) databases and 
extracted information from the expression profiles of the 
datasets. We found that the expression level of IFIT1 in 
the pancreatic cancer tissues was significantly increased 
compared to that in the normal tissues in all these datasets 
(Fig. 1A-C). To substantiate the putative role of IFIT1 
in pancreatic cancer, we measured IFIT1 protein expres-
sion in 76 pancreatic cancer samples and paired normal 
adjacent tissues using immunohistochemistry (IHC). By 
comparing the H-scores, we found that the protein lev-
els of IFIT1 were significantly increased in pancreatic 
cancer samples (p = 0.01; Fig. 1D-F). By exploring the 
association between IFIT1 expression and clinicopatho-
logic variables, we found that the expression of IFIT1 was 
significantly related to pathological stage (p = 0.002) and 
tumor size (p = 0.042; Table 1). In addition, we explored 
associations between clinicopathological features and the 
expression of IFIT1 using the TCGA dataset. We observed 
significant associations between IFIT1 expression and N 
stage (p = 0.047), histological grade (p < 0.001) and smok-
ing history (p = 0.026; Supplementary Table 1).

3.2 � IFIT1 expression is an independent prognostic 
factor for pancreatic cancer patients

Next, we assessed whether IFIT1 may be used as a prog-
nostic predictor in pancreatic cancer patients. Kaplan-
Meier (KM) results from the TCGA database indicated 
that a higher IFIT1 expression was significantly associated 
with a poorer survival (p = 0.039; Fig. 1G). Additionally, 
we analyzed a putative correlation between the expression 
level of IFIT1 and clinical follow-up data in 76 pancreatic 
cancer patient samples. We found that the patients in the 
higher expression group showed a markedly poorer over-
all survival than patients in the lower expression group 
(p < 0.001; Fig. 1H). Additionally, univariate and multi-
variate Cox analyses were performed to explore the asso-
ciation between the IFIT1 IHC data and clinicopathologi-
cal features (Table 2). We found that the following factors 
were significantly related to OS: T stage (hazard ratio [HR] 
1.900; 95% CI 1.098–3.288; p = 0.022), sex (HR 2.399; 95% 
CI 1.288–4.468; p = 0.006), tumor size (HR 1.744; 95% CI 
1.021–2.980; p = 0.042) and cytoplasmic expression of 

IFIT1 (HR 3.154; 95% CI 1.763–5.642; p < 0.001). In mul-
tivariate Cox analysis models, male sex (HR 2.992; 95% CI 
1.549–5.779; p < 0.001), T stage III-IV (HR 1.923; 95% CI 
0.993–3.722; p = 0.052) and higher expression of IFIT1 (HR 
4.018; 95% CI 2.160–7.475; p < 0.001) were correlated with 
OS (Table 2). Therefore, we conclude that IFIT1 expression 
may serve as an independent biomarker for the prognosis of 
pancreatic cancer patients.

3.3 � IFIT1 expression in pancreatic cancer cell lines

Using RT-PCR and WB we found that IFIT1 was expressed 
in all 6 pancreatic cancer cell lines tested (Fig. 2A, B and 

Table 1   Relationship between IFIT1 expression and clinicopathologi-
cal variables in pancreatic cancer

Variables IFIT1 
expression 
level

Total P value

low high

Sex Female 13 12 25 0.532
Male 27 23 50

Age ≤ 60 21 18 39 0.555
> 60 19 17 36

T Stage 1–2 17 10 27 0.156
3 23 25 48

N Stage N = 0 24 18 42 0.076
N = 1 16 25 41

TNM Stage 1A-2A = 0 22 17 39 0.373
2B-4 = 1 18 18 36

Pathological stage 1–2 33 22 55 0.002
3 5 18 23

Tumor location Head 22 19 41 0.556
Non-head 17 14 31

Tumor size < 4 cm 25 14 39 0.042
≥ 4 cm 14 20 34

Lymph node metastasis Absent 24 19 43 0.395
Present 16 16 32

Vessel invasion Absent 31 25 56 0.449
Present 9 9 18

Perineural invasion Absent 18 13 31 0.325
Present 22 22 44

P53 0–1 25 23 48 0.540
≥ 2 14 12 26

KI67 0–1 10 9 19 0.601
≥ 2 29 26 55

CEA level Normal 25 23 48 0.051
Elevated 13 27 40

CA19–9 level Normal 8 6 14 0.500
Elevated 30 27 57
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Fig. S1A). BxPC-3 cells exhibited a relatively higher expres-
sion level, whereas PANC-1 cells exhibited a relatively 
lower expression level. AsPC-1, MiaPaCa-2, Patu-8988 and 

CFPAC-1 cells exhibited moderate IFIT1 expression levels 
(Fig. 2A, B and Fig. S1A). To explore a putative biologi-
cal function of IFIT1 in PDAC, we overexpressed IFIT1 in 

Table 2   Univariate and multivariate analyses of prognostic factors in pancreatic cancer patients

Univariate analysis Multivariate analysis

Hazard Ratio 95% confiden-
ceinterval

P value Hazard Ratio 95% confiden-
ceinterval

P value

Age 1.313 0.785 2.197 0.299
Sex 2.399 1.288 4.468 0.006 Sex 2.992 1.549 5.779 0.001
T stage 1.900 1.098 3.288 0.022 T stage 1.923 0.993 3.722 0.052
N stage 1.492 0.889 2.503 0.130
TNM stage 1.524 0.911 2.551 0.108
Pathological stage 0.616 0.321 1.181 0.145
Tumor location 0.900 0.531 1.526 0.696
Tumor size 1.744 1.021 2.980 0.042 Tumor size 1.251 0.672 2.329 0.480
Lymph node metastasis 1.489 0.886 2.502 0.133
Vessel invasion 1.402 0.774 2.541 0.265
Perineural invasion 1.458 0.851 2.496 0.170
CEA level 1.067 0.608 1.872 0.821
CA19–9 level 1.337 0.689 2.596 0.390
Nuclear expression of IFIT1 1.069 0.471 2.424 0.873
Cytoplasmic expression of IFIT1 3.154 1.763 5.642 0.000 Cytoplasmic 

expression of 
IFIT1

4.018 2.160 7.475 0.000

Fig. 2   IFIT1 expression in pancreatic cancer cell lines and transient 
transduction of IFIT1 overexpression and knockdown constructs. (A, 
B) Protein level of IFIT1 in 6 pancreatic cancer cell lines. (C) Effi-
ciency of IFIT1 knockdown in Aspc-1 and Bxpc-3 cells confirmed by 

Western blotting. (D) Efficiency of IFIT1 overexpression in Aspc-1 
and Panc-1 cells confirmed by Western blotting. GAPDH was used as 
internal control
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AsPC-1 and PANC-1 cells by transfection with an IFIT1 OE 
plasmid and downregulated IFIT1 expression in AsPC-1 and 
Bxpc-3 cells by transfection with an IFIT1 short interfer-
ence RNA (siRNA). The efficacy of IFIT1-OE and si-IFIT1 
compared to the negative controls was verified by RT-PCR 
and Western blotting (Fig. 2C, D; Fig. S1B, C).

3.4 � IFIT1 increases the proliferation of pancreatic 
cancer cells

To investigate the function of IFIT1 in the development of 
pancreatic cancer, CCK8 and colony formation assays were 
performed using pancreatic cancer cell lines. The viability 
of the cells assessed by the CCK8 assay indicated that IFIT1 
expression knockdown reduced the growth of BxPC-3 and 
AsPC-1 cells (p < 0.05; Fig. 3A, B). The colony formation 
assay results revealed that IFIT1 expression knockdown 
decreased the colony numbers by approximately 60% com-
pared to the controls (p < 0.05; Fig. 3E). These results indi-
cate that IFIT1 may play an important role in modulating 
the proliferative ability of pancreatic cancer cells. To further 
explore the influence of IFIT1 on the proliferation of pan-
creatic cancer cells, an IFIT1 OE plasmid was constructed 

and transfected into AsPC-1 and PANC-1 cells. Consistent 
with the results of IFIT1 knockdown, we found that IFIT1 
OE promoted the viability of AsPC-1 and PANC-1 cells 
(p < 0.05; Fig. 3C, D). In addition, we found that the colony 
forming capacity of AsPC-1 and PANC-1 cells transfected 
with IFIT1 OE was nearly 1.6-fold higher than that of the 
control cells (p < 0.05; Fig. 3F). Overall, these analyses indi-
cate that IFIT1 may act as an important factor regulating the 
proliferation of pancreatic cancer cells.

3.5 � IFIT1 enhances the invasion and migration 
of pancreatic cancer cells

To analyze the role of IFIT1 in the invasion and migra-
tion of pancreatic cancer cells, we performed Transwell 
and scratch wound-healing assays. We found that in com-
parison with the control cells, the IFIT1 KD BxPC-3 
and AsPC-1 cells exhibited prominent decreases in their 
wound healing abilities (p < 0.05; Fig. 4A, B). Further-
more, using a Transwell assay, we found that the migra-
tion rate of the IFIT1 KD cells was lower than that of the 
control cells (p < 0.01; Fig. 5A). In comparison with the 
IFIT1 KD group, the migration capacity of AsPC-1 and 

Fig. 3   IFIT1 enhances the proliferation of pancreatic cancer cells. A 
CCK8 assay was performed to determine the proliferation of IFIT1 
knockdown (A, B) or overexpressing (C, D) pancreatic cancer cells 
at the indicated time points after seeding. Cell viability was measured 

at 450 nm. The effect of IFIT1 knockdown (E) or overexpression (F) 
on the colony forming capacity of pancreatic cancer cells is shown in 
the left panels. The number of foci was counted as shown in the right 
panels. All the data are presented as mean ± SEM
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PANC-1 cells was significantly increased in the IFIT1 OE 
group (p < 0.01; Fig. 4C, D and Fig. 5B). We also analyzed 
the effect of IFIT1 expression on the metastatic capacity 
of pancreatic cancer cells by conducting Transwell inva-
sion experiments. We found that in comparison with the 
controls, IFIT1 KD significantly decreased the invasive 
ability of Bxpc-3 and AsPC-1 cells (p < 0.01; Fig. 5C), 
while IFIT1 OE increased the invasive ability of these 
cells (p < 0.01; Fig. 5D). Based on these results, we con-
clude that IFIT1 may enhance the migrative and invasive 
abilities of pancreatic cancer cells.

3.6 � IFIT1 regulates EMT in pancreatic cancer cells

EMT is closely associated with cell motility [8]. There-
fore, we next analyzed whether EMT may be influenced by 
IFIT1-mediated changes in the invasive and migrative abili-
ties of pancreatic cancer cells. We found that both AsPC-1 
and Panc-1 cells lost their epithelial cell characteristics and, 
instead acquired fibroblast-like spindle-shaped morpholo-
gies (Fig. 5E). In addition, we explored the expression lev-
els of E-cadherin, N-cadherin and Vimentin by performing 

RT-PCR and Western blotting. We found that in IFIT1 KD 
cells the expression of E-cadherin, a conventional epithelial 
marker, was significantly upregulated, and that the expres-
sion of N-cadherin and Vimentin, known as mesenchymal 
markers, was downregulated significantly (Fig. 5F, G). Fur-
thermore, we found that the expression of a member of the 
matrix metalloproteinase family, MMP9, which is associated 
with migration and invasion, was significantly decreased in 
the IFIT1 KD cells (Fig. 5F). Conversely, we found that 
IFIT1 OE led to an increased E-cadherin expression and 
a decreased N-cadherin, Vimentin and MMP9 expression 
(Fig. 5G). These results suggest a role of IFIT1 in the EMT 
of pancreatic cancer cells.

3.7 � GSEA indicates that IFIT1 expression correlates 
with EMT‑related gene expression

To explore the mechanisms by which IFIT1 promotes the 
malignant behavior of pancreatic cancer cells we conducted 
GSEA. We found that IFIT1 expression correlates with 
pancreatic cancer (Fig. 6A). In addition, TGF-β and MMP 
cytokine connection gene sets were found to be enriched 

Fig. 4   IFIT1 promotes the migration ability of PC cells. (A-D) Effect 
of IFIT1 knockdown (A, B) or IFIT1 overexpression (C, D) on pan-
creatic cancer cell migration detected by wound-healing assays at 

the indicated time points after scratching. Wound healing was meas-
ured using ImageJ software. The data are presented as mean ± SEM. 
*p < 0.05, ** p < 0.01, *** p < 0.001
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in the IFIT1 high expression group (Fig. 6B, C). Also, the 
β-catenin-associated gene set was found to be significantly 
affected by different IFIT1 expression levels (Fig. 6D).

3.8 � IFIT1 modulates EMT by regulating Wnt/
β‑catenin signaling

β-catenin is a key factor in the Wnt/β-catenin signaling 
pathway and plays an important role in the progression of 
pancreatic cancer [27]. In several studies it has been found 

that a high expression of β-catenin may induce EMT [28]. 
To explore the mechanism by which IFIT1 regulates EMT 
in pancreatic cancer cells, we explored β-catenin expression 
and downstream signaling molecules of the Wnt/β-catenin 
pathway, including c-Myc, cyclin D1 and survivin [28, 29]. 
In the IFIT1 KD cells, β-catenin expression was found to 
be decreased (Fig. 6E). In contrast, we found that IFIT1 OE 
resulted in increased β-catenin expression at both the protein 
and RNA levels, which indicates that IFIT1 may regulate the 
expression of β-catenin at the transcriptional level (Fig. 6F; 

Fig. 5   IFIT1 promotes the migration and invasion and induces EMT 
in pancreatic cancer cells. (A, B) Motility of IFIT1 knockdown 
(A) or IFIT1 overexpressing (B) pancreatic cancer cells assessed 
by Transwell assay at 24  h. Representative images of migration 
were captured at 24 h (left panels). (C, D) Invasive ability of IFIT1 
knockdown (C) or IFIT1 overexpressing (D) pancreatic cancer cells 
assessed by Transwell assay at 48 h. Representative images of inva-

sion were captured at 48  h (left panels). The data are presented as 
mean ± SEM. (E) Morphology of IFIT1 overexpressing and control 
AsPC-1 and Panc-1 cells. (F, G) Protein levels of EMT-related mark-
ers in IFIT1-knockdown (F) or overexpressing (G) cells assessed by 
Western blotting. GAPDH was used as internal control. * p < 0.05, ** 
p < 0.01, *** p < 0.001
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Supplementary Fig. 1D, E). Next, through Western blotting, 
we examined the expression level of the downstream mol-
ecules of the Wnt/β-catenin pathway. In the IFIT1 KD cells, 
the expression of cyclin D1, c-Myc and survivin in pan-
creatic cancer cells was found to be significantly decreased 
(Fig. 6E). Conversely, we found that IFIT1 OE increased 
the expression level of the above genes (Fig. 6F). To further 
explore the association between Wnt/β-catenin signaling and 
IFIT1 knockdown, AsPC-1 and BxPC-3 cells were cultured 
in the presence of 6 μM CHIR99021, a specific activator 
of the Wnt/β-catenin pathway [29]. A subsequent CCK8 
assay revealed that CHIR99021 significantly increased the 
proliferation rate of the IFIT1-KD AsPC-1 and BxPC-3 
cells (Fig. 7A, B), as well as their colony forming ability 
(Fig. 7C, D). In addition, we found that the migration rate of 
the IFIT1-KD AsPC-1 and BxPC-3 cells was increased by 

CHIR99021 through activation of the Wnt/β-catenin path-
way (Fig. 7E, F). CHIR99021 rescued the reduction in gene 
expression caused by IFIT1 KD (Fig. 7G). These results 
indicate that IFIT1 expression leads to pancreatic cancer 
progression in a Wnt/β-catenin-dependent manner.

4 � Discussion

The IFIT family of genes, also known as interferon-stim-
ulating genes, has extensively been studied mainly due to 
its antiviral properties [30]. All IFITs share similar motifs, 
comprising a helix-turn-helix structure that can form mul-
tiple types of protein complexes [31, 32]. Additional recent 
studies have indicated that IFITs may act as prognostic bio-
markers for clinicopathological outcomes of multiple can-
cers, including breast cancer, hepatocellular carcinoma, pan-
creatic cancer and glioblastoma [33–36]. Previous studies 
have also indicated that IFIT1 may act as a tumor promotor 
and that its expression is elevated in several cancer types. 
After examining the GEO and TCGA datasets and primary 
pancreatic cancer tissues, we found that the expression of 
IFIT1 was higher in pancreatic tumor tissues than in adjacent 

Fig. 6   IFIT1-induced EMT is regulated by the Wnt/beta-catenin sign-
aling pathway. (A-D) GSEA revealing pancreatic cancer-, TGF-β 
signaling-, MMP cytokine- and Wnt/β-catenin-related gene sets 
whose expression was related to IFIT1 expression. (E, F) β-catenin, 
cyclin D1, c-Myc and survivin protein levels assayed by Western 
blotting in IFIT1 knockdown (E) or IFIT1 overexpressing (F) pancre-
atic cancer cells. GAPDH was used as internal control

◂

Fig. 7   IFIT1 regulates pancreatic cancer cell proliferation and migra-
tion through the β-catenin pathway. (A-D) Scramble and IFIT1-KD 
pancreatic cancer cells were pretreated with DMSO or CHIR99021 
(6 μM/ml) for 24 h, after which cell proliferation was determined by 
(A, B) growth curve and (C, D) colony formation assays. (E, F) Cell 

migration determined by wound healing assay in pretreated Aspc-1 
cells. (G) Protein levels of EMT markers and Wnt/β-catenin target 
genes (β-catenin, cyclin D1, c-Myc and survivin) detected by Western 
blotting. GAPDH was used as internal control. * p < 0.05, ** p < 0.01, 
*** p < 0.001
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normal tissues. Furthermore, we found that a higher expres-
sion of IFIT1 was positively associated with pathological 
stage and tumor size and that a higher IFIT1 expression was 
correlated with a worse survival. In addition, we found that 
IFIT1 expression knockdown resulted in a decreased prolif-
eration, migration and invasion of pancreatic cancer cells.

EMT is a typical process that occurs in various tumors 
during which cells with epithelial features escape structural 
restraints by changing their cell type and cytoskeleton. Acti-
vation of EMT is considered to be a cause of the metastasis 
cascade [37–40]. Andrew et al. reported that the metasta-
sis of pancreatic cancer cells is correlated with EMT [12]. 
We found that a decrease in IFIT1 expression increased the 
expression of E-cadherin and decreased the expression of 
N-cadherin, Vimentin and MMP9. Conversely, we found that 
IFIT1 OE increased the expression of N-cadherin, Vimentin 
and MMP9 while decreasing the expression of E-cadherin. 
These results indicated that IFIT1 may induce EMT in pan-
creatic cancer cells.

Next, we performed GSEA to identify IFIT1 down-
stream signaling pathways and gene sets correlated with 
IFIT1 expression. We found that in pancreatic cancer 
TGF-β receptor signaling, MMP cytokine production 
and the Wnt/β-catenin pathway were significantly related 
to IFIT1 expression. Among these, the Wnt/β-catenin 
signaling pathway has been reported to have a major 
effect on EMT [29]. We also found that the expression 
of β-catenin, c-Myc, cyclin D1 and survivin were upregu-
lated or downregulated by IFIT1 KD or OE, respectively. 
In addition, we found that the inhibitory effect of IFIT1 
KD on the biological behavior of AsPC-1 and BxPC-3 
cells and the changes in β-catenin and downstream target 
gene expression modulated by IFIT1 KD could be res-
cued by treatment with CHIR99021, an activator of the 
Wnt/β-catenin pathway. These results indicate that IFIT1 
can modulate the Wnt/β-catenin pathway in pancreatic 
cancer cells.

In conclusion, we found that IFIT1 may promote the pro-
liferation, migration and invasion of pancreatic cancer cells, 
which is regulated by Wnt/β-catenin signaling. Addition-
ally, we found that IFIT1 may facilitate EMT in pancreatic 
cancer. These results indicate that a combination of IFIT1 
and Wnt/β-catenin pathway suppression may be an effective 
novel method for pancreatic cancer treatment. Limitations 
still exist in this work. First, we did not perform in vivo 
proliferation and/or invasion assays. Second, although we 
showed that IFIT1 may promote the malignant phenotype 
of pancreatic cancer cells through the Wnt/β-catenin path-
way, direct evidence showing how IFIT1 interacts with the 
Wnt/β-catenin pathway is lacking. Hence, further research is 
warranted to substantiate the correlation between IFIT1 and 
the Wnt/β-catenin pathway in pancreatic cancer.
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