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Abstract. The upregulation of discoidin domain receptor 
tyrosine kinase 2 (DDR2) has been reported to be associated 
with poor prognosis and metastasis in numerous tumor 
types by inducing epithelial-mesenchymal transition (EMT); 
however, the expression profile of DDR2 in papillary thyroid 
carcinoma (PTC) with local metastasis and the effect of DDR2 
on PTC cells remain unknown. The aim of the present study 
was to investigate the expression levels of DDR2 in tumor 
tissues of patients with PTC with local metastasis and cell 
lines and to determine the effect of DDR2 on EMT in PTC 
cells. In the present study, it was demonstrated that DDR2 
was significantly increased in tumor tissues of patients with 
PTC with local metastasis and human PTC cell lines. The 
overexpression of DDR2 by lentiviral transfection decreased 
E-cadherin protein, increased Vimentin protein, and promoted 
cell migration and invasion. The inhibition of DDR2 reversed 
transforming growth factor-β- and collagen I-induced EMT. 
EMT induced by DDR2 overexpression was suggested to 
be dependent on increased Snail1 protein level following 
extracellular signal-regulated kinase (ERK)2 activation. 
The inhibition of Snail1 or ERK2 was sufficient to abrogate 
DDR2-induced PTC cell EMT. In conclusion, these results 
indicate that DDR2 is upregulated in PTC tissues with local 
metastasis. Overexpression of DDR2 induced EMT in PTC 
cells by activating ERK2 and stabilizing Snail1, making it a 
promising therapeutic target for reducing PTC local or distant 
metastasis.

Introduction

Thyroid cancer is the most prevalent type of endocrine 
neoplasm globally (1). Papillary thyroid carcinoma (PTC) is 
the most common type of thyroid cancer accounting for ~80% 
of all thyroid cancer cases worldwide (2). The incidence of 
PTC has increased over the last four decades (3). The majority 
of patients with PTC have a good prognosis, and the 5-year 
survival can achieve >95% (2). However, a small fraction of 
patients develop PTC with aggressive features. These patients 
may develop local and distant metastasis, thus the prognosis 
of these cases is unsatisfactory and the 10-year survival falls 
to 10% (4,5). Despite the efforts to develop novel treatments 
for aggressive PTC, these patients have not benefited much (6). 
Therefore, a better understanding of the mechanisms under-
lying tumor progression in aggressive PTC is required.

It has been reported that epithelial-mesenchymal transi-
tion (EMT) is common in PTC and contributes to PTC 
metastasis (7). EMT has been extensively studied in tumor 
metastasis in recent years. The process of EMT is charac-
terized by the loss of cell-to-cell contact, the remodeling of 
cytoskeleton and the gain of a migratory phenotype (8). EMT 
can be induced by various signals within the tumor microen-
vironment, which activate tumor cell intrinsic transcription 
factors, including Snail1, Snail2, Twist 1 and zinc finger E‑box 
binding homeobox 1 (ZEB1) (9). The defining feature of EMT 
is the loss of E-cadherin and the acquisition of Vimentin (10). 
Numerous EMT regulators, including transforming growth 
factor (TGF)-β, Snail1, Snail2 and Twist have been analyzed 
in PTC, and are associated with PTC metastasis (11,12).

Discoidin domain receptor tyrosine kinase 2 (DDR2) is a 
member of the receptor tyrosine kinase (RTK) family that can 
be activated by collagen I, II, III and X (13,14). Multiple studies 
have demonstrated that DDR2 is implicated in several cancer 
cell behaviors, including tumor angiogenesis, cell adhesion 
and matrix remodeling (15-17). Recent studies have revealed 
that DDR2 upregulation is predictive of poor prognosis in 
breast cancer, hepatocellular carcinoma (HCC), head and neck 
squamous cell carcinoma, and gastric cancer. The possible 
mechanism is that DDR2 upregulation induces EMT in these 
cancer cells (15,18-20). Rodrigues et al (21) identified that 
DDR2 overexpression in aneuploidy PTC was associated with 
mortality from disease and distant metastasis. However, the 
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expression profile of DDR2 in tumor tissues of PTC patients 
with local metastasis was not reported.

In the present research, the expression levels of DDR2 
were detected in PTC tissues with local metastasis and human 
cell lines, and the effect of DDR2 on EMT was investigated 
in PTC cells. The present study aimed to identify the func-
tion of DDR2 on EMT in PTC and to reveal the underlying 
mechanism.

Materials and methods

Cell lines and reagents. The human normal follicular cell line 
Nthy-ori 3-1, and human PTC cell lines BCPAP, TPC-1 and 
GLAG‑66 were obtained from the Type Culture Collection 
of the Chinese Academy of Sciences (Shanghai, China). Cells 
were maintained in RPMI 1640 medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) with 10% fetal 
bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) and 1% penicillin‑streptomycin at 37˚C 
in a humidified atmosphere with 5% CO2.

Primary antibodies against DDR2 (cat no. 12133; dilution, 
1:1,000), GAPDH (cat no. 5174; dilution, 1:2,000), E-cadherin 
(cat no. 3195; dilution, 1:1,000), Vimentin (cat no. 5741; dilution, 
1:1,000), phosphorylated (P)-extracellular signal-regulated 
kinase (ERK)1/2 (cat no. 4370, dilution, 1:1,000), ERK1/2 
(cat no. 4695; dilution, 1:1,000), Snail1 (cat no. 3879, dilution, 
1:1,000), Snail2 (cat no. 9586; dilution, 1:1,000), Twist1 (cat 
no. 46702; dilution, 1:1000) and ZEB1 (cat no. 3396; dilution, 
1:1,000) were purchased from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). The human recombinant TGF-β 
was purchased from PeproTech, Inc. (Rocky Hill, NJ, USA). 
Human collagen I was purchased from Sigma-Aldrich (Merck 
KGaA, Darmstadt, Germany).

Tissue samples. Human PTC tumor tissues (TT) and adjacent 
non-tumor tissues (NT) from 10 patients with PTC with local 
metastasis were obtained from the Department of Head and 
Neck Surgery, Zhejiang Cancer Hospital (Zhejiang, China). In 
total, 6 female patients and 4 male patients aged 45 to 73 years 
(mean age, 64.3 years) were included in the present study. No 
patients received previous neoadjuvant radiotherapy or chemo-
therapy. The clinical diagnosis was confirmed by pathological 
analysis. The present study was approved the Medical Ethics 
committee of Zhejiang Cancer Hospital and written informed 
consent was obtained from all patients.

Total RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA from 
cell and tissue samples was extracted using TRIzol® reagent 
(Takara Bio, Inc., Otsu, Japan). The cDNA was synthesized by 
Primescript RT master mix (Takara Bio, Inc.). The tempera-
ture protocols were as follows: 37˚C for 30 min, 85˚C for 4 sec 
and 4˚C for 2 min. The RT‑qPCR was performed using the 
ABI PRISM 7300 Sequence Detector (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with the SYBR‑Green PCR kit 
(Takara Bio, Inc., Otsu, Japan). The thermal cycling conditions 
for RT‑qPCR was as follows: One cycle of 2 min at 95˚C, 
40 cycles of 15 sec at 95˚C, 15 sec at 58˚C and 30 sec at 72˚C. 
The relative mRNA changes were calculated by 2-ΔΔCq method 
with GAPDH as an internal control (22). The primer sequences 

were as follows: DDR2 forward, 5'-CTC CCA GAA TTT 
GCT CCA G-3' and reverse, 5'-GCC ACA TCT TTT CCT GAG 
A-3'; E-cadherin forward, 5'-CGA GAG CTA CAC GTT CAC 
GG-3' and reverse, 5'-GGG TGT CGA GGG AAA AAT AGG-3'; 
Vimentin forward, 5'-GAC GCC ATC AAC ACC GAG TT-3' 
and reverse, 5'-CTT TGT CGT TGG TTA GCT GGT-3'; Snail1 
forward, 5'-GCT CCA CAA GCA CCA AGA GT-3' and reverse, 
5'-ATT CCA TGG CAG TGA GAA GG-3'; GAPDH forward, 
5'-GGA GCG AGA TCC CTC CAA AAT-3', and reverse, 5'-GGC 
TGT TGT CAT ACT TCT CAT GG-3'.

DDR2 overexpression. The pEGFP-DDR2 cDNA lentiviral 
vector was obtained from Shanghai GeneChem Co., Ltd. 
(Shanghai, China). The vector used was GV218 vector, with 
the elements of Ubi-MCS-EGFP-IRES-Puromycin (Shanghai 
GeneChem Co., Ltd., Shanghai, China). The colon site was 
AgeI/AgeI. The recombinant GV218-DDR2 was transfected 
into HEK293T cells using Lipofectamine™ 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). The supernants containing the 
lentivirus were collected 72 h after transfection. The lentiviral 
transfection was conducted following the manufacturer's 
protocol. Briefly, the cells were seeded on a 24‑weel plate 
and cultured overnight. Prior to transfection, the lentivirus 
was diluted in Enhanced Infection Solution (Eni.S, Shanghai 
GeneChem Co., Ltd.) to the concentration of 1x107 TU/ml, 
and polybrene (Shanghai GeneChem Co., Ltd.) was diluted 
in complete medium to the final concentration of 50 µg/ml. 
To perform transfection, 300 µl fresh medium mixed with 
10 µl lentivirus and 10 µl polybrene were added to the plates 
and cultured for 8 h. Then the medium was substituted with 
fresh medium. The cells were then incubated at 37˚C for an 
additional 96 h.

Small interfering RNA (siRNA) transfection. The siRNA was 
transfected in to PTC cells using Lipofectamine RNAiMAX 
Regent (Invitrogen; Thermo Fisher Scientific, Inc.) following the 
manufacturer's protocol. The siRNA of DDR2 (cat. no. sc-39922), 
Snail1 (cat. no. sc-39922), ERK2 (cat. no. sc-35335) and scramble 
siRNAs (cat. no. sc-37007) were obtained from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). The scramble siRNAs 
were used as a control. The concentration of all the siRNAs 
used was 100 nM/l.

Wound healing assay. The cell migration was assessed by 
performing wound healing assay. A total of 2x104 cells 
suspended in RPMI 1640 medium with 10% FBS were seeded 
on each side of a wound healing culture insert (Ibidi, Munich, 
Germany). The culture inserts were removed to create a 
cell‑free area of ~500 µm following cultivation at 37˚C and 
5% CO2 for 24 h. Afterwards, the cells were incubated with 
1 ml serum‑free RPMI 1640 medium for another 48 h. Cell 
migration was imaged under an Olympus BX51 microscope 
(Olympus Corporation, Tokyo, Japan).

Transwell migration and invasion assays. Transwell migration 
assay was performed in 12-well plates with BioCoat control 
inserts with 8‑µm diameter pores (BD Biosciences, Franklin 
Lakes, NJ, USA). A total of 1x105 cells suspended in 500 µl 
serum‑free RPMI 1640 medium were seeded in the upper 
chamber. The lower chamber was filled with RPMI 1640 
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medium with 10% FBS. After 24 h of incubation, cells on 
the upper membrane were wiped out, while the cells on the 
opposite side were stained with crystal violet (MCE China, 
Shanghai, China) for 5 min at room temperature and imaged 
at magnification, x40 under an Olympus BX51 microscope. As 
for the Transwell invasion assay, a BioCoat Matrigel invasion 
chamber (BD Biosciences) was utilized following the same 
protocols of the Transwell migration assay. To induce EMT, 
6‑well plates were coated with collagen I at the concentration 
of 2 mg/ml, and TPC-1 cells and TPC-1 with DDR2 siRNA 
transfection were incubated with 5 ng/ml TGF-β for 24 h at 
37˚C. The ERK1/2 inhibitor U0126 was obtained from Selleck 
Chemicals (Shanghai, China) and used at the concentration of 
1 µM at 37˚C for 24 h.

Statistical analysis. All the data are expressed as the 
mean ± standard deviation. Statistical significance was 
established using SPSS version 16.0 statistical software 
package (SPSS, Inc., Chicago, IL, USA). The differences 
between groups were analyzed using the Student's t-test 
and one-way analysis of variance with post hoc contrasts 
by Student-Newman-Keuls test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Upregulation of DDR2 is frequent in PTC with local 
metastasis and human PTC cell lines. To explore the role 
of DDR2 in PTC with local metastasis, its expression was 
evaluated in tumor and adjacent non-tumor tissues from 

10 patients with PTC with local metastasis using RT-qPCR, 
and western blotting. It was demonstrated that DDR2 was 
upregulated in 9/10 tumor samples. The expression of DDR2 
was significantly higher in tumor compared with non‑tumor 
tissues (P=0.0011; Fig. 1A). The protein expression levels 
were then detected in the tumor and non-tumor tissues. The 
DDR2 protein level was markedly higher in PTC tumor tissues 
compared with non-cancerous tissues (Fig. 1B). Furthermore, 
the DDR2 expression in normal follicular cell line (Nthy-ori 
3‑1) and PTC cell lines (BAPCP, TPC‑1 and GLAG‑66) 
was also determined using RT-qPCR, and western blotting. 
The DDR2 expression in PTC cell lines was significantly 
upregulated compared with Nthy-ori 3-1 cells at the mRNA 
and protein level (Fig. 1C and D).

Overexpression of DDR2 induces EMT, and promotes 
invasion and migration of TPC‑1 cells. According to the 
research by Xie et al (18), the upregulation of DDR2 may 
induce EMT in HCC cells. To fully understand how DDR2 
affects the behaviors of PTC cells and to explore whether 
DDR2 upregulation contributes to PTC cell EMT, the effects 
DDR2 overexpression on cell invasion and migration were 
evaluated. TPC-1 cells were infected with lentivirus carrying 
the human DDR2-expressing vector. The overexpression 
efficiency was verified using RT‑qPCR and western blotting. 
It was demonstrated that the transduction of the DDR2 vector 
caused a significant elevation in DDR2 mRNA expression 
(Fig. 2A) and protein level (Fig. 2B) compared with the control, 
and control vector groups. Then, the E-cadherin and Vimentin 
expression levels were determined in TPC-1 cells with 

Figure 1. Expression of DDR2 in tumor tissues of PTC with local metastasis and human PTC cell lines. (A) The DDR2 mRNA expression level in tumor 
tissues and adjacent non-tumor tissues from 10 patients with PTC with local metastasis was detected using RT-qPCR (n=10; P=0.0011). (B) The DDR2 
protein expression in tumor tissues and adjacent non-tumor tissues from 10 patients with PTC with local metastasis was detected using western blotting. 
(C) The DDR2 mRNA expression in human normal follicular cell line (Nthy‑ori 3‑1) and PTC cell lines (BAPCP, TPC‑1 and GLAG‑66) was detected by 
RT-qPCR (*P<0.05 vs. Nthy‑ori 3‑1). (D) The DDR2 protein expression in Nthy‑ori 3‑1, BAPCP, TPC‑1 and GLAG‑66 cell lines was detected by western 
blotting. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; DDR2, discoidin domain receptor tyrosine kinase 2; PTC, papillary thyroid 
carcinoma; NT, non-tumor tissue; TT, tumor tissue.
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elevated DDR2. The epithelial cell marker E-cadherin mRNA 
level was significantly reduced (Fig. 2C) and the mesenchymal 
cell marker Vimentin mRNA level was significantly increased 
(Fig. 2D) following DDR2 upregulation. The changes in 
E-cadherin and Vimentin protein level were consistent with 
that at the mRNA level (Fig. 2E).

Subsequently, the migration and invasion capacity of 
TPC-1 cells following DDR2 upregulation were assessed 
using wound healing and Transwell assays. The wound healing 
assay demonstrated that following incubation with serum-free 
medium for 48 h, cell migration was markedly enhanced by 

DDR2 upregulation (Fig. 2F). The migration assay and inva-
sion assay conducted using the Transwell chamber system 
also revealed that DDR2 upregulation significantly promoted 
TPC-1 cell migration, and invasion (Fig. 2G and H) compared 
with the control vector-treated cells.

The aforementioned results demonstrated that DDR2 
upregulation induced EMT in TPC-1 cells, which facilitated 
PTC cell migration and invasion.

Downregulation of DDR2 reverses TGF‑β‑ and collagen 
I‑induced EMT in TPC‑1 cells. As DDR2 has been reported 

Figure 2. DDR2 overexpression induces EMT, and promotes migration and invasion of TPC-1 cells. (A) TPC-1 was transduced with lentivirus carrying the 
DDR2‑expressing plasmid. The overexpression efficiency was verified using (A) RT‑qPCR and (B) western blotting. (C) The relative mRNA changes of 
E-cadherin were detected by RT-qPCR in TPC-1 cells transfected with DDR2 vector or control vector. (D) The relative mRNA changes of Vimentin were 
detected by RT-qPCR in TPC-1 cells transfected with DDR2 vector or control vector. (E) Western blotting results of E-cadherin and Vimentin in TPC-1 cells 
transfected with DDR2 vector or control vector. (F) TPC-1 cells were transfected with DDR2 vector or control vector and were incubated in serum-free medium 
for 48 h. The cell migration capacity was examined using a wound healing assay. The percentage of the cell‑free area was quantified and labeled. (G) TPC‑1 cells 
were transfected with DDR2 vector or control vector. The cell migration and invasion capacities were measured using a Transwell assay. (H) Quantification 
of cells that migrated or invaded to the opposite membrane of Transwell chamber. *P<0.05; **P<0.01. RT-qPCR, reverse transcription-quantitative polymerase 
chain reaction; DDR2, discoidin domain receptor tyrosine kinase 2; E-cad, E-cadherin.
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to possess a prominent role in the pathway of TGF-β-induced 
EMT, and as a RTK, DDR2 may directly bind to collagen I 
and induce EMT (15), in the present study, whether DDR2 was 
a key regulator in the TGF-β-and collagen I-induced EMT 
was evaluated in PTC. TPC-1 cells were transfected with 
DDR2 siRNA or a scrambled non‑specific siRNA as a nega-
tive control. The knockdown efficiency of DDR2 siRNA was 
verified by RT‑qPCR and western blotting (Fig. 3A and B). 
E-cadherin and Vimentin protein levels were then detected 
in TPC-1 cells transfected with DDR2 siRNA. DDR2 siRNA 
markedly increased E-cadherin and reduced Vimentin 
levels (Fig. 3C).

To assess the function of DDR2 in TGF-β-induced EMT 
in PTC cells, TPC-1 cells transfected with DDR2 siRNA 
were treated with recombinant TGF-β (5 ng/ml) for 24 h and 
western blotting was performed using lysates from the cells. 
The silencing of DDR2 by siRNA reversed TGF-β-induced 
EMT in PTC cells (Fig. 3D). To determine the role in DDR2 
in collagen I-induced EMT in PTC cells, TPC-1 cells were 
transfected with DDR2 siRNA and cultured on plates 
pre-treated with collagen I (2 mg/ml) for 24 h. The western 
blotting results demonstrated that DDR2 siRNA reversed the 
decrease in E-cadherin and the increase in Vimentin protein 
levels (Fig. 3E).

These results demonstrated that the downregulation of DDR2 
reversed TGF-β- and collagen I-induced EMT in PTC cells.

Overexpression of DDR2 increases Snail1 protein expression. 
To explore the underlying mechanism by which DDR2 

regulated EMT in PTC cells, the protein expression levels of 
four classical EMT transcription factors (Snail1, Snail2, Twist1 
and ZEB1) were determined in TPC-1 cells with increased 
and decreased DDR2 expression. It was demonstrated DDR2 
upregulation increased the Snail1 protein level, while the 
silencing of DDR2 reduced the Snail1 protein level (Fig. 4A 
and B). The changes of DDR2 had no significant effect on 
the levels of Snail2, Twist1 and ZEB1. The RT-qPCR results 
revealed that the overexpression or depletion of DDR2 did not 
significantly affect Snail1 mRNA expression (Fig. 4C and D).

The expression of Snail1 in TGF-β- and collagen I-treated 
TPC-1 cells transduced with DDR2 siRNA were then deter-
mined. The results demonstrated that the depletion of DDR2 
inhibited TGF-β- and collagen I-induced Snail1 elevation 
(Fig. 4E and F). To further confirm that Snail1 was the key 
transcription factor in DDR2 mediated EMT in PTC cells, 
Snail1 siRNA was adopted to downregulate Snail1 expression 
in TPC-1 cells transfected with DDR2 vector. It was revealed 
that Snail1 siRNA abrogated DDR2 overexpression-induced 
E-cadherin decreases and Vimentin increases (Fig. 4G).

These results suggested that the Snail1 protein level 
increased by DDR2 may be responsible for DDR2-induced 
EMT in PTC cells.

Inhibition of ERK2 reverses DDR2‑induced Snail1 
upregulation and EMT. Zhang et al (15) reported that ERK2 
may directly phosphorylate Snail1, thus lead to Snail1 nuclear 
accumulation and increase the Snail1 protein half-life. ERK 
activation in TPC-1 cells with DDR2 overexpression or 

Figure 3. Inhibition of DDR2 reverses TGF-β- and collagen I-induced EMT in TPC-1 cells. (A) TPC-1 cells were transfected with DDR2 siRNA. The knock-
down efficiency was detected by RT‑qPCR. (B) The interfering efficiency of DDR2 siRNA was verified by western blotting. (C) Western blotting results of 
E-cadherin and Vimentin in TPC-1 cells transfected with DDR2 siRNA or control siRNA. (D) TPC-1 cells transfected with DDR2 siRNA or control siRNA 
were incubated with 5 ng/ml of TGF-β for 48 h. The E-cadherin and Vimentin protein level was detected by western blotting. (E) TPC-1 cells transfected with 
DDR2 siRNA or control siRNA were incubated with 2 µg/ml collagen I for 48 h. The E‑cadherin and Vimentin protein level was detected by western blotting. 
**P<0.01. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; DDR2, discoidin domain receptor tyrosine kinase 2; si, small interfering; 
TGF, transforming growth factor.
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depletion was investigated. It was demonstrated that p-ERK1/2 
was activated in TPC-1 cells with increased DDR2 (Fig. 5A). 
DDR2 depletion in TPC-1 cells resulted in a downregula-
tion of p-ERK1/2 (Fig. 5B). The inhibition of p-ERK1/2 by 
p‑ERK1/2 inhibitor U0126 reversed Snail1 upregulation, and 
the subsequent E-cadherin decrease and Vimentin increase 
induced by DDR2 overexpression. To further confirm the role 
of ERK2 in DDR2-induced Snail1 upregulation, ERK2 siRNA 
was transfected into TPC-1 cells with DDR2 overexpression. 
ERK2 depletion attenuated the increase in Snail1, Vimentin 
and the decrease in E-cadherin.

These data suggested that DDR2 upregulation activated 
ERK2, which increased the Snail1 protein level and thus 
promoted EMT in PTC cells.

Discussion

In the present study, it was observed that DDR2 was upregu-
lated in the PTC tumor tissues with local metastasis and human 
PTC cell lines when compared with non-tumor tissue samples, 

and a normal follicular cell line. The upregulation of DDR2 
induced EMT in PTC cells, and promoted cell migration and 
invasion. The downregulation of DDR2 reversed TGF-β- and 
collagen I-induced EMT. The underlying mechanism beneath 
DDR2-induced EMT in PTC cells was also investigated in 
the present study. It was revealed that DDR2 overexpression 
significantly increased Snail1 protein expression without 
affecting its mRNA expression. The inhibition of Snail1 was 
sufficient to abrogate DDR2 overexpression‑induced PTC cell 
EMT. In addition, the activation of ERK2 was revealed to 
increase Snail1 mRNA expression level.

As a RTK, DDR2 has been identified to be upregulated 
in a series of cancer cells and associated with poor prog-
nosis in numerous cancer types such as breast cancer (15), 
HCC (18), head and neck squamous cell carcinoma (19) and 
gastric cancer (20). Zhang et al (15) reported that DDR2 was 
expressed in human invasive ductal breast cancer and corre-
lated with a worse survival rate. In addition, Xie et al (18) 
demonstrated that DDR2 was highly expressed in HCC 
tumor tissues compared with in non-cancerous tissues. The 

Figure 4. Overexpression of DDR2 increases Snail1 protein expression. (A) TPC-1 cells transfected with DDR2 vector or control vector were subjected to Snail1, 
Snail2, Twist1 and ZEB1. (B) TPC-1 cells transfected with DDR2 siRNA or control siRNA were subjected to western blotting for Snail1, Snail2, Twist1 and ZEB1 
(C) RT-qPCR results of Snail1 in TPC-1 cells transfected with DDR2 vector or control vector. (D) RT-qPCR results of Snail1 in TPC-1 cells transfected with 
DDR2 siRNA or control siRNA. (E) TPC-1 cells transfected with DDR2 siRNA or control siRNA were incubated with 5 ng/ml of TGF-β for 48 h. The Snail1 
protein level was detected by western blotting. (F) TPC‑1 cells transfected with DDR2 siRNA or control siRNA were incubated with 2 µg/ml collagen I for 48 h. 
The Snail1 protein level was detected by western blotting. (G) TPC-1 cells transfected with DDR2 vector or control vector were transduced with Snail1 siRNA. 
The protein level of Snail1, E-cadherin and Vimentin was detected by western blotting. **P<0.01. RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction; DDR2, discoidin domain receptor tyrosine kinase 2; si, small interfering; TGF, transforming growth factor; ZEB, zinc finger E‑box binding homeobox 1.
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DDR2 overexpression was predictive of short overall survival 
and disease-free survival in patients with HCC (18). In head 
and neck squamous cell carcinoma, DDR2 has been identi-
fied as upregulated in tumor tissues (19). The frequency and 
expression intensity of DDR2 were associated with the tumor 
pathological stage and lymph node metastasis (19). In a newly 
published study by Wang et al (20), high DDR2 expression 
in gastric cancer was identified to be associated with multiple 
tumor locations and intestinal-type gastric cancer. To the best 
of our knowledge, there are no previous studies regarding the 
expression profile of DDR2 in tumor tissues of PTC with local 
metastasis. A previous study by Rodrigues et al (21) demon-
strated that DDR2 was overexpressed in aneuploidy PTC, and 
was associated with disease-associated mortality and distant 
metastasis. In the current study, it was revealed that DDR2 
overexpression was a frequent event in tumor tissues of PTC 
with local metastasis and human PTC cell lines. However, the 
correlation between DDR2 overexpression and prognosis was 
not analyzed, due to lack of long-term follow-up data, which 
should be further investigated.

DDR2 was an essential mediator of TGF-β1- and 
collagen-induced EMT (23,24). In tumor tissues, DDR2 over-
expression is often positively correlated with Vimentin and 

negatively with E-cadherin (19,20). DDR2 overexpression in 
tumor cells has previously been demonstrated to be sufficient 
in inducing morphological changes, and promoting enhanced 
migration and invasion, which are essential biological 
processes in tumor metastasis (23,25). The increased migration 
and invasion capacity are dependent on the secretion of matrix 
metalloproteinases (MMP) (26,27). MMP‑2 and MMP‑9 are 
two important subsets of downstream target genes of DDR2 
signaling (16). Increased DDR2 may promote the generation 
and secretion of MMP-2, and MMP-9 in HCC and head and 
neck squamous cell carcinoma (18,19). In the present study, 
it was observed that the overexpression of DDR2 decreased 
E-cadherin and increased Vimentin expression levels, and 
promoted the migration and invasion of TPC-1 cells. It was 
speculated that the induced EMT, and enhanced migration and 
invasion were also the results of elevated MMP secretion.

The induced EMT following DDR2 overexpression 
observed in this study occurred partially due to the activation 
of ERK2 and the subsequent increase in Snail1 (23). DDR2 
overexpression was identified to be associated with ERK 
activation and increased Snail1 protein level in tumor tissues. 
The present results suggest that the interaction between DDR2 
and collagen I stimulated ERK2 activity, which then directly 

Figure 5. Inhibition of ERK2 reverses DDR2-induced Snail1 upregulation and EMT. (A) TPC-1 cells transfected with DDR2 vector or control vector were 
subjected to western blotting for p-ERK1/2. (B) TPC-1 cells transfected with DDR2 siRNA or control siRNA were subjected to western blotting for p-ERK1/2. 
(C) TPC‑1 cells transfected with DDR2 vector or control vector were incubated with 1 µM of U0126 for 24 h. The p‑ERK1/2, Snail1, E‑cadherin and Vimentin 
protein level was detected by western blotting. (D) TPC-1 cells transfected with DDR2 vector or control vector were transfected with ERK2 siRNA. The 
p-ERK1/2, Snail1, E-cadherin and Vimentin protein level was detected by western blotting. RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction; DDR2, discoidin domain receptor tyrosine kinase 2; si, small interfering; TGF, transforming growth factor; p, phosphorylated; ERK, extracellular 
signal-regulated kinase.
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phosphorylated Snail1, leading to nuclear accumulation, and 
increased the Snail1 protein half-life. ERK2 activation is 
essential for Snail1 stabilization and EMT induction (28). 
DDR2 stabilizes Snail1 protein expression post-transcription-
ally without affecting the transcription of Snail1 (15). This 
was consistent with the findings in the current study whereby 
overexpression of DDR2 did not change the mRNA expression 
of Snail1, but increased its protein expression.

In conclusion, the present study revealed that overexpres-
sion of DDR2 in tumor tissues of PTC with local metastasis 
and human PTC cell lines was a frequent event. Furthermore, 
the results suggest that the upregulation of DDR2 induced 
EMT, and promoted cell migration and invasion of PTC cells 
by activating the ERK2/Snail1 signaling pathway, making it 
a promising therapeutic target for reducing PTC local and 
distant metastasis.
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