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OverexpressionofDDR1PromotesMigration,
Invasion, Though EMT-Related Molecule
Expression and COL4A1/DDR1/MMP-2
Signaling Axis

Xin Xie, MM1, Hongchao He, PhD1, Ning Zhang, MD1,
Xiaojing Wang, MD1, Wenbin Rui, MD1, Danfeng Xu, MD1,
and Yu Zhu, MD1

Abstract
Purpose: Discoidin domain receptor 1 (DDR1) belongs to a novel class of receptor tyrosine kinases. Previous evidence indicates
that DDR1 overexpression promotes the aggressive growth of bladder cancer (BC) cells. This study aimed to investigate the
molecular mechanisms by which DDR1 influences BC. Methods: DDR1 was transfected into human BC RT4 cells. DDR1,
COL4A1, and MMP-2 expression in 30 BC tissues and paired adjacent tissues were examined by real-time polymerase chain
reaction (RT-PCR) and immunohistochemistry. Transwell assays were conducted to determine cell migration and invasion.
RT-PCR and western blot (WB) were also used to measure the DDR1, COL4A1, MMP-2, and EMT-related gene (ZEB1 and
SLUG) expression in RT4 cells after DDR1 overexpression. Results: COL4A1 and MMP-2 interacted with DDR1 in the PPI
network. RT-PCR and immunohistochemistry results showed that both mRNA and protein levels of DDR1 and COL4A1
were significantly increased in BC tissue, while the expression of MMP-2 was increased only at the mRNA level (P < 0.05).
Overexpression of DDR1 in RT4 cells significantly promoted their migratory and invasive capabilities in vitro (P < 0.05).
Moreover, overexpression of DDR1 in RT4 cells increased the mRNA and protein expression of ZEB1, SLUG, COL4A1,
and MMP-2 (P < 0.01). DDR1-mediated migration and invasion of RT4 cells were reversed after COL4A1-siRNA treatment.
Conclusion: DDR1 may be a potential therapeutic target in BC patients.
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Introduction

Bladder cancer (BC) is the fourth most common malignancy

worldwide and the second most common cause of cancer-

related deaths among urinary tumors.1 As estimated by the

GLOBOCAN 2018 cancer report, a total of 549,393 newly diag-

nosed cases and 199,922 deaths were due to BC.2 Typically,

cigarette smoking, obesity, urinary tract infection, and exposure

to certain chemicals are thought to be risk factors of BC.3-5

Despite clinical advances in surgical surgery, radiation therapy,

immunotherapy, chemotherapy, or combined therapies, the

5-year survival rate of BC remains bleak.6,7 Tumor invasion and

metastasis are still the major causes of treatment failure and

patient death. Therefore, it is urgent to investigate the potential

molecular mechanisms involved in metastatic BC progression.

Recently, accumulating evidence have indicated that

epithelial-mesenchymal transition (EMT) is involved in the

carcinogenesis and metastasis of multiple cancers.8,9 During

EMT, polarized epithelial cells lose tight intercellular connec-

tions and gradually differentiate into cells with mesenchymal

attributes.10 Previous studies demonstrated that EMT-inducing
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Table 1. Sequences of the Primers Used in this Study.

Primer Sense (50-30) Antisense (50-30)

DDR1 GATCTCGACTCCGCTTCAAGGA CAAAGGGTGTCCCTTACGCACA

COL4A1 TGTTGACGGCTTACCTGGAGAC GGTAGACCAACTCCAGGCTCTC

MMP-2 AGCGAGTGGATGCCGCCTTTAA CATTCCAGGCATCTGCGATGAG

ZEB1 GGCATACACCTACTCAACTACGG TGGGCGGTGTAGAATCAGAGTC

SLUG ATCTGCGGCAAGGCGTTTTCCA ATCTGCGGCAAGGCGTTTTCCA

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

Figure 1. The expression of DDR1, COL4A1, and MMP-2 in tissue samples. (A) The mRNA levels of DDR1, COL4A1, and MMP-2 in BC

tissue and paired adjacent tissues determined by RT-PCR. (B) Representative images of immunohistochemistry staining of DDR1, COL4A1,

and MMP-2 in BC and adjacent normal tissues. (C) Immunohistochemical staining quantification showed the expression levels of DDR1,

COL4A1, and MMP-2 in BC tissues and adjacent tissues. *P < 0.05; **P < 0.01.
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transcription factors (TFs), including TWIST1, SLUG,

SNAIL1, ZEB1, and ZEB2 were used as biomarkers of

EMT11,12 and may facilitate effective treatments for metastatic

cancer.13-17 The ECM was thought to act as a cell scaffolding

to promote migration, and collagen is a major part of this

cellular microenvironment.18

Current studies indicated that DDRs support cell-collagen

interactions, and are thus thought of as microenvironment sen-

sors, playing a vital role in cell migration and invasion.19-21

Discoidin domain receptors (DDRs), a subfamily of tyrosine

kinases, are comprised of the proteins DDR1 and DDR2.22

Previous studies suggested that abnormal expression of DDR1

was found in several different types of cancer, such as renal

cancer.23,24 lung cancer,25 and breast cancer.26 A growing

amount of research demonstrated that overexpression of DDR1

promoted migration and invasion in certain malignan-

cies.25,27,28 However, the underlying mechanisms that promote

BC migration and invasion are still not well documented.

A previous study demonstrated that a high expression of

DDR1 in BC tissue was correlated with poor patient outcomes,

and DDR1 overexpression promoted cell invasion and tumor

xenograft growth. ZEB1 and SLUG were also implicated in the

increase in cell invasion.29 In the current study, we aimed to

comprehensively investigate the mechanisms by which DDR1

promotes BC migration and invasion. The proteins that inter-

acted with DDR1 were analyzed using the STRING database.

The expression of DDR1 and the proteins that interact with it

was determined. DDR1-overexpressing BC cells were estab-

lished to investigate the effects of DDR1 overexpression on cell

invasion and migration and the expression of related proteins

in vitro. The results implicate that DDR1 contributes to

invasion and migration via EMT-associated proteins and the

COL4A1/DDR1/MMP-2 signaling axis.

Methods

Tissue Samples and Cell Lines

A total of 30 BC tumors and paired adjacent normal tissues

were isolated from patients with stage IV BC who underwent

surgical resection at the Ruijin Hospital. Written informed con-

sent was acquired from all patients before conducting the

research, and the present study was approved by the Institu-

tional Review Board of Ruijin Hospital. The human embryonic

kidney 293 T (HEK293 T) cell line and a BC cell line (RT4)

were acquired from American Type Culture Collection

(ATCC, Rockville, MD, USA) and cultured in RPMI1640

medium (Gibco, Garlsbad, CA, USA) with 15% fetal bovine

serum (Invitrogen, USA), and maintained in a humidified

atmosphere at 37�C with 5% CO2.

Lentiviral Vector Construction in RT4 Cell Line

Lentiviral vectors expressing GFP were purchased from Gen-

echem (Shanghai, China). The full-length human DDR1 coding

sequences were obtained by PCR amplification and then accu-

rately cloned to the lentiviral vector (Genechem, Shanghai,

China). Using Lipofectamine 2000 (Invitrogen), the recombi-

nant lentiviral vector was transfected into HEK293 T cells

(Lentivirus-DDR1) for 48 h, followed by infection with RT4

cells. The stably transfected RT4 cells were screened using

culture medium containing 6 mg/mL puromycin (Sigma, USA).

RT4 cells transfected with the empty vector (GenePharma,

Shanghai, China) were designed as a negative control (RT4-

NC). The GFP density imparted by the lentiviruses was utilized

to detect transfection efficiency. In addition, COL4A1-specific

siRNA and the control siRNA were synthesized by Sangon

Biotech (Shanghai) Co., Ltd. and transfected into cells using

Lipofectamine 2000 (Invitrogen) to inhibit COL4A1 in cells.

Protein–Protein Interaction (PPI) Network

Functional interactions for DDR1 were analyzed using PPIs in

the Search Tool for the Retrieval of Interacting Genes

(STRING) database (https://version-10-5.string-db.org/cgi/net

work.pl?taskId¼jDdJHRC1vsJe).30 The protein interaction

network with a combined score of 0.4 was constructed, and

no more than 10 interactions were set.

Immunohistochemical Staining

Immunohistochemical analysis was conducted on 30 BC tumor

and adjacent non-tumorous tissues. Paraformaldehyde-fixed

paraffin sections with a thickness of 6 mm were deparaffinized

with xylene, and incubated for 15 min with 0.3% hydrogen

peroxide to eliminate endogenous peroxidase activity. The sec-

tions were then treated with a blocking solution containing

sheep serum for 50 min to block non-specific protein binding.

Figure 2. The protein-protein interactions for DDR1 as predicted by

the STRING database. Nodes represent proteins encoded by genes and

lines represent the interactions between 2 nodes.
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After washing, the slides were stained with primary antibodies

against DDR1 (Catalog #sc-21790, 1:200, Abcam), COL4A1

(eBioscience, Catalog# ab86042, 1:50, Abcam), and MMP-2

(Catalog # ab97779, 1:300, Abcam) overnight at 4�C. Cells

were then incubated with rabbit anti-Mouse IgG H&L

(1:5000, ab6728; 1:5,000; Abcam) or donkey anti-rabbit IgG

H&L (1:5000, ab6802, Abcam, USA) conjugated with horse-

radish peroxidase at 37�C for 30 min. Finally, the sections

were stained with 30-diaminobenzidine and subsequently

observed and photographed under an inverted microscope

(IX71; Olympus Corporation). The integrated optical density

(IOD) of the immunohistochemically stained samples from

representative fields in each pathological section were

calculated using Image-Pro Plus 6 software. The results were

assessed semi-quantitatively.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from RT4 cells and 18 pairs of frozen

tissue specimens using TRIZolı̀ Reagent (Gibco BRL,

Gaithersburg, MD, USA), and then transcribed into cDNA

using PrimeScript™RT reagent Kit (Takara, Japan). About

1.0 mg of total RNA was subjected to first-strand cDNA synth-

esis by PrimerScript™RT Master Mix (Takara Biotechnology

Co., Ltd., Dalian, *China), followed by PCR amplification via

the SYBR® Premix Ex Taq™ Kit (TaKaRa, Japan). PCR was

Figure 3. The mRNA expression of DDR1, COL4A1, MMP-2, ZEB1, and SLUG after transfection. **P < 0.01, compared with RT4-NC.
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performed with an initial denaturation for 30 seconds at 95�C,

followed by 40 cycles at 95�C for 5 seconds and 60�C for

34 seconds. GAPDH was used as an internal control. The pri-

mers used for PCR are listed in Table 1. PCR quantification

was performed using ViiA™7 (Applied Biosystems, Foster

City, CA) and the mRNA expression levels were calculated

based on the 2-DDCt method.

Western Blot (WB) Analysis

Cells were harvested at the logarithmic growth phase after

overexpression treatment. The obtained cells were lysed in

RIPA buffer supplemented with PMSF (RIPA: PMSF ratio of

99:1, Solarbio, Beijing, China), and total protein was quantified

with the bicinchoninic acid (BCA) method (Biorad, China).

The extracted proteins were separated using 10% sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

The proteins were then transferred onto nitrocellulose mem-

branes, blocked with non-fat milk (BD, USA) for 1 h at room

temperature, and then incubated with primary antibodies

against DDR1 (Catalog #sc-21790, Abcam), COL4A1

(eBioscience, Catalog# ab86042, Abcam), MMP-2 (Catalog #

ab97779, Abcam), SLUG (Catalog #ab97779, Abcam), ZEB1

(Catalog #ab203829, Abcam), and b-actin polyclonal antibody

(Catalog # ab179467, Abcam). b-actin was used as a control.

The membranes were subsequently incubated with horseradish

peroxidase-conjugated secondary antibodies rabbit anti-Mouse

IgG H&L (1:5000, ab6728; 1:5000; Abcam) or donkey anti-

rabbit IgG H&L (1:5000, ab6802, Abcam, USA). Using

enhanced chemiluminescence (ECL) chromogenic substrate

(Thermo Fisher), the antibody-reactive protein bands were

visualized by the SuperSignal™ West Dura system (Pierce

Biotechnology, Inc., Rockford, IL, USA), and UVITech imager

(UVITech, Inc., Cambridge, UK) was used to photograph

the membrane.

Transwell Migration Assay and Invasion Assays

The Transwell migration assay (Corning Life Sciences,

Tewksbury, MA, USA) was performed as follows. Briefly,

a total of 5� 105 cells suspended in 100 ml serum-free RPMI-

1640 medium were transferred into the upper chamber (8 mm

pore size, Millipore, USA). About 600 ml RPMI-1640

medium supplemented with 10% fetal bovine serum was

placed in the lower chamber of the transwell. After 24 h

incubation at 37�C in 5% CO2, the cells in the upper

Figure 4. Representative images and statistical graphs of DDR1, COL4A1, MMP-2, ZEB1, and SLUG protein expression determined

by western blot. *P < 0.05, compared with RT4-NC; **P < 0.01, compared with RT4-NC.
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chambers were gently removed, and the adherent tumor cells

in the lower chambers were fixed with paraformaldehyde and

stained with 0.1% crystal violet. Cells in the invasion assay

were seeded in the upper chamber covered with Matrigel

(BD, Catalog #356234, San Diego, CA, USA). The experi-

mental procedures were the same as that with the migration

experiment. Using a light microscope, the number of migra-

tory and invasive cells were counted in random fields

of view.

Statistical Analysis

All statistical calculations were performed using SPSS 22.0

software (IBM Corporation, Armonk, NY, USA). Data were

presented as means + standard deviation (SD) from 3 inde-

pendent experiments. Comparisons between 2 groups were

analyzed using Student’s t-test, and comparisons involving

more than 2 groups were analyzed with ANOVA. A P-value

less than 0.05 was considered as statistically significant.

Results

Expression of DDR1 Is Upregulated in BC Tissues

To investigate whether DDR1 expression was correlated with

malignant BC progression, paired human BC tissues and adja-

cent normal tissues were subject to gene expression analysis via

PCR. The results showed that the mRNA expression of DDR1

was upregulated in BC tissues compared with adjacent normal

tissues (Figure 1A, P < 0.01). The expression of DDR1 protein

in BC tissues was further determined using immunohistochem-

istry. As shown in Figure 1B, DDR1 was localized to the cyto-

plasm and intracellular spaces. Further analysis indicated that

the DDR1 protein expression level in BC tissues showed an

increased level than those in adjacent normal tissues (Figure 1B

and C, P < 0.05). The proteins interacting with DDR1 were then

predicted using the STRING database. As shown in Figure 2,

DDR1 interacted with MMP-2 and various types of collagens

(COL2A1, COL3A1, COL4A1, COL5A1). We selected MMP-

2 and COL4A1 in the current study. The results of RT-PCR and

Figure 5. Effect of the overexpression of DDR1 on BC cell migration and invasion. (A) Representative images of migration and invasion

for RT4-DDR1 and RT4-NC cells. DDR1 overexpression resulted in a significantly increased number of migratory or invasive RT4 cells.

**P < 0.01.
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immunohistochemistry showed that the expression of COL4A1

in BC tissue was significantly increased at both the mRNA

(P < 0.01) and protein levels (P < 0.05). The expression of

MMP-2 was also increased at the mRNA level (P < 0.01), but

there was no significant difference in MMP-2 protein expres-

sion in BC tissues (P > 0.05).

Overexpression of DDR1 Induced mRNA and Protein
Expression in RT4 Cells

To explore the potential function of DDR1, the expression level

of DDR1 following lentiviral transduction was detected in RT4

cells, DDR1-overexpressing, and control cells using PCR and

WB (RT-DDR1 vs. RT-NC). As shown in Figure 3, the relative

mRNA expression levels of DDR1 in RT4-DDR1 cells with the

same level of b-actin was significantly increased compared

with the levels in the RT4-NC cells (P < 0.01). To prove that

this upregulation of DDR1 mRNA translated into increased

levels of DDR1 protein, WB was performed. DDR1 protein

expression in RT4-DDR1 was found to be higher than in

RT4-NC (Figure 4).

DDR1 Overexpression Promoted Cell Migration
and Invasion of RT4 Cells In Vitro

To evaluate the role of DDR1 in regulating cell migration and

invasion, a transwell assay was performed. It was found that

DDR1 overexpression in RT4 cells was related to a higher

number of invading cells (Figure 5A and B, RT4-DDR1 vs.

RT4-NC, P < 0.01). The migration capacity was also markedly

higher in RT4-DDR1 cells compared with RT4-NC cells (Fig-

ure 5A and B, P < 0.01).

DDR1 Regulates the Expression of EMT-Related Genes
COL4A1 and MMP-2 in RT4 Cells

ZEB1 and SLUG are TFs and key regulators of the EMT pro-

cess, therefore, their expression were tested in BC cell lines.

The relative expression levels of ZEB1 and SLUG mRNA were

dramatically increased (Figure 3, P < 0.01). In accordance with

PCR, Western blot revealed that the expression level of ZEB1

and SLUG protein in the cells of the lentivirus-infected DDR1

overexpression group was higher than the RT4-NC group

(Figure 4, P < 0.01). To further explore the possible mechan-

isms by which DDR1 induces cell migration and invasion in

RT4 cells, PCR and WB were performed to verify the expres-

sions of the interacting genes COL4A1 and MMP-2 during

DDR1 overexpression. COL4A1 and MMP-2 are closely asso-

ciated with DDR1 in the PPI network. PCR results showed that

there was a significant increase in COL4A1 and MMP-2

mRNA and protein expression in RT4-DDR1 cells compared

to that in RT4-NC cells (Figures 3–4, P < 0.01, only P < 0.05

for COL4A1 protein).

COL4A1 Was Implicated in DDR1-Mediated Increase
in Cell Migration

To further confirm whether COL4A1 was implicated in DDR1-

mediated increase in cell migration, COL4A1-siRNA was used

to inhibit the expression of COL4A1. As shown in Figure 6,

Figure 6. The mRNA and protein expression of COL4A1 after DDR1 overexpression and COL4A1 inhibition. **P < 0.01, compared with

DDR1 control; ##P < 0.01, compared with DDR1(þ)þCOL4A1(-) cells.
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overexpression of DDR1 significantly upregulated the expres-

sion of COL4A1 as expected. Conversely, such increase

in COL4A1 expression was significantly decreased by

COL4A1-siRNA treatment. Furthermore, the migration and

invasion of RT4 cells were promoted after overexpressing

DDR1, and these were reversed by COL4A1-siRNA treatment

(Figure 7).

Discussion

In this study, we investigated the potential role of DDR1 in BC.

Accordingly, RT4 cells overexpressing DDR1 were estab-

lished. The data showed that overexpression of DDR1 not only

enhanced cell motility and invasiveness in vitro, but also

facilitated the expression of EMT-inducing TFs in RT4 cells,

as shown by the increased expression of ZEB1 and SLUG.

Furthermore, the overexpression DDR1 also induced increased

levels of COL4A1 and MMP-2 in RT4 cells. In addition, the

DDR1-mediated increase in migration and invasion of RT4

cells were reversed after COL4A1-siRNA treatment. Thus,

we propose that COL4A1/DDR1/MMP-2 is likely to be

involved in cell migration and invasion.

Dysregulated DDRs play an important role in the cellular

processes of tumor development and progression, such as dif-

ferentiation, migration, and malignant transformation.31-33

DDR2 is also the member of DDR subfamily, and is overex-

pressed in bladder, lung, prostate, and stomach cancers.34

Meanwhile, DDR2 knockdown impaired cellular viability,

Figure 7. Cell migration and invasion after DDR1 overexpression and COL4A1 inhibition. **P < 0.01, compared with DDR1 control;
##P < 0.01, compared with DDR1(þ)þCOL4A1(-) cells.
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migration, and invasion.35 The results of our study support

current evidence that DDR1 facilitates cell migration and inva-

sion in BC cells.

Although the oncogenic function of DDR1 in BC has been

clearly demonstrated, the molecular mechanism behind the

DDR1 regulation in BC development remains largely

unknown. Subsequently, mechanical analysis demonstrated

that DDR1 controlled EMT transcription factor expression in

BC cells.

Accumulating evidence indicate that TFs (such as Snail,

Slug, ZEB1, SIP1, and Twist), as crucial modulators of EMT,

are intracellular elements that drive cellular proliferation, long-

evity, and invasion.36,37 Sayan et al. indicated that ZEB1 pro-

tein expression is associated with increased migration in vitro,

and functional enrichment of ZEB2 was muscle-invasive in

human urothelial cancer and other primary human tumors.38

High expression of SLUG was found to be correlated with poor

clinical outcomes during tumor metastasis, such as in oral ton-

gue squamous cell carcinoma,39 hepatocellular carcinoma,40

and human gliomas.41 A negative correlation was observed

between DDR1 and ZEB1 in female-derived cancer cell

lines.42 A previous study suggested that DDR1 may partly

enhance the invasive ability of BC by regulating ZEB1 and

SLUG,43 and there are a number of studies reporting direct

evidence for migration and invasion between DDR1, ZEB1,

and SLUG.

MMP-2 and COL4A1 are closely related with DDR1 in the

PPI, and further study can show the potential functions of inter-

acting genes. MMPs are involved in tumor growth, invasion,

metastasis and neovascularization.44 MMP-2 mRNA levels

were increased after DDR1 overexpression in renal clear cell

carcinoma.23 An aberrantly high expression of MMP-2 may

play important roles in the regulation of cell migration and

invasive capabilities of lung adenocarcinoma cancer stem-

like cells.45 The collagen IV family contains 6 homologous a
chains, a1–6, encoded by the COL4A1–6 genes, respectively.46

A previous study indicated that MMP-2 and MMP-9 are the

major collagen IV collagenases involved in tumor invasion and

metastasis.47 DDR1 is mostly activated by type I and IV col-

lagens.21,32 Furthermore, type IV collagen can efficiently bind

to DDR1 and activate intracellular protein kinase B to promote

cell migration and adhesion of myeloid leukemia cells.48

Meanwhile, a COLIV-DDR1-MMP-9-COLIV feed-forward

loop was suggested to promote the migration and adhesion of

myeloid leukemia cells in the bone marrow.48 These evidence

imply that the COL4A1 and MMP-2 are important for BC

initiation and development. Thus, we speculated that the reg-

ulatory effect of DDR1 in BC may depend on the COL4A1/

DDR1/MMP-2 signaling axis. However, the current experi-

ments are still preliminary, and further investigations are

required to determine the specific molecular mechanism of

DDR1 in BC invasion and metastasis in vivo. In addition, stud-

ies have demonstrated that collagen or collagen matrices acti-

vate the expression of DDR1.49,50 For instance, Lai et al.

suggested that collagen contributed to cell proliferation and

migration in head and neck cancer through DDR1.51 As a type

IV collagen alpha protein, it should be investigated whether

COL4A1 could activate DDR1 in BC. Besides, overexpression

of DDR1 in RT4 cells upregulated the expression of MMP-2 at

both mRNA and protein levels, while the protein expression of

MMP-2 showed no significant difference between BC tissue

and paired adjacent tissues. Further in vivo experiments are

needed to confirm the correlation of DDR1 and MMP-2.

Conclusion

Taken together, this study demonstrated that overexpression of

DDR1 may enhance the progression, invasion, and metastasis

in BC cells. Furthermore, DDR1 may promote cell invasion

partly by regulating levels EMT-related molecule and

COL4A1/DDR1/MMP-2 expression in RT4 cells. Our study

suggests that DDR1 acts as a potential target for BC treatment.
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