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Original Article 
Discoidin domain receptor 1 activity  
drives an aggressive phenotype in bladder cancer
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Abstract: Discoidin domain receptor 1 (DDR1) is a receptor tyrosine kinase which utilizes collagen as a ligand to 
regulate the interaction between cancer cells and tumor stroma. However, the clinical relevance of DDR1 expression 
in bladder cancer as well as its molecular regulation have not been previously investigated. Here, we assessed the 
role of DDR1 in bladder cancer. The DDR1 levels in bladder cancer specimens were examined by Western blot, com-
pared to the paired adhesive normal controls. The effects of DDR1 were explored on both cell migration in bladder 
cancer cells and tumor growth as xenograft. We detected significant higher levels of DDR1 in bladder cancer tissues. 
Moreover, high levels of DDR1 were correlated with poor prognosis of corresponding patients. Both the in vitro cell 
invasiveness and in vivo tumor xenograft growth could be promoted by the overexpressed DDR1, while both of which 
could be inhibited after the depletion of DDR1. Furthermore, DDR1 increased the levels of ZEB1 and Slug, based 
on its effects on tumor invasion. In conclusion, DDR1 may promote the aggressiveness of bladder cancer cells and 
drive an aggressive phenotype in bladder cancer.
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Introduction

Bladder cancer ranked as the third cause of 
cancer-related death worldwide. The mortality 
of bladder cancers mostly occurs to the 
patients with late-stage disease [1]. The recur-
rence of bladder cancer is currently diagnosed 
in approximately 25% of the total patients, who 
are frequently less sensitive to conventional 
chemotherapy [2-4]. Specifically, an invasive 
manner is often detected in these bladder 
tumors, suggesting that effective treatment of 
bladder cancer metastasis is critical for an opti-
mized therapy [5]. 

Discoidin domain receptors (DDRs) are mem-
bers of the transmembrane receptor tyrosine 
kinases (RTKs). There was a discoidin homolo-
gy domain in extracellular region of DDRs [6-8]. 
Distinct from other RTKs, which are typically 
activated by growth factor ligands, DDRs use 
kinds of triple-helix collagens, independently of 
the integrin collagen receptors. DDR1 and DD- 
R2 slightly varied in ligand specificities. DDR1 

could be activated by most collagens such as 
the type I, II, III, IV, V, VIII, and XI collagen. While, 
DDR2 uses only collagen type I and III as its 
ligands [8-10]. Previous studies suggest that a 
collagen-activated DDR1 signaling pathway 
enhances the self-renewal, spreading, migra-
tion, and tubulogenesis of non-cancerous cells 
[11-14]. DDR1 levels are higher in solid malig-
nant tumors than in normal tissues [15]. 
Moreover, elevated DDR1 levels were relevant 
to the poor prognosis of patients with pancre-
atic and lung cancers [16, 17]. Bladder cancers 
progress through the interaction between 
tumor cells and stromal cells [18, 19]. Therefore, 
DDR1 may use the stromal collagen as a ligand. 
However, the significance of DDR1 expression 
in bladder cancers is yet to be evaluated. Thus, 
we are prompted to study the effects of DDR1 
on bladder cancer.

Here, the clinical correlation of DDR1 expres-
sion level in bladder cancer was investigated 
and the underlying molecular signaling pathway 
was explored.

http://www.ajtr.org


DDR1 increases BC aggressiveness

2501	 Am J Transl Res 2017;9(5):2500-2507

Materials and methods

Patient 

44 patients with bladder cancer were recruited 
in Ruijin Hospital (all at stage IV). All the patients 
have signed Informed consent. Both the blad-
der cancer species and corresponding paired 
normal tissues (NT) were resected during sur-
gery. The species were histologically analyzed 
for determining the bladder cancer cells and NT 
cells. 

Cell line culture and transfection

A human bladder cancer cell line RT4 was 
obtained from ATCC (USA). The cells were recov-
ered cultured in RPMI1640 medium supple-
mented with 15% fetal bovine serum (Invitrogen, 
USA). The cells were cultured at 37°C with 5% 
CO2. The RT4 was derived from a 65-year-old 
male Caucasian [20], and expressed modest 
levels of DDR1. DDR1, scrambled control (scr) 
and short hairpin small interfering RNA for 
DDR1 (shDDR1, sequence: 5’-GAAUGUCGC- 
UUCCGGCGUGUU-3’) were cloned into pCMV-
luciferase-2A-GFP vector (Clontech, USA) to 
replace the GFP to generate pCMV-luciferase-
2A-transgene. The RT4 cells were transfected 
with the plasmids of 50 nmol/l in Lipofectamine 
2000 (Invitrogen, USA). The transfection effi-
ciency was more than 95%.

Cell invasion assay 

The transwell (BioCoatTM Invasion Chambers, 
BD) was involved for analyzing cell invasion. 
Cells with a density of 5×105 were seeded on 
the top layer of transwell chamber. After incu-
bating at 37°C for 22 hours, the cells would 
move to below layer of chamber. The migrated 
and cells were fixed and stained. Cells were 
counted and expressed as the average number 
of cells in each field of view. The experiments 
were repeated for five times and the data were 
presented as mean value ± standard deviation 
(SD).

Scratch wound healing assay

Scratch wound healing assay was conducted 
according to previous reports [21]. Cells with a 
density of 104 cells/well was seeded in 24-well 
plates and incubated at 37°C until confluence. 

After cultured for 10 hours in DMEM without 
serum, the cells monolayer was scratched with 
pipette tip. Then the scratched cell monolayers 
were washed twice with PBS and cultured in 
DMEM at 37°C for another 24 hours. For each 
sample, five fields were randomly selected and 
pre-set. Wound image was captured at Time 
lapse module for 12 hours. The wound areas 
were analyzed with the software of Image J 
(NIH, USA).

RNA quantification with RT-qPCR

The RNA was quantified with RT-qPCR. The cells 
were digested with enzyme, concentrated by 
centrifuge and washed with PBS. The total RNA 
was extracted from the prepared cells with 
RNAeasy kit (Qiagen, Germany). The extracted 
total RNA was quantified with nanodrop (Th- 
ermo, USA). Then, complementary DNA (cDNA) 
was primed per 2 μg of total RNA with reverse 
transcription kit (Qiagen, Germany). The prim-
ers were synthesized or purchased (Qiagen, 
Germany). The RT-qPCR was then performed 
with cDNA using Commercial SYBR Green 
amplification system (Qiagen, Germany). Each 
experiment was repeated for three times. The 
data were collected and analyzed with 2-ΔΔCt 
method. All the data was normalized against 
the data of α-tubulin.

Protein quantification with western blot

The total proteins were analyzed with Western 
blot. The tissue specimens were grinded and 
the cultured cells were digested with enzyme, 
concentrated by centrifuge and washed with 
PBS. All the samples were lysed in RIPA lysis 
buffer and quantified with BCA method (Biorad, 
China). The lysates were diluted to 1:3 with SDS 
loading buffer for blotting (Biorad, China). The 
primary antibodies were rabbit anti-DDR1 IgG, 
rabbit anti-ZEB1 IgG, rabbit anti-Slug IgG and 
rabbit anti-α-tubulin IgG (Cell Signaling, USA). 
The α-tubulin was applied as a control. The 2nd 
antibody was HRP-labeled anti-rabbit IgG 
(Jackson ImmunoResearch, USA). After devel-
opment with TMB substate, the blot was cap-
tured and quantified with the software of Image 
J (NIH, USA). The protein levels were normalized 
against the control. The experiments were 
repeated for five times and the data were pre-
sented as mean value ± standard deviation 
(SD).
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Statistical analyses

The statistics were performed with SPSS 18.0. 
All the data were compared using one-way 
ANOVA and the Bonferroni correction was 

applied. The Fisher’s Exact Test was then 
involved in the comparison. It considered to be 
significant when p value <0.05. The correlation 
of patient survival and DDR1 levels was ana-
lyzed with Kaplan-Meier curves.

Figure 1. Increased DDR1 in bladder cancer is associated with poor prognosis. A: The DDR1 levels were examined 
by Western blot in bladder cancer specimens (BC), compared to paired non-tumor bladder tissue (NT). B: The surviv-
al of the 44 patients all diagnosed Stage IV were followed for 5 years. The median value of all 44 cases was chosen 
as the cutoff point for separating DDR1-high cases (n=22) from DDR1-low cases (n=22). Kaplan-Meier curves were 
performed. *P<0.05. **P<0.01. N=44.

Figure 2. Modulation of DDR1 levels in bladder cancer cells. (A, B) A human bladder cancer cell line, RT4, was 
transfected with either a DDR1 overexpressing plasmid (DDR1), or a small short hairpin interfering RNA for DDR1 
(shDDR1). The RT4 cells were transfected with a scrambled sequence as a control (scr). The levels of DDR1 were 
determined by RT-qPCR (A), and by Western blot (B). *P<0.05. N=5.
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Results

The association between increased DDR1 and 
poor prognosis in bladder cancer 

First, the DDR1 levels in bladder cancer speci-
mens and paired non-tumor bladder tissue 
were determined. We detected significant 
increases in DDR1 in bladder cancer speci-
mens by Western blot (Figure 1A). Next, we 
investigated if there was association between 
the DDR1 levels and overall survival of bladder 
patients. For the 44 patients diagnosed as 
Stage IV, their survival was followed for 5 years. 
Among the 44 cases, the median value of 
DDR1-level was determined as cutoff level. 44 
cases were classified to 22 cases of DDR1-high 
level and 22 cases of DDR1-low cases. With the 
Kaplan-Meier curves, it indicated that patients 

with DDR1-high level showed a significantly 
poorer survival, compared to those who with 
DDR1-low level (Figure 1B). Thus, increased 
DDR1 in bladder cancer was associated with 
poor prognosis.

Modulation of DDR1 levels in bladder cancer 
cells

In order to study the effects of DDR1 on blad-
der cancer invasiveness, a human bladder can-
cer cell line RT4 was involved. In this study, RT4 
cells were transfected with a DDR1 overex-
pressing plasmid (DDR1), or a DDR1 interfering 
RNA (shDDR1). A scrambled sequence was 
transfected in RT4 to be control (scr). The mod-
ulation effects of DDR1 levels in these cells 
were confirmed from the levels of both mRNA 
(Figure 2A) and proteins (Figure 2B). 

Figure 3. DDR1 enhances bladder cancer cell in-
vasion in a scratch wound healing assay. (A, B) 
A scratch wound healing assay was applied to 
examine the effects of DDR1 on bladder cancer 
cell invasion, shown by quantification (A), and by 
representative images (B). *P<0.05. N=5.
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DDR1 enhances bladder cancer cell invasion 
in scratch wound healing assay

The scratch wound healing assay was applied 
to examine the effects of DDR1 on bladder can-
cer cell invasion. From the quantification, the 
overexpressed DDR1 resulted in increased cell 
invasion of RT4 cells (Figure 3A, 3B). Similarly, 
after the depletion of DDR1, the invasiveness 
of RT4 cells was decreased (Figure 3A, 3B). 

Thus, from the results of scratch wound healing 
assay, DDR1 enhanced bladder cancer cell 
invasion from the results of scratch wound 
healing assay.

DDR1 enhances bladder cancer cell invasion 
in a transwell cell invasion assay

The transwell cell invasion assay was also 
involved to examine the effects of DDR1 on 

Figure 4. DDR1 enhances bladder cancer cell inva-
sion in a transwell cell invasion assay. (A, B) A tran-
swell cell invasion assay was applied to examine 
the effects of DDR1 on bladder cancer cell invasion, 
shown by quantification (A), and by representative 
images (B). *P<0.05. N=5.

Figure 5. DDR1 increases bladder cancer cell growth in vivo. (A, B) 106 DDR1-modified RT4 cells were implanted 
s.c. into nude mice and the bioluminescence was determined after 2 months, shown by quantification (A), and by 
representative images (B). *P<0.05. N=5.
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bladder cancer cell invasion. From the results, 
the overexpressed DDR1 resulted in increased 
invasiveness (Figure 4A, 4B). After the deple-
tion of DDR1, the invasiveness of RT4 cells was 
decreased (Figure 4A, 4B). Thus, DDR1 en- 
hanced bladder cancer cell invasion from the 
results of transwell cell invasion assay.

DDR1 increases bladder cancer cell growth in 
vivo

Then, we used the DDR1-modified RT4 cell in a 
xenograft transplantation experiment into nude 
mice. The transfection of the cells by our plas-
mids allow detection of tumor implant by biolu-
minescence, taking advantage of their expres-
sion of luciferase. We found that two months 
after transplantation of 106 tumor cells, DDR1-
expressing RT4 cells generated much bigger 
tumor, while DDR1-depleted RT4 generated 
much smaller tumor, compared to controls 
(Figure 5A, 5B). Thus, DDR1 increases bladder 
cancer cell growth in vivo.

DDR1 enhances bladder cancer cell invasion 
through ZEB1 and Slug

Finally, we examined how DDR1 enhances blad-
der cancer invasion. We screened direct factors 
that increase tumor cell invasion in DDR1-
modified RT4 cells. Specifically, we found that 
DDR1 increased the levels of ZEB1 and Slug 
(Figure 6). Thus, DDR1 may enhance bladder 
cancer cell invasion through ZEB1 and Slug.

Discussion

In this study, we provide evidence that DDR1 
expression may be correlated with poor progno-
sis in bladder cancer patients. Moreover, we 
showed that DDR1 activation enhanced aggres-

sive tumor phenotypes in vitro and in vivo. 
These observations provided strong evidence 
that DDR1 served as a critical mediator of blad-
der cancer aggressiveness and that the inhibi-
tion of DDR1 can be potentially used as a novel 
strategy to improve the prognosis of bladder 
cancer patients [22-26].

Although the expression of DDR1 in bladder 
cancers remained unknown previously, some 
studies have demonstrated a positive associa-
tion between DDR1 protein expression and 
poor prognosis in solid tumors, which supports 
the hypothesis that DDR1 expression may 
enhance the aggressiveness of malignant 
tumors, e.g. non-small cell lung cancer [16, 27], 
serous ovarian cancer [28], and pancreatic 
ductal adenocarcinoma [17]. Like other solid 
tumors, bladder cancers contact non-cancer-
ous stroma to enhance tumor growth and mod-
ulate immune responses [29, 30]. Thus, the 
expression of DDR1 may use extracellular col-
lagen as a ligand to enhance bladder cancer 
invasion and metastasis. 

Here we tried to prove this hypothesis. We not 
only detected high DDR1 in bladder cancer, but 
also found an association between DDR1 lev-
els and patients’ prognosis. We selected only 
Stage IV patients, since these bladder tumors 
are more aggressive and malignant to allow 
examination of the survival of the patients with-
in a limited time course. To understand the 
underlying mechanisms, several human blad-
der cell lines were applied to examine their 
interactions. Since similar results were obta- 
ined in these cell lines, only data of RT4 cells 
were provided. It observed that overexpressed 
DDR1 in bladder cancer cells enhanced tumor 
invasion, while depletion of DDR1 in bladder 
cancer cells decreased cell invasion, both in 
vitro and in vivo. In addition, among all factors 
that are closely related to an aggressive man-
ner of bladder cancer, we specifically found that 
ZEB1 [31-33] and Slug [34, 35] were regulated 
by DDR1. The detailed molecular signaling 
should be explored in the future studies. 
Although we did not analyze in vitro cell growth 
regulated by DDR1, the adaption of the cell 
invasiveness may partially result from the 
changes in cell growth, and increases in cell 
invasiveness augment cell growth. These 
notions were supported by our in vivo data. 
DDR1 regulated the expression of ZEB1 and 

Figure 6. DDR1 enhances bladder cancer cell inva-
sion through ZEB1 and Slug. Western blot for ZEB1 
and Slug in DDR1-modified RT4 cells. 
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Slug, while the potential molecular mecha-
nisms should be clarified, as well as the rela-
tionship between the control of cell growth and 
cell invasion. It may promote our understanding 
of the bladder cancer cell metastasis and may 
further provide basis for exploring novel thera-
peutic targets and strategies for treating blad-
der cancer. 
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