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Discoidin domain receptor 1 is associated with poor prognosis
of non-small cell lung cancer and promotes cell invasion
via epithelial-to-mesenchymal transition
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Abstract Discoidin domain receptors (DDRs) are a novel
class of receptor tyrosine kinases that respond to several
collagens and facilitate cell adhesion. DDRI is highly
expressed in a variety of human cancers, and it is clear that
DDRI is primarily expressed in epithelial cells including
lung, colon and brain. Moreover, DDR1 expression can be
stimulated by collagen types I, II, III, IV, V, VIII and XI,
and aberrant signaling induced by DDRI1 dysregulated
expression is involved in various steps of tumorigenesis.
However, the molecular mechanism underlying the role of
DDRI in cancer development is not well documented. In
this study, we found that the expression of DDRI is
upregulated in non-small cell lung cancer (NSCLC) tissues
and cells when compared with counterpart normal tissues
and cells. Furthermore, collagen I could induce DDRI
expression, and activated DDR1 promoted NSCLC cell
migration and invasion, while knockdown of DDRI1 by
transfection with siRNA resulted in a significant decrease
in cell migrativeness and invasiveness. Enhanced DDR1
expression mediated by collagen I could activate MMP-2,
N-cadherin and vimentin expression, but reduce E-cadherin
expression; however, inhibition of DDR1 expression could
suppress MMP-2, N-cadherin and vimentin expression and
induce E-cadherin activation. In conclusion, our findings
indicated that upregulation of DDRI1 induced by collagen I
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may contribute to the development and progression of
NSCLC and this effect may be associated with increased
invasiveness, at least in part, via promoting epithelial-to-
mesenchymal transition.
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Introduction

Lung cancer is the leading cause of cancer death world-
wide, and non-small cell lung cancer (NSCLC), which
includes adenocarcinoma and squamous cell carcinoma, is
the predominant form of lung cancer [1]. Because of the
limited palliation provided by surgery, chemotherapy and
radiation, the improvement in prognosis and survival of
patients with lung cancer in the past 20 years is still
unfavorable [2]. A continuing problem in the management
of NSCLC is tumor cell metastasis; thus, gaining a detailed
understanding of the molecular pathways and mechanisms
that are activated in metastatic cells is essential for
improving diagnosis, prevention and treatment of this
disease.

Discoidin domain receptors (DDRs), a unique subfamily
of non-integrin collagen receptors, are receptor tyrosine
kinases containing a discoidin homology region in their
N-terminal domain [3]. DDR and tyrosine kinases have
been reported to be involved in cellular morphogenesis,
differentiation, migration and invasion [4, 5]. There are two
types of DDRs: DDR1 and DDR2. DDRI1 is primarily
stimulated by collagens I-IV and VIII, and DDRI1 signal-
ing is essential for cerebellar granule differentiation,
mammary gland development and arterial wound repair
[6-9]. Recently, many studies have reported altered
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expression of DDR1 in multiple human cancers, including
lung, breast, ovary and prostate cancers, suggesting a def-
inite role of DDRI in tumor progression [10-13]. More-
over, the enhanced expression of DDR1 in a lot of fast-
growing invasive tumors indicates that this matrix-acti-
vated receptor tyrosine kinase may act as a critical regu-
lator of cell adhesion, migration, invasion and subsequent
tumor metastasis [14]. However, DDR1 downstream sig-
naling pathways or functions in different cell types and its
transcriptional targets have not yet been described. Simi-
larly, there is as yet relatively little information concerning
the regulation of DDR1 expression, and so far, only a few
inflammatory mediators including TNF-o, IL-1B and LPS
have been shown to induce DDRI1 expression, but the
regulatory mechanisms governing the expression of DDR1
remain to be documented [15].

Given the important role of DDRI in cancer develop-
ment and progression, we in an effort to explore the
expression in NSCLC tissues and cells identify down-
stream signaling targets of DDRI, in particular those that
may contribute to the DDR1-induced NSCLC cell migra-
tion and invasion pathways. In this study, we found that
DDRI1 was significantly overexpressed in NSCLC tissues
and cells when compared with their compact normal tissues
and cells through qRT-PCR and Western blot. Further-
more, collagen I could stimulate DDR1 expression, and
activated DDR1 promotes NSCLC cell migration and
invasion, while knockdown of DDR1 by transfection with
siRNA resulted in a significant decrease in cell migra-
tiveness and invasiveness. Enhanced DDR1 expression
mediated by collagen I could activate MMP-9, N-cadherin
and vimentin expression, but reduced E-cadherin expres-
sion; however, inhibition of DDR1 expression could sup-
press MMP-9, N-cadherin and vimentin expression and
induce E-cadherin activation. These data indicated that
upregulation of DDRI1 induced by collagen I may con-
tribute to the development and progression of NSCLC and
this effect may be associated with increased invasiveness,
at least in part, via promoting epithelial-to-mesenchymal
transition (EMT).

Materials and methods
Tissue samples

Non-small cell lung cancer and normal lung tissues were
obtained from patients who underwent primary surgical
resection of NSCLC with informed consent at Nanjing
Drum Tower Hospital Affiliated to Medical School of
Nanjing University between 2006 and 2007. No local or
systemic treatment had been conducted in these patients
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before the operation. All these tissue samples were
immediately snap-frozen in liquid nitrogen and stored at —
80 °C until total RNA was extracted. The study was
approved by the Research Ethics Committee of Nanjing
University (Nanjing, Jiangsu, PR China). Informed consent
was obtained from all patients.

Cell lines and culture conditions

Non-small cell lung cancer adenocarcinoma cell lines
(A549, H322, H358, H460 and NCI-H1299), a NSCLC
squamous carcinoma cell line (SK-MES-1) and a normal
human bronchial epithelial cell line (BEAS-2B) were pur-
chased from the Institute of Biochemistry and Cell Biology
of the Chinese Academy of Sciences (Shanghai, China). All
cells were cultured in RPMI 1640 (GIBCO-BRL) medium
supplemented with 10 % fetal bovine serum (10 % FBS),
100 U/ml penicillin and 100 mg/ml streptomycin (Invitro-
gen) in humidified air at 37 °C with 5 % CO2. Cells were
grown on 250 ng/ml type I collagen (BD Biosciences, San
Diego, CA, USA) for all relative experiments.

RNA extraction and qRT-PCR analyses

Total RNA was isolated with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s proto-
col. For analysis of DDR1, E-cadherin, N-cadherin, vimentin,
MMP-2 and MMP-9 mRNA expression, 100 ng total RNA
was reverse transcribed in a final volume of 10 pl using ran-
dom primers under standard conditions using the PrimeScript
RT reagent Kit and SYBR Premix Ex Taq (TaKaRa, Dalian,
China) according to the manufacturer’s instructions. GAPDH
gene was used as an internal control. The primers were
designed as follows: DDRI1, forward primer: 5'-GCGT
CTGTCTGCGGGTAGAG-3/, reverse primer: 5-ACGGCC
TCAGATAAATACATTGTCT-3'; MMP-2, forward primer:
5'-CGTCTGTCCCAGGATGACATC-3/, reverse primer: 5'-
TGTCAGGAGAGGCCCCATAG-3'; MMP-9, forward pri-
mer: 5-TGGGCAGATTCCAAACCTTT-3/, reverse primer:
5'-TCTTCCGAGTAGTTTTGGATCCA-3'; E-cadherin, for-
ward primer: 5'-TCCCATCAGCTGCCCAGAAA-3, reverse
primer: 5-TGACTCCTGTGTTCCTGTTA-3'; N-cadherin,
forward primer: 5-CCCTGC TTCAGGCGTCTGTA-3,
reverse primer: 5'-TGCTTGCATAATGCGATTTCACC-3';
vimentin, forward: 5-TCTACGAGGAGGAGATGCGG-3/,
reverse: 5-GGTCAAGACGTGCCAGAGAC-3'; GAPDH,
forward primer: 5'-GGGAGCCAAAAGGGTCAT-3, reverse
primer: 5-GAGTCCTTCCACG ATACCAA-3'. The relative
levels of mRNA expression were calculated based on the dif-
ference between amplification of target genes and GAPDH
mRNA using the 27“ct method. All experiments were per-
formed three times with three technical replicates.
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Transfection of NCSCL cells

DDR1-siRNA named si-DDR1 and non-specific control
siRNA (si-NC) were purchased from GeneChem, Shang-
hai, China. The si-DDR1 was transfected into cultured
A549 cells, respectively. A549 cells were grown on six-
well plate to confluence and transfected using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours after transfection, cells were
harvested for qRT-PCR analyses or Western blot.

Wound-healing assay

For the wound-healing assay, 5 x 10’ cells were seeded in
six-well plates, cultured overnight and treated with type I
collagen or respective controls. When the culture had
reached nearly 90 % confluency, the cell layer was scrat-
ched with a sterile plastic tip and then washed with culture
medium and cultured again for 48 h with serum-reduced
medium containing 1 % FBS. At different time points,
photographic images of the plates were acquired under a
microscope.

Cell migration and invasion assays

For the migration assays, 24 h after transfection, 3 x 10*
cells in serum-free media were placed into the upper
chamber of an insert (8 pm pore size, millipore). For the
invasion assays, 6 X 10° cells in serum-free media were
placed into the upper chamber of an insert coated with
Matrigel (BD, San Diego, CA, USA). Media containing
10 % FBS were added to the lower chamber. After 24 h of
incubation, the cells remaining on the upper membrane
were removed with cotton wool, whereas the cells that had
migrated or invaded through the membrane were stained
with methanol and 0.1 % crystal violet, imaged and
counted using an IX71 inverted microscope (Olympus,
Tokyo, Japan). Experiments were independently repeated
three times.

Western blotting assay

Cells were lysed using mammalian protein extraction
reagent RIPA (Beyotime) supplemented with protease
inhibitors cocktail (Roche) and PMSF (Roche). Protein
concentration was measured with the Bio-Rad protein
assay kit; 40 pg of protein extractions was separated by
10 % sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE), then transferred to 0.22-pm NC
membranes (Sigma) and incubated with specific antibodies.

Autoradiograms were quantified by densitometry (Quantity
One software; Bio-Rad). GAPDH was used as control.
GAPDH antibody was purchased from sigma; E-cadherin,
N-cadherin, vimentin and vimentin antibody were pur-
chased from BD (San Diego, CA, USA); MMP-2 and
MMP-9 antibody were purchased from CST.

Statistical analysis

Student’s ¢ test (two-tailed), one-way ANOVA and Mann—
Whitney test were performed to analyze the data using
SPSS 16.0 software. P values <0.05 were considered sta-
tistically significant.

Results

Expression of DDRI1 is upregulated and correlated
with lymph node metastasis of non-small cell lung
cancer

The expression of DDR1 was detected in 82 NSCLC
samples and normal tissues by qRT-PCR and normalized to
GAPDH. The level of DDR1 mRNA was significantly
upregulated in cancerous tissues (median ratio of 2.8-fold,
P < 0.01) compared with corresponding normal tissues
(Fig. 1a). Furthermore, correlation analysis of DDRI
expression with clinical pathological features of NSCLC
patients revealed a significant association between DDRI1
upregulation and lymph node metastasis and NSCLC cell
distance metastasis (Fig. 1b, c). However, DDRI1 expres-
sion was not correlated with patient age, gender, etc.
(Table 1).

Kaplan—Meier survival analysis was performed to
further evaluate the correlation between DDR1 expression
and NSCLC patient prognosis. According to the mean
ratio of relative DDR1 expression (2.8) in tumor tissues,
82 NSCLC patients were classified into two groups: high-
DDR1 group (n = 50, DDR1 expression ratio > mean
ratio) and low-DDR1 group (n = 32, DDR1 expression
ratio < mean ratio). The Kaplan—-Meier survival curve
showed that patients with increased DDR1 expression
levels had shorter survival times than those with low
DDRI1 expression levels (Fig. 1d). Moreover, the results
of Western blot assays revealed that DDRI1 protein was
also increased in NSCLC tissues and cells compared with
counterpart normal tissues and cells (Fig. le). These
results indicated that increased DDRI1 expression may
play an important role in NSCLC progression and
development.
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Fig. 1 DDRI expression in NSCLC tissues and its clinical signifi-
cance. a Determining DDRI1 expression in NSCLC tissues. DDR1
was detected in 82 pairs of NSCLC tissues by gqRT-PCR. Data are
presented as fold changes in tumor tissues relative to normal tissues.
b, ¢ Data are presented as fold changes in tumor tissues relative to
normal tissues. DDR1 expression was significantly higher in patients

Modulation of DDRI1 expression by collagen I
stimulation and siRNA transfection

We next performed qRT-PCR and Western blot analysis to
examine the expression of DDRI in six human NSCLC cell
lines, including both adenocarcinoma and squamous car-
cinoma subtypes. The results of qRT-PCR and Western
blot analysis showed that DDRI1 expression was also
upregulated in NSCLC cells compared with the normal
bronchial epithelial cell BEAS-2B (Fig. 2a, b).
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with lymph node metastasis and NSCLC cell distance metastasis.
d Patients with high levels of DDR1 expression showed reduced
survival times compared to patients with high levels of DDRI1
expression. e Analysis of DDR1 protein level in tumor tissues relative
to normal tissues by Western blot. All experiments were performed in
biological triplicate with three technical replicates. **P < 0.01

To determine whether collagen can induce the expres-
sion of DDR1 in NSCLC cells, we treated A549 cells with
collagen I for 16 h. The results of qRT-PCR showed that
DDR1 mRNA and protein level were significantly upreg-
ulated in A549 cells treated with collagen I when compared
with control (Fig. 2c). To dissect the possible contribution
of DDRI1 in lung cancer development and progression, we
knocked down DDRI levels by transfection of three dif-
ferent siRNAs in A549 cells. The expression levels of
DDR1 mRNA and protein in A549/si-DDR1 cells were
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Table 1 Correlation between

DDRI expression and Clinicopathological parameters

No. of cases Relative DDRI1 expression

clinicopathological parameters Low High P value
in non-small cell lung
carcinoma Age 0.159
<60 38 11 26
=60 44 20 24
Gender 0.713
Male 47 21 26
Female 35 11 24
Histologic type 0.537
Squamous carcinoma 47 19 28
Adenocarcinoma 35 13 22
Differentiation 0.203
Well, moderate 63 25 38
Poor 19 7 12
Tumor size (maximum diameter cm) 0.174
<3 20 8 12
>3 62 24 38
Lymph node metastasis 0.001
Negative 45 22 23
Positive 37 10 27
T stage 0.051
T1, T2 67 16 41
T3, T4 15 6 9

significantly decreased compared with si-NC-transfected
cells (Fig. 2d).

Effects of collagen I stimulation and DDR1 knockdown
on cell migration and invasion

As collagen I has been shown to induce the expression of
DDRI1, we elucidated whether the induction of DDR1 by
collagen I had a functional effect in cell migration and
invasion. The results of wound-healing assays showed that
A549 cells with collagen I stimulation presented a faster
closing of scratch wound, compared with the control cells
(Fig. 3a). Moreover, the cell migration and invasion assays
showed that collagen I stimulation resulted in increased
migration and invasion rate of A549 cells compared with
the control (Fig. 3c).

To investigate whether DDR1 had a direct functional
effect in facilitating NSCLC cell migration and invasion,
we evaluated cancer cell invasion through Matrigel and
migration through wound-healing and transwell assays. As
shown in Fig. 3b, d, knockdown of DDRI1 expression
impeded the migration of A549 cells compared with con-
trol. Similarly, invasion of A549 cells was also reduced
following inhibition of DDRI1. These data indicated that

DDRI1 can promote the migratory and invasive phenotype
of NSCLC cells.

Collagen I-induced EMT is partly via DDR1 signaling

Epithelial-to-mesenchymal transition, a fundamental bio-
logical process in embryonic development, has been found
to be involved in tissue homeostasis, wound healing, tumor
invasion and metastasis. Recent studies show that interac-
tions with extracellular matrix molecules, such as collagen
I, can induce EMT in some cell types. Therefore, we
investigated the mechanism whereby interaction of A549
cells with collagen I might induce EMT via DDR1 sig-
naling. The results of gqRT-PCR showed that collagen I
stimulation could induce N-cadherin, vimentin and MMP-9
mRNA expression and decrease E-cadherin mRNA
expression, while inhibition of DDR1 could downregulate
N-cadherin, vimentin and MMP-9 mRNA expression and
increase E-cadherin mRNA expression reversely (Fig. 4a).
Moreover, Western blot analysis also showed the same
results (Fig. 4b). These data indicated that collagen I may
influence NSCLC cell migration and invasion through
promoting the epithelial-to-mesenchymal transition via
partly inducing DDR1 expression.
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Fig. 2 Modulation of DDR1
expression by collagen |
simulation and siRNA
transfection. a Analysis of
DDRI expression in NSCLC
cell lines (A549, H322, H358,
H460, NCI-H1299 and SK-
MES-1) compared with the
normal bronchial epithelial cell
line (BEAS-2B) by qRT-PCR
and Western blot. b Analysis of
DDR expression following
treatment of collagen I in A549
cells by qRT-PCR and Western
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Discussion

DDRI is a receptor tyrosine kinase that is identified during
the search for tyrosine kinase proteins expressed in human
malignancies [16]. DDR1 kinase contains a homology
domain to discoidin, which is distinct from other members
of the large receptor tyrosine kinase and could be activated
by various types of collagens and is found to be involved in
cell attachment, migration and invasion [17]. Accumulat-
ing evidence indicates that DDR1 is overexpressed in
invasive tumors including breast, prostate, lung and cancer
cells overexpressing DDR1 display increased migration
and invasion [7, 18]. For instance, upregulated DDRI1
expression promotes cancer development by enhancing
cancer cell survival and invasion, and high DDRI
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expression is associated with short hormone resistance
interval in prostate carcinoma [13].

In the present study, we found that DDR1 expression is
upregulated in NSCLC tissues and cells compared to nor-
mal tissues and cells, which indicated that enhanced DDR1
expression may contribute to NSCLC development and
progression. It has been reported that DDR1 can be pri-
marily activated by collagens I-IV and VIII, and Ruiz et al.
found that collagen I induces the expression of DDR1 in a
dose- and time-dependent manner in primary human lung
fibroblasts [19]. Moreover, our data also showed that col-
lagen I stimulation could significantly induce DDRI
expression in NSCLC cells. Several reports support that
collagen I can induce activation of tyrosine kinase FAK
and recruitment to the E-cadherin/catenin complex;
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Fig. 3 Effect of collagen I simulation and DDR1 on cell migration
and invasion in vitro. a, b Wound-healing assay was performed to
investigate the migratory ability of A549 cells treated with collagen I
or DDRI1 siRNA transfection. ¢, d Transwell assays were performed

meanwhile, collagen I activates JNK, which upregulates
N-cadherin expression, initiates EMT and promotes inva-
sion and metastasis of pancreatic cancer cells [20, 21].
These data point out the highly significant influence of

Migration

Invasion

collagen I on the outcome of pancreatic cancer.
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to investigate the migratory and invasive ability of A549 cells treated
with collagen I or DDR1 siRNA transfection. All experiments were
performed in biological triplicate with three technical replicates.
*P < 0.05 and **P < 0.01

Here, we showed that collagen I stimulation could
promote NSCLC cell migration and invasion, while
inhibition of DDRI1 expression resulted in a decreased
number of migration and invasion of NSCLC cells when
compared with control cells. In addition, we found that
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Fig. 4 Collagen I-induced EMT is partly via DDRI signaling.
a Analysis of E-cadherin, N-cadherin, vimentin, MMP-2 and MMP-
9 mRNA expression in A549 treated with collagen I or DDR1 siRNA
transfection cells by qRT-PCR. b Analysis of E-cadherin, N-cadherin,

collagen I could induce expression of N-cadherin,
vimentin and MMP-9 and inhibit E-cadherin expression;
however, knockdown of DDRI expression leads to
decreased N-cadherin, vimentin and MMP-9 expression
and increased E-cadherin expression. Loss of E-cadherin
expression or function and increased expression of other
cadherins such as E-cadherin and vimentin is necessary
for the increased cell motility that accompanies EMT
[22, 23].

Epithelial-to-mesenchymal transition is first recognized
as a central differentiation process allowing the remodeling
of tissues during early embryogenic and is implicated in the
promotion of tumor invasion and metastasis [24, 25]. EMT
can be initiated by external signals originating from outside
the cell, such as transforming growth factor (TGF)-b,
hepatocyte growth factor (HGF), epidermal growth factor
(EGF) and fibroblast growth factor (FGF) [26, 27]. Fur-
thermore, it has been proposed and supported by numerous
publications that EMT process would be a potent mecha-
nism that enhances the detachment of cancer cells from
primary tumors. One characteristic of cells that underwent
EMT is the loss of E-cadherin expression, and decreased
E-cadherin expression has been reported to be associated
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vimentin, MMP-2 and MMP-9 protein levels in A549 treated with
collagen I or DDR1 siRNA transfection cells by Western blot. All
experiments were performed in biological triplicate with three
technical replicates. *P < 0.05, **P < 0.01 and NS not significant

with poor clinical outcome in NSCLC [28, 29]. Therefore,
EMT-inducing pathways may be good candidates for
intervention in the treatment for cancer, and it is important
to understand the molecular mechanisms that drive EMT
for the prevention of metastasis. In this study, we showed
that collagen I activates DDRI1 signaling is an effective
pathway promoting EMT, while inhibiting the DDRI1
pathway prevented EMT in NSCLC cells.

In conclusion, this study provides evidence that DDR1 is
significantly upregulated in NSCLC tissues and cells.
Collagen I triggers the expression of DDR1 and promotes
NSCLC cells migration and invasion, and inhibition of
DDRI1 in NSCLC cells resulted in significantly increased
cell motility and invasiveness. In addition, our results
demonstrate that the collagen I activated DDR1 signaling,
which may be an effective pathway promoting EMT and
contribute to NSCLC cell invasion. These findings indicate
that upregulation of DDR1 may be involved in the pro-
gression of NSCLC and associated with increased inva-
siveness. Although this study provides a possible molecular
mechanism for DDR1 affecting NSCLC cell migration and
invasion, further studies are needed to elucidate the details
of the regulation of DDRI1 expression.
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