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Abstract
Purpose: Lung cancer is responsible for more cancer-related death worldwide Most lung cancer patients
have non-small cell lung cancers (NSCLC), with low survival rate.  Therefore, it is necessary to study new
and effective targeted therapies. Discoidin domain receptor1 (DDR1) is a tyrosine kinase receptor that
reacts to various collagens. Expression of DDR1 can be promoted by collagen type I, and dysregulation of
DDR1 signaling are involved in several phases of tumorigenesis. Tumor growth and metastasis depend
on angiogenesis caused by angiogenic factors, such as vascular endothelial growth factor (VEGF) and
�broblast growth factor (FGF) secreted by tumor cells. Thus, Angiogenesis plays a critical role in cancer
progression and inhibition of angiogenesis is essential for cancer treatment. The aim of the current study
was to evaluate the alteration of DDR1 expression and its effects on VEGF-A, FGF-1, and FGF2 in NSCLC.

Methods: A549 and Calu-3 cell lines, were treated with collagen type I and transfected with DDR1 small
interfering RNA (siRNA). Then, the relative expression of DDR1, VEGF-A, FGF-1, and FGF-2 was evaluated
using quantitative real-time polymerase chain reaction (qRT-PCR). The concentration of angiogenic
factors was calculated by Human Angiogenesis 17-plex discovery assay.

Results: According to our data, the collagen type I could stimulate DDR1 expression and DDR1
upregulation resulted in a signi�cant increase of VEGF-A and FGF-2 expression, but did not induce FGF-1
expression. Moreover, DDR1 downregulation signi�cantly decreased VEGF-A and FGF-2 expression.

Conclusion: our �ndings suggest that alteration of DDR1 expression may affect VEGF-A and FGF-2
expression in NSCLC associated with tumor angiogenesis and represent a new treatment approach. 

Introduction
Lung cancer is the leading cause of cancer-related death worldwide. Lung cancer comprises two main
histologic subtypes: non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC, which
includes large-cell carcinoma, squamous cell carcinoma, and adenocarcinoma, is the predominant form
of lung cancer [1, 2]. Despite many advances in several �elds of oncology, lung cancer treatment has not
progressed signi�cantly. Understanding the biological pathways involved in the cause of lung cancer is
needed to recognize important biomolecules as diagnostic markers and new targeted therapies [3].

Discoidin domain receptors (DDRs) are kinds of tyrosine kinase receptors (RTKs) that have an
extracellular discoidin homology domain for collagen binding and activation. DDR1 and DDR2 are two
types of DDRs. The only RTKs that recognize speci�c amino acid motifs in collagen (binding motif:
GVMGFO, six amino acid) and collagen activate them are the DDRs. The DDRs are important
transmembrane regulators that, as part of extracellular matrix networks, regulate signaling and cell-matrix
interactions. Therefore, the DDRs are involved in cancer progression by controlling the interactions
between tumor cells and the collagen matrix around them [4–7].
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Discoidin domain receptor 1 gene has 17 exons that are alternatively spliced to generate �ve DDR1
isoforms (a–e) that differ in the cytoplasmic region. DDR1 is widely distributed in the body but is
expressed mainly in epithelial cells and is activated by �brillar and non-�brillar collagens. DDR1 signaling
has been indicated to play a critical role in various cellular functions such as ECM remodeling,
proliferation, survival, migration, immune response, differentiation, and wound healing. Different studies
have shown DDR1 expression in a variety of human cancers such as renal clear cell carcinoma, breast
cancer, non-small cell lung carcinoma, prostate cancer, esophageal cancer, and hepatocellular carcinoma
indicating the function of DDR1 in tumor progression [7–12].

Angiogenesis is a vital process required for a variety of physiological and pathological functions, such as
in�ammation, metabolic diseases, wound repair, and tumor progression. As cancer progresses,
angiogenesis is important to provide nutrition and remove waste products for tumor proliferation, survival
and metastasis. Many different proteins have been discovered as proangiogenic and antiangiogenic
molecules that regulate angiogenesis and their expression level determines the tumor cells invasion.
Proangiogenic factors, such as vascular endothelial growth factor (VEGF) and �broblast growth factor
(FGF) have been identi�ed as activators of angiogenesis [13, 14].

VEGF is one of the most effective angiogenic components that play a critical role in neovascularization.
The VEGF family consists of six famous members. VEGF-A is a glycoprotein that has several molecular
isoforms and is also called VEGF or VPE (vascular permeability factor). VEGF-stimulated signal activates
various downstream proteins such as phospholipase Cγ, PI3-K, GAP, the Ras GTPase-activating protein,
p38MAPK, ERK, p125FAK, and inducing cell progression. VEGF-A is a strong and particular mitogen for
vascular endothelial cells that stimulates the angiogenesis pathways and is up-regulated in different
tumors [15, 16].

FGF is another essential molecule that regulates angiogenesis. The FGF family includes nine sperate
members. FGF-1 (acidic, aFGF) and FGF-2 (basic, bFGF) are indicated as potent activators of
angiogenesis. FGF binds to speci�c receptors resulting in activation of downstream signal transduction
cascade and play important roles in wound healing and embryonic development. Moreover, some FGF
signaling promotes tumor angiogenesis and growth [17]. Additionally, VEGF and bFGF act as
antiapoptotic agents for the neovascularization, because they stimulate antiapoptotic molecules (like Bcl-
2) expression and increase endothelial cell survival [18, 19].

In the current study, we evaluated the expression of DDR1 that induced by collagen type I and inhibited by
siRNA in non-small cell lung cancer cells. Then, we investigated the expression of VEGF-A, FGF-1, and
FGF-2 to �nd whether expression alteration in angiogenic factors were correlated with expression of
DDR1 in NSCLC.

Material And Methods

Cell lines and culture conditions



Page 4/18

We purchased the human NSCLC adenocarcinoma cell lines (A549 and Calu-3) from the National Cell
Bank of Iran (Pasteur Institute of Iran, Tehran) and maintained them according to the manufacturer’s
instructions. Two cell lines were cultured and grown in Dulbecco’s modi�ed eagle medium (DMEM) with a
high concentration of glucose supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 100 U/ml
penicillin, and 100 µg/ml streptomycin at 37˚C in humidi�ed air with 5% CO2.

Preparation of collagen Ι coated plate and collagen I
stimulation
For Coating cell culture dishes with rat tail collagen Ι (Roche, Mannheim, Germany), the lyophilized
Collagen was dissolved in sterile 0.2% acetic acid (v/v) according to the manufacturer's instructions.
Then, su�cient diluted collagen was added to coat dishes (5-10µg/cm2) surface and Carefully spread the
collagen solution on the bottom of the culture dishes. After that, the plates were incubated for about 60
min at +15 to +25°C in the laminar �ow hood. Finally, the coated surface was washed with medium or
buffer. For DDR1 activation by collagen I, cells were implanted in the plates and grown on collagen I or
control at various time points.

Knockdown transfection
cells were split to 60–70% con�uence in each well of 6-well plates. The next day, transfection of the si-
DDR1 (ON-TARGETplus siRNA, Dharmacon, Colorado, USA) and control small interfering RNA (ON-
TARGETplus Non-targeting Control siRNA, Dharmacon, Colorado, USA) into A549 and Calu-3 cells were
performed using DharmaFECT Transfection Reagent (Dharmacon, Colorado, USA) according to
manufacturer protocol with 25 nM �nal concentration of siRNAs. Cells were grown in serum-free medium
for six hours. Then, we added 10% FBS to the complete medium, and cells were grown with 10% FBS for
42 h.

RNA extraction
Total RNA was isolated from each cell line after 2, 4, 8, 12, and 16 hours of collagen induction and 48h
siRNA transfection by TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's
instructions. The concentration of RNA and A260/280 ratio were evaluated using a NanoDrop
Spectrophotometer (Thermo Fisher Scienti�c, Waltham, USA). RNA quality was determined via agarose
gel electrophoresis.

Quantitative real-time PCR
For analysis of DDR1, VEGF-A, FGF-1, FGF-2, and GAPDH mRNA expression, 1µg total RNA was reverse
transcribed using random primers and RevertUP™ II Reverse Transcriptase (Biotechrabbit™ cDNA
Synthesis Kit, Hennigsdorf, Germany) according to the manufacturer’s protocol. Quantitative Real-time
polymerase chain reaction (qRT-PCR) was performed using the SYBR Green assay in the Corbett Rotor-
Gene 6000 Real-time PCR Machine (Qiagen, Hilden, Germany). The comparative threshold cycle method
(ΔΔCt) was used to quantify relative amounts of transcripts with GAPDH as an internal control. Reactions
were performed in duplicate, and the results of three independent experiments were subjected to
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statistical analysis. The authenticity of the ampli�ed products was evaluated by agarose gel
electrophoresis.

Western blot
Cells were implanted on 10 cm plates coated with 1 mg/mL collagen and �bronectin (control). Then, after
acceptable con�uency, they were lysed with Pierce RIPA buffer (Thermo Fisher Scienti�c, Waltham, USA)
containing 10 µg/mL Na2VO4, 10 µg/mL phenyl methyl sulfonyl �uoride (PMSF), and 20 µg/mL protease
inhibitor cocktail (µg/ml leupeptin and 10 µg/ml aprotinin). Protein yields were assigned by a BCA Protein
assay kit (Thermo Fisher Scienti�c, Waltham, USA), and 40 µg of protein was loaded with 1X SDS sample
buffer onto 10% or 8% polyacrylamide gels. Gels were transferred onto 0.45 µm nitrocellulose membranes
(Bio-Rad, California, USA) and blocked in 5% BSA. Next, Membranes were incubated overnight with
primary antibodies at 4°C in 2.5% BSA in TBS with 0.1% Tween-20. Membranes were incubated with
respective secondary antibody for 1 h in TBS with 0.1% Tween-20 at room temperature. Finally, Image
Studio (Mandel) was used for the detection and analysis of immunoblots. Goat anti-DDR1 antibodies
were purchased from R&D Systems (Minneapolis, USA). β-actin (MABT825) primary mouse antibodies
were obtained from Millipore Sigma (Burlington, Massachusetts, USA).

Angiogenic factors analysis
To evaluate the angiogenic factor concentrations in collagen type I stimulated cells, the cell lysate was
collected from the collagen I coated plates and control plates after 16 h. The cell lysate was frozen at
−80°C and shipped on dry ice to Eve Technologies (Calgary, AB, Canada) for analysis using Human
Angiogenesis 17-Plex Discovery Assay.

Statistical analysis
The results were analyzed using the GraphPad Prism 8.0 statistical software (GraphPad Software Inc.,
San Diego, USA). The expression levels of mRNA in each cell sample were normalized to those of
GAPDH. The signi�cance of differences between groups was assessed using the unpaired Student’s t-test
or analysis of variance (ANOVA). P values < 0.05 (*) were considered signi�cant. Our Data were illustrated
as mean ± standard deviation (SD) with at least three independent experiments.

Results
Upregulation and downregulation of DDR1 by collagen I stimulation and siRNA transfection in NSCLC cell
lines

To determine whether collagen Ι could promote the DDR1 expression in NSCLC cells, we stimulated A549
and Calu-3 cells with collagen I. A549 and Calu-3 cells were incubated in collagen Ι-coated plates and
control plates for various times, and then total RNA was extracted to perform Real-time quantitative PCR.
The results showed that mRNA expression of DDR1 was signi�cantly increased in A549 and Calu-3 cells
treated with collagen I compared to control (Fig. 1a, c). Also, the total protein expression of DDR1 was
detected using Western blot analysis (Fig. 1d). Our data revealed that mRNA and protein expressions of
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DDR1 in A549 and Calu-3 cells were induced in a time-dependent mode, and after 16 h of collagen I
stimulation reached the highest expression. The cells were transfected with four different DDR1 siRNAs
to reduce the expression of DDR1. The DDR1 mRNA expression levels were signi�cantly decreased in
A549 and Calu-3 cells after being treated with siDDR1 compared to Non-targeting control siRNA
transfected cells (Fig. 1b, c).

Effects of DDR1 on the angiogenic factors expression in
NSCLC cell lines
To investigate the relationship between expression of DDR1 and angiogenic factors in two NSCLC cell
lines (A549 and Calu-3 cells), we have transiently overexpressed DDR1 with collagen I stimulation at
various time points. Also, knockdown of DDR1 was performed in A549 and Calu-3 cell lines using DDR1
siRNA sequences and non-targeting control. The Real-time quantitative PCR results showed that the
mRNA expression levels of DDR1 in A549 and Calu-3 cells were signi�cantly increased after 16 hours
compared with unstimulated cells. Furthermore, DDR1 mRNA expressions in A549 and Calu-3 were
signi�cantly decreased after siRNA transfection. Therefore, to con�rm the effects of DDR1 on VEGF-A,
FGF-1, and FGF-2 expression, we evaluated the expression levels of VEGF-A, FGF-1, and FGF-2 in the A549
and Calu-3 cells after stimulation of collagen I and siRNA transfection. In the following assays, VEGF-A
(Fig. 2a, c) and FGF-2 (Fig. 3a, c) mRNA expression levels were signi�cantly increased after DDR1 over-
expression in these two cell lines in a time-dependent mode, and after 16 h of collagen I stimulation
reached the highest expression. Moreover, in both the cell lines tested, knockdown of DDR1 affected the
mRNA levels of VEGF-A and FGF-2, signi�cantly decreased VEGF-A (Fig. 2b, c) and FGF-2 (Fig. 3b, c)
expressions. In contrast, the observed difference in expression levels of FGF-1 was not signi�cant
statistically in both cell lines (Fig. 4a, b, c). Our results demonstrate that inhibition of DDR1 down-
regulates VEGF-A and FGF-2, whereas stimulation of DDR1 up-regulates them.

angiogenic factors Analysis
we used Human Angiogenesis 17-Plex Discovery Assay to analyze the production of angiogenic factors
(VEGF-A, FGF-1, and FGF-2) in A549 and Calu-3 cells stimulated with collagen type I. According to the
�uorescent intensity results in two cell lines, the concentrations of VEGF-A and FGF-2 increased
signi�cantly after collagen I stimulation but FGF-1 (Fig. 5a, b, c) did not increase.

Conclusions
In the group of human cancers, lung cancer is the most common in both sexes, with a high incidence, and
has one of the worst prognoses between cancers. Most lung cancer cases are NSCLC and have the
lowest 5-year survival rate of leading human cancers. So, new and effective targeted therapies are
essential [1, 20].



Page 7/18

DDR1 is a tyrosine kinase receptor with the unique ability among RTKs to respond to several collagen
types [6, 7]. The DDR1 has been shown to regulate various cellular signaling pathways, cell proliferation,
adhesion, migration, matrix remodeling. Thus, dysregulation of DDR1 may lead to metastatic cancer
progressions. Gather evidence con�rmed overexpression of DDR1 in invasive tumors that showed
enhanced migration and invasion in cancer cells [21–24]. Upregulation of DDR1 in NSCLC tissues
indicated that increased DDR1 expression might be involved in the development and progression of
NSCLC. The DDR1 has been reported to be basically activated by collagens I–IV and VIII. Accordingly,
collagen type I increases DDR1 expression in primary human lung �broblasts at speci�c doses and times.
In addition, collagen type I activates the DDR1 pathway to promote EMT by activation of MMP-9 and
contribute to NSCLC cell invasion [21, 25]. DDR1 stimulates MAPK signaling by activating ERK1/2 or the
JNK pathway in various cell lines. In addition, DDR1 activation has been shown to induce PI3 kinase/Akt
and NFκB signaling pathways in cancer cells [9].

Tumor growth and metastasis depend on angiogenesis triggered by chemical signals from tumor cells in
a phase of rapid growth. At the onset of angiogenesis, proangiogenic factors, including VEGF and related
molecules, increase. Growth factors and cytokines that control angiogenesis are included VEGF, FGF,
angiopoeintins, TNF-α and TNF-β. VEGF acts as a major key to angiogenesis in the early stages of both
physiological and pathological conditions. Up-regulation of FGF-2 (basic FGF) has been shown to
increase angiogenic activity and also cooperate with other angiogenic molecules including VEGF.
Because VEGF and FGF have been shown to be abundantly produced in a variety of angiogenic diseases,
they can be screened for appropriate therapeutic purposes [26].

Accordingly, various studies have been performed on treatment methods to inhibit angiogenesis and thus
suppress tumor growth. For example, treatment with relevant anti-miRNA suppressors can neutralize the
expression of miRNA antiangiogenic target genes by increasing miRNA expression and inhibit the
angiogenic response. Overexpression of VEGF or bFGF increases miR-132 expression, which induces Ras
activity and cell proliferation by inhibiting p120RasGAP (the Ras GTPase activating protein) expression.
Thus, anti-miR-132 expression retains the expression of p120RasGAP that inhibits Ras activity and
suppresses angiogenesis cascades of several growth factors [27].

Another study has shown that DDR1 expression stimulates the formation of tubular structures in HUVEC
cells culture medium with increased DDR1 expression [28]. However, the mechanism of DDR1
angiogenesis stimulation is not yet known and its determination requires further studies. Also, the study
of DDR1 and its effect on angiogenesis in lung cancer can introduce it as a suitable biomarker and
therapeutic target.

In the present study, we showed that collagen I could signi�cantly promote DDR1 expression in lung
adenocarcinoma cells (A549 and Calu-3). Also, the expression of VEGF-A and FGF-2 were signi�cantly
increased by DDR1 up-regulation. Therefore, DDR1 expression is a crucial clinically molecular target for
NSCLC patients. In conclusion, our �ndings demonstrate that DDR-1 proteins play a major role in
promoting angiogenesis by regulating the expression of angiogenic factors: VEGF-A and bFGF in non-
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small cell lung cancer cells. The DDR1-dependent angiogenesis provides a new paradigm in lung
tumorigenesis which could have an impact on its treatment.
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Figures
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Figure 1

Expression of DDR1 by collagen I simulation and after siRNA transfection in A549 and Calu-3 cells. a.
Expression analysis of DDR1 mRNA in A549 and Calu-3 cells were incubated with collagen I at various
times by real-time PCR. DDR1 mRNA expressions were increased signi�cantly after 16 hours under the
collagen I stimulation. Also, the expression fold changes were calculated relative to unstimulated control
A549 and Calu-3 cells after normalizing with GAPDH. b. Analysis of DDR1 expressions after siRNA
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transfection in A549 and Calu-3 cells using real-time PCR. DDR1 mRNA expressions were decreased
signi�cantly after si-DDR1 transfection compared with non-targeting Control siRNA. c. the size and
uniqueness of PCR products following agarose gel electrophoresis. d. western blot analysis of DDR1
protein expressions in A549 and Calu-3 cells were incubated with collagen I and �bronectin as control
after 16h that DDR1 expressions were enhanced under the collagen I stimulation. All experiments were
conducted in three biological and two technical replicates. *P < 0.05.
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Figure 2

DDR1 promotes the expression of VEGF-A in A549 and Calu-3 cells. Real-time PCR was conducted to
evaluate the VEGF-A expression in NSCLC cells stimulated by collagen I in a time-dependent manner and
after DDR1 siRNA transfection. a. Histograms show relative VEGF-A mRNA expressions were signi�cantly
increased in A549 and Calu-3 cells after 16 hours of collagen I stimulation. Also, the expression fold
changes were calculated relative to unstimulated control A549 and Calu-3 cells after normalizing with
GAPDH. b. Histograms show relative VEGF-A mRNA expressions were signi�cantly decreased after si-
DDR1 transfection versus non-targeting control siRNA in A549 and Calu-3 cells. c. The size and
uniqueness of PCR products following agarose gel electrophoresis. All experiments were conducted in
three biological and two technical replicates. *P < 0.05.
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Figure 3

DDR1 promotes the expression of FGF-2 in A549 and Calu-3 cells. Real-time PCR was conducted to
evaluate the FGF-2 expression in NSCLC cells stimulated by collagen I in a time-dependent manner and
after DDR1 siRNA transfection. a. Histograms show relative FGF-2 mRNA expressions were signi�cantly
increased in A549 and Calu-3 cells after 16 hours of collagen I stimulation. Also, the expression fold
changes were calculated relative to unstimulated control A549 and Calu-3 cells after normalizing with
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GAPDH. b. Histograms show relative FGF-2 mRNA expressions were signi�cantly decreased after si-DDR1
transfection versus non-targeting control siRNA in A549 and Calu-3 cells. c. The size and uniqueness of
PCR products following agarose gel electrophoresis. All experiments were conducted in three biological
and two technical replicates. *P < 0.05.

Figure 4
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Evaluation of FGF-1 expression in A549 and Calu-3 cells. Real-time PCR was conducted to evaluate the
FGF-1 expression in NSCLC cells stimulated by collagen I in a time-dependent manner and after DDR1
siRNA transfection. a. Histograms show relative FGF-1 mRNA expressions were not signi�cantly
increased in A549 and Calu-3 cells after 16 hours of collagen I stimulation. b. Histograms show relative
FGF-1 mRNA expressions were not signi�cantly decreased after si-DDR1 transfection versus non-
targeting control siRNA in A549 and Calu-3 cells. c. The size and uniqueness of PCR products following
agarose gel electrophoresis. All experiments were conducted in three biological and two technical
replicates. *P < 0.05.
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Figure 5

angiogenic factors analysis. Evaluation of angiogenic factors concentration (pg/mL) in A549 and Calu-3
cell lysates after 16h collagen I stimulation. Histograms show �uorescent intensity of VEGF-A (a), FGF-2
(b) and FGF-1 (c) in both cell lines. We observed a signi�cant increase in VEGF-A and FGF-2
concentrations. *P < 0.05.
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