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Abstract. Discoidin domain receptors (DDR1 and DDR2) 
are tyrosine kinase receptors for fibrillar collagen implicated 
in postnatal development, tissue repair, and primary and 
metastatic cancer progression. While DDR1 has been 
described in tumor cells, DDR2 has been localized in the 
tumor stroma, but its presence in the tumor cells remains 
unknown. The aim of this study was to elucidate the role 
of DDR2 signaling in tumor cells during hepatic metastasis 
progression. DDR2 expression and phosphorylation in 
cultured human A375 melanoma cells was documented by 
Western blot analysis. A375 cells were stably transfected 
with a small interfering RNA (siRNA) against DDR2 and 
two clones were selected: A375R2-70 and A375R2-40, 
with 70 and 40% of the DDR2 protein expression respec-
tively, compared to mock-transfected cells (A375R2-100). 
Development of experimental liver metastasis by intra-
splenic inoculation of A375R2-70 and A37R2-40 clones was 
reduced by 60 and 75%, respectively, measured as tumor 
volume, compared to livers injected with A375R2-100 cells. 
Accordingly, A375R2-70 and A37R2-40 clones showed 
reduced in vitro gelatinase activity and JNK phosphory-
lation, compared to mock transfected cells, with maximal 
inhibition in A375R2-40. Additionally, A375 melanoma, 
SK-HEP hepatoma and HT-29 colon carcinoma human cell 
lines transiently transfected with siRNA against DDR2 also 
showed reduced proliferation and migration rates compared 
to mock-transfected ones. In conclusion, DDR2 promotes 
A375 melanoma metastasis to the liver and the underlying 
mechanism implicates regulation of metalloproteinase 
release, cell growth and chemotactic invasion of the host 
tissue.

Introduction

The lack of knowledge on the molecular pathways regulating 
liver metastasis by primary melanoma tumors is a major 
hurdle for more efficient, targeted oriented treatment (1). 
Tyrosine kinase receptors (TKRs) have been related to cancer 
progression and malignancy (2). TKR union to a specific 
ligand provokes receptor oligomerization and conformational 
changes that activate the catalytic domain tyrosine kinase (3), 
induces autophosphorylation at tyrosine residues and initiates 
a signalling cascade (4) that elicits key cell responses such as 
proliferation, differentiation, apoptosis or transformation (3-5). 
Discoidin domain receptors (DDRs) are a family of TKRs that 
signal in response to collagen type I instead of soluble growth 
factors (6). DDR1 is expressed in tumor cells from lung cancer, 
leukemia and hepatocelluar carcinoma (7-9) while DDR2 has 
been described in the stromal cells surrounding epithelial 
tumors (10). DDR receptors present a lower phosphorylation 
pattern than the other TKRs, which may relate this receptor 
with chronic diseases (11). Also, DDR receptors mediate 
matrix metalloproteinase (MMP) production, and cell migra-
tion and proliferation in several onsets of experimental and 
human tissue remodelling (12,13).

In this study, we describe DDR2 expression and signal-
ling in several human cell lines. We also describe DDR2 
implication in liver metastasis progression by A375 human 
melanoma mediated by metalloproteinase production and cell 
proliferation and migration.

Materials and methods

Cell culture. Human melanoma A375 cell line was cultured 
at 37˚C, in CO2 5% with RPMI medium supplemented with 
penicillin, amphotericin A and streptomycin (100 µg/ml) and 
10% of FBS. The human colon carcinoma HT29 cell line was 
cultured at 37˚C, in CO2 5% in McCoy medium supplemented 
with penicillin, amphotericin A and streptomycin (100 µg/
ml) and 10% of FBS. The human liver carcinoma SK-HEP 
cell line was cultured at 37˚C, in CO2 5% with DMEM 
medium supplemented with penicillin, amphotericin A and 
streptomycin (100 µg/ml) and 10% of FBS. Before the experi-
ments, cells were detached by exposure to 4 mM PBS-EDTA. 
The obtained cell suspension was centrifuged to remove cell 
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debris and suspended in fresh medium to a final concentration 
of 106 cells/ml.

Immortalized human hepatic stellate cell line LX2 was 
cultured at 37˚C, in CO2 5% with DMEM medium supple-
mented with penicillin, amphotericin A and streptomycin 
(100 µg/ml) and 1% of FBS. Before the experiments the 
cells were detached by exposure to 0.05% Trypsin-EDTA. 
The obtained cell suspension was centrifuged to remove cell 
debris and suspended in fresh medium to a final concentration 
of 106 cells/ml.

Cell transfection. The specific small interfering RNA 
(siRNA) hairpins against DDR2 (AAC-CUG-AUG-ACC-
UGA-AGG-AGU) and the non-silencing mock control 
(AAU-UCU-CCG-AAC-GUG-UCA-CGU) fragments were 
ligated with a 5'MseI site introduced by polymerase chain 
reaction (PCR) into pSuper plasmid. All the DNA sequences 
derived from PCR were subcloned into the EcoRI site to 
pLEN for stable transfection into cell lines using lipofectamine 
(Invitrogen). Cells were allowed to grow under G418 selection, 
and individual colonies were selected and screened for silencing 
efficiency by Western blot detection of DDR2. Two clones were 
selected: one with 70% of DDR2 protein expression respect to 
the mock (A375R2-70) and other one with 40% of expression 
(A375R2-40). Also, a mock-transfected clone (A375R2-100) 
with the same DDR2 expression levels as untransfected cells 
was created. 

For the transient transfection the A375, HT29 and SK-HEP 
cell lines were incubated for 4 h with the mixture of lipo-
fectamine and siRNA against DDR2. After 72 h of transfection, 
the silencing efficiency was measured by RT-PCR.

RT-PCR. Total RNA from cells was isolated using TRIzol 
Reagent (Invitrogen) according to the manufacturer's protocol. 
Total RNA (1 µg) was reverse-transcribed to cDNA. Briefly, 
1 µg of total RNA, 1 µl of 10 mM dNTPs, 1 µl of retrotran-
scription enzyme (Takara) and DEPC water were incubated 
for 25 min at 70˚C. Next, the polymerase chain reaction for 
DDR2 and GAPDH like loading control were performed. 
cDNA (1 µg) was added to 2 µl 10X buffer mixture (Bio-
Rad, CA, USA), 4 µl of 25 mM Mg Cl2, 2 µl of 100 mM 
dNTPs, 1 µl of 500 mM primer mix (DDR2: Forward 
5'-TGG-CAC-CCA-CAA-CCT-ATG-ATC-3'; Reverse: 
5'-GGT-GAT-GAG-GAG-CGG-TTA-TTG-3'. GAPDH: 
Forward: 5'-GCG-CCT-CAA-GGT-GTT-GGA-T-3'; Reverse: 
5'-GCC-CCA-GGT-AAG-CAA-ACT-TTC-3') and 1 µl of 
polymerase enzyme (Bio-Rad) completed with DEPC water 
for total of 20 µl. The mixture was incubated for 5 min 95˚C 
for denaturing procedure, followed by 35 cycles of 95˚C for 
30 sec, 51˚C for 30 sec and 10 min for a final extension at 72˚C. 
The product was analyzed in an agarose gel and the resultant 
bands were quantified with the Quantity One software (Bio-Rad).

Western blotting. Cell lysates were obtained by adding 
100 µl/106 cells of lysis buffer to cell cultures. Cell lysates 
were immunoprecipitated with anti-DDR2 antibody (sc-7555 
Santa Cruz) at 4˚C overnight and incubated with Protein A 
Sepharose for 2 h at 4˚C. Then, immunoprecipitates were 
centrifuged 3 times at 50 x g for 10 min each in lysis buffer. 
Electrophoresis in 4-6% polyacrylamide gels was performed 

under denaturing conditions. Prior to use, anti-DDR2 anti-
body was diluted in blotting blocking buffer 1:1000, and 
anti-phosphotyrosine antibody (Cell Signaling) was diluted 
1:2000. Membranes were exposed to antibody solution for 
1 h followed by appropriate secondary antibodies conjugated 
with HRP (1:10000 dilution in blotting blocking buffer). 
Hyperfilm (Amershan Bioscience) was used for the membrane 
and specific band analyses with the Quantity One software 
(Bio-Rad). 

Liver metastasis model. Hepatic metastases were produced 
by intrasplenic injection of 1x106 A375 cells into anesthetized 
C57BL/6J-Hfn11 nude mice as previously reported (14). Mice 
were sacrificed 30 days later. All animals received humane 
care according to the criteria outlined in the ‘Guide for 
the Care and Use of Laboratory Animals’ prepared by the 
National Academy of Sciences and published by the National 
Institutes of Health.

Liver sections (10 µm) fixed in cold acetone were processed 
for hematoxylin/eosin (H&E) staining (n=12) and the relative 
volume occupied by the tumor was analyzed under the 
microscope.

Migration assay. The migration assay was carried out in 
modified Boyden chambers. The human cancer cell lines 
were cultured onto 8-µm pore membranes in RPMI medium. 
Collagen (10 nM) (Becton-Dickinson) diluted in RPMI 
medium was added in the lower compartment. After 4 h of 
incubation, chambers were stained with H&E and cells that 
were in the bottom of the membrane were counted under the 
microscope at x20 (12).

Proliferation assay. Subconfluent cells were cultured for 
24 h in the presence or absence of collagen type I (10 nM). 
After 24 h incubation 100 µl of MTT solution (0.5 mg/ml) 
(15) was added and allowed to react for 1 h at 37˚C in a 5% 
CO2 incubator. Reaction was stopped by addition of DMSO. 
Absorbance of the converted dye in living cells was measured 
at a wavelength of 650 nm. Proliferation index was calculated 
as a percentage of initial control cell concentration.

Zymography. The cells were cultured to subconfluence in 
serum-free media and incubated overnight with or without 
soluble collagen type I (10 nM). Then media were collected, 
centrifuged at maximum speed to remove cell debris and 
stored at -80˚C for further use. Zymography was performed 
as previously reported (11). In brief, gelatin-containing gels 
were loaded with samples diluted in loading buffer without 
β-mercaptoethanol and the electrophoresis was run 10 min at 
120 mV followed by 1 h at 200 mV. Then, the gels were incu-
bated for 12 h in the incubation buffer (1 M CaCl, 1 M Tris-HCl, 
0.25 M NaN3 and 5 mM ZnCl2) at 37˚C. Finally, the gels were 
stained with a Coomassie Blue solution. Quantity One software 
(Bio-Rad) was used to measure the gelatinase activity.

ELISA assay. 20,000 human melanoma A375 cells were 
cultured in RPMI medium in two 96-wells plates. One plate 
was used to measure the total protein and the other one the 
phosphorylated protein. In each, half the plate was incubated 
with collagen (10 nM) and the other half in basal conditions. 
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The cells were fixed and incubated with the anti-protein (JNK) 
antibody and with the anti-phosphoprotein. Then the wells were 
washed with PBS and incubated for 1 h at room temperature 
with the secondary antibody HRP conjugated. The result was 
read at 650 nm.

Statistical analysis. Statistical results refer to mean ± SD. 
Statistical analysis was performed by SPPS statistical software 
for Microsoft Windows, release 6.0 (Professional Statistics, 
Chicago, IL). Individual comparisons were made with Student's 
two-tailed, unpaired t-test using a P-value of 0.05 as criterion of 
statistical significance. We use the non-parametric Spearman 
correlation coefficient to compare the results and calculate if 
the differences were statistically significant. Each experiment 
was repeated three times.

Results

A375 human melanoma cells express functional DDR2 
that becomes phosphorylated by soluble Collagen type  I. 
Expression levels of DDR2 protein in the human A375 
melanoma cell line were determined by Western blotting using 
anti-DDR2 antibody (sc-7555). Immortalized human LX2 
hepatic stellate cells (16) were used as positive control and 
DDR2 knock-out skin fibroblasts (12) were used as negative 
controls. As shown in Fig. 1A, DDR2 was observed in the 
A375 lysates as a 112 kDa band. 

DDR2 signaling initiates as receptor phosphorylation (14). 
Addition of soluble collagen type I to subconfluent cultures 
of A375 cells resulted in DDR2 phosphorylation, as observed 
by receptor immunoprecipitation with sc-7555 followed by 
immunoblot analysis for phosphotyrosine (Fig. 1B).

Downregulation of DDR2 expression in A375 cells reduces 
their experimental liver metastatic capacity in nude mice. 
Two A375 cell lines with stable silencing of DDR2 were 
created by transfection of a specific siRNA against the DDR2 
mRNA. One selected clone expressed 70% of DDR2 protein 
(A375R2-70) compared with the mock transfected cell line 
(A375R2-100), which expressed same levels as control. The 
other clone expressed 40% of DDR2 protein (A375R2-
40) with respect to control. Protein expression levels were 
measured by Western blotting. Silencing efficiency was tested 
after 72 h in culture (Fig. 2A).

To study the implication of DDR2 in the metastatic 
capabilities of human A375 melanoma cells, experimental 
liver metastasis was studied by intrasplenic inoculation of 
A375R2-100, A375R2-70 and A375R2-40 and control A375 
cells into C57BL/6J-Hfn11nu nude mice. After 30 days, 
liver tissues were processed for immunohistochemistry and 
analyzed as described in Materials and methods. Liver meta-
static foci developed in all treated nude mice. As shown in the 
histogram of Fig. 2B, percentage of liver tissue occupied by 
the tumor was reduced from 48% in mice injected with mock 
transfected A375R2-100 to 20% in mice inoculated with 
A375R2-70 and to 12% in mice inoculated with A375R2-40. 
The liver tissue area occupied by the A375 cell microtumors 
and by the mock transfected A375R2-100 cell injected mice 

Figure 1. DDR2 expression and phosphorylation in the human A375 
melanoma cell line. (A) Immunoprecipitation for DDR2 and further 
Western blotting against DDR2 in human A375 melanoma cell lysates 
were performed. An expression band of 112 kDa was detected. (B) 
Immunoprecipitation for DDR2 and further Western blotting against 
phosphorylated DDR2 of A375 human melanoma cell line were performed. 
After stimulation with collagen for 120 min, the expression band of phos-
phorylation was observed. LX2 hepatic stellate cells were used as positive 
and DDR2 knock-out skin fibroblasts were used as negative control.

Figure 2. (A) Western blot analysis of DDR2 siRNA transfection efficiency. 
Cells were submitted to DDR2 immunoprecipitation followed by Western 
blot analysis of DDR2 expression to estimate the silencing level. The mock 
transfected cell line A375R2-100 was considered as 100% DDR2 protein 
expressing. A375R2-70 and A375R2-40 cell clones expressed 70 and 40% 
of DDR2 with respect to the control A375R2-100. (B) Experimental liver 
metastasis of A375, A375R2-100, A375R2-70 and A375R2-40 cell clones. 
Nude mice were injected intrasplenically with the A375 cell clones. After 
30 days the mice were sacrificed and the liver processed and stained with 
hematoxylin/eosin. Percentage of liver volume occupied by metastases was 
analyzed as previously described (19). *p<0.05 and **p<0.001 compared to 
mock transfected.
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were identical, indicating that the transfection process did not 
affect the metastatic capabilities of the A375 cells.

Downregulation of DDR2 expression correlates with reduced 
MMP9 and MMP2 activity in A375 melanoma cells. A375 

cells were incubated for 120 min in serum-free media in the 
presence or absence of 10 nM soluble collagen type I. Then, 
culture supernatants were analyzed by gelatin zymography. 
Two bands of 92 kDa (corresponding to MMP9) and 62 kDa 
(corresponding to active MMP2) were observed in all samples 

Figure 3. DDR silencing in A375 human melanoma cells reduces MMP activity. (A) A375, A375R2-100, A375R2-70 and A375R2-40 cell clones were 
cultured under basal conditions or in the presence of 10 nM soluble collagen type I. Culture supernatant were collected and submitted to gelatine zymography 
as previously described (18). Two bands at 92 kDa (MMP9) and 62 kDa (MMP2) were observed for all samples. (B and C) Intensity of the area digested by 
MMP9 (B) and MMP2 (C) was measured using Quantity One software (Bio-Rad).

Figure 4. DDR2 expression and phosphorylation in human SK-HEP, HT-29 and A375 cancer cell lines. (A) Immunoprecipitation/Western blotting against 
DDR2 in human cancer cell line SK-HEP, HT-29 and A375 cell lysates were performed. An expression band (112 kDa) was detected in all the samples. 
DDR2 knock-out skin fibroblasts were used as negative control. (B) Immunoprecipitation/Western blotting for DDR2 and tyrosine phosphorylation were 
performed in SK-HEP, HT-29 and A375 cell lines. After stimulation with collagen for 120 min, an expression band corresponding to phosphorylated DDR2 
was observed. LX2 hepatic stellate cells were used as a positive control.
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(Fig. 3A). MMP activity was analyzed measuring the digested 
area. Addition of collagen type I in all A375 cell line cultures 
resulted in an average 20-25% increase in their secreted MMP9 
activity, compared to basal conditions, irrespective of their 
levels of DDR2 expression. MMP9 activity in the supernatants 
of collagen incubated A375R2-70 and A375R2-40 decreased 
by 15 and 25%, respectively, compared to MMP activity in the 
mock-transfected A375R2-100 cells and the decrease was 22% 
in both cell lines in basal conditions (Fig. 3B).

The clones showed no difference in MMP2 activity 
between incubation with or without collagen type I. Both 
A375R2-70 and A375R2-40 downregulated MMP2 activity 
compared to mock control at the same level, 20% (Fig. 3C). 

SK-HEP human hepatocarcinoma and HT29 human colon 
carcinoma express functional DDR2. DDR2 expression 
was also described in human SK-HEP hepatocarcinoma and 
HT-29 colon carcinoma cancer cell lines (Fig. 4A). Human 
LX2 cells (16) were used as positive control and DDR2 
knock-out skin fibroblasts (12) were used as negative control. 
DDR2 protein expression band was detected at 112 kDa. The 
functionality of the receptor was assessed as tyrosine phos-
phorylation in response to soluble collagen type I (Fig. 4B), 
as previously described for A375 (Fig. 1B). 

Downregulation of DDR2 expression in human cancer 
cell lines reduces their in vitro proliferation and migration 
capacity. MMP activity has been correlated with tumor 
cell proliferation and migration capacities (17). SK-HEP, 
HT29 and A375 human cancer cell lines were transiently 
transfected with siRNA against DDR2 to partially silence 
its protein expression (Fig. 5A-C). After 72 h of culture, 
silencing efficiencies >50% were observed by RT-PCR with 
an average 65% for SK-HEP, 55% for HT-29 and 52% for 
A375, compared to their respective mock transfected and 
untransfected cells. Each cell lines and their corresponding 
silenced pools were cultured in the presence or absence 
of soluble type I and cell proliferation was assayed by the 
MTT method 48 h after silencing (Fig. 6A-C). Under basal 
culture conditions (no collagen added), the reduction of 
the proliferation capacity was 44% for SK-HEP, 15% for 
HT-29 and 35% for A375, compared to untransfected cells. 
Interestingly, incubation with DDR2 ligand soluble collagen 
type I induced cell proliferation in mock/untransfected cells 
while inhibited proliferation in DDR2 silenced ones down to 
55% for SK-HEP, 45% for HT-29 and 55% A375 compared to 
untransfected cells.

Figure 5. RT-PCR analysis of transient transfection of DDR2 siRNA on DDR2 mRNA expression. The human cancer cell lines SK-HEP (A), HT-29 (B) and 
A375 (C) were transiently transfected with siRNA against DDR2. The silencing efficiency was measured by RT-PCR and expressed relative to GAPDH 
mRNA expression levels. Silencing efficiency was measured comparing with DDR2 mRNA expression in mock transfected cells.

Figure 6. Downregulation of DDR2 protein expression in A375, SK-HEP and 
HT-29 human cancer cell lines reduces their in vitro proliferation capacity. 
Subconfluent cells were cultured in presence of collagen (10 nM, black 
bars) or in the absence (white bars) for 24 h. MTT assay was performed to 
measure the proliferative capacity of SK-HEP (A), HT-29 (B) and A375 (C) 
human cell lines with partially silenced DDR2 expression, compared to that 
of non-silenced ones. Statistically significant value *p<0.05.
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Migration rates did not significantly change in response to 
collagen type I compared to basal media (Fig. 7A-C). In basal 
conditions the reduction was 15% for SK-HEP, 30% for HT-29 
and 22% for A375 compared to the controls and when the 
DDR2 ligand collagen was added, the reduction was 22% for 
SK-HEP, 35% for HT-29 and 27% for A375.

DDR2 signaling in A375 cells in response to soluble collagen 
type I involves JNK phosphorylation. An ELISA assay was 
performed to analyze JNK pathway activation following 
collagen phosphorylation of control A375 and silenced 
A375R2-70 and A375R2-40 clones (Fig. 8). As in the previous 
proliferation and migration experiments, cells were cultured 
under either basal conditions or in the presence of soluble 
collagen type I. 

JNK protein (75%) was already phosphorylated under basal 
conditions in control A375R2-100 cells. Addition of collagen 
type I rendered them with a 100% of JNK protein phosphory-
lated. JNK phosphorylation in DDR2 downregulated cell lines 
was reduced by >50% under both basal conditions and in the 
presence of collagen for A375R2-70 and ~70% for A375R2-40, 
suggesting that JNK phosphorylation is an event downstream 
of DDR2 signaling. 

Discussion

Our study demonstrates for the first time the presence of 
functional DDR2 in human A375 melanoma, SK-HEP hepato-
carcinoma and HT-29 colon carcinoma human cell lines. We 
further show that DDR2 signaling in these tumor cell lines 
mediates key aspects of tumor progression such as secretion 
of metalloproteinases, migration and proliferation. We also 
characterize JNK phosphorylation as a downstream event in 
the DDR2 signaling pathway in these cell lines.

We previously demonstrated DDR2 implication in liver 
fibrosis and skin wound-healing (11,12,17). In this study, we 
utilized the siRNA technique to correlate DDR2 expression 
in A375 melanoma cell clones with their hepatic metastatic 
potential in  vivo. To study DDR2 contribution to tumor 
cell colonization and growth we utilized our experimental 
model of intrasplenically inoculated cancer cells (18,19). We 
also used a melanoma cell line to test DDR2 implication in 
metastatic development because melanoma is one of the most 
frequent primary tumors that metastasize to the liver. We use 
the siRNA technology to partially silence the DDR2 protein 
expression in the tumor cells and then injected them intra-
splenically to compare their ability to metastasize to the liver 
with that of non-transfected and mock transfected tumor cells. 
The silencing of DDR2 protein in the tumor cells produced a 

Figure 7. Downregulation of DDR2 protein expression in A375, SK-HEP 
and HT-29 human cancer cell lines reduces their in vitro migration capacity. 
A migration assay for DDR2 partially silenced and non-silenced SK-HEP 
(A), HT-29 (B) and A375 (C) was performed by culturing the cells in 
modified Boyden chamber and allowing them to migrate across its porous 
membrane in response to collagen type I gradient. The cells were cultured in 
the presence (black bars) or the absence (white bars) of fibrillar collagen on 
the membrane. After 24 h, the cells were fixed and dyed with hematoxylin/
eosin to count the number of migrated cells. Statistically significant value 
*p<0.05.

Figure 8. JNK pathway is involved in DDR2 signalling in A375 human melanoma cell lines. We performed an ELISA to measure total JNK (black bars) and 
phosphorilated JNK (white bars) proteins in A375 clones maintained under basal conditions or in the presence of collagen type I. Statistically significant 
results *p<0.05
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statistically significant tumor progression delay that correlated 
with DDR2 protein silencing levels. Higher DDR2 silencing 
correlated with less liver area occupied by the tumor, which 
shows a direct relationship between the presence of DDR2 
and liver metastasis progression.

Our previous studies on hepatic stellate cells and skin 
fibroblasts during heptic and skin injury, respectively, revealed 
that DDR2 signaling regulates key aspects of wound-repair 
such as MMP2 synthesis, cell proliferation and chemotactic 
invasion (11,12,17). MMPs are the major protein source 
implicated in extracellular matrix degradation in healthy and 
diseased tissues (17,11,24). We used siDDR2 against DDR2 
expression with in vitro MMP2/9 secretion, cell proliferation 
and cell migration (20,21) because they are also key prometa-
static characteristics of tumor cells (22). In vitro activation of 
DDR2 induces the expression of MMP2 (11). MMP2 together 
with MMP9 and MMP1 (24,25), are the main enzymes for 
extracellular matrix remodelling during tissue repair (23). 
MMPs have also been described in metastatic progression 
because their activity is required for cancer cell motility 
(24,25). MMPs are also involved in other cell-mediated events 
during metastatic progression. For example, the mitogenic 
response of some growth factors is regulated by MMPs, which 
control the availability of the receptor (24). In addition, MMP 
degradation of the extracellular matrix allows some signalling 
cascades to interconnect (22). In this study, we showed that 
downregulation of DDR2 expression correlates with reduction 
of MMP9 and MMP2 activity, and this reduction was more 
pronounced when the cells had been previously activated with 
collagen. This may indicate that DDR2 signalling in response 
to collagen is a key event in tumor production of MMP9 and 
MMP2.

MMP activity has been related with tumor cell proliferation 
and migration (26). Proliferation is an important factor in 
metastatic progression. Faster in vitro tumor growth directly 
correlates with its experimental metastatic process. Thus, we 
measured proliferation and migration in three human tumor 
cell lines from three different tissue origin: skin, liver and 
colon and submitted them to partial transient DDR2 silencing. 
Proliferation was diminished in cells with DDR2 expression 
partially silenced, and this reduction was more pronounced 
when cells were cultured in the presence of DDR2 ligand, 
collagen type I. Therefore, DDR2 expression levels may be a 
marker of tumor aggressiveness.

Tumor migration ability is directly involved in the first 
critical steps of metastasis, such as proteolysis of the extra-
cellular matrix together with invasion through the endothelial 
barrier (27), and further implantation and growth in the 
metastized organ. Silencing of DDR2 protein expression 
reduced tumor migration. We demonstrated that DDR2 
downregulation reduced drastically tumor cell migration rate 
in response to DDR2 ligand, fibrillar collagen type I. 

We also demonstrated that DDR2 signals via JNK in 
A375 melanoma cells. PKC, FAK, MEK, MAPK and JNK 
pathways downstream of DDR2 have been described (28-32). 
We focused on the study of JNK because JNK phosphory-
lation has been implicated in the expression of several types 
of MMP, such as MMP1, MMP2 and MMP9 (33-35), and in 
cell proliferation (34). Silencing of DDR2 receptor expression 
correlated with decreased phosphorylated JNK beyond the 

control levels, suggesting a DDR2 autophosphorylation event 
independent of the ligand interaction.

In summary, this study provides evidence for DDR2 
expression and functionality in several human cancer cell lines, 
such as SK-HEP hepatocarcinoma, HT-29 coloncarcinoma and 
A375 melanoma. Furthermore, in vivo experiment showed a 
direct correlation between DDR2 in human A375 cells and 
their experimental liver metastasis ability. The underlying 
mechanism involves regulation of MMP9 and MMP2 activity, 
cell proliferation and migration via JNK signaling. Further 
studies are required to confirm DDR2 as a malignancy marker 
or therapeutic target.
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