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ABSTRACT
Discoidin domain receptors, DDR1 and DDR2, are two members of collagen receptor family that
belong to tyrosine kinase receptor subgroup. Unlike other matrix receptor-like integrins, these
collagen receptors have not been extensively studied. However, more and more studies are
focusing on their involvement in cancer. These two receptors are present in several subcellular
localizations such as intercellular junction or along type I collagen fibers. Consequently, they are
involved in multiple cellular functions, for instance, cell cohesion, proliferation, adhesion, migration
and invasion. Furthermore, various signaling pathways are associated with these multiple functions.
In this review, we highlight and characterize hallmarks of cancer in which DDRs play crucial roles.
We discuss recent data from studies that demonstrate the involvement of DDRs in tumor
proliferation, cancer mutations, drug resistance, inflammation, neo-angiogenesis and metastasis.
DDRs could be potential targets in cancer and we conclude this review by discussing the different
ways to inhibits them.
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Introduction

During cancer initiation and progression, cells acquire
mutations that promote tumor transformation-inducing
anarchic proliferation, resistance to apoptosis and the
acquisition of invasive abilities. Cells that escape from
the primary tumor form metastases resulting in most
cases in the death of patients. Hanahan and Weinberg
defined and organized the complex features associated
with the multistep development of tumors into “hall-
marks of cancer”. First, they defined six major hallmarks
including: sustenance of proliferative signaling, evasion
from tumor suppressors, activation of invasion and
metastasis, enable replicative immortality, induce angio-
genesis and resistance to cell death [1]. A decade later, in
the light of emerging concepts in cancer, they updated
these features, taking into account metabolic dysfunc-
tions, genomic instability and mutations, escape to the
immune system as well as tumor-promoting inflamma-
tion [2]. These supplemental hallmarks highlight the
complexity of the tumor development and progression.

Some of these features highlight the importance of the
tumor microenvironment (TME) in tumor progression (i.e.

invasion and metastasis, angiogenesis, metabolic dysfunc-
tion, inflammation). The TME consists of stromal cells,
immune cells, tumor-associated vasculature and extracellu-
lar matrix (ECM). This environment is dynamic and the
tumor cells are involved in bidirectional communications
with different components [3]. The ECM is a major compo-
nent of tumor stroma and is a key player in themaintenance
of cells and tissue integrity. During cancer progression, the
physical and chemical properties of the ECM are disrupted
by tumor and stromal cells. The fibrillar type I collagen,
which is the most-abundant ECM protein, undergoes sev-
eral types of modifications (such as cross-linking, degrada-
tion, fibers alignment etc.) and is known to be associated
withmetastasis and poor patients survival [4,5]. These colla-
gen modifications by tumor or stromal cells will also affect
tumor cell progression mediated through collagen binding
receptors at the cell surface.

The discoidin domain receptors (DDRs) are unique
collagen receptors which, unlike integrins or CD44, pos-
sess an intrinsic tyrosine kinase domain. These trans-
membrane receptors belong to the receptor tyrosine
kinase family (RTK) and consist of two members, DDR1
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and DDR2. DDR1 is preferentially expressed in epithelial
cells whereas DDR2 is preferentially expressed in con-
nective tissues of the embryonic mesoderm [6,7]. DDR1
has 5 isoforms, DDR1 a, b, c, d and e, derived from an
alternative splicing at the messenger RNA level; DDR2,
on the other hand, has only one known form. All iso-
forms possess a conserved extracellular domain. The
alternative splicing leads to changes in the intracellular
juxtamembrane region or in the kinase domain. Isoforms
a, b and c are complete isoforms while isoforms d and e
have an inactive or no kinase domain, respectively [7].
Unlike other RTKs such as PDGFR, VEGFR or EGFR,
DDRs do not bind growth factors but interact with
matrix elements and more precisely, collagens [7]. More-
over, unlike other RTKs which dimerize following ligand
binding [8, the DDRs pre-exist as homodimers non-
covalently bound at the plasma membrane [9–11]. These
receptors consist of an extracellular discoidin domain
homologous to discoidin I lectin secreted by the amoeba,
Dictyostelium discoideum. This discoidin domain is fol-
lowed by a discoidin-like domain [12]. These two
domains share 59% and 51% sequence homology in
DDR1 and DDR2, respectively. These are followed by a
juxtamembrane region (weakly conserved between
DDR1 and DDR2), a transmembrane domain, a large
intracellular juxtamembrane region and finally, the cata-
lytic domain conferring the tyrosine kinase activity of
these receptors [13].

DDRs are collagen sensors that bind to collagen in their
native triple helix form and do not recognize denatured
forms such as gelatin [14–16]. However, they are able to rec-
ognize and get activated by the monomeric triple-helical
form of collagen (the secreted form of unassembled collagen
fibers) [17,18]. Fibrillar collagens are recognized by the two
receptors whereas other types of collagen are preferentially
recognized by one or other receptors. For example, type IV
collagen is a ligand for DDR1 but not for DDR214,15 which
seems to preferentially bind type II and X collagens [19,20].
Collagen binding promotes conformational modifications
of the receptors associated with a slow but sustained self-
phosphorylation in comparison to other RTKs whose acti-
vation is rapid following ligand binding [14,15]. Indeed,
DDR phosphorylation is maximal after a few hours and can
be maintained for several hours or even days. Some studies
have shown that Src participates in the phosphorylation of
DDRs and is required for complete receptor activation [21–
23]. Recently, it has been shown that DDR1 activation indu-
ces trans phosphorylation at the juxtamembrane and kinase
domains of adjacent dimers. Moreover, this phosphoryla-
tion requires specific contacts within the transmembrane
domains but not in the extracellular domain [24].

DDRs are involved in various physiological functions
and are known to be deregulated in cancer [25,26]. In

this review, we highlight the important role DDRs play
in cancer development and progression.

DDRs: Multitasking receptor family

DDRs are involved in several cellular processes such as
cell adhesion, migration and invasion and hence, are
associated with several signaling pathways (Table 1).
Through their binding to collagen, DDRs are known to
be involved in proliferation through the activation of the
MAPK pathway, in the promotion of pro-survival signal
via the PI3K/Akt pathway, in cell adhesion and cell
migration [7,25,27]. As a reciprocal effect, DDR1 remod-
els collagen through its interaction with the myosin IIA,
that contracts the fibers [28]. This remodeling of the col-
lagen matrix is known to aid tumor progression [5].
Moreover, DDR1 has been shown to be involved in inva-
sive structures called linear invadosomes, formed
through a Tuba-Cdc42 pathway and allowing the degra-
dation of the collagen matrix through matrix-metallo-
proteinase (MMPs) [29,30]. In addition to its interaction
with collagen fibers, DDR1 has been shown to have other
collagen-independent functions. In A431 cells (isolated
from an epidermoid carcinoma), DDR1 is concentrated
at cell/cell junctions where it is involved in cellular cohe-
sion and the collective migration via its association with
the E-Cadherin and the polarity complex Par3/Par6 [31].
However, when these cells are in contact with type I col-
lagen fibers, DDR1 is clustered and aligned along these
fibers (unpublished data from our laboratory). Hence,
the environment does matter vis-�a-vis localization and
function of DDRs. This type of localization effect at cel-
lular junctions is unknown for DDR2. Moreover, DDR1
is also found at the leading edge of different cell types
including fibroblasts [32] and melanoma cells (A375),
where it promotes cell migration (unpublished data from
our laboratory). We observed DDR2 at the leading edge
but this observation was never published or described
elsewhere in the literature yet. Taken together, these data
demonstrate that DDRs form different subcellular com-
plexes according to the microenvironment with multiple
functions (Figure 1). In our laboratory, we observed that
these receptors, when co-expressed in the same cell type
as the A375 melanoma cell line, are able to co-localize
along type I collagen fibers (unpublished results). How-
ever, it is important to note that this co-localization of
DDR1 and DDR2 is not systematic. Moreover, in migrat-
ing cells, DDR1 or DDR2 can be observed in lamellipo-
dia (unpublished data). Interestingly, all these different
localizations could be observed at the same time in the
same cell.

These multiple functions of DDRs correspond to sev-
eral hallmarks of cancer. In the following paragraphs, we
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will highlight those in which DDRs are implicated. We
will present data showing the involvement of DDRs in
cell proliferation, DDRs mutations in cancers, role of
DDRs in drug resistance, angiogenesis, inflammation
and metastasis formation. However, in most studies,
DDR1 and DDR2 are analyzed separately. For this rea-
son, we will illustrate the role of each one apart.

Proliferation

Several publications discussed the role of DDRs in cell
proliferation. DDR1 and DDR2 can promote or inhibit
proliferation depending on tumor cell type [25].

DDR1

DDR1 induces pro- or anti-apoptotic effect, depending on
the context and tumor cell type. DDR1 expression is corre-
lated with increasing tumor proliferation in many cancers:
human esophageal [33, gastric cancer [34, glioma [35, breast
[36, lung [37]. There are numerous reports on cell prolifera-
tion promoting pathways activated by DDR1. In breast

cancer, the insulin-like growth factor I is regulated by the
activation of DDR1 promoting cell proliferation [36]. In
lung cancer cells, DDR1 depletion decreased Erk and Akt
phosphorylation leading to reduced cell proliferation.
DDR1 activation leads to lung cancer cell proliferation by
activation of MAP and PI3k kinase pathways [37]. All these
results indicate that DDR1 can act as a major player that
promotes tumor cell proliferation. However, one study has
demonstrated that, in breast cancer carcinoma, collagen I-
DDR1 interaction promotes apoptosis through BIK induc-
tion (pro apoptotic Bcl-2 interacting killer protein) [38].

DDR1 involvement in tumor proliferation has been
demonstrated in vitro as well as in vivo. In a xeno-
graft mouse model, DDR1 depletion in pancreatic
adenocarcinoma led to TGFbI expression and inhibi-
tion of tumor cell proliferation in vivo [39]. DDR1
overexpression promotes proliferation and accelerates
tumor growth in xenograft mouse model using gastric
cells [34]. DDR1 promotes tumor growth in xenograft
mouse model in vivo in osteosarcoma cells [40,
human pancreatic adenocarcinoma cells [39] and in
bladder cancer cells [41].

Table 1. DDRs signaling pathways involved in the Hallmarks of cancer. The “+” and the “-” represent DDRs promoting (+) or inhibiting
(-) different biological functions depending on the cancer cell type. DDR1 is represented in green and DDR2 in red. (1) Malaguarnera
et al., 2015, (2) Xiao et al., 2015, (3) Rudra-ganguly et al., 2014, (4) Assent et al., 2015,(5) Chetoui et al., 2011, (6) Hidalgo-Carcedo et al.,
2011, (7) Juin et al., 2014, (8) Ezzoukhry et al., 2016,(9) Shimada et al., 2008, (10) Badiola et al., 2011a, (11) Saby et al., 2016, (12) Iwai
et al., 2013, (13) Xie et al., 2015, (14) Wang et al., 2016,(15) Xu et al., 2014,(16) Pourdel et al., 2015, (17) Ren et al., 2014.
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DDR2

DDR2 promotes or inhibits proliferation in a context-
dependent manner. DDR2 expression promotes tumor
cell proliferation in squamous cell lung cancer [42,
prostate cancer [43] and melanoma [44]. In A375
melanoma cells, SK-Hepatoma and HT-29 colon car-
cinoma cell lines, DDR2 depletion decreased cell pro-
liferation. Furthermore, in A375 cells, DDR2
activation induced Jnk pathway leading to tumor cell
proliferation [44]. To illustrate this duality, in human
fibrosarcoma cell line and in human breast adenocar-
cinoma, old (extracted from 2-month-old rats) or
adult collagen type 1 (extracted from 2-year-old rats)
increased or decreased cell proliferation through
DDR2, respectively. Indeed, DDR2 activation with
adult collagen leads to a decrease in Erk 1 and 2
activity and inhibited proliferation. On the contrary,
DDR2 activation by old collagen increases Erk 1 and
2 activity and promotes cell proliferation [45]. Lung
cancer is another example of DDR2’s double role
[46]. In this study, HEK 293K cells with or without
DDR2 mutation found in lung cancer were used
(refer to mutations paragraph in this review). The
authors demonstrated that whilst DDR2 expression
activates SHP2 and inhibits cell growth, mutated
DDR2 (the same mutations found in lung cancer)
does not activate SHP2 but promotes cell growth
[46]. In melanoma cell lines, collagen fibers activated
DDR2, which inhibited cell proliferation by promot-
ing G0/G1 cell cycle arrest of tumor cells [47].

In vivo, in a xenograft mouse model, dasatinib treat-
ment (inhibitor of tyrosine kinase receptors including
DDRs [48] reduced tumor growth of squamous cell lung
cancer harboring DDR2 oncogenic mutations [42].
Unfortunately, the number of studies that confirm
DDR2 involvement in tumor cell proliferation is not suf-
ficient and its role in this process in vivo remains to be
explored further.

Mutations

DDR1 and DDR2 mutations that occur at different posi-
tion on the receptor sequences have been identified in a
large number of cancers [25]. Indeed, most of DDRs
mutations have been observed in lung cancer: in small
cell lung carcinoma, 2 novel mutations [49, or 11 novel
mutations [42] and in primary lung carcinoma 2 novel
mutations [50]. Furthermore, DDR1 is mutated in acute
myeloid leukemia [51] and endometrial cancers [52].
However, there is no hot spot for mutations in DDRs
and there is a lack of functional analysis of mutations. In
fact, no correlation has been found between DDR

mutations and the overall survival of the patient. On
tumor portal, no relevant DDR mutations have been
associated with cancer (www.tumorportal.org).

Resistance

Over the past few years, the role of DDRs in the resis-
tance of tumor cells to chemotherapy has emerged. Some
studies have demonstrated that DDRs could be a good
potential therapeutic target in resistance.

DDR1

Under genotoxic stress, DDR1 activation by p53 induces
MAP kinase pathway and increases resistance to apopto-
sis [53]. Furthermore, in wt-p53 containing cells, cyclo-
oxygenase 2 is upregulated under genotoxic stress and
DDR1 activated cyclooxygenase 2 expression by NFKB
pathway, leading to the resistance of breast cancer cells
to etoposide [54]. Several studies demonstrated that
DDR1 expression at protein level promotes the resistance
of tumor cells to chemotherapeutic drugs like etoposide
in lymphoma [55, cisplastine in ovarian cancer [56] and
gefitinib in glioblastoma cells (both at the protein but
also at RNA level) [57]. However, molecular mechanisms
by which DDR1 leads to chemotherapy resistance
remain unknown. In lung adenocarcinoma, DDR1 is
required, through the activation of Notch pathway, for
Kras G12V driven progression in vivo [58]. Moreover, in
a review, Ambrogio et al. suggest studying tumor sam-
ples from patients after relapse in order to analyze the
impact of DDR1 mutations in chemo-resistant patients
[59]. All these data show that DDR1 is involved in tumor
resistance in vitro but its involvement in vivo needs fur-
ther analysis and confirmation.

DDR2

Contrary to DDR1, little is known about the role of
DDR2 in the acquisition of tumor cell resistance to che-
motherapy. In one study, it was shown that when non-
small cell lung carcinoma acquired resistance to the
treatment (dasatinib), the resistance was due to DDR2-
T654I mutation [60]. However, DDR2 involvement in
drug resistance needs to be further explored.

Tumor-promoting inflammation

During the first steps of tumor progression, the presence
of an immune infiltrate – composed of macrophages,
lymphocytes T and B, natural killer cells, neutrophils
and myeloid-derived suppressor cells – will create a pro-
inflammatory environment with the aim of stopping
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tumor cell progression. The recruitment of these cells to
the tumor site requires infiltration through the extracel-
lular matrix [61]. DDR expression has been reported in
several immune cell types and is associated with their
recruitment and activation.

DDR1

DDR1 is involved in the migration and invasion of T
cells in 3D collagen matrices [62,63]. The expression
of DDR1 in Th17 cells is promoted by the MAPK/
Erk signaling pathway [64]. Two recent studies by the
same team highlight that DDR1, through the RhoA-
ROCK-MAPK-ERK and p38 pathways, induces the
migration of these immune cells in 3D collagen
matrices [65,66].

DDR2

DDR2 activation is involved in the migration of neu-
trophils via the secretion of MMP and the generation
of chemotactic peptide gradients derived from colla-
gen in 3D collagen matrices [67]. DDR2 has also

been shown to increase bone marrow-derived and
monocyte-derived dendritic cell activation via its
stimulation by type I collagen [68,69]. Dendritic cells
are involved in antigen presentation and the activa-
tion of T cells.

Thus, DDR1 and DDR2, through their roles in pro-
moting the migration of immune cells, could participate
in the development of a pro-inflammatory program.

Angiogenesis

The growth of new blood vessels from existing vascula-
ture is the main driving force of tumor proliferation.
Indeed, tumor neo-angiogenesis is important for deliver-
ing oxygen and nutrients to tumor growth, and therefore
considered as an essential pathological feature of cancer.
Tumor cells secrete cytokines such as vascular endothe-
lial growth factor (VEGF), fibroblast growth factors
(FGFs), epidermal growth factor (EGF) and platelet
derived growth factor (PDGF) to stimulate sprouting,
proliferation and migration of endothelial cells (ECs) by
increasing permeability of vessels [70]. For new vessel
formation, ECs must degrade the basement membrane

Figure 1. Different subcellular localization of DDRs in cells. Schematic representation that illustrates different subcellular localizations of
DDRs in cells associated with their functions. 1) In A431 cells, DDR1 interacts with E cadherin and the polarity complex Par3/Par6 in order
to maintain cell/cell junction. 2) In A375 cells, DDR1 and DDR2 colocalize together along the type I fibrillar collagen. 3) In A375 mela-
noma cells, on a collagen I matrix, DDR1 co-localizes with Tks5 (a marker of invadosomes). DDR1 activation induces Tuba/Cdc42 path-
way leading to linear invadosome formation. 4) In A375 melanoma migrating cells, both DDR1 and DDR2 co-localize with lamellipodia.
Some pathways induced by DDR1 activation are represented in this schematic. Scale bar: 5 mM The cells presented in this figure have
been transfected by DDR1 tagged with GFP. Anti-DDR2 antibody was purchased from cell signaling (rabbit, 12133S), E-Cadherin anti-
body was purchased from abcam (mouse, 1416), anti-Tks5 was purchased from Santa Cruz biotechnology (rabbit, sc30122).
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and the surrounding ECM, in response to VEGF. For
this purpose, ECs form structures called invadosomes
which are filamentous actin microdomains with a pro-
teolytic activity [71,72]. ECs form several invadosome-
like rosettes, dots [71,73] and linear invadosomes [29].
Furthermore, linear invadosome formation and activity
depend on DDR1 in type I collagen context [30].

DDR1

DDRs are implicated in angiogenesis and apart from one
study on DDR1’s role in arterial wound repair [74, all
other studies are on DDR2. In that single DDR1 study,
the authors demonstrated a high DDR1 expression both
at mRNA and protein levels in balloon-injured rat
carotid artery. In addition, they have shown very high
DDR1 expression by immunostaining of rat carotid
biopsies after injury in vascular smooth muscle cells
(SMCs). In vitro, SMCs isolated from DDR1-null mice
showed impairment in neointimal formation following
arterial injury. This is a result of dramatic decrease of
DDR1-null SMCs to attach to collagen, proliferate on
collagen and migrate toward collagen, as well as the
reduced MMPs activity.

DDR2

Proteomic studies have demonstrated an overexpression
of DDR2 in ECs such as HUVEC in response to VEGF
stimulation [75,76]. DDR2 was shown to be present in
vascular muscle and mural cells but was absent in
tumoral pericytes [75,77]. Using immunohistochemistry
and immunofluorescence, strong expression level of
DDR2 was detected in both tumors (human colon carci-
noma and melanoma tissues) and the surrounding ECs.
Besides, hypoxic conditions boosted DDR2 expression at
mRNA and proteins levels [75], which may explain the
enhanced expression of DDR2 in tumor ECs during vas-
cular initiation. Zhang et al. were the first to investigate
the relation between DDR2 and angiogenesis. In vivo
study by subcutaneous matrigel plug assay of DDR2-
expressing HUVEC in nude mice showed an increased
vessel sprouting. This effect was increased when cells
were mixed with type I collagen [75]. Furthermore,
DDR2-mutant mice, named slie (mice have a spontane-
ous, autosomal-recessive mutation at DDR2 locus and
are considered like DDR2 knockout), lost the capacity to
form neovessels induced by either VEGF or tumor cells,
among other defects like dwarfism and infertility [75]. In
addition, the injecting DDR2-expressing adenovirus into
slie mice restored capillary vessel formation and
enhanced their numbers compared to control mice [75].
Furthermore, this study has found a marked decrease of

pro-angiogenic mRNA levels (Vegfr2, Ang-2 and Mmp9)
and an intense elevation of anti-angiogenic (Ang-1)
mRNA levels in slie mice using real-time PCR analysis.
Conversely, the same team has demonstrated an anti-
angiogenic effect of DDR2 in ocular disease (Choroidal
neovascularization-CNV) [78]. In vivo study by the
intravitreal injection of siDDR2 and DDR2-expressing
adenovirus has shown that DDR2 is responsible for the
severity state of CNV. They also showed that DDR2 neg-
atively regulates the expression of pro-angiogenic factors
(VEGF-A and Ang-2) at mRNA and protein levels as
well as the activation status of PI3K/Akt/mTOR pathway
in CNV context. Similarly, another study showed that
DDR2 deficiency enhanced tumor angiogenesis in liver
and increased VEGF expression in tumor-derived
hepatic stellate cells (HSCs) [79].

It’s worth noting that there is a lack of studies that
explain the mechanism of DDR2 guiding tumor angio-
genesis. Moreover, based on previous investigations
showing the link of DDR2 with the microenvironment
components such as VEGFR2 and Ang-2 [80, and on its
ability to regulate MMPs activity (MMP2 and MMP14)
in a collagen rich environment, which is essential for
ECs to breach the basement membrane during sprouting
[71,81,82], we could propose that these candidates are
molecular actors that modulate tumor angiogenesis
mediated by DDR2.

All these data suggest that DDR2, more than DDR1,
could be a potential player in tumor angiogenesis
depending on the cellular context. It is important to elu-
cidate the underlying molecular mechanisms by which
DDR2 modulates tumor vessel formation.

Invasion and metastasis

The most important role of the DDRs reported in the lit-
erature is their involvement in tumor invasion and
metastasis [25,26]. DDRs are involved in several steps of
the metastatic process like the epithelial to mesenchymal
transition (EMT), the cell/cell junctions and the activa-
tion of an invasive behavior by promoting cell migration,
ECM degradation and thus, metastasis formation.

DDR1

DDR1 is overexpressed in many cancers such as lung
[83,84, breast [85, brain [35, esophagus [33, head and
neck [31, liver [86, hepatocellular carcinoma [86] and
prostate cancers [87]. In most of these studies, overex-
pression of DDR1 has been demonstrated at mRNA
and / or protein levels and correlates with poor prognosis
and the occurrence of metastases [25]. Moreover, DDR1
acts as a major player in breast cancer metastasis
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reactivation by non-canonical signaling. Actually, atypi-
cal tetraspanin protein TM4SF1 promotes non-canonical
DDR1 signaling leading to JAK2 and STAT3 activation
[88]. All these data suggest that DDR1 could be a bio-
marker for prognosis and metastasis formation in those
cancers.

The EMT is a dynamic and reversible biological pro-
cess leading to a phenotypic modification of epithelial
cells into mesenchymal cells. The mesenchymal pheno-
type allows cells to acquire migratory and invasive abili-
ties, resist apoptosis and participate in ECM remodelling
[89,90]. Several studies have reported a decrease in
DDR1 expression during EMT induction in human
breast cancer [91]. A potential binding site of the tran-
scription factor ZEB1 has been identified in the DDR1
promoter [92, and was shown to decrease DDR1 expres-
sion [91]. ZEB 1 is a transcriptional factor that promotes
tumor invasion, metastasis and acts as a driver of EMT
and cancer progression. Another study shows that the
expression of DDR1 inversely correlates with the pro-
gression of the EMT process in epithelial ovarian cancer
cell line due to the CpG methylation at the DDR1 pro-
moter [93]. In contrast to these studies, others have
shown a role of DDR1 in EMT induction. For example,
in a pancreatic cancer cell line, DDR1 cooperated with
integrins in EMT induction mediated by type I collagen
[94]. In addition, in renal cancer cells, inhibition of
DDR1 expression showed a decrease in N-cadherin and
other mesenchymal markers and an increase in E-cad-
herin. Also, in gastric cancer, DDR1 correlates with the
expression of the EMT markers (vimentin and Snail),
and favors invasion and metastasis [34]. Furthermore, in
osteosarcoma cells, E2FI induces DDR1 expression
enhancing STAT3 phosphorylation, which promotes
EMT [41, cell migration and invasion. E2F1 is a tran-
scription factor that acts as a tumor suppressor, an onco-
gene and is a driver of EMT. All these data show DDR1’s
role in promoting EMT [95]. However, the role of DDR1
in EMT cannot be generalized as it depends on the can-
cer cell type and certainly to the ECM context.

DDR1 could also function independent of collagen
binding. DDR1 has been identified at cell/cell junc-
tions in a E-cadherin-dependent manner [31,96]
(Figure 1). Indeed, in A431 squamous cell carcinoma
cells, DDR1 has been identified within E-cadherin,
Par3 and Par6 complex which is required to maintain
cellular cohesion during collective migration [31].
This function is independent of its collagen binding
as well as its tyrosine kinase activity. This highlights
the complexity of this receptor and that it is not just
a collagen sensor. It is therefore necessary to better
understand its various functions and their resulting
signaling pathways.

Tumor invasion is a result of both cell migration and
matrix degradation. DDR1 is also involved in invasion of
NSCLC cell lines in vitro [97]. DDR1 controls MMP
expression and thereby modulates ECM remodeling,
facilitating migration and invasion in cancer [7]. From a
mechanistic point of view, DDR1 induces overexpression
of MMP-2 in colon cancer [98, activates MMP9 in
NSCLC [83] and overexpresses MMP-2 and MMP-9 in
pituitary adenoma lines [99] and in hepatocellular carci-
noma cells [100]. DDR1 induces or inhibits cell migra-
tion depending on the context or co-factor expression.
For example, in MCF7 cells, DDR1 promotes cell migra-
tion when it is associated with myosin IIa [32]; on the
other hand, when DDR1 is associated with phospho-
DARP32, it suppresses cell migration [101]. Further-
more, DDR1 overexpression decreased cell migration in
Huh7 cells [102] and in Hs587T breast cancer cells [91].
In our laboratory, we demonstrated that DDR1, through
the Rho-GTPase Cdc42 and its GEF Tuba, modulates
the actin cytoskeleton leading to linear invadosome for-
mation [30]. In hepatocellular carcinoma, we demon-
strated that the activation of TGFb1 leads to nuclear
translocation of Smad4 and an increase in DDR1 mRNA
and protein levels inducing linear invadosomes and
ECM degradation [103].

As mentioned in the introduction, there are 5 differ-
ent isoforms DDR1, but most of the studies do not dis-
tinguish them, notably isoforms a and b. These isoforms
of DDR1 appear to be involved in cell migration and
invasion [62,100,104]. In addition, these two isoforms
colocalized with E-cadherin at the cell/cell junctions
[96]. The isoform b is responsible for the increase in the
expression of N-cadherin following its binding to type I
collagen through the phosphorylation of its tyrosine resi-
due 513 which induces a signaling via the JNK pathway.
The isoform a is not involved in the expression of N-cad-
herin which is explained by an absence of this tyrosine
residue [105]. The differences in tyrosine residues, and
more broadly, in sequence between the isoforms could
be responsible for the activation of various signaling and
interaction with different partners that can lead to spe-
cific isoform roles. To date, no study has investigated the
role of these isoforms in the same cell model and in the
same context.

In vivo

DDR1 role in EMT in vivo has been demonstrated in few
studies. For instance, DDR1 inhibited cell migration and
invasion in a chariollantoic membrane (CAM) assay
[91]. Furthermore, in gastric cancer cells [34] or in osteo-
sarcoma cells, DDR1 is involved in tumor growth in
xenograft mouse model [40]. The role of DDR1 in EMT
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in vivo remains unclear as most studies focus on tumor
growth and needs to be investigated further.

Few studies demonstrated DDR1 role in migration
and invasion in an in vivo model. In prostate cancer,
silencing of PCA-1 (prostate cancer Ag) induced a
decrease of DDR1 expression leading to the inhibition of
cancer cell invasion in vivo in a CAM [87]. PCA-1 acti-
vated DDR1 which induced Bcl-xl and MMP9, promoted
cancer invasion and survival. Furthermore, in human
pancreatic adenocarcinoma cells [39] or in cancer cell
bladder [41, DDR1 promotes tumor growth in xenograft
mouse model in vivo.

DDR2

DDR2 involvement in invasion and metastasis processes
has also been reported. Several studies on human tissue
samples highlight a correlation between DDR2 expres-
sion and a poor prognosis in several types of cancers like
head and neck squamous cell carcinoma (HNSC)
[106,107, nasopharyngeal carcinoma [108], breast carci-
noma [109–111], hepatocellular carcinoma [112,113],
gastric cancer [114,115], gallbladder squamous cell/
adenosquamous carcinoma and adenocarcinoma [116],
urothelial carcinoma [117], colorectal cancer [118] and
ovarian cancer [119]. DDR2 is also overexpressed in
breast cancer metastatic sites [120]. From a mechanistic
point of view, DDR2 has been identified in several
molecular pathways, modulating different aspects of the
invasion process. DDR2 is involved in the EMT process
by stabilizing SNAIL1 expression [109] and correlates
with SNAIL1 expression in HCC samples [113]. DDR2
is induced during the EMT but is not required for the
induction of this process [109,110]. DDR2 expression is
also linked with some EMT markers, as it increases
vimentin and decreases E-Cadherin expression
[113,114]. Moreover, it has been shown that DDR2 can
promote the EMT through mTORC2 in a gastric cancer
cell line model [114]. Like DDR1, DDR2 is involved in
migration and invasion through the induction of MMP2
and MMP9 in several models [106,121,122]. DDR2 indu-
ces Erk-MAPK and NF-kB pathways [110,122]. DDR2-
induced Erk2/SNAIL1 has been shown to be linked with
MT1-MMP and MMP2 expression in HCC cells [113].
DDR2 has also been identified to be a driver gene for gas-
tric cancer dissemination, to promote prostate and breast
cancer metastasis [115,120,123].

DDR2 has also been shown to be crucial for the tumor
microenvironment impacting the tumor cells dissemina-
tion. Using DDR2 knock-out (KO) mice, Badiola et al.
showed that DDR2 depletion promotes the transdiffer-
entiation of myofibroblasts leading to a pro-metastatic
environment [124]. In contrast, Corsa et al., using DDR2

KO mice, highlight that DDR2 depletion reduces breast
cancer metastasis to the lung by affecting collective cell
migration but not the tumor growth. They show that
DDR2 expressed by stromal cells is important for breast
cancer cell metastasis; these cells impact the extracellular
matrix deposition and remodeling involved in tumor
progression [125]. Another recent study confirmed these
data by showing that multipotent stromal cells express-
ing DDR2 favor matrix deposition and remodeling,
inducing breast cancer cell invasion and metastasis [120].

In vivo

Some studies used in vivo models to define the role of
DDR2 in tumor cell invasion and metastasis, using
DDR2 overexpression or depletion. HNSC model cells
overexpressing DDR2 injected in the vein tail revealed
an increase in metastatic foci in lung [106]. In another
study, breast cancer cells transduced with shRNA against
DDR2 injected into the mammary gland showed a
decrease in lung metastasis [109]. In another study on
breast cancer cells, the authors injected the cells in the
mammary fat pads of mice. They observed a decrease of
survival and an increase in lung metastasis when cells
overexpress DDR2 and the opposite effects in cells with
shDDR2110. When melanoma cells transfected with
siRNA targeted DDR2 were injected into the spleen, a
decrease in liver metastases was observed [121]. In
another study, HNSC injected in the Duct of Cuvier in
zebrafish showed an increase of invasion with cells over-
expressing DDR2; an opposite effect was observed with
cells treated with dasatinib [48,107].

Inhibition of the DDRs

DDRs are crucial players in the hallmarks of cancer,
notably in invasion and metastasis formation. Further-
more, as discussed before in the invasion part, overex-
pression of DDRs is correlated with a poor overall
survival in many cancers. Consequently, DDR expression
could be a potential biomarker and a therapeutic target
in cancers.

DDRs may be targeted by tyrosine kinase receptor
inhibitors such as dasatinib, imatinib, nilotinib, ponatinib
with an IC50 in the low nanomolar range [48,126]. Niloti-
nib and dasatinib are more potent than imatinib toward
DDR1 and DDR2 [48]. These inhibitors are approved by
the FDA and could constitute a new treatment for patients
overexpressing DDRs in cancers. For example, recently it
has been shown that nilotinib inhibits DDR1 kinase acti-
vation and reduces invasion in metastatic colorectal can-
cer [127]. Dasatinib efficiency has been proven several
times. Dasatinib inhibits proliferation of DDR2 mutated
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L63V in squamous cell lung cancer [42] or in head and
neck squamous cell carcinoma [128]. Those DDR2 muta-
tions have been shown to enhance dasatinib sensitivity.
Furthermore, dasatinib inhibits peritoneal dissemination
in a xenograft mouse model of gastric cancer cells overex-
pressing DDR2 [115]. Dasatinib also inhibits tumor
growth in vivo in a xenograft mouse model of lung cancer
with DDR2 mutation in combination with BET inhibitor
[129]. The combination of dasatinib targeting DDR1 with
other chemotherapy (anti-Notch) was shown to be effi-
cient in xenograft mouse model of lung adenocarcinoma
leading to decreased tumor cell proliferation [58]. In clini-
cal context, a squamous cell lung tumor in a patient har-
boring DDR2 mutation shrunk when treated with
dasatinib [130]. Additionally, DDRs can be targeted by
other tyrosine kinase inhibitors, for example, bafetenib,
sorafenib and a thienopyridine (LCB 03–0110) [131]. The
disadvantage of these inhibitors is that they not only target
DDRs but also other receptor tyrosine kinases. In recent
years, selective DDRs kinase inhibitors have emerged. For
instance, DDR1 could be targeted specifically by a pyrazo-
lopyramidine alkyne derivative (7rh and 7rj) [132], by
DDR1-IN-1 or DDR1-IN-2 [133] and by KST9046 [134].
The efficiency of 7rh has been proven by the tumor
regression in xenograft mouse model of pancreatic ductal
carcinoma [135, lung adenocarcinoma [59, nasopharyn-
geal carcinoma [136] and gastric cancer [137]. Regarding
DDR2, selective inhibitors are very limited. For instance,
DDR2 interaction with collagen could be disrupted by

actinomycin D with no effect on DDR1 activation [138].
It has been demonstrated that excess expression of juxta-
membrane 2 domain of DDR2 inhibits its activation
[139]. In fact, in lung cancer cells, the delivery of gold
nano-particle DNA aptamer containing the transmem-
brane-juxtamembrane 1/2 domain of DDR2 inhibits its
activation by collagen, inhibits cell proliferation and inva-
sion [140]. Terai et al. have developed new inhibitors that
specifically target DDR2 for treating DDR2-mutated non-
small cell lung cancer [141].

In conclusion, DDRs could be a good biomarker in a
large number of cancers. Furthermore, these receptors
can be targeted using FDA-approved tyrosine kinase
inhibitors. Unfortunately, these protein tyrosine kinase
inhibitors are not specific of DDRs. However, the emer-
gence in recent years of small molecules that specifically
target DDRs could potentially help developing drugs for
treating cancers. It could also be interesting to target
DDR1 or DDR2 specifically with a blocking antibody. A
DDR1 blocking antibody (48B3), developed by Santa
Cruz biotechnology, was shown to decrease glioma cell
invasion and adhesion mediated by DDR1a [104].

Conclusions

In this review, we highlight specific hallmarks of cancer
where DDRs play crucial roles. Nevertheless, DDRs func-
tions can vary depending on the cellular context. All
these data confirm that DDR1 or/and DDR2 could be

Figure 2. DDRs contribution in cancer hallmarks. Representative circular diagram of the hallmarks of cancer, adapted from Hanahan and
Weinberg, 2011. In the center, a representative confocal image of a melanoma cancer cell (A375) seeded into collagen fibers (grey) and
expressing DDR1 (red). The nucleus is in blue. The difference in the front size is related to the reported involvement of one of hte DDR
more than the other in the literature.
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very interesting targets to block cancer progression at
different levels (Figure 2). Moreover, it clearly appears
that there is more data about DDR1 than on DDR2. The
kinase activity of these receptors is already targeted by
drugs like nilotinib or dasatinib [48]; however, DDRs
have some functions independent of this kinase activity
such as invasion and cell/cell adhesion. Consequently, it
is necessary to find and develop other strategies to target
these receptors. Another complexity in targeting DDR1
is its 5 isoforms. It is essential to better understand the
roles, the functions and the molecular pathways associ-
ated with those isoforms in order to generate specific
inhibitors.

Furthermore, most studies on DDRs focus only on
one of the two receptors; however, some cancer cell
lines such as melanoma cell lines overexpress both
these receptors (Figure 1). It is essential to determine
the relevance and the recurrence of this co-overex-
pression in cancers. In parallel, the specific role of
each receptor and a possible functional compensation
in this context has to be established. Indeed, we
showed that DDR1 and DDR2 co-localized along type
I collagen fibers. This DDR1/DDR2 clustering raises
the question of a lateral activation between these two
different dimers (as shown for DDR1 dimers) [24].
This review highlights that DDRs are complex recep-
tors localized in different subcellular compartments
and are involved in several crucial cellular processes
essential for cancer progression. All these data rein-
force the necessity to better characterize/understand
molecular mechanisms associated with DDRs in
cancer.
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