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Accumulation of type I collagen fibrils in tumors is associated with an increased risk of metastasis. We recently
demonstrated that the collagen sensor discoidin domain receptor 1 (DDR1) interacts with type I collagen fibrils to allow
proteolysis-based cancer cell invasion through the formation of a new class of invadosomes, termed linear
invadosomes.

Type I collagen is one of the most
long-studied proteins, initially because of
its abundance; type I collagen is the major
matrix component of skin, tendon, and
bone. In physiology, type I collagen fibrils
play a crucial structural role in maintain-
ing tissue and the overall body. The bio-
chemistry of collagen has been widely
studied, and its fibrillogenesis, organiza-
tion, homeostasis, and cross-linking are
highly controlled by cells. Type I collagen
in tissues is always organized into fibrils,
which promote various processes such as
cell adhesion.

In pathophysiological conditions, accu-
mulation of type I collagen may lead to
several types of damage such as tissue
fibrosis, osteopetrosis, and artherosclero-
sis. In cancer, the situation is more com-
plex. In some cases, type I collagen fibrils
can be considered as a simple physical and
structural barrier inhibiting tumor cell
growth and dissemination. Indeed, for
tumors that are encapsulated, such as pri-
mary liver tumors, a capsule composed of
type I collagen fibrils encompasses the
tumor and inhibits its expansion.1 In these
conditions, the presence of the capsule is
considered a good prognostic factor for
disease evolution. In contrast, type I colla-
gen is overexpressed in a large number of
cancers, for example breast and lung

cancers, and paradoxically this high
expression is correlated with an increased
risk of metastasis.2 Collagen overexpres-
sion is not the only parameter involved in
cancer progression; indeed, the size, diam-
eter, morphology, and cross-linking of
type I collagen fibrils all have an impact
on tumor cell proliferation and metastatic
growth.3,4 Type I collagen degradation is
known to be mediated by a limited num-
ber of enzymes, including members of the
matrix metalloproteinase (MMP) family.
In addition, type I collagen fibrils are able
to activate MMPs, and especially the cou-
pled membrane-type 1 matrix metallopro-
teinase (MT1-MMP)/MMP2.5

MMPs are key proteins involved in the
proteolysis-based invasion that is mediated
by invadosomes in cancer cells. Invado-
somes are F-actin–based structures that
are able to adhere and degrade the extra-
cellular matrix (ECM).6 We analyzed the
effect of type I collagen fibrils on invado-
some formation. Interestingly, we demon-
strated that seeding cancer cells on type I
collagen fibrils induced invadosome line-
arization (Fig. 1). As a result of their orga-
nization, which is aligned along the
collagen fibrils, we termed these structures
linear invadosomes. Type I collagen fibrils
promoted linear invadosome formation in
all cancer cell lines tested so far, even in

cancer cells that were unable to constitu-
tively form invadosomes. The formation
of linear invadosomes was associated with
an increase in the capacity to degrade
ECM, including type I collagen fibrils
themselves.7 These data highlighted that
type I collagen fibrils are a major inducer
of invadosomes in cancer cells.

Molecular analysis of linear invado-
somes revealed specific features, such as
the absence of the focal adhesion markers
vinculin, talin, and integrins usually pres-
ent in classic invadosomes. However, they
retained important invadosome markers
such as cortactin, tyrosine kinase substrate
5 (Tks5, also known as Fish), and MMPs.
Using several approaches, we determined
that b1 integrin was not involved in linear
invadosome formation and function,7

raising the question of which type I colla-
gen fibril receptor is implicated. Our
recent work established discoidin domain
receptor 1 (DDR1) as the collagen sensor
involved in linear invadosome formation.8

DDR1 belongs to a family of receptors
known to interact with collagens, in par-
ticular fibrillar collagens I-III. DDR1 only
binds collagens in their native physiologi-
cal triple-helical conformation and does
not recognize denatured collagens such as
gelatin. The DDR receptor family is part
of the large group of receptor tyrosine
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kinases (RTKs) and is composed of 2
members, DDR1 and DDR2. Ligand
interaction with DDRs promotes tyrosine
autophosphorylation as with classic
RTKs, although with very slow and persis-
tent kinetics. The DDRs are considered
collagen sensors and act not only on tissue

homeostasis, but also on many other cellu-
lar processes including cell proliferation,
differentiation, adhesion, migration, and
invasion. Accordingly, a number of recent
studies showed that the DDRs are often
upregulated in cancers. Notably, DDR1
was found to be overexpressed in lung and

breast cancers, where a high expression
level was correlated with a poor prognosis
and metastasis formation.9

Our recent data demonstrated that
DDR1 co-localized with linear invado-
somes in tumor cells and was required for
their formation and matrix degradation

Figure 1. Type I collagen induces linear invadosomes. (A) Schematic representation and confocal images of cancer cells seeded on fluorescent gelatin
exhibiting classical invadosomes. Invadosomes are organized in individual dots and degrade the underlying extracellular matrix. Shown are representa-
tive confocal images of cells stained for tyrosine kinase substrate 5 (Tks5, also known as Fish; green) and filamentous actin (F-actin; red). Gelatin was
stained with fluorescein (gray). Panels on the right show a 4£ zoom of the white squares. Scale bar: 10 mm. (B) Schematic representation and confocal
images of cancer cells seeded on type I collagen fibrils and fluorescent gelatin presenting as linear invadosomes. Linear invadosomes are aligned along
fibrils and degrade gelatin and the collagen fibrils themselves. Shown are representative confocal images of cancer cells stained for Tks5 (green) and F-
actin (red). Collagen I fibrils were labeled with 546-succinimidyl-ester (gray) and gelatin was stained with fluorescein (gray). Panels on the right show
4x zoom of the white squares. Scale bar: 10 mm.
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ability.8 Unexpectedly, DDR1 kinase
activity was not required for invadosome
formation or activity. Indeed, blocking
DDR1 kinase activity using nilotinib or
blocking antibodies did not inhibit linear
invadosome formation and activity. Inter-
estingly, we demonstrated that Src tyro-
sine kinase inhibition did not affect the
formation of linear invadosomes. We fur-
ther found that the RhoGTPase Cdc42
was activated on collagen in a DDR1-
dependent manner. Cdc42 and its specific
guanine nucleotide exchange factor (GEF)
Tuba co-localized to linear invadosomes,
and both are required for linear invado-
some formation. Cdc42 involvement is in
agreement with the affiliation of these
structures with the invadosome family.10

Thus, we determined that upon contact
with type I collagen fibrils, cancer cells are
able to form linear invadosomes in a

DDR1/Tuba-Cdc42–dependent manner
to degrade and invade the ECM. More-
over, our results confirmed that DDR1
depletion blocked cell invasion in a colla-
gen-rich environment.

Overall, our work established that type
I collagen is an inducer of invadosomes
through DDR1 activation via a Cdc42-
Tuba pathway. Thus, DDR1 is the sensor
used by tumor cells to interact with fibril-
lar collagen I, leading to the organization
of invadosomes that concentrate the pro-
teolytic machinery of the cells, including
MT1-MMP to degrade the extracellular
matrix, and facilitate invasiveness. Based
on their capacity to stimulate cell invasion
and the overexpression of DDRs in differ-
ent cancers, DDR1-dependent linear inva-
dosomes should be a good target for the
prevention of metastasis.
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