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Background: Despite detailed knowledge about the structure and signaling properties of individual collagen
receptors, much remains to be learned about how these receptors participate in linking cells to fibrillar collagen
matrices in tissues. In addition to collagen-binding integrins, a group of proteinswith affinity both forfibrillar col-
lagens and integrins link these two protein families together. We have introduced the name COLINBRI (COLlagen
INtegrin BRIdging) for this set of molecules. Whereas collagens are the major building blocks in tissues and de-
fects in these structural proteins have severe consequences for tissue integrity, the mild phenotypes of the
integrin type of collagen receptors have raised questions about their importance in tissue biology and pathology.
Scope of review: We will discuss the two types of cell linkages to fibrillar collagen (direct- versus indirect
COLINBRI-mediated) and discuss how the parallel existence of direct and indirect linkages to collagens may
ensure tissue integrity.

Major conclusions: The observedmild phenotypes ofmice deficient in collagen-binding integrins and the relative-
ly restricted availability of integrin-binding sequences inmature fibrillar collagenmatrices support the existence
of indirect collagen-binding mechanisms in parallel with direct collagen binding in vivo.
General significance: A continued focus on understanding the molecular details of cell adhesion mechanisms to
collagens will be important and will benefit our understanding of diseases like tissue- and tumor fibrosis
where collagen dynamics are disturbed. This article is part of a Special Issue entitled Matrix-mediated cell
behaviour and properties.

© 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

The view of the extracellular matrix (ECM) has changed dramatical-
ly in the past three decades. From being regarded as merely a structural
framework where cell–cell contacts were thought to be the main orga-
nizers of functional organ units, the ECM is taking more and more of a
centre stage in modern cell biology. We know today that the ECM in
addition to functioning as a structural framework has many other
roles including: acting as storage depots for growth factors and cyto-
kines [1,2], regulating stem cell fate [3], elaborating stem cell niches
[4] and thus affecting many aspects of a cell's life. Still, a major role of
the ECM is to act as tissue glue. On the anecdotal side, the word “colla-
gen” itself derives from the Greek κόλλα/kolla, “glue”, from the practice
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of boiling animal skins in ancient times to make glue. In the current re-
view we will mainly discuss collagens as molecular glue when present
in the body as native collagen fibrils.

Collagens are themost abundant proteins in vertebrate organisms. Al-
though composed of 28 different proteins [5], a few family members (i.e.
collagens I–III) of the fibrillar collagens (collagens I, II, III, V, XI, XXIV and
XXVII) [6] dominate quantitatively and form the framework of connective
tissues in the bone, cartilage, tendons and soft interstitial matrices.

The starting point for the changed view of the matrix (not just a
structural component but a dynamic regulatory compartment in
tissues) was the identification of matrix receptors [7,8]. In recent
years, our knowledge of how these receptors signal and cross-talk
with other receptor groups has increased. A major group of receptors
for collagens are found in the integrin family [7,9,10]. In addition to
collagen-binding integrins, syndecans, discoidin domain receptors
(DDRs), GpVI, LAIR [9], OSCAR [11] and GPR56 [12] have been implied
to be collagen receptors. Interestingly, recent data suggest that DDRs
can act by activating collagen-binding integrins [13–15], while blocking
DDR–collagen interaction leads to reduced integrin-mediated cell
adhesion.

Most of the detailed knowledge about how integrins and other
receptors work has been collected from experiments performed with
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Schematic illustration of direct (collagen-binding integrin-mediated) and indirect
(COLINBRI-mediated) binding to collagen fibrils. In the direct cell-binding mechanism,
collagen-binding integrins (brown) directly interact with the fibrillar collagen (green)
through theirαI domain to provide cell adhesion. In the indirectway, cell binding involves
COLINBRIs like fibronectin (purple) represented here. The COLINBRI molecule is anchored
to collagen and provides cell attachment by interaction with the COLINBRI-binding
integrins (magenta), which are lacking αI domain.
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defined purified matrix proteins in vitro. Much less is known about the
molecular composition of the actual linkages in the tissues; from the
cell attachment points to the ECM based fibrils and networks (tissue
glue function). We will discuss how fibrillar collagen is arranged in
the tissues and how cells stick to fibrillar collagenmatrices; direct bind-
ing via collagen receptors and indirect binding via bridging molecules.
We use the name “COLINBRI” (COLlagen INtegrin BRIdging) for a class
of non-collagen molecules with the potential to bridge the binding of
integrins to fibrillar collagens [16].

2. Collagen

Collagens come in many different forms and in the current review
we will focus on the interaction of connective tissue cells with the
major fibrillar collagens. Collagens have as a major function to serve as
a structural scaffold in forming tissues—being the mold onto which tis-
sues grow. In normal adult tissues, collagens fulfill the function of main-
taining tissue structure, but during fibrosis, excess collagen synthesis
may cause tissue dysfunction. Since fibrillar collagens are large mole-
cules existing in complex environments, they also have the capacity to
interact with secreted proteins in themicroenvironment, which can im-
pose a greater adhesivity to the matrix scaffold. This alloy of collagen –

COLINBRIS – and cell receptors constitute the components of thismolec-
ular tissue glue.

The mechanical properties of this molecular glue can be changed
either by crosslinking of collagen fibrils, or by crosslinking of secreted
proteins onto the fibrillar collagenmatrix, thereby changing the stiffness
of the collagen-based matrix. Accordingly, this will change the ability of
cells to respond to the collagen-based tissue glue. Lysyl oxidases (LOX)
are important enzymes in this regard. Periostin (PN) is an interesting
matricellular ECMmolecule and COLINBRI has been suggested to change
the stiffness of the collagenmatrix [17,18]. Transglutaminases are anoth-
er group of molecules with the potential to change the properties of
matrix proteins, including collagens [19]. Furthermore, the composition
of proteoglycan (PG) protein cores and their glycosaminoglycan chains
affects matrix stiffness, as does age and diabetes associated non-
specific crosslinking [20–22].

In cancer cells, the term tensional homeostasis has been introduced
to describe the intense relationship between intracellular tension and
extracellular tension, but this term can also be applied to normal cells
in interstitial matrices, and we predict that in years to come, the impor-
tance of tissue stiffness for cell function will be increasingly recognized
[23–25].

Since collagens are major building blocks, one would expect that a
major function of receptors that directly link cells to collagen would
be to maintain the structural integrity of the tissues. On the other
hand, proteins bound to the collagen network might impose additional
functions to the ECM that are not related to the structural integrity, and
thus add functional flexibility. Intriguingly, analyses of mutant mice
lacking integrin type collagen receptors have failed to replicate the se-
vere effects that are seen when fibrillar collagens are mutated or absent
inmice.Wewill later discuss the possible explanations for this anomaly
and speculate on how our picture of collagen receptors might change in
the future.

3. COLINBRIs and COLINBRI-mediated cell binding

WedefineCOLINBRIs asmolecules that form a bridge between fibril-
lar collagens and integrins on cell surfaces. In this reviewwewill list and
discuss someprototypical ECMproteins that could act as COLINBRIs, but
we make no claims to report a complete list of COLINBRIs. We will thus
focus on three relatively abundant, well-characterized proteins that
have the greatest potential to serve as intermediary linkers in the indi-
rect collagen–cell interactions: fibronectin, vitronectin and periostin.
Wewill also brieflymention vonWillebrand factor as a COLINBRI of spe-
cial importance for platelets. A schematic illustration of the indirect and
direct binding to collagenfibrils is shown in Fig. 1. Thedomain structure,
the collagen-binding sites and the integrin-recognizing sites of three
prototypical COLINBRIs are shown in Fig. 2.

3.1. Fibronectin

Fibronectin (FN) is a ubiquitous extracellular matrix glycoprotein
that promotes cell adhesion, cell migration and cell differentiation
[26]. Mouse embryos lacking FN die at E8.5, presenting a severe failure
in vascular development [27]. FN harbors multiple adhesion sites for
other molecules in the microenvironment including proteoglycans,
TGF-β and collagens [28].

The collagen-binding domain was the first FN domain to be isolated
[29]. The domain is located near the N-terminus and is composed of the
repeats 6FNI1–2FNII7–9FNI [30]. Blocking of the collagen-binding domain
demonstrated a role of the FN–collagen interaction in collagenorganiza-
tion anddeposition [31]. FNbinds to bothnative and denatured collagen
(gelatin), but it presents greater affinity for gelatin in vitro [32], suggest-
ing that the FN–collagen interaction occurs with higher affinity in re-
modeling processes like wound repair and tissue growth. In collagen I
the FN-binding site overlaps with the matrix metalloproteinase
(MMP)-1 cleavage site, which has been reported to “breathe” and local-
ly melt, which hence enables FN binding under some conditions [33].

So far, 11 integrin heterodimers, including all members of the αv
subfamily, have been reported to interact with FN (for reviews, see
[34,35]). The recognition of the Arg-Gly-Asp (RGD) motif located in
the 10FNIII domain [36] is central for cell adhesion although other se-
quences are also involved in this interaction [37–39]. The prototypical
“FN receptor” – integrin α5β1 – the first integrin to be characterized
[40], is widely expressed on different cell types. Integrin α5-deficient
mice present some similarities with the FN-null mice [41], although



Fig. 2.Collagen- and integrin-binding sites on COLINBRIs. The domain structures of the three COLINBRIs fibronectin (FN), vitronectin (VN) and periostin (PN) are schematized. Fibronectin
is composed of the 1–9I domain (light gray rectangles), the 1–2II domain (light gray ellipses) and the 1–15III domain (dark gray ellipses). The variable spliced domains are represented
in white (EDA/B: extra domain A/B, V: variable). Fibronectin dimerizes through two disulfide bonds present at the C-terminal. Fibronectin interacts with collagen via the repeats
6FNI1–2FNII7–9FNI. The RGD sequence is localized in the 10FNIII domain, but other domains are also involved in integrin-mediated cell adhesion. The cell-binding site of vitronectin
(RGDmodule) is located near the somatomedin B domain (SB). Collagen interactionwith vitronectin can bemodulated by itsN-glycosylation (N). Another collagen-binding site is located
in a Hemopexin repeat (HX) in the C-terminal, close to the heparin-binding site (Hp). Collagen I interacts with the EMI domain of periostin, whereas collagen V binds to the Fasciclin 1
domain (FAS1). The binding sites of integrins αvβ3 and αvβ5 are located in the second FAS1 domain whereas the cell-binding site(s) of α6β4 and αMβ2 integrins have not been
characterized.
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less severe. The α5β1 integrin, similarly to the platelet integrin αIIbβ3,
binds to the RGD sequence of FN, but high affinity binding for both
integrins are dependent on the synergy site PHSRN located to the
9FNIII [39,42]. The integrins α4β1 and α4β7 interact with the variable
domain of FN through LDV and REDV sequences [37,43]. The α4β1
and α9β1 integrins also both bind to the alternatively spliced extra
domain A (EDA) in FN [44].

The presence of at least one of the alternatively spliced extra domains,
EDA or EDB, is essential during development, since deletion of both re-
gions leads to embryonic lethality [45]. In adult tissues, these FN splice
variants are only expressed at low levels but are upregulated during
wound healing, where the FN-EDA variant is important in the organiza-
tion of the granulation tissue [46]. It has been suggested that FN-EDA is
necessary for TGF-β-induced myofibroblast differentiation [47] and in-
creased levels of FN-EDAhave also been reportedduring tumor angiogen-
esis, epithelial-to-mesenchymal transition (EMT) and fibrosis [48–50].

FN receptor integrins show overlapping functions during embryo-
genesis and FN assembly [51]. Four FN-binding integrins, α4β1, α5β1,
α9β1 andαvβ3, are known to participate in FNassembly. It is important
to recognize that the effects of integrin blockage depend on the total
integrin repertoire. In one study, embryonic cells depleted in either
α5β1 or α4β1 displayed no defects in the FN matrix assembly; this
function is presumably assumedbyαv integrins in these conditions [52],
although other studies have suggested αvβ3-mediated FN assembly to
be less efficient [53]. In a detailed study on the role of FN receptors,
α5-deficient endothelial cells showed reduced FN assembly, whereas
doubleα5/αv-null endothelial cells failed to assemble a FNmatrix alto-
gether, suggesting a cooperation of both integrins in endothelial cell-
mediated FN assembly [54]. In contrast to their overlapping functions
in FN assembly, FN receptor integrins also have distinct roles as support-
ed by the distinct phenotypes of FN receptor deficient mice [41,51].

The ability of FN to bind both fibrillar collagens and multiple RGD-
dependent and RGD-independent integrins, expressed on a variety of
cell types, qualifies FN as a major COLINBRI to have important functions
in a variety of developmental and pathological processes.

3.2. Vitronectin

Vitronectin (VN) is an adhesive glycoprotein present in the blood,
from where it was first identified as the “serum spreading factor” [55],
but it is also present in the ECM [56] and in the α granules of blood
platelets [57]. VN promotes cell adhesion and cell migration and is in-
volved in fibrinolysis, immune defense and hemostasis [58,59]. Initial
studies of VN-deficient mice revealed viable and fertile mice, which
did not display any obvious phenotype comparedwith wild-type litter-
mates [60]. Later studies attributed a role of VN in response to tissue
injury, where VN-null mice displayed delayed wound healing and
decreased angiogenesis [61].

VN is anchored to the ECM via its interaction with collagens and
thus promotes cell adhesion and migration, defining this protein as
COLINBRI. VN interacts with several collagen types, including fibrillar
collagens, but unlike FN, VN shows greater affinity for native triple-
helical collagen [62]. Convincing data have shown that VN can inhibit
FN binding to collagen I, suggesting that these proteins both interact
at a similar site, or sites, on collagen I. Conversely, the collagen-
binding site of VN is located toward the amino terminus, near the cell-
binding site [63]. However, a second binding site has been identified
toward the carboxy terminus, near the heparin-binding domain of VN
[64]. It is interesting to note that collagen binding of VN can bemodulat-
ed by its glycosylation status [65,66]. Thus, it has been shown that the
presence of N-glycans covalently linked on VN decreases its binding to
collagen, whereas de-N-glycosylation of VN enhances collagen interac-
tion. This suggests that modulating the VN–collagen interaction regu-
lates VN-mediated cell adhesion and migration in the tissues.

Cell interaction with VN is, like FN, mediated via an RGD motif,
which is mapped to the amino terminus of VN. Integrin αvβ3 was the

image of Fig.�2


2536 C. Zeltz et al. / Biochimica et Biophysica Acta 1840 (2014) 2533–2548
first identified cell receptor shown to bind VN and was initially defined
as the “VN receptor”, since it at first seemed to be specific to this protein
[67]. In addition to αvβ3, integrins αvβ1, αIIbβ3, αvβ5, αvβ6, and
α8β1 have been described to interact with VN [68–70]. VN can also
induce cell migration and cell signaling, RGD-independently, through
its interaction with the urokinase plasminogen activator receptor [71].
Furthermore, the plasminogen activator inhibitor-1 is known to bind
to the somatomedin B domain of VN, modulating the RGD-dependent
cell interaction [72,73]. Another regulation of the VN–cell interaction
is mediated via the heparin-binding domain, and it has been suggested
that oligomerization of VN in ECM through this domain can enhance
fibroblast adhesion and spreading [74]. The main integrin VN receptor,
αvβ3, is expressed on endothelial cells and plays an important role in
vascular cell biology [75,76]. Since VN is not the only one ligand of
αvβ3, thedifferent biological roles ofαvβ3 are not systematically linked
to the VN functions. However, VN has also been suggested to have roles
in angiogenesis [61], by regulating endothelial function [77] or bymod-
ulating MMP expressions [78].

Although VN-deficient mice display delayed wound healing and VN
is enriched at the sites of injured tissues, the exact role of VN in tissue
repair is not completely clear [61,79]. VN appears to be an important
ECM substrate for epithelial and smooth muscle cell migration in
response to injury, which involves αvβ3 and αvβ5 integrins [80,81].

3.3. Periostin

Initially called osteoblast-specific factor 2, this member of the
fasciclin I family has been renamed periostin (PN) to reflect its high ex-
pression in periosteum and periodontal ligament [82]. PN is expressed
in additional tissues including the bone, heart and skin [83–85]. The
PN null mice show a variable penetrance of a postnatally lethal pheno-
type related to cardiovascular failure. Surviving PN-deficient mice
display dwarfism, defective periodontal ligaments and an incisor erup-
tion defect [86,87]. It is interesting to note that α11 integrin deficient
mice [10] also have a periodontal ligament phenotype, although it is re-
stricted to the incisors. However, direct interaction betweenα11β1 and
PN has not been reported so far and the similar periodontal ligament
phenotypes are presumably more related to their respective collagen
interactions.

PN co-localizes with collagen in vivo and binds directly to collagens I
and V in vitro [88,89]. The type I collagen seems to interact with the EMI
domain of PN [18], whereas collagen V has been found to interact with
the fasciclin-1 domains of PN [89]. Since PN-deficient mice showed al-
tered collagen fibrils, a role of PN in fibrillogenesis has been suggested
[88,90]. During this process, PN has been suggested to act indirectly in
collagen crosslinking by increasing the activation of LOX via interaction
with BMP-1 and FN [91] and to protect against MMP-mediated proteol-
ysis [92]. Other data suggests that a dimeric form of PN could crosslink
collagen fibrils [17].

PN is an adhesive protein that thus promotes cell adhesion and
migration. The integrinsαvβ3 andαvβ5were the first candidate PN re-
ceptors to be described, promoting ovarian epithelial tumor cellmotility
[93]. The YHmotif contained in βigH3, a protein structurally close to PN,
was found to be the ligand for both αvβ3 and αvβ5 [94,95]. This motif
located in the second FAS1 domain of PN was later demonstrated as a
cell-binding site [96]. Integrins α6β4 and αMβ2 have also been
described to bind to PN, however for these integrins the cell-binding
sites have not been characterized [97,98].

It has become increasingly clear that PN is involved in tissue repair
and remodeling [99,100]. In wound healing studies, PN-deficient mice
exhibit delayed wound healing [101]. It appears that during wound re-
pair, PN is expressed at day 7 in the granulation tissue and co-localizes
with α-SMA-expressing cells [85]. Furthermore, PN null mice display
reducedα-SMA expression in the granulation tissue, andfibroblasts iso-
lated from thesemice present a defect in collagen gel contraction,which
can be rescued by adding recombinant PN. These data demonstrate that
PN is involved in the regulation of myofibroblast differentiation [102]. It
is also interesting to note that PN can be upregulated byTGF-β in dermal
fibroblasts [103]. PN is expressed in the heart, and could contribute to
cardiac development and repair and it has been shown to be upregulat-
ed after vascular injury [104–106]. However, the role of PN in angiogen-
esis seems to be restricted to pathological processes [107,108].

3.4. Von Willebrand factor

VonWillebrand factor (vWF) is amultimeric glycoprotein that plays
a crucial role in hemostasis by promoting platelet adhesion at sites of
vascular injury with high shear stress [109,110]. Collagen binding
occurs via the vWF A1 and A3 domains and the platelet integrin
αIIBβ3 can bind via the RGD sequence in vWF C1 domain [111], qualify-
ing vonWillebrand factor as a COLINBRImolecule for platelets. Deficien-
cy or mutations of vWF lead to von Willebrand disease, a bleeding
disorder [112].

3.5. Matricellular proteins

In addition to PN, which has been described as a matricellular pro-
tein, the matricellular proteins thrombospondins (TSP), SPARC and
osteopontin (for review see [113]) have also the potential to act as
COLINBRIs, since they all directly interact with fibrillar collagens and
with integrins. However, TSP-1, -2 and SPARC are known to induce cel-
lular “de-adhesion” characterized by the loss of focal adhesion and
stress fibers [114], whichwould be in contrast with themolecular tissue
glue concept.

3.6. SLRPs

The small leucine-rich proteoglycan/protein (SLRP) family is com-
posed of 17 ECM proteins that include decorin, biglycan and lumican
[115]. A major role of the SLRPs, determined using SLPR-knockout
mice, is to regulate the collagen fibrillogenesis [116,117]. Recently, it
has been shown that SLRPs can interact with different cell receptors to
regulate cell behavior [118]. Decorin and lumican have been described
to interact with the collagen integrin α2β1, but with low affinity com-
pared to α2β1–collagen I interaction [119,120]. The fact that lumican
increases cell adhesion [121] and strongly inhibits cell migration [122]
could limit its role in some biological processes, but it could act as
COLINBRI in the integrin-based collagen glues.

4. Collagen-binding integrins

Before collagen receptorswere isolated, awidely held belief in the cell
adhesion field claimed that cells did not interact directly with collagen,
but via “nectins” [123,124]. From in vitro studies we now know that
cells do interact directly with native collagens via the four collagen-
binding integrins α1β1, α2β1, α10β1 and α11β1 [125]. We will in the
next sections focus on the integrin family and will start our discussion
by summarizingwhat is known about the ligand specificity of the integrin
type collagen receptors α1β1, α2β1, α10β1 and α11β1 (Table 1).

4.1. Ligand specificity

Most of the cell adhesion studies have been performed with the
most abundant fibrillar collagens I–III, whereas not so much is known
about the newestmembers of the collagen family. To study direct phys-
iological interactionswith collagens, it is essential to ensure that the col-
lagen used is triple helical and appreciate if the interaction is to be
interpreted within the context of an intact fibril-bundle, fibril, damaged
fibril structure with developing fibers or with collagen monomers.
Interactions with these structures may or may not be analogous. For in-
stance, amature fibril is a structure that by designwould be expected to
be somewhat robust. Structural data has indicated that thefibril exterior



Table 1
Ligand specificity of collagen-binding integrins.

Integrin Recognition of
the fibrillar
form of
collagen

Collagen specificity Recognition
sequence
specificity in
monomeric collagen

References

α1β1 No Collagen IV N

collagens I, II,
and III

GFOGER (in coll. I,
II, IV and more)
GVOGEA (in coll. II)
GLOGEN (in coll. III)

[205–207]

Collagen IX ?
Collagen XIII ?
Collagen XVIII ?

α2β1 Yes Collagen I N
collagen IV

GFOGER (in coll. I,
II, IV and more)
GMOGER

[206,207]
[130]

Collagen IX ?
Collagen XXIII

α10β1 No Collagen
IV/VI N collagen II

GFOGER (in coll. I,
II, IV and more)

[173,206,207]

Collagen IX ?
α11β1 Yes Collagen I N

collagen IV
GFOGER (in coll. I,
II, IV and more)

[153,207,208]

Collagen V
Collagen IX ?
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is ‘tough’, resistant to proteolysis and cellular attachment [126,127].
With minor, directed proteolytic modification or through damage to
the matrix, sites of increasingly direct and strong cell interaction can
be exposed by ‘pealing’ away layers of the collagen hierarchical
Fig. 3. Accessibility of integrin-binding sequences in context of collagen microfibril. A) One
(numbers 1–5 are labeled). The Hodge–Petruska scheme describes the D-period structure of c
M1, M2….M5), of length 1D except M5, which has a length of 0.46D. The collagen monomers m
end on end in order, they would form a complete collagen molecule in terms of sequence and
surface in B. Orientation of the microfibril relative to the exterior fibril surface is indicated (b
GASGER are integrin- (direct) binding sequences of descending affinity, MMP cleavage/intera
which may also be a DDR2-binding site), von Willebrand's Factor (vWF) (which is partial
(5) which also may promote hemostasis on the fibril surface, small leucine-rich proteoglycan/
theC-terminal telopeptide (in green)whichmay regulate access to themore sensitive cell-inter
from the fibril exterior (opposite point of black arrow in A). The single microfibril is light grayw
tive of the relative accessibilities of these ligand-binding sites in the unmodified fibril surface (
structure (Figs. 3–5). It has also been suggested that bending of the mi-
crofibril exposes cell-binding sites [128].

In vitro studies have most often been performed using the mono-
meric triple-helical form of the major fibrillar collagens I–III. Using
libraries of overlapping collagen peptides (collagen toolkits), the
GFOGER sequence has been identified as a major cell-binding site for
collagen-binding integrins [129,130]. Studies using the fibrillar form of
collagens indicate thatα1 andα10 bind poorly to thefibrillar form, sug-
gesting that these two integrins interact with higher affinity to the na-
tive collagen ligands that belong to collagen subfamilies such as the
network-forming collagens (collagen IV for α1β1 expressing cells and
collagen VI for the cartilage integrin α10β1) or the FACIT collagens
(collagen IX forα10β1) [131,132]. In vivo [133], the interaction between
integrinα1β1 and collagen IV occurs on some epithelial, smoothmuscle
and endothelial cells in contact with basementmembranes. Based on li-
gand affinity studies in vitro,α1β1 expressed onmesenchymal cells like
fibroblasts, wouldmainly bind to immature or reorganizingmonomeric
form of fibrillar collagens. Fibroblasts that are in close vicinity of colla-
gen IV-containing basement membranes could possibly access collagen
IV via α1β1. Collagen XIII is another possible ligand for α1β1 [131] and
recent studies have suggested a role for the α1β1-mediated binding to
collagen XVIII during liver injury [133].

4.2. Availability of fibrillar collagens to integrin binding

The fibrillar collagens are themost abundant members of the super-
family. Although each shares significant similarity (D-period, triple-
D-period of the type I collagen microfibril, composed of 5 molecular collagen segments
ollagen packing by dividing the collagen molecule into 5 units (collagen monomers 1–5:
arked M1–M5 are segments of neighboring collagen monomers but if they were stacked

structure [138]. It is shown outside of the collagen fibril in A and within the collagen fibril
lack arrow). Functional sequences are marked with patches of color: GFOGER, GMOGER,
ction domain (in common with the fibronectin-binding domain, the C-terminal region of
ly in common with a major DDR2-binding site), the imino rich repeat sequence, GPO
protein (sLRRP-PG) high affinity binding sequences in the e and d microscopy bands, and
action sites including theMMP cleavage site. B) Part of themicrofibrillar D-period is viewed
hile the sequences colored in A are shown as before. This perspective gives some prospec-
see Fig. 2).
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Fig. 4. Relative accessibilities to binding sequences and functional domains in the native and ‘functionalized’ (bent or proteolyzed)fibril. A) Key functional domains of collagen aremarked
on the four microfibrils modeling the fibril surface, viewed from the fibril's exterior. A qualitative molecular ‘accessibility’ ranking of binding sites was determined for the intact and fol-
lowing MMP cleavage and removal of Monomer 4 from a single microfibril. B) View of accessibility of vWF/DDR2-binding site following removal of the ¼ segment from MMP cleavage
(partial Monomer 4 and all of Monomer 5), right and bottom. The DDR2/fibronectin site might facilitate the removal to then expose vWF/DDR2 in the gap region and GMOGER at the
overlap/gap interface. Removal of the remaining collagen fragment, especially the remaining part of Monomer 4, gives clear access to the high-affinity integrin-binding site, GFOGER. Ab-
breviations are as Fig. 3 legend, except for: Glycoprotein VI (GPVI), which binds to imino acid repeat sequences such as GPO5 and C-telopeptide (C-telo).
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helical domain, sequence, and aspects of telopeptide structure), they are
subtly distinct in their basic structure from ligand-binding sequences to
their molecular packing and fibrillar structures, leading to different
properties and therefore emphasis and roles within tissues [127,134].
It is believed that the fibrillar collagens form microfibrils with a rope-
like assembly of collagen triple-helices and that these microfibrils con-
centrically assemble to form fibrils. Well-defined structures for the mi-
crofibril and the fibril surface for type I collagen have been obtained
[135,136]. The microfibrils are bound within the fibrils by lysyl
crosslinks between the telopeptides and key triple-helical sites on
neighboring D-staggered (where D = 67 nm in hydrated native tis-
sues) as well as extensive side–side packing interactions including
water and protein based hydrogen bonding, electrostatic and hydro-
phobic interactions. Fibrils are decorated with PGs to construct much
larger fibers, which may be capable of fusing and certainly are found
to enable the construction of a variety of variations of a theme in
terms of collagen fiber organization [137]. The fiber organization varies
from long parallel arrays in tendons to the felt-work like organization
found in dermis. Fig. 3 shows how this fibrillar organization effects the
hierarchically available cell interaction and matrix-binding sites. The
part of the fibril surface most exposed to the extracellular environment
is the most densely packed, the C-telopeptide region of the D-period
[138]. As such, and due to the presence of immino rich regions in the
C-terminal sequence of the monomer, it may act to stabilize this exposed
region.Underneath this protective layer of collagenmonomers are several
key amino acid sequences that are involved infibril assembly and stability
[139,140] (Figs. 3–5). One of these sequences, GPO5 [137] is the one
known to bind the platelet glycoprotein VI [140] and is found clearly ex-
posed on thefibril surface (Figs. 3–4) as are the putative SLRP core protein
interaction sites in the microscopy D and E band regions on Monomer 4
(M4) [22,141]. Due to the large area that the PG covers of the fibril-
bundle, it is likely that they exclude the binding of other ECM ligands in
this region when present. Due to their key role in conveying structural
continuity in most connective tissues, this seems likely to be the case in
most mature connective tissues. This in turn suggests that the majority
of the fibril surface in the mature form is structural, unless it undergoes
some interaction with cells. Limited proteolysis or cell associated torsion
and bending will expose key binding sites in the fibril [128,136].

Themolecular packing of the collagenmonomers in the organization
of the type I fibril and as far as can be inferred due to their smaller size,
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Fig. 5.Unmasking of integrin-binding sites during partial proteolysis of collagenmicrofibril. A) Viewof the unmodified surface of amature fibril, 3microfibrils shown. B) Viewof a partially
proteolyzedmicrofibril. The docked positions of the integrin I domain are shown for the GFOGER and GMOGER sites. The Monomer 5 andMonomer 4 molecular segments obscure these
binding sites, as does Monomer 4 for DDR2 and Monomer 5 for fibronectin. Removal of the C-terminal telopeptide gives partial access to the fibronectin site. Removal of the ¼ segment
(most of Monomer 4 and all of Monomer 5) gives clear access to GMOGER, fibronectin and DDR2. Removal of another small portion ofwhat remains of Monomer 4 opens the GFOGER site
for unrestricted binding also. Abbreviations are as for Fig. 3.
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to a lesser extent types II and III collagen fibrils, restricts what cell-
binding interaction sites are freely available at the fibril surface. In the
simplest of terms, this translates to theMonomer 5 (M5) andM4molec-
ular segments obscuring the principal integrin-binding sites (GFOGER)
as does M4 for DDR2 andM5 for FN-binding site. Removal (or absence)
of the C-terminal telopeptide gives partial access to the FN site. Removal
of the ¼ segment of collagenase cleavage (most of M4 and all of M5
monomers) gives clear access to GMOGER, FN and DDR2. Removal of
yet another small portion of what remains of M4 opens the GFOGER
site for unrestricted binding.

A possible exception to the burying of integrin-binding sequences is
the GASGER sequence (Figs. 3 and 4). However, it is weak binding and
its accessibility may be significantly modulated by fibril-associated
PGs or mineralization [142].

Lastly, all of these above mentioned sites are relatively available for
interaction in individual microfibrils, for instance, those at the edge of
a region of fibril construction during fiber polymerization. That being
said, starting with weak integrin interaction/indirect integrin interac-
tion sites being the most accessible, leading to the strongest direct
integrin collagen-binding sites being the most inaccessible (before the
removal of M4). This could suggest a possible process of progressively
stronger COLINBRI-dependent cellular interaction with mature fibril
modifications. In the case of tissue repair, the damaged fibrils at these
sites close to the fibril surfacewould be quickly recognized and adhered
to by cells,which could be part of the process of damage sensing and the
repair response. Other than the observations made from the molecular
structure of the fibril surface, there are no direct studies to support
this theoretically based hypothesis, but there are some observations
that could fit with it.

4.2.1. Observations supporting interactions of collagen-binding integrins
with immature collagen matrices

Integrinα11β1 is highly expressed in themouse incisor periodontal
ligament [10,125,143], which is the tissue in the vertebrates with the
highest turnover of collagen I. It is possible thatα11β1 in the periodon-
tal ligament is an organizer of collagen assembly.

α10 expression includes growing epiphyseal cartilage, the ossifica-
tion groove of Ranvier and the meniscus [125,144–146], all sites with
dynamic collagen turnover, suggesting thatα10β1might be an organiz-
er of cartilage collagens.

Collagen V seems to play a central role in cell-assisted collagen
fibrillogenesis [147–149]. The molecular composition of the nucleating
complex at the cell surface has not been characterized yet. If collagen-
binding integrins take part in this process theywouldmostly bind to im-
mature collagen protofibrils to nucleate fibrillogenesis [150].
4.2.2. Observation supporting interactions of collagen-binding integrins
with mature collagen fibrils

Bothα2 andα11 I domains bind to collagen Ifibrilswithmeasurable
affinity in vitro [132]. Furthermore, integrin antibodies can inhibit cell-
and platelet-binding to fibrillar collagen I.

Intriguingly, structural modeling shows directive restraint in the
docking of integrins (and other ECM ligands) to the binding of collagen
fibrils (see Figs. 4 and 5 as illustration of the point). However, ‘opportu-
nistic’ binding to areas of the fibril surfacemore loosely organized (such
as at bends induced by cell action or damage) and/or directed proteoly-
sis readily and straight-forwardly opens the collagen fibril surface to
strong integrin binding (Fig. 4). The nature of the hierarchical organiza-
tion and the placement of cell interaction sites within it might hint at a
directive process for increasingly strong cell adhesion culminating in
the high-affinity cell-binding site GFOGER. This site itself being located
within the densely packed overlap zonewithin themiddle of themicro-
fibril (and hence somewhat harbored) while the less strong and more
indirect interaction sites are located within the overlap zone (DDR2)
and at the overlap/gap interface (e.g. GMOGER, FN-binding sites) and
are much closer to the fibril surface. Under these conditions integrins
are able to directly interact with collagen fibrils.

image of Fig.�5
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β1 integrins efficiently mediate the reorganization of floating and
restrained fibrillar collagen matrices in vitro [151–153]. These fibrillar
matrices have formed by self-assembly and are different from the ma-
ture fibrillar matrices seen in vivo. MMPs facilitate collagen reorganiza-
tion in vitro and this process can also occur independently of MMPs,
although less efficiently [154,155]. With time, COLINBRIs will be secret-
ed in these matrices and also contribute to the reorganization. One
could argue that the polymerized collagen used in vitro to study the col-
lagen reorganization, in the collagen gel contraction model, contains
monomeric collagen molecules that would coat the collagen fibrils,
but most likely this cannot account for the majority of the rapid and
robust collagen remodeling that occurs in these matrices.

In summary, it is likely that collagen-binding integrins can bind to
both monomeric and fibrillar forms of collagen in physiological settings.
Wepostulate that in assemblingmatrices (development, high tissue turn-
over and regeneration) the availability of integrin-binding sites is high. In
situations where integrins are in contact with mature, highly crosslinked
complex collagen matrices, current structural data indicates that the
availability of direct integrin-binding sites might be a limiting factor and
instead the availability of DDR2-binding site or indirect COLINBRI-
binding sites would be much higher. DDR1 has been reported to regulate
integrin-mediated interactionswith collagen [14] and can cooperatewith
integrins in collagen I-mediated EMT [156]. In contrast, Zhang et al.
recently showed that DDR2, independently of integrins, sustain the EMT
phenotype and facilitate breast cancer invasion [157]. It is possible that
at this early stage, before reorganization of collagen at the tumor bound-
ary, in accordance with the hierarchical availability of collagen receptor
binding sites, DDR2 would be the first receptor to bind to the collagen fi-
brils. The DDR2-mediated collagen remodeling would then give access to
the integrin-binding sites and allow cancer cell invasion to occur more
efficiently.
5. Collaborative role of integrins in fibrillogenesis

We predict that the roles of collagen-binding integrins in collagen
fibrillogenesis will be re-evaluated in the years to come. Whereas sub-
stantial data has been produced on the role ofα5β1 andαvβ3 integrins
in FN assembly [158–160], much less effort has been put into analyzing
the role of collagen-binding integrins.
5.1. Fibronectin matrix assembly—a cell driven process

Seminal papers on the role of integrins in FN assembly have demon-
strated a preferred role for α5β1 over αvβ3 in mesenchymal cells [53].
Under artificial conditions where α5β1 is ablated, small FN fibrils can
form in an αvβ3-dependent manner. Surprisingly, when the RGD
motif of FN is mutated in vivo to become non-functional, αvβ3 can res-
cue assembly by binding to a distinct site [159]. In platelets the αIIbβ3
integrin can take part in FN matrix assembly during thrombus forma-
tion [161]. Separate experiments have demonstrated that also α4β1
[162] and α9β1 [163] can take part in RGD-independent FN assembly
in specialized cells. Part of the increased effectiveness of α5β1 over
αvβ3 in assembling FN matrices has been demonstrated to be due to
enhanced capacity to activate Rho mediated contractility and signaling
by α5β1 [164]. In this context it is interesting to note that in some
cells there is a cross-talk between integrins so that high β1 levels lead
to lower β3 integrin levels due to mRNA destabilization [165]. In a
recent report, knockdown of β1 integrins in malignant mammary epi-
thelial cells elicited a robust compensatory expression of β3 integrins,
but not in their normal counterparts, suggesting that in this system
the cross-talk is correlated with the malignant phenotype [166]. The
cell type specific integrin cross-talk can thus influence integrin levels,
and the data also suggests that integrin signalingmight affect other im-
portant factors involved in FN assembly.
5.2. Spontaneous assembly and cell-driven collagen fibrillogenesis

Multiple studies have suggested that FN assembly drives collagen
fibrillogenesis, which can be regarded as the dogma in this field
(reviewed in [150]). Whereas cell driven assembly is a prerequisite for
FN assembly, collagens under appropriate conditions can form an im-
perfect fibrillar matrix, by self-assembly. Several elegant experiments
have shown that collagen containing telopeptides contribute to a
more homogenous 3D fibrillar structure under some conditions [167].
The telopeptides are not just vital for stabilizing crosslink formation,
the C-telopeptide in particular may regulate access to key ligand-
binding sites (MMP cleavage, FN binding, GFOGER and GMOGER)
(Figs. 3 and 4). Hence the presence of the telopeptides represents key
elements in the assembly (or disassembly) of collagen fibrils.

It is becoming increasingly clear that collagen fibrillogenesis in vivo
needs to be organized and that it occurs at cell surface [150]. For colla-
gen fibrillogenesis in vivo, collagens V and XI, seem to have a nucleating
function for assembly that starts at the cell surface [149]. Convincing
data shows that mice lacking collagen V have severely disturbed colla-
gen I fibrillogenesis [147,168]. Since collagens form complex fibrils, as-
sembled from multiple collagens into heterotypic fibrils coated with
FACIT collagens at the fibril surface, collagen fibrillogenesis is more
complex than the FN type of matrix assembly. Molecules involved in
fibrillogenesis include tenascin-X, TSP-2, SLRPs and COMP at later stages
of the assembly (reviewed in [150]). PN can increase the stiffness of col-
lagen matrices, suggested to occur via increased collagen crosslinking,
but an effect of PN on enhanced fibrillogenesis has not been excluded
[17].

Whereas a number of studies suggest that the collagens are assem-
bled on top of FN networks [160], other studies suggest that collagen
receptors enhance collagen assembly [169] and others have shown
that FN assembly is dependent on a preformed collagen matrix
[147,170]. Especially compelling are studies using human and mouse
fibroblasts isolated from Ehlers–Danlos patients lacking collagen V,
showing that thesefibroblasts failed to assemble collagen and FNmatri-
ces [171,172]. Collagen mutations have additional effects such as
changed synthesis of the ECM components, which complicate the pic-
ture further.

The conclusion we draw from these studies is that FN assembly and
collagen fibrillogenesis are tightly connected.When studying these pro-
cesses at the cell level it seems essential to first of all characterize the
cell repertoire of FN and collagen receptors. We postulate that in cells
with high levels of FN receptors like α5β1 (strongly promoting FN
assembly), and that at the same time express low levels of collagen re-
ceptors, will be prone to assemble an extensive FN matrix, which will
guide collagen fibrillogenesis. Conversely, in cells that express high
levels either of the collagen receptors α2β1 or α11β1 combined with
low expression levels of FN receptors, we suggest that integrins will
primarily nucleate collagen fibrillogenesis and incorporate FN onto
these collagen fibrils, in a manner dependent on the availability of the
FN-binding sites.

Studies performed in vitro present a number of limitations that are
important to remember when interpreting the results in the context
of our current knowledge about the assembly process of FN. For exam-
ple, when using GD-25 -β1 cells, which are embryonic cells of unknown
origin that lack collagen receptors, it is quite possible that some intra-or
extracellular factors related to collagen receptor functions are alsomiss-
ing [169]. When these cells are transfected with cDNA encoding either
α2 or α11 integrin chain, it is thus possible that FN-mediated assembly
of collagens is favored over collagen receptor-mediated assembly, con-
tributing to a biased view of how the assembly process occurs [169].

Most published studies on integrin-mediated collagen fibrillogenesis
have been performed without considering the more recently identified
collagen receptors α10β1 [173] and α11β1 [174]. However, since
α10β1 is mainly expressed on chondrocytes and seems to prefer non-
fibrillar collagens, we predict that themajor collagen receptors involved
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in collagen fibrillogenesis on fibroblasts are α2β1 and α11β1. α2β1
is more widely expressed than α11β1, which is restricted to subsets
of fibroblasts [10,143,153]. More systematic studies on the relative
importance of these integrins for collagen fibrillogenesis together
with studies addressing whether these receptors show different
abilities to nucleate and direct collagen fibrillogenesis remain to
be performed.

In summary: Compared to FN assembly, collagen assembly is more
complex. At the cell surface level, fewer integrin types might be able
to directly nucleate collagen fibrillogenesis compared to FN assembly,
but the subsequent collagen fibrillogenesis steps contain more compo-
nents, which all can vary in a cell specific manner.

For future studies of FN and collagen fibrillogenesis, it will be essen-
tial to characterize FN and collagen receptor repertoires, as well as the
isoforms of small Rho GTPases and their regulators present in cells
and shown to be involved in collagen remodeling [175–177]. Only
then can one begin to understand the molecular mechanism of matrix
assembly in the context of different mesenchymal cell types such as
osteoblasts, chondrocytes and fibroblasts.

6. Lack of expected phenotypes in mouse models: role of
collagen-binding integrins?

6.1. Limitations of mouse as animal model

The phenotypes observed in mice with defects in the collagen-
binding integrins are summarized in Table 2. The broadly expressed
α1β1 and α2β1 integrins have been studied extensively, whereas sub-
stantially less has been published on the collagen-binding integrins
α10β1 and α11β1. Interestingly both α10β1 and α11β1 show a re-
markable cell specificity in their cell expression pattern in the tissues.
During normal development α10β1 is restricted to chondrocytes and
a subset of junctional fibroblasts [144,146].α11β1 is restricted to fibro-
blasts in dense connective tissues but display a transitory expression in
odontoblasts [10,143]. From in vitro studies, α11 has been shown to be
induced upon cell culture of mesenchymally-derived cells not normally
expressingα11 in vivo (chondrocytes, myoblasts, and endothelial cells)
([178], unpublished data). Cultured mesenchymal stem cells also ex-
press high levels of α11 [179]. Since collagen is themost abundant pro-
tein family in vertebrates, and multiple disease-causing mutations in
collagens have been described (Table 3), one would also expect severe
defects when individual or multiple collagen receptors are lacking.
Whereas mutations in fibrillar collagens have revealed severe defects
in the bone, cartilage, skin, tendon, blood vessels, an analysis of
collagen-binding integrins at this stage does not reveal the correspond-
ing phenotypes, with one exception, the α10 integrin cartilage pheno-
type (Table 3).

This is unlike the situation for some other integrin–ligand pairs, like
integrins–laminins, integrins–FN [180], where mutations of integrins
give rise to similar phenotypes as mutations of ligands and hence con-
firm a major contribution of integrins to the integrated biological func-
tion of these ligands. The reason for this lack of correlation between
integrin and ligand phenotypes can be manifold in the case of fibrillar
collagens:

1. The structural defects seen when collagen is lacking or mutated,
might not primarily be dependent on the interaction with cells.
Fibrillar collagens more than any other ECM protein form the arma-
ment that reinforces the basic ECM structure.

2. In addition to direct linkages to collagen, indirect linkages mediated
via COLINBRIs contribute to attaching cells to the ECM network
under normal conditions. The fibrillar collagen phenotypes would
in some instances be reflected in the phenotypes from several
integrins, some of which will include COLINBRI-binding integrins.

3. Mild phenotype in genetic models could be due to integrins having
overlapping roles. Further analysis when multiple collagen-binding
integrins are inactivated in advanced compound mouse models will
reveal whether they act together and have overlapping roles.

4. In genetic models, compensation mechanisms by other collagen-
binding integrins, COLINBRI-binding integrins or both collagen-
binding and COLINBRI-binding integrins might compensate for loss
of collagen-binding integrins, whichwould explain themild, restrict-
ed phenotypes observed when individual integrins are inactivated.

5. Finally, using small animals the existing data so far for individual
knockouts suggest that collagen-binding integrins have a limited
role during embryonic development and in normal adult tissue ho-
meostasis. One recent unexpected recent finding in dogs, suggests
that cartilage might be the first tissue where a collagen phenotype
corresponds to a collagen-binding integrin mutant phenotype
(Table 3). Dogs with mutations in α10 integrin develop a severe
canine chondrodysplasia [181], whereas α10 mutations in mice
only lead to very mild cartilage phenotype [146]. A number of muta-
tions inmouse show important differentmanifestations compared to
corresponding mutations in humans [182]. The different physiology
of small rodents and an upright-walking human is expected to
result in differences in phenotypic manifestations, especially in the
muscoskeletal system. Since several collagens are present in the car-
tilage matrix it is unclear what the in vivo ligand(s) for α10β1 are,
but analysis of collagen deficient mouse phenotypes would suggest
that collagen II and collagen XI are likely candidates.

Interestingly, the DDR-deficient mice have more severe phenotypes
than any of the collagen-binding integrin deficient mice, indicating a
role of these cell surface proteins during development [183,184]. It is
however unclear if these phenotypes in DDR−/− mice reflect defective
cell–collagen linkages or if the observed defects are related to the indi-
rect effect of impaired cell signaling originating from these enigmatic
tyrosine kinase receptors. DDR2mutation in human also leads to a skel-
etal disorder, a rare form called pondylo-meta-epiphyseal dysplasia
[185].

In summary: Although we do not fully understand the role of
collagen-binding integrins, in our current understanding they have lim-
ited roles during embryonic development and in normal adult tissue
homeostasis. The finding that integrin α10-deficiency causes a severe
skeletal phenotype when analyzed in larger animals suggests that also
for the other collagen-binding integrins, the mouse phenotype might
not reflect the role of these receptors in larger mammals, where muta-
tions in cells forming the skeleton manifest a more severe phenotype.

We believe that COLINBRIs serve as an important link in vivo to ma-
ture crosslinked collagen fibrils and offer one explanation to why the
phenotypes of the ligand – receptor pair collagen – collagen receptors
do not correlate to the same degree as for other ligand–integrin pairs.
However, to resolve these issues, more complex compound integrin
deficient mouse models are needed.

6.2. Integrin type collagen receptors in pathology

Challenging of theα1 andα2 deficientmousemodels have revealed
phenotypes in inflammatory conditions, wound healing, tumor metas-
tasis and bone physiology (Table 3). Similar studies in the α10 and
α11-deficient mouse models remain to be performed.

In a recent review article the role of collagen-binding integrins are
discussed in the context of stem cells/stem cells niche in skeletalmuscle
and adipose tissue in connectionwith obesity [186]. The background for
these suggestions goes back to the finding that the stiffness of the ma-
trix seems to direct stem cell fate [187]. Volloch and Olsen [186] tried
to relate the fate of stem cells in fat and muscle tissues to the type and
number of collagen-binding sites for α1β1/α2β1 (native collagens I
and IV) and αvβ3 (denatured collagens I and IV). It is suggested that a
distinct α1β1 integrin-binding site present in the non-collagenous do-
main of collagen IV determines adipogenic cell fate and prevents stem
cells in fat tissue to differentiate along a non-adipogenic pathway



Table 2
Phenotypes of mice deficient in collagen-binding integrins.

Integrin
subunit

Distribution Knockout phenotype Phenotype of challenged knockout mice

α1 Endothelial cells, smooth muscle cells, fibroblasts and
more cell types [209]

Normal development [209], hypocellular
dermis [210,202], isolated cells display
defect in collagen IV cell attachment

Reduced inflammation [211], reduced psoriasis [212],
prevention of contact hypersensitivity [213], reduced
tumor vascularization [214], reduced bone fracture healing
[215], exacerbated diabetes-induced kidney disease [216],
accelerated age-dependent osteoarthritis [217]

α2 Platelets, epithelial cells, endothelial cells [218],
mesenchymal stem cells [179], fibroblasts and
more cell types

Mild mammary gland phenotype, otherwise
normal development [219,220], cell
attachment
defect to collagen I of isolated platelets [221],
needed for thrombus stabilization [222]

Defective inflammatory response to listeria infection [223],
augmented vascularization in wound healing [200,224],
improvedbonedensity agingmice [225], reduced inflammation
and cartilage destruction in rheumatoid arthritis model [226],
reduced glomerular injury [227], increased tumor metastasis
[228]

α10 Chondrocytes and subsets of junctional fibroblasts
[144,173].

Mild cartilage phenotype [222] NDa

α11 Subsets of fibroblasts[143,153,174], cancer associated
fibroblasts [229], increased levels onmyofibroblasts [230],
developmental expression in odontoblasts, mesenchymal
stem cells [179], induced in cultures of mesenchymally-
derived cells including myoblasts (do not express α11
in vivo) [178]

Defective incisor eruption [10], dwarfism
[231],
increased mortality

ND

a Not determined.
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under mechanically stressed conditions, such as during exercise. The
review is interesting, but similar comparison should include an analysis
of possible α11β1 integrin involvement, and experimental approaches
to support the suggestion that type and availability of integrin-
dependent collagen-binding sites determine stem cell differentiation
should be undertaken.

To understand the gene function in the context of human physiology
it will also be interesting in the years to come to analyze the effect of
integrin mutations in rare human genetic disorders. Gene linkage anal-
ysis, single-nucleotide polymorphism analysis and gene network analy-
sis have been used so far in studies implying collagen-binding integrins
in disease. A limited study has indicated roles for ITGA1 polymorphisms
in predisposing Korean women to osteoporosis [188]. Numerous re-
ports have implicated platelet ITGA2 expression in the control of hemo-
stasis [189,190]. The oldest report of integrin α2 function in platelets
refers to one patient with a bleeding disorder and lack of GPIa [191].
Table 3
Comparison of phenotypes in mice deficient in collagens or collagen-binding integrins.

Ligand

Fibrillar
collagen

KO phenotype in mouse KO phenotype in hum

I Mov13 mice [232]: embryonic lethality E12-14,
major blood vessel rupture

EDSa VIIA, EDS VIIB, O
osteoporosis, joint
hypermobility

II Perinatal lethality [233,234] short long bones,
rudimentary vertebral arches, lack of inter-vertebral
discs, notochord defect

Lethal achondrogenes
osteochondrodysplasi
osteoarthrosis

III Neonatal lethality [235], 5% survival with shorter lifespan,
intestinal defect, skin lesions, arterial rupture

EDS IV, arterial aneury

V Embryonic lethality E10–11 [147], cardiovascular
insufficiency, lack of collagen fibrillogenesis

EDS I, EDS II

XI Cho mice: perinatal lethality by asphyxia [236], weak
tracheal cartilage, short snout and mandible, cleft palate,
short limbs, externally rotated distal portion of hindlimbs

Schmid chondrodyspl
non-syndromic hearin
loss, osteoarthrosis

XXIV ? ?
XXVII Mutant transgene[237]: perinatal lethality, lung defect,

chondrodysplasia
?

a Ehlers–Danlos syndrome.
b Osteogenesis imperfecta.
The role of α2β1 in human platelets might thus be different from its
role in mouse platelets. More recent studies suggest ITGA2 polymor-
phism as a predisposing factor in stroke and myocardial infarction
[192–195].

The recent identification of ITGA10 mutation as the causative muta-
tion in severe canine chondrodysplasia [181] suggests that human
ITGA10 mutations might also have more severe phenotypes than the
mild cartilage phenotype seen in Itga10 deficient mice [146]. Finally,
analysis of susceptibility modules for coronary artery disease using a
genome wide integrated network analysis approach suggests that
ITGA11 might be involved in vascular disease [196]. Since α11 expres-
sion to our knowledge is restricted to fibroblasts, the possible involve-
ment of α11 in cardiovascular disease will be interesting to follow up.

With the advancement ofwhole genome sequencingwe are likely to
obtain a clearer picture of the role of collagen-binding integrins in
human disease in the years to come.
Receptor

an Putative
collagen
receptor(s)
in vivo

Correlation KO phenotypes
collagen/receptor in mouse

KO phenotype in human/dog

Ib, α2β1
α11β1

Not in single integrin mutant strains ?

is II,
a,

α1β1
α2β1
α10β1

α10 integrin mutation [146], mild
cartilage defect
β1 integrin [197], severe cartilage
defect

Chondrodysplasia in dogs,
integrin α10 mutation [181],
severe cartilage phenotype

sms α2β1
α11β1

? ?

α2β1
α11β1

? ?

asia,
g

α2β1
α10β1
α11β1

α10 integrin mutation [146], mild
cartilage defect
β1 integrin [197], severe cartilage
defect

Chondrodysplasia in dogs,
integrin α10 mutation [181],
severe cartilage phenotype

? ?
α2β1
α11β1

? ?
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7. Cell–collagen interactions in biological processes: involvement
of COLINBRIs?

In tissues like the periodontal ligament with high collagen turnover,
the direct collagen interaction appears to be essential (supported by
knockout phenotype of α11 integrin deficient mouse [10,125]), but
the absence of the COLINBRI molecule PN in the periodontal ligament
likewise leads to a severe phenotype [86], supporting an important
role of both direct and indirect linkingmechanismof cells tofibrillar col-
lagens in the periodontal ligament (Fig. 6).

Conditional deletion of β1 integrins in the cartilage has indicated an
important role of integrins for chondrogenesis [197] and probably also
collagen II assembly, but individual integrin α-chain phenotypes have
so far failed to replicate the β1 integrin deficient phenotype inmice. Car-
tilage might thus be another example where collagen-binding and
COLINBRI-binding integrins cooperate during embryogenesis (Fig. 6).

In vitro experiments have suggested distinct roles of α5β1 and αv-
containing integrins on endothelial cells during angiogenesis [54],
whereas in vivo, compound αv/α5 deficient mice do surprisingly well
Fig. 6. Schematic illustration of some biological processes where direct and indirect binding t
mechanisms in biological processes is predicted from phenotype data obtained with integrin k
wound and contract the granulation tissue. We suggest a cooperation between indirect and
tooth eruption, both direct and indirect cell-collagen interaction could play an essential role
also predict collaboration between collagen- and COLINBRI-binding integrins in chondrogen
fibronectin-rich environment. Angiogenesis is supported both by the “fibronectin, vitronectin a
up till midgestation, unlikemice deficient in β1 integrins on endothelial
cells [198,199]. Independent studies have implied collagen receptors in
angiogenesis [200,201]. This suggests the involvement of other FN-or
collagen receptors on endothelial cells that possibly in a COLINBRI-
mediated mechanism could contribute to angiogenesis (Fig. 6).

During wound healing integrin on dermal fibroblasts are thought to
mediate collagen reorganization to close the wound and contract the
granulation tissue. In this process also, mice defective in individual col-
lagen receptors [200,202,203] have failed to reproduce the phenotype
in β1 integrin-defective mice [204], suggesting a cooperation between
indirect and directmechanisms for cellular interactions with the granu-
lation tissue collagen.

In pathological situations with high turnover of both FN and colla-
gens the chances for both mechanisms of cell adhesion are high. We
predict parallel roles of collagen-binding and COLINBRI-binding
integrins in wound healing and fibrosis. In this context the changed
stiffness of the contracting collagen matrix might be sensed by
COLINBRI-binding integrins, which in turn could contribute to TGF-β
activation.
o collagen cooperate. The cooperation between direct and indirect cell-collagen-binding
nockout mice. During wound healing, dermal fibroblasts reorganize collagen to close the
direct mechanisms for cellular interactions with the granulation tissue collagen. During
as supported by knockout phenotypes of α11 integrin- and periostin-deficient mice. We
esis, where mesenchymal cells differentiate to chondrocytes in a fibrillar collagen- and
nd periostin”-COLINBRI-binding integrin and collagen receptors.

image of Fig.�6
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8. Concluding remarks

We have tried to highlight some recent dilemmas in the collagen-
binding integrin field. Whereas collagens are the major building blocks
in tissues and defects in these structural proteins have severe conse-
quences for tissue integrity, the mild phenotypes of the integrin type
of collagen receptors have raised questions about their importance in
tissue biology and pathology. We have tried to offer some explanations
for the observations obtained so far, including the suggestion that indi-
rect mechanisms for anchoring cells into collagen fibrils exist in parallel
with direct collagen binding. We furthermore suggest that mutations in
integrins, expressed in the muscoskeletal system, are biased towards a
mild phenotype in mice but will be more strongly manifested in larger
vertebrates. We thus offer alternative interpretations for the observed
mild phenotypes, and if proven correct in the analyses of new com-
pound mouse models and genetic diseases in larger animals/humans,
we believe that the collagen-binding integrins will come into the lime-
light of connective tissue biology.
Acknowledgements

The work described herein is supported by grants to DG from the
Research Council of Norway (197066), Marie Curie ITN grant CAFFEIN
(316610), EEA grant Poland Norway MOMENTO (ID 202952). Grants
to JO: Thisworkwas supported in part through funding to BioCAT, a Na-
tional Institutes of Health-supported Research Center RR-08630. The
content is solely the responsibility of the authors and does not necessar-
ily reflect the official views of the National Institutes of Health. This ma-
terial is based upon work supported by, or in part by, the U.S. Army
Research Laboratoryand the U.S. Army Research Office under contract/
grant number W911NF 09-1-0378.
References

[1] R.O. Hynes, The extracellular matrix: not just pretty fibrils, Science 326 (2009)
1216–1219.

[2] J.S. Munger, D. Sheppard, Cross talk among TGF-beta signaling pathways, integrins,
and the extracellular matrix, Cold Spring Harb. Perspect. Biol. 3 (2011) a005017.

[3] I. Kazanis, C. ffrench-Constant, Extracellular matrix and the neural stem cell niche,
Dev. Neurobiol. 71 (2011) 1006–1017.

[4] M.F. Brizzi, G. Tarone, P. Defilippi, Extracellular matrix, integrins, and growth
factors as tailors of the stem cell niche, Curr. Opin. Cell Biol. 24 (2012) 645–651.

[5] J. Myllyharju, K.I. Kivirikko, Collagens, modifying enzymes and their mutations in
humans, flies and worms, Trends Genet. 20 (2004) 33–43.

[6] J. Heino, The collagen family members as cell adhesion proteins, Bioessays 29
(2007) 1001–1010.

[7] M. Barczyk, S. Carracedo, D. Gullberg, Integrins, Cell Tissue Res. 339 (2010)
269–280.

[8] G.R. Martin, H.K. Kleinman, The extracellular matrix in development and in
disease, Semin. Liver Dis. 5 (1985) 147–156.

[9] B. Leitinger, Transmembrane collagen receptors, Annu. Rev. Cell Dev. Biol. 27
(2011) 265–290.

[10] S.N. Popova, M. Barczyk, C.F. Tiger, W. Beertsen, P. Zigrino, A. Aszodi, N. Miosge, E.
Forsberg, D. Gullberg, Alpha11 beta1 integrin-dependent regulation of periodontal
ligament function in the erupting mouse incisor, Mol. Cell. Biol. 27 (2007)
4306–4316.

[11] A.D. Barrow, N. Raynal, T.L. Andersen, D.A. Slatter, D. Bihan, N. Pugh, M. Cella, T.
Kim, J. Rho, T. Negishi-Koga, J.M. Delaisse, H. Takayanagi, J. Lorenzo, M. Colonna,
R.W. Farndale, Y. Choi, J. Trowsdale, OSCAR is a collagen receptor that costimulates
osteoclastogenesis in DAP12-deficient humans and mice, J. Clin. Invest. 121 (2011)
3505–3516.

[12] R. Luo, S.J. Jeong, Z. Jin, N. Strokes, S. Li, X. Piao, G protein-coupled receptor 56 and
collagen III, a receptor–ligand pair, regulates cortical development and lamination,
Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 12925–12930.

[13] H. Xu, D. Bihan, F. Chang, P.H. Huang, R.W. Farndale, B. Leitinger, Discoidin domain
receptors promote alpha1beta1- and alpha2beta1-integrin mediated cell adhesion
to collagen by enhancing integrin activation, PLoS One 7 (2012) e52209.

[14] L.A. Staudinger, S.J. Spano, W. Lee, N. Coelho, D. Rajshankar, M.P. Bendeck, T.
Moriarty, C.A. McCulloch, Interactions between the discoidin domain receptor 1
and beta1 integrin regulate attachment to collagen, Biol. Open 2 (2013)
1148–1159.

[15] V. Abbonante, C. Gruppi, D. Rubel, O. Gross, R. Moratti, A. Balduini, Discoidin
domain receptor 1 protein is a novel modulator of megakaryocyte–collagen
interactions, J. Biol. Chem. 288 (2013) 16738–16746.
[16] M. Barczyk, A.I. Bolstad, D. Gullberg, Role of integrins in the periodontal ligament:
organizers and facilitators, Periodontol. 2000 (63) (2013) 1–20.

[17] S.S. Sidhu, S. Yuan, A.L. Innes, S. Kerr, P.G. Woodruff, L. Hou, S.J. Muller, J.V. Fahy,
Roles of epithelial cell-derived periostin in TGF-beta activation, collagen produc-
tion, and collagen gel elasticity in asthma, Proc. Natl. Acad. Sci. U. S. A. 107
(2010) 14170–14175.

[18] I. Kii, T. Nishiyama,M. Li, K. Matsumoto, M. Saito, N. Amizuka, A. Kudo, Incorporation
of tenascin-C into the extracellular matrix by periostin underlies an extracellular
meshwork architecture, J. Biol. Chem. 285 (2010) 2028–2039.

[19] J.M. Orban, L.B. Wilson, J.A. Kofroth, M.S. El-Kurdi, T.M. Maul, D.A. Vorp,
Crosslinking of collagen gels by transglutaminase, J. Biomed. Mater. Res. A 68
(2004) 756–762.

[20] J. Albon, W.S. Karwatowski, N. Avery, D.L. Easty, V.C. Duance, Changes in the
collagenous matrix of the aging human lamina cribrosa, Br. J. Opthamol. 79
(1995) 368–375.

[21] E. Sato, F. Mori, S. Igarashi, T. Abiko, M. Takeda, S. Ishiko, A. Yoshida, Corneal
advanced glycation end products increase in patients with proliferative diabetic
retinopathy, Diabetes Care 24 (2001) 479–482.

[22] J.E. Scott, Proteodermatan and proteokeratan sulfate (decorin, lumican/fibromodulin)
proteins are horseshoe shaped. Implications for their interactions with collagen,
Biochemistry 35 (1996) 8795–8799.

[23] C.C. DuFort, M.J. Paszek, V.M. Weaver, Balancing forces: architectural control of
mechanotransduction, Nat. Rev. Mol. Cell Biol. 12 (2011) 308–319.

[24] M.J. Paszek, N. Zahir, K.R. Johnson, J.N. Lakins, G.I. Rozenberg, A. Gefen, C.A.
Reinhart-King, S.S. Margulies, M. Dembo, D. Boettiger, D.A. Hammer, V.M.
Weaver, Tensional homeostasis and the malignant phenotype, Cancer Cell 8
(2005) 241–254.

[25] D.E. Ingber, Cellular mechanotransduction: putting all the pieces together again,
FASEB J. 20 (2006) 811–827.

[26] R.O. Hynes, Fibronectins, Springer-Verlag, New York, 1990.
[27] E.L. George, E.N. Georges-Labouesse, R.S. Patel-King, H. Rayburn, R.O. Hynes,

Defects in mesoderm, neural tube and vascular development in mouse embryos
lacking fibronectin, Development 119 (1993) 1079–1091.

[28] S.L. Dallas, Q. Chen, P. Sivakumar, Dynamics of assembly and reorganization of
extracellular matrix proteins, Curr. Top. Dev. Biol. 75 (2006) 1–24.

[29] E. Ruoslahti, E.G. Hayman, P. Kuusela, J.E. Shively, E. Engvall, Isolation of a tryptic
fragment containing the collagen-binding site of plasma fibronectin, J. Biol.
Chem. 254 (1979) 6054–6059.

[30] K.C. Ingham, S.A. Brew, M.M. Migliorini, Further localization of the gelatin-binding
determinants within fibronectin. Active fragments devoid of type II homologous
repeat modules, J. Biol. Chem. 264 (1989) 16977–16980.

[31] J.A. McDonald, D.G. Kelley, T.J. Broekelmann, Role of fibronectin in collagen deposi-
tion: Fab′ to the gelatin-binding domain of fibronectin inhibits both fibronectin
and collagen organization in fibroblast extracellular matrix, J. Cell Biol. 92 (1982)
485–492.

[32] E. Engvall, E. Ruoslahti, E.J. Miller, Affinity of fibronectin to collagens of different
genetic types and to fibrinogen, J. Exp. Med. 147 (1978) 1584–1595.

[33] E. Leikina, M.V. Mertts, N. Kuznetsova, S. Leikin, Type I collagen is thermally unstable
at body temperature, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 1314–1318.

[34] M. Leiss, K. Beckmann, A. Giros, M. Costell, R. Fassler, The role of integrin binding
sites in fibronectin matrix assembly in vivo, Curr. Opin. Cell Biol. 20 (2008)
502–507.

[35] S. Johansson, G. Svineng, K. Wennerberg, A. Armulik, L. Lohikangas, Fibronectin–
integrin interactions, Front. Biosci. 2 (1997) d126–d146.

[36] M.D. Pierschbacher, E. Ruoslahti, Variants of the cell recognition site of fibronectin
that retain attachment-promoting activity, Proc. Natl. Acad. Sci. U. S. A. 81 (1984)
5985–5988.

[37] E.A. Wayner, N.L. Kovach, Activation-dependent recognition by hematopoietic cells
of the LDV sequence in the V region of fibronectin, J. Cell Biol. 116 (1992) 489–497.

[38] M.J. Humphries, S.K. Akiyama, A. Komoriya, K. Olden, K.M. Yamada, Identification
of an alternatively spliced site in human plasma fibronectin that mediates cell
type-specific adhesion, J. Cell Biol. 103 (1986) 2637–2647.

[39] S. Aota,M.Nomizu, K.M. Yamada, The short amino acid sequence Pro-His-Ser-Arg-Asn
in human fibronectin enhances cell-adhesive function, J. Biol. Chem. 269 (1994)
24756–24761.

[40] R. Pytela, M.D. Pierschbacher, E. Ruoslahti, Identification and isolation of a 140 kd
cell surface glycoprotein with properties expected of a fibronectin receptor, Cell
40 (1985) 191–198.

[41] J.T. Yang, H. Rayburn, R.O. Hynes, Embryonic mesodermal defects in alpha 5
integrin-deficient mice, Development 119 (1993) 1093–1105.

[42] D. Chada, T. Mather, M.U. Nollert, The synergy site of fibronectin is required for
strong interaction with the platelet integrin alphaIIbbeta3, Ann. Biomed. Eng. 34
(2006) 1542–1552.

[43] A.A. Postigo, P. Sanchez-Mateos, A.I. Lazarovits, F. Sanchez-Madrid, M.O. de
Landazuri, Alpha 4 beta 7 integrin mediates B cell binding to fibronectin and
vascular cell adhesion molecule-1. Expression and function of alpha 4 integrins
on human B lymphocytes, J. Immunol. 151 (1993) 2471–2483.

[44] Y.F. Liao, P.J. Gotwals, V.E. Koteliansky, D. Sheppard, L. Van De Water, The EIIIA
segment of fibronectin is a ligand for integrins alpha 9beta 1 and alpha 4beta 1
providing a novel mechanism for regulating cell adhesion by alternative splicing,
J. Biol. Chem. 277 (2002) 14467–14474.

[45] S. Astrof, D. Crowley, R.O. Hynes, Multiple cardiovascular defects caused by the
absence of alternatively spliced segments of fibronectin, Dev. Biol. 311 (2007) 11–24.

[46] A.F. Muro, A.K. Chauhan, S. Gajovic, A. Iaconcig, F. Porro, G. Stanta, F.E. Baralle,
Regulated splicing of the fibronectin EDA exon is essential for proper skin
wound healing and normal lifespan, J. Cell Biol. 162 (2003) 149–160.

http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0005
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0005
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0010
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0010
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0015
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0015
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0020
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0020
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0025
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0025
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0030
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0030
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0035
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0035
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0040
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0040
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1130
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1130
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0080
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0080
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0100
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0100
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0100
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0110
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0110
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0110
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0115
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0115
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0125
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0125
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0130
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0140
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0140
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0150
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0150
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0150
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0160
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0160
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0165
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0165
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0170
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0170
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0170
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0175
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0175
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0180
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0180
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0180
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0185
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0185
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0195
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0195
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0195
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0200
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0200
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0200
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0205
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0205
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0210
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0210
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0210
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0215
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0215
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0215
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0215
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0220
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0220
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0220
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0220
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0225
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0225
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0230
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0230
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0230


2545C. Zeltz et al. / Biochimica et Biophysica Acta 1840 (2014) 2533–2548
[47] G. Serini, M.L. Bochaton-Piallat, P. Ropraz, A. Geinoz, L. Borsi, L. Zardi, G. Gabbiani,
The fibronectin domain ED-A is crucial for myofibroblastic phenotype induction by
transforming growth factor-beta1, J. Cell Biol. 142 (1998) 873–881.

[48] S. Astrof, D. Crowley, E.L. George, T. Fukuda, K. Sekiguchi, D. Hanahan, R.O. Hynes,
Direct test of potential roles of EIIIA and EIIIB alternatively spliced segments of
fibronectin in physiological and tumor angiogenesis, Mol. Cell. Biol. 24 (2004)
8662–8670.

[49] X.J. Sun, P.P. Fa, Z.W. Cui, Y. Xia, L. Sun, Z.S. Li, A.F. Tang, Y.T. Gui, Z.M. Cai, The
EDA-containing cellular fibronectin induces epithelial mesenchymal transition in
lung cancer cells through integrin alpha9beta1-mediated activation of PI3-K/Akt
and Erk1/2, Carcinogenesis 35 (2014) 184–191.

[50] A.F. Muro, F.A. Moretti, B.B. Moore, M. Yan, R.G. Atrasz, C.A. Wilke, K.R. Flaherty, F.J.
Martinez, J.L. Tsui, D. Sheppard, F.E. Baralle, G.B. Toews, E.S. White, An essential role
for fibronectin extra type III domain A in pulmonary fibrosis, Am. J. Respir. Crit.
Care Med. 177 (2008) 638–645.

[51] J.T. Yang, B.L. Bader, J.A. Kreidberg, M. Ullman-Cullere, J.E. Trevithick, R.O. Hynes,
Overlapping and independent functions of fibronectin receptor integrins in early
mesodermal development, Dev. Biol. 215 (1999) 264–277.

[52] J.T. Yang, R.O. Hynes, Fibronectin receptor functions in embryonic cells deficient in
alpha 5 beta 1 integrin can be replaced by alpha V integrins, Mol. Biol. Cell 7 (1996)
1737–1748.

[53] K. Wennerberg, L. Lohikangas, D. Gullberg, M. Pfaff, S. Johansson, R. Fassler, Beta 1
integrin-dependent and -independent polymerization of fibronectin, J. Cell Biol.
132 (1996) 227–238.

[54] A. van der Flier, K. Badu-Nkansah, C.A. Whittaker, D. Crowley, R.T. Bronson, A.
Lacy-Hulbert, R.O. Hynes, Endothelial alpha5 and alphav integrins cooperate in
remodeling of the vasculature during development, Development 137 (2010)
2439–2449.

[55] D. Barnes, R. Wolfe, G. Serrero, D. McClure, G. Sato, Effects of a serum spreading
factor on growth and morphology of cells in serum-free medium, J. Supramol.
Struct. 14 (1980) 47–63.

[56] E.G. Hayman, M.D. Pierschbacher, Y. Ohgren, E. Ruoslahti, Serum spreading factor
(vitronectin) is present at the cell surface and in tissues, Proc. Natl. Acad. Sci.
U. S. A. 80 (1983) 4003–4007.

[57] D. Seiffert, R.R. Schleef, Two functionally distinct pools of vitronectin (Vn) in the
blood circulation: identification of a heparin-binding competent population of Vn
within platelet alpha-granules, Blood 88 (1996) 552–560.

[58] A. Mayasundari, N.A. Whittemore, E.H. Serpersu, C.B. Peterson, The solution
structure of the N-terminal domain of human vitronectin: proximal sites that
regulate fibrinolysis and cell migration, J. Biol. Chem. 279 (2004) 29359–29366.

[59] K.T. Preissner, The role of vitronectin asmultifunctional regulator in the hemostatic
and immune systems, Blut 59 (1989) 419–431.

[60] X. Zheng, T.L. Saunders, S.A. Camper, L.C. Samuelson, D. Ginsburg, Vitronectin is not
essential for normal mammalian development and fertility, Proc. Natl. Acad. Sci.
U. S. A. 92 (1995) 12426–12430.

[61] Y.C. Jang, R. Tsou, N.S. Gibran, F.F. Isik, Vitronectin deficiency is associated with
increased wound fibrinolysis and decreased microvascular angiogenesis in mice,
Surgery 127 (2000) 696–704.

[62] C. Gebb, E.G. Hayman, E. Engvall, E. Ruoslahti, Interactionof vitronectinwith collagen,
J. Biol. Chem. 261 (1986) 16698–16703.

[63] M. Izumi, T. Shimo-Oka, N. Morishita, I. Ii, M. Hayashi, Identification of the
collagen-binding domain of vitronectin using monoclonal antibodies, Cell Struct.
Funct. 13 (1988) 217–225.

[64] M. Ishikawa-Sakurai, M. Hayashi, Two collagen-binding domains of vitronectin,
Cell Struct. Funct. 18 (1993) 253–259.

[65] A. Yoneda, H. Ogawa, K. Kojima, I. Matsumoto, Characterization of the ligand
binding activities of vitronectin: interaction of vitronectin with lipids and
identification of the binding domains for various ligands using recombinant
domains, Biochemistry 37 (1998) 6351–6360.

[66] K. Sano, K. Asanuma-Date, F. Arisaka, S. Hattori, H. Ogawa, Changes in glycosylation of
vitronectinmodulatemultimerization and collagen binding during liver regeneration,
Glycobiology 17 (2007) 784–794.

[67] R. Pytela, M.D. Pierschbacher, E. Ruoslahti, A 125/115-kDa cell surface receptor spe-
cific for vitronectin interacts with the arginine–glycine–aspartic acid adhesion se-
quence derived from fibronectin, Proc. Natl. Acad. Sci. U. S. A. 82 (1985) 5766–5770.

[68] R.O. Hynes, Integrins: versatility, modulation, and signaling in cell adhesion, Cell 69
(1992) 11–25.

[69] X. Huang, J. Wu, S. Spong, D. Sheppard, The integrin alphavbeta6 is critical for
keratinocyte migration on both its known ligand, fibronectin, and on vitronectin,
J. Cell Sci. 111 (1998) 2189–2195.

[70] L.M. Schnapp, N. Hatch, D.M. Ramos, I.V. Klimanskaya, D. Sheppard, R. Pytela, The
human integrin alpha 8 beta 1 functions as a receptor for tenascin, fibronectin,
and vitronectin, J. Biol. Chem. 270 (1995) 23196–23202.

[71] C.D. Madsen, G.M. Ferraris, A. Andolfo, O. Cunningham, N. Sidenius, uPAR-induced
cell adhesion and migration: vitronectin provides the key, J. Cell Biol. 177 (2007)
927–939.

[72] D. Seiffert, D.J. Loskutoff, Evidence that type 1 plasminogen activator inhibitor
binds to the somatomedin B domain of vitronectin, J. Biol. Chem. 266 (1991)
2824–2830.

[73] S. Stefansson, E.J. Su, S. Ishigami, J.M. Cale, Y. Gao, N. Gorlatova, D.A. Lawrence,
The contributions of integrin affinity and integrin–cytoskeletal engagement in
endothelial and smooth muscle cell adhesion to vitronectin, J. Biol. Chem. 282
(2007) 15679–15689.

[74] C.R. Chillakuri, C. Jones, H.J. Mardon, Heparin binding domain in vitronectin is
required for oligomerization and thus enhances integrin mediated cell adhesion
and spreading, FEBS Lett. 584 (2010) 3287–3291.
[75] P.C. Brooks, R.A. Clark, D.A. Cheresh, Requirement of vascular integrin alpha v beta
3 for angiogenesis, Science 264 (1994) 569–571.

[76] K. Hodivala-Dilke, alphavbeta3 integrin and angiogenesis: a moody integrin in a
changing environment, Curr. Opin. Cell Biol. 20 (2008) 514–519.

[77] R. Li, M. Ren, N. Chen, M. Luo, Z. Zhang, J. Wu, Vitronectin increases vascular
permeability by promoting VE-cadherin internalization at cell junctions, PLoS
One 7 (2012) e37195.

[78] Y.J. Jin, I. Park, I.K. Hong, H.J. Byun, J. Choi, Y.M. Kim, H. Lee, Fibronectin and
vitronectin induce AP-1-mediated matrix metalloproteinase-9 expression through
integrin alpha(5)beta(1)/alpha(v)beta(3)-dependent Akt, ERK and JNK signaling
pathways in human umbilical vein endothelial cells, Cell. Signal. 23 (2011)
125–134.

[79] D. Seiffert, Constitutive and regulated expression of vitronectin, Histol. Histopathol.
12 (1997) 787–797.

[80] M.H. Lazar, P.J. Christensen, M. Du, B. Yu, N.M. Subbotina, K.E. Hanson, J.M. Hansen,
E.S. White, R.H. Simon, T.H. Sisson, Plasminogen activator inhibitor-1 impairs alveolar
epithelial repair by binding to vitronectin, Am. J. Respir. Cell Mol. Biol. 31 (2004)
672–678.

[81] P. Dufourcq, T. Couffinhal, P. Alzieu, D. Daret, C. Moreau, C. Duplaa, J. Bonnet,
Vitronectin is up-regulated after vascular injury and vitronectin blockade prevents
neointima formation, Cardiovasc. Res. 53 (2002) 952–962.

[82] K. Horiuchi, N. Amizuka, S. Takeshita, H. Takamatsu, M. Katsuura, H. Ozawa, Y.
Toyama, L.F. Bonewald, A. Kudo, Identification and characterization of a novel
protein, periostin, with restricted expression to periosteum and periodontal ligament
and increased expression by transforming growth factor beta, J. Bone Miner. Res. 14
(1999) 1239–1249.

[83] B. Merle, P. Garnero, The multiple facets of periostin in bone metabolism,
Osteoporos. Int. 23 (2012) 1199–1212.

[84] C.B. Kern, S. Hoffman, R. Moreno, B.J. Damon, R.A. Norris, E.L. Krug, R.R. Markwald,
C.H. Mjaatvedt, Immunolocalization of chick periostin protein in the developing
heart, Anat. Rec. A: Discov. Mol. Cell. Evol. Biol. 284 (2005) 415–423.

[85] L. Jackson-Boeters, W. Wen, D.W. Hamilton, Periostin localizes to cells in normal
skin, but is associated with the extracellular matrix during wound repair, J. Cell
Commun. Signal. 3 (2009) 125–133.

[86] H. Rios, S.V. Koushik, H. Wang, J. Wang, H.M. Zhou, A. Lindsley, R. Rogers, Z. Chen,
M. Maeda, A. Kruzynska-Frejtag, J.Q. Feng, S.J. Conway, periostin null mice exhibit
dwarfism, incisor enamel defects, and an early-onset periodontal disease-like
phenotype, Mol. Cell. Biol. 25 (2005) 11131–11144.

[87] I. Kii, N. Amizuka, L. Minqi, S. Kitajima, Y. Saga, A. Kudo, Periostin is an extracellular
matrix protein required for eruption of incisors in mice, Biochem. Biophys. Res.
Commun. 342 (2006) 766–772.

[88] R.A. Norris, B. Damon, V. Mironov, V. Kasyanov, A. Ramamurthi, R.Moreno-Rodriguez,
T. Trusk, J.D. Potts, R.L. Goodwin, J. Davis, S. Hoffman, X. Wen, Y. Sugi, C.B. Kern, C.H.
Mjaatvedt, D.K. Turner, T. Oka, S.J. Conway, J.D. Molkentin, G. Forgacs, R.R.
Markwald, Periostin regulates collagen fibrillogenesis and the biomechanical
properties of connective tissues, J. Cell. Biochem. 101 (2007) 695–711.

[89] G. Takayama, K. Arima, T. Kanaji, S. Toda, H. Tanaka, S. Shoji, A.N. McKenzie, H.
Nagai, T. Hotokebuchi, K. Izuhara, Periostin: a novel component of subepithelial
fibrosis of bronchial asthma downstream of IL-4 and IL-13 signals, J. Allergy Clin.
Immunol. 118 (2006) 98–104.

[90] M. Shimazaki, K. Nakamura, I. Kii, T. Kashima, N. Amizuka, M. Li, M. Saito, K.
Fukuda, T. Nishiyama, S. Kitajima, Y. Saga, M. Fukayama, M. Sata, A. Kudo, Periostin
is essential for cardiac healing after acute myocardial infarction, J. Exp. Med. 205
(2008) 295–303.

[91] T. Maruhashi, I. Kii, M. Saito, A. Kudo, Interaction between periostin and BMP-1
promotes proteolytic activation of lysyl oxidase, J. Biol. Chem. 285 (2010)
13294–13303.

[92] M. Egbert, M. Ruetze, M. Sattler, H. Wenck, S. Gallinat, R. Lucius, J.M. Weise, The
matricellular protein periostin contributes to proper collagen function and is
downregulated during skin aging, J. Dermatol. Sci. 73 (2014) 40–48.

[93] L. Gillan, D. Matei, D.A. Fishman, C.S. Gerbin, B.Y. Karlan, D.D. Chang, Periostin
secreted by epithelial ovarian carcinoma is a ligand for alpha(V)beta(3) and
alpha(V)beta(5) integrins and promotes cell motility, Cancer Res. 62 (2002)
5358–5364.

[94] J.O. Nam, J.E. Kim, H.W. Jeong, S.J. Lee, B.H. Lee, J.Y. Choi, R.W. Park, J.Y. Park, I.S.
Kim, Identification of the alphavbeta3 integrin-interacting motif of betaig-h3 and
its anti-angiogenic effect, J. Biol. Chem. 278 (2003) 25902–25909.

[95] J.E. Kim, H.W. Jeong, J.O. Nam, B.H. Lee, J.Y. Choi, R.W. Park, J.Y. Park, I.S. Kim,
Identification of motifs in the fasciclin domains of the transforming growth
factor-beta-induced matrix protein betaig-h3 that interact with the alphavbeta5
integrin, J. Biol. Chem. 277 (2002) 46159–46165.

[96] P. Orecchia, R. Conte, E. Balza, P. Castellani, L. Borsi, L. Zardi, M.C. Mingari, B.
Carnemolla, Identification of a novel cell binding site of periostin involved in
tumour growth, Eur. J. Cancer 47 (2011) 2221–2229.

[97] P. Baril, R. Gangeswaran, P.C. Mahon, K. Caulee, H.M. Kocher, T. Harada, M. Zhu, H.
Kalthoff, T. Crnogorac-Jurcevic, N.R. Lemoine, Periostin promotes invasiveness and
resistance of pancreatic cancer cells to hypoxia-induced cell death: role of the
beta4 integrin and the PI3k pathway, Oncogene 26 (2007) 2082–2094.

[98] M.W. Johansson, D.S. Annis, D.F. Mosher, alpha(M)beta(2) integrin-mediated
adhesion and motility of IL-5-stimulated eosinophils on periostin, Am. J. Respir.
Cell Mol. Biol. 48 (2013) 503–510.

[99] T. Nakazawa, A. Nakajima, N. Seki, A. Okawa, M. Kato, H. Moriya, N. Amizuka, T.A.
Einhorn, M. Yamazaki, Gene expression of periostin in the early stage of fracture
healing detected by cDNA microarray analysis, J. Orthop. Res. 22 (2004) 520–525.

[100] T. Oka, J. Xu, R.A. Kaiser, J. Melendez, M. Hambleton, M.A. Sargent, A. Lorts, E.W.
Brunskill, G.W. Dorn II, S.J. Conway, B.J. Aronow, J. Robbins, J.D. Molkentin, Genetic

http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0235
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0235
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0235
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0240
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0240
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0240
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0240
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1135
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0245
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0245
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0245
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0245
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0250
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0250
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0250
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0255
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0255
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0255
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0260
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0260
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0260
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0265
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0265
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0265
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0265
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0270
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0270
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0270
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0275
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0275
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0275
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0280
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0280
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0280
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0285
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0285
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0285
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0290
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0290
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0295
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0295
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0295
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0300
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0300
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0300
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0305
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0305
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0310
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0310
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0310
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0315
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0315
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0320
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0320
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0320
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0320
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0325
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0325
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0325
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0330
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0330
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0330
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0335
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0335
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0340
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0340
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0340
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0345
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0345
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0345
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0350
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0350
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0350
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0355
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0355
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0355
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0360
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0360
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0360
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0360
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0365
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0365
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0365
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0370
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0370
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1140
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1140
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0375
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0375
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0375
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0380
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0380
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0380
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0380
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0380
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0385
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0385
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0390
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0390
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0390
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0390
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0395
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0395
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0395
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0400
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0400
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0400
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0400
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0400
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0405
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0405
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0410
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0410
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0410
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0415
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0415
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0415
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1145
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0420
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0420
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0420
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0425
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0425
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0425
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0425
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0425
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0430
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0430
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0430
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0430
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0435
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0435
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0435
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0435
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0440
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0440
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0440
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1150
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1150
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1150
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0445
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0445
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0445
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0445
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0450
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0450
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0450
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0455
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0455
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0455
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0455
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0460
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0460
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0460
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0465
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0465
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0465
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0465
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1155
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0470
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0470
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0470
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0475
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0475


2546 C. Zeltz et al. / Biochimica et Biophysica Acta 1840 (2014) 2533–2548
manipulation of periostin expression reveals a role in cardiac hypertrophy and
ventricular remodeling, Circ. Res. 101 (2007) 313–321.

[101] K. Ontsuka, Y. Kotobuki, H. Shiraishi, S. Serada, S. Ohta, A. Tanemura, L. Yang, M.
Fujimoto, K. Arima, S. Suzuki, H. Murota, S. Toda, A. Kudo, S.J. Conway, Y.
Narisawa, I. Katayama, K. Izuhara, T. Naka, Periostin, a matricellular protein,
accelerates cutaneous wound repair by activating dermal fibroblasts, Exp.
Dermatol. 21 (2012) 331–336.

[102] C.G. Elliott, J. Wang, X. Guo, S.w. Xu, M. Eastwood, J. Guan, A. Leask, S.J. Conway,
D.W. Hamilton, Periostin modulates myofibroblast differentiation during
full-thickness cutaneous wound repair, J. Cell Sci. 125 (2012) 121–132.

[103] H.M. Zhou, J. Wang, C. Elliott, W. Wen, D.W. Hamilton, S.J. Conway, Spatiotem-
poral expression of periostin during skin development and incisional wound
healing: lessons for human fibrotic scar formation, J. Cell Commun. Signal. 4
(2010) 99–107.

[104] A. Kruzynska-Frejtag, M. Machnicki, R. Rogers, R.R. Markwald, S.J. Conway,
Periostin (an osteoblast-specific factor) is expressed within the embryonic
mouse heart during valve formation, Mech. Dev. 103 (2001) 183–188.

[105] B. Kuhn, F. del Monte, R.J. Hajjar, Y.S. Chang, D. Lebeche, S. Arab, M.T. Keating,
Periostin induces proliferation of differentiated cardiomyocytes and promotes
cardiac repair, Nat. Med. 13 (2007) 962–969.

[106] V. Lindner, Q. Wang, B.A. Conley, R.E. Friesel, C.P. Vary, Vascular injury induces
expression of periostin: implications for vascular cell differentiation andmigration,
Arterioscler. Thromb. Vasc. Biol. 25 (2005) 77–83.

[107] B.S. Siriwardena, Y. Kudo, I. Ogawa, M. Kitagawa, S. Kitajima, H. Hatano, W.M.
Tilakaratne, M. Miyauchi, T. Takata, Periostin is frequently overexpressed and
enhances invasion and angiogenesis in oral cancer, Br. J. Cancer 95 (2006)
1396–1403.

[108] D.A. Mustafa, L.J. Dekker, C. Stingl, A. Kremer, M. Stoop, P.A. Sillevis Smitt, J.M.
Kros, T.M. Luider, A proteome comparison between physiological angiogenesis
and angiogenesis in glioblastoma, Mol. Cell. Proteomics 11 (2012)(M111
008466).

[109] V.T. Turitto, H.J. Weiss, H.R. Baumgartner, Platelet interaction with rabbit
subendothelium in von Willebrand's disease: altered thrombus formation distinct
from defective platelet adhesion, J. Clin. Invest. 74 (1984) 1730–1741.

[110] Z.M. Ruggeri, J.N. Orje, R. Habermann, A.B. Federici, A.J. Reininger, Activation-
independent platelet adhesion and aggregation under elevated shear stress,
Blood 108 (2006) 1903–1910.

[111] R. Schneppenheim, U. Budde, vonWillebrand factor: the complexmolecular genetics
of a multidomain and multifunctional protein, J. Thromb. Haemost. 9 (Suppl. 1)
(2011) 209–215.

[112] Z.M. Ruggeri, T.S. Zimmerman, von Willebrand factor and von Willebrand disease,
Blood 70 (1987) 895–904.

[113] N.G. Frangogiannis, Matricellular proteins in cardiac adaptation and disease,
Physiol. Rev. 92 (2012) 635–688.

[114] J.E. Murphy-Ullrich, The de-adhesive activity of matricellular proteins: is intermediate
cell adhesion an adaptive state? J. Clin. Invest. 107 (2001) 785–790.

[115] L. Schaefer, R.V. Iozzo, Biological functions of the small leucine-rich proteoglycans:
from genetics to signal transduction, J. Biol. Chem. 283 (2008) 21305–21309.

[116] C.C. Reed, R.V. Iozzo, The role of decorin in collagen fibrillogenesis and skin
homeostasis, Glycoconj. J. 19 (2002) 249–255.

[117] S. Chakravarti, T. Magnuson, J.H. Lass, K.J. Jepsen, C. LaMantia, H. Carroll, Lumican
regulates collagen fibril assembly: skin fragility and corneal opacity in the absence
of lumican, J. Cell Biol. 141 (1998) 1277–1286.

[118] S. Goldoni, R.V. Iozzo, Tumor microenvironment: modulation by decorin and
related molecules harboring leucine-rich tandem motifs, Int. J. Cancer 123 (2008)
2473–2479.

[119] C. Zeltz, S. Brezillon, J. Kapyla, J.A. Eble, H. Bobichon, C. Terryn, C. Perreau, C.M.
Franz, J. Heino, F.X. Maquart, Y. Wegrowski, Lumican inhibits cell migration
through alpha2beta1 integrin, Exp. Cell Res. 316 (2010) 2922–2931.

[120] G. Guidetti, A. Bertoni, M. Viola, E. Tira, C. Balduini, M. Torti, The small proteoglycan
decorin supports adhesion and activation of human platelets, Blood 100 (2002)
1707–1714.

[121] M.F. D'Onofrio, S. Brezillon, T. Baranek, C. Perreau, P.J. Roughley, F.X. Maquart, Y.
Wegrowski, Identification of beta1 integrin as mediator of melanoma cell adhesion
to lumican, Biochem. Biophys. Res. Commun. 365 (2008) 266–272.

[122] C. Zeltz, S. Brezillon, C. Perreau, L. Ramont, F.X.Maquart, Y.Wegrowski, Lumcorin: a
leucine-rich repeat 9-derived peptide from human lumican inhibiting melanoma
cell migration, FEBS Lett. 583 (2009) 3027–3032.

[123] H.K. Kleinman, R.J. Klebe, G.R. Martin, Role of collagenous matrices in the adhesion
and growth of cells, J. Cell Biol. 88 (1981) 473–485.

[124] J.D. Termine, H.K. Kleinman, S.W. Whitson, K.M. Conn, M.L. McGarvey, G.R. Martin,
Osteonectin, a bone-specific protein linking mineral to collagen, Cell 26 (1981)
99–105.

[125] S.N. Popova, E. Lundgren-Akerlund, H. Wiig, D. Gullberg, Physiology and pathology
of collagen receptors, Acta Physiol. (Oxf.) 190 (2007) 179–187.

[126] J.P.R.O. Orgel, O. Antipova, I. Sagi, A. Bittler, D. Qiu, R. Wang, Y. Xu, J.D. San Antonio,
Collagen fibril surface displays a constellation of sites capable of promoting fibril
assembly, stability, and hemostasis, Connect. Tissue Res. 52 (2011) 18–24.

[127] J.P.R.O. Orgel, J.D. San Antonio, O. Antipova, Molecular and structural mapping of
collagen fibril interactions, Connect. Tissue Res. 52 (2011) 2–17.

[128] A.B. Herr, R.W. Farndale, Structural insights into the interactions between platelet
receptors and fibrillar collagen, J. Biol. Chem. 284 (2009) 19781–19785.

[129] R.W. Farndale, T. Lisman, D. Bihan, S. Hamaia, C.S. Smerling, N. Pugh, A. Konitsiotis,
B. Leitinger, P.G. de Groot, G.E. Jarvis, N. Raynal, Cell–collagen interactions: the use
of peptide Toolkits to investigate collagen–receptor interactions, Biochem. Soc.
Trans. 36 (2008) 241–250.
[130] F. Carafoli, S.W. Hamaia, D. Bihan, E. Hohenester, R.W. Farndale, An activating
mutation reveals a second binding mode of the integrin alpha2 I domain to the
GFOGER motif in collagens, PLoS One 8 (2013) e69833.

[131] P. Nykvist, H. Tu, J. Ivaska, J. Kapyla, T. Pihlajaniemi, J. Heino, Distinct recognition of
collagen subtypes by alpha(1)beta(1) and alpha(2)beta(1) integrins. Alpha(1)
beta(1) mediates cell adhesion to type XIII collagen, J. Biol. Chem. 275 (2000)
8255–8261.

[132] J. Jokinen, E. Dadu, P. Nykvist, J. Kapyla, D.J. White, J. Ivaska, P. Vehvilainen, H.
Reunanen, H. Larjava, L. Hakkinen, J. Heino, Integrin-mediated cell adhesion to
type I collagen fibrils, J. Biol. Chem. 279 (2004) 31956–31963.

[133] M.B. Duncan, C. Yang, H. Tanjore, P.M. Boyle, D. Keskin, H. Sugimoto, M. Zeisberg,
B.R. Olsen, R. Kalluri, Type XVIII collagen is essential for survival during acute
liver injury in mice, Dis. Model. Mech. 6 (2013) 942–951.

[134] O. Antipova, J.P.R.O. Orgel, In situ D-periodic molecular structure of type II, J. Biol.
Chem. 285 (2010) 7087–7096.

[135] J.P. Orgel, T.C. Irving, A.Miller, T.J.Wess, Microfibrillar structure of type I collagen in
situ, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 9001–9005.

[136] S. Perumal, O. Antipova, J.P. Orgel, Collagen fibril architecture, domain organization,
and triple-helical conformation govern its proteolysis, Proc. Natl. Acad. Sci. U. S. A.
105 (2008) 2824–2829.

[137] S. Ayad, R.P. Boot-Handford, M.J.m. Humphries, K.E. Kadler, C.A. Shuttleworth, The
Extracellular Matrix Facts Book, Academic Press, 1998. 2.

[138] J.P. Orgel, A. Miller, T.C. Irving, R.F. Fischetti, A.P. Hammersley, T.J. Wess, The in situ
supermolecular structure of type I collagen, Structure (Camb.) 9 (2001) 1061–1069.

[139] P. Bruckner, Suprastructures of extracellular matrices: paradigms of functions
controlled by aggregates rather than molecules, Cell Tissue Res. 339 (2010) 7–18.

[140] P.A. Smethurst, D.J. Onley, G.E. Jarvis, M.N. O'Connor, C.G. Knight, A.B. Herr, W.H.
Ouwehand, R.W. Farndale, Structural basis for the platelet–collagen interaction:
the smallest motif within collagen that recognizes and activates platelet Glycoprotein
VI contains two glycine–proline–hydroxyproline triplets, J. Biol. Chem. 282 (2007)
1296–1304.

[141] J.P.R.O. Orgel, A. Eid, O. Antipova, J. Bella, J.E. Scott, Decorin core protein (Decoron)
shape complements collagen fibril surface structure and mediates its binding, PLoS
ONE 4 (2009) e7028.

[142] S.M. Sweeney, J.P. Orgel, A. Fertala, J.D. McAuliffe, K.R. Turner, G.A. Di Lullo, S. Chen,
O. Antipova, S. Perumal, L. Ala-Kokko, A. Forlino, W.A. Cabral, A.M. Barnes, J.C.
Marini, J.D. San Antonio, Candidate cell and matrix interaction domains on the
collagen fibril, the predominant protein of vertebrates, J. Biol. Chem. 283 (2008)
21187–21197.

[143] S.N. Popova, B. Rodriguez-Sanchez, A. Liden, C. Betsholtz, T. Van Den Bos, D. Gullberg,
Themesenchymal alpha11beta1 integrin attenuates PDGF-BB-stimulated chemotaxis
of embryonic fibroblasts on collagens, Dev. Biol. 270 (2004) 427–442.

[144] L. Camper, K. Holmvall, C.Wangnerud, A. Aszodi, E. Lundgren-Akerlund, Distribution
of the collagen-binding integrin alpha10beta1 during mouse development, Cell
Tissue Res. 306 (2001) 107–116.

[145] D. Gullberg, E. Lundgren-Åkerlund, Collagen-binding I domain integrins—what do
they do? Prog. Histochem. Cytochem. 37 (2002) 3–54.

[146] T. Bengtsson, A. Aszodi, C. Nicolae, E.B. Hunziker, E. Lundgren-Akerlund, R. Fassler,
Loss of alpha10beta1 integrin expression leads to moderate dysfunction of growth
plate chondrocytes, J. Cell Sci. 118 (2005) 929–936.

[147] R.J. Wenstrup, J.B. Florer, E.W. Brunskill, S.M. Bell, I. Chervoneva, D.E. Birk, Type V
collagen controls the initiation of collagen fibril assembly, J. Biol. Chem. 279
(2004) 53331–53337.

[148] M. Sun, S. Chen, S.M. Adams, J.B. Florer, H. Liu, W.W. Kao, R.J. Wenstrup, D.E. Birk,
Collagen V is a dominant regulator of collagen fibrillogenesis: dysfunctional
regulation of structure and function in a corneal-stroma-specific Col5a1-null
mouse model, J. Cell Sci. 124 (2011) 4096–4105.

[149] S.M. Smith, D.E. Birk, Focus on molecules: collagens V and XI, Exp. Eye Res. 98
(2012) 105–106.

[150] K.E. Kadler, A. Hill, E.G. Canty-Laird, Collagen fibrillogenesis: fibronectin, integrins,
and minor collagens as organizers and nucleators, Curr. Opin. Cell Biol. 20 (2008)
495–501.

[151] D. Gullberg, A. Tingstrom, A.C. Thuresson, L. Olsson, L. Terracio, T.K. Borg, K. Rubin,
Beta 1 integrin-mediated collagen gel contraction is stimulated by PDGF, Exp. Cell
Res. 186 (1990) 264–272.

[152] O. Langholz, D. Rockel, C. Mauch, E. Kozlowska, I. Bank, T. Krieg, B. Eckes, Collagen
and collagenase gene expression in three-dimensional collagen lattices are
differentially regulated by alpha 1 beta 1 and alpha 2 beta 1 integrins, J. Cell Biol.
131 (1995) 1903–1915.

[153] C.F. Tiger, F. Fougerousse, G. Grundstrom, T. Velling, D. Gullberg, alpha11beta1
integrin is a receptor for interstitial collagens involved in cell migration and
collagen reorganization on mesenchymal nonmuscle cells, Dev. Biol. 237 (2001)
116–129.

[154] L. Ravanti, J. Heino, C. Lopez-Otin, V.M. Kahari, Induction of collagenase-3 (MMP-13)
expression in human skin fibroblasts by three-dimensional collagen is mediated by
p38 mitogen-activated protein kinase, J. Biol. Chem. 274 (1999) 2446–2455.

[155] M.M. Barczyk, N. Lu, S.N. Popova, A.I. Bolstad, D. Gullberg, alpha11beta1
integrin-mediated MMP-13-dependent collagen lattice contraction by fibroblasts:
Evidence for integrin-coordinated collagen proteolysis, J. Cell. Physiol. 228 (2013)
1108–1119.

[156] Y. Shintani, Y. Fukumoto, N. Chaika, R. Svoboda, M.J. Wheelock, K.R. Johnson,
Collagen I-mediated up-regulation of N-cadherin requires cooperative signals
from integrins and discoidin domain receptor 1, J. Cell Biol. 180 (2008) 1277–1289.

[157] K. Zhang, C.A. Corsa, S.M. Ponik, J.L. Prior, D. Piwnica-Worms, K.W. Eliceiri, P.J.
Keely, G.D. Longmore, The collagen receptor discoidin domain receptor 2 stabilizes
SNAIL1 to facilitate breast cancer metastasis, Nat. Cell Biol. 15 (2013) 677–687.

http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0475
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0475
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0480
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0480
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0480
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0480
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0480
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1160
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1160
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1160
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0490
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0490
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0490
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0490
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0495
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0495
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0495
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0500
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0500
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0500
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0505
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0505
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0505
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0510
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0510
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0510
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0510
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1165
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1165
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1165
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1165
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0515
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0515
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0515
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0520
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0520
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0520
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1170
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1170
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1170
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1175
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1175
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0525
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0525
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0530
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0530
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0535
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0535
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0540
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0540
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0545
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0545
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0545
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0550
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0550
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0550
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0555
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0555
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0555
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0560
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0560
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0560
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0565
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0565
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0565
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0570
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0570
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0570
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0575
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0575
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0580
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0580
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0580
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0585
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0585
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0590
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0590
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0590
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0595
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0595
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0600
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0600
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0605
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0605
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0605
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0605
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0610
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0610
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0610
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0615
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0615
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0615
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0615
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0620
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0620
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0620
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0625
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0625
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0625
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0630
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0630
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0635
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0635
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0640
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0640
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0640
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1180
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1180
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0645
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0645
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0650
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0650
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0655
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0655
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0655
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0655
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0655
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0660
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0660
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0660
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0665
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0665
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0665
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0665
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0665
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0670
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0670
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0670
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0675
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0675
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0675
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0680
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0680
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0685
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0685
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0685
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0690
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0690
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0690
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0695
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0695
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0695
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0695
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0700
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0700
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0705
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0705
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0705
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0710
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0710
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0710
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0715
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0715
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0715
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0715
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1185
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1185
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1185
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1185
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0720
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0720
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0720
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1190
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0725
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0725
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0725
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0730
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0730
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0730


2547C. Zeltz et al. / Biochimica et Biophysica Acta 1840 (2014) 2533–2548
[158] I.Wierzbicka-Patynowski, J.E. Schwarzbauer, The ins and outs of fibronectinmatrix
assembly, J. Cell Sci. 116 (2003) 3269–3276.

[159] S. Takahashi, M. Leiss, M. Moser, T. Ohashi, T. Kitao, D. Heckmann, A. Pfeifer, H.
Kessler, J. Takagi, H.P. Erickson, R. Fassler, The RGDmotif in fibronectin is essential
for development but dispensable for fibril assembly, J. Cell Biol. 178 (2007)
167–178.

[160] P. Singh, C. Carraher, J.E. Schwarzbauer, Assembly of fibronectin extracellular
matrix, Annu. Rev. Cell Dev. Biol. 26 (2010) 397–419.

[161] J. Cho, D.F. Mosher, Role of fibronectin assembly in platelet thrombus formation,
J. Thromb. Haemost. 4 (2006) 1461–1469.

[162] J.L. Sechler, A.M. Cumiskey, D.M. Gazzola, J.E. Schwarzbauer, A novel
RGD-independent fibronectin assembly pathway initiated by alpha4beta1 integrin
binding to the alternatively spliced V region, J. Cell Sci. 113 (Pt 8) (2000) 1491–1498.

[163] E. Bazigou, S. Xie, C. Chen, A. Weston, N. Miura, L. Sorokin, R. Adams, A.F. Muro, D.
Sheppard, T. Makinen, Integrin-alpha9 is required for fibronectin matrix assembly
during lymphatic valve morphogenesis, Dev. Cell 17 (2009) 175–186.

[164] E.H. Danen, P. Sonneveld, C. Brakebusch, R. Fassler, A. Sonnenberg, The fibronectin-
binding integrins alpha5beta1 and alphavbeta3 differentially modulate RhoA-GTP
loading, organization of cell matrix adhesions, and fibronectin fibrillogenesis, J. Cell
Biol. 159 (2002) 1071–1086.

[165] S.F. Retta, G. Cassara, M. D'Amato, R. Alessandro, M. Pellegrino, S. Degani, G. De Leo,
L. Silengo, G. Tarone, Cross talk between beta(1) and alpha(V) integrins: beta(1)
affects beta(3) mRNA stability, Mol. Biol. Cell 12 (2001) 3126–3138.

[166] J.G. Parvani, A.J. Galliher-Beckley, B.J. Schiemann, W.P. Schiemann, Targeted
inactivation of beta1 integrin induces beta3 integrin switching that drives breast
cancer metastasis by TGF-beta, Mol. Biol. Cell 24 (2013) 3449–3459.

[167] F. Sabeh, R. Shimizu-Hirota, S. Weiss, Protease-dependent versus -independent
cancer cell invasion programs: three-dimensional amoeboid movement revisited,
J. Cell Biol. 185 (2009) 11–19.

[168] R.J. Wenstrup, J.B. Florer, J.M. Davidson, C.L. Phillips, B.J. Pfeiffer, D.W. Menezes, I.
Chervoneva, D.E. Birk, Murine model of the Ehlers–Danlos syndrome. col5a1
haploinsufficiency disrupts collagen fibril assembly at multiple stages, J. Biol.
Chem. 281 (2006) 12888–12895.

[169] T. Velling, J. Risteli, K. Wennerberg, D.F. Mosher, S. Johansson, Polymerization of
type I and III collagens is dependent on fibronectin and enhanced by integrins
a11b1 and a2b1, J. Biol. Chem. 277 (2002) 37377–37381.

[170] B.J. Dzamba, H. Wu, R. Jaenisch, D.M. Peters, Fibronectin binding site in type I
collagen regulates fibronectin fibril formation, J. Cell Biol. 121 (1993) 1165–1172.

[171] N. Zoppi, R. Gardella, A. De Paepe, S. Barlati, M. Colombi, Human fibroblasts with
mutations in COL5A1 and COL3A1 genes do not organize collagens and fibronectin
in the extracellular matrix, down-regulate alpha2beta1 integrin, and recruit
alphavbeta3 Insteadof alpha5beta1 integrin, J. Biol. Chem. 279 (2004) 18157–18168.

[172] N. Zoppi, M. Ritelli, M. Colombi, Type III and V collagens modulate the expression
and assembly of EDA(+) fibronectin in the extracellular matrix of defective
Ehlers–Danlos syndrome fibroblasts, Biochim. Biophys. Acta 1820 (2012)
1576–1587.

[173] L. Camper, U. Hellman, E. Lundgren-Akerlund, Isolation, cloning, and sequence
analysis of the integrin subunit alpha10, a beta1-associated collagen binding
integrin expressed on chondrocytes, J. Biol. Chem. 273 (1998) 20383–20389.

[174] T. Velling, M. Kusche-Gullberg, T. Sejersen, D. Gullberg, cDNA cloning and chromo-
somal localization of human alpha11 integrin. A collagen-binding, I domain-
containing, beta1-associated integrin alpha-chain present in muscle tissues,
J. Biol. Chem. 274 (1999) 25735–25742.

[175] K. Clark, J.D. Howe, C.E. Pullar, J.A. Green, V.V. Artym, K.M. Yamada, D.R. Critchley,
Tensin 2modulates cell contractility in 3D collagen gels through the RhoGAP DLC1,
J. Cell. Biochem. 109 (2010) 808–817.

[176] F. Grinnell, C.H. Ho, Y.C. Lin, G. Skuta, Differences in the regulation of fibroblast
contraction of floating versus stressed collagen matrices, J. Biol. Chem. 274
(1999) 918–923.

[177] A.M. Pena, D. Fagot, C. Olive, J.F. Michelet, J.B. Galey, F. Leroy, E. Beaurepaire, J.L.
Martin, A. Colonna, M.C. Schanne-Klein, Multiphoton microscopy of engineered
dermal substitutes: assessment of 3-D collagen matrix remodeling induced by
fibroblast contraction, J. Biomed. Opt. 15 (2010) 056018.

[178] D. Gullberg, T. Velling, G. Sjoberg, T. Sejersen, Up-regulation of a novel integrin
alpha-chain (alpha mt) on human fetal myotubes, Dev. Dyn. 204 (1995) 57–65.

[179] C. Popov, T. Radic, F. Haasters, W.C. Prall, A. Aszodi, D. Gullberg, M. Schieker, D.
Docheva, Integrins alpha2beta1 and alpha11beta1 regulate the survival of
mesenchymal stem cells on collagen I, Cell Death Dis. 2 (2011) e186.

[180] A. Aszodi, K.R. Legate, I. Nakchbandi, R. Fassler, What mouse mutants teach us
about extracellular matrix function, Annu. Rev. Cell Dev. Biol. 22 (2006) 591–621.

[181] K. Kyostila, A.K. Lappalainen, H. Lohi, Canine chondrodysplasia caused by a truncating
mutation in collagen-binding integrin alpha subunit 10, PLoS One 8 (2013) e75621.

[182] T. Thyagarajan, S. Totey, M.J. Danton, A.B. Kulkarni, Genetically altered mouse
models: the good, the bad, and the ugly, Crit. Rev. Oral Biol. Med. 14 (2003)
154–174.

[183] J.P. Labrador, V. Azcoitia, J. Tuckermann, C. Lin, E. Olaso, S. Manes, K. Bruckner, J.L.
Goergen, G. Lemke, G. Yancopoulos, P. Angel, C. Martinez, R. Klein, The collagen
receptor DDR2 regulates proliferation and its elimination leads to dwarfism,
EMBO Rep. 2 (2001) 446–452.

[184] W.F. Vogel, A. Aszodi, F. Alves, T. Pawson, Discoidin domain receptor 1 tyrosine
kinase has an essential role in mammary gland development, Mol. Cell. Biol. 21
(2001) 2906–2917.

[185] R. Bargal, V. Cormier-Daire, Z. Ben-Neriah, M. Le Merrer, J. Sosna, J. Melki, D.H.
Zangen, S.F. Smithson, Z. Borochowitz, R. Belostotsky, A. Raas-Rothschild,
Mutations in DDR2 gene cause SMEDwith short limbs and abnormal calcifications,
Am. J. Hum. Genet. 84 (2009) 80–84.
[186] V. Volloch, B.R. Olsen, Why cellular stress suppresses adipogenesis in skeletal
tissue, but is ineffective in adipose tissue: control of mesenchymal cell differentia-
tion via integrin binding sites in extracellular matrices, Matrix Biol. 32 (2013)
365–371.

[187] A.J. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix elasticity directs stem cell
lineage specification, Cell 126 (2006) 677–689.

[188] H.J. Lee, S.Y. Kim, J.M. Koh, J. Bok, K.J. Kim, K.S. Kim, M.H. Park, H.D. Shin, B.L. Park,
T.H. Kim, J.M. Hong, E.K. Park, D.J. Kim, B. Oh, K. Kimm, G.S. Kim, J.Y. Lee,
Polymorphisms and haplotypes of integrinalpha1 (ITGA1) are associated with
bone mineral density and fracture risk in postmenopausal Koreans, Bone 41
(2007) 979–986.

[189] T.J. Kunicki, S.A.Williams, D.J. Nugent, Genetic variants that affect platelet function,
Curr. Opin. Hematol. 19 (2012) 371–379.

[190] J. Di Paola, A. Jugessur, T. Goldman, J. Reiland, D. Tallman, C. Sayago, J.C. Murray,
Platelet glycoprotein I(b)alpha and integrin alpha2 beta1 polymorphisms: gene
frequencies and linkage disequilibrium in a population diversity panel, J. Thromb.
Haemost. 3 (2005) 1511–1521.

[191] H.K. Nieuwenhuis, J.W. Akkerman, W.P. Houdijk, J.J. Sixma, Human blood platelets
showing no response to collagen fail to express surface glycoprotein Ia, Nature 318
(1985) 470–472.

[192] M. Matarin, W.M. Brown, J.A. Hardy, S.S. Rich, A.B. Singleton, R.D. Brown Jr., T.G.
Brott, B.B. Worrall, J.F. Meschia, S.S. Group, I.S. Group, M.S. Group, Association of
integrin alpha2 gene variants with ischemic stroke, J. Cereb. Blood Flow Metab.
28 (2008) 81–89.

[193] I. Guella, S. Duga, D. Ardissino, P.A. Merlini, F. Peyvandi, P.M. Mannucci, R. Asselta,
Common variants in the haemostatic gene pathway contribute to risk of
early-onset myocardial infarction in the Italian population, Thromb. Haemost.
106 (2011) 655–664.

[194] A.Z. Fan, J. Fang, A. Yesupriya, M.H. Chang, G. Kilmer, M. House, D. Hayes, R.M. Ned,
N.F. Dowling, A.H. Mokdad, Gene polymorphisms in association with self-reported
stroke in US adults, Appl. Clin. Genet. 3 (2010) 23–28.

[195] A. Bersano, E. Ballabio, N. Bresolin, L. Candelise, Genetic polymorphisms for the
study of multifactorial stroke, Hum. Mutat. 29 (2008) 776–795.

[196] S. Duan, X. Luo, C. Dong, Identification of susceptibility modules for coronary artery
disease using a genome wide integrated network analysis, Gene 531 (2013)
347–354.

[197] A. Aszodi, E.B. Hunziker, C. Brakebusch, R. Fassler, Beta1 integrins regulate
chondrocyte rotation, G1 progression, and cytokinesis, Genes Dev. 17 (2003)
2465–2479.

[198] S. Abraham, N. Kogata, R. Fassler, R.H. Adams, Integrin beta1 subunit controls
mural cell adhesion, spreading, and blood vessel wall stability, Circ. Res. 102
(2008) 562–570.

[199] T.R. Carlson, H. Hu, R. Braren, Y.H. Kim, R.A. Wang, Cell-autonomous requirement
for beta1 integrin in endothelial cell adhesion, migration and survival during
angiogenesis in mice, Development 135 (2008) 2193–2202.

[200] M.C. Zweers, J.M. Davidson, A. Pozzi, R. Hallinger, K. Janz, F. Quondamatteo, B.
Leutgeb, T. Krieg, B. Eckes, Integrin alpha2beta1 is required for regulation of
murine wound angiogenesis but is dispensable for reepithelialization, J. Invest.
Dermatol. 127 (2007) 467–478.

[201] J.D. San Antonio, J.J. Zoeller, K. Habursky, K. Turner, W. Pimtong, M. Burrows, S.
Choi, S. Basra, J.S. Bennett, W.F. DeGrado, R.V. Iozzo, A key role for the integrin
alpha2beta1 in experimental and developmental angiogenesis, Am. J. Pathol. 175
(2009) 1338–1347.

[202] H. Gardner, A. Broberg, A. Pozzi, M. Laato, J. Heino, Absence of integrin alpha1beta1
in themouse causes loss of feedback regulation of collagen synthesis in normal and
wounded dermis, J. Cell Sci. 112 (Pt 3) (1999) 263–272.

[203] L. He, L.K. Pappan, D.G. Grenache, Z. Li, D.M. Tollefsen, S.A. Santoro, M.M. Zutter,
The contributions of the alpha 2 beta 1 integrin to vascular thrombosis in vivo,
Blood 102 (2003) 3652–3657.

[204] S. Liu, S.W. Xu, K. Blumbach, M. Eastwood, C.P. Denton, B. Eckes, T. Krieg, D.J.
Abraham, A. Leask, Expression of integrin beta1 by fibroblasts is required for tissue
repair in vivo, J. Cell Sci. 123 (2010) 3674–3682.

[205] S.W. Hamaia, N. Pugh, N. Raynal, B. Nemoz, R. Stone, D. Gullberg, D. Bihan, R.W.
Farndale, Mapping of potent and specific binding motifs, GLOGEN and GVOGEA,
for integrin alpha1beta1 using collagen toolkits II and III, J. Biol. Chem. 287
(2012) 26019–26028.

[206] M. Tulla, O.T. Pentikainen, T. Viitasalo, J. Kapyla, U. Impola, P. Nykvist, L. Nissinen,
M.S. Johnson, J. Heino, Selective binding of collagen subtypes by integrin a1I, a2I,
and a10I domains, J. Biol. Chem. 276 (2001) 48206–48212.

[207] J. Kapyla, J. Jaalinoja, M. Tulla, J. Ylostalo, L. Nissinen, T. Viitasalo, P. Vehvilainen, V.
Marjomaki, P. Nykvist, A.M. Saamanen, R.W. Farndale, D.E. Birk, L. Ala-Kokko, J.
Heino, The fibril-associated collagen IX provides a novel mechanism for cell
adhesion to cartilaginous matrix, J. Biol. Chem. 279 (2004) 51677–51687.

[208] W.M. Zhang, J. Kapyla, J.S. Puranen, C.G. Knight, C.F. Tiger, O.T. Pentikainen, M.S.
Johnson, R.W. Farndale, J. Heino, D. Gullberg, alpha11beta1 integrin recognizes
theGFOGER sequence in interstitial collagens, J. Biol. Chem. 278 (2003) 7270–7277.

[209] H. Gardner, J. Kreidberg, V. Koteliansky, R. Jaenisch, Deletion of integrin alpha 1 by
homologous recombination permits normal murine development but gives rise to
a specific deficit in cell adhesion, Dev. Biol. 175 (1996) 301–313.

[210] A. Pozzi, K.K. Wary, F.G. Giancotti, H.A. Gardner, Integrin a1b1 mediates a
unique collagen-dependent proliferation pathway in vivo, J. Cell Biol. 142
(1998) 587–594.

[211] A.R. de Fougerolles, A.G. Sprague, C.L. Nickerson-Nutter, G. Chi-Rosso, P.D. Rennert,
H. Gardner, P.J. Gotwals, R.R. Lobb, V.E. Koteliansky, Regulation of inflammation by
collagen-binding integrins a1b1 and a2b1 inmodels of hypersensitivity and arthritis,
J. Clin. Invest. 105 (2000) 721–729.

http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0735
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0735
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0740
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0740
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0740
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0740
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0745
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0745
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0750
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0750
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0755
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0755
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0755
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0760
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0760
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0760
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0765
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0765
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0765
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0765
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0770
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0770
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0770
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0775
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0775
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0775
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0780
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0780
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0780
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0785
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0785
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0785
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0785
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0790
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0790
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0790
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0795
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0795
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0800
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0800
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0800
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0800
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0805
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0805
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0805
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0805
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0810
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0810
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0810
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0815
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0815
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0815
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0815
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0820
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0820
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0820
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0825
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0825
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0825
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0830
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0830
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0830
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0830
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0835
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0835
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0840
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0840
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0840
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0845
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0845
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0850
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0850
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0855
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0855
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0855
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0860
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0860
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0860
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0860
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0865
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0865
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0865
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0870
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0870
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0870
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0870
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0875
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0875
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0875
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0875
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0880
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0880
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0885
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0885
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0885
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0885
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0885
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0890
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0890
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0895
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0895
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0895
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0895
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0900
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0900
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0900
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0905
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0905
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0905
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0905
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0910
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0910
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0910
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0910
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0915
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0915
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0915
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0920
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0920
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0925
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0925
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0925
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0930
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0930
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0930
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0935
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0935
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0935
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0940
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0940
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0940
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0945
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0945
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0945
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0945
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0950
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0950
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0950
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0950
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0955
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0955
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0955
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0960
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0960
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0960
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0965
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0965
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0965
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0970
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0970
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0970
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0970
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0975
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0975
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0975
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0980
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0980
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0980
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0980
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1195
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1195
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1195
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0985
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0985
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0985
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0990
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0990
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0990
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0995
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0995
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0995
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf0995


2548 C. Zeltz et al. / Biochimica et Biophysica Acta 1840 (2014) 2533–2548
[212] C. Conrad, O. Boyman, G. Tonel, A. Tun-Kyi, U. Laggner, A. de Fougerolles, V.
Kotelianski, H. Gardner, F.O. Nestle, Alpha1beta1 integrin is crucial for accumulation
of epidermal T cells and the development of psoriasis, Nat. Med. 13 (2007) 836–842.

[213] K. Suzuki, T. Okuno, M. Yamamoto, R.J. Pasterkamp, N. Takegahara, H. Takamatsu,
T. Kitao, J. Takagi, P.D. Rennert, A.L. Kolodkin, A. Kumanogoh, H. Kikutani,
Semaphorin 7A initiates T-cell-mediated inflammatory responses through
alpha1beta1 integrin, Nature 446 (2007) 680–684.

[214] A. Pozzi, P.E. Moberg, L.A. Miles, S. Wagner, P. Soloway, H.A. Gardner, Elevated
matrix metalloprotease and angiostatin levels in integrin a1 knockout mice
cause reduced tumor vascularization, Proc. Natl. Acad. Sci. U. S. A. 97 (2000)
2202–2207.

[215] E. Ekholm, K.D. Hankenson, H. Uusitalo, A.Hiltunen, H. Gardner, J.Heino, R. Penttinen,
Diminished callus size and cartilage synthesis in alpha 1 beta 1 integrin-deficient
mice during bone fracture healing, Am. J. Pathol. 160 (2002) 1779–1785.

[216] R. Zent, X. Yan, Y. Su, B.G. Hudson, D.B. Borza, G.W. Moeckel, Z. Qi, Y. Sado, M.D.
Breyer, P. Voziyan, A. Pozzi, Glomerular injury is exacerbated in diabetic integrin
alpha1-null mice, Kidney Int. 70 (2006) 460–470.

[217] M. Zemmyo, E.J. Meharra, K. Kuhn, L. Creighton-Achermann, M. Lotz, Accelerated,
aging-dependent development of osteoarthritis in alpha1 integrin-deficient mice,
Arthritis Rheum. 48 (2003) 2873–2880.

[218] M.M. Zutter, S.A. Santoro, Widespread histologic distribution of the alpha 2 beta 1
integrin cell-surface collagen receptor, Am. J. Pathol. 137 (1990) 113–120.

[219] J. Chen, T.G. Diacovo, D.G. Grenache, S.A. Santoro, M.M. Zutter, The alpha(2)
integrin subunit-deficient mouse: a multifaceted phenotype including defects of
branching morphogenesis and hemostasis, Am. J. Pathol. 161 (2002) 337–344.

[220] O. Holtkotter, B. Nieswandt, N. Smyth, W. Muller, M. Hafner, V. Schulte, T. Krieg, B.
Eckes, Integrin alpha 2-deficient mice develop normally, are fertile, but display
partially defective platelet interaction with collagen, J. Biol. Chem. 277 (2002)
10789–10794.

[221] K.L. Sarratt, H. Chen, M.M. Zutter, S.A. Santoro, D.A. Hammer, M.L. Kahn, GPVI and
alpha2beta1 play independent critical roles during platelet adhesion and aggregate
formation to collagen under flow, Blood 106 (2005) 1268–1277.

[222] M.J. Kuijpers, M. Pozgajova, J.M. Cosemans, I.C. Munnix, B. Eckes, B. Nieswandt, J.W.
Heemskerk, Role of murine integrin alpha2beta1 in thrombus stabilization and
embolization: contribution of thromboxane A2, Thromb. Haemost. 98 (2007)
1072–1080.

[223] B.T. Edelson, Z. Li, L.K. Pappan, M.M. Zutter, Mast cell-mediated inflammatory
responses require the a2b1 integrin, Blood 103 (2004) 2214–2220.

[224] D.G. Grenache, Z. Zhang, L.E. Wells, S.A. Santoro, J.M. Davidson, M.M. Zutter,
Wound healing in the a2b1 integrin-deficient mouse: altered keratinocyte biology
and dysregulated matrix metalloproteinase expression, J. Invest. Dermatol. 127
(2007) 455–466.

[225] R. Stange, D. Kronenberg, M. Timmen, J. Everding, H. Hidding, B. Eckes, U. Hansen,
M. Holtkamp, U. Karst, T. Pap, M.J. Raschke, Age-related bone deterioration is
diminished by disrupted collagen sensing in integrin alpha2beta1 deficient mice,
Bone 56 (2013) 48–54.

[226] M.A. Peters, D. Wendholt, S. Strietholt, S. Frank, N. Pundt, A. Korb-Pap, L.A. Joosten,
W.B. van den Berg, G. Kollias, B. Eckes, T. Pap, The loss of alpha2beta1 integrin
suppresses joint inflammation and cartilage destruction in mouse models of
rheumatoid arthritis, Arthritis Rheum. 64 (2012) 1359–1368.

[227] C.M. Borza, Y. Su, X. Chen, L. Yu, S. Mont, S. Chetyrkin, P. Voziyan, B.G. Hudson, P.C.
Billings, H. Jo, J.S. Bennett, W.F. Degrado, B. Eckes, R. Zent, A. Pozzi, Inhibition of
integrin alpha2beta1 ameliorates glomerular injury, J. Am. Soc. Nephrol. 23
(2012) 1027–1038.

[228] N.E. Ramirez, Z. Zhang, A.Madamanchi, K.L. Boyd, L.D. O'Rear, A. Nashabi, Z. Li,W.D.
Dupont, A. Zijlstra, M.M. Zutter, The alpha(2)beta(1) integrin is a metastasis
suppressor in mouse models and human cancer, J. Clin. Invest. 121 (2011) 226–237.

[229] C.Q. Zhu, S.N. Popova, E.R. Brown, D. Barsyte-Lovejoy, R. Navab, W. Shih, M. Li, M.
Lu, I. Jurisica, L.Z. Penn, D. Gullberg, M.S. Tsao, Integrin alpha 11 regulates IGF2
expression in fibroblasts to enhance tumorigenicity of human non-small-cell
lung cancer cells, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 11754–11759.

[230] S. Carracedo, N. Lu, S.N. Popova, R. Jonsson, B. Eckes, D. Gullberg, The fibroblast
integrin alpha11beta1 is induced in a mechanosensitive manner involving activin
A and regulates myofibroblast differentiation, J. Biol. Chem. 285 (2010)
10434–10445.

[231] K. Blumbach, A. Niehoff, B.F. Belgardt, H.W. Ehlen, M. Schmitz, R. Hallinger, J.N.
Schulz, J.C. Bruning, T. Krieg, M. Schubert, D. Gullberg, B. Eckes, Dwarfism in
mice lacking collagen-binding integrins alpha2beta1 and alpha11beta1 is caused
by severely diminished IGF-1 levels, J. Biol. Chem. 287 (2012) 6431–6440.

[232] J. Lohler, R. Timpl, R. Jaenisch, Embryonic lethal mutation in mouse collagen I
gene causes rupture of blood vessels and is associated with erythropoietic and
mesenchymal cell death, Cell 38 (1984) 597–607.

[233] S.W. Li, D.J. Prockop, H. Helminen, R. Fassler, T. Lapvetelainen, K. Kiraly, A. Peltarri, J.
Arokoski, H. Lui, M. Arita, et al., Transgenic mice with targeted inactivation of the
Col2 a1 gene for collagen II develop a skeleton with membranous and periosteal
bone but no endochondral bone, Genes Dev. 9 (1995) 2821–2830.

[234] A. Aszodi, D. Chan, E. Hunziker, J.F. Bateman, R. Fassler, Collagen II is essential for
the removal of the notochord and the formation of intervertebral discs, J. Cell
Biol. 143 (1998) 1399–1412.

[235] X. Liu, H. Wu, M. Byrne, S. Krane, R. Jaenisch, Type III collagen is crucial for collagen
I fibrillogenesis and for normal cardiovascular development, Proc. Natl. Acad. Sci.
U. S. A. 94 (1997) 1852–1856.

[236] Y. Li, D.A. Lacerda, M.L. Warman, D.R. Beier, H. Yoshioka, Y. Ninomiya, J.T. Oxford,
N.P. Morris, K. Andrikopoulos, F. Ramirez, et al., A fibrillar collagen gene, Col11a1,
is essential for skeletal morphogenesis, Cell 80 (1995) 423–430.

[237] D.A. Plumb, L. Ferrara, T. Torbica, L. Knowles, A. Mironov Jr., K.E. Kadler, M.D. Briggs,
R.P. Boot-Handford, Collagen XXVII organises the pericellular matrix in the growth
plate, PLoS One 6 (2011) e29422.

http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1000
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1000
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1000
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1005
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1005
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1005
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1005
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1010
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1010
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1010
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1010
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1015
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1015
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1015
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1020
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1020
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1020
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1025
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1025
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1025
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1030
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1030
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1035
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1035
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1035
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1040
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1040
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1040
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1040
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1045
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1045
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1045
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1050
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1055
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1060
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1065
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1070
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1075
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1080
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1080
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1080
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1085
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1090
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1095
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1100
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1100
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1100
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1105
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1110
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1110
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1110
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1115
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1115
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1115
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1120
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1125
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1125
http://refhub.elsevier.com/S0304-4165(13)00550-3/rf1125

	Molecular composition and function of integrin-�based collagen glues—Introducing COLINBRIs
	1. Introduction
	2. Collagen
	3. COLINBRIs and COLINBRI-mediated cell binding
	3.1. Fibronectin
	3.2. Vitronectin
	3.3. Periostin
	3.4. Von Willebrand factor
	3.5. Matricellular proteins
	3.6. SLRPs

	4. Collagen-binding integrins
	4.1. Ligand specificity
	4.2. Availability of fibrillar collagens to integrin binding
	4.2.1. Observations supporting interactions of collagen-binding integrins with immature collagen matrices
	4.2.2. Observation supporting interactions of collagen-binding integrins with mature collagen fibrils


	5. Collaborative role of integrins in fibrillogenesis
	5.1. Fibronectin matrix assembly—a cell driven process
	5.2. Spontaneous assembly and cell-driven collagen fibrillogenesis

	6. Lack of expected phenotypes in mouse models: role of collagen-binding integrins?
	6.1. Limitations of mouse as animal model
	6.2. Integrin type collagen receptors in pathology

	7. Cell–collagen interactions in biological processes: involvement of COLINBRIs?
	8. Concluding remarks
	Acknowledgements
	References


