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Abstract

The extracellular matrix (ECM) is a key regulator of cell and tissue function. Traditionally, the ECM
has been thought of primarily as a physical scaffold that binds cells and tissues together. However,
the ECM also elicits biochemical and biophysical signaling. Controlled proteolysis and remodeling
of the ECM network regulate tissue tension, generate pathways for migration, and release ECM
protein fragments to direct normal developmental processes such as branching morphogenesis.
Collagens are major components of the ECM of which basement membrane type IV and interstitial
matrix type | are the most prevalent. Here we discuss how abnormal expression, proteolysis and
structure of these collagens influence cellular functions to elicit multiple effects on tumors, including
proliferation, initiation, invasion, metastasis, and therapy response.

Introduction

Many of the processes that regulate tissue and organ development are hijacked in cancer [1].
For example, the epithelial migration and invasion occurring in mammary carcinomas are
morphologically and molecularly similar to epithelial branching morphogenesis in mammary
gland development [2,3]. However, while epithelial invasion is stringently regulated in
development, solid tumors display deregulated and persistent invasion. In both instances, the
extracellular matrix (ECM) provides a physical scaffold for cell adhesion and migration, it
influences tissue tension and it signals to cells through ECM receptors. Proteolysis of the ECM
regulates cellular migration by modifying the structure of the ECM scaffold and by releasing
ECM fragments with biological functions. ECM proteolysis is therefore tightly controlled in
normal tissues but typically deregulated in tumors.

Collagens are major constituents of the ECM, representing as much as 30% of total mammalian
protein mass ([4], see Box 1). Type I collagen is the main structural protein in the interstitial
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ECM [5]. Type IV collagen is a key component of the basement membrane (BM), which is
found at the basal surface of epithelial and endothelial cells and is essential for tissue polarity
[6]. Epithelial invasion in both branching morphogenesis and cancer requires that the cells
must interact with these collagens. The BM is breached as both normal and transformed
epithelial cells invade into the interstitial tissue. It is also compromised at the site of the
vasculature by metastasizing cancer cells [7].

Box 1
Collagen structure

* At least 46 distinct collagen polypeptide a-chains have been identified in
vertebrates and they can be assembled into 28 different collagens [103].

» Collagens are categorized according to their structural properties in the ECM.
These include the classic fibrillar and network forming types, the FACITs (fibril-
associated collagens with interrupted triple helices), the MACITs (membrane-
associated collagens with interrupted triple helices), and the MULTIPLEXINS
(multiple triple-helix domains and interruptions) [103].

» Collagens are composed of three polypeptide a-chains, which can be either homo-
or hetero-trimers. In the endoplasmic reticulum, the a-chains are packed into a
tight triple-helical structure forming the collagenous domain [5].

»  The tight packing of the collagen triple-helix is facilitated by repeated Glycine-X-
Y motifs in the collagenous domain of the collagen molecules (4-hydroxyproline
is often found in the Y position) [5].

*  The a-chains also contain non-collagenous domains, which are proteolytically
removed in the fibrillar collagens (e.g., types I, Il, 111). For other collagens, non-
collagenous domains are important for supramolecular network formation, which
for example is mediated by the C-terminal non-collagenous (NC1) domain of type
1V collagen.

» Collagens are maturated by posttranslational modifications including proteolytic
processing of the N- and C-terminus for the fibrillar types (e.g., type I collagen),
hydroxylation of peptidyl prolyl and lysyl residues, sulfilimine linking (type 1V
collagen), glycosylation of hydroxylysine residues by galactose and glucose, and
enzymatic (lysyl-oxidase (LOX)-mediated) and non-enzymatic (glycation-
mediated) covalent crosslinking [4,33,104].

»  The non-collagenous domains can upon proteolytic removal exert new functions.
Such collagen-derived proteolytic fragments include endostatin (from type XVIII
collagen), restin (from type XV collagen) and tumstatin (from type 1V collagen)
that have anti-angiogenic and tumor growth inhibitory functions [4,105].

The desmoplastic response in cancer

Fibrosis is an accumulation of ECM proteins, including type I collagen [8]. Organ fibrosis and
cancer are associated, although the association may simply reflect collagen accumulation due
to increased activity of inflammatory and tumorigenic factors such as TGF- [9]. Nevertheless,
many malignancies are associated with a strong fibrotic reaction, termed “desmoplasia”, which
is characterized by an accumulation of fibrillar collagen types I and 111 and increased
degradation of type IV collagen [10-12]. Such fibrotic foci correlate with adverse prognosis in
mammary carcinomas [13]. Desmoplasia has also been observed at metastatic sites where it
may facilitate the successful establishment of metastases [14,15]. Indeed, increased expression
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of type | collagen and many of its modifying enzymes is frequently observed in the gene
expression signatures associated with increased risk of metastasis [16,17].

Architectural changes of fibrillar collagen in cancer

The architecture of the collagen scaffolds in tumors is severely altered. Tumor-associated
collagens are often linearized and crosslinked reflecting elevated deposition and significant
posttranslational modification ([18,19] and Figure 1). This physical restructuring of interstitial
collagen progressively stiffens the ECM which thereafter elicits diverse effects on cellular
differentiation, gene expression, proliferation, survival and migration [20-23]. These cellular
effects can in turn significantly modify tumor progression and influence treatment response.

The linearization of interstitial collagen in invasive tumors is, at least in part, due to an increased
number of covalent crosslinks between collagen molecules [19]. Collagen crosslinking is
predominantly catalyzed by enzymes such as lysyl oxidase (LOX). During the early stages of
breast carcinogenesis, LOX is synthesized by stromal cells, likely in response to TGF-p. In
late stage tumors, LOX is induced also in the carcinoma cells in response to hypoxia [24,25].
In a mouse model of ErbB2-induced breast carcinoma, treatment with LOX inhibitors, before
tumors form, decreases ECM crosslinking and prevents tissue stiffening ([19], and Figure 1B).
This in turn inhibits focal adhesion maturation and decreases growth factor receptor signaling
and concomitantly reduces tumor incidence and size and delays tumor progression. The cancer
cell-secreted LOX enzymes in late stage cancer may also promote metastasis by regulating the
behavior of the cancer cells and modifying the ECM of the metastatic niche [26,27].
Consistently, increased expression of LOX and its related family members correlate clinically
with tumor progression and elevated metastatic risk [27,28].

Fibronectin binds collagen and regulates collagen fibril organization [29]. Stretching of
fibronectin stimulates its fibrillogenesis by revealing cryptic binding sites within the unfolded
molecules, leading in turn to increased fibronectin rigidity [30]. Increased rigidity greatly
increases binding forces between fibronectin and its receptor a5p1 integrin [31]. The size,
density and rigidity of fibronectin fibrils in vivo therefore influence the function of the collagen
fibrils, and vice versa. This dynamic and reciprocal relationship between collagens and
fibronectin likely plays a role in tumor progression. Indeed, fibronectin deposition has been
implicated as an early step in metastasis [15].

SPARC (secreted protein acidic and rich in cysteine) is a glycoprotein that participates in ECM
organization and binds to types | and IV collagen [32]. In a murine model of pancreatic cancer,
SPARC deficiency reduces expression levels of types I, 111 and IV collagen and decreases
collagen fibrillogenesis [32]. Nevertheless, these animals show elevated metastasis, possibly
due to an abnormal vascular BM that facilitates intra- and extravasation of the cancer cells.

Sugars such as glucose and ribose induce covalent bonds with lysine residues in collagen fibrils
to introduce non-enzymatic and random crosslinking, and these glycation adducts in turn form
intermolecular covalent links [33]. Consistently, Diabetes Mellitus patients with uncontrolled
glucose metabolism have increased numbers of glucose adducts on long-lived proteins like
collagen [34]. These patients also have an elevated risk of developing tumors [35], suggesting
that collagen glycation and the resulting ECM stiffening could be possible risk factors.

Collagen fibers as highways for migration

The collagen fibers surrounding the normal epithelial structures in soft tissues such as the
mammary gland and lung are typically curly and anisotropic. However, following tumor
initiation many of the fibers progressively thicken and linearize ([18,19], and Figure 1A). This
linearization is most notable adjacent to the tumor vasculature and in areas with cancer cell
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invasion [18,19,36]. Linearized fibers are stiffer than curly ones and the resulting increased
ECM stiffness can substantially potentiate growth factor-dependent cell migration [19,37].
These abnormal collagen fibers could promote metastasis by fostering cell migration into the
interstitial matrix and towards the vasculature. Indeed, intravital imaging shows that cancer
cells and leukocytes migrate rapidly in collagen-rich regions on the collagen fibers [36,38,
39]. Cancer cells might exploit these remodeled “linear” collagen fibers as invasion
“highways” analogous to the preferential migration of glioma cancer cells along the matrix
associated with blood vessels and rigid myelin sheath bundles [40] (Figure 2). The mechanisms
whereby matrix rigidity could enhance cancer cell migration likely involve activation of
collagen receptors, including integrins [41] and discoidin domain receptor (DDR) 1 [42] (see
Box 2 for more on collagen receptors), and modulation of growth factor receptor signaling.
Interestingly, an unusual form of type I collagen, a homotrimer of the a1 chains (in contrast to
the normal al/al/02 heterotrimer, see Figure 1A), enhances carcinoma cell migration in vitro
[43]. Moreover, the homotrimers are secreted solely by carcinoma cells and are resistant to
cleavage by matrix metalloproteinases (MMPSs) [43].

Box 2
Collagen receptors — not just anchoring poles

» Collagen signals are mediated to cells via a variety of receptors, including
integrins, discoidin domain receptors (DDRs), leukocyte-associated 1g-like
receptors (LAIRs), mannose receptor family members and glycoprotein VI
(reviewed in [91]).

» Integrins are composed of a and B units. Native collagens are recognized by four
integrins: alpl, a2fl, a10B1 and al1B1. Integrin alfB1 binds both type I and IV
collagen whereas a231 only binds type I collagen [91].

» DDRs are tyrosine kinase receptors activated by collagen [106]. Both DDR1 and
DDR?2 are activated by intact fibrillar collagens, including type I. DDR1, but not
DDR2, also is activated by type 1V collagen [106].

* LAIRsbind collagens at Glycine-Proline-Hydroxyproline repeats [107]. They are
expressed on most immune cells and the interaction between LAIR-1 and collagen
inhibits immune cell activation (reviewed in [83]).

»  Several members of the mannose receptor family bind collagen, including the
mannose receptor and UPARAP/endo180 [91]. The main function of these
receptors appears to be to internalize collagen for intracellular degradation.

Proteolysis of collagen — effects on cancer beyond path generation

Although cells migrate along collagen fibers, collagen in tissues also represents a physical
barrier against invasion [44]. Thus, collagen degradation by proteases, including cathepsins
and MMPs, and uptake of the degraded collagen is important for cancer cell invasion [10,45,
46]. For many cells, proteolysis of types | and 1V collagen is essential for migration through
the ECM [7,45,47-49]. Proteolysis of the ECM generates pathways for cells to migrate through
[50-53]. In addition, proteolysis of types | and IV collagen can also reveal RGD sequences in
the molecules that activate av integrins [54,55].

Cleavage of type | collagen by MMPL1, -8, -13 and -14 (MT1-MMP) results in generation of
characteristic fragments that are 3/4 and 1/4 of the length of the native molecule ([56,57], Figure
1A). These fragments may act as antagonists of full length collagen because they bind but fail

Curr Opin Cell Biol. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Egeblad et al.

Page 5

to activate a2B1 integrin [58]. However, the fragments might also promote cellular migration
and survival by activating avp3 integrin [59-62].

DDR signaling is also affected by collagen proteolysis. Intact type | collagen can inhibit cancer
cell proliferation via DDR2 activation, but this growth restriction is released by MMP-mediated
proteolysis [63]. This fits well with the overlap between a DDR2 binding site and the MMP14
cleavage site in type I collagen [64,65].

Collagen proteolysis is also a critical step in angiogenesis [66,67]. However, non-collageneous
(NC) domains of collagens (see Box 1) released by proteolysis can also inhibit tumor
angiogenesis. For example, endostatin, a c-terminal fragment of type XVIII collagen, inhibits
endothelial cell migration and thus tumor angiogenesis [4]. Several other inhibitors of
angiogenesis are generated by proteolysis of type 1V collagen [6], including tumstatin, a
fragment of the type IV a3 chain generated by MMP9 [68]. The type IV collagen-derived anti-
angiogenic fragments affect endothelial cellular functions by modulating avp3 and avp5
integrin signaling [68,69]. The ability of these fragments to inhibit angiogenesis suggests that
they act as antagonists of avp3 and avp5 integrins, because these integrins are normally
activated on endothelial cells by matrix components surrounding actively remodeling blood
vessels (e.g., vitronectin, fibrinogen, and fibronectin).

Collagen as a regulator of response to therapy

Resistance to cancer therapy can be caused by cancer cell intrinsic mechanisms, such as
overexpression of anti-apoptotic genes, but factors in the tumor microenvironment can also
regulate therapy response [1].

Types | and IV collagen can induce chemoresistance by directly interacting with integrins on
cancer cells [70,71]. The level and structural organization of collagen can also indirectly
influence therapeutic efficacy by regulating drug delivery. In many tumors, drug delivery is
impaired by an increased interstitial fluid pressure. The increased interstitial fluid pressure is
due in part to a leaky vasculature and sparse or nonfunctional lymphatics [72]. However,
increased ECM stiffness and a dense collagen interstitial fiber network can also influence
interstitial fluid pressure. For example, deficiency in fibromodulin, which binds to collagen to
stabilize the fibrils [73], decreases collagen fibril size in tumors and reduces interstitial fluid
pressure [74]. Consistently, collagenase treatment of tumors decreases interstitial pressure and
enhances drug delivery [75,76]. A dense collagen network can also directly impede the
diffusion of large molecular weight drugs to compromise treatment efficiency [77,78]. Finally,
drug delivery can also be inhibited by binding and sequestering of drugs to components in the
ECM, including collagens [79].

Improved drug responses have been achieved when the collagen content in tumors has been
reduced. This can for example be accomplished by vaccinating mice against fibroblast-
activating protein, a proteinase expressed by carcinoma-associated fibroblasts. As a result, the
carcinoma-associated fibroblasts are killed, leading to a reduction in the amount of type I
collagen in the tumors and improved drug delivery and efficacy of chemotherapy [80]. An
increased delivery and efficacy of chemotherapy is also achieved by depletion of tumor-
associated fibrotic stroma through inhibition of Hedgehog signaling in a mouse model of
pancreatic ductal adenocarcinoma [81].

Interactions between collagen and the tumor immune infiltrate

A variety of immune cells are present in tumors and many of these accumulate and migrate
within regions of dense fibrillar collagen [36,38,82]. How might the dense fibrillar collagen
influence the function of immune cells? ECM stiffness promotes integrin-mediated adhesion
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assembly [21], which could influence e.g., T cell activation. Another possibility is via collagen-
mediated activation of leukocyte-associated Ig-like receptors (LAIRs). LAIRs are highly
expressed on most immune cells and can through their ITIMs (immunoreceptor tyrosine-based
inhibition motifs) inhibit immune cell activation (reviewed in [83]). Although it is not clear
whether LAIRs and integrins cooperate, activation of LAIRs is a plausible mechanism whereby
high levels of deposited tumor collagen could lead to inhibition of an anti-tumor immune
response.

Collagen can regulate leukocyte infiltration into tumors. Activation of the collagen receptor
DDR1 is necessary for macrophage infiltration into atherosclerotic plaques [84]. Consistently,
type | collagen and collagen fragments are chemotactic for monocytes (macrophage precursors)
and neutrophils ([85,86] and references therein).

Collagen may regulate the balance between tumor-inhibiting and tumor-promoting effects of
immune cells. For example, culturing macrophages on type | collagen reduces their cytotoxicity
against cancer cells [87], suggesting that this inhibits the polarization of the macrophages to
the tumoricidal M1-like type. The possibility that the collagen scaffold can regulate
macrophage polarization is further supported by the increase in pro-tumorigenic, M2-like
macrophages observed in tumors of Sparc-/- mice with an abnormal collagen scaffold [32].

Collagen influences the immune cell infiltrate, but immune cells also influence collagen
architecture. Macrophages regulate mammary epithelial invasion during normal development
[88]. This may in part be through their ability to initiate the remodeling and reorganization of
the collagen fibers surrounding the developing epithelium [89], probably achieved through
secretion of a repertoire of soluble factors such as MMPs. Macrophages can also take up
collagen for intracellular degradation via binding to the glycoprotein Mfge8 [90], the mannose
receptor, and uPARAP/endo180 [91].

Collagen and regulation of differentiation

Matrix stiffness can determine stem cell lineage specification and direct mesenchymal stem
cell differentiation into bone, neurons or muscle cells [92]. During bone development,
inhibition of MMP-mediated cleavage of type | collagen leads to osteopenia, a loose bone
structure, rather than increased bone formation [93], suggesting that an abnormal collagen
scaffold modifies the balance between bone-forming osteoblasts and bone-resorbing
osteoclasts. Indeed, the collagenolytic activity of MMP14 regulates the differentiation of
mesenchymal stem cells into bone-producing osteoblasts in 3-dimensional (3D) collagen
matrices [47]. By analogy, the modified levels, fibril organization and proteolysis of collagens
in tumors could influence the differentiation state of cancer cells. Interestingly, type I collagen
and Matrigel (which contains BM constituents such as laminin-111 and type IV collagen)
increase engraftment of cancer cells in mice [94-96]. So how does collagen influence tumor
engraftment? One potential clue is that the percentage of cancer cells that express stem cell
markers increases when the cells are exposed to type | collagen [97]. Furthermore, breast cancer
cells with stem cell-like characteristics express increased levels of types I, IV and XVIII
collagen, suggesting that an ECM autocrine circuit might promote tumor evolution [98].

Integrins are strong contenders for linking collagen and cancer cell differentiation [41]. Integrin
avp3 is a marker of luminal progenitor cells in the mammary epithelium and 3 integrin (also
known as CD61) is also a marker of a cancer stem cell-like population [99,100]. Integrin
avP3 is not activated by intact type | collagen, but by MMP-generated collagen fragments
[59-62] and by stretched/denatured fibronectin, suggesting that collagen remodeling and
stiffening could regulate stem cell differentiation by modulating the activity of this integrin.
Indeed, collagen remodeling by MMP14 regulates the differentiation of adipocytes from
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preadipocytes [23]. Whether these effects are due to a reduction in tissue rigidity or through
generation of bioactive collagen fragments remains to be determined.

The challenges ahead

The overall architecture of the ECM is affected by collagen concentration, posttranslational
modification (e.g., crosslinking) and proteolysis. In cancer, all of these levels of collagen
metabolism are deregulated, resulting in an abnormal ECM architecture. However, to
determine how this influences tumor evolution is challenging.

The study of the effects of collagen architecture on tumor evolution using in vitro assays has
been informative, but a major concern is the ability to accurately replicate the complicity of
the ECM architecture found in vivo. There is therefore a strong need to study collagen structure/
function in vivo and to develop tractable methods to manipulate biochemical composition,
architectural features and mechanical properties of collagen while simultaneously monitoring
cancer cell behavior. To address these concerns, second harmonic generation using two-photon
microscopy has been used in live animals to monitor how epithelial and stromal cells interact
with and initiate collagen remodeling to regulate its architecture [36,39,49,78,89,101]. In
addition, recent work with Atomic Force Microscopy has yielded high resolution force “heat”
maps that demonstrate the existence of stiffness tracts that register with regions of collagen
fiber enlargement and linearization (Lopez et al., Submitted).

Collagens are often used in vitro as barriers that cells must cross in invasion assays. Yet, it is
clear that collagen has much more complex cellular effects than merely acting as an inert
scaffolding protein and migration barrier. Indeed, such a simplistic view betrays the elegant
reciprocal relationship between the ECM and cell behavior [102]. Our limited understanding
of the effects of collagen in cancer is well illustrated by the findings described above: both
increased [19] and decreased [32] deposition of collagen can be associated with increased
malignancy. These findings suggest that many of the effects of collagen are mediated by its
architecture or by the dynamics of its remodeling rather than solely by protein level.

Analysis of human tumors has revealed an association between collagen expression or collagen
modifying enzymes and poor prognosis [16,17,27,28,57], supporting the notion that collagen
remodeling is highly relevant to human cancer progression. The challenge for ECM biologists
is to deconstruct the collagen “code”, or in other words, to determine just how the structure of
the collagen triple helix translates into cellular effects to promote malignancy.
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Figure 1. Changes in the type | collagen scaffold with tumor progression

(A) Relative levels of stromal vs. epithelial expression of type I collagen, the collagen
crosslinking enzyme lysyl oxidase (LOX) and the collagenolytic matrix metalloproteinases
(MMPs) during tumor progression. In early stage tumors, LOX is high in the stromal cells, and
in late stage tumors, its expression also increases in carcinoma cells. In late stage tumors, the
carcinoma cells begin to express an increased ratio of the al-chain to a2-chain of type |
collagen. The net result is an increase in both the normal type | collagen a1,01,02,-heterotrimer
and in an MMP-resistant type | collagen al,al1,a1,-homotrimer. The carcinoma-associated
changes in collagen and collagen remodeling enzymes modify the architecture of the collagen
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scaffold such that early, thin and relaxed collagens (curly fibrils) progressively thicken and
linearize coinciding with tumor progression and invasion.

(B) Inhibition of collagen crosslinking through LOX-inhibition prevents collagen remodeling
and maintains a normal collagen architecture.

Photomicrographs are from [19] and reprinted with permission.
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Figure 2. Cellular effects of the collagen scaffold in carcinomas

Types I and IV collagen influence multiple steps in tumor evolution. Type IV collagen is
degraded as carcinomas break through the basement membrane to invade. It is breached again
as cells intravasate en route to form metastases. Proteolysis of type IV collagen in vascular
basement membranes results in generation of fragments with anti-angiogenic activity acting
through integrins. Type | collagen fibers mediate invasion at several levels. Uncleaved fibers
may act as “highways” for cell migration, possibly facilitated by macrophages. Both integrin
and discoidin domain receptor (DDR) mediated signaling can facilitate cell invasion. This type
of invasion may also require the generation of pathways through the collagen scaffold by
proteolysis. The immune reaction against tumors may be regulated by collagen: most immune
cells express leukocyte-associated Ig-like receptors (LAIRSs), which upon collagen binding
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inhibits immune cell activation. Macrophages may also be regulated by type I collagen
fragments, which are chemotactic for macrophage precursors and possibly involved in
regulation of their polarization.
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