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Abstract

Extensive evidence exists to functionally implicate stro-
mal cancer-associated fibroblasts in tumor progression. 
Data from experimental cancer models has questioned 
the exclusive tumor-supportive function of the tumor 
stroma and suggested that the stroma might also act as a 
barrier to inhibit tumor metastasis. With consideration 
of this shift in dogma, we discuss the role of a specific 
part of the tumor stroma, the insoluble extracellular 
matrix (ECM), in tumor growth and spread. We summa-
rize data from experimental tumor models on the role of 
fibrillar collagens, the fibronectin EDA splice form, pro-
teoglycans and the matricellular proteins, periostin and 
tenascins, which are all major components of the tumor 
stroma. In addition to the composition of the ECM being 
able to regulate tumorigenesis via integrin-mediated sig-
naling, recent data indicate that the stiffness of the ECM 
also significantly impacts tumor growth and progres-
sion. These two properties add to the complexity of 
tumor-stroma interactions and have significant implica-
tions for gene regulation, matrix remodeling, and tumor 
metastasis. The role of the tumor stroma is thus extremely 
complex and highlights the importance of relating find-
ings to tumor-type-, tissue-, and stage-specific effects in 
addition to considering inter-tumor and intra-tumor het-
erogeneity. Further work is needed to determine the rela-
tive contribution of different ECM proteins to the 
tumor-supporting and tumor-inhibiting roles of the 
tumor stroma.
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Take-Home Lessons
• The extracellular matrix (ECM) is a meshwork of 

macromolecules which in the tumor microenviron-
ment (TME) is present in interstitial matrix and 
basement membranes.

• Major producers of interstitial ECM rich in fibrillar 
collagens are the cancer-associated fibroblasts 
(CAFs) whereas tumor basement membranes are 
dependent on endothelial cells for production of the 
laminin and collagen IV networks which are major 
structural components in basement membranes.

• Except for fibrillar collagens, key ECM molecules 
in the interstitial TME include EDA fibronectin 
(tumor progression, TGF-β activation), periostin 
(metastatic niches, extravasation stage of metasta-
sis), tenascin-C (metastasis, seeding stage of 
metastasis) and proteoglycans (inhibit or stimulate 
tumor growth, depending on proteoglycan type). 
Many of these effects are mediated via integrins or 
toll-like receptors.

• One controversial issue in the field concerns the 
role of the ECM in the TME. It is becoming clear 
that identical ECM molecules might have diametri-
cally different functions in different tumor types at 
distinct stages of tumorigenesis. Except for a struc-
tural support of the tissue the interstitial TME 
ECM can develop into a protective barrier (prevent 
access of immune cells and therapeutic drugs), in 
other instances it can lead the way for metastasizing 
tumor cells, but also be involved in establishing the 
pre-metastatic niche.
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Schematic illustration of the role of extracellular matrix in the tumor 
microenvironment. The schematic summarizes some of the effects seen 
for extracellular matrix (ECM) molecules in different forms of can-

cer.  Cancer-associated fibroblasts (CAFs) play a major role in ECM 
synthesis and ECM reorganization

 Introduction

How one views a solid tumor depends on which “glasses” 
one uses. One can thus look at a tumor from a pathologist’s 
point of view, from a cell biologist’s point of view or from a 
molecular biologist’s point of view. These different 
approaches provide different perspectives and information. 
A pathologist might note different aspects related to encap-
sulation, vascularization, and the amount of stroma. A cell 
biologist might distinguish signs of inflammation, degree of 
vascularization and choose to isolate cells to study their phe-
notypes in vitro. A molecular biologist aims to understand 
the molecular and genetic mechanisms involved in tumor 
pathogenesis, and designs experiments accordingly. No mat-
ter which “glasses” you have on, developments in the field of 
tumor cell-tumor stroma interactions highlight the  importance 
of the tumor microenvironment (TME), and it is becoming 
increasingly clear that one needs to pay close attention to the 
tumor stroma when analyzing tumors.

The understanding that the tumor microenvironment influ-
ences tumor cell growth, also has implications for the design 
and interpretations of in  vitro experiments. It has become 
clear that simple two-dimensional (2D) in  vitro co- culture 
experiments are not sufficient to recapitulate the complex 
interactions that take place in the tumor in situ. Thus, in order 
to understand the cellular dynamics in the tumor, one needs to 
create model systems where the interactions between multi-
ple types of cells as well as their three- dimensional (3D) com-
positions are incorporated. In molecular studies, inter-cellular 
communication, amount and properties of the extracellular 
matrix (ECM) and paracrine signaling, which all influence 
the signaling within cells, have to be taken into consideration 
when interpreting the data. New innovative strategies to study 
the influence of ECM in tumorigenesis are needed, hetero-
spheroids [1, 2] and 3D organoid cultures are being recent 
methodological developments with great potential. 3D organ-
oid cultures of patient tumors have recently generated great 
interest as novel in  vitro cancer models that have several 
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advantages over and are complementary to established cell 
lines and patient-derived mouse xenograft models [3]. Unlike 
cell lines, organoids are both genetically and phenotypically 
stable during prolonged periods of cell culture and maintain 
the genomic representation of high-frequency gene altera-
tions found in primary tumors [4]. Organoid models have 
been successfully developed for multiple tumor types, includ-
ing pancreas [5] and breast cancer [6].

When discussing different mechanisms in the tumor 
microenvironment, it is important to avoid generalizations 
and to always relate the findings to a certain tumor and to the 
specific experimental conditions. The reasons to avoid such 
generalizations are:

 – The TME can vary greatly between different tumors. Part 
of this heterogeneity is due to the source and nature of the 
stromal fibroblasts [7–9].

 – The composition of the TME varies with the dynamics in, 
and stage of, the tumor: initiation, growth, and metastasis 
phases, all contain a TME with specific characteristics 
(e.g., differences in amounts of immune cells, fibroblast 
activation states, proteolytic activity, and stiffness).

 – Matrix stiffness is another critical feature for tumor 
growth and for tensional homeostasis in the tumor [7, 8, 
10]. Matrix stiffness has been shown to be intimately 
linked to posttranslational modifications of the matrix 
proteins, such as glycation, citrullination [9] and cross- 
linking, but also to ECM organization, which will vary in 
different regions within the tumor. In addition to the com-
plexity in the assembly and structure of the ECM, the 
finding that tumor-derived exosomes affect cellular inter-
actions in the TME introduces yet another level of com-
plexity. Provocative data have described roles for 
exosomes in chemoresistance, miRNA-directed effects on 
gene silencing, and even in mediating changes in integrin 
repertoire affecting metastasis of tumor cells [11, 12].

The function of collagen in the tumor stroma is tightly 
linked to stromal fibroblasts, which in the solid tumor context 
are called cancer-associated fibroblasts (CAFs) [13–16]. 
CAFs have multiple roles in the tumor stroma in addition to 
ECM-related functions discussed below, including paracrine 
signaling [13] and chemoresistance [17]. A major function of 
CAFs is to serve as producers of ECM proteins like fibrillar 
collagens, and act as mechano-sensitive cells performing 
integrin-mediated reorganization of the matrix, resulting in 
changes in stromal stiffness [8]. In order for CAFs to take on 
this contractile function, they need to become activated. A 
prime signal for CAF activation is TGF-β. Data has demon-
strated that integrin αvβ6 on the tumor cells is involved in 
TGF-β activation by binding to an RGD sequence in the 
latency-associated peptide (LAP) of the TGF-β/LAP com-
plex, resulting in increased TGF-β bioavailability. Activation 
of TGF-β results in CAF activation [18]. Moreover,  antibodies 

to αvβ6 in vivo have been shown to reduce growth and metas-
tasis of the 4T1 murine breast cancer cell line [19]. Data in 
fibrosis and in  vitro models further suggest that myofibro-
blasts themselves can play a vital role in activating TGF-β, by 
pre-straining the matrix and sensitizing latent TGF-β 
(LTGF-β) to activation [20–22]. In studies with dermal fibro-
blasts, the EDS fibronectin splice variant (EDA FN) has been 
shown to be induced by stiffness and to bind LTGF-β, in this 
way concentrating LTGF-β and enabling further activation by 
integrins. Integrin αvβ1 is increasingly becoming recognized 
for its role in TGF-β activation of myofibroblasts [23, 24].

Additionally, the finding that PDL-1/PD-1-based immu-
notherapy varies greatly between tumor types has resulted in 
an increased interest in alternative/supportive strategies that 
can abrogate immunosuppression [25]. In this context integ-
rin αvβ8 has entered the spotlight. Whereas previous studies 
suggested that intestinal T-cells expressed αvβ8, and that this 
expression correlated with TGF-β activation [26], more 
recent studies suggest that most T-cell types lack detectable 
levels of αvβ8 and instead in most solid tumors the roles are 
reversed, i.e., tumor cells express high levels of αvβ8 and 
T-cells express inactive LTGF-β on their cell surface 
(anchored at cell surfaces via the membrane protein GARP) 
[27]. Further studies in mouse tumor models revealed that 
αvβ8  in this setting can activate TGF-β and by reducing 
immune cell activity help tumor cells evade host immunity. 
Interestingly, in this scenario, the activation of TGF-β 
appeared to occur independent of MMP-14. Later studies 
using cryo-EM confirmed the MMP-14 independency of the 
activation and instead demonstrated that in this context αvβ8 
can bind to TGF-β while still bound to LTGF-β, without the 
release and diffusion of TGF-β to its receptor [28]. Another 
argument for considering αvβ8 as a cancer target comes from 
studies of pancreatic ductal adenocarcinoma where β8 was 
found to be over-expressed. When cultured human PDAC 
cells were irradiated, β8 expression protected cells from 
autophagy, which is also the major suggested mechanism for 
its radiochemoresistance effects [29].

At the stage of metastasis, CAFs have been reported to 
generate migratory paths in the stroma that facilitate collec-
tive cell invasion in an integrin-, caveolin-1-, RhoA-, Rab21-, 
and YAP-dependent manner [30, 31]. Interestingly, two 
highly cited reports have challenged the dogma that the 
tumor stroma plays a supportive role in tumor growth and 
metastasis [32, 33]. Both studies take advantage of advanced 
genetic techniques to ablate stromal cells in experimental 
models for pancreatic cancer after the tumors had formed. 
Contrary to what was expected, the tumors became more 
aggressive in the absence of the stroma. When analyzing 
these data, a number of caveats with these studies have been 
mentioned. However, a detailed update on the role of the 
tumor stroma in pancreatic ductal adenocarcinoma (PDA) 
using clinical patient PDA material as well as the use of 
transgenic mouse models, support a barrier role of the PDA 
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Fig. 5.1 Fibrillar collagen in cancer. Fibrillar collagens are composed 
of three chains that form a triple helix. The pro-peptides are cleaved for 
collagen assembly into fibrils. TGF-β signaling induces fibroblast dif-
ferentiation into contractile myofibroblasts. The myofibroblasts express 
and deposit collagen, express α11β1 collagen-binding integrin, which 
mediates collagen remodelling. Integrin α11 induces LOXL1 expres-
sion in cancer-associated fibroblast (CAF). Secreted LOXL1 cross-
links collagen fibers that enhances integrin-mediated collagen matrix 
reorganization and alignment of collagen fibers to support tumor growth 

and tumor invasion. Breast tumor cells releases PDGF-BB that activates 
PDGFRβ on CAFs. PDGFRβ interacts with integrin α11β1 to mediate 
metastasis. LOXL2, like LOXL1, mediates collagen cross-linking and 
is involved in metastasis of breast cancer. However, blocking LOXL2 
activity using anti-LOXL2 antibody (ab) in pancreatic ductal adenocar-
cinoma reduces collagen stiffness that favors tumor aggressiveness and 
progression. This suggests that fibrillar collagens play different roles in 
different cancer types

stroma [34]. When the authors analyzed tumor-stromal den-
sity, patients with high tumor-stromal density enjoyed a lon-
ger survival and stromal content showed a negative 
correlation with overall survival. A PDA model in mouse 
where collagen content was modified by anti-Loxl2 mono-
clonal antibody (mAb) treatment confirmed that stromal 
depletion promoted, rather than inhibited, PDA development 
(Fig.  5.1). Interestingly, no striking changes in CAF sub-
types, endothelial cell number, T-cell or myeloid cell infiltra-
tion were observed. In this transgenic mouse model, 
pharmacologic depletion of stroma thus decreased tissue ten-

sion and increased tumor aggressiveness [34]. The study 
suggests that the stroma has an important protective barrier 
role in PDA that outweighs any hypothetical pro-tumori-
genic influence it may have in PDA tumor biology. The study 
highlights the need to firmly establish whether a fibrotic 
stroma in a particular tumor model is tumor promoting or 
tumor impeding and based on this to identify CAF subsets 
that are tumor promoting or tumor impeding.

Although the overall role of CAFs most likely differs 
between tumor types and CAF heterogeneity differs in dif-
ferent tumors, this does not mean that all fibroblast-targeted 
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therapy approaches are doomed to fail in tumors, but it high-
lights the complexity of tumor-stroma interactions and points 
to the potential need to target specific subsets of fibroblasts 
or even specific signaling pathways in fibroblasts, which are 
central to the tumor-promoting aspect of the stroma. In sum-
mary, a global targeting of all CAFs may not be the best anti- 
stroma therapeutic strategy [16, 35] since both 
tumor-supportive CAFs and tumor-inhibitory CAFs appear 
to exist in the tumor stroma. Continued cell lineage tracing 
and RNA single-cell profiling will be critical to unravel these 
mechanisms and provide useful insight into new CAF- 
associated therapies for treating tumors.

 The Extracellular Matrix of the Tumor Stroma

 Fibrillar Collagens in the Stroma

 Fibrillar Collagen Types in the Tumor Stroma
The collagen family is composed of 28 trimeric triple helical 
proteins [36, 37]. The most abundant collagens are the fibril-
lar collagens (collagens I, II, III, V, XI, XIV, and type 
XXVII), which together with a subset of fibril-associated 
collagens with interrupted triple helices (FACIT collagens) 
are present in interstitial tissues [37]. In interstitial tissues, 
collagen I dominates with lesser amounts of collagen III 
being present. Collagens I and III form heterotypic fibrils 
where the minor collagens collagen V and XI are present in 
the core of these heterotypic fibrils. Collagen V in some stud-
ies has been suggested to constitute less than 5% of intersti-
tial matrices, whereas collagen XI is present only in 
specialized matrices under physiological conditions [36, 37]. 
In carcinomas, the fibrillar collagens I/III dominate, and rela-
tively little information is available on the status or roles, if 
any, of collagens V and XI [38]. The tumor stroma has been 
likened to a wound that does not heal, representing the tumor 
stroma in a sense as a granulation tissue, which is rich in 
fibrillar collagens [39, 40]. In the granulation tissue, collagen 
III is replaced with collagen I as the wound heals [41], but in 
the tumor stroma, the ratio of collagen I and III is determined 
by tumor type as well as the stage of the tumor and tissue- 
specific factors.

Cells can adhere to collagen matrices, either directly or 
indirectly via proteins bound to collagens. Direct binding 
occurs via collagen receptors such as the integrins α1β1, 
α2β1, α10β1 and α11β1 [42, 43]. Indirect binding is mediated 
via collagen-integrin bridging molecules (COLINBRIs), 
which typically bind RGD-binding integrins like α5β1, αvβ1, 
αvβ3 and αvβ5 [42, 44]. Interestingly, the discoidin domain 
receptors (DDRs) have been shown to affect the function of 
collagen-binding integrins by supporting integrin activation 
[45–47]. The role of fibrillar collagens in the tumor TME for 
tumor growth and metastasis is receiving increasing attention. 
Some of the most provocative studies have addressed the role 

of collagen composition, processing, and posttranslational 
modifications including cross-linking in regulating stiffness, 
tumor growth, tumor invasion, and metastasis [48–52].

The ability of fibroblasts to produce and remodel the col-
lagen matrix is in turn affected by interactions with other cell 
types in the TME such as the tumor cells themselves, differ-
ent types of inflammatory and vascular cells [53]. Cell- 
mediated collagen remodeling can be mediated by direct 
binding of collagen-binding integrins and indirect binding of 
COLINBRI-binding integrins [44, 54]. The main integrin- 
collagen receptors for direct binding to the fibril form of 
fibrillar collagens are α2β1 and α11β1 [55]. These two inte-
grins are both efficient in remodeling the collagen matrix, as 
assessed in collagen gel contraction assays [56]. Although 
in  vitro experiments have largely failed to demonstrate a 
direct binding of α1β1 to collagens fibrils, α1β1 has been 
postulated to bind indirectly to the fibrillar forms of colla-
gens I/III via FACIT collagens [57].

Integrin α11β1 is a receptor for fibrillar collagens and is 
expressed on subsets of fibroblasts and mesenchymal stem 
cells [58–61]. In an α11-positive subset of non- hematopoietic 
bone marrow-derived mesenchymal stem cells, α11 expres-
sion correlated with osteogenic potential of these cells [62]. 
The potential role of α11 bone marrow expression for leuke-
mia development remains to be determined. Recent screen-
ing of tumor tissue array revealed expression of α11 in CAFs 
in multiple solid tumors [63]. Importantly, studies using ani-
mals deficient in α11 expression in the tumor stroma reveal a 
major attenuation of tumor growth and metastasis in non- 
small cell lung cancer and breast cancer in the absence of 
α11 [64–66]. In the breast cancer model, we have shown that 
stromal integrin α11 displays a pro-tumorigenic and pro- 
metastatic activity in breast cancer and strongly associates 
with a PDGFRβ+ CAF subset [64] (Fig. 5.1). Integrin α11 
expression is strongly upregulated in the stromal compart-
ment during mammary tumor progression. Histological anal-
yses revealed a strong association between integrin α11 and 
PDGFRβ, both in clinical breast cancer samples and in the 
pre-clinical transgenic mouse MMTV-PyMT model. Among 
several tested stromal markers (PDGFRα, PDGFRβ, αSMA, 
FAP, FSP1, and NG2), this collagen-binding integrin was 
mostly associated with a PDGFRβ+ CAF subpopulation at 
late stages of invasive tumors. Genetic ablation of integrin 
α11 in the PyMT model drastically reduced not only tumor 
growth and metastasis, but also the desmoplastic reaction in 
these tumors, further highlighting the contribution of this 
specific α11+ CAF subset to tumor progression through ECM 
regulation. This is further supported by the fact that myofi-
broblastic CAFs (mCAFs) are thought to derive from resi-
dent fibroblasts, as well as from integrin α11/PDGFRβ+ 
CAFs. Mechanistically, this study revealed that integrin α11/
PDGFRβ cross-talk in CAFs endows breast cancer tumor 
cells with pro-invasive features through the deposition of 
tenascin-C protein (TN-C) (Fig.  5.2). TN-C was strongly 
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Fig. 5.2 Structure of EDA fibronectin, periostin and tenascins and 
their role in tumorigenesis. Fibronectin (FN) presents alternatively 
spliced domains, EDA and the variable domain. FN dimerizes through 
two disulfide bonds in the C-terminal part of the protein. EDA has been 
shown to reduce immune response in cancer models and to direct col-
lective tumor cell migration. EDA FN increases recruitment and activa-
tion of the latent TGF-β in the fibroblast matrix. EDA FN induces 
myofibroblast differentiation of SPIN90-deficient fibroblasts to pro-
mote tumor progression. Periostin is composed of an EMI domain and 
four fasciclin 1 domains. Tumor cells induce periostin synthesis in CAF 
via IL-6. Periostin induces tumor growth and EMT. Periostin synthesis 
is stimulated in metastatic niches through secretion of TGF-β3 by can-
cer stem cells, where periostin is needed to support the metastatic colo-

nization. Members of the tenascin family display an assembly domain 
at the N-terminal to form hexamers. Tenascin-C presents an alterna-
tively spliced region within the fibronectin type III-like repeats. 
Tenascin-C has been shown to contribute to EMT through integrin 
αvβ1, promoting metastasis. Tenascin-C is required in metastatic niches 
to support the metastatic colonization. Tenascin-C also mediates 
immune suppression by immobilizing CD11c+ myeloid cell in the 
stroma, cancer cell invasion and myofibroblast differentiation of 
CAF. Tenascin-X activates TGF-β through interaction with α11β1 lead-
ing to EMT. In contrast, tenascin-X has been shown to reduce invasion 
and metastasis by inhibiting MMPs. Tenascin-W mediates cancer cell 
migration via interaction with α8β1 integrins. (For more details, please 
refer to the main text)
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expressed by the same subset of CAFs expressing integrin 
α11 and PDGFRβ in the late-stage PyMT tumors, as well as 
in clinical samples of invasive breast cancer. Overall, this 
study discloses an example of a collaborative cross-talk 
between an integrin and a growth factor receptor in CAFs, 
which acts as a driver of tumor invasiveness in breast cancer. 
In support of a role for integrin α11 in human breast cancer, 
a careful analysis of α11 integrin levels in a larger cohort of 
breast cancer patients demonstrated that high α11 expression 
level was associated with aggressive breast cancer pheno-
types [67]. In addition to the direct role of collagen-binding 
integrins in mechanotransduction to remodel the matrix, a 
role of matrix metalloproteinases (MMPs) to help and facili-
tate remodeling of the collagen matrix has also been demon-
strated [68, 69]. This aspect is developed in a latter section of 
this chapter.

In the tumor context, the organization of the collagen 
matrix has been suggested to serve as an optical biomarker 
for metastatic propensity [70]. For this purpose, the term 
“Tumor associated collagen signatures (TACS)” has been 
introduced: TACS-1 (normal stage): anisotropic, wavy col-
lagen fibrils, similar to normal quiescent tissue; TACS-2 
(predisposed stage): prealigned collagen fibrils; TACS-3 
(desmoplastic stage): aligned collagen fibrils [70]. It is 
important to remember that the tumor ECM is complex, and 
although collagen might align in specific patterns, cellular 
interactions during tumor spread might occur via many 
mechanisms, both collagen-dependent and collagen- 
independent. As such, the TACS signature may have to be 
combined with other biomarkers to be clinically useful.

Although there is some tendency to consider the biologi-
cal effects of all stromal collagens to be equivalent, a recent 
study suggests that different fibrillar collagens have diver-
gent functions. Whereas collagen I in the tumor stroma, 
according to the dogma, was considered to be pro- 
carcinogenic (increased density and increased stiffness, 
which promotes tumor growth and invasion), another inde-
pendent study suggests that fibrillar collagen III has opposite 
effects [71]. In that study using collagen III heterozygous 
knockout mice (Col3a1+/− mice, −/− mice rarely survive peri-
natal age) it was demonstrated that mammary carcinomas 
grown in these mice were larger, more invasive and con-
tained thicker, more organized and linearized collagen 
stroma. It is likely that in this model, several indirect mecha-
nisms were operative, which need to be elucidated, including 
characterization of possible changes in integrin repertoire 
concomitant with collagen ratio switches. In the TME, the 
epithelial-derived carcinoma cells are, to varying degrees, 
surrounded by collagen IV containing basement membrane 
structures. As cells de-differentiate and go through epithelial- 
to- mesenchymal transition (EMT), they are exposed to fibril-
lar collagens in the tumor stroma. Multiple studies have 

highlighted the importance of collagens and the MMPs in 
this process [72–74].

 Collagens Affecting Tumor Cell Growth
A number of studies have demonstrated that a collagen 
matrix promotes tumor growth. In the MMTV-PyMT breast 
tumor model, crossing the MMTV-PyMT mice with trans-
genic mice expressing a collagen α1 chain in which the col-
lagenase cleavage site has been mutated, resulted in increased 
breast tumor growth and collagen accumulation at the tumor 
site [75]. In other experiments, collagen synthesis was 
blocked by inactivating certain enzyme isoforms, such as the 
intracellular enzymes prolyl 4- hydroxylase [76] and lysyl 
hydroxylase [77]. Blocking these enzymes in the stroma, 
resulted in reduced collagen accumulation and reduced col-
lagen stiffness. These results are supported by data from 
tumor models inhibiting the collagen receptor α11β1, which 
implicate a role of cell-collagen interaction in non-small cell 
lung cancer and breast cancer growth and metastasis [64–
66]. In these models, the decreased α11β1 function resulted 
in an attenuation of breast and lung tumor progression and 
metastasis, thus supporting a role of fibrillar collagens in 
supporting rather than restraining tumor growth. In yet other 
studies, fibrillar collagens have been shown to induce apop-
tosis of tumor cells [78]. In one study, MMP-14 was demon-
strated to protect invading mammary carcinoma cells from 
collagen-induced apoptosis once they entered the fibrillar 
collagen I matrix [79, 80]. In experiments taking advantage 
of the model expressing collagen I with mutated collagenase 
cleavage site, pharmacologic depletion of stroma and 
decreased tissue tension increased tumor aggressiveness 
[34]. In summary, the disparate results on the varying roles 
of stromal collagens demonstrate the complexity of the stro-
mal collagen interactions but probably also hint that the role 
of fibrillar collagens varies with the tumor type. It will be 
interesting to determine if the pancreatic desmoplastic 
tumors are the norm or the exception with regard to collagen 
function in the tumor stroma.

 Collagens Affecting Cell Migration
Several studies have also reported MMP-dependent changes 
in collagen fibril diameters. In one study, MMTV-PyMT 
mice crossed with mice deficient in MMP-13 protein demon-
strated no effect of MMP-13 depletion on breast tumor pro-
gression and lung metastasis [81]. Conversely, another study 
using a similar model observed a modest increase of lung 
metastasis in the absence of endogenous MMP-13 activity 
[82]. In the latter study, monitoring of breast tumors revealed 
that in the absence of MMP-13, the collagen content was not 
increased, but was comprised of thinner fibrillar collagen 
fibrils and a different organization of collagen at the tumor- 
stroma interface [82].
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Two interesting explanations from the last study were 
proposed to explain the effects of the thinner fibrillar colla-
gen structures. First, the normal cleavage of telopeptides 
from collagen I by MMP-13 may affect lateral fibril growth. 
Thus, if cleavage is reduced, fibrillar growth would be inhib-
ited [83]. Alternatively, MMP-13 can also cleave collagen 
III, which acts to regulate fiber diameter, offering another 
possible mechanism for the observed thinner fibrils in the 
absence of MMP-13 [84]. Interestingly, a study of wound 
healing in zebrafish revealed that increased level of MMP-9 
leads to larger fibril diameter. The authors suggest that this 
might be due to a switch in synthesis from collagen III to 
collagen I [85], offering more indications that MMP levels 
can have unpredictable effects on collagen fibril diameter. 
Although the effect of MMPs is complex due to multiple tar-
gets, the effects on fibril diameter are interesting and warrant 
further studies in the context of tumor growth and spread. 
Finally, in a study by Herchenhan et al., lysyl oxidase (LOX) 
inhibition in artificial tendon cultures also resulted in irregu-
lar fibril diameters, suggesting a role for LOX enzymes in 
regulating fibril diameter [86]. So far, corresponding effects 
have not been reported in the tumor context, but one might 
expect similar results in dense tumor matrices. The findings 
of different collagen fibril diameters might mainly be rele-
vant for tumor cell migration. Previous elegant studies have 
demonstrated that cells can switch between protease- 
dependent and -independent migration, in 3D matrices, 
depending on the matrix pore diameter [87, 88]. A detailed 
study of collagen organization in aging tissues has revealed 
that collagen organization can also affect immune cell migra-
tion [89]. Studies of collagen in the aged skin paired with 
proteomic analysis of fibroblasts from young and aged indi-
viduals identified hyaluronan proteoglycan link protein 1 
(HAPLN1) as a candidate protein involved in changed matrix 
collagen organization and increased collagen contractility of 
the aged cells. In the young ECM, HAPLN was suggested to 
take part in organizing collagen into an anisotropic basket 
weave structure, which could readily support T-cell migra-
tion. With regard to melanoma, the collagen organization in 
young skin was suggested to suppress invasion of melanoma 
cells, whereas in the aged skin (low HAPLN), an invasion- 
permissive microenvironment for melanoma cells was cre-
ated, which was also characterized by a hampered immune 
cell infiltration.

 Collagen Stiffness Regulating Tumor Growth
The stiffness of the tumor stroma has also been recognized as 
being able to influence tumor growth. Since collagens are 
major constituents of the tumor stroma, they might also play 
a major role in this regard. There are different mechanisms 
that can affect stiffness, including glycation [9]. A landmark 
paper in this area demonstrated that artificially forced expres-
sion of LOX in CAFs in a xenograft breast tumor model 

increased stiffness of the tumor with enhanced β1 integrin/
FAK/ERK signaling in tumor cells, resulting in increased 
tumor growth [10]. It is worth noting that in non- experimental 
tumors, LOX is produced by different cell types, not only by 
CAFs [90]. Moreover, the role of LOX has also received con-
siderable attention in relation to the metastatic niche and 
tumor metastasis [52, 91, 92]. These studies have demon-
strated that LOX is deposited and crosslinks the basement 
membrane collagen IV at future sites of metastasis. In addi-
tion to collagens, other important ECM components of the 
metastatic niche stroma include periostin, fibronectin, EDA, 
and tenascin-C [93–95].

LOX expression has also been associated with poorer 
patient prognosis in lung adenocarcinoma [96]. For example, 
it has been shown that down-regulation of LOXL1, which 
belongs to the LOX family oxidases (LOXL 1–5), in xeno-
graft tumors of both established and primary non-small cell 
lung cancer lines in integrin α11 knockout in SCID back-
ground as compared to wild-type SCID mice leads to 
decreased tumor growth [97]. The decrease in tumor growth 
was closely associated with reduced organization and stiff-
ness of fibrillar collagen matrices (Fig. 5.1) [66].

In summary, in some tumor types, collagen matrices that 
are rich in collagen I and comprised of large diameter fibrils 
seem to be required for optimal support of tumor growth and 
metastasis. Current data from pancreatic cancer models sug-
gest a barrier function of fibrillar collagens. Furthermore, 
stiffer matrices comprised of linear fibrils around the tumor 
can provide routes for invasion. Stromal collagen organiza-
tion is dependent on: (1) CAFs, which produce the majority 
of the ECM and express cell surface integrins able to reorga-
nize the collagen matrix, (2) LOX enzymatic activity for 
matrix cross-linking and (3) MMPs to facilitate ECM 
reorganization.

As already mentioned, experiments using two different 
experimental model systems that severely restrict production 
of mouse pancreatic tumor stroma together with more recent 
studies in a mouse model where mAbs to LOXL2 was used 
to decrease collagen levels and stroma tension have demon-
strated that global obliteration of the stroma can result in 
tumors becoming more aggressive (Fig. 5.1) [32–34]. One 
way of interpreting these data is that in desmoplastic pancre-
atic tumors, the stroma acts as a barrier, the removal of which 
facilitates tumor cell migration and invasion. In light of these 
findings, it becomes critical to reconcile the data suggesting 
that linearized fibrillar collagen acts as a highway for tumor 
invasion [70, 75] with the multiple studies suggesting that a 
stiff dense matrix promotes tumor growth and tumor metas-
tasis [10, 76, 77, 98]. The most obvious explanation is that 
fibrillar collagens play different roles in different tumor 
types. These questions will need to be addressed in order to 
fully delineate, which pathways involved in collagen biosyn-
thesis, posttranslational modifications or collagen remodel-
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ing, represent attractive future therapeutic targets in the 
tumor stroma.

 Methods for Measuring Fibrillar Collagen 
Stiffness
Structural alterations of the ECM during tumor initiation and 
progression have been shown to occur in several epithelial 
tumors [99, 100]. As mentioned earlier, TACS signatures 
predict that collagen fibers in normal tissue are curly and 
non-oriented, which is different from the highly linearized 
fibers of intra-tumoral collagen [10, 66]. The fibrotic reac-
tion observed in the stroma of many cancers, characterized 
by an excess accumulation of some fibrillar collagens (espe-
cially type I, III, V, XI) as a result of desmoplasia, is consid-
ered to be a hallmark of cancer [91, 101, 102]. There are 
multiple collagen receptors in addition to collagen-binding 
integrins, such as DDRs, leukocyte-associated Ig-like recep-
tors (LAIRs), and glycoprotein VI [103]. These receptors 
are: (1) not necessarily expressed on tumor cells or stroma 
cells (LAIRs on immune cells, GPVI on platelets); and (2) 
unlike integrins their role as mechanoreceptors with the abil-
ity to reorganize collagen has not been established.

Since fibrillar collagen has a non-centrosymmetric struc-
ture, it can be readily visualized with second harmonic gen-
eration (SHG) two-photon confocal microscopy both in vivo 
and ex-vivo (i.e., histology sections) and its organization can 
be probed with SHG polarization measurement [104–106]. 
In SHG, an excitation wavelength of 840 nm is applied to a 
sample, the resultant SHG signal is then measured, which is 
exactly one-half of the excitation wavelength (i.e., 420 nm). 
SHG has multiple advantages such as it enables optical sec-
tioning and 3D imaging. Also, SHG does not require staining 
and absorption for signal generation, therefore, sample pho-
tobleaching is reduced. Overall, the intensity and polariza-
tion of the SHG signal depends on the sample structure and 
organization. Polarimetric SHG microscopy (P-SHG) allows 
the structural details of collagen organization in the tissue to 
be studied. In the use of P-SHG, the orientation of incoming 
laser polarization relative to a set of outgoing SHG polariza-
tions is measured (polarization-in, polarization-out (PIPO) 
SHG), revealing the second-order susceptibility component 
ratio in each pixel of the image. These measurements reflect 
the hierarchical organization of collagen in the tissue [107]. 
The SHG polarization measurement is influenced by several 
factors, including the amino acid composition and sequence 
of the collagen triple-helix, organization of the triple helices 
in the collagen fibrils, arrangement of these fibrils in the 
fibers and finally fiber orientation with respect to the tissue 
section plane [106]. In addition, The SHG analysis renders 
an average fiber orientation in each pixel of the image, and 
provides information on the orientation related to the helical 
pitch angle of the polypeptide chain of the collagen triple- 
helix in the tissue [108]. Hence, polarization SHG is a prom-

ising technique to detect collagen alterations in the ECM 
during cancer progression [109]. SHG enables pathologists 
to perform a live biopsy, for example, in the endoscopic set-
ting, or provides a quick histopathology investigation possi-
bility that does not require staining. SHG microscopy 
presents unique advantages compared to conventional opti-
cal techniques to investigate the 3D heterogeneous accumu-
lation of fibrillar collagen during fibrotic pathologies [110]. 
Another way to analyze the fibril orientation distribution is 
to measure the degree of waviness or alignment and orienta-
tion of collagen by an Image J plug-in method [111]. In this 
way, the local collagen fiber orientation was derived from the 
angle of the oriented collagen structure. The shape of the 
distribution indicated the degree of alignment within the 
image, where wide and broad shapes suggested little coher-
ence in alignment and tight peaks implied aligned structures. 
In another study, the collagen fiber arrangement in NSCLC 
tumor xenografts was measured by a novel relative linearity 
index [66]. The combination of SHG polarimetric analysis 
and texture analysis revealed significant differences in the 
collagen structure between NSCLC and normal lung tissue 
and could quantify the structural alteration of collagen in 
stage-I, -II, and III-NSCLC tissue (PMID: 32341852). 
Therefore, the combination of polarimetric SHG microscopy 
and histopathology may lead to more accurate cancer diag-
nostics and staging.

Another method of studying the collagen linearity on a 
nanometer scale is electron microscopy, which involves 
measuring how straight or “curly” an individual fiber is [66]. 
Accordingly, the linearity on this scale would correlate to the 
stiffness of individual fibers. The advantage of the SHG 
images is that they show collagen arrangement on a larger 
scale (the images are 0.5 mm × 0.5 mm), which is indicative 
of the stiffness or stretchiness of tissue on the micron-to-mm 
scale.

In a more advanced way, the self-assembly of the native 
collagen fibrils in vitro could be characterized by the use of 
atomic force microscopy (AFM) [112, 113]. AFM elasticity 
measurements are a powerful tool to directly assess mechan-
ical stiffness on the level of individual, or groups of, fibers. 
In fact, AFM can be used as a microdissection tool to study 
the inner assembly of the collagen fibrils. The AFM tech-
nique is based on detection of forces acting between a sharp 
probe, known as AFM tip, and the sample’s surface [114]. 
To determine the elastic properties of collagen fibrils, the tip 
of the AFM (cantilever) was used as a nanoindentor by 
recording force-displacement curves [115]. It has been 
shown that a new variant of AFM, which is called in situ 
atomic force indentation microscopy [116], is capable of 
measuring stiffness changes in mammary gland tissue as it 
evolves from normal to malignant with exquisite spatial 
detail. Based on this method, in a mouse model of human 
breast cancer that metastasizes to the lungs, the extracellular 
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matrix at the tumor boundary turned out to be the stiffest of 
all the tumor’s components. In this study, AFM was applied 
to measure the stiffness of the surrounding extracellular 
matrix as a prognostic indicator for tumor development and 
aggressiveness [117].

Another technique of interest for measuring ECM and tis-
sue stiffness at the macroscopic level is shear rheology [118]. 
At its simplest, this approach provides high-resolution deter-
mination of the matrix and tissue elasticity by measurements 
of mechanical compression and nano-indentation [118]. 
Shear rheology is a commonly applied means of testing the 
mechanical properties of materials by indenting the test 
material with a diamond tip while measuring the force- 
displacement response [118]. Although the techniques 
described above provide accurate and useful quantitative 
data on the biomechanical properties of matrix and tissue, 
most are generally considered invasive and/or destructive 
methodologies [119]. Hence, there is a need to develop 
methods to measure elastic properties and stiffness of tissues 
and matrix in a non-invasive manner for clinical application. 
Magnetic resonance and ultrasound elastography are rou-
tinely used tools in the clinic that provides the image contrast 
of elastic properties of tissues [120]. Clinical in vivo imaging 
by elastography shows that malignant breast tumors tend to 
appear stiffer than benign breast tumors; in particular, the 
stiffer tissue is frequently observed at the tumor margin or 
the invasive edge of the tumor [120]. Newer technologies 
based on fluorescence resonance energy transfer (FRET) 
[121], magnetic resonance imaging (MRI), positron emis-
sion tomography (PET) and single-photon emission com-
puted tomography (SPECT) [122] are being developed to 
image the dynamic status of ECM remodeling [123]. 
Advances in μ-ultrasound, optical coherence tomography 
(OCT), optical acoustic microscopy and scanning acoustic 
microscopy (SAM) [118] are under development to facilitate 
imaging and quantitative measurement of stiffness at the 
microscopic scale [124]. In addition, increasing the resolu-
tion of many of the above techniques will be possible with 
improved contrast agents, such as so-called “smart probes,” 
which are MRI contrast agents that can be used to study 
ECM components [125–127]. More information on these 
techniques is available in other reviews and reference 
materials.

In summary, new techniques that image the dynamics of 
cell-ECM interactions to non-invasively quantify  remodeling 
of the ECM at the sub-millimeter level will ultimately pro-
vide additional resources for basic research and in the clinic. 
Therefore, increased understanding of the molecular basis 
of mechanotransduction may lead to identification of an 
entirely new class of molecular targets for anticancer 
therapy.

 Role of EDA Fibronectin in the Tumor Stroma

Fibronectin (FN) is a large modular extracellular matrix pro-
tein composed of type I, type II and type III repeats [128] 
(Fig. 5.2). FN RNA is alternatively spliced at three conserved 
regions EIIIA (EDA), EIIB (EDB) and V (CS-1). The FN 
gene structure and splicing have been described in detail 
elsewhere [129]. The EDA and EDB domains display 29% 
sequence identity, but are each highly conserved among ver-
tebrates [129]. Whereas a number of receptors have been 
described for EDA (described later), the cellular receptor(s) 
for the EDB domain remains largely unknown. Therefore, 
most of the focus has been on the EDA isoform.

The EDA and EDB isoforms are both highly expressed 
during embryonic development, especially in developing 
blood vessels [130], but are almost absent in the adult 
organism, where vascularization and tissue reorganization 
are quiescent. During wound healing [131], fibrosis and in 
solid tumors [132], the EDA/EDB embryonic splice vari-
ants are re-expressed [133], leading to the term “oncofetal” 
splice variants. Some studies suggest that these embryonic 
splice forms in tumors are mainly expressed in neo-vascu-
lature [134], whereas other studies demonstrated their pres-
ence in the fibrotic stroma associated with myofibroblasts 
[135, 136].

The EDA domain is composed of 7 antiparallel beta 
strands separated by loops [129]. Early studies suggested 
that the presence of EDA in intact FN indirectly influenced 
the exposure of the RGD sequence in the tenth FN type III 
repeat leading to higher binding affinity for integrin α5β1 to 
FN EDA [137]. In later studies, it was demonstrated that 
integrin α9β1 and α4β1 bound directly to a cryptic loop 
region in an EDA containing fragment, but not to the intact 
FN EDA [138]. Binding of these integrins to the cryptic site 
would thus require proteolytic cleavage of fibronectin. α4β7 
integrin on lung fibroblasts has also been shown to bind 
directly to FN EDA [139]. Similarly, Toll-like receptor 4 
(TLR4) has been reported to be activated upon binding to the 
isolated EDA fragment, but not upon binding to the intact 
fibronectin EDA [140]. Importantly, FN EDA enhances 
TLR4 response, which in turn has been reported to augment 
TGF-β signaling [141]. α9β1 on basal keratinocytes co- 
localizes with EDA at the dermal-epidermal junction in skin 
wounds, but in dermal wounds, some dermal fibroblasts also 
express α9β1 [131]. Endothelial cells on developing and 
adult lymphatic vessels also express α9β1 [142]. Depending 
on the relative levels of different receptors, the effect of EDA 
FN is thus likely to vary.

Upon gross examination, mice deficient in either EDA or 
EDB appear normal, suggesting a redundancy for these 
splice forms during development [143, 144]. In contrast, 
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mice lacking both isoforms die at E9–10, due to cardiovascu-
lar defects and leaky blood vessels [145]. Careful analysis of 
fibronectin EDA−/− mice reveals some mild phenotypes 
including a mild lymph vessel impairment, due to a transient 
role for α9β1/fibronectin EDA during lymphangiogenesis 
[142]. However, other data suggests that EMILIN1 might 
play a more prominent role than FN EDA as an α9β1 ligand 
during lymph vessel development, especially in mature 
lymph vessels [146]. Whereas the expression of FN EDA 
clearly is a marker for certain biological processes such as 
wound healing, fibrosis, and a reactive tumor stroma, the 
exact role of EDA in these events is more complex [53].

 Function of EDA Fibronectin Domain in Wound 
Healing
The role of EDA in wound healing has been studied in great 
detail. In a much-cited study, an essential role of EDA in 
TGF-β stimulated myofibroblast differentiation of rat dermal 
fibroblasts in vitro was determined using neutralizing anti-
bodies [147]. In another study, EDA induced a pro-fibrotic 
effect in in dermal fibroblasts via binding to α4β1-mediated 
without affecting myofibroblast differentiation [148]. 
Similarly, studies of wound healing in EDA knockout mice 
failed to detect any major myofibroblast differentiation 
defects in the granulation tissue, though reduced epithelial 
migration was observed at the epidermal-dermal border 
along with some defects in granulation tissue [144, 149]. A 
role for integrin α9 and EDA in keratinocyte migration was 
further supported by experiments where α9 was condition-
ally deleted on keratinocytes, resulting in epithelial thinning 
[149]. Independent studies using EDA blocking antibodies 
in  vivo resulted in mild effects on granulation tissue. The 
authors of these studies suggest that the less dense granula-
tion tissue observed in these experiments was due to defec-
tive migration of dermal fibroblasts into the wounds, rather 
than defective myofibroblast differentiation [150].

 Function of EDA Fibronectin Domain in Fibrosis
In the last 5–10 years, the role of fibronectin and the EDA 
FN isoform have attracted considerable interest in fibroblasts 
biology and accumulating data now attest to the biologic 
importance of the EDA FN isoform in tissue and tumor 
pathology. An in vitro study suggests that integrin α4β7 on 
lung fibroblasts stimulates myofibroblast differentiation 
[139]. In a mouse model, EDA FN deficiency prevented 
bleomycin-induced lung fibrosis [151]. Mechanistic analy-
ses suggested an effect related to TGF-β activation in the 
lungs in this fibrosis model. Studies of infarcted hearts have 
also revealed reduced cardiac fibrosis and myofibroblast dif-
ferentiation in the absence of EDA FN [152].

More and more studies are being published on the role of 
non-integrin receptors taking part in mediating the effects of 
EDA FN.  In dermal fibroblasts both α4β1 integrin and the 

non-integrin receptor TLR4 have been shown to cooperate to 
induce fibrotic gene expression [153]. In smooth muscle 
cells, both receptors cooperate to mediate phenotype switch-
ing in Akt/mTOR (TLR4- mediated) and FAK/ERK/NF-kB 
mediated Il-1β release (integrin α4β1-mediated) [154]. 
Given the finding in Jain et al. [154], it would be interesting 
to determine the role of TLR4 in collagen remodeling under 
conditions when EDA FN is present. It has been suggested 
that EDA FN associated with TLR4 may play a role in 
keloids to couple a fibrotic response with an inflammatory 
response in the skin [141].

In a detailed in vitro study using fibroblasts, the group of 
Boris Hinz has convincingly demonstrated that EDA FN is 
increasingly produced under stiff conditions and enhances 
the recruitment of latent TGF-β-binding protein-1 (LTBP-1) 
to the ECM matrix [155]. In the context of fibrosis, EDA FN 
is important in myofibroblast activation (suggested to occur 
via integrins α4β [148], α9β1 [156] and α4β7 [139] in differ-
ent experimental systems), but prior to this careful study, the 
link between EDA FN and TGF-β activation/storage had 
been elusive. Although the study was performed using skin 
fibroblasts, the data is probably of high relevance to different 
forms of tissue- and tumor fibrosis.

 Function of EDA Fibronectin Domain 
in Tumorigenesis
In the context of tumors, in  vitro and in  vivo experiments 
have suggested different roles for EDA FN (Fig.  5.2). For 
fibronectin fibrillogenesis, integrins α5β1 and αvβ3 seem to 
cooperate to assemble a fibrillar EDA FN matrix and to 
direct tumor cell migration [157, 158]. The appearance and 
organization of fibronectin are thus closely associated with 
the behavior of integrin fibronectin receptors in CAFs. 
Elegant studies have demonstrated a role for αvβ5 in regulat-
ing α5β1 endocytosis and function in CAFs [159]. In another 
study, CD93 was shown to promote integrin activation and 
fibronectin fibrillogenesis during tumor angiogenesis [160].

In one cancer-related study, it was suggested that EDA 
FN, indirectly, by increased binding of α5β1 to RGD and 
induction of arginase-1, inhibits the immune response in 
cancer [161]. The elaborate mechanism worked out in this 
study involved α5β1- mediated increase in myeloid differen-
tiation followed by an arginase-1-mediated suppression of 
the immune response, in turn potentiating enhanced tumor 
growth and reduced fibrosis. In yet another study, a role for 
CAF-produced EDA FN in directing the collective migration 
of HNSCC was demonstrated to depend on both α9β1 and 
αvβ6 in HNSCC cells [162].

Studies in spheroids using MDA-MB-231 cells demon-
strated that under stiff conditions (12kP), the actin modula-
tory protein Mena was upregulated to potentiate α5β1 
integrin-mediated assembly of EDA FN, which in turn was 
found to further stimulate integrin α4β1-mediated EDA 
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FN-dependent invasion in this spheroid context [163]. The 
study is intriguing given that it was performed with homo-
spheroids, composed only of tumor cells, and it will be com-
pelling to determine if similar data can be obtained in 
heterospheroids containing co-cultures of tumor cells and 
CAFs, since CAFs are the main contributing producers of 
EDA FN in the TME.

A detailed study on the role of the SH3 and NCk-binding 
protein Spin90 in α4β1 integrin signaling in CAF-like MEF 
cells in vitro and in vivo experiments demonstrates a role of 
SPIN90 in regulating EDA FN synthesis and fibrillogenesis 
as well as myofibroblast activation, in turn regulating breast 
cancer cell proliferation, migration and invasion [164]. The 
increased EDA FN synthesis in the Spin90−/− CAF-like 
MEFS could be reversed in the Spin90 rescued cells. 
Interestingly, in the studies of Kwon et al, α4β1-mediated 
binding to EDA FN is able to reorganize a collagen matrix 
in Spin90−/− cells, whereas wild-type MEF cells failed to 
demonstrate a contribution of a cell-fibronectin interaction 
to the collagen matrix remodeling. In addition to the intra-
cellular protein SPIN90 being able to control the mecha-
nism of collagen matrix remodeling under very specific 
gene deletion conditions, it is likely that the integrin reper-
toire is a more general determinant of collagen reorganiza-
tion. In conditions of high levels of collagen-binding 
integrins (i.e., α2β1 and α11β1) and low fibronectin synthe-
sis, collagen-binding integrins would dominate [55]. 
Whereas under conditions with low levels collagen-binding 
integrins, high levels of fibronectin synthesis, high levels of 
fibronectin-binding integrins (i.e., α4β1 or α5β1), fibronec-
tin-binding integrins would mediate collagen reorganiza-
tion. The study of Kwon et al demonstrates a role for α4β1/
EDA FN in collagen remodeling in genetically modified 
cells, and it will be interesting to determine if this interac-
tion also can be demonstrated under more physiological 
conditions and in the tumor TME.

In colon carcinoma, EDA FN sustained tumor cell prolif-
eration and induced lymphangiogenesis through VEGF-C 
secretion in mouse xenograft models [165, 166]. EDA FN 
has also been shown to induce EMT in lung and colon carci-
nomas, thus promoting metastasis [167, 168]. In a radiother-
apeutic aspect, the presence of EDA FN reduced radiation 
sensitivity in head and neck carcinoma by inhibiting apopto-
sis of tumor cells [169]. Despite these findings, the absence 
of either EDA or EDB did not affect tumor growth, tumor 
angiogenesis, α-SMA expression in the tumor stroma, or 
tumor metastasis in either the Rip1- Tag2 tumor model or a 
xenograft model [130].

In summary, EDA FN is highly expressed in granulation 
tissue, in fibrotic lesions and in the tumor stroma. Critical 
analysis in genetic models demonstrated a moderate effect of 
EDA FN in wound healing, but with new methods and more 
careful analyses in new experimental genetic models, impor-

tant contributions to fibrosis and tumorigenesis are also 
increasingly being recorded.

 Matricellular Proteins: Tenascins and Periostin

Matricellular proteins are secreted macromolecules that do 
not play a primary role in matrix structure, but are able to 
modulate cell interactions and functions [170]. In cancer, 
matricellular proteins are involved in different steps of 
tumorigenesis due to their ability to bind different cell recep-
tors [171]. The matricellular protein family includes throm-
bospondins, tenascins, SPARC, periostin, osteopontin and 
CCN proteins. In this chapter, we focus on the role of tenas-
cins and periostin in cancer progression (Fig. 5.2).

 Tenascins
The tenascin family is composed of four members in verte-
brates, expressed in different tissues with a common role in 
modulation of cell adhesion and spreading [172]. Although 
all tenascin isoforms are expressed in different cancer forms, 
TN-C has been studied the most. TN-C is absent or lowly 
expressed in adult tissues, in contrast to the strong expres-
sion observed in cancer. TN-C is dynamically expressed dur-
ing embryogenesis and pathological disorders but mice 
carrying a null mutation in the Tnc gene display no pheno-
type [173]. A continued interest in this molecule has, how-
ever, indicated important biological roles for TN-C, which 
thus is a completely different scenario compared to the 
largely negative results obtained in these initial challenging 
experiments using Tnc−/− mice. Although TN-C is highly 
expressed in fibrotic conditions in tissues and the tumor 
stroma as well as tumor metastases, several studies failed to 
reveal a functional role of TN-C in these fibrotic matrices. 
This included studies of TN-C in the PyMT breast cancer 
model [174]. In contrast to data from the PyMT model in 
Tnc−/− genetic background which suggested a very mild phe-
notype with macrophage filled Tnc−/− stroma with little con-
sequences for tumor cell proliferation or lung metastasis in 
the absence of TN-C, continued studies in a number of mod-
els have more recently confirmed a functional role of TN-C 
in specific fibrotic and tumorigenesis events (please see 
below for details).

Just as Toll-like receptor 4 (TLR4) has emerged as a 
receptor mediating pro-fibrotic signal for EDA FN, TLR4 
has also emerged as a receptor for different tenascin iso-
forms. A detailed study focusing on different motifs in TN-C 
has identified a structure in fibrinogen-like globe domain 
(FBG) of TN-C that is predicted to be active in TLR4 bind-
ing also in tenascin R- and tenascin-W, but notably not in 
TN-X [175]. A number of studies suggest that tenascin-C 
effects are mediated by both integrins and TLR4 receptors, 
often creating a complex interaction network involving para-
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crine signaling. Experiments using cell cultures and experi-
mental fibrosis in Tnc−/− mice have demonstrated a role for 
TLR4  in TN-C-dependent skin and lung fibrosis [176]. A 
recent study demonstrates an interesting role of TN-C in 
heart fibrosis following experimental myocardial infarction 
suggesting involvement of TIMP-3  in the reduced fibrosis 
observed in the absence of TN-C. In an independent study, 
the transcriptional regulators twist and paired-related homeo-
box1 (Prrx1) were identified in a positive feedback loop 
together with TN-C to be involved in regulating fibroblast 
activation both under physiological and fibrosis/wound heal-
ing responses [177]. Such fibrogenic niches composed of 
TN-C in has been shown to be active in kidney fibrosis [178].

Tenascin-C expression is induced in several solid tumors 
and is often associated with poor prognosis (for review, see 
[179]). It is now clear that TN-C promotes tumorigenesis, 
acting at different steps of this process, with the metastasis 
step probably being the most prominent step. TN-C can stim-
ulate tumor growth by abolishing the cell proliferation- 
suppressing effect of fibronectin [180, 181]. TN-C has also 
been demonstrated to compete with fibronectin for syndecan-
 4 binding, thus weakening breast carcinoma cell adhesion 
and spreading on fibronectin [182]; this cell adhesion inhibi-
tion leads to cell rounding that enhances tumor cell prolifera-
tion. TN-C can reduce apoptosis of pancreatic cancer cells, 
by activating the anti-apoptotic Bcl-2 and Bcl-xl and inhibit-
ing cleavage of caspase-3 [183]. Tenascin-C also stimulates 
EMT of breast cancer cells, in an αvβ1- and αvβ6- dependent 
manner [184, 185]. The Wnt/β-catenin signaling pathway, 
which is known to induce EMT [186], is enhanced in the 
presence of tenascin-C via the down-regulation of the Wnt 
inhibitor Dickkopf 1, which stabilizes β-catenin [181, 187]. 
It is interesting to note that the TNC gene was identified as a 
β-catenin signaling target in colorectal cancer, suggesting a 
feed-forward loop that could stabilize the EMT phenotype 
and influence invasion in this tumor type [188].

Furthermore, TN-C plays a role in tumor cell migration 
and invasion [189, 190]. In a study of invasive melanoma, 
tenascin-C was found to form, in addition to fibronectin and 
collagen I, tubular structures that were proposed to serve as 
channels for melanoma cell invasion [191]. Interestingly, 
TN-C can also up-regulate MMP-9 and MMP-13 expression 
in breast cancer, thus promoting cancer cell invasion [192, 
193]. Knockdown of tenascin-C in the MDA-MB-435 mela-
noma cell line decreased the number of lung metastasis in 
nude mice, demonstrating that tenascin-C may stimulate 
metastatic progression [194]. Another publication demon-
strated that in lung metastatic sites, TN-C is over-expressed 
by S100A4+ stromal cells, most likely fibroblasts, supporting 
metastatic colonization [195]. In the same study, Tnc−/− mice 
injected with 4T1 murine breast cancer cells displayed fewer 
and smaller metastatic lung nodules [195]. Another interest-
ing study initiated by Oskarsson et  al. showed that TN-C 

secretion by breast cancer cells is required to form a meta-
static niche for the establishment of lung metastases [93].

A detailed careful study of ECM proteins induced in lung 
fibrosis, in lung cancer and in lung cancer metastases using 
mass spectrometry technology and various mouse models 
identified TN-C as being induced in all these conditions 
[196]. However, additional experiments in knockout models 
and in transgenic overexpressing mice revealed a functional 
role of Tn-C restricted to metastasis, which is still in stark 
contrast to the early experiments in PyMT mice, where no 
effects on lung metastasis were seen (Fig. 5.2). With regard 
to the cellular mechanisms, a study of human mammary 
fibroblasts, as a model of breast cancer CAFs, suggest that 
TN-C treatment increase collagen gel contraction and 
increased synthesis of TN-C and integrin αvβ1, in turn lead-
ing to increased TGF-β activation [197]. This is suggested to 
be a mechanism promoting increased matrix stiffness. It will 
be interesting to pursue how actually TN-C mediates this 
effect on collagen gel contraction. Since this process ulti-
mately depends on a stable link between cells and the colla-
gen matrix, it is possible that the cell-TN-C interaction 
creates a stimulatory autocrine signal strengthening the link 
between collagen-binding integrins and the collagen matrix.

In a detailed study of a mouse model of head and neck 
cancer, TN-C was demonstrated to be present in tumor TME 
to contribute to shape an immunosuppressive pro-tumoral 
microenvironment [198]. When TN-C was depleted in this 
tumor model, tumor growth and lymph node invasion were 
affected. The observed TN-C effects were shown to be medi-
ated by α9β1 integrin on endothelial cells acting via CCL21 
secretion and TLR4 on CD11c+ myeloid cells acting via 
CCR7. It will be interesting to determine if these immuno-
suppressive systemic effects also are operational in other 
tumor types.

Tenascin-W was the last tenascin member to be described, 
and relatively little is known about this tenascin family mem-
ber. The expression of tenascin-W has been shown to be 
regulated by TGF-β [199], and was initially observed to be 
strongly upregulated in the tumor stroma of breast and colon 
cancer patients [200, 201]. In the context of breast cancer, 
tenascin-W has been shown to promote the migration of 
breast tumor cells through interaction with α8β1 integrin 
[202]. In later studies, Brellier et al. determined that tenas-
cin- W expression was also induced in melanoma and in pan-
creatic, kidney and lung carcinomas; the authors suggested 
that tenascin-W might be a useful cancer biomarker in sev-
eral solid tumors [203].

Tenascin-X is expressed in several tissues, with high 
expression in skin and skeletal muscle [204]. Deficiency or 
mutation in tenascin-X gene leads to a form of Ehlers-Danlos 
syndrome, characterized by skin and joint hyperextensibility 
[205]. In contrast with other tenascins, tenascin-X was first 
predicted to be anti-tumorigenic: its expression was strongly 
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decreased in malignant melanoma [206], and mice deficient 
in tenascin-X displayed increased melanoma invasion and 
metastasis [207]. This was explained by an induction of 
MMPs, including MMP-2, in the absence of tenascin-X 
through JNK signaling, indicating a role of this tenascin in 
matrix proteolysis regulation [208]. Alcaraz et al. have sug-
gested a different role of tenascin-X in breast cancer progres-
sion. In their study, tenascin-X was curiously enough 
suggested to contribute to TGF-β activation via its interac-
tion with α11β1 integrin, thus promoting EMT [209]. It will 
be interesting to determine if the binding of tenascin to 
α11β1 is direct, and if so, which part of integrin α11β1 binds 
to tenascin-X.

 Periostin
Periostin is a matricellular protein, which is highly 
expressed in mesenchymal tissues during development 
[210]. Periostin is a homodimeric matricellular protein 
belonging to fasciclin family (Fig. 5.2). Like TN-C, perios-
tin is induced in the tumor stroma. Detailed studies have 
revealed complex interactions with αv integrins (αvβ1, 
αvβ3, αvβ5) [211]. Genetic deletion of periostin leads to 
tooth defects and a periodontal- like disease, which result in 
dwarfism [210]. Wound healing studies suggest a promot-
ing effect of periostin in dermal myofibroblast differentia-
tion and collagen gel contraction [212]. A pro-fibrogenic 
role for periostin in cardiac and skeletal muscle fibrosis has 
also been reported [213, 214]. Interestingly, periostin has 
been observed to interact with fibrillar collagen and in the 
absence of periostin the collagen fibrillar diameter increases 
[215, 216].

In the tumor context, an early study reported reduced 
numbers of activated CAFs and less collagen in capsule 
and TME, leading to increased growth of grafted mouse 
tumor cell lines in postn−/− mice [217]. Later studies have 
focused on the presence of periostin in the tumor stroma of 
gastric cancer, melanoma, glioblastoma and in metastatic 
niches [218–220]. In one study, the ability of periostin to 
bind Wnt was suggested to be the mechanism underlying 
the ability of periostin to support cancer stem cell mainte-
nance and tumor metastasis (Fig. 5.2) [94, 221]. Periostin 
was shown to induce EMT in cholangiocarcinoma through 
α5β1 integrin and the TWIST-2 axis [222]. In colorectal 
cancer, periostin secreted by stromal fibroblasts promotes 
YAP/TAZ activation and IL-6 expression in tumor cells, 
which in turn activates myofibroblasts and periostin syn-
thesis to facilitate tumor progression [223]. In a study of 
B16F10 melanoma model, chemotherapy treatment with 
cisplatin was found to increase periostin levels, in turn 
suggested to contribute to liver metastasis by enhancing 
metastatic niche formation [224].

 Stromal Proteoglycans

Proteoglycans (PGs), abundant at cell surfaces and in the 
extracellular matrix, belong to a group of glycoproteins in 
which the core protein is substituted with one or more poly-
saccharide chains (called glycosaminoglycans; GAGs). PGs 
play important roles during different aspects of cancer pro-
gression (for review, see [225–227]). Heparan sulfate (HS) 
PGs execute their function by binding to a variety of mole-
cules including members of several growth factor families, 
chemokines, morphogens, serine protease inhibitors, and 
extracellular matrix proteins [228]. Protein binding is gener-
ally mediated by their sulfated GAG chains, but may in a few 
cases involve interaction with core proteins [229]. Examples 
of proteins that depend on binding to HSPGs for function 
include members of the FGF-family and their corresponding 
receptors, VEGF, members of the transforming growth 
factor-β family, Wnt proteins, pleotropin and the serin prote-
ase inhibitor antithrombin [230]. Depending on the mole-
cule, the activity of the bound factors is mostly enhanced, 
although there are few examples of activities that are inhib-
ited by the binding to HSPGs. The morphogen Wnt is seques-
tered by HS chains at the cell surface and becomes available 
for receptor activation only following enzyme-catalyzed 
release of specific sulfate groups from the HS chains [231].

In addition to the direct effect of HSPGs on growth factor 
signaling, the HSPG bound factors are protected from pro-
teolytic degradation and can be released and activated under 
different physiological or pathological conditions like cancer 
[232]. Sequestration of chemokines and cytokines plays a 
critical role in regulating the shape of morphogen gradients 
and in inducing a signal for cell migration, a first step for 
invasion and metastasis [233, 234]. The major PGs are sub- 
classified into three groups depending on their localization; 
intracellular PGs (serglycin), cell surface-associated PGs 
(syndecans, glypicans) and secreted PGs (hyalectans, small 
leucine-rich proteoglycans, perlecan) [235]. In this chapter, 
we focus on the stromal PGs the most characterized in the 
tumor context, shed syndecans and small leucine-rich pro-
teins/proteoglycans (SLRPs) and summarize how their pres-
ence in tumor stroma influences cancer progression 
(Fig. 5.3).

 Syndecans
Syndecans are transmembrane HSPGs with four members in 
vertebrates, syndecan-1 to -4. When present at the cell sur-
face, they are formally not part of the tumor ECM, but since 
they can be shed into the ECM they are discussed in the con-
text of TME, both for roles of unshed and shed forms. They 
are involved in diverse biological processes, such as regulat-
ing cell adhesion, cell migration and differentiation, as well 
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Fig. 5.3 Structure of stromal proteoglycans and their role in tumorigen-
esis. Syndecans is a family of four members that differ by the size of the 
ectodomain and the variable domain. All syndecans exhibit heparan sul-
fate (HS) chains, but only syndecan-1 and -3 have chondroitin sulfate 
(CS) chains in the ectodomain part close to the transmembrane domain. 
Syndecans at the cell surface can be shed by MMPs to induce its effect 
on cancer cells. Syndecans as co-factor for FGF receptor (FGFR) stimu-
late tumor growth by delivering FGF-2. Syndecan-1 could be endocy-
tosed to deliver growth factors into the nucleus leading to increased gene 
transcription. Syndecan-1 can regulate macropinocytosis to fuel cancer 
cell growth. Syndecan-1 is also required in metastatic niches to support 
the metastatic colonization. Force on syndecan-4 induces activation of 
integrins involving kindlin-2 with the potential to reorganize the 
ECM. Small leucine-rich proteoglycans (SLRPs) are composed of leu-
cine-rich repeats (LRR) that contain the LxxLxLxxNxL motif (L, leu-

cine; N, asparagine; x, any amino acid). Decorin could exhibit one chain 
of chondroitin sulfate (CS) or dermatan sulfate (DS), whereas lumican 
could exhibit one to four keratan sulfate (KS) chains. HS, DS, CS, and 
KS chains are composed of repeats of disaccharide units that could be 
sulfated (SO3

−) at different locations as indicated in the figure. As shown 
for fibromodulin, SLRPs could increase thickness of collagen fibers 
resulting in increased interstitial fluid pressure (IFP). Some SLRPs, such 
as asporin, have ability to bind and sequester TGF-β resulting in cancer 
growth and metastasis inhibition. Lumican has been shown to inhibit 
cancer cell migration by interaction through α2β1 integrin and by inhib-
iting MT1-MMP.  Decorin has been shown to interact with tyrosine 
kinase receptors. Binding to EGF receptor (EGFR) leads to the receptor 
internalization and tumor growth inhibition. Binding to c-met inhibits 
cancer cell migration. Binding to VEGFR2 in endothelial cells inhibits 
angiogenesis. (For more details, please refer to the main text)
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as participating in the organization of ECM and the cytoskel-
eton [236]. Syndecans can serve as co-receptors in various 
signaling pathways on the cell surface and also provide a link 
between the ECM and the cytoskeleton by directly interact-
ing with the cytoskeleton or via other molecules [237]. In 
pancreatic cancer, localization of syndecan-1 at the cell sur-
face of PDAC cells regulates macropinocytosis, which con-
sists of uptaking proteins from the extracellular matrix to 
fuel cell metabolism, promoting tumor growth [238]. As 
described for tenascin-C and periostin (see above), stromal 
fibroblast-derived syndecan-1 is required in metastatic niche 
to promote metastases outgrowth. Syndecan-1-mediated 
lung metastases of breast carcinoma cells is a temperature- 
dependent process [239].

Syndecan-4 is ubiquitously expressed at low levels. 
Although integrins are the canonical mechanotransducing 
cell surface receptors, syndecans have also been regarded 
to take part in mechanosensing through their role as co- 
receptors for collagen- and fibronectin-binding integrins 
(Fig.  5.3) [240, 241]. Recent studies suggest that syn-
decan-4 rather than only being present with integrins in the 
same adhesion sites, also can generate signals in response 
to tension (at subcellular sites separate from integrin adhe-
sions) that activates kindlin-2/β1 integrin/RhoA axis in a 
PI3K -dependent manner [242]. These new results have 
been obtained in an advanced experimental in vitro system 
using fibronectin- and collagen-coated magnetic beads. It 
will be interesting to see if the proposed model of syn-
decan-4 mechanosignaling activating integrins is also valid 
under more in vivo-like 3D conditions.

One interesting feature of syndecans is the shedding of 
the extracellular domain that enables syndecans to act as 
soluble factors [243], which plays an important role in 
tumorigenesis (Fig.  5.3). The shedding occurs next to the 
plasma membrane and is processed by different MMPs: 
MMP-7 is involved in syndecan-1 and -2 shedding, MMP-2 
and -9 can cleave syndecan-1, -2 and -4, whereas MMP-14 
can cleave syndecan-1 and -4 [244–246]. The shedding is 
regulated by different growth factors and cytokines present 
in the tumor microenvironment, such as FGF-2 and TNF-α 
[247, 248]. In addition, heparanase, an enzyme that cleaves 
the HS chains, regulates syndecan-1 expression and pro-
motes syndecan-1 shedding, resulting in increased myeloma 
tumor growth [249].

In general, shed syndecans promote tumor progression 
and it was described earlier that highly soluble syndecan-1 
was associated with poor outcome in non-small cell lung 
cancer [250]. This correlation was also observed in myeloma 
and bladder carcinoma [251, 252]. In breast carcinoma, 
shedding of syndecan-1 from CAFs stimulates tumor cell 
proliferation via FGF-2; shed syndecan-1 thus serving as a 
paracrine mediator [253, 254]. However, another study dem-
onstrated an inhibitory effect of shed syndecan-1 on breast 

adenocarcinoma cell proliferation [255]. The study interest-
ingly suggested the duality of membrane-bound and soluble 
syndecan-1. In a study by Nikolova et  al., transmembrane 
syndecan-1 promoted cell proliferation and inhibited inva-
sion, whereas shed syndecan-1 inhibited proliferation but 
increased invasiveness, suggesting that both syndecan forms 
contributed to breast cancer progression, but at different 
stages [255]. More recently, shed syndecan-2 has been 
shown to contribute to colorectal tumor growth and metasta-
sis by up-regulating MMP-7, suggesting a positive regula-
tory loop between these two proteins [256].

Another study suggests that shed syndecan-1 translocates 
to the nucleus of tumor cells, indicating that syndecan-1 may 
deliver growth factors (e.g., HGF) to the nucleus, and also 
down-regulates histone acetylation, leading to increased 
gene transcription [252]. Nuclear translocation is believed to 
involve endocytosis of syndecan-1 growth factor complex 
from the cell surface and transport to the nucleus, but the 
exact mechanism of nuclear import has not been elucidated.

It has been reported that chemotherapeutic drugs, used in 
myeloma treatment, stimulate the shedding of syndecan-1, 
thus contributing to increased tumor growth [251]. 
Additionally, shed syndecan-1 contributes to chemotherapy 
resistance in colon cancer [257]. Targeting shed syndecans 
could be an effective strategy to control cancer progression; 
however better understanding of the molecular mechanisms 
of action is needed in order to avoid any potential adverse 
side effects.

 Small Leucine-Rich Proteoglycans
SLRPs are extracellular matrix proteins rich in leucine-rich 
repeats, conferring a “banana” shape structure with a con-
cave face involved in protein-protein interactions. Most 
SLRPs bind to fibrillar collagen and regulate collagen fibril-
logenesis and matrix assembly [258]. Among the many bio-
logical processes regulated by SLRPs, tumor growth is one 
of the most well studied. The SLRP family encompasses 18 
members, grouped into five classes (I–V) [235]. In this sec-
tion, we will focus on the role of four SLRPs from classes I 
and II in tumor progression (Fig. 5.3).

Decorin is a chondroitin/dermatan sulfate SLRP that is 
expressed in several tissues. Although one study associated 
high expression of decorin with metastasis and poor survival 
in breast cancer [259], decorin is often described as having 
anti-tumor properties, as listed below. Decorin expression is 
down-regulated in bladder cancer [260], prostate cancer 
[261], lung cancer [262] and breast cancer [263, 264], where 
a reduced expression is associated with poor survival [265]. 
Consistent with these observations, liver carcinogenesis was 
promoted in decorin-null mice [266]. Moreover, overexpres-
sion of decorin was shown to inhibit metastasis of prostate 
cancer [267], inhibit proliferation of bladder tumor cells 
[260], and inhibit colorectal carcinoma cell growth and 
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migration [268]. Systemic injection of decorin in MDA-231 
triple negative breast carcinoma xenografts induced expres-
sion of cellular adhesion molecules and promoted tumor 
suppressor genes, whereas inflammatory and immune 
response genes were down-regulated [269].

From a mechanistic point of view, decorin can affect tumor 
progression via its interaction with tyrosine kinase receptors. 
It has been demonstrated that decorin can bind to the EGF 
receptor and mediate internalization and degradation of the 
receptor and induce expression of p21WAF, an inhibitor of the 
cell cycle and apoptosis [270]. Decorin can also antagonize 
Met, a receptor for hepatocyte growth factor, via degradation 
of β-catenin, leading to reduced cell migration and invasion 
[271]. The decorin/Met axis appears to be required for the 
induction of an oncostatic mitochondrial protein, mitostatin 
[272]. In addition, decorin has been shown to bind and antag-
onize VEGFR2, inhibiting angiogenesis through endothelial 
cell autophagy [273, 274] and to bind IGF-IR to inhibit tumor 
cell migration and invasion [275].

Based on these observations, decorin is considered as a 
promising therapeutic protein in cancer progression treat-
ment [267]. However, similar to syndecan-1, decorin has 
also been reported to induce resistance to some chemothera-
peutics [276, 277]. Moreover, P-cadherin expression induces 
decorin secretion that is required to realigned collagen fibers 
to promote collective cell migration in breast tumor [239].

Biglycan, like decorin, is a chondroitin/dermatan sulfate 
proteoglycan, which belongs to the class I of SLRPs. 
Available data indicates that high expression levels of bigly-
can correlate with poor prognosis in pancreatic adenocarci-
noma and esophageal carcinoma [278, 279]. Moreover, 
biglycan was shown to promote migration and invasion of 
gastric carcinoma through FAK signaling activation [280]. 
However, biglycan also displays anti-tumor activity, inhibit-
ing bladder carcinoma and pancreatic carcinoma cell prolif-
eration [281, 282].

Lumican is expressed as keratan sulfate PG in the cornea, 
but exists as a glycoprotein substituted by non- or low- 
sulfated polylactosamine chains in other tissues [275]. In 
tumor tissues, lumican is often over-expressed by stromal 
cells and/or tumor cells, and the correlation of its expression 
to malignancy is complex [283, 284]. In advanced colorectal 
cancer, Seya et  al. have shown that lumican expression in 
tumor cells is associated with poor survival [285], whereas 
de Wit et al. have described a correlation with good survival 
in stage II patients [286]. In breast cancer, lumican expres-
sion was found to decrease with the progression of disease 
[287]. Consistent with this observation, high expression of 
lumican is associated with good survival in invasive stages of 
breast cancer [265]. Lumican upregulates the expression of 
α2β1 integrin but decreases integrin signaling in the highly 
metastatic MDA-MB-231 breast cancer cell line, inhibiting 
migratory cell morphology [288]. In pancreatic cancer, 

patient outcome is dependent on the type of cells expressing 
lumican. Expression in tumor cells is associated with longer 
survival, whereas expression in pancreatic stromal cells is 
associated with poor outcome [289]. However, a recent study 
showed that lumican expression in pancreatic stroma was 
only correlated with good survival after surgery [290]. This 
correlation is also observed in lung adenocarcinoma patients, 
where patients with stromal lumican-positive tumors had 
longer survival than those expressing lumican in tumor cells 
[291]. We suggest that these differences could be related to 
the secretion of different glycosylated forms of lumican in 
different cellular contexts.

The anti-tumor properties of lumican have mainly been 
reported in melanoma, where lumican is expressed in the 
peritumoral stroma [292] and is suggested to serve as a bio-
logical barrier, controlling melanoma invasion. Lumican was 
shown to inhibit melanoma cell progression via interaction 
with α2β1 integrin and altering composition of focal adhe-
sion complexes [293–295]. Lumican was defined as a new 
inhibitor of MT1-MMP in melanoma cells, thus inhibiting 
tumor environment proteolysis and invasiveness [296]. Anti-
tumorigenic activities of lumican were also found in prostate 
cancer [297], in colon cancer by affecting tumor cell migra-
tion through up-regulation of gelsolin [298], and in pancre-
atic cancer, in which lumican reduced EGF receptor 
expression resulting in reduced Akt signaling and tumor cell 
growth inhibition [290].

Fibromodulin, like lumican, is a keratan sulfate SLRP 
that belongs to class II and is expressed in dense regular con-
nective tissues. Although fibromodulin expression has been 
described in some types of cancer, its role has been poorly 
investigated. Oldberg et al. have shown that in experimental 
carcinomas, fibromodulin promotes the formation of a dense 
collagen matrix through the regulation of fibril diameter, 
leading to an increased interstitial fluid pressure (IFP), with 
possible adverse consequences for delivery of chemothera-
peutics [299]. It is interesting to remember that other SLRPs 
also modulate collagen fibrillogenesis and could be thus 
involved in IFP regulation in different types of cancers, 
despite their anti-tumorigenic properties.

SLRPs also function to sequester TGF-β [300], a growth 
factor already described in this chapter, involved in EMT and 
fibroblast activation. A work by Maris et  al. demonstrates 
that asporin, a member of the class I SLRPs, inhibits TGF-β 
activity resulting in reduced breast cancer growth and metas-
tasis in NOD-SCID mice [301]. Interestingly, asporin expres-
sion is induced by TGF-β, thus asporin and TGF-β appear to 
regulate each other in an intricate feedback loop.

In summary, proteoglycans and matricellular proteins 
show different effects on tumorigenesis, sometimes with 
opposite effects in different tumor types. Table 5.1 summa-
rizes the role of stromal proteins in tumorigenesis and the 
experiments we have mentioned in the text.
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Table 5.1 Role of extracellular matrix proteins in the tumor microenvironment

ECM protein Knockout phenotype mice
Potential ECM receptors in 
tumor stroma

Localization in 
tumors Effects in tumor context

Collagen I Embryonic lethal, severe 
structural defects in 
connective tissues 
[302–304]

α2β1, α11β1 Stroma – Supports tumor growth [64–66]
– Highway for metastasis [305]
–  Protective barrier role in pancreatic ductal 

adenocarcinoma [34]
Collagen III Perinatal lethal [306] α2β1, α11β1 Stroma – Restricts tumor growth [71]
EDA 
Fibronectin

Normal, defective lymph 
vessels [130, 142]

α5β1
α4β1, α4β7
α9β1
TLR2/4

Stroma [130] –  No effect angiogenesis in Rip1-Tag2  
model [130]

–  Reduces immune response in cancer  
models [161]

– Stimulates breast cancer progression [164]
–  Direct collective cell migration of head and neck 

cancer cells [162]
–  Recruits latent TGF-β binding protein-1 to EDA 

FN fibrils [155]
Tenascin-C Viable, subtle defects hair 

follicles [307, 308]
αvβ1, α4β1 [200], TLR4 Stroma Minimal effect in pyMT model in TN-C−/− 

background, no effect on tumor growth, 
 or metastasis [174]
Stimulates metastasis in tumor models of 
melanoma, breast cancer and lung cancer  
190, 193, 194]
Role in metastatic niche formation in lung  
cancer [196]
Role in shaping immunosuppressive TME in head 
and neck cancer models [198]

Periostin Tooth eruption defect [309] αv-integrins (αvβ1,αvβ3, 
αvβ5)

Stroma –  Breast cancer metastasis to lungs, concentrates 
Wnt in cancer stem cell niches [94, 220,  
310, 311]

Decorin Skin fragility [312] Affect integrin expression 
indirectly via TGF-β 
pathway, TLR2/4 [313]

Stroma – Inhibits tumor growth [314]
– Affects inflammatory status of TME [315]

Lumican Skin fragility, cornea 
opacity [316]

α2β1 Stroma, tumor
cells

– Inhibits melanoma growth and invasion [295]

Syndecan-1 Normal Cooperate with integrins on
cell surface.

Tumor and 
stromal cells

–  Shedding [254], increased angiogenesis [254, 
317], affect tumor growth [318]

Syndecan-4 Normal Co-receptor for certain β1 
integrins

Stromal cells –  Co-receptor for integrins binding fibronectin and 
collagen [241, 319], cross-talks with integrins 
via intracellular signaling [242, 320]

 Concluding Remarks/Summary

The tumor stroma is complex and dynamic during tumor 
growth and contains an ECM with changing composition. The 
exact function of the tumor stroma varies with the tumor type, 
the tumor stage, and it will be important to better elucidate the 
function of ECM molecules at different stages of tumor growth 
and metastasis. To determine if the tumor stroma acts as a fer-
tile soil, providing a supportive ECM network rich in blood 
vessels, or if it acts as a stiff barrier, we have to consider addi-
tional components of the stroma. In this chapter, we have high-
lighted some aspects ascribed to the insoluble ECM of the 
stroma, but additional consideration of the integrated roles of 
the immune system, paracrine signaling and above all, inter-
tumoral and intra-tumoral heterogeneity in tumor composition 
is necessary in order to fully address the central question: 
Tumor stroma—friend or foe? Barrier or support?
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