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The extracellular matrix modulates the metastatic journey

FuiBoon Kai?, Allison P Drain?, and Valerie M Weaver™&P

aCenter for Bioengineering and Tissue Regeneration, Department of Surgery, UCSF, San
Francisco, CA, USA

bDepartments of Radiation Oncology and Bioengineering and Therapeutic Sciences, Eli and
Edythe Broad Center of Regeneration Medicine and Stem Cell Research, and UCSF Helen Diller
Comprehensive Cancer Center, UCSF, San Francisco, California, USA

Abstract

The extracellular matrix is perturbed in tumors. The tumor matrix promotes the growth, survival
and invasion of the cancer and modifies fibroblast and immune cell behavior to drive metastasis
and impair treatment. Here, we discuss how the tumor matrix regulates metastasis by fostering
tumor cell invasion into the stroma and migration towards the vasculature. We describe the role of
the tumor matrix on cancer cell intravasation and vascular dissemination. We examine the impact
of the matrix on disseminated tumor cell extravasation and on tumor dormancy and metastatic
outgrowth. Finally, we discuss the clinical outcome of therapeutics that normalize tumor-matrix
interactions.
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Introduction

The extracellular matrix (ECM) is composed of a myriad of fibrous proteins, proteoglycans
and matricellular associated proteins (Mouw et al., 2014). Far from being an inert physical
scaffold, the composition, posttranslational modifications and organization the ECM is
dynamically regulated and this tunes the ECM’s biochemical and biomechanical properties.
Cells sense the biochemical and mechanical properties of the ECM through specialized
transmembrane receptors that include integrins, discoidin domain receptors (DDRs) and
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syndecans. Once activated these ECM receptors recognize specific motifs within the ECM
molecule that induce conformational changes within the receptor that promote molecular
associations between the receptor and intracellular adhesion plaque proteins that thereafter
activate signaling to influence cell behavior. ECM composition, density, organization and
posttranslational modifications including cleavage and crosslinking dictate the material
property or viscoelasticity e.g. stiffness of the stroma. Cells sense the stiffness of the ECM
through the enforced clustering of their transmembrane ECM receptors and via actin and
actomyosin-mediated adhesion plaque protein unfolding and enhanced intermolecular
associations of intracellular adhesion plaque proteins such as talin that foster the recruitment
and retention of other scaffolding proteins such as vinculin and various signaling molecules.
Accordingly, the biochemical and mechanical properties of the ECM exquisitely tune the
growth, survival, migration, invasion and differentiation of cells within the tissue to
influence their fate, and regulate tissue development, phenotype and homeostasis. Not
surprisingly, diseases such as cancer that are defined by disrupted tissue homeostasis and
loss of a differentiated phenotype are accompanied by alterations in the composition,
organization and mechanical properties of the ECM that contribute not only to malignant
transformation but also to tumor progression and metastasis.

Tumors are frequently desmoplastic. Tumor desmoplasia is defined as a cancer condition
that is characterized by chronic inflammation, fibroblast expansion and activation, elevated
angiogenesis and increased levels of remodeled and cross-linked ECM protein that stiffen
the tissue stroma (Pickup et al., 2014). Solid cancers develop a desmoplastic response in
which the tissue contains higher amounts of ECM proteins such as fibronectin, tenascin and
hyaluronic acid (HA) and other proteoglycans and matricellular proteins as well as greater
quantities of reorganized and cross-linked type | collagen that collectively stiffen the tissue
stroma (Acerbi et al., 2015). Features of a desmoplastic ECM have been detected in clinical
biopsies of preneoplastic tissue and experimental findings using three dimensional organoid
cultures and /n vivo murine models suggest this altered ECM may play a causal role in
promoting malignant transformation (Levental et al., 2009). A desmoplastic ECM has also
been implicated in metastasis, which is the dissemination of tumor cells from primary
tumors to distant tissues and is the leading cause of mortality in most cancer patients.

The development of invasive tumors and their metastatic dissemination involves a series of
discrete biological steps each of which associates with distinct changes in ECM
composition, posttranslational modifications, organization and biomechanics (Figure 1). To
begin with, cancer cells must remodel the basement membrane to invade into the
parenchyma to qualify as an invasive cancer. Imaging analysis has revealed that the
basement membrane surrounding premalignant lesions is thinner and has lost significant
amounts of the critical basement membrane protein laminin-111 (Gudjonsson et al., 2002).
Furthermore, more and thicker “bundled” interstitial collagen has been detected surrounding
DCIS lesions (Acerbi et al., 2015).

Preventing metalloproteinase (MMP)-dependent basement membrane cleavage inhibits the
invasion of transformed cells /n vitro, and reducing lysyl oxidase (LOX)-mediated collagen
cross-linking and stiffening delay malignant transformation and modify the frequency of
invasive carcinomas in an experimental model of Her2/Neu mammary cancer (Levental et
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al., 2009; Rizki et al., 2008). Once tumor cells have invaded into the parenchyma their
metastatic dissemination is favored by a remodeled interstitial ECM that has been
reorganized into stiffened, linearized bundles of type | collagen that is often decorated with
fibronectin (Miroshnikova et al., 2017). These linearized ECM tracts favor the directed
migration of the tumor cells towards the vasculature where the cells can efficiently
intravasate into the circulation (Han et al., 2016). Consistently, the presence of
perpendicular, linearized, and stiffened collagen bundles is predictive of poor breast cancer
patient prognosis (Conklin et al., 2011). Furthermore, a stiffer invasive stroma has been
detected in the more aggressive human HER2+ and triple negative breast cancer lesions
where greater quantities of linearized collagens have been detected (Acerbi et al., 2015).
Once the tumor cells have intravasated, the circulating tumor cells (CTCs; cancer cells
within the bloodstream) travel within the vasculature where interactions with ECM fibrin-
fibronectin clots (emboli) or platelets ensure their survival by insulating them from
hemodynamic fluid shear stress (Micalizzi et al., 2017). Once the CTCs extravasate, their
attachment and survival at the distal site is ensured by a tissue microenvironment in which a
hospitable ECM already exists or has been prepared through tumor exosome secreted and
deposited or stromal-mediated ECM conditioning and remodeling (Peinado et al., 2017).
The nature of the ECM at the secondary tissue site also dictates whether the disseminated
cancer cell will undergo apoptosis, enter into a dormant state, or proliferate to form an overt
metastatic lesion (Goddard et al., 2018) . Associations between the tumor ECM and the
metastatic cascade not only provide intriguing evidence of a clinical association between a
desmoplastic ECM and malignant transformation and metastasis, but suggest there is likely a
causal link that could be used for predictive biomarkers or be targeted with therapeutics to
reduce patient mortality. In this review, we describe how the desmoplastic ECM fosters
malignant transformation of tumor cells and we describe its role in regulating tumor
metastasis. We end with a discussion of pros and cons of therapeutic approaches targeting
the modified ECM to potentiate tumor treatment.

The ECM and adhesion receptors

Biochemical composition and biomechanical properties of the ECM

The ECM is composed of a three-dimensional network of fibrous proteins (e.g. collagen,
laminin, and fibronectin, elastin), proteoglycans, and matricellular proteins. Fibrous ECM
proteins serve as a physical scaffold for cells and impart mechanical properties to the tissue.
For example, type | collagen provides tissues with tensile strength and resistance to
deformation. Type I collagen can be cross-linked into fibrillar structures, which involves a
series of post-translational modifications within cells and oxidative deamination reactions
that occur in the extracellular space (Mouw et al., 2014). Specific lysine residues in
procollagen are hydroxylated to generate hydroxylysines by intracellular lysyl hydroxylases.
Once secreted the specific lysine or hydroxylysine residues in the extracellular collagen
undergo oxidative deamination catalyzed by LOX, leading to the formation of reactive
aldehyde residues on collagen. The reactive aldehyde residues subsequently initiate
spontaneous condensation reactions to form various covalent intermolecular crosslinks
between neighboring collagen molecules. Extensively cross-linked collagen fibers exhibit
greater tensile properties and can enhance the stiffness of the collagen. Collagen also
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exhibits strain stiffening behavior, whereby the material stiffness increases when strained
(Cassereau et al., 2015). Laminin and type IV collagen form a web-like structure that
provides tensile strength to the basement membrane, the specialized ECM that physically
segregates endothelial or epithelial layers from the interstitial matrix. Fibronectin can either
exist in soluble form or be assembled into highly extensible fibrillar structures that are
required for the assembly of collagen fibers (Sottile and Hocking, 2002). Collectively, the
fibrous ECM proteins within the interstitial stroma are embedded within a hydrated, viscous
microenvironment enriched in proteoglycans and polysaccharides (e.g. HA), that maintains
the hydration state of the ECM and serves to cushion the tissue so that it can resist external
compressive loading. The ECM also serves as a reservoir of matrix-bound nanovesicles,
growth factors, and cytokines, and thereby can regulate their distribution, activation, and
presentation to cells (Huleihel et al., 2016; Hynes, 2009). Unlike fibrous ECM proteins,
matricellular proteins are a family of non-structural matrix proteins, such as tenascin-C,
thrombospondin-1 (TSP-1) and periostin, which modulate cell behavior by altering
interactions between cellular transmembrane receptors and fibrous ECM molecules. For
example, tenascin-C promotes glioma cell migration on fibronectin-coated substrates by
modulating interactions between a,B5 integrin and fibronectin (Deryugina and Bourdon,
1996).

Adhesion receptor signaling and mechanotransduction (Figure 2)

Cells bind to the ECM via transmembrane receptors including integrins, DDRs and
syndecans that recognize specific residues/moieties within the ECM molecule. Integrins are
the best studied ECM binding receptor and comprise a large family of heterodimers (Sun et
al., 2016). Integrins exist in an inactive or active form. Once activated, integrins mediate
bidirectional signaling between the ECM and cell. Integrins can be activated through two
different mechanisms, either inside-out or outside-in signaling. Intracellular biochemical
signals can promote talin and kindlin recruitment to the cytoplasmic tails of the integrin,
which induces a conformational change in their extracellular domain to facilitate ECM
ligand binding. Alternately, ECM ligands bind to the extracellular domain of integrins and
promote the recruitment of talin and kindlin to their cytoplasmic tail. Talin plays a central
role in coupling integrins to the actin cytoskeleton. A talin molecule contains several
domains, including multiple actin and vinculin binding sites. Upon binding to the integrin,
talin connects the actin cytoskeleton to the integrin and recruits diverse scaffolding proteins
such as focal adhesion kinase (FAK), vinculin and paxillin that foster the formation of
nascent integrin adhesions that can mature into focal adhesion. Focal adhesion assembly can
also be fostered by a thick glycocalyx, which can promote integrin activation and integrin
clustering (Paszek et al., 2014). Focal adhesions serve as signaling platforms. For instance,
binding between FAK and Src at adhesion sites activates small Rho GTPases, including
RhoA, Rac, and Cdc42, which are master regulators of actin cytoskeleton dynamics and cell
growth, survival and motility.

The DDRs are a family of transmembrane receptor tyrosine kinases comprised of DDR1 and
2 that bind to structural collagens. DDRL1 is primarily bound and activated by type | and IV
collagen whereas DDR2 binds predominantly fibrillar type I and 111 collagen (Rammal et al.,
2016). Upon collagen binding via their extracellular regions, the cytoplasmic tails of the
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DDRs undergo autophosphorylation and create docking sites for signaling molecules, such
as PI3K, Erk and myosin 1A, that regulate diverse cell behaviors such as proliferation and
migration. Syndecans are another family of transmembrane proteoglycans that interact with
ECM ligands including fibronectin and collagen via their extracellular domains (Afratis et
al., 2017). Syndecans can function independently or as co-receptors with integrins,
tetraspanins, or growth factor receptors. Upon ECM ligand ligation, the cytoplasmic domain
of syndecan interacts with diverse kinases and signaling molecules to foster focal adhesion
assembly and actin cytoskeleton rearrangement

Cells constantly sample the biomechanical properties of the ECM and tune intracellular
signaling pathways through a process termed mechanotransduction (Sun et al., 2016). ECM
stiffness is a material property that describes the extent to which a material is able to resist
deformation in response to an external applied force. Cells use actomyaosin contractibility to
deform their ECM to probe for its material properties or stiffness. Cells interacting with a
stiff ECM exert higher actomyosin force that deforms the underlying matrix and nucleates
focal adhesion assembly that stimulates mechanotransduction. Contractile forces exerted by
cells can also align and deform collagen fibers to strain stiffen the ECM (van Helvert and
Friedl, 2016). The higher actomyosin-mediated cellular tension exposes cryptic vinculin
binding sites in talin that facilitate the recruitment and retention of vinculin and other
scaffolding proteins to strengthen the link between the integrins and the actin cytoskeleton
that supports further adhesion growth and maturation (Ciobanasu et al., 2014). By this
mechanism, a stiff ECM will foster the maturation of nascent adhesions towards focal
adhesions to amplify integrin adhesion signaling. By contrast, when cells interact with a
compliant ECM, the actomyosin contractile force they stimulate is lower and consequently
is unable to elicit the unfolding of the talin molecule critical for vinculin recruitment and
focal adhesion assembly.

Receptor adhesion signaling regulates diverse cell behaviors including cell survival, growth,
maotility, invasion, and differentiation. Cell-ECM interaction is required to maintain cell
survival so that inhibition of cell-ECM interactions using integrin function blocking
antibodies will lead to anoikis, which is an apoptotic pathway induced by ECM detachment
or “homelessness” (Boudreau et al., 1995). The binding of an integrin to its ECM ligand
promotes FAK/Src complex assembly at the cytoplasmic tails of integrins, which recruits
various downstream effectors to activate PI3K/Akt and Ras/MEK/Erk pro-survival signaling
(Vachon, 2011). Integrins also partner with receptor tyrosine kinases such as epidermal
growth factor receptor to amplify PI3K/Akt pro-survival signaling (Schwartz and Assoian,
2001). Given that a stiff ECM encourages integrin clustering, it is not surprising that cells
cultured on rigid matrix exhibit sustained PI3K/Akt and ERK signaling and survive better
than cells interacting with a softer matrix (Paszek et al., 2005). Indeed, TGF-B-treated
normal murine mammary cells on a soft matrix apoptose and have attenuated Akt signaling
whereas those on a stiff matrix survive and exhibit sustained PI3K activity (Leight et al.,
2012). Integrin-mediated adhesion signaling also promotes cell proliferation. During cell
proliferation, ECM ligation regulates the levels of various cyclin-dependent kinases to
control cell cycle progression. For example, integrin-mediated adhesion to the ECM
activates ERK signaling, which induces the expression of cyclin-D1 that permits G1 phase
cell cycle progression (Roovers et al., 1999). Consistently, cells on the stiff ECM which have
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larger focal adhesions exhibit elevated ERK signaling and are more proliferative compared
to cells cultured on the softer matrix (Paszek et al., 2005). In addition, integrin signaling can
regulate cell migration by modulating focal adhesion assembly and Rho GTPase signaling.
RhoA GTPase stimulates ROCK phosphorylation of myosin light chain and induces
actomyosin contraction, which encourage integrin signaling and the recruitment of more
adhesion proteins that strengthen the interaction between integrins and the actin
cytoskeleton. Rac and Cdc42 GTPases promote the assembly of lamellipodia and filopodia,
respectively, to facilitate cell migration. These small GTPases also drive the formation of
invadosomes, the actin-rich subcellular structures that mediate focal degradation of the ECM
through MMP secretion to facilitate ECM remodeling (Kai et al., 2016). Integrin signaling
can influence transcriptome of cells that sustain cell phenotype alterations and regulate cell
fate specification by regulating nucleocytoplasmic shuttling of diverse transcription factors.
For example, increased cell-ECM ligation promotes p-catenin nuclear translocation and
enhanced transcriptional activation of Wnt/ B-catenin target genes such as protooncogene
myc (Renner et al., 2016). Consistently, elevated ECM stiffness promotes integrin clustering
and TWIST1 dissociation from G3BP1 in the cytoplasm, leading to nuclear translocation of
TWIST1 that drive epithelial-mesenchymal transition (EMT) (Wei et al., 2015). A stiff ECM
stimulates pathways that alter the phosphorylation and nuclear trafficking of YAP which is a
transcriptional coactivator of Hippo pathway that enhances cell growth (Dobrokhotov et al.,
2018). ECM-activated DDRs and syndecans also regulate cell behavior. For example, DDR1
activation by fibrillar type I collagen promotes DDR clustering and myosin I1A recruitment
to stimulate cell migration and collagen fiber alignment (Coelho and McCulloch, 2018).
Activation of DDR2 promotes Erk2-dependent phosphorylation of Snaill to promote an
epithelial-mesenchymal transition (Zhang et al., 2013). Syndecan-4, as a co-receptor of
a5p1 integrin, can also promote directional cell migration by localizing Rac activation and
membrane protrusions to the cells leading edge (Bass et al., 2007). Not surprisingly, a
fibrotic tumor ECM can contribute to malignant transformation and tumor progression by
modifying diverse cellular functions and compromising differentiation. In the following
sections, we discuss how alterations in the composition, organization and mechanical
properties of the ECM foster tumor aggression and promote metastasis.

The ECM and the metastatic journey

Interplay between a fibrotic ECM and malignant transformation and progression

The tissue stroma undergoes dramatic changes prior to malignant transformation and
coincident with cancer progression (Figure 1). To begin with, a normal epithelial ductal
structure, such as is found in the mammary gland or in the pancreas, is surrounded by a
contiguous laminin-rich basement membrane and is embedded within an interstitial ECM
that is characterized by curly and loosely organized compliant collagenous proteins. A
laminin-rich basement membrane is essential for establishing and maintaining apical basal
polarity of epithelial ductal structures where the basal surface of the polarized epithelial cells
interact with the basement membrane and the apical “secretory” surface faces the lumen.
During the early stages of malignant transformation, the basement membrane is gradually
compromised as a result of the loss of basement membrane production or increased MMP
degradation and the interstitial ECM simultaneously undergoes visible changes in its
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organization and biomechanical properties. In the absence of basement membrane, tumor
cells lose their apicobasal polarity and more readily respond to interstitial stromal signals
that stimulate their invasion into the parenchyma. Thus, the interstitial stroma in
experimental pancreatic and breast tumors shows increased levels of ECM proteins
including collagen, HA, and tenascin that are progressively remodeled and stiffened prior to
the invasion of the tumor cells into the parenchyma (Acerbi et al., 2015; Laklai et al., 2016).
Coincident with malignant transformation, the interstitial collagen fibers become
progressively thicker and linearized and begin to align parallel to the tumor boundary
(Provenzano et al., 2006). For example, two photon imaging revealed that breast cancer
patients with linearized and thickened collagen fibers that are oriented radially surrounding
the breast tumor mass have a higher predisposition to tumor aggression; possibility because
these perpendicular tracks facilitate cell invasion into the parenchyma and fosters their
migration through the stroma and subsequent dissemination. Similarly, poorly differentiated
patient pancreatic cancers are surrounded by a thicker, stiffer and type XII collagen- and
tenascin-rich stroma (Laklai et al., 2016). Abundant quantities of other stromal ECM
proteins, such as fibronectin and collagen, also support tumor cell migration and invasion
and favor the development of an invasive tumorigenic lesion. Fibronectin promotes
migration of epithelial cells (Park and Schwarzbauer, 2014) whereas radially oriented
linearized collagen bundles surrounding the tumor serve as migratory tracks to facilitate
fibroblast, immune and cancer cell migration and invasion into the parenchyma (Egeblad et
al., 2010). Syndecan-1 can also promote assembly and alignment of fibronectin- and
collagen-fibers to facilitate directional migration and invasion of cancer cells (Yang et al.,
2011). Collagen fibers are potent inducers of invadosome formation in macrophages,
fibroblasts, and tumor cells. Invadosomes are structures that facilitate the infiltration of
macrophages into the tumor and favor the invasion of tumor cells into the stroma to foster
malignant transformation (Eddy et al., 2017) .

Malignant transformation to an invasive carcinoma is accompanied by further interstitial
ECM remodeling and LOX-mediated collagen crosslinking and stiffening. Cancer cells
frequently exhibit a haptotactic response, in which cell migration is guided by gradients of
surface-bound molecules such as the ECM (Oudin and Weaver, 2016). For example, human
breast cancer cells tend to exhibit directional movement towards higher concentration of
fibronectin (Oudin et al., 2016). Similarly, pancreatic cancer cells exhibit haptotactic
behavior towards higher concentration of type I collagen (Lu et al., 2014). Given that the
tumor stroma is associated with increased levels of fibronectin and collagen, it is likely that
haptotaxis is an important mechanism that enhances cancer and immune cell invasion in the
tumor stroma. ECM stiffening fosters the aggressive behavior of cancer cells such that most
cells migrate faster on stiffer substrates and their persistent migration can be directed up a
stiffness gradient, through a process termed durotaxis (Kai et al., 2016). Durotaxis could
explain why stiffer tumors show higher infiltration of immune cells and a higher frequency
of fibroblasts and tumor cells interacting at the invasive front. A stiff ECM can promote cell
migration and invasion by enhancing integrin clustering, FAK phosphorylation and Rho
GTPase activation, which favor the assembly of filopodia, lamellipodia and invadosomes.
Filopodia and lamellipodia are required for efficient tumor cell migration through the ECM,
whereas invadosomes are essential for tumor cells to breach the dense interstitial ECM,
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particularly when the nuclei are too large to squeeze through the small matrix pore size
(Wolf et al., 2013). In addition, stiff substrates can induce a mesenchymal/basal-like invasive
phenotype in tumor cells (Figure 3). Basal-like tumor cells exert increased integrin-
dependent contractile force, more readily assemble mature focal adhesions with a unique
cassette of adhesion plaque proteins implicated in tumor invasion (Mekhdjian et al., 2017).
Tumor cells that exhibit a basal-like phenotype often have a more deformable nucleus that
together with the higher integrin adhesion force likely facilitates their migration through
confined spaces within the dense interstitial tumor stroma. The importance of ECM stiffness
in cancer metastasis is reinforced by studies using transgenic mice engineered to develop
mammary or pancreatic tumors. Inhibition of ECM stiffening using LOX inhibitor -
aminopropionitrile (BAPN) or a LOX function-blocking antibody decreased breast tumor
cell migration and invasion into the parenchyma (Levental et al., 2009).

A stiffened ECM increases solid stress within the tumor such that as the tumor mass expands
it encounters greater resistance from the desmoplastic, stiffened stroma ECM. Although
long-term compressive stress can impede tumor spheroid proliferation, the mechanical stress
induced by solid stress can also promote collective migration of cancer cells and reinforce
cell-ECM interactions (Tse et al., 2012). Interestingly, transient compression of freshly
isolated mammary tissue embedded within three dimensional (3D) collagen matrix using a
piston induces sustained activation of Rho/ROCK mechanosignaling (Boyle et al., 2018).
Compressive stress can also activate stromal cancer-associated fibroblasts to secrete more
type | collagen and Growth Differentiation Factor 15 to enhance pancreatic cancer cell
migration and proliferation (Kalli et al., 2018). Importantly, compressive stress is sufficient
to promote tumor growth /n vivo. The application of compressive stress to mouse colon
tissue using ultramagnetic liposomes in the mesenchymal cells of connective tissues
activated Ret receptor tyrosine kinase and downstream oncogenic beta-catenin and myc
signaling (Fernandez-Sanchez et al., 2015). Notably, the magnetically induced deformation
may also change the tension in a different plane and therefore it is possible that the
oncogenic signaling is activated by the tension instead of the compression stress. Thus, a
fibrotic stiffened ECM can directly foster tumor migration and progression and can
indirectly promote cancer aggression by activating stromal fibroblasts and by stimulating
immune cell infiltration.

Fibrotic, stiffened tumor stroma fosters the formation of dysfunctional tumor vasculature
and facilitates intravasation

A major conduit for metastatic dissemination is via the vasculature. The tissue vasculature is
tightly regulated by dynamic interactions between the ECM and the endothelial cells that
control the process of angiogenesis. The ECM is a reservoir of diverse pro- and anti-
angiogenic signaling molecules that can promote or suppress angiogenesis by modulating
endothelial cell growth, survival and migration/invasion (Neve et al., 2014). In the presence
of pro-angiogenic signals, endothelial cells proliferate, secrete MMPSs to remodel the
basement membrane surrounding the vasculature, and migrate into the interstitial matrix.
During angiogenic sprouting, the endothelial cells secrete and remodel basement membrane
proteins including laminins and collagen type IV and recruit pericytes to co-assemble a
mature basement membrane that inhibits nascent vessel regression. The ECM also relays
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anti-angiogenic signals to restrain or counteract pro-angiogenic signals that limit blood
vessel development. Thus, ECM composition and remodeling maintain vascular homeostasis
by balancing the level of pro- and anti-angiogenic factors. Not surprisingly given its central
role in regulating tissue angiogenesis, the fibrotic tumor ECM exerts a major impact on the
tissue vasculature. To begin with the tumor ECM contains higher levels of tenascin and
fibronectin and remodeled type | and HI collagens that stimulate vascular outgrowth (Neve
et al., 2014). The higher endothelial sprouting associated with tumor angiogenesis also
generates proteolytic ECM products that can either promote or inhibit angiogenesis. For
example, arresten is a proteolytic fragment of type IV collagen that inhibits angiogenesis by
suppressing endothelial cell migration and proliferation (Nyberg et al., 2008). The stiffened,
fibrotic tumor ECM also stimulates angiogenesis by increasing the expression of pro-
angiogenic factors, potentiating the responsiveness of the endothelium to soluble factors and
compromising vascular integrity. Thus, endothelial cells cultured on 2D substrates showed
that a “stiff” substrate promotes vascular endothelial growth factor receptor (VEGFR)
expression and VEGFR internalization in endothelial cells and sustains ERK signaling that
promotes endothelial cell survival (LaValley et al., 2017). Endothelial cells cultured on
stiffer 2D hydrogels also secrete higher amounts of MMPs possibly because the stiffer ECM
promotes invadosome formation and enhances basement membrane degradation (Hanjaya-
Putra et al., 2010). The tension-induced increase in secreted MMPs could also explain the
propensity of endothelial cells to sprout and exhibit sustained, directed migration when
embedded within a stiffened 3D collagen matrix (Mason et al., 2013).

Although a stiff ECM can stimulate angiogenesis, chronically elevated mechanical stress
induced by an extensively stiffened ECM and high solid stress can also impair vascular
function. Thus, a fibrotic, highly cross-linked and stiffened ECM can induce the collapse of
pre-existing vessels and even occlude blood flow to promote hypoxia (Jain et al., 2014).
Treating mice with the pharmacological inhibitor BAPN, which inhibits LOX activity and
prevents collagen crosslinking restores blood flow while simultaneously decreasing the
number of blood vessel branching within the tumor (Bordeleau et al., 2017). ECM stiffness
also regulates vascular integrity to modulate the patency of the endothelial barrier or
endothelial permeability, and this effect may have a significant impact on tumor
intravasation that is the process by which tumor cells cross the endothelial barrier to enter
the blood circulation. Advanced microfluidic systems and intravital multiphoton imaging
now permit the visualization of intravasation in real time, and has excellent potential to
clarify how the biochemical and biophysical properties of the ECM influences intravasation.
A stiff ECM may directly promote tumor cell intravasation by increasing the formation of
invadosomes in the tumor cells or macrophages to facilitate degradation of endothelium
basement membrane and facilitate transendothelial migration. This is consistent with the
observation that invadosomes are not only found in invading cells located at the tumor edge
but also those located near the blood vessels (Gligorijevic et al., 2012). A stiff ECM may
additionally facilitate intravasation by promoting a basal-like or mesenchymal-like
phenotype in the invading tumor cells. Cancer cells with a basal-like phenotype are more
contractile and deformable, which facilitates their efficient migration through a dense and
stiffened ECM (Mekhdjian et al., 2017). These deformable basal-like cells may also be more
capable of squeezing through junctional gaps between endothelial cells. Consistently, high-
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resolution intravital imaging of the intravasating tumor cells revealed that the tumor cells
acquire an hourglass shape when traversing through endothelial cells (Harney et al., 2015).
Thus, a dense and stiffened ECM can promote cancer aggression by stimulating migration
through the interstitial matrix and fostering tumor cell dissemination into the vasculature.

CTCs prime integrin-dependent signaling pathways to promote their survival in the

circulation

Following intravasation, tumor cells encounter a fluid environment that is dramatically
different from the primary tumor site. The majority of CTCs perish within hours as a result
of hemodynamic shear stress, immune attack, and anoikis (Rejniak, 2016). CTCs can bypass
anoikis by enhancing expression of proteins involved in integrin-dependent adhesion
formation. For example, focal adhesion proteins such as talin, vinculin, and integrin-linked
kinase (ILK) are enriched in colorectal CTCs compared with primary tumor cells (Barbazan
et al., 2012). Fibronectin expression is also increased in pancreatic cancer CTCs when
compared to primary tumor cells (Yu et al., 2012). These findings suggest that CTCs may
secrete fibronectin to reinforce integrin-dependent adhesion survival signaling. Expression
of bulky glycoproteins is also frequently upregulated in CTCs (Paszek et al., 2014). A thick
glycocalyx can activate integrins that favor integrin clustering that enhances FAK, ERK and
Akt signaling that promotes cell survival and proliferation (Paszek et al., 2014; Woods et al.,
2017). Furthermore, CTCs can also stimulate pro-survival adhesion signaling through
heterotypic interactions with other non-tumor cell types such as platelets and macrophages.
For example, co-incubation of platelets with ovarian and colon tumor cells cultured in
suspension (anoikis condition) induce Rho activation and YAP translocation into the nucleus
(Haemmerle et al., 2017). Thus, CTCs have multiple avenues whereby CTCs can acquire
integrin-dependent survival to successfully disseminated in the circulation.

The endothelial ECM can promote arrest and extravasation of circulating tumor cells

Extravasation is the process by which CTCs exit the circulation and enter the distal tissue.
During extravasation, CTCs arrest within microcapillaries and associate with the vascular
endothelial cells where they can undergo transendothelial migration. CTCs can either
become physically trapped in the capillary bed due to its small diameter or they can actively
adhere to the endothelium through transmembrane receptors on the CTCs, endothelial cells,
immune cells, and platelets (Strilic and Offermanns, 2017). Interaction between avp3
integrin of CTCs with plasma fibronectin complexed with fibrin can facilitate tumor cell
attachment to the endothelium to foster extravasation (Malik et al., 2010). The ECM
associated with the endothelium may also arrest CTCs and facilitate their extravasation into
the metastatic tissue (Barbazan et al., 2017). To this end, fibronectin deposits are frequently
found on the luminal side of hepatic blood vessels in colon cancer patients and have been
observed in a mouse model that spontaneously develops intestinal tumors that metastasize.
Co-culture experiments has also revealed that human endothelial cells can secrete and
assemble fibrillar fibronectin, which promotes the adhesion of colon carcinoma cells to the
endothelium and favors tumor cell extravasation in a talin1l-dependent manner. Consistently,
talin1l-depleted cancer cells that cannot form integrin-dependent adhesions were retained
within the capillary and failed to extravasate, suggesting that adhesion signaling is required
for cancer cell adhesion to the endothelium and efficient extravasation. Fibronectin
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deposition is likely triggered remotely by factors secreted by the primary tumor because the
ECM deposits are not detectable in the absence of a primary tumor. This concept is
consistent with experimental metastasis models that show tumor-derived factors can prepare
the pre-metastatic niche for metastasis.

ECM deposition and remodeling in the premetastatic niche foster a favorable
microenvironment for disseminated tumor cells

Primary tumors condition potential metastatic sites prior to tumor cell arrival by secreting
various bioactive protein and lipid factors that modify the distal tissue to generate a receptive
microenvironment that fosters the retention, survival and growth of the disseminated tumor
cells. These changes in tissue composition that permit the growth of overt metastases are
collectively known as the premetastatic niche. In particular, modifications of ECM
composition and organization in the premetastatic niche play key roles in determining the
metastatic potential of a tumor (Peinado et al., 2017). Secreted proteins from the primary
tumor, such as proinflammatory cytokines and exosomes, can both directly activate tissue
resident cells to synthesize and remodel the ECM in distant tissues as well as stimulate
recruitment of ECM modifying cell populations, such as bone marrow derived myeloid cells.
In addition to fostering a hospitable niche for disseminated tumor cells, ECM remodeling in
the premetastatic niche may influence organotropism through organ specific integrin-ECM
interactions.

A number of ECM proteins in the premetastatic niche have been implicated as crucial
mediators of metastasis. Deposition of periostin promotes the formation of lung metastases
and increases LOX activity, likely modifying collagen and elastin crosslinking in the lungs
of tumor bearing mice (Wang et al., 2016). Periostin also enhances the accumulation of
immunosuppressive myeloid-derived suppressor cells at the lung premetastatic niche,
facilitating tumor cell escape from immune detection. Fibronectin levels are frequently
elevated in the premetastatic lungs from a variety of primary tumor types and increase
metastasis by enhancing myeloid cell recruitment and through direct interactions with
disseminated tumor cells. For example, primary skin tumors stimulate fibronectin synthesis
in resident pulmonary fibroblasts that facilitate the recruitment of VEGFR1* bone marrow-
derived hematopoietic progenitor cells and tumor cells to the lung premetastatic niches
(Kaplan et al., 2005). Pancreatic ductal carcinoma (PDAC) tumors also foster the formation
of fibronectin-rich premetastatic niches in the liver to facilitate their metastasis. Specifically,
PDAC-derived exosomes are taken up by Kupffer cells in the liver stimulating TGF-p
production, which subsequently activates fibronectin production by hepatic stellate cells.
Consequently, increased fibronectin deposition in the liver recruits bone marrow-derived
macrophages to establish the premetastatic niche (Costa-Silva et al., 2015). Extensive ECM
remodeling also coincides with the formation of metastatic lesions. Mass spectrometry
conducted on decellularized lungs containing macrometastases revealed considerable
changes in ECM composition and the abundance of ECM-associated proteins (Mayorca-
Guiliani et al., 2017). Similarly, the ECM appears to be highly citrullinated in liver
metastases as compared with primary colorectal tumors. Citrullination of the ECM by
tumor-derived peptidylarginine deiminase-4 can promote adhesion of colorectal cancer cells
and metastasis in a murine model (Yuzhalin et al., 2018). Although citrullination of the ECM
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is elevated in the metastatic site, it remains to be investigated if the modification occurs prior
to the arrival of the tumor cells or is coincident with formation of metastases. Importantly,
fibronectin deposition and citrullination of the ECM are consistently found elevated in
biopsies of human metastatic tumors.

The role of altered ECM mechanics in the formation of the premetastatic niche is unclear.
For instance, bleomycin-induced lung injury that is characterized by fibrosis favors the
metastasis of intravenously injected tumor cells (Orr et al., 1986). Moreover, experimental
lung metastases contain more fibrillar linearized type | collagen (Mayorca-Guiliani et al.,
2017). Whe