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Abstract: The extracellular matrix is a structure composed of many molecules, including fibrillar
(types I, II, III, V, XI, XXIV, XXVII) and non-fibrillar collagens (mainly basement membrane collagens:
types IV, VIII, X), non-collagenous glycoproteins (elastin, laminin, fibronectin, thrombospondin,
tenascin, osteopontin, osteonectin, entactin, periostin) embedded in a gel of negatively charged
water-retaining glycosaminoglycans (GAGs) such as non-sulfated hyaluronic acid (HA) and sul-
fated GAGs which are linked to a core protein to form proteoglycans (PGs). This highly dynamic
molecular network provides critical biochemical and biomechanical cues that mediate the cell–cell
and cell–matrix interactions, influence cell growth, migration and differentiation and serve as a
reservoir of cytokines and growth factors’ action. The breakdown of normal ECM and its replacement
with tumor ECM modulate the tumor microenvironment (TME) composition and is an essential
part of tumorigenesis and metastasis, acting as key driver for malignant progression. Abnormal
ECM also deregulate behavior of stromal cells as well as facilitating tumor-associated angiogenesis
and inflammation. Thus, the tumor matrix modulates each of the classically defined hallmarks of
cancer promoting the growth, survival and invasion of the cancer. Moreover, various ECM-derived
components modulate the immune response affecting T cells, tumor-associated macrophages (TAM),
dendritic cells and cancer-associated fibroblasts (CAF). This review article considers the role that
extracellular matrix play in breast cancer. Determining the detailed connections between the ECM
and cellular processes has helped to identify novel disease markers and therapeutic targets.
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1. Introduction

Female breast cancer is the leading cause of global cancer incidence, with an estimated
2.3 million women diagnosed with breast cancer and 685,000 deaths globally. In the end
of 2020, there were 7.8 million women who had been diagnosed with breast cancer in
the last 5 years, making it the most common cancer in the world. Breast cancer mainly
involves the inner layer of the milk glands or lobules and ducts (small tubes that carry
milk) [1–3]. Adipose tissue is present in the mammary gland (both female and male).
The amount of fat determines the size of the breast [2,4]. There are some differences in
the microarchitecture of the female and male mammary gland. In men, less glandular
tissue is found in the glands than in women [2,5]. The female breast generally contains
12–20 lobes. These, in turn, are divided into smaller elements called lobules [2,6]. These
lobes and lobules are connected via milk ducts. The adipose tissue of the breast is supplied
by a network of lymph vessels, lymph nodes, blood vessels and nerves. The breast is also
composed of fibrous connective tissue and ligaments which ensure its proper shape [2,7].
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Hormonal changes that occur in the female body during the menstrual cycle, pregnancy
and puerperium have a significant impact on the structure and function of the mammary
gland. One of the hormonal effects of nipple stimulation is secretion of prolactin, which
is produced by acidophilic cells (called lactotrophs or mammotrophs) in the anterior lobe
of the pituitary gland [2,8]. The epidermis of the areola and nipple is characterized by
moderate wrinkling as well as marked pigmentation. The nipple skin contains somewhat
small hair and several apocrine and sebaceous sweat glands [2]. Milk sinuses are formed
at the base of the nipple by milk ducts (usually 15–25 in number). These ducts transport
milk towards the nipples [2,9]. Slightly under the surface of nipple, these sinuses end in
coneshaped ampullae. The spherical areola is present around the nipple and is 15–60 mm
in diameter [2]. Deep in the areola and nipple, several smooth muscle fibers are set radially
and circularly in the dense connective tissue and longitudinally alongside the lactiferous
ducts that lengthen up into the nipple. The muscle fibers mentioned above are involved in
nipple erection, contraction of areola as well as emptying of milk sinuses [2].

2. ECM

The extracellular matrix (ECM), which is a perfectly organized and efficiently man-
aged structure, is formed from a great variety of macromolecules, forming a multitude of
combinations, depending on the tissue in which this structure occurs. It can be regarded as
a physical scaffold for cellular components, although the range of functions it performs
is much broader, and many of them are not, as yet, believed to be known and described.
The proper combination of its components not only ensures appropriate stability and
durability of the ECM, but most importantly determines the mechanical properties of a
given tissue and serves as a bioreservoir for molecules such as growth factors. The role of
ECM in many processes essential for cell homeostasis has been documented, including:
adhesion, apoptosis, proliferation, differentiation, and migration. Genetically determined
disorders of ECM structure or function have been shown to disrupt tissue and systemic
homeostasis followed by various diseases. The composition of the ECM in a given tissue is
determined during its development by a biochemical dialogue between the cells and the
environment. This composition is an expression of its adaptation to the function performed
in the body [10–15]. This section focuses on describing the general properties of ECM
proteins, while their role in breast cancer will be discussed in detail in Section 3.4.

2.1. Collagen

Collagen accounts for nearly 30% of the total protein mass found in animals [12,15–18].
In humans, it makes up about 75% of the dry weight of the skin and is the most common
component of the ECM [8]. Its essential functions include: maintaining the structural
integrity of tissues, participating in wound healing, regulating cell adhesion, enhancing
chemotaxis, promoting migration, providing tensile strength to tissues, and in addition,
overseeing the proper course of their development and differentiation [12,16].

Collagen is formed from three left-handed polypeptide α chains, organized into a triple
helical structure that is right-handed [10,12,17–19]. The described filamentous protein can
be either a homotrimer or a heterotrimer [18–21]. In vertebrate animal organisms, 46 chains
have been identified that can organize into 28 different collagen types [10,17–21]. These
include: fiber-forming collagens (e.g., types I, II, and III), network-forming collagens (e.g.,
type IV basement membrane collagen), collagens associated with fibrils with breaks in
their triple helixes (e.g., types IX and XII), and others (e.g., type VI) [10,17,18,21]. The
tight packing of the trihelical structure is possible due to the presence of the characteristic
Gly-X-Y motif (Gly—glycine), an amino acid sequence that repeats multiple times in the
helix-forming polypeptide chains. Glycine is crucial for the stability of this structure because
it is the only one of all the amino acids that is small enough to fit into the central part of
the core of the helix described above, into which every third of the amino acid residues
building each of the polypeptide α chains enters. The role of electrostatic interactions,
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inter-chain hydrogen bonds, and high proline and hydroxyproline content in maintaining
the stability of the collagen triple helix is also emphasized [10,17–22].

The process of collagen biosynthesis has been most thoroughly studied and described
for fiber-forming collagens [21]. They are synthesized in the form of precollagens, which
contains a signal sequence that is cleaved after synthesis in the endoplasmic reticulum.
After that, the resulting procollagen molecules contain: an amino-terminal propeptide
followed by a short, non-helical N-telopeptide, a central triple helix, a C-telopeptide
and a carboxyl propeptide. Individual procollagen molecules can be post-translationally
modified in various ways. This is done by: hydroxylation of some proline and lysine
residues, glycosylation of some hydroxylysine residues as well as sulphation of tyrosine
residues [21,23]. The adoption of the final, stable conformation by collagen depends on the
proper attachment to procollagen of a specific molecular chaperone—heat shock protein
47 (Hsp47)—in the endoplasmic reticulum [21,24]. It has been established that for procolla-
gen to be adequately stable at human body temperature, more than 20 Hsp47 molecules per
triple helix must be attached [21,25]. Hsp47 is believed to protect procollagen from random
unfolding and uncontrolled aggregation. It is also responsible for proteostasis regulation
(folding, quality control, secretion) [18,26]. Intracellular Secreted Protein Acidic and Rich
in Cysteine (SPARC) also pretends to be a chaperone of procollagen. It has been observed
that the lack of this protein or its dysfunction result in defective deposition of collagen
in tissues. Its ability to bind to the triple-helical structure of procollagen has also been
demonstrated [21,27]. Both propeptides that make up procollagen require removal in a pro-
cess called maturation [21,28]. The N-propeptide is cleaved by procollagen N-proteinases
belonging to the A Disintegrin and Metalloproteinase with the Thrombospondin Motifs
(ADAMTS) family, except the N-propeptide of the proα1(V) chain that is cleaved by the
procollagen C-proteinase also termed Bone Morphogenetic Protein-1 (BMP-1) [21,29]. BMP-
1 cleaves the carboxy-terminal propeptide of procollagens, except the carboxy-terminal
propeptide of the proα1(V) chain, that is processed by furin. The telopeptides contain
the sites where cross-linking occurs. The mentioned linkage formation is initiated by the
oxidative deamination of lysyl and hydroxylysyl residues catalyzed by the enzymes of the
lysyl oxidase (LOX) family [21,30].

It is widely believed that the unique mechanical properties of fiber-forming collagens
are determined by covalent crosslinks. A special role in this regard is attributed to reducible
and mature crosslinks produced via the LOX pathway. Cross-linking is viewed as tissue-
specific rather than collagen-specific. Maturation of cross-links has been shown to provide
additional resistance to shear stress [21].

Collagen degradation occurs essentially through the catalytic activity of matrix metal-
loproteinases (MMPs). These are zinc-dependent endopeptidases. They belong to the metz-
incin superfamily. They may take part both in physiological processes (e.g., development
of tissues and their repair after damage) and in pathological processes (e.g., metastasis of
neoplastic cells). Fiber-forming collagens (i.e., types I, II, and III) are substrates for: MMP-1
(also known as interstitial collagenase), MMP-8 (whose other name is neutrophil collage-
nase), MMP-13 (also referred to as collagenase 3), and MMP-14 (membrane-anchored). As
far as collagen type I is concerned, it should be mentioned that it can also be degraded
by MMP-2. The preferential substrates for particular zinc-dependent endopeptidases are
collagen types I and III (for MMP-1 and MMP-8), and collagen type II for MMP-13 [21,31].
MMP-2 and MMP-9 are involved in the degradation of collagen type IV as well as dena-
tured collagen (other names of these enzymes are 72 kDa-gelatinase and 92-kDa-gelatinase,
respectively). It is noteworthy that the [α1(I)]3 homotrimer of collagen type I, in contrast to
the [α1(I)]2 α2(I) heterotrimer of the same collagen, is not a substrate for mammalian MMPs,
which is explained by the resistance of the homotrimer to local triple helix unwinding by
MMP-1 due to the higher triple helix stability near the MMP cleavage site [21,32]. MMPs
also play a key role in releasing of bioactive fragments or matricryptins (e.g., tumstatin or
endostatin—two inhibitors of angiogenesis) from full-length collagens. Another group of
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enzymes releases the ectodomain of membrane collagens as soluble forms. These enzymes
are collectively called sheddases [21,23,33–35].

It has been established that the effect of collagens on cell–matrix interactions is medi-
ated by receptors. Several families of them have been identified [21,36–39]. These receptors
are ligands for integrins, cell-adhesion receptors that lack intrinsic kinase activities. The abil-
ity to bind collagen is demonstrated by integrins that have a β1 subunit connected with one
of four subunits (i.e., α1, α2, α10 or α11) characterized by the presence of a domain known
as αA. The discussed linkage is made by GFOGERlike (GFOGER—glycine–phenylalanine–
hydroxyproline–glycine–glutamic acid-arginine) sequences [21,36,38]. Recognition se-
quences other than the mentioned one (e.g., KGD—lysine–glycine–aspartic acid) have
also been identified in some collagens. Integrins αvβ1 and α5β1 have the ability to bind
collagen type XVII, which exposes the KGD sequence in its ectodomain [21,36]. Not only
can collagens be ligands for integrins, but also their proteolysis products, as confirmed for
the following integrins: α3β1, α5β1, αvβ3 and αvβ5 [21,33]. Dimeric discoidin receptors
(DDR1 and DDR2) that possess tyrosine kinase activities can also bind collagens. This has
been observed for collagen types I, II and III [21,39]. DDR1 is widely expressed in epithe-
lial cells, while DDR2 is mainly found in mesenchymal cells. The major DDR2-binding
site in collagens I-III is a GVMGFO (glycine–valine–methionine–glycine–phenylalanine–
hydroxyproline) motif [21,37]. It is assumed that collagen binding triggers structural
reorganization of DDR2 surface loops, which leads to an activation of discoidin domains,
and it is worth highlighting that mentioned domains can independently bind to collagen or
simultaneous binding of two domains to the protein triple helix can occur [21,40]. Soluble
extracellular domains (DDR1 and DDR2) also promote collagen deposition in the ECM by
blocking fibrillogenesis, and in addition DDR2 determines the mechanical properties of
collagen type I fibrils [21,40–42]. Collagen binding on platelets is mediated by glycoprotein
VI (GPVI). It is a member of the paired immunoglobulin-like receptor [21,36]. Colla-
gen can also bind to the inhibitory leukocyte-associated immunoglobulin-like receptor-1
(LAIR-1) [21,43]. Both GPVI and LAIR-1 are capable of recognizing the GPO (glycine–
proline–hydroxyproline) motif in collagens. Membrane collagens (XIII, XVII, XXIII) and
fibrillar collagens (I, II, III) act as ligands for LAIR-1, and it is worth noting that type
I and III collagens are so-called functional ligands and block the activation of immune
cells in vitro. LAIR-1 has multiple binding sites on collagen types II and III. GPVI has
lower affinity for collagens type I and III than LAIR-1 [12,43–45]. Three LAIR-1 amino
acids central to collagen binding are conserved in GPVI [12,46]. Fibril-forming collagens
and collagen type IV are also ligands of Endo180 (urokinase-type plasminogen activator
associated protein), a member of the macrophage mannose-receptor family that mediates
collagen internalization [21,37,39].

2.2. Elastin

In mammals, elastin is encoded by a single gene and secreted as a 60–70 kDa tropoe-
lastin monomer. Its primary role is to provide elasticity and resilience to tissues that are re-
peatedly stretched. It is found in tendons, stretchers, ligaments, walls of major blood vessels
(e.g., abdominal aorta) and lung tissue [10,13,17,47]. Importantly, elastin stretch is crucially
limited by tight association with collagen fibrils [17,48]. Fibulins enable tropoelastin to
associate with microfibrils. In this way, elastic fibers are formed. A characteristic feature
of all tropoelastin structures is the presence of hydrophobic sequences alternating with
lysine-containing cross-linking motifs. Fibrillins and microfibril-associated glycoprotein-1
play important roles in the nucleation and assembly of elastin. An essential role in pro-
viding and maintaining the characteristic mechanical properties of elastin is attributed to
the extensive cross-linking of tropoelastin, which is catalyzed by LOX [10,13,47,49]. This
enzyme oxidizes selective lysine moieties in peptide bonds to allysine. There are two
bifunctional cross-links in elastin: dehydrolysinonorleucine and allysine aldol. The former
one is formed through the condensation of one residue of allysine and one of lysine. The
latter one is formed through the association of two allysine residues. These two cross-links
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can further condense with each other or with other intermediates to form desmosine or
isodesmosine, being the major cross-links of the mature elastic protein. It has been docu-
mented that tropoelastin manifests the ability to form globular structures (aggregates) on
the cell surface in a process called microassembly. Cross-linking implies the loss of positive
charges on the molecule, which promotes the release of tropoelastin from cells, as well as
facilitates global fusion in the presence of microfibrils (macroassembly). Fibulin-4 plays a
key role in early stages of elastin assembly, whereas fibulin-5 acts to bridge elastin between
the matrix and cells [10,13,47,49].

2.3. Laminin

Laminins form a family of heterotrimeric (one α chain, one β chain, and one γ chain)
glycoproteins that includes nearly 20 members. Laminins are assembled into a cross-linked
web. In basement membranes, this web is intertwined with a network that is composed
of collagen fibrils. The mass of heterotrimers oscillates in the range of 400–800 kDa. It
was found that in vertebrate animals there are five α chains and three β and γ chains
each [10,50–52]. They are essential for normal organogenesis. They are also involved in
early embryonic development [53,54]. For many of the known laminins, the ability to form
networks spontaneously through appropriate connections has been documented. Such
structures are able to interact with receptors located on cell surfaces [10,50–58].

2.4. Fibronectin

Fibronectin acts as a biological glue, participating in the management of the functions
and structure of the interstitial ECM and being involved in facilitating target attachment
and promoting cell migration [10,12]. The building units of monomers of this protein
are subunits that contain three types of repeats (I, II and III). The average mass of such a
monomer is 250 kDa. Fibronectin is secreted as sulfide-linked dimers. It has binding sites to
other fibronectin dimers, cell surface receptors, heparin and collagen [10]. Cellular traction
forces can stretch fibronectin several times over its resting length. This favors the exposure
of cryptic integrin binding sites within the molecule, resulting in pleiotropic changes in
cellular behavior. For this reason, fibronectin has been implicated as an extracellular
mechanoregulator [12,59]. The fibronectin dimers can form multimers. Further fibronectin
deposition is accompanied by structural changes (thickening and elongation) of fibrils.
Fibronectin fibrils can be further processed into a deoxycholate-insoluble matrix [10,60].
Fibronectin plays a significant role in cell migration (both during embryonic development
and during wound healing) [12,61–63].

2.5. Proteoglycans

Proteoglycans (PGs) are formed from a protein core and laterally attached glycosamino-
glycan (GAG) chains. GAGs (hyaluronic acid, heparan sulfate/heparin, dermatan sulfate,
chondroitin sulfate, keratan sulfate) are a heterogeneous group of anionic polysaccharides
with characteristic disaccharide units (amino sugar, uronic acid or galactose) that are re-
peated many times in their structure. All except hyaluronic acid are sulfated [10,12,15,64].
It is believed that the negatively charged structure of GAG chains is crucial for the ability
of PGs to sequester divalent cations and water. It is on this sequestration that a wide
range of functions performed by PGs in tissues (e.g., lubrication functions and conferring
space-filling) are commonly believed to depend. Based on the structure of core proteins,
localization and composition of GAGs, PGs have been divided into three most important
groups: cell-surface PGs, modular PGs and small leucine-rich PGs [10,12,15]. The func-
tional diversity of PGs is based on their molecular diversity. It is worth emphasizing that
small leucine-rich PGs participate in multiple signaling pathways (including binding to
and activation of low-density lipoprotein-receptor-related protein 1, insulin-like growth
factor 1 receptor and epidermal growth factor receptor). They are also involved in the in-
flammatory response reaction due to their ability to bind and activate transforming growth
factor β [10,12,15,65–67]. Cell-surface PGs (glypicans and syndecans) improve the course
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of ligand–receptor interactions, so they are attributed to the role of co-receptors [12,68].
Basement membrane modular PGs (agrin and perlecan) can act as both pro- and antian-
giogenic molecules [10,12,15]. Modular PGs co-supervise cell proliferation, migration and
adhesion [12,15]. The importance of PGs in collagen fibril assembly is also emphasized [10].

2.6. Thrombospondin

In vertebrate animals, thrombospondins are encoded by a THBS gene family consisting
of five members. The function of thrombospondin 1 (THBS1) is best understood (under
both physiological and pathological conditions). The precursor of this protein is com-
posed of 1170 amino acids, whereas the mature protein, which is devoid of the N-terminal
signal peptide compared to the aforementioned precursor, undergoes homotrimeriza-
tion after secretion. THBS1 comprises roughly twelve asparagine-linked mono-, bi- tri-,
and tetraantennary complex oligosaccharides and variable numbers of C-mannosylated
tryptophan residues in the type 1 repeats. The protein in question was also found to be
O-fucosylated [69–74]. During prenatal development, THBS1 is expressed in many tissues,
whereas in adults who do not suffer from cancer, the expression of this protein is low. It
has been pointed out that there is a positive correlation between age and plasma THBS1
levels. Moreover, the association of elevated plasma concentrations of this protein with dis-
eases typically associated with old age, such as cardiovascular disease and type 2 diabetes,
is emphasized. It is worth noting that THBS1 is the most abundant thrombocyte alpha
granule protein. Its plasma concentrations in healthy people are low. There is evidence
that stimuli such as: ischemia, tissue remodeling, injury or reperfusion are able to induce
THBS1 expression in many locations in the body. Its high plasma concentrations have been
reported in patients with rheumatoid synovitis, atherosclerosis and glomerulonephritis.
Moreover, high plasma concentrations of lipids and glucose have been found to trigger
THBS1 expression. It should be emphasized that increased expression of this protein occurs
in the stroma of many cancers. The presence of THBS1 in ECM is transient owing to
the fact that endotheliocytes and fibroblasts have the ability to efficiently internalize and
degrade this protein. In the subendothelial matrix of some blood vessels as well as at the
dermal–epidermal boundary in the skin, THBS1 expression is constitutive [69,75]. From a
practical standpoint, the most important molecules that can bind THBS1 are: cathepsin G,
fibronectin, some MMPs, fibrinogen, some collagens, active and latent transforming growth
factor β1, plasmin, neutrophil elastase, tissue factor pathway inhibitor and heparin [69,76].
In a cell-specific as well as context-dependent manner, THBS1 can stimulate or inhibit
proliferation, adhesion, motility, and survival of the cells. This protein is currently recog-
nized as a potent inhibitor of angiogenesis. Nevertheless, the N-terminal proteolytic and
recombinant parts of THBS1 have been found to stimulate angiogenesis, with integrin β1
mediating this effect. It has been demonstrated that THBS1 can block the enzymatic activity
of proteases such as: neutrophil elastase, cathepsin G, and plasmin. Latent transforming
growth factor β1 is in turn stimulated by THBS1. It is also worth highlighting that THBS1
has the ability to block stem cell self-renewal [69,77,78].

2.7. Osteopontin

Osteopontin (OPN) is a glycosylated extracellular matrix phosphoprotein produced
by cells such as: osteoblasts, osteoclasts, epitheliocytes, endotheliocytes and immune cells.
Depending on the tissue in which it is found, this protein can exhibit both structural and
functional heterogeneity. The mass of OPN oscillates between 41 and 75 kDa, which is
mainly due to differences in its post-translational modifications [79–86]. Bone remodeling,
vascularization, inflammation as well as immune-regulation are processes in which OPN
plays an important role. At this point it is worth emphasizing that this protein is also
relevant in the course of tumorigenesis [79,87–91]. Data collected so far indicate that OPN
together with some integrins, when stimulated by vascular endothelial growth factor
(VEGF), may enhance angiogenesis. It is assumed that OPN promotes proliferation and
migration of endothelial cells [79,92,93]. Many of the functions that OPN performs in the
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body are linked to its interactions with CD44 and integrins. Due to these interactions, OPN
has been classified, along with dentin matrix protein 1 (DMP1), dentin sialophosphoprotein
(DSPP), bone sialoprotein (BSP) and matrix extracellular phosphoglycoprotein (MEPE), into
a group of molecules referred to as small integrin-binding ligand N-linked glycoproteins
(SIBLINGs). Arginine–glycine–aspartic acid (RGD) and serine–valine–valine–tyrosine–
glutamate–leucine–arginine (SVVYGLR) are two sequences that are necessary for the
integrin-binding ability manifested by OPN. The former sequence enables OPN to bind
to the following integrins: αvβ1, αvβ3 and αvβ5, while the latter one conditions OPN
to bind to the following integrins: α4β1, α4β7, and α9β1 [79,94–97]. The binding of
OPN to CD44 and integrins triggers a downstream signaling cascade via the PI3K/AKT
signaling pathway leading to cell proliferation and survival which is mediated by NF-κB.
Furthermore, via the Ras/Raf/MEK/ERK signaling pathway, an OPN–integrin complex
confers a metastatic phenotype on some cancer cell types which appears to be dependent
on the induction of activator protein 1-dependent gene expression [79,98–103].

2.8. Osteonectin

Osteonectin (ON) is a 32 kDa calcium-binding matricellular protein. It has been
proven that this protein can be expressed in both mineralized and non-mineralized tissues,
although initially many researchers believed that ON expression did not occur in the
latter. As a rule, osteopontin expression accompanies the expression of fiber-forming
collagens (e.g., collagen type I). It is widely believed that the role of ON in osteoid consists
of the release of calcium cations on the one hand and the binding of both collagen and
hydroxyapatite on the other. This constellation of ON properties is an assumption for its
recognition as a promoter of bone mineralization. It is assumed that spatial separation
of two domains of this protein, i.e., the hydroxyapatite-binding domain and collagen-
binding domain, is essential for ON to properly perform this function [104–107]. ON is
encoded by a single gene. This protein has four domains: an N-terminal low-affinity, high
capacity, calcium-binding domain that contains the mineral binding region, a cysteine-rich
domain, a hydrophilic region, and an extracellular Ca2+ (EC) domain with an E-F hand
motif at the C-terminus that encompasses the collagen binding domain. ON undergoes
differential glycosylation, which depends mainly on its tissue-specific expression. It is
worth highlighting that the glycosylated form of this protein is expressed in bone and has
a higher affinity for collagen than the form found in thrombocytes [104,108]. It has been
discovered that ON can also be produced by fibroblasts and endotheliocytes. Moreover,
this protein is found in platelet granules during injuries [104,109–111]. ON facilitates
procollagen processing by limiting procollagen association with cell surface receptors, while
noting that the ON-binding site on collagen overlaps with that of the collagen receptors
called DDR1 and DDR2. It has been suggested that, by binding to collagen type I, ON may
block signaling pathways mediated by DDR2. It is speculated that, in the absence of ON,
streamlined interactions between soluble collagen and DDR2 entail increased turnover
of collagen within the cell surface, resulting in changes in its deposition in the ECM. In
addition, ON affects the content and diameter of collagen fibrils in mineralized tissues by
regulating the activity of the enzyme called transglutaminase [21,37,39–42,104,112–115].

2.9. Periostin

Periostin (POSTN), which was originally isolated from a mouse osteoblast cell line as
osteoblast-specific factor 2, belongs to the matricellular protein family. In humans, POSTN
is encoded by the POSTN gene, whose expression can be increased by interleukins (4 and
13), and by transforming growth factor β. The components of the POSTN molecule are:
a cysteine-rich domain within the N-terminal region, four fasciclin I domains, and an
alternative splicing domain within the C-terminal region. It is worth adding that up to nine
splice variants have been identified, but the full-length transcript encodes an approximately
90 kDa secreted protein that includes all exons. It is still unclear what functional significance
these variants may have. It is conjectured that they might condition the differential expres-
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sion of POSTN in different tissues and diseases [116–121]. POSTN binds both fibronectin
and collagen type I and participates in collagen fibrillogenesis [116,122]. It has been proven
that such known actions of POSTN as: promotion of adhesion, stimulation of proliferation,
enhancement of angiogenesis, facilitation of metastasis or acceleration of cell migration
are dependent on its binding to appropriate integrin receptors [116–118,123]. It has been
reported that POSTN is engaged in epithelial–mesenchymal transition (EMT) and heart
morphogenesis. The described protein is also relevant in such processes as Th2-dependent
immune response and inflammation [124].

2.10. Tenascin C

Hexameric tenascin C (TNC) is a member of the tenascin gene family of proteins.
It was originally attributed to function as a supervisor of cell adhesion. Nowadays it
is known that the range of functions performed by this protein is much wider and in-
cludes, e.g., regulation of signaling between cells, modulation of expression of specific
genes or participation in maintenance of proper biochemical conditions within the cellular
microenvironment [125,126]. Due to differences in post-translational modifications, the
described protein, which in vertebrates is characterized by a highly conserved amino
acid sequence, is found in different molecular forms. Wide distribution of TNC occurs
in embryonic tissues, while in postnatal development its expression is much lower and
its synthesis is tightly regulated by many factors. However, there are some situations in
which TNC synthesis is enhanced postnatally, e.g., during tissue healing after damage,
during carcinogenesis (especially in the stroma of solid tumors), and during inflammation
(especially chronic) [125–129]. The high prenatal expression of TNC is suspected to be
related to the experimentally demonstrated ability of TNC to influence cell phenotype
by interacting with appropriate receptors on the cell surface. Several glycosylation sites
within the TNC molecule have been identified. It is suggested that TNC acquires protease
resistance due to this modification. There are also reports that glycosylated TNC finds it
more difficult to form hexamers. It has been also documented that glycosylation of TNC
results in its ability to promote neuronal stem cell proliferation. Another post-translational
modification that TNC may undergo is citrullination, which is attributed to the ability to
increase the immunogenicity of C-terminal residues of this protein, which in turn leads to
the formation of autoantibodies, as described in the case of rheumatoid arthritis [130–132].
TNC can be cleaved by gingipain cysteine proteases and MMPs. This degradation not
only regulates TNC turnover in tissues. Indeed, it has been shown that the resulting
molecules (soluble fragments) also have specific biological activities, usually different from
the parent molecule. For instance, cleavage uncovers cryptic pro-apoptotic activity, hidden
fibronectin-binding sites and concealed heparin–sulphate-binding sites that promote cell
spreading [125,126].

2.11. Entactin

Entactin is a sulfated, multidomain glycoprotein that is found in many basement
membranes. This protein is composed of 1217 amino acids that form two globular do-
mains, linked by a rod-like structure whose essential fragments are four EGF- and one
thyroglobulin-like cysteine-rich homology repeats. Entactin has the ability to bind to the
following molecules: fibronectin, laminin, fibrinogen and collagen type IV. The described
protein plays an important role in endowing the ECM with its proper characteristics. En-
tactin can promote both phagocytosis and chemotaxis. It is worth noting that these actions
are dependent on interactions with integrin receptors. Entactin is also engaged in regulating
wound healing and hemostasis by binding to fibrinogen. This binding is not dependent on
metal cations. In addition, it has been shown that entactin is involved in controlling cell
adhesion, which may be important for its role in tumorigenesis [133,134].
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2.12. ECM in the Breast

In a resting adult mammary gland, the basement membrane encapsulates the gland
and is the principal ECM that interacts with both the myoepithelium and the luminal
epithelium [135]. Its essential components are: collagen type IV, PGs, laminins (111 and
332), entactin and epiligrin. ECM is responsible for maintaining the proper polarity by
the epithelial cells, and it should be mentioned that this function is realized mainly due
to the presence of the aforementioned laminin 111. The appropriate biochemical dialogue
between ECM components and lactogenic hormones is required for full differentiation
of mammary epithelial cells [135–139]. Signal transducer and activator of transcription 5
(STAT5) participates in this differentiation and in the process of milk secretion from the
breast [135,140]. Inhibition of control of mammary epithelial differentiation in response
to prolactin and impaired milk secretion occur when the epithelial cells are placed on the
interstitial matrix that is rich in fibrillar collagen (type I and III), PGs, hyaluronan and
various glycoproteins [135,141]. The presence of laminin 111 allows this control to be
regained, but only if integrin β1 (receptor for laminin 111) is present and has no defects in
structure or function. In its absence, STAT5 signaling is impaired and epithelial cells detach
from the basement membrane. This integrin is also required for mammary ductal cells to
proliferate. Extensive reorganization of the ECM in the mammary gland is observed during
pregnancy and lactation. The post-lactational involution occurs with a significant increase
in fibrillar collagen and fibrillin content. Increased proteolysis is also observed. Laminin,
collagen type IV and entactin are degraded [135,142–146].

3. Breast Cancer

Breast cancer is one of the most common cancers affecting women worldwide, and
its incidence continues to increase [147–158]. It is also one of the leading causes of cancer
deaths among women [147]. As a metastatic cancer, it can exhibit the ability to spread to
multiple organs (e.g., brain, lungs, kidneys, bones, and liver), which significantly worsens
the prognosis [148,155]. In the absence of any metastases, the cure rate of patients sometimes
reaches 90%, whereas, in the metastatic setting, the cure is not achievable for now. It is
believed that in such cases the long-term survival depends mainly on the organs to which
the metastases occur, as well as the extent and speed with which it occurs [157]. Early
diagnosis facilitates treatment and is associated with a better prognosis [148]. Appropriate
prophylaxis is also not without importance [154]. Many risk factors have been identified,
including: age, gender, genetics, cigarette smoking, personal and family history, breast
pathology (especially proliferative breast disease), reproductive factors, as well as dietary
habits and estrogen metabolism disorders [147–158]. At this point, it is worth noting that
mutations in two genes (BRCA1 and BRCA2) are the most significant causes of genetically
determined breast cancer [149].

3.1. Molecular Subtypes of Breast Cancer

Based on the expression profile of specific genes, supported by immunohistochemical
assays, the following molecular subtypes of breast cancer were identified: luminal A,
luminal B, luminal HER2, enriched HER2 and triple-negative [2–4,135,137].

Luminal A subtype is the most common (accounting for nearly 50% of all newly diag-
nosed breast cancer cases) subtype and also the least aggressive [2]. It shares some features
with luminal breast epithelial cells, namely, it manifests high expression of cytokeratins
(7, 8, 18 and 19). Moreover, the expression of proliferation-stimulating genes is low in this
subtype (low Ki-67 index), while the prognosis is very good. Lymph node involvement is
rare, and the clinical course is relatively benign. It expresses estrogen receptor (ER) and
progesterone receptor (PR), however the expression of human epidermal growth factor
receptor 2 (HER2) is very low in this subtype. This constellation of properties makes
luminal A subtype susceptible to hormonal therapy (using aromatase inhibitors or selective
estrogen receptor modulators) [2–4,135,137].
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Luminal subtype B accounts for 20–30% of invasive breast cancer cases and it is worth
noting that most breast cancers genetically determined by BRCA2 gene mutation belong to
this subtype [149,150]. This subtype is characterized by: high expression of cytokeratins,
intermediate prognosis, higher risk of local recurrence after treatment (than in the case
of subtype A). It is assumed that higher (than in subtype A) expression of Ki67, cyclin
E1 and nuclease sensitive element binding protein 1, indicating increased proliferation,
implies worse prognosis than in subtype A. It seems that increased signaling via pathways
involving Src and PI3K kinases is also significant in this regard. This subtype is usually
treated as the most aggressive form of hormone-dependent breast cancer. In addition to
hormone therapy, this subtype usually requires additional treatment options: targeted
therapy (if the cancer cells are HER2+) or chemotherapy [147,149,151].

HER2-positive (HER2+) breast cancers are characterized by positive expression of
a molecule called HER2, which is classified as a protooncogene and encoded by a gene
located at the long arm of human chromosome 17. It is noteworthy that increased expression
of HER2 is found in many epithelial tumors. Due to the fact that HER2 belongs to the
family of plasma membrane-bound receptor tyrosine kinases, this overexpression results in
increased activity of this tyrosine kinase. It is active even in the absence of ligand, which is
manifested, among others, by increased signaling promoting uncontrolled cell proliferation.
HER2-positive cancers account for 15–20% of all breast cancers [152,153]. The presence of
extra copies of the gene encoding HER2 often coexists with alterations in genes responsible
for encoding proteins involved in proteolysis or angiogenesis. The repercussions of HER2
gene amplification include: higher risk of metastasis, worse clinical prognosis as well as
shorter disease-free survival. Luminal HER2 and enriched HER2 were distinguished. The
former (also called triple-positive) has expression of HER2, ER and PR, while its Ki-67
index has an intermediate value, which determines moderate proliferation. The latter has
HER2 but no ER and PR, so no hormonal therapy is used. Despite the presence of the HER2
molecule, monoclonal antibody therapy is unsuccessful in almost 50% of patients, which,
given the high value of the Ki-67 index noted in this cancer, and which indicates increased
proliferation, implies a poor prognosis [154–156].

Triple-negative breast cancers, which account for about 15% of all breast cancers, owe
their name to the fact that their cells lack ER, PR and HER2. They have a high Ki-67 index,
which is evidence of increased proliferation. It has been proven that people with BRCA1
gene mutation have higher incidence of these cancers. Furthermore, they are found more
often in women at a young age. This extremely aggressive (especially in African American
women) and heterogeneous subtype of breast cancer is characterized by a very high risk of
recurrence (local and systemic), which should be taken into consideration when introducing
appropriate therapy. High incidence of early metastasis and recurrence determines a poorer
prognosis [155–157].

3.2. Tumor Microenvironment

In recent years, our knowledge of the molecular basis of tumorigenesis in the breast
has greatly expanded. It has been proven that cancer of this organ is accompanied by
significant changes in the surrounding stroma. Many components of the so-called tumor
microenvironment have been identified, as well as tumor-induced changes in the mor-
phology and function of the ECM, immune cells, cytokines and growth factors and their
receptors. Some of these changes are thought to facilitate tumor progression. However,
alterations in the tumor microenvironment that inhibit tumor progression have also been
identified. For example, the enrichment of cytotoxic T cells in the tumor microenvironment
can be regarded as a tumor-induced modification while being anti-tumoral. Stromal cells
in the breast cancer microenvironment are characterized by aberrant signaling pathways as
well as molecular alterations that have prognostic significance for clinicians [159]. Breast
cancer is now recognized as a highly heterogeneous (histologically and at the molecular
level), genetically determined disease [148,151,152,154–157,160–164]. Both somatic and
germline mutations are causative factors in tumorigenesis. It should be emphasized that
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certain mutations cause so-called hereditary tumor syndromes in patients, while repercus-
sions of other mutations are certain morphological stages [160–164]. Links between genetic
variation and pathological subtypes of breast cancer are the subject of research [164].

The breast cancer microenvironment can be considered at three main levels: local
(intratumor), regional (in the breast) and distant (metastatic). Each of these levels contains:
different cell types (leukocytes, fibroblasts, epithelial cells, adipocytes and myoepithe-
lial cells), soluble factors (enzymes, growth factors, hormones and cytokines) as well as
ECM with specific characteristics. Additionally, each has a different ion concentration
(Ca2+ and H+) and oxygen content. The occurrence of interplay between components
of the tumor microenvironment and breast cancer cells has been repeatedly studied and
confirmed [159,165]. Some of the most important molecular players in the tumor microenvi-
ronment are T cells, which are the most abundant tumor infiltrating lymphocytes, as shown
by experimental data. Recently, it has been demonstrated that T reg cells can promote
breast cancer metastasis to bone by synthesizing and secreting receptor activator for nuclear
factor kappa B ligand. Therefore, it has been suggested that the finding of multiple T reg
cells in the tumor microenvironment worsens prognosis. The idea has been put forward
that recruitment of these lymphocytes occurs as a result of prostaglandin E2 secretion by
tumor cells. It has been reported that this effect is modulated by transforming growth
factor β. The function of effector cells may be suppressed by the tumor via secretion of
interleukin 10. The events described above contribute to the formation of the so-called
immunosuppressive microenvironment, which is one of the key elements of the process
referred to as immunoediting [159,166–172]. Tumor-associated macrophages (TAM), which
originate in blood monocytes recruited at the tumor site via factors secreted by both neo-
plastic and stromal cells, also represent an important cell population in the breast cancer
microenvironment. TAM exhibit a characteristic phenotype directed at promoting tumor
growth, facilitating both angiogenesis (through producing VEGF) and tissue remodeling as
well as suppressing adaptive immunity. Data collected so far indicate that high levels of
TAM are associated with poor prognosis in breast cancer [159,173–177]. Tumor-associated
stroma shows an abundance of immature dendritic cells (DC) with impaired capacity to
stimulate antitumor immunity. These DC have the ability to promote tumor growth by
enhancing endothelial cell migration and stimulating the production of proangiogenic
factors. The cited DC activities disappear when these cells become mature. Moreover, infil-
tration of mature DC into primary tumor sites has been shown to reduce metastatic capacity,
resulting in a better clinical outcome [159,178–182]. It is also worth highlighting that the
role played by cancer-associated fibroblasts (CAF) in the breast cancer microenvironment,
which are the source of many soluble factors (e.g., chemokines and growth factors), is not
without significance. They are considered to be capable of enhancing tumor aggressiveness
and facilitating metastasis. Compared to fibroblasts located in noncancerous tissues, CAF
are characterized by significantly higher expression of genes related to morphogenesis
and development. Furthermore, there are premises indicating that CAF might affect the
transcriptional profile of breast cancer cells. These interactions may promote the formation
and maintenance of a specific genetic–biochemical partnership to manage the microenvi-
ronment in such a way as to mutually facilitate access to nutrients. It is possible that the
source of CAF is the bone marrow and their recruitment to the tumor microenvironment
is accomplished by sending appropriate signals from tumor cells that are already present
in this microenvironment, although it should be noted here that other concepts as to the
provenance of CAF are also considered. While metalloproteinases produced by CAF appear
to promote tumor invasion, other factors produced by these cells, such as caveolin-1 and
podoplanin, which are associated with wound responses, have been linked with fewer
nodal metastases [159,183–190]. It is worth mentioning that the heterogeneity of CAF has
been recognized and the importance of four subsets (CAF-S1, CAF-S2, CAF-S3 and CAF-S4)
of these cells, whose expression patterns in non-tumorigenic tissues and in breast cancer
are different, has been described. CAF-S1 have been shown to be key immunosuppressive
factors. They exhibit the ability to attract T lymphocytes and, moreover, to increase the
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survival of CD4+CD25+ T lymphocytes. Additionally, they facilitate the differentiation of
these lymphocytes into CD25+FOXP3+ cells and stimulate T reg cells to block the prolifer-
ation of effector T cells [16,17]. The role of adipocytes in the tumor microenvironment is
also important. In a healthy breast there are the following groups of adipocytes: adipose-
derived stem cells, preadipocytes and mature adipocytes. Data collected so far indicate
that in breast cancer tissue there are adipocytes with different characteristics (enhanced
expression of adipokines and inflammatory factors, higher activity of matrix metallopro-
teinase, smaller size, increased expression of type VI collagen and decreased lipid content)
from those found in the non-neoplastic tissue, therefore they are called cancer-associated
adipocytes (CAA). CAA exhibit fibroblast-like phenotypes and possess senescent features
(especially in obese people). They are located in the vicinity of tumor-transformed cells,
with which, as it is presently assumed, they communicate chemically, inducing functional
and phenotypic changes favoring tumor progression. Moreover, increased secretion by
CAA of molecules, whose activity implies enhanced metastasis and tumor invasiveness, has
been reported. The most important of these molecules are: interleukins (1β and 6), leptin,
tumor necrosis factor α, parathyroid hormone-related protein, vascular endothelial growth
factor and chemokine (C-C motif) ligands (2 and 5). The aforementioned communication
at the CAA-tumor cell line also determines the metabolic reprogramming of CAA, which
triggers their tumor-promoting potential. It has been discovered that exosomes can act as
molecular linkers between CAA and breast cancer cells in enhancing tumorigenesis. Within
the tumor microenvironment, exosomes carry onco-miRNA (miRNA-126, miRNA-144 and
miRNA-155) from breast cells to adipocytes, leading to the conversion of the latter into
CAA [18–24].

3.3. Essential Changes in Breast ECM during Carcinogenesis

These changes occur at every stage of carcinogenesis. In the non-tumorigenic breast,
tissue microarchitecture is under precise multifactorial control [140,191].

Signaling for epithelial polarity is one key to the ECM role in tumor suppression.
Underlying the disclosure of the tumor phenotype is the loss of this polarity, triggered by
disruptions in cell–cell and cell–ECM interactions. If this polarity is restored, the process
of carcinogenesis is inhibited [140,191–194]. The basement membrane can arrest nascent
in situ carcinomas within its boundaries [140,195–197]. Its crossing by tumor-transformed
cells is possible, among other reasons, because these cells are capable of disorganizing
cell-to-cell and cell-to-ECM signaling pathways and can disrupt adhesion and migration.
The role of cancer cell synthesis and secretion of enzymes that degrade ECM components
is also emphasized [140,198–203]. Invasion of the basement membrane is usually tempo-
rally and spatially coordinated with increased protease synthesis, enhanced proteolysis,
and abnormal turnover of matrix components via, among other things, endocytosis (e.g.,
laminin and its receptors) [140,204–208].

3.4. ECM Proteins in Breast Cancer

ECM proteins are mainly produced by myoepithelial cells. Therefore, changes in the
synthesis of these proteins accompanying carcinogenesis are clearly visible in the men-
tioned cells. For instance, the loss of the ability of myoepithelial cells to synthesize laminin
111 and the inability of these cells to produce inhibitors of matrix-degrading proteases
(such as maspin) have been observed. Conversion of carcinoma in situ to invasive breast
cancer appears to be dependent on myoepithelial cell dysfunction [140,209–212]. Invasion
and metastasis are preceded by an increase in collagen biosynthesis [140,213,214]. Upreg-
ulation of LOX enhances collagen cross-linking. The resulting stiffening of its structure
is considered as one of the factors promoting metastasis [90,215–218]. Increased LOX
activity has been shown to be induced by transforming growth factor β and hypoxia
inducible factor [121,219,220]. Another enzyme involved in collagen metabolism (called
prolyl hydroxylase) is also highly expressed in breast cancer tissues, which correlates with
poor clinical outcomes. The subsequent reduction of collagen deposition due to silencing



J. Clin. Med. 2022, 11, 1250 13 of 30

of the mentioned enzyme favors the reduction in metastasis (e.g., to lungs and lymph
nodes), as well as decreasing the invasiveness of cancer cells [121,220–222]. There is specu-
lation that increased breast density, which is generally associated with poor prognosis, is
a consequence of increased collagen deposition and stiffness of the stromal matrix. This
stiffness may further account for integrin clustering and increased activity of signaling
pathways involving extracellular signal-regulated kinases (ERK). Due to degradation of the
basement membrane, collagen type IV is decreased in breast cancer, while the number of
fiber-forming collagens (types I, III, and V) is increased, which has been linked to a higher
risk of invasion and malignancy. A collagen scaffold can be used by cancer cells during
migration in order to facilitate this process [140,223,224].

It is now thought that many of the ECM proteins (e.g., periostin and tenascin C)
are important components of the so-called pre-metastatic niche [135,215]. Periostin is
produced by fibroblasts in tumor stroma [215,225,226]. It is important for normal skeletal
and myocardial development and is also found in healthy tissues [135,227]. Its increased
expression in tumors is usually associated with tissue stiffness-dependent facilitation of
disease progression [135,217]. The mentioned increase in tissue stiffness is caused by an
increase in LOX activity, which in turn results from an interaction between periostin and
BMP-1. It is worth mentioning that LOX accumulates in the pre-metastatic niche and
promotes recruitment of MMP-2 producing myeloid cells [135,228]. Moreover, periostin
induces Wnt signaling by promoting recruitment of Wnt ligands, which also promotes
metastasis formation [215,229]. Induction of periostin by transforming growth factor β3
facilitates breast cancer metastasis to the lung and survival of cancer cells in this organ, and
increased plasma levels of this molecule have been linked to a higher risk of secondary
breast cancer foci in the bone [135,229,230].

Tenascin C (TNC) assembles into a hexameric structure and is highly upregulated
during tissue regeneration, because it participates in the formation and function of the pro-
visional wound matrix [135,231]. TNC has been detected in both primary breast cancer and
the invasive front of lung metastasis nodules. Both stromal and cancer cells express a sig-
nificant amount of TNC. It is highly upregulated especially at invasive fronts [135,215,232].
TNC has the ability to modulate cancer stem cell signaling by enhancing expression of
key regulators of the Wnt and Notch pathways, namely leucine-rich repeat-containing G
protein-coupled receptor 5 (LGR5) and musashi homolog 1 (MSI1), respectively, which
has been associated with an increased risk of recurrence (local and distant) [135,215,233].
TNC is one of six genes in a signature regulated by microRNA 335 in metastatic breast
cancer [135,233]. At sites where tissues undergo remodeling, TNC typically coimmunopre-
cipitates with MMPs. Two of them (MMP-9 and MMP-13) are activated by TNC, which
enhances breast cancer invasiveness. It has been reported that TNC expression limited only
to the stroma is associated with better prognosis than its expression in both stromal and
tumor cells. There is also evidence to suggest that TNC expression predicts poor 5-year
survival in patients with breast cancer [135,234–238].

Osteonectin (ON) is a matricellular ECM protein that is nearly absent in normal mam-
mary, however it is highly expressed in breast cancer [135,239]. This increased expression
is mediated by β4 integrin, leading to increased invasiveness. ON is associated with
basal, HER2+ and luminal B breast cancer subtypes while the luminal A subtype does
not express this protein. ON regulates MMP-2 activity and facilitates metastasis to lung
tissue [135,240–242]. There is some evidence suggesting an inverse correlation between
ON and the estrogen receptor. The expression of ON in breast cancer is associated with
poor metastasis-free survival as well as overall survival [135,243–246].

Thrombospondin 1 (THBS1) was originally detected in thrombocytes, but it also shows
expression in osteoblasts, macrophages, fibroblasts, and tumor cells [135,247]. On the one
hand, this molecule has been proven to inhibit the growth of primary tumors and block
angiogenesis but, on the other hand, it has been noted to promote breast cancer metastasis
to the lungs, which is most likely accomplished via activation of transforming growth
factor β and stimulation of urokinase plasminogen activator. The expression of THBS1
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in breast cancer associates with poor metastasis-free survival [135,248–251]. In the case
of tumors that show neither estrogen receptor nor progesterone receptor expression, the
increase in plasma THBS1 levels in diseased compared to healthy individuals may be of
great clinical value owing to the fact that it can be considered as one of the markers of
aggressiveness, since it has been noted that lymph node metastasis is much more frequent
under the described conditions [135,252–254].

Osteopontin (OPN) is a phosphorylated glycoprotein that interacts with surface recep-
tors including CD44 and several integrins, of which particular importance is commonly
attributed to αvβ3 integrin on account of its participation in cell survival signaling. OPN
occurs in bones and has a thrombin cleavage site. After cleavage, both fragments are
recognized by integrin receptors. Thrombin cleavage of this molecule has been suggested
to lead to an increase in OPN activity [135,255,256]. Overexpression of OPN results in
increased tumor size, increased invasiveness, and promotes metastasis. Cancer cells with
such an overexpression also have increased expression of urokinase plasminogen activa-
tor [135,257,258]. Most often overexpression of OPN occurs in stromal cells (lymphocytes
and infiltrating macrophages), nevertheless this protein is also expressed by cancer cells
directly and exists both as an immobilized part of the ECM and as a soluble factor circu-
lating in the blood. OPN is expressed in node negative breast cancer. Its presence both
in plasma and in tumor tissue may be a prognostic indicator of tumor aggressiveness.
Indeed, low levels of this protein in blood plasma are associated with decreased metastatic
spread and better overall survival [135,259–262]. Expression of OPN by orthotopically
injected breast cancer cells is a necessary factor for the occurrence of bone marrow-derived
stem cell mobilization, raising the possibility that this protein is not merely a passive
biomarker [135,263].

Increased synthesis and enhanced deposition of fibronectin in tumor-affected tissues
have also been found in human breast cancer [213,215,264]. Fibronectin has been detected
in the stem cell niche. This molecule is considered as one of the indicators of EMT. For
instance, it can promote EMT induced by transforming growth factor β. The effects of
fibronectin on metastasis formation and EMT are mediated via the ERK/MAP kinase and
Src kinase pathways [215,265,266]. It has been reported that ERK participates in one of
the critical pathways in breast cancer progression. Studies to date suggest that binding
of collagen type I to DDR stabilizes SNAIL1 (a transcription factor that promotes the
repression of the adhesion molecule E-cadherin in order to regulate EMT) by stimulating
ERK2 activity. Activated ERK2 can phosphorylate SNAIL. If this reaction occurs, SNAIL1
accumulates in the cell nucleus and subsequently promotes breast cancer invasion and
enhances metastasis [215,267]. Abnormalities in the distribution of receptors for fibronectin
on the surface of tumor cells were also highlighted. In general, fibronectin expression in
breast cancer is associated with adverse clinical outcomes [268–275].

Associations of several laminin subtypes (111, 332, and 511) with tumorigenesis in the
mammary gland have been established. Abnormal expression of laminin 111 or its loss,
which are usually observed in the breast undergoing tumorigenesis, result in disturbed
cell polarity. In view of the role of this laminin in the regulation of cell–cell adhesion, it
is speculated that it has the ability to limit the spread of tumor cells [270,276–279]. Some
studies have provided evidence that other laminins containing α4 subunits (such as laminin
332 and laminin 511) enhance cancer progression. Expression of laminin 332 accompa-
nies aggressive breast cancer phenotype, whereas tumor-derived laminin 332 promotes
anchorage-independent survival via interaction with integrin α6β4 receptors [270,280].
Interactions of laminin 332 with integrin α3 result in increased migration and invasion of
tumor-transformed cells. Regarding laminin 511, it has been shown to have the ability to
increase breast cancer invasiveness by promoting adhesion and migration of tumor cells. In
a subpopulation of cells capable of self-renewal and tumor initiation, this laminin interacts
with integrin α6β1 [270,281].

Regarding elastin, it is worth mentioning that elastosis, which results from an abnor-
mal increase in expression of the components of elastin fibers and excessive degradation
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of normal elastic fibers, is a common feature in breast cancer. Elastosis increases with
tumor progression. Ductal elastosis is particularly common in invasive cancer. Elastosis
is recognized as a complex phenomenon resulting in both deposition of elastotic masses
and local production of elastin fragments. These two manifestations must be distinguished
within the matrix [270,282]. Elastin-derived peptides affect tumor cells and surrounding
stroma. They promote invasion of this stroma and migration of cancer cells. These peptides
also upregulate the expression of MMPs as well as facilitate chemotaxis, angiogenesis
and elastase release. Moreover, they can prevent apoptosis [270,283,284]. The roles of the
selected ECM molecules in tumor microenvironment were shown in Figure 1.

Figure 1. Chosen ECM molecules role in tumor microenvironment [10,12,15,65,66,90,121,135,140,213–
220,225,226,228,229,232,234–238,240–246,248–251,255,256,264–267,270,276–279,281–284] modified.

3.5. Clinical Considerations

It seems obvious that clinical aspects of the discussed issues (e.g., the possibility of
using ECM proteins as diagnostic markers in predicting the clinical course of the disease or
the influence of specific anticancer therapies on the expression and function of the men-
tioned proteins in different subtypes of breast cancer) are of special interest for researchers
dealing with breast cancer. In this chapter this topic will be discussed.

Data collected so far indicate that there is an association between the expression pro-
files of genes encoding specific ECM proteins and resistance of breast cancer cells (including
metastatic ones) to chemotherapeutics. Increased expression of ON, POSTN, fibulin-1 and
THBS2 has been shown to predispose stromal cells to show resistance to drugs such as cy-
clophosphamide (CPH), 5-fluorouracil (5-FU) and doxorubicin (DOXO) [285]. Moreover, it
has been proven that THBS1 overexpression results in resistance to DOXO-mediated apop-
tosis of breast cancer cells (type I collagen seems to be involved in this effect), whereas OPN
overexpression results in resistance to CPH-dependent apoptosis of these cells [286,287]. It
has been suggested that, at least in some cases, the mere presence of a chemotherapeutic
agent in the TME implies enhanced synthesis of specific ECM proteins. Interestingly, the
present hypothesis has been confirmed in relation to DOXO, because in both in vitro and
in vivo models it has been found that its presence in the breast cancer microenvironment
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induces an increase in the expression of laminin 111 and fibulin-1 [288,289]. Taking into
account the above-described relationship between fibulin-1 and resistance of cancer cells to
chemotherapeutic drugs, it can be speculated that this protein is a mediator of resistance
induced by the presence of DOXO. It is worth noting that the effect of expression profiles
of ECM proteins has been studied not only on the course of chemotherapy, but also on
radiotherapy and hormone therapy. With regard to the last of the therapies mentioned in
the previous sentence, it should be noted that the studies, which concerned the influence of
ECM protein overexpression on tamoxifen therapy, provided the conclusions that increased
levels of tenascin C, ON and fibronectin in TME predispose cancer cells to exhibit resis-
tance to therapy with selective estrogen receptor modulators and, moreover, indicate poor
prognosis [290]. With regard to laminins, one cannot help but mention the discovery that
laminin 332 is responsible for the failure of anti-HER2 therapy in HER2-positive tumors.
This effect is mediated by the following molecules: tetraspanin CD151 and two integrins
(α6β4 and α3β1) [291]. It is also worth emphasizing that TNBC, which display mutant
p53 and are characterized by enhanced angiogenesis and poor survival, lack laminins
expression. ECM proteins are also important in the context of radiotherapy outcome as
has been observed that fibronectin and laminins increase resistance to ionizing radiation
in vitro [292]. The relationships described above encourage the search for possible therapeu-
tic interventions, as described in Section 3.6. For some subtypes, correlations between the
presence of mRNA of certain ECM proteins and clinical prognosis have been documented.
It is important to note here that the presence of a particular protein in high concentration
in a particular subtype does not imply at once that it is a diagnostic marker or prognostic
indicator in that subtype. For instance, the concentration of mRNA for fibronectin in TNBC
and HER2-positive, but it can be considered a prognostic marker only for those tumors
that express ER and PR. In contrast, mRNA levels for ON are, admittedly, highest in the
luminal A subtype. Nevertheless, it is not a prognostic indicator in luminal cancers, but
in HER2-positive and basal subtypes. It follows from the above that caution should be
exercised when interpreting the results of studies on concentrations of individual ECM pro-
teins in a given subtype [293–297]. Moreover, the existence of different protein variants as
a result of alternative splicing is not without significance. These variants usually undergo
a process called isotype switching during tumorigenesis, which may affect the clinical
effect of introduced therapies. As far as radiotherapy of breast cancer is concerned, it has
been shown that those tumor cells which express higher level of splice form of fibronectin
called ED-A, as well as its receptor—integrin α5β1, are more resistant to it. ED-A is a
form that is particularly susceptible to polymerization and is associated with increased
angiogenesis within the tumor. TNC also appears in the tumor-bearing breast in such
isoforms, which are absent in the healthy body. It has been reported that the presence
of these isoforms enhances invasiveness, in which matrix metalloproteinases are most
likely involved [298–307]. Collagen type I, an essential determinant of stiffness in both
healthy and cancerous breasts, has been proposed to link mammographically detected
increased mammary gland density with increased breast cancer risk [308]. This role of
collagen type I was confirmed in a mouse model, while in women a statistically significant
correlation was observed between overexpression of genes encoding fibrillar collagens
and increased degree of breast cancer invasiveness. The degree of collagen cross-linking
was also found to influence invasiveness and prognosis. A loose structure of the network
formed by this protein increases invasiveness, while a compact one reduces it. Sometimes,
dense cross-linking of collagen fibers increases the local tissue density to such an extent
that it can be detected by palpation of the breast [309–311]. It has also been observed that
the density of chemotherapy-resistant tumors does not decrease after treatment (sometimes
it even increases), whereas the density of chemotherapy-susceptible tumors decreases after
treatment. It has been shown that collagen type III disorganizes the dense structure of
collagen type I and furthermore impedes its formation, which is associated with a decrease
in tumor aggressiveness. On the other hand, a decrease in collagen type III implies an
increase in tumor invasiveness. A dense network of collagen fibers perpendicular to tumor
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border predicts invasiveness and poorer overall survival. Inhibition of lysine oxidase and
blockade of transforming growth factor β result in a reduction in the stiffness and density
of the collagen fiber network in the mammary gland, indicating this network as a potential
therapeutic target for breast cancer treatment. In the context of the effectiveness of anti-
cancer therapies, it is worth highlighting that a reduction (regardless of how this effect is
achieved) in the density and stiffness of the collagen scaffold facilitates drug penetration. It
has been observed that this is accompanied by a local reduction in fibrinogen accumulation
and a decrease in the resistance of cancer cells to drug-induced apoptosis [312–315].

3.6. ECM Proteins as Targets for Anticancer Therapies

With regard to periostin (POSTN), it has been proven that neutralizing it with appro-
priate antibodies entailed a reduction in breast cancer metastasis to lung tissue. This is a
promising result for future work in this area [135,316]. Furthermore, a POSTN-binding
DNA aptamer has been shown to inhibit breast cancer growth and metastasis. It has been
suggested that the use of such or similar aptamers may serve as a future therapeutic tool
against those breast cancers that overexpress POSTN [317]. There are also high hopes
for the effects of POSTN in the context of combating resistance to chemotherapeutics
currently used to treat breast cancer. POSTN inhibition has been reported to overcome
chemoresistance via reducing the expansion of mesenchymal tumor subpopulations in
breast cancer. Knockdown of POSTN inhibited growth and invasion of mesenchymal tumor
cells upon chemotherapy. Furthermore, chemotherapy upregulated cancer-specific variants
of POSTN and application of a blocking antibody specifically targeting those variants
overcame chemoresistance as well as halted disease progression in the absence of toxic
effects [318].

Endostatin (an antiangiogenic factor that is a C-terminal fragment derived from colla-
gen type XVIII) also appears to be a promising target for anticancer therapy. Endostatin
has been shown to induce RAW264.7 phenotype polarization to M1 in vitro. There have
been suggestions that it may inhibit breast cancer growth in mice in vivo via the regulation
of polarization of TAM. Macrophage polarization is the process of differentiation of M0
macrophages into M1 or M2, in which these cells, due to the expression of various surface
markers, show different functions in response to activating factors from the microenviron-
ment. Macrophages with the M1 phenotype are pro-inflammatory cells with anti-tumor
functions, and M2 macrophages have a tumor-promoting effect. It is suspected that this
occurs by shifting the polarity of TAM from the M2-like to M1-like functional phenotype or
by increasing the M1-like TAM via specific inhibition of M2 polarity. In addition, data col-
lected so far indicate that the combination of chemotherapy with endostatin administration
is characterized by higher efficacy than the implementation of chemotherapy alone. Based
on these reports, it can be assumed that in the future the above-mentioned combination
therapy may be a valuable option in the treatment of breast cancer. It seems, however, that
further research is needed in this area owing to the fact that endostatin gene variation may
be relevant in this regard [319–329].

Currently, in breast cancer research, three-dimensional (3D) in vitro models are used,
in which it is possible to recreate the interactions between cancer cells and the extracellular
matrix, as well as the relationship between cancer cells and stromal cells [330].

Interesting observations were provided by the studies conducted by Berger et al. [331],
who analyzed the mechanism by which the stiffness of the substrate may influence the
invasive behavior of breast cancer cells. Increasing stiffness from low to high (2 to 12 kPa)
led to a switch from proteolytically independent invasion to a proteolytically dependent
phenotype. The authors stated that cells in high stiffness had increased expression of Mena,
an invadopodia protein associated with metastasis in breast cancer, as a result of EGFR and
PLCγ1 activation. The results obtained provide important insight into the role of matrix
stiffness, composition and organization in promoting cancer invasion [331]. The research
conducted by Han et al. [332] showed an important role of spatiotemporal coordination of
cellular physical properties in tissue organization and disease progression. According to
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the authors, using the multicellular model of the breast cancer organoid, we map the spatial
and temporal evolution of the positions, movements and physical features of individual
cells in three dimensions [332].

4. Conclusions

The relationships between ECM molecules and cancer development presented in this
article show a significant relationship between the structure and function of the breast ECM
and the interaction of many molecules both in physiological and pathological conditions. It
is clear that any ECM reorganization in the breast must be under the strict and coordinated
control of the organism. Disruption of cell–cell and cell–ECM interactions may lead to the
development of a neoplastic process.

Moreover, the multitude and variety of interrelationships between the molecules that
make up the tumor microenvironment makes it an important element, without understand-
ing of which modern oncology will not be able to cope with many clinical challenges. Last
but not least, it seems evident that as the understanding of the role of ECM proteins in
breast cancer advances, there is a growing desire to put this knowledge into practice in the
development and implementation of less toxic and more effective anti-cancer therapies.

Author Contributions: Conceptualization, A.L., K.O. and P.O. provided the idea of an article, con-
ducted and wrote the entire manuscript. J.K., A.M.-P., K.K.-V. and P.O. searched the literature and
edited the whole manuscript. A.M.-P., K.K.-V. and P.O. supervised the manuscript thoroughly and
revised the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: Authors declare no conflict of interest.

References
1. World Health Organisation. Breast Cancer. Available online: https://www.who.int/news-room/fact-sheets/detail/breast-cancer

(accessed on 26 March 2021).
2. Ataollahi, M.R.; Sharifi, J.; Paknahad, M.R.; Paknahad, A. Breast cancer and associated factors: A review. J. Med. Life. 2015, 8,

6–11.
3. Akram, M.; Iqbal, M.; Daniyal, M.; Khan, A.U. Awareness and current knowledge of breast cancer. Biol. Res. 2017, 50, 33.

[CrossRef] [PubMed]
4. Aronson, K.J.; Miller, A.B.; Woolcott, C.G.; Sterns, E.E.; McCready, D.R.; Lickley, L.A.; Fish, E.B.; Hiraki, G.Y.; Holloway, C.; Ross,

T.; et al. Breast adipose tissue concentrations of polychlorinated biphenyls and other organochlorines and breast cancer risk.
Cancer Epidemiol. Biomark. Prev. 2000, 9, 55–63. [PubMed]

5. Stark, G.B.; Grandel, S.; Spilker, G. Tissue suction of the male and female breast. Aesthetic Plast. Surg. 1992, 16, 317–324. [CrossRef]
[PubMed]

6. Tanis, P.J.; Nieweg, O.E.; Valdés Olmos, R.A.; Kroon, B.B. Anatomy and physiology of lymphatic drainage of the breast from the
perspective of sentinel node biopsy. J. Am. Coll. Surg. 2001, 192, 399–409. [CrossRef]

7. Thomsen, S.; Tatman, D. Physiological and pathological factors of human breast disease that can influence optical diagnosis. Ann.
N. Y. Acad. Sci. 1998, 838, 171–193. [CrossRef] [PubMed]

8. Jagannathan, N.R.; Sharma, U. Breast Tissue Metabolism by Magnetic Resonance Spectroscopy. Metabolites 2017, 7, 25. [CrossRef]
[PubMed]

9. Hassiotou, F.; Geddes, D. Anatomy of the human mammary gland: Current status of knowledge. Clin. Anat. 2013, 26, 29–48.
[CrossRef]

10. Yue, B. Biology of the extracellular matrix: An overview. J. Glaucoma 2014, 23, 20–23. [CrossRef]
11. Lu, P.; Takai, K.; Weaver, V.M.; Werb, Z. Extracellular matrix degradation and remodeling in development and disease. Cold

Spring Harb. Perspect. Biol. 2011, 3, a005058. [CrossRef]
12. Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200. [CrossRef]
13. Mecham, R.O. Overview of extracellular matrix. Curr. Protoc. Cell Biol. 2012, 57, 10.1.1–10.1.16. [CrossRef]
14. Järveläinen, H.; Sainio, A.; Koulu, M.; Wight, T.N.; Penttinen, R. Extracellular matrix molecules: Potential targets in pharma-

cotherapy. Pharmacol. Rev. 2009, 61, 198–223. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/breast-cancer
http://doi.org/10.1186/s40659-017-0140-9
http://www.ncbi.nlm.nih.gov/pubmed/28969709
http://www.ncbi.nlm.nih.gov/pubmed/10667464
http://doi.org/10.1007/BF01570694
http://www.ncbi.nlm.nih.gov/pubmed/1414656
http://doi.org/10.1016/S1072-7515(00)00776-6
http://doi.org/10.1111/j.1749-6632.1998.tb08197.x
http://www.ncbi.nlm.nih.gov/pubmed/9511805
http://doi.org/10.3390/metabo7020025
http://www.ncbi.nlm.nih.gov/pubmed/28590405
http://doi.org/10.1002/ca.22165
http://doi.org/10.1097/IJG.0000000000000108
http://doi.org/10.1101/cshperspect.a005058
http://doi.org/10.1242/jcs.023820
http://doi.org/10.1002/0471143030.cb1001s57
http://doi.org/10.1124/pr.109.001289


J. Clin. Med. 2022, 11, 1250 19 of 30

15. Schaefer, L.; Schaefer, R.M. Proteoglycans: From structural compounds to signaling molecules. Cell Tissue Res. 2010, 339, 237–246.
[CrossRef]

16. Rozario, T.; DeSimone, D.W. The extracellular matrix in development and morphogenesis: A dynamic view. Dev. Biol. 2010, 341,
126–140. [CrossRef]

17. Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78, 929–958. [CrossRef]
18. Karamanos, N.K.; Theocharis, A.D.; Piperigkou, Z.; Manou, D.; Passi, A.; Skandalis, S.S.; Vynios, D.H.; Orian-Rousseau, V.;

Ricard-Blum, S.; Schmelzer, C.E.H.; et al. A guide to the composition and functions of the extracellular matrix. FEBS J. 2021, 288,
6850–6912. [CrossRef]

19. Boot-Handford, R.P.; Tuckwell, D.S. Fibrillar collagen: The key to vertebrate evolution? A tale of molecular incest. Bioessays 2003,
25, 142–151. [CrossRef]

20. Egeblad, M.; Rasch, M.G.; Weaver, V.M. Dynamic interplay between the collagen scaffold and tumor evolution. Curr. Opin. Cell
Biol. 2010, 22, 697–706. [CrossRef]

21. Ricard-Blum, S. The collagen family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978. [CrossRef]
22. Persikov, A.V.; Ramshaw, J.A.; Kirkpatrick, A.; Brodsky, B. Electrostatic interactions involving lysine make major contributions to

collagen triple-helix stability. Biochemistry 2005, 44, 1414–1422. [CrossRef] [PubMed]
23. Myllyharju, J.; Kivirikko, K.I. Collagens, modifying enzymes and their mutations in humans, flies and worms. Trends Genet. 2004,

20, 33–43. [CrossRef] [PubMed]
24. Sauk, J.J.; Nikitakis, N.; Siavash, H. Hsp47 a novel collagen binding serpin chaperone, autoantigen and therapeutic target. Front.

Biosci. 2005, 10, 107–118. [CrossRef] [PubMed]
25. Makareeva, E.; Leikin, S. Procollagen triple helix assembly: An unconventional chaperone-assisted folding paradigm. PLoS ONE

2007, 2, e1029. [CrossRef] [PubMed]
26. DiChiara, A.S.; Taylor, R.J.; Wong, M.Y.; Doan, N.D.; Rosario, A.M.; Shoulders, M.D. Mapping and Exploring the Collagen-I

Proteostasis Network. ACS Chem. Biol. 2016, 11, 1408–1421. [CrossRef] [PubMed]
27. Martinek, N.; Shahab, J.; Sodek, J.; Ringuette, M. Is SPARC an evolutionarily conserved collagen chaperone? J. Dent. Res. 2007, 86,

296–305. [CrossRef] [PubMed]
28. Greenspan, D.S. Biosynthetic processing of collagen molecules. Top. Curr. Chem. 2005, 247, 149–183.
29. Hopkins, D.R.; Keles, S.; Greenspan, D.S. The bone morphogenetic protein 1/Tolloid-like metalloproteinases. Matrix Biol. 2007,

26, 508–523. [CrossRef]
30. Mäki, J.M. Lysyl oxidases in mammalian development and certain pathological conditions. Histol. Histopathol. 2009, 24, 651–660.
31. Klein, T.; Bischoff, R. Physiology and pathophysiology of matrix metalloproteases. Amino Acids 2011, 41, 271–290. [CrossRef]
32. Han, S.; Makareeva, E.; Kuznetsova, N.V.; DeRidder, A.M.; Sutter, M.B.; Losert, W.; Phillips, C.L.; Visse, R.; Nagase, H.; Leikin, S.

Molecular mechanism of type I collagen homotrimer resistance to mammalian collagenases. J. Biol. Chem. 2010, 285, 22276–22281.
[CrossRef]

33. Ricard-Blum, S.; Ballut, L. Matricryptins derived from collagens and proteoglycans. Front. Biosci. Landmark Ed. 2011, 16, 674–697.
[CrossRef]

34. Murphy, G. Regulation of the proteolytic disintegrin metalloproteinases, the ‘Sheddases’. Semin. Cell Dev. Biol. 2009, 20, 138–145.
[CrossRef]

35. Mundel, T.M.; Kalluri, R. Type IV collagen-derived angiogenesis inhibitors. Microvasc. Res. 2007, 74, 85–89. [CrossRef]
36. Heino, J. The collagen family members as cell adhesion proteins. Bioessays 2007, 29, 1001–1010. [CrossRef]
37. Heino, J.; Huhtala, M.; Käpylä, J.; Johnson, M.S. Evolution of collagen-based adhesion systems. Int. J. Biochem. Cell Biol. 2009, 41,

341–348. [CrossRef]
38. Humphries, J.D.; Byron, A.; Humphries, M.J. Integrin ligands at a glance. J. Cell Sci. 2006, 119, 3901–3903. [CrossRef]
39. Leitinger, B.; Hohenester, E. Mammalian collagen receptors. Matrix Biol. 2007, 26, 146–155. [CrossRef]
40. Carafoli, F.; Bihan, D.; Stathopoulos, S.; Konitsiotis, A.D.; Kvansakul, M.; Farndale, R.W.; Leitinger, B.; Hohenester, E. Crystallo-

graphic insight into collagen recognition by discoidin domain receptor 2. Structure 2009, 17, 1573–1581. [CrossRef]
41. Flynn, L.A.; Blissett, A.R.; Calomeni, E.P.; Agarwal, G. Inhibition of collagen fibrillogenesis by cells expressing soluble extracellular

domains of DDR1 and DDR2. J. Mol. Biol. 2010, 395, 533–543. [CrossRef]
42. Sivakumar, L.; Agarwal, G. The influence of discoidin domain receptor 2 on the persistence length of collagen type I fibers.

Biomaterials 2010, 31, 4802–4808. [CrossRef]
43. Lebbink, R.J.; de Ruiter, T.; Adelmeijer, J.; Brenkman, A.B.; van Helvoort, J.M.; Koch, M.; Farndale, R.W.; Lisman, T.; Sonnenberg,

A.; Lenting, P.J.; et al. Collagens are functional, high affinity ligands for the inhibitory immune receptor LAIR-1. J. Exp. Med. 2006,
203, 1419–1425. [CrossRef]

44. Lebbink, R.J.; Raynal, N.; de Ruiter, T.; Bihan, D.G.; Farndale, R.W.; Meyaard, L. Identification of multiple potent binding sites for
human leukocyte associated Ig-like receptor LAIR on collagens II and III. Matrix Biol. 2009, 28, 202–210. [CrossRef]

45. Lebbink, R.J.; van den Berg, M.C.; de Ruiter, T.; Raynal, N.; van Roon, J.A.; Lenting, P.J.; Jin, B.; Meyaard, L. The soluble
leukocyte-associated Ig-like receptor (LAIR)-2 antagonizes the collagen/LAIR-1 inhibitory immune interaction. J. Immunol. 2008,
180, 1662–1669. [CrossRef]

http://doi.org/10.1007/s00441-009-0821-y
http://doi.org/10.1016/j.ydbio.2009.10.026
http://doi.org/10.1146/annurev.biochem.77.032207.120833
http://doi.org/10.1111/febs.15776
http://doi.org/10.1002/bies.10230
http://doi.org/10.1016/j.ceb.2010.08.015
http://doi.org/10.1101/cshperspect.a004978
http://doi.org/10.1021/bi048216r
http://www.ncbi.nlm.nih.gov/pubmed/15683226
http://doi.org/10.1016/j.tig.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/14698617
http://doi.org/10.2741/1513
http://www.ncbi.nlm.nih.gov/pubmed/15574354
http://doi.org/10.1371/journal.pone.0001029
http://www.ncbi.nlm.nih.gov/pubmed/17925877
http://doi.org/10.1021/acschembio.5b01083
http://www.ncbi.nlm.nih.gov/pubmed/26848503
http://doi.org/10.1177/154405910708600402
http://www.ncbi.nlm.nih.gov/pubmed/17384023
http://doi.org/10.1016/j.matbio.2007.05.004
http://doi.org/10.1007/s00726-010-0689-x
http://doi.org/10.1074/jbc.M110.102079
http://doi.org/10.2741/3712
http://doi.org/10.1016/j.semcdb.2008.09.004
http://doi.org/10.1016/j.mvr.2007.05.005
http://doi.org/10.1002/bies.20636
http://doi.org/10.1016/j.biocel.2008.08.021
http://doi.org/10.1242/jcs.03098
http://doi.org/10.1016/j.matbio.2006.10.007
http://doi.org/10.1016/j.str.2009.10.012
http://doi.org/10.1016/j.jmb.2009.10.073
http://doi.org/10.1016/j.biomaterials.2010.02.070
http://doi.org/10.1084/jem.20052554
http://doi.org/10.1016/j.matbio.2009.03.005
http://doi.org/10.4049/jimmunol.180.3.1662


J. Clin. Med. 2022, 11, 1250 20 of 30

46. Brondijk, T.H.; de Ruiter, T.; Ballering, J.; Wienk, H.; Lebbink, R.J.; van Ingen, H.; Boelens, R.; Farndale, R.W.; Meyaard, L.;
Huizinga, E.G. Crystal structure and collagen-binding site of immune inhibitory receptor LAIR-1: Unexpected implications for
collagen binding by platelet receptor GPVI. Blood 2010, 115, 1364–1373. [CrossRef]

47. Kozel, B.A.; Mecham, R.P.; Rosenbloom, J. Elastin. In The Extracellular Matrix: An Overview; Mecham, R.P., Ed.; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 267–299.

48. Wise, S.G.; Weiss, A.S. Tropoelastin. Int. J. Biochem. Cell Biol. 2009, 41, 494–497. [CrossRef]
49. Lucero, H.A.; Kagan, H.M. Lysyl oxidase: An oxidative enzyme and effector of cell function. Cell. Mol. Life Sci. 2006, 63, 2304–2316.

[CrossRef] [PubMed]
50. Durbeej, M. Laminins. Cell Tissue Res. 2010, 339, 259–268. [CrossRef] [PubMed]
51. Aumailley, M.; Bruckner-Tuderman, L.; Carter, W.G.; Deutzmann, R.; Edgar, D.; Ekblom, P.; Engel, J.; Engvall, E.; Hohenester, E.;

Jones, J.C.; et al. A simplified laminin nomenclature. Matrix Biol. 2005, 24, 326–332. [CrossRef] [PubMed]
52. Colognato, H.; Yurchenco, P.D. Form and function: The laminin family of heterotrimers. Dev. Dyn. 2000, 218, 213–234. [CrossRef]
53. Hallmann, R.; Horn, N.; Selg, M.; Wendler, O.; Pausch, F.; Sorokin, L.M. Expression and function of laminins in the embryonic

and mature vasculature. Physiol. Rev. 2005, 85, 979–1000. [CrossRef] [PubMed]
54. Miner, J.H.; Cunningham, J.; Sanes, J.R. Roles for laminin in embryogenesis: Exencephaly, syndactyly, and placentopathy in mice

lacking the laminin alpha5 chain. J. Cell Biol. 1998, 143, 1713–1723. [CrossRef] [PubMed]
55. McKee, K.K.; Harrison, D.; Capizzi, S.; Yurchenco, P.D. Role of laminin terminal globular domains in basement membrane

assembly. J. Biol. Chem. 2007, 282, 21437–21447. [CrossRef]
56. Schéele, S.; Nyström, A.; Durbeej, M.; Talts, J.F.; Ekblom, M.; Ekblom, P. Laminin isoforms in development and disease. J. Mol.

Med. 2007, 85, 825–836. [CrossRef] [PubMed]
57. Timpl, R.; Sasaki, T.; Kostka, G.; Chu, M.L. Fibulins: A versatile family of extracellular matrix proteins. Nat. Rev. Mol. Cell Biol.

2003, 4, 479–489. [CrossRef] [PubMed]
58. Tzu, J.; Marinkovich, M.P. Bridging structure with function: Structural, regulatory, and developmental role of laminins. Int. J.

Biochem. Cell Biol. 2008, 40, 199–214. [CrossRef] [PubMed]
59. Smith, M.L.; Gourdon, D.; Little, W.C.; Kubow, K.E.; Eguiluz, R.A.; Luna-Morris, S.; Vogel, V. Force-induced unfolding of

fibronectin in the extracellular matrix of living cells. PLoS Biol. 2007, 5, e268. [CrossRef]
60. Schwarzbauer, J.E.; DeSimone, D.W. Fibronectins, their fibrillogenesis, and in vivo functions. Cold Spring Harb. Perspect. Biol.

2011, 3, a005041. [CrossRef]
61. Patten, J.; Wang, K. Fibronectin in development and wound healing. Adv. Drug Deliv. Rev. 2021, 170, 353–368. [CrossRef]
62. Tsang, K.Y.; Cheung, M.C.; Chan, D.; Cheah, K.S. The developmental roles of the extracellular matrix: Beyond structure to

regulation. Cell Tissue Res. 2010, 339, 93–110. [CrossRef]
63. Briggs, S.L. The role of fibronectin in fibroblast migration during tissue repair. J. Wound Care 2005, 14, 284–287. [CrossRef]
64. Iozzo, R.V.; Murdoch, A.D. Proteoglycans of the extracellular environment: Clues from the gene and protein side offer novel

perspectives in molecular diversity and function. FASEB J. 1996, 10, 598–614. [CrossRef]
65. Goldoni, S.; Iozzo, R.V. Tumor microenvironment: Modulation by decorin and related molecules harboring leucine-rich tandem

motifs. Int. J. Cancer 2008, 123, 2473–2479. [CrossRef]
66. Schaefer, L.; Iozzo, R.V. Biological functions of the small leucine-rich proteoglycans: From genetics to signal transduction. J. Biol.

Chem. 2008, 283, 21305–21309. [CrossRef]
67. Esko, J.D.; Kimata, K.; Lindahl, U. Proteoglycans and Sulfated Glycosaminoglycans. In Essentials of Glycobiology, 2nd ed.; Varki, A.,

Cummings, R.D., Esko, J.D., Freeze, H.H., Stanley, P., Bertozzi, C.R., Hart, G.W., Etzler, M.E., Eds.; Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, NY, USA, 2009; Chapter 16, pp. 1–17.

68. Iozzo, R.V.; Zoeller, J.J.; Nyström, A. Basement membrane proteoglycans: Modulators Par Excellence of cancer growth and
angiogenesis. Mol. Cells 2009, 27, 503–513. [CrossRef]

69. Isenberg, J.S.; Roberts, D.D. THBS1 (thrombospondin-1). Atlas Genet. Cytogenet. Oncol. Haematol. 2020, 24, 291–299. [CrossRef]
70. Leonhard-Melief, C.; Haltiwanger, R.S. O-fucosylation of thrombospondin type 1 repeats. Methods Enzymol. 2010, 480, 401–416.
71. De Peredo, A.G.; Klein, D.; Macek, B.; Hess, D.; Peter-Katalinic, J.; Hofsteenge, J. C-mannosylation and o-fucosylation of

thrombospondin type 1 repeats. Mol. Cell. Proteom. 2002, 1, 11–18.
72. Hofsteenge, J.; Huwiler, K.G.; Macek, B.; Hess, D.; Lawler, J.; Mosher, D.F.; Peter-Katalinic, J. C-mannosylation and O-fucosylation

of the thrombospondin type 1 module. J. Biol. Chem. 2001, 276, 6485–6498. [CrossRef]
73. Wang, L.W.; Leonhard-Melief, C.; Haltiwanger, R.S.; Apte, S.S. Post-translational modification of thrombospondin type-1 repeats

in ADAMTS-like 1/punctin-1 by C-mannosylation of tryptophan. J. Biol. Chem. 2009, 284, 30004–30015. [CrossRef]
74. Furukawa, K.; Roberts, D.D.; Endo, T.; Kobata, A. Structural study of the sugar chains of human platelet thrombospondin. Arch.

Biochem. Biophys. 1989, 270, 302–312. [CrossRef]
75. Isenberg, J.S.; Martin-Manso, G.; Maxhimer, J.B.; Roberts, D.D. Regulation of nitric oxide signalling by thrombospondin 1:

Implications for anti-angiogenic therapies. Nat. Rev. Cancer 2009, 9, 182–194. [CrossRef]
76. Resovi, A.; Pinessi, D.; Chiorino, G.; Taraboletti, G. Current understanding of the thrombospondin-1 interactome. Matrix Biol.

2014, 37, 83–91. [CrossRef]
77. Murphy-Ullrich, J.E.; Suto, M.J. Thrombospondin-1 regulation of latent TGF-β activation: A therapeutic target for fibrotic disease.

Matrix Biol. 2018, 68–69, 28–43. [CrossRef]

http://doi.org/10.1182/blood-2009-10-246322
http://doi.org/10.1016/j.biocel.2008.03.017
http://doi.org/10.1007/s00018-006-6149-9
http://www.ncbi.nlm.nih.gov/pubmed/16909208
http://doi.org/10.1007/s00441-009-0838-2
http://www.ncbi.nlm.nih.gov/pubmed/19693542
http://doi.org/10.1016/j.matbio.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15979864
http://doi.org/10.1002/(SICI)1097-0177(200006)218:2&lt;213::AID-DVDY1&gt;3.0.CO;2-R
http://doi.org/10.1152/physrev.00014.2004
http://www.ncbi.nlm.nih.gov/pubmed/15987800
http://doi.org/10.1083/jcb.143.6.1713
http://www.ncbi.nlm.nih.gov/pubmed/9852162
http://doi.org/10.1074/jbc.M702963200
http://doi.org/10.1007/s00109-007-0182-5
http://www.ncbi.nlm.nih.gov/pubmed/17426950
http://doi.org/10.1038/nrm1130
http://www.ncbi.nlm.nih.gov/pubmed/12778127
http://doi.org/10.1016/j.biocel.2007.07.015
http://www.ncbi.nlm.nih.gov/pubmed/17855154
http://doi.org/10.1371/journal.pbio.0050268
http://doi.org/10.1101/cshperspect.a005041
http://doi.org/10.1016/j.addr.2020.09.005
http://doi.org/10.1007/s00441-009-0893-8
http://doi.org/10.12968/jowc.2005.14.6.26789
http://doi.org/10.1096/fasebj.10.5.8621059
http://doi.org/10.1002/ijc.23930
http://doi.org/10.1074/jbc.R800020200
http://doi.org/10.1007/s10059-009-0069-0
http://doi.org/10.4267/2042/70774
http://doi.org/10.1074/jbc.M008073200
http://doi.org/10.1074/jbc.M109.038059
http://doi.org/10.1016/0003-9861(89)90032-5
http://doi.org/10.1038/nrc2561
http://doi.org/10.1016/j.matbio.2014.01.012
http://doi.org/10.1016/j.matbio.2017.12.009


J. Clin. Med. 2022, 11, 1250 21 of 30

78. Kaur, S.; Soto-Pantoja, D.R.; Stein, E.V.; Liu, C.; Elkahloun, A.G.; Pendrak, M.L.; Nicolae, A.; Singh, S.P.; Nie, Z.; Levens, D.; et al.
Thrombospondin-1 signaling through CD47 inhibits self-renewal by regulating c-Myc and other stem cell transcription factors.
Sci. Rep. 2013, 3, 1673. [CrossRef]

79. Hao, C.; Cui, Y.; Owen, S.; Li, W.; Cheng, S.; Jiang, W.G. Human osteopontin: Potential clinical applications in cancer (Review).
Int. J. Mol. Med. 2017, 39, 1327–1337. [CrossRef]

80. Weber, G.F.; Cantor, H. The immunology of Eta-1/osteopontin. Cytokine Growth Factor Rev. 1996, 7, 241–248. [CrossRef]
81. Denhardt, D.T.; Noda, M. Osteopontin expression and function: Role in bone remodeling. J. Cell Biochem. 1998, 72, 92–102.

[CrossRef]
82. Giachelli, C.M.; Liaw, L.; Murry, C.E.; Schwartz, S.M.; Almeida, M. Osteopontin expression in cardiovascular diseases. Ann. N. Y.

Acad. Sci. 1995, 760, 109–126. [CrossRef]
83. Christensen, B.; Petersen, T.E.; Sørensen, E.S. Post-translational modification and proteolytic processing of urinary osteopontin.

Biochem. J. 2008, 411, 53–61. [CrossRef]
84. Christensen, B.; Nielsen, M.S.; Haselmann, K.F.; Petersen, T.E.; Sørensen, E.S. Post-translationally modified residues of native

human osteopontin are located in clusters: Identification of 36 phosphorylation and five O-glycosylation sites and their biological
implications. Biochem. J. 2005, 390, 285–292. [CrossRef] [PubMed]

85. Christensen, B.; Kazanecki, C.C.; Petersen, T.E.; Rittling, S.R.; Denhardt, D.T.; Sørensen, E.S. Cell type-specific post-translational
modifications of mouse osteopontin are associated with different adhesive properties. J. Biol. Chem. 2007, 282, 19463–19472.
[CrossRef] [PubMed]

86. Sodek, J.; Ganss, B.; McKee, M.D. Osteopontin. Crit. Rev. Oral Biol. Med. 2000, 11, 279–303. [CrossRef] [PubMed]
87. Cho, H.J.; Cho, H.J.; Kim, H.S. Osteopontin: A multifunctional protein at the crossroads of inflammation, atherosclerosis, and

vascular calcification. Curr. Atheroscler. Rep. 2009, 11, 206–213. [CrossRef]
88. Denhardt, D.T.; Guo, X. Osteopontin: A protein with diverse functions. FASEB J. 1993, 7, 1475–1482. [CrossRef]
89. El-Tanani, M.K.; Campbell, F.C.; Kurisetty, V.; Jin, D.; McCann, M.; Rudland, P.S. The regulation and role of osteopontin in

malignant transformation and cancer. Cytokine Growth Factor Rev. 2006, 17, 463–474. [CrossRef]
90. Coppola, D.; Szabo, M.; Boulware, D.; Muraca, P.; Alsarraj, M.; Chambers, A.F.; Yeatman, T.J. Correlation of osteopontin protein

expression and pathological stage across a wide variety of tumor histologies. Clin. Cancer Res. 2004, 10, 184–190. [CrossRef]
91. Rittling, S.R.; Chambers, A.F. Role of osteopontin in tumour progression. Br. J. Cancer 2004, 90, 1877–1881. [CrossRef]
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