Chapter 2
Internalization of Collagen: An Important
Matrix Turnover Pathway in Cancer

Dorota Ewa Kuczek, Mie Linder Hiibbe, and Daniel Hargbgl Madsen

Abstract Invasive tumor growth is associated with extensive remodeling of the
surrounding extracellular matrix (ECM). Degradation of the original ECM scaf-
folds, which primarily consist of collagens, is key to the morbidity of the cancer as
it leads to destruction of the original tissue and replacement with cancerous tissue.
The degradation of collagen involves the cleavage of collagen fibers by extracel-
lular proteases and the subsequent receptor-mediated internalization of large col-
lagen fragments for lysosomal degradation. The extracellular cleavage reactions are
typically mediated by matrix metalloproteinases (MMPs) that cleave the collagen
strands at specific sites, thereby releasing defined collagen fragments. The intracel-
lular collagen degradation pathway is primarily mediated by two endocytic recep-
tors, uPARAP/Endo180 and the mannose receptor (MR), that bind collagen
fragments at the cell surface and direct them to the lysosomes for complete
proteolytic degradation. Macrophages and most mesenchymal cells can internalize
collagen through the action of MR and uPARAP/Endo180, respectively. These
receptors bind preferentially to cleaved collagen and cooperate with MMPs to
degrade collagen fibers in a sequential process involving MMP-mediated collagen
cleavage followed by receptor-mediated internalization of collagen fragments for
lysosomal degradation. In vivo, MR-mediated collagen uptake has been suggested
to be dominant in many situations with uPARAP/Endo180 playing a smaller role. In
connection to cancer, uPARAP/Endo180 is often upregulated and mostly restricted
to cancer-associated fibroblasts, and the action of uPARAP/Endo180 promotes
tumor growth and counteracts the development of fibrosis. MR is expressed by
M2 macrophages in healthy dermis and in solid tumors and mediates the efficient
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internalization of collagen. However, the direct functional consequences of this
MR-mediated collagen degradation for cancer growth and invasion still need to be
investigated.

2.1 Collagen Degradation in Cancer

During the invasive growth of solid tumors, extensive remodeling of the surround-
ing extracellular matrix (ECM) occurs (Bonnans et al. 2014). The original ECM
scaffolds, which primarily consist of collagens, are degraded, and this contributes to
the destruction of the original tissue and replacement with cancerous tissue. The
degradation of the ECM furthermore releases pro-tumorigenic growth factors
embedded in the matrix (Kessenbrock et al. 2010), and the degradation of the
basement membrane, a specialized sheetlike ECM structure, is considered a pre-
requisite for cancer invasion and metastasis to take place (Rowe and Weiss 2008).
Within the last decade, several seminal papers have revealed that another critical
consequence of the degradation of the original ECM follows from the fact that this
process is accompanied by the excessive deposition of new matrix proteins (Cox
and Erler 2011; Lu et al. 2012). These dynamics result in the generation of a novel
ECM, which can have a very different composition, organization, and stiffness
(Schedin and Keely 2011; Cox and Erler 2014; Bonnans et al. 2014). Often the
deposited tumor-specific ECM is of increased stiffness and rich in collagen type 1
and sometimes also includes variants of matrix proteins that are not typically
observed in adults (Schedin and Keely 2011; Cox and Erler 2011; Giblin and
Midwood 2015). The altered tumor-specific ECM critically influences the biology
of the tumor to ultimately promote tumor growth and metastasis (Joyce and Pollard
2009; Pyonteck et al. 2013; Pickup et al. 2014; Nagelkerke et al. 2015).

In connection to breast cancer, the ECM stiffness and orientation of the collagen
fibers critically affect the prognosis of the patients (Conklin et al. 2011; Bredfeldt
et al. 2014; Acerbi et al. 2015). The ECM stiffness is primarily determined by the
density of deposited collagen and the degree of cross-linking mediated mainly by
the enzyme LOX (Levental et al. 2009; Cox and Erler 2011). Furthermore, the
density of normal breast tissue correlates strongly with the risk for development of
breast cancer (Guo et al. 2001; Boyd et al. 2007). Interestingly, breast epithelial
cells respond to increased ECM stiffness in vitro by losing polarity, by proliferating
more, and by acquiring a phenotype in many ways resembling malignant transfor-
mation (Paszek et al. 2005; Levental et al. 2009).

Collagens are the main protein components of the ECM, although the ECM
encompasses many other components including fibronectin, elastin, laminin,
entactin, and proteoglycans (Lu et al. 2012). Collagen type I is the main fibrillar
collagen of the ECM, and extremely large collagen type I deposits can be observed
in connection to cancer (Provenzano et al. 2008; Lu et al. 2012). Collagen type IV is
another critical collagen as it together with laminin is the predominant constituent
of the basement membrane (Rowe and Weiss 2008). Only a limited number of
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secreted or cell membrane-anchored proteases can cleave ECM proteins, and the
majority of these proteases belong to the matrix metalloproteinase (MMP) family
(Kessenbrock et al. 2010). The activity of MMPs is usually low in tissues under
steady-state conditions but increases dramatically under inflammatory conditions
including cancer (Egeblad and Werb 2002; Madsen and Bugge 2015). The func-
tional implications of MMPs in cancer have consequently been studied extensively,
but broad-spectrum MMP inhibition for cancer treatment has, however, failed to
show any effect on survival of the patients in clinical trials (reviewed by Coussens
et al. 2002). The reason for this failure most likely relates to the fact that MMP
functions are much more diverse than originally believed and not only
pro-tumorigenic (Martin and Matrisian 2007; Lopez-Otin et al. 2009; Decock
et al. 2011). In addition to remodeling of the ECM, MMPs can also initiate
signaling by releasing or activating growth factors (Egeblad and Werb 2002;
Kessenbrock et al. 2010) or prevent downstream signaling processes by shedding
signaling receptors from the cell surface (Sanderson et al. 2006; Atapattu et al.
2014). Furthermore, the understanding of the role of ECM in cancer progression has
increased tremendously over the last decade, and we now know that the ECM is not
just an inert physical barrier that needs to be degraded for the cancer cells to invade
the surrounding tissue. Rather it provides the tumor cells with multiple cues that
affect the biology and function of cancer cells, stromal cells, and infiltrating
immune cells (Lu et al. 2011; Salmon et al. 2012; Pickup et al. 2014).

2.2 Extracellular Collagen Degradation

Collagen type I is the most abundant type of collagen and it is the main protein
constituent of interstitial ECM. The extracellular cleavage of collagen type I is
primarily mediated by MMP-1, MMP-2, MMP-8, MMP-13, and MMP-14 (Krane
and Inada 2008; Fields 2013). In the specific case of osteoclast-mediated collagen
degradation, the cysteine protease cathepsin K is responsible for the degradation
that takes place in low-pH resorption pits formed between the bone surface and the
cell (Saftig et al. 1998). MMP-mediated cleavage of collagen type I occurs at
defined sites on the polypeptide chains, and the triple-helical collagen strands are
especially susceptible to proteolytic cleavage after residue 775 of the al- and a2-
chain of type I collagen (Highberger et al. 1979; Fields 2013). This cleavage
reaction results in the release of a large three quarter collagen fragment also
designated TC®, and a small one quarter collagen fragment also designated TCE,
The released one quarter and three quarter collagen fragments partially denature at
physiological temperatures making the fragments susceptible to cleavage by other
proteases such as the secreted gelatinases MMP-2 and MMP-9 (Hipps et al. 1991)
and perhaps also the membrane-anchored serine protease fibroblast activation
protein (FAP) (Park et al. 1999; Fan et al. 2015). The detailed molecular mecha-
nisms of MMP-mediated cleavage of collagen have been thoroughly reviewed
(Fields 2013). MMPs are upregulated in most solid cancers where they contribute



20 D.E. Kuczek et al.

to the cancer-associated collagen degradation (Egeblad and Werb 2002). The
MMP-mediated remodeling of interstitial collagen is an essential part of invasive
tumor growth, and degradation of collagen type IV, which is the main component of
the basement membrane, is essential for the metastatic spread of the cancer
(Tryggvason et al. 1987; Rowe and Weiss 2008). Both cancer cells and stromal
cells can contribute to the increased levels of MMPs in the tumor microenviron-
ment, but in many cases the stromal cells, such as fibroblasts and macrophages,
appear to be the primary source of MMPs (Madsen and Bugge 2015).

The MMP-mediated cleavage of collagen is an extracellular event that has been
the subject of numerous studies over the last 50 years, but interestingly an intra-
cellular collagen degradation mechanism, which appears to be centrally engaged in
collagen degradation as well, has received much less attention. This pathway
involves receptor-mediated internalization of collagen for lysosomal degradation
and cooperates with extracellular proteolysis for the complete degradation of
insoluble collagen fibers. The rest of this book chapter will focus on this important
part of the collagen degradation process.

2.3 Intracellular Collagen Degradation

The possibility that internalization of collagen for lysosomal degradation is a
physiologically relevant collagenolytic pathway was suggested more than five
decades ago based on electron microscopy evaluation of various tissues (Cullen
1972; Scherft and Heersche 1975; Garant 1976; Beertsen and Everts 1977). In these
studies it was observed that in several locations and conditions, cells could display
intracellular collagen-containing vacuoles. The intracellular collagen was in the
form of crossbanded collagen fibrils strongly suggesting that it had been internal-
ized from the extracellular space and did not represent newly synthesized collagen.
These early electron microscopy-based studies on collagen internalization have
been reviewed excellently (Everts et al. 1996).

Using ex vivo assays, the ability of cells to internalize collagen has been
demonstrated, and these types of studies opened up the possibility to investigate
the uptake mechanism in more detail. Upon internalization, collagen is routed to the
lysosomes where especially cysteine proteases such as cathepsin B and cathepsin L.
complete the degradation process (Everts et al. 1985; van Noorden and Everts 1991;
Creemers et al. 1998). Obvious candidate cell surface receptors for collagen
binding were B1-integrins, which are central collagen receptors that support adhe-
sion and migration on collagen surfaces (Mettouchi and Meneguzzi 2006; Leitinger
and Hohenester 2007). f1-integrins are not classical endocytosis receptors, but in
several papers they have been described to have an impact on the cellular internal-
ization of collagen-coated fluorescent polystyrene beads mimicking the uptake of
large collagen particles (Lee et al. 1996; Segal et al. 2001). More recently, many
other studies on cellular collagen internalization have, however, indicated that a
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different family of collagen receptors is even more critical for efficient collagen
internalization.

2.3.1 The Collagen Internalization Receptor uPARAP/
Endol80

About 25 years ago, two independent research groups identified a cell surface
receptor, which later turned out to be a novel collagen receptor (Isacke et al.
1990; Behrendt et al. 1993). This receptor was identified as a surface antigen on
fibroblasts (Isacke et al. 1990) and as a receptor that could in certain cell types be
enzymatically crosslinked to the urokinase receptor (uUPAR) (Behrendt et al. 1993).
Later on, protein purification, peptide sequencing, and cloning of the full-length
cDNA encoding the proteins revealed that the two receptors were indeed the same
protein (Behrendt et al. 2000; Sheikh et al. 2000). The receptor was named Endo180
or uPAR-associated protein (uPARAP) (alternative names are CD280 and MRC2)
and was found to be an endocytic receptor belonging to the mannose family, which
consists of four members: the mannose receptor (MR), uPARAP/Endo180, PLA2R,
and DEC-205. All four receptors are constitutively active endocytosis receptors that
can internalize their ligands and deliver them for lysosomal degradation whereas
the receptors recycle back to the cell surface (East and Isacke 2002). The four
receptors share a very similar protein domain composition that includes a fibronec-
tin type II (FN-II) domain in the N-terminal part of the protein (Fig. 2.1a). FN-II
domains are found in fibronectin and in MMP-2 and MMP-9, and here they mediate
the binding to collagen type I (Banyai and Patthy 1991; Banyai et al. 1994). In line
with this function of FN-II domains, solubilized collagen can be very efficiently
internalized by cultured fibroblasts in a completely uPARAP/Endo180-dependent
manner (Fig. 2.1b—) (Engelholm et al. 2003; East et al. 2003; Kjgller et al. 2004;
Madsen et al. 2011). So far collagens of type I, II, IV, V, and VI and gelatin have
been tested and found to be ligands for uPARAP/Endo180 (Engelholm et al. 2003;
East et al. 2003; Wienke et al. 2003), but no binding to other non-collagenous
proteins including fibronectin, laminin, and vitronectin has been observed. It
should, however, be noted that it has been demonstrated that fibronectin, when
incorporated into a collagen matrix, can be internalized in a uPARAP/Endo180-
dependent manner (Shi et al. 2010), probably reflecting the co-internalization of
collagen and fibronectin. The collagen-binding capacity of uPARAP/Endo180 is
contained within the three N-terminal domains, which include the FN-II domain
(Wienke et al. 2003; Jiirgensen et al. 2011; Jiirgensen et al. 2014). In addition, the
fourth protein domain, which is a calcium-dependent lectin-like (CTLD) domain,
contributes to the binding to glycosylated collagen forms (Jiirgensen et al. 2011).
Using single particle electron microscopy, a low-resolution three-dimensional
structure of uPARAP/Endol180 has been solved (Rivera-Calzada et al. 2003;
Boskovic et al. 2006). At neutral pH, the four N-terminal domains adopt a bent
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Fig. 2.1 uPARAP/Endo180 and the mannose receptor (MR) are endocytic collagen receptors. (a)
Schematic representation of the domain composition of uPARAP/Endo180 and MR. uPARAP/
Endo180 and MR share an identical domain composition staring with an N-terminal cysteine-rich
domain (Cys-rich), followed by a fibronectin type II domain (FN-II), 8 C-type lectin-like domains
(CTLDs), a transmembrane-spanning region, and a small cytoplasmic domain. (b and ¢) Fibro-
blasts internalize collagen in a uPARAP/Endo180-dependent manner. Cellular internalization of
fluorescent collagen by wild-type (b) and uPARAP/Endo180-deficient fibroblasts (c¢) analyzed
using confocal microscopy. Cells were incubated with Oregon Green-collagen IV (green) to allow
endocytosis, followed by cell surface staining (red). The intracellular punctuate pattern of collagen
indicates localization in endosomal/lysosomal compartments. Scale bar, 20 pm. (b and c¢) were
adapted from Kjgller et al. (2004) with permission from Elsevier
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conformation, where the cysteine-rich (Cys-rich) domain contacts CTLD-2, but at
pH 5.4 the receptor acquires a more extended conformation. This conformational
change might relate to the ligand release mechanism of the receptor in the slightly
acidic endosomes. Recently a high-resolution crystal structure of a truncated
version of uPARAP/Endo180, consisting of the four N-terminal domains, has
been solved (Paracuellos et al. 2015). This part of uPARAP/Endo180 forms a
more open L-shaped structure that is unaffected by changes in pH, suggesting
that the previously observed bent confirmation might instead involve an interaction
between the N-terminal Cys-rich domain and CTLD-3 (Paracuellos et al. 2015).
In cellular assays in which fibroblasts are presented with solubilized forms of
collagen, efficient and completely uPARAP/Endo180-dependent collagen internal-
ization occurs. Furthermore, the uptake of solubilized collagen is independent of
pl-integrin activity, which is in contrast to the reports on cellular uptake of
collagen-coated beads (Madsen et al. 2011). The observed differences most likely
reflect the different assay systems used. When fibroblasts are presented with an
insoluble collagen matrix resembling native collagen fibers, uptake of collagen
material occurs in a process that appears to be dependent on both uPARAP/
Endo180 and Pl-integrins (Shi et al. 2010). Strikingly, however, it has been
demonstrated in another study that the conditioned media from uPARAP/
Endo180-deficient fibroblasts cultured on a collagen matrix contain collagen frag-
ments that correspond to the one quarter and three quarter fragments generated by
MMP-mediated cleavage (Fig. 2.2a-b) (Madsen et al. 2007). In contrast, littermate
wild-type fibroblasts have the ability to internalize and degrade the released



2 Internalization of Collagen: An Important Matrix Turnover Pathway in Cancer 23

uPARAP/Endo180 -/-

wild-type

}Cell culture supernatant
! Fibroblasts

Cleaved collagen |

~ |[Jintact collagen |
1314 fragment

Collagen |

]1/4 fragment

Fig. 2.2 Fibroblasts internalize MMP-generated collagen fragments in a uPARAP/Endo180-
dependent manner. (a and b) uPARAP/Endo180 is indispensable for complete degradation of
insoluble collagen fibers by fibroblasts. (a) Schematic overview of the experimental setup used for
investigating the complete process of cellular collagen degradation. Fibroblasts were cultured for
5 days on top of an insoluble collagen matrix with a tracer of radiolabeled collagen included after
which the cell culture supernatant was analyzed for the presence of collagen fragments. (b)
SDS-PAGE and phosphorimager analysis shows that collagen fragments accumulate in the
conditioned media of uPARAP/Endol180-deficient fibroblasts (lane 4). These fragments are
cleared from the conditioned media by wild-type fibroblasts (lane 3). Intact collagen (lane 1)
and MMP-13-generated collagen fragments (lane 2) are included for comparison. (e—f)
MMP-generated collagen fragments are internalized more efficiently than intact collagen. Cellular
internalization of MMP-13-cleaved (¢ and d) and intact (e and f) fluorescent collagen type 1
(green) by wild-type (c and e) or uPARAP/Endo180-deficient fibroblasts (d and f). A was adapted
from Madsen et al. (2011), and (b—f) were adapted from Madsen et al. (2007)

collagen fragment, thereby leaving no large collagen fragments in the conditioned
media. This strongly suggests that fibroblasts degrade collagen in a sequential
process initiated by MMP-mediated cleavage of insoluble collagen fibers, followed
by uPARAP/Endo180-mediated uptake of the released one quarter and three quar-
ter collagen fragments. In accordance with these findings, biochemical analysis of
the protein interaction between uPARAP/Endol180 and collagen revealed that
collagen upon denaturation binds with an increased association rate to uPARAP/
Endo180 (Leitinger and Hohenester 2007; Madsen et al. 2007; Jiirgensen et al.
2011; Paracuellos et al. 2015). The one quarter and three quarter collagen frag-
ments, which shift to a partially denatured state at 37 °C (Stark and Kiihn 1968;
Danielsen 1987), similarly show a more rapid binding to uPARAP/Endo180 com-
pared to intact full-length collagen (Madsen et al. 2007). Consistently,
MMP-generated collagen fragments are also internalized more efficiently than
intact collagen (Fig. 2.2c—f).

The initial fragmentation of the insoluble collagen matrix is mainly mediated by
MTI1-MMP (Lee et al. 1996; Holmbeck et al. 1999; Ingvarsen et al. 2013), and this
process is very likely facilitated by f1-integrin-mediated cellular interactions with
the matrix (Segal et al. 2001; Hynes 2002; Shi et al. 2010). In addition, the
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Fig. 2.3 Collagen is degraded in a sequential process that requires receptor-mediated collagen
internalization. Schematic representation of the collagen degradation process. The degradation
process is initiated by proteolytic attack of insoluble collagen fibers to release defined soluble
collagen fragments. This extracellular cleavage reaction is primarily mediated by the
collagenolytic MMPs, such as MT1-MMP. The released collagen fragments bind to MR or
uPARAP/Endo180 on the surface of M2 macrophages or fibroblast-like cells, respectively. The
collagen fragments are internalized and routed to the lysosomes for complete degradation.
Cysteine cathepsins are essential for the lysosomal degradation of collagen

membrane-anchored serine protease FAP can facilitate collagen internalization by
participating in the further fragmentation of one quarter and three quarter collagen
fragments (Fan et al. 2015). The internalized collagen fragments are finally routed
to the lysosomes for complete degradation through the action of cysteine cathepsins
(Kjgller et al. 2004; Mohamed and Sloane 2006; Madsen et al. 2007).

Altogether it is suggested that fibroblast-mediated collagen degradation occurs
in a sequential process initiated by MMP-mediated cleavage of large insoluble
collagen fibers followed by uPARAP/Endo180-mediated uptake of the released
collagen fragments for lysosomal degradation (Fig. 2.3).

2.3.2 The Collagen Internalization Receptor MR

uPARAP/Endo180 was initially identified as a novel fibroblast antigen, and in
culture essentially all mesenchymal cells express uPARAP/Endo180. In addition
to fibroblasts, this includes osteoblasts, chondrocytes, hepatic stellate cells, pancre-
atic stellate cells, glioma cells, and various sarcoma cell lines (Mousavi et al. 2005;
Wagenaar-Miller et al. 2007; Mousavi et al. 2009; Huijbers et al. 2010; Madsen



2 Internalization of Collagen: An Important Matrix Turnover Pathway in Cancer 25

et al. 2011; Takahashi et al. 2011; Madsen et al. 2012; Ikenaga et al. 2012).
uPARAP/Endo180 shows the highest degree of homology with the mannose recep-
tor (MR, alternative names are CD206 and MRC1), which is a receptor that is
primarily expressed by subsets of macrophages and by liver sinusoidal endothelial
cells. MR has mainly been investigated as a receptor for certain pathogens and a
potential key receptor involved in innate immunity. Based on the homology with
uPARAP/Endo180, it was hypothesized that collagen could be a novel ligand for
MR, and it has indeed been demonstrated that MR can bind and internalize
collagens with efficiency and binding specificity very similar to that of uPARAP/
Endo180 (Martinez-Pomares et al. 2006; Malovic et al. 2007; Jiirgensen et al. 2011,
2014; Madsen et al. 2011). The collagen-binding capacity of MR is localized to the
FN-II domain containing N-terminus (Napper et al. 2006; Jiirgensen et al. 2014),
and it has been suggested that multimerization of the receptor is required for
efficient binding of collagen on the cell surface (Martinez-Pomares et al. 2006).
In a direct comparison of the four receptors from this family, it has been shown that
only uPARAP/Endo180 and MR possess the ability to bind and internalize collagen
(Jirgensen et al. 2014). Although PLA2R and DEC-205 share a similar domain
composition, including the presence of an FN-II domain, these two receptors are
completely unable to internalize collagen (Jiirgensen et al. 2014). The ability to
bind collagen is mediated by a protruding ten-residue collagen-binding loop of the
FN-II domain as well as adjacent protein domains, which probably affect either the
multimerization of the receptor or the formation of a binding-active conformation
(Jirgensen et al. 2014).

Using single particle electron microscopy, the N-terminal part of MR has been
demonstrated to adopt a bent three-dimensional structure (Boskovic et al. 2006).
Overall, the structure appears very similar to the structure of uPARAP/Endo180
(Rivera-Calzada et al. 2003; Boskovic et al. 2006) although the globular N-terminal
part of MR involves two more CTLDs than observed for uPARAP/Endo180.
Similar to uPARAP/Endo180, MR also adopts a different conformation at a lower
pH corresponding to the endosomal environment (Boskovic et al. 2006).

2.4 Intracellular Collagen Degradation In Vivo

Most mesenchymal cells express uPARAP/Endo180 in vitro, and in vivo the
expression of uPARAP/Endo180 is also restricted to certain mesenchymal cells.
By Northern blotting and Western blotting of various tissues from mice, it has been
shown that most tissues express uPARAP/Endo180, with especially high expres-
sion levels observed in the heart, lung, uterus, and bones (Wu et al. 1996; Madsen
et al. 2013a). Very low expression levels are detected in the liver and brain.
Histological analyses have demonstrated that uPARAP/Endo180 is expressed by
mesenchymal cells of the developing and adult murine lung (Smith et al. 2008;
Bundesmann et al. 2012) and in osteoblasts and chondrocytes of developing and
adult bone (Engelholm et al. 2001; Howard et al. 2004; Wagenaar-Miller et al.
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2007; Madsen et al. 2013a; Abdelgawad et al. 2014). In the skin, macrophages as
well as fibroblasts, pericytes, and endothelial cells have been reported to express
uPARAP/Endo180 (Sheikh et al. 2000; Honardoust et al. 2006). In human liver
fibrosis and in mouse models of lung and liver fibrosis, uPARAP/Endo180 is
upregulated and expressed by myofibroblasts (Madsen et al. 2012; Bundesmann
etal. 2012). In mouse models of kidney fibrosis, uAPARAP/Endo180 is expressed by
myofibroblasts and a subset of macrophages (Lopez-Guisa et al. 2012). In general,
uPARAP/Endo180 is upregulated in conditions known to involve increased tissue
remodeling, including bone development (Engelholm et al. 2001; Howard et al.
2004; Wagenaar-Miller et al. 2007), skin wound healing (Rohani et al. 2014), tissue
fibrosis (Madsen et al. 2012; Bundesmann et al. 2012; Lopez-Guisa et al. 2012), and
in connection to cancer as described in detail later in this book chapter. In bone
development, the importance of uPARAP/Endo180 became particularly clear when
inactivating mutations in the MRC2 gene coding for uPARAP/Endo180 were
identified as the underlying cause of a severe hereditary skeletal disorder in cattle
known as crooked tail syndrome (CTS) (Fasquelle et al. 2009; Sartelet et al. 2012).
In mice, uPARAP/Endo180 deficiency only results in a relatively mild skeletal
phenotype (Wagenaar-Miller et al. 2007; Madsen et al. 2013a), but when combined
with deficiency of the important extracellular collagenase MT1-MMP, severely
impaired bone development is observed, and the mice only have a life span of up to
3 weeks (Wagenaar-Miller et al. 2007). So far, no human inactivating mutations of
uPARAP/Endo180 have been reported although a single nucleotide polymorphism
(SNP) in a regulatory region of the MRC2 gene has been found to associate with
degenerative bony changes of the temporomandibular joint (Yamaguchi et al.
2014), and a SNP in exon 30 of MRC?2 associates with the risk of recurrent disease
for head and neck squamous carcinoma patients (Wu et al. 2009).

MR was first identified on Kupffer cells (Schlesinger et al. 1978) and later was
also found to be expressed by many other types of tissue macrophages (Takahashi
et al. 1998) and by subsets of dendritic cells (Linehan 2005; Burgdorf et al. 2006).
In addition to macrophages, MR is expressed at high levels by sinusoidal endothe-
lial cells in the liver and in lymph nodes (Takahashi et al. 1998; Malovic et al.
2007). Early studies of the function of the MR primarily focused on its potential
role in the innate immune system as a receptor for certain pathogens due to the
carbohydrate-binding properties of the receptor. However, subsequent littermate-
controlled studies of MR knockout mice have failed to clearly demonstrate any
significant changes in susceptibility to these pathogens (Lee et al. 2003; Swain et al.
2003).

Instead, the first study reporting the generation of MR knockout mice revealed
increased serum levels of several glycoproteins including seven lysosomal hydro-
lases and the carboxy-terminal propeptide domains of collagen types I and III in
MR-deficient mice (Lee et al. 2002). MR-deficient mice also have a significantly
reduced ability to clear denatured collagen from the circulation (Malovic et al.
2007). In subsets of dendritic cells, MR probably contributes to the cross presen-
tation of certain glycosylated antigens (Burgdorf et al. 2006), and interestingly the
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MR-mediated uptake of these antigens can be inhibited by collagen fragments
(Burgdorf et al. 2010).

Still, the study of MR as a collagen internalization receptor involved in ECM
turnover is in its infancy, and future in vivo studies addressing the role of MR in
tissue remodeling processes are therefore a high priority. However, as described in
detail in the section below, a recent study strongly suggests that MR-mediated
collagen internalization could be an important function of M2 macrophages in the
dermis and in tumors of mice (Madsen and Bugge 2013; Madsen et al. 2013b).

2.4.1 Imaging Collagen Internalization In Vivo

As outlined earlier in this book chapter, in vitro studies have clearly shown that
cells can internalize collagen for lysosomal degradation in a uPARAP/Endo180- or
MR-dependent manner. Furthermore, in vivo studies have revealed phenotypes of
uPARAP/Endo180-deficient animals consistent with a role of this receptor in
collagen remodeling processes. However, many aspects related to the mechanism
of collagen internalization in vivo are still uncovered, although some answers have
been provided by a recent study utilizing a novel confocal microscopy assay to
analyze the cellular uptake of collagen in the skin of mice (Madsen et al. 2013b). In
this study fluorescent collagen was introduced into the connective tissue of the skin
of mice where it immediately polymerized to form insoluble collagen fibers indis-
tinguishable from endogenous collagen fibers. The turnover of these collagen fibers
could be visualized using two-photon or confocal microscopy analysis of the intact
tissue. The study revealed that fluorescent collagen or collagen degradation frag-
ments are efficiently internalized by various cells in the dermis (Fig. 2.4a). By
combining the assay with transgenic mice expressing cell lineage-specific fluores-
cent reporter proteins or with whole-mount immunostaining, it was demonstrated
that several cell types are capable of internalizing collagen, including fibroblasts
and Cx3Crl-positive macrophages, but that M2-like macrophages are the dominant
collagen-internalizing cell population (Fig. 2.4b). These cells are positive for the
pan-macrophage marker F4/80 and for the M2-macrophage markers Fizzl and
MR. Collagen internalization by these M2-like macrophages is mediated by MR
as demonstrated by the lack of collagen internalization in MR-deficient mice
(Madsen et al. 2013b). M2-polarized macrophages are cells proposed to play an
important role in tissue remodeling and repair processes, but this has mainly been
ascribed to their ability to stimulate ECM synthesis (Ingman et al. 2006) and to
dampen inflammatory reactions (Gordon and Martinez 2010; Vasievich and Huang
2011). Internalization of collagen, and potentially other ECM proteins, is likely to
be another important way by which these cells promote tissue remodeling. Since
tumor-associated macrophages (TAMs) often acquire an M2-polarized phenotype
(Biswas et al. 2013), it has been suggested that TAMs play an important role for the
collagen degradation that occurs in connection to solid tumor growth and invasion
(Madsen and Bugge 2013). Recently we have indeed been able to demonstrate,
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Fig. 2.4 M2 macrophages of the dermis internalize high levels of collagen. (a) Image of the
dermis from collagen-injected Cx3crl/-GFP;Collal-GFP double transgenic mice. Fluorescent
collagen (white) and dextran (red) were introduced into the dermis of transgenic reporter mice
expressing GFP in Cx3crl-positive monocytes and Collal-positive fibroblast (green). 24 h later
the dermis was excised and the fresh tissue was imaged using confocal microscopy. Several cell
population display intracellular collagen-containing vesicles, but certain cells that were not mono-
cytes or fibroblasts internalized very high levels of collagen and dextran (white arrow). Scale bar,
20 pm. (b) High-level collagen-internalizing cells of the dermis express the M2-macrophage
marker Fizz-1. Fluorescent collagen (white) and dextran (red) were introduced into the dermis
of mice, and 20 h later the dermis was excised and whole mount stained for Fizz-1 (green).
Adapted from Madsen et al. (2013b)

using a similar confocal microscopy-based assay, that in solid tumors of mice,
M2-polarized TAMs are the dominant collagen internalizing cells (Madsen et al.
unpublished). These collagen-internalizing TAMs are very abundant in the tumors
and internalize collagen in an MR-dependent manner (Madsen et al. unpublished).

2.4.2 Intracellular Collagen Degradation in Cancer

In most tissues, resting or quiescent fibroblasts express no or very low levels of
uPARAP/Endo180, whereas activated myofibroblasts in connection to cancer are
uPARAP/Endo180 positive (Fig. 2.5a-b) (Schnack Nielsen et al. 2002; Curino et al.
2005; Sulek et al. 2007; Kogianni et al. 2009; Melander et al. 2015). Such uPARAP/
Endo180-positive cancer-associated fibroblasts (CAFs) have been demonstrated in
all studied carcinomas, including breast cancer, prostate cancer, and head and neck
squamous cell carcinoma. In osteosarcomas and gliomas, the cancer cells them-
selves often express uPARAP/Endo180 (Huijbers et al. 2010; Takahashi et al. 2011;
Engelholm et al. 2016), and in a small subset of breast tumors with a basal-like
subtype, the cancer cells are also uPARAP/Endo180 positive (Wienke et al. 2007).
In prostate cancer specimens, an upregulation of uPARAP/Endol180 has been
demonstrated, with expression suggested to be both on cancer cells and stromal
cells (Kogianni et al. 2009). In addition to these descriptive studies, a few studies
have demonstrated the direct functional implications of uPARAP/Endo180 for
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Fig. 2.5 uPARAP/Endo180-mediated collagen remodeling promotes tumor growth. uPARAP/
Endo180 is upregulated in human breast cancer (a and b). (a) Immunohistochemical analysis of
uPARAP/Endo180 in invasive ductal breast carcinoma specimens demonstrates upregulation of
uPARAP/Endo180 (brown) with expression restricted to the stromal cells of the tumor (St).
uPARAP/Endo180-positive fibroblast-like cells show a punctuated staining pattern (arrow) indic-
ative of a localization in intracellular vesicles (b). Intratumoral collagen accumulates in uPARAP/
Endo180-deficient mice in a genetic mouse model of breast cancer. Transgenic PymT mice that are
predisposed to develop breast cancer were crossed with uPARAP/Endo180-deficient mice. (¢ and
d) Immunohistochemical analysis of collagen type I reveals large accumulations of collagen type I
(brown) in tumors of uPARAP/Endo180-deficient mice (d) compared to tumors of littermate
uPARAP/Endo180-expressing mice (c). Scale bar, 500 pm. (e) Histomorphometric quantification
of collagen type I in the tumors of uPARAP/Endo180-expressing mice (white bar) and littermate
uPARAP/Endo180-deficient mice (black bar). (f and g) uPARAP/Endo180 promotes breast tumor
growth. Scatter plots illustrate the cumulative tumor burden of uPARAP/Endo180-expressing
mice (open circles) and uPARAP/Endo180-deficient mice ( filled circles) at 95 (f) and 105 (g)
days of age. (a) and (b) were adapted from Schnack Nielsen et al. (2002) with permission from
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tumor growth. First of all, a study by Curino et al. has investigated the effects of
uPARAP/Endo180 deficiency in a genetic mouse model of breast cancer. In this
model, the tumors of uPARAP/Endo180 knockout mice are smaller than the tumors
of littermate uPARAP/Endo180-expressing mice, and strikingly the uPARAP/
Endo180-deficient mice display highly increased levels of intratumoral collagen
(Fig. 2.5¢c—g) (Curino et al. 2005). When collagen internalization by ex vivo
explants from these tumors was assayed, it was observed that fibroblasts from
uPARAP/Endo180-deficient tumors lack the ability to internalize collagen. In
another study it has been demonstrated that MCF-7 breast cancer cells transfected
with uPARAP/Endo180 have a growth advantage over cells transfected with an
internalization-deficient mutant when inoculated into immunocompromised mice
(Wienke et al. 2007). Using antibody-mediated neutralization of uPARAP/
Endo180, it has recently been demonstrated that uPARAP/Endo180 expressed by
sarcoma cells in mice contributes to the severe bone degradation that accompanies
the tumor progression (Engelholm et al. 2016). Altogether these studies demon-
strate that uPARAP/Endol180 affects ECM remodeling associated with tumor
progression and influences tumor growth and associated skeletal morbidities.
Historically, MR has been studied as a receptor involved in the innate immune
response, and its importance in vivo as a collagen internalization receptor with a
potential role in tumor growth and invasion still remains to be addressed. In recent
years, MR has been given a lot of attention as a marker for M2-polarized macro-
phages (Gordon and Martinez 2010). M1 macrophages, also known as classically
activated macrophages, develop when exposed to the pro-inflammatory cytokine
interferon-gamma (IFN-y) and tumor necrosis factor alpha (TNFa), whereas M2
macrophages, also known as alternatively activated macrophages, develop in
response to interleukin-4 (IL-4) and IL-13 (Gordon and Martinez 2010; Wang
and Joyce 2010). M2 macrophages are anti-inflammatory macrophages that are
often engaged in tissue remodeling processes such as wound healing (Martinez
et al. 2009). In connection to cancer, it has been proposed that M2 macrophages
have pro-tumorigenic functions through their ability to promote tumor-associated
angiogenesis and their ability to stimulate cancer cell migration and invasion (Noy
and Pollard 2014). M2 macrophages also have immunosuppressive functions and
can contribute to a tumor microenvironment, which helps the tumor cells evade a
T-cell response directed against them (Vasievich and Huang 2011; Noy and Pollard
2014). At this point, the role of MR expressed by M2 macrophages for tumor
growth and invasion still remains to be directly investigated. However, the recent
demonstration of MR as a critical receptor for macrophage-mediated collagen
uptake in the skin and in tumors of mice (Madsen et al. 2013b; Madsen et al.
unpublished) renders it highly probable that MR could play an important role for
tumor-associated collagen remodeling and thereby critically affect tumor growth

Fig. 2.5 (continued) John Wiley and Sons, and C-G were adapted from Curino et al. (2005) with
permission from Rockefeller University Press
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Fig. 2.6 Tumor-infiltrating
fibroblasts and M2 Cancer cells
macrophages promote
collagen degradation.
Simplified schematic
representation of a tumor
consisting of cancer cells,
collagen, fibroblasts, and
M2 macrophages. In
connection to invasive
tumor growth, fibroblasts
and M2 macrophage
contribute to the tumor-
associated ECM
remodeling. Fibroblasts and
M2 macrophages can
internalize collagen
fragments for lysosomal
degradation through the
action of uPARAP/
Endo180 and MR,
respectively

Collagen

Fibroblast /

M2-macrophage

(Fig. 2.6). Future studies will reveal the importance of MR-mediated collagen
degradation in cancer and in connection to other pathological conditions and
indicate whether therapeutic targeting of MR could form the basis of novel cancer
treatments.
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