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Abstract 
The extracellular matrix (ECM) is a network of secreted proteins that, beyond providing support for 

tissues and organs, is involved in the regulation of a variety of cell functions, including cell 

proliferation, polarity, migration and oncogenic transformation. ECM homeostasis is maintained 

through a tightly controlled balance between synthesis, deposition and degradation. While the role 

of metalloproteases (MMPs) in ECM degradation is widely recognised, the contribution of ECM 

internalisation and intracellular degradation to ECM maintenance has been mostly overlooked. In 

this review, I will summarise what is known about the molecular mechanisms mediating ECM 

endocytosis and how this process impacts on diseases, such as fibrosis and cancer.  

Introduction 
The extracellular matrix (ECM) is a complex 3 dimensional (3D) network of secreted proteins. The 

�matrisome project� identified ~300 proteins as core matrisome components [1]. These include 

collagens, proteoglycans (including aggrecan, versican and perlecan) and glycoproteins (such as 

laminins, fibronectin and nidogen). The ECM comes in 2 �flavours�: the interstitial connective tissue, 

which offers structural scaffolding for tissues, and the basement membrane (BM), which mediates 

the separation between the epithelium and the stroma (figure 1).  

The ECM is constantly remodelled, as a result of a fine balance between synthesis, deposition and 

degradation. The functions of the ECM go beyond providing tissue support. Indeed, the ECM is 

implicated in the control of tissue homeostasis and epithelial morphogenesis, while deregulation of 

ECM remodelling has been linked to several pathological conditions [2]. On one hand, excessive ECM 

degradation leads to tissue destruction in cardiomyopathies and osteoarthritis, indicating the need 

for an intact ECM network to support tissue architecture and homeostasis. On the other hand, ECM 

accumulation is associated with fibrosis and cancer [2]. Cells interact with the ECM through plasma 

membrane receptors, including integrins, dystroglycan (DG), discoid domain receptors (DDRs) and 

mannose receptors (MRs). These are involved in a variety of cell functions, such as proliferation, 

migration and polarity [3].  

Two main ECM degradation pathways have been described: extracellular or pericellular degradation, 

mediated by matrix metalloproteases (MMPs), and lysosomal degradation after receptor-mediated 

internalisation. These are not independent processes, and are more likely to occur in a coordinated 
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fashion, as detailed below. This short review focuses on the molecular mechanisms responsible for 

ECM internalisation and how this process impinges on pathological conditions, such as fibrosis and 

cancer. 

Mechanisms controlling ECM internalisation 
Collagens are the most abundant components of the ECM, accounting for up to 30% of the total 

proteins in human, [3]. Collagen internalisation and degradation is an important step for connective 

tissue homeostasis and is required for physiological collagen turnover. So far, two mechanisms have 

been identified to control collagen internalisation: integrin-mediated phagocytic uptake and 

Endo180-dependent internalisation.  

ゎ2が1 integrin mediates collagen phagocytosis 

Integrins are heterodimers composed of an ü ;ﾐS ; é ゲ┌H┌ﾐｷデ ;ﾐS ヮヴﾗ┗ｷSW ; ﾉｷﾐﾆ HWデ┘WWﾐ デｴW ECM 
and the intracellular cytoskeleton [4]. The MIC┌ﾉﾉﾗIｴ ｪヴﾗ┌ヮ ｴ;ゲ ｷSWﾐデｷaｷWS üヲéヱ ｷﾐデWｪヴｷﾐ ;ゲ デｴW 
receptor that mediates collagen I binding in fibroblasts and delineated the molecular pathway 

responsible for collagen phagocytosis in this system (figure 2A). BｷﾐSｷﾐｪ ﾗa Iﾗﾉﾉ;ｪWﾐ I デﾗ üヲéヱ デヴｷｪｪWヴゲ 
the activation of stretch-activated calcium channels [5], leading to an increase in intracellular 

calcium concentration [Ca
++

]i. This mediates the accumulation of the actin-binding protein gelsolin 

and the non-muscular myosin II A (NMMIIA) at the adhesion sites [5]. Gelsolin-dependent nucleation 

of actin filaments is required for phagosome formation and the internalisation of collagen to early 

endosomes [6]. Collagen is then delivered to lysosomes, where it is degraded [7]. Furthermore, at 

least two positive feedback loops reinforce and sustain collagen uptake and degradation. On one 

hand, [Ca
++

]i and the guanine nucleotide exchange factor Vav2 [8] stimulates the small GTPase Rac1 

activation, which promotes integrin clustering [9], while, on the other hand, the phosphorylation of 

NMMIIA by myosin light chain kinase (MLCK) mediates the activation of the small GTPase Rap1, 

which further sustains collagen binding [10]. 

Recent pieces of evidence suggest that collagen phagocytosis is strongly dependent on collagen 

morphology [5], raising the intriguing hypothesis that the complex 3D organisation of the ECM might 

control its ability to be internalised.  

Endo180 mediates clathrin-dependent collagen internalisation 

Endo180 (also known as uPARAP) is a member of the mannose receptor (MR) family. It is 

constitutively internalised to early endosomes (EEs) via clathrin-dependent endocytosis and recycles 

to the plasma membrane. It has been shown to bind to several collagens, including type I, IV and V, 

and is required for collagen internalisation and lysosomal delivery [11-13]. Interestingly, the uptake 

ﾗa ゲﾗﾉ┌HﾉW Iﾗﾉﾉ;ｪWﾐ ヴWケ┌ｷヴWゲ EﾐSﾗヱΒヰ H┌デ ﾐﾗデ éヱ ｷﾐデWｪヴｷﾐ ふfigure 2B), suggesting that Endo180 

mediates a different mechanism from the phagocytic uptake of fibrillar collagen [14].  In line with 

this, the internalisation of exogenous collagen injected into mouse dermis by fibroblasts does not 

require Endo180 [15]. A similar Endo180-dependent and integrin-independent pathway has been 

described in hepatic stellate cells (HSC), which have a key role on controlling ECM homeostasis in the 

liver [16]. A genome wide RNA interference screen identified Flotillins as important regulators of 

collagen uptake in monocytes and fibroblasts, through the control of Endo-ヱΒヰが H┌デ ﾐﾗデ üヲéヱが 
protein stability [17]. Iデ ｷゲ ﾐﾗデ IﾉW;ヴ ┘ｴ;デ SｷIデ;デWゲ ┘ｴWデｴWヴ Iﾗﾉﾉ;ｪWﾐ ｷゲ ｷﾐデWヴﾐ;ﾉｷゲWS ｷﾐ ;ﾐ üヲéヱ- or 

Endo180-dependent manner. Several factors, such as cells from different origins and matrix 
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organisation, may be involved and further studies are needed to clarify this point. Analysis of 

collagen internalisation by several cell lines highlighted a much higher endocytic rate in 

mesenchymal cells compared to normal epithelial cells [14], supporting the role of collagen 

internalisation in connective tissue homeostasis. 

がな integrin mediates caveolin-1-dependent fibronectin internalisation 

Fibronectin (FN) is a key component of interstitial ECM and can interact with plasma membrane 

receptors, including integrins and proteoglycans, as well as with other ECM components, such as 

collagen and fibrin [18]. FN is secreted by cells as a soluble covalent dimer and polymerised 

extracellularly to form long fibres [19]. In ﾏ;ﾐ┞ IWﾉﾉ デ┞ヮWゲが üヵéヱ ｷﾐデWｪヴｷﾐ ｷゲ ヴWゲヮﾗﾐゲｷHﾉW for FN 

ヮﾗﾉ┞ﾏWヴｷゲ;デｷﾗﾐが デｴヴﾗ┌ｪｴ ; ヮヴﾗIWゲゲ デｴ;デ ｷﾐ┗ﾗﾉ┗Wゲ デｴW デヴ;ﾐゲﾉﾗI;デｷﾗﾐ ﾗa üヵéヱ aヴﾗﾏ aﾗI;ﾉ ;SｴWゲｷﾗﾐ デﾗ 
more elongated adhesive structures called fibrillar adhesions [20]. Constant FN polymerisation is 

required for collagen I deposition and ECM maintenance. Similarly to collagens, FN turnover is 

mediated by endocytosis and lysosomal degradation. However, this internalisation pathway is 

dependent on caveolin-1 and not on clathrin, suggesting that different ECM components are 

endocytosed via different routes [21]く Iﾐ ヮ;ヴデｷI┌ﾉ;ヴが üヵéヱ ｷﾐデWｪヴｷﾐが H┌デ ﾐﾗデ ü┗éンが is required for the 

internalisation of both soluble and matrix FN by myofibroblasts [22]. In migrating fibroblasts, FN 

HｷﾐSｷﾐｪ デﾗ üヵéヱ drives integrin ubiquitination, which promotes the ESCRT-dependent delivery of FN-

Hﾗ┌ﾐS üヵéヱ デﾗ ｷﾐデヴ;ﾉ┌ﾏｷﾐ;ﾉ ┗WゲｷIﾉWゲ ふILVs) of multivesicular bodies (MVBs), eventually leading to 

lysosomal degradation [23]. Recent evidence indicates that internalised ECM can also be re-

secreted. In epicardial cells, blood vessel epicardial substance (Bves) and N-myc downstream 

regulated gene 4 (NDRG4) are required for the secretion of internalised FN, by controlling the fusion 

of recycling endosomes with the plasma membrane (PM) [24]. In cancer cells, endocytosed FN is 

redeposited at the basolateral surface through a cortactin-dependent pathway regulating the 

secretion from late endosomes/lysosomes [25]. Finally, the fusion of MVBs with the PM results in 

the release of FN-containing extracellular vesicles known as exosomes (figure 2C); similarly, cortactin 

has recently been shown to control collagen I-containing exosome release [26]. It is not clear which 

mechanisms control FN delivery to different endosomal compartments, resulting in either 

degradation or secretion. 

ゎぬがな integrin and dystroglycan control laminin internalisation 

Laminins (LN) are major components of basement membranes (BM), whose remodelling occurs 

through proteolytic degradation, suggesting that LN internalisation could be a potential mechanism 

controlling BM turnover. 

E;ヴﾉ┞ ゲデ┌SｷWゲ ｷﾐ ｴ┌ﾏ;ﾐ HヴW;ゲデ I;ﾐIWヴ IWﾉﾉゲ ゲｴﾗ┘WS デｴ;デ üンéヱ ｷﾐデWｪヴｷﾐが H┌デ ﾐﾗデ üヲ ｷﾐデWｪヴｷﾐが 
accumulates at the plasma membrane in regions where ECM degradation occurs. Moreover, 

phagocyデﾗゲWS ECM ｷゲ デヴ;aaｷIﾆWS デﾗｪWデｴWヴ ┘ｷデｴ üンéヱ デﾗ ;IｷSｷI ┗WゲｷI┌ﾉ;ヴ Iﾗﾏヮ;ヴデﾏWﾐデゲが ゲ┌Iｴ ;ゲ 
lysosomes, ;ﾐS ;Iデｷ┗;デｷﾗﾐ ﾗa üンéヱ by binding to LN drives phagocytosis of matrigel and gelatin. 

IﾐデWヴWゲデｷﾐｪﾉ┞が ┘ｴｷﾉW üンéヱ ｷゲ ヴWケ┌ｷヴWS aﾗヴ ECM internalisation, this integrin is not involved in pinocytic 

uptake of a soluble dye aヴﾗﾏ デｴW ﾏWSｷ;が ｷﾐSｷI;デｷﾐｪ デｴ;デ üンéヱ ゲヮWIｷaｷI;ﾉﾉ┞ Iﾗﾐデヴﾗﾉゲ ECM ヮｴ;ｪﾗI┞デﾗゲｷゲ 

(figure 2D) [27]. Despite this, it is possible that receptor-independent macropinocytosis might 

contribute to LN internalisation. Indeed, such a mechanism has been described for hyaluronan 

uptake in melanoma cells [28]. 
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The trafficking of LN-111 has been recently shown to be receptor-mediated and dynamin-

dependent, leading to lysosomal delivery of LN in normal mammary epithelial cells. Interestingly, LN-

111 internalisation does not require integrins, but the LN receptor dystroglycan (DG) (figure 2D) 

[29]. This pathway is compromised in aggressive cancer, where DG is not functional and LN 

endocytosis is impaired. This suggests that the DG-dependent endocytic trafficking of LN might be 

required for cells-BM communication in normal epithelial cells, while integrin-dependent LN uptake 

might be associated with cancer progression. 

Cross-talk between extracellular proteolysis and matrix internalisation 

The proteolytic cleavage of ECM fibres by MMPs has been suggested to be a pre-requisite for 

receptor-dependent ECM endocytosis. Indeed, a �collagen breakdown pathway� has been identified 

in fibroblasts, whereby collagen cleavage by collagenases precede Endo180-dependent uptake [30]. 

While both intact and cleaved collagen can be internalised, cleaved collagen shows an increased 

binding to Endo180 and is endocytosed more efficiently. The observation that, even though at a 

slower rate, intact collagen can be internalised is supported by the fact that, in vivo, collagen 

endocytosis is only partially dependent on MMP activity [15], indicating that proteolytic degradation 

facilitates but is not absolutely required for ECM uptake. Similarly, internalisation of matrix FN has 

HWWﾐ ヴWヮﾗヴデWS デﾗ HW ゲﾉﾗ┘Wヴ デｴ;ﾐ ゲﾗﾉ┌HﾉW FN ;ﾐSが ｷﾐデWヴWゲデｷﾐｪﾉ┞が ┘ｴｷﾉW éヱ integrin-null cells are able to 

uptake soluble FN, the endocytosis of matrix FN is completely impaired [22]. This can be explained 

considering デｴ;デ Iﾉ┌ゲデWヴｷﾐｪ ﾗa éヱ ｷﾐデWｪヴｷﾐ I;ﾐ ﾏWSｷ;デW MMPヱヴ (also known as MT1-MMP) exocytosis 

[31], leading to localised FN degradation, which is required for üヵéヱ-dependent FN internalisation 

[32].  

Collagen can be degraded by several proteases, and evidence indicates that MMP14 is the main 

protease involved in collagen endocytosis [30, 33, 34]. In fibroblasts, binding of collagen promotes 

MMP14 expression, associated with increased collagen degradation and phagocytosis [33]. 

Moreover, the serine protease Fibroblast Activation Protein (FAP) is responsible for further cleavage 

of collagen fragments and its activity is required for collagen internalisation [35]. Intriguingly, not 

only MMP activity can control ECM endocytosis, but also mediators of ECM internalisation have 

been shown to impinge on MMP activity. Indeed, downregulation of the collagen receptor Endo180 

leads to increased membrane targeting and activation of MMP14 [36], supporting the idea of a 

complex crosstalk between ECM proteolytic degradation and endocytosis. In contrast, MMP activity 

is not required for Endo180-dependent soluble collagen uptake by lung fibroblasts [37], highlighting 

that more in-depth analysis of the relationship between matrix organisation and endocytosis is 

needed.  

The role of ECM endocytosis in disease 
The balance between ECM deposition and remodelling is crucial for the maintenance of healthy 

tissue homeostasis. Indeed, several pathological conditions, including fibrosis and cancer, are 

characterised by aberrant ECM remodelling [2]. In the heart, excess production and deposition of 

ECM by cardiac fibroblasts results in myocardial stiffness, diastolic and systolic dysfunction [38]. 

During liver fibrosis, increased activation of fibroblasts and hepatic stellate cells drives both collagen 

synthesis and degradation, ultimately resulting in net collagen deposition. This represents the major 

factor causing liver dysfunction. Interestingly, the Endo180-mediated collagen internalisation has 
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been identified as an important protection mechanism in liver fibrosis in vivo, confirming the 

importance of this degradation pathway in preventing excessive collagen deposition [39]. Similarly, 

several pieces of evidence link changes in ECM composition and stiffness to cancer initiation and 

progression [40], suggesting that regulators of ECM remodelling, including ECM endocytosis, could 

be involved in cancer. 

ECM internalisation and cancer 

An intact ECM network provides tissue constraint, therefore limiting tumour growth and migration. 

To overcome this, ECM degradation by MMP release often accompanies cancer progression and 

promotes metastasis formation. Interestingly, not only MMP-dependent, but also endocytosis-

mediated ECM degradation has been shown to impact on cancer invasion and migration. In 

melanoma cell lines, collagen IV is internalised and delivered to lysosomes, where cathepsin K, a 

lysosomal cysteine protease, mediates collagen degradation. This process is required for cell 

invasion [41], suggesting that cathepsin K-mediated intracellular collagen degradation might be 

required for cancer invasion and metastasis (figure 3A).  

While in normal mammary glands Endo180 is only expressed by fibroblasts, this collagen receptor is 

upregulated in a subset of basal-like breast cancers. Similarly to what is observed in fibroblasts, in 

cancer cells Endo180 also mediates clathrin-dependent collagen endocytosis and lysosomal 

degradation [11]. Moreover, overexpression of Endo180, but not an endocytosis-deficient mutant, in 

MCF7 breast cancer cells promotes tumour growth in mouse xenograft experiments, highlighting the 

contribution of ECM internalisation to cancer formation in vivo [42] (figure 3B). Consistently, 

Endo180 levels are increased in metastatic breast cancer patients compared to patients bearing 

localised (non-invasive) breast cancer [43], suggesting that ECM internalisation might be an 

important player in the metastatic cascade. 

Pancreatic cancer is associated with a very reactive stroma, whereby pancreatic stellate cells (PSC) 

secrete high amount of collagen. This contributes to cancer cell growth and metastasis. Both 

pancreatic cancer cells and PSC are able to internalise collagen. Interestingly, the stimulation of 

epithelial-to-ﾏWゲWﾐIｴ┞ﾏ;ﾉ デヴ;ﾐゲｷデｷﾗﾐ ふEMTぶ H┞ デヴ;ﾐゲaﾗヴﾏｷﾐｪ ｪヴﾗ┘デｴ a;Iデﾗヴ é ふTGFéぶ ゲデヴﾗﾐｪﾉ┞ 
stimulates collagen endocytosis by cancer cells, via upregulation of Endo180 [44] (figure 3C). 

Sｷﾏｷﾉ;ヴﾉ┞が TGFé ヮヴﾗﾏﾗデWゲが ;デ ﾉW;ゲデ ヮ;ヴデｷ;ﾉﾉ┞が EﾐSﾗヱΒヰ W┝ヮヴWゲゲｷﾗﾐ ｷﾐ ｪﾉｷﾗHﾉ;ゲデﾗﾏ; IWﾉﾉ ﾉｷﾐWゲが ヴWゲ┌ﾉデｷﾐｪ ｷﾐ 
increased collagen internalisation and sustained invasion through fibrillar matrices [45]. 

In ovarian cancer cells, the expression of the small GTPase Rab25 has been associated with increased 

migration and invasion [46]. Mechanistically, Rab25 drives the internalisation of FN and its delivery 

to late endosomes and lysosomes. This pathway, which requires üヵéヱ integrin and its interactor 

tensin, is required for invasive cell migration and for the activation of mammalian target of 

Rapamycin (mTOR), a key regulator of nutrient signalling [47], suggesting a link between ECM 

internalisation and cancer cell metabolism (figure 3D). Consistent with this, it has been hypothesised 

that collagen-rich ECM might represent a proline-reservoir: upon collagen cleavage by MMPs, its 

degradation sustains proline metabolism in pancreatic tumours [48]. Therefore, the ECM could be 

considered as a source of nutrients to sustain cancer growth.  

Exosome secretion has a key role in controlling cell-cell communication, as well as cancer invasion 

and metastasis. Several ECM components have been identified as exosome cargos and FN is required 
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for the exosome-dependent migratory phenotype in fibrosarcoma cells (figure 3E) [49]. Interestingly, 

a positive feedback loop has been identified in breast cancer cells between invadopodia formation 

and exosome secretion, which sustains cancer cell invasion [50]. Although the exosome cargos 

responsible for this have not been described, one intriguing hypothesis is that ECM degradation at 

invadopodia leads to the generation of ECM fragments, available to be internalised, delivered to 

exosomes and secreted, to locally promote invasiveness. 

Concluding remarks 
ECM internalisation is an important mechanism through which ECM remodelling is controlled. It is 

now clear that the ECM is not a passive by-stander but is actively involved in maintaining tissue 

homeostasis. In pathological conditions, such as in cancer, the complex interplay between cells and 

the ECM provides the right environment to foster cancer growth and migration. It is therefore 

extremely important to deepen our understanding on how ECM endocytosis is regulated, with the 

ultimate aim of developing novel therapeutic strategies based on this process. For this to happen, it 

is essential that the findings obtained from cell lines in 2 dimensional (2D) settings are implemented 

using more physiological 3D environments, such as the use of cell-derived matrices [51] and 3D 

culture systems. It will also be important to assess how matrix composition and 3D organisation 

affect its ability to be endocytosed. Moreover, endocytosis is intimately linked with modulation of 

receptor signalling. Similarly to what observed with receptor tyrosine kinases, it can be expected 

that, upon ECM binding and internalisation, different signalling complexes could be assembled at the 

plasma membrane and along the endocytic pathway. Indeed, recent evidence indicates that 

integrins can signal from endosomes and this is important for anchorage-independent cancer cell 

proliferation [52]. Therefore, it will be important to investigate how ECM endocytosis contributes to 

and cooperates with oncogenic signalling during cancer progression. 

Funding 

I acknowledge funding from the University of Sheffield and the Biochemical Society.  

Figure legends 
Figure 1: schematic representation of ECM organisation. The basement membrane is mainly 

composed of collagen IV, laminins, perlecan, agrin and nidogen; while the interstitial matrix contains 

collagen I, fibronectin, tenascin C and elastin. Adapted from [2]. 

Figure 2. Schematic representation of the endocytic pathways involved in ECM internalisation. 

Collagen can be internalised though an üヲéヱ ｷﾐデWｪヴｷﾐ-dependent phagocytic process (A) or via 

Endo180- and clathrin-dependent endocytosis (Bぶく FｷHヴﾗﾐWIデｷﾐ ｷﾐデWヴﾐ;ﾉｷゲ;デｷﾗﾐ ﾗII┌ヴゲ ┗ｷ; ; üヵéヱ-, 

caveolin- or ESCRT-dependent pathway (C); while two laminin (LN) receptors, dystroglycan (DG) and 

üンéヱ ｷﾐデWｪヴｷﾐ ﾏWSｷ;デW LN ｷﾐデWヴﾐ;ﾉｷゲ;デｷﾗﾐ ふD). These pathways can lead to the delivery of the ECM 

components to early endosomes (EEs) and lysosomes (Lys), where the ECM is degraded. 

Alternatively, internalised ECM can be re-secreted via Lys fusion or multivesicular body (MVB)-

dependent release of intraluminal vesicles (ILVs). 
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Figure 3. Schematic representation of the contribution of ECM uptake to cancer phenotypes. 

Cathepsin K (catK)-mediated collagen degradation in the lysosomes (Lys) promotes melanoma cell 

invasion (A). Endo180-dependent collagen internalisation mediates breast cancer growth in mouse 

xenograft experiments (B). In pancreatic cancer cells, collagen internalisation is upregulated during 

epithelial to mesenchymal transition (EMT), via increased Endo180 expression induced by 

デヴ;ﾐゲaﾗヴﾏｷﾐｪ ｪヴﾗ┘デｴ a;Iデﾗヴ é ふTGFéぶ (C)く üヵéヱ ｷﾐデWｪヴｷﾐ Iﾗﾐデヴﾗﾉゲ aｷHヴﾗﾐWIデｷﾐ WﾐSﾗI┞デﾗゲｷゲ ｷﾐ ﾗ┗;ヴｷ;ﾐ 
cancer cells, mediating invasive cell migration and mTOR signalling (D). The secretion of ECM-

containing exosomes controls cancer cell migration and invasion (E). 

References 
1. Naba, A., Clauser, K.R., Hoersch, S., Liu, H., Carr, S.A., and Hynes, R.O., The matrisome: in 

silico definition and in vivo characterization by proteomics of normal and tumor extracellular 

matrices. Mol Cell Proteomics, 2012. 11(4): p. M111 014647. 

2. Bonnans, C., Chou, J., and Werb, Z., Remodelling the extracellular matrix in development and 

disease. Nat Rev Mol Cell Biol, 2014. 15(12): p. 786-801. 

3. Theocharis, A.D., Skandalis, S.S., Gialeli, C., and Karamanos, N.K., Extracellular matrix 

structure. Adv Drug Deliv Rev, 2016. 97: p. 4-27. 

4. Hynes, R.O., Marcantonio, E.E., Stepp, M.A., Urry, L.A., and Yee, G.H., Integrin heterodimer 

and receptor complexity in avian and mammalian cells. J Cell Biol, 1989. 109(1): p. 409-20. 

5. Arora, P.D., Wang, Y., Bresnick, A., Dawson, J., Janmey, P.A., and McCulloch, C.A., Collagen 

remodeling by phagocytosis is determined by collagen substrate topology and calcium-

dependent interactions of gelsolin with nonmuscle myosin IIA in cell adhesions. Mol Biol Cell, 

2013. 24(6): p. 734-47. 

6. Segal, G., Lee, W., Arora, P.D., McKee, M., Downey, G., and McCulloch, C.A., Involvement of 

actin filaments and integrins in the binding step in collagen phagocytosis by human 

fibroblasts. J Cell Sci, 2001. 114(Pt 1): p. 119-129. 

7. Arora, P.D., Manolson, M.F., Downey, G.P., Sodek, J., and McCulloch, C.A., A novel model 

system for characterization of phagosomal maturation, acidification, and intracellular 

collagen degradation in fibroblasts. J Biol Chem, 2000. 275(45): p. 35432-41. 

8. Arora, P.D., Marignani, P.A., and McCulloch, C.A., Collagen phagocytosis is regulated by the 

guanine nucleotide exchange factor Vav2. Am J Physiol Cell Physiol, 2008. 295(1): p. C130-7. 

9. Arora, P.D., Glogauer, M., Kapus, A., Kwiatkowski, D.J., and McCulloch, C.A., Gelsolin 

mediates collagen phagocytosis through a rac-dependent step. Mol Biol Cell, 2004. 15(2): p. 

588-99. 

10. Arora, P.D., Conti, M.A., Ravid, S., Sacks, D.B., Kapus, A., Adelstein, R.S., Bresnick, A.R., and 

McCulloch, C.A., Rap1 activation in collagen phagocytosis is dependent on nonmuscle myosin 

II-A. Mol Biol Cell, 2008. 19(12): p. 5032-46. 

11. Wienke, D., MacFadyen, J.R., and Isacke, C.M., Identification and characterization of the 

endocytic transmembrane glycoprotein Endo180 as a novel collagen receptor. Mol Biol Cell, 

2003. 14(9): p. 3592-604. 

12. Melander, M.C., Jurgensen, H.J., Madsen, D.H., Engelholm, L.H., and Behrendt, N., The 

collagen receptor uPARAP/Endo180 in tissue degradation and cancer (Review). Int J Oncol, 

2015. 47(4): p. 1177-88. 

13. Jurgensen, H.J., Johansson, K., Madsen, D.H., Porse, A., Melander, M.C., Sorensen, K.R., 

Nielsen, C., Bugge, T.H., Behrendt, N., and Engelholm, L.H., Complex determinants in specific 

members of the mannose receptor family govern collagen endocytosis. J Biol Chem, 2014. 

289(11): p. 7935-47. 

14. Madsen, D.H., Ingvarsen, S., Jurgensen, H.J., Melander, M.C., Kjoller, L., Moyer, A., Honore, 

C., Madsen, C.A., Garred, P., Burgdorf, S., Bugge, T.H., Behrendt, N., and Engelholm, L.H., The 



ECM endocytosis in matrix turnover and cancer  E.Rainero 

8 

 

non-phagocytic route of collagen uptake: a distinct degradation pathway. J Biol Chem, 2011. 

286(30): p. 26996-7010. 

15. Madsen, D.H., Leonard, D., Masedunskas, A., Moyer, A., Jurgensen, H.J., Peters, D.E., 

Amornphimoltham, P., Selvaraj, A., Yamada, S.S., Brenner, D.A., Burgdorf, S., Engelholm, 

L.H., Behrendt, N., Holmbeck, K., Weigert, R., and Bugge, T.H., M2-like macrophages are 

responsible for collagen degradation through a mannose receptor-mediated pathway. J Cell 

Biol, 2013. 202(6): p. 951-66. 

16. Mousavi, S.A., Sato, M., Sporstol, M., Smedsrod, B., Berg, T., Kojima, N., and Senoo, H., 

Uptake of denatured collagen into hepatic stellate cells: evidence for the involvement of 

urokinase plasminogen activator receptor-associated protein/Endo180. Biochem J, 2005. 

387(Pt 1): p. 39-46. 

17. Lee, T.H., McKleroy, W., Khalifeh-Soltani, A., Sakuma, S., Lazarev, S., Riento, K., Nishimura, 

S.L., Nichols, B.J., and Atabai, K., Functional genomic screen identifies novel mediators of 

collagen uptake. Mol Biol Cell, 2014. 25(5): p. 583-93. 

18. Yoneda, A., Ushakov, D., Multhaupt, H.A., and Couchman, J.R., Fibronectin matrix assembly 

requires distinct contributions from Rho kinases I and -II. Mol Biol Cell, 2007. 18(1): p. 66-75. 

19. Wolanska, K.I. and Morgan, M.R., Fibronectin remodelling: cell-mediated regulation of the 

microenvironment. Biochem Soc Trans, 2015. 43(1): p. 122-8. 

20. Clark, K., Pankov, R., Travis, M.A., Askari, J.A., Mould, A.P., Craig, S.E., Newham, P., Yamada, 

K.M., and Humphries, M.J., A ゲヮWIｷaｷI üヵéヱ-integrin conformation promotes directional 

integrin translocation and fibronectin matrix formation. Journal of Cell Science, 2005. 118(2): 

p. 291-300. 

21. Sottile, J. and Chandler, J., Fibronectin matrix turnover occurs through a caveolin-1�

dependent process. Molecular biology of the cell, 2005. 16(2): p. 757-768. 

22. Shi, F. and Sottile, J., Caveolin-1-SWヮWﾐSWﾐデ éヱ ｷﾐデWｪヴｷﾐ WﾐSocytosis is a critical regulator of 

fibronectin turnover. Journal of Cell Science, 2008. 121(14): p. 2360-2371. 

23. Lobert, V.H., Brech, A., Pedersen, N.M., Wesche, J., Oppelt, A., Malerød, L., and Stenmark, 

H., UHｷケ┌ｷデｷﾐ;デｷﾗﾐ ﾗa üヵéヱ IﾐデWｪヴｷﾐ Cﾗﾐデヴﾗﾉゲ Fibroblast Migration through Lysosomal 

Degradation of Fibronectin-Integrin Complexes. Developmental Cell, 2010. 19(1): p. 148-159. 

24. Benesh, E.C., Miller, P.M., Pfaltzgraff, E.R., Grega-Larson, N.E., Hager, H.A., Sung, B.H., Qu, X., 

Baldwin, H.S., Weaver, A.M., and Bader, D.M., Bves and NDRG4 regulate directional 

epicardial cell migration through autocrine extracellular matrix deposition. Mol Biol Cell, 

2013. 24(22): p. 3496-510. 

25. Sung, B.H., Zhu, X., Kaverina, I., and Weaver, A.M., Cortactin controls cell motility and 

lamellipodial dynamics by regulating ECM secretion. Curr Biol, 2011. 21(17): p. 1460-9. 

26. Sinha, S., Hoshino, D., Hong, N.H., Kirkbride, K.C., Grega-Larson, N.E., Seiki, M., Tyska, M.J., 

and Weaver, A.M., Cortactin promotes exosome secretion by controlling branched actin 

dynamics. J Cell Biol, 2016. 

27. Coopman, P.J., Thomas, D.M., Gehlsen, K.R., and Mueller, S.C., Integrin alpha 3 beta 1 

participates in the phagocytosis of extracellular matrix molecules by human breast cancer 

cells. Mol Biol Cell, 1996. 7(11): p. 1789-804. 

28. Greyner, H.J., Wiraszka, T., Zhang, L.S., Petroll, W.M., and Mummert, M.E., Inducible 

macropinocytosis of hyaluronan in B16-F10 melanoma cells. Matrix Biol, 2010. 29(6): p. 503-

10. 

29. Leonoudakis, D., Huang, G., Akhavan, A., Fata, J.E., Singh, M., Gray, J.W., and Muschler, J.L., 

Endocytic trafficking of laminin is controlled by dystroglycan and is disrupted in cancers. J Cell 

Sci, 2014. 127(22): p. 4894-903. 

30. Madsen, D.H., Engelholm, L.H., Ingvarsen, S., Hillig, T., Wagenaar-Miller, R.A., Kjoller, L., 

Gardsvoll, H., Hoyer-Hansen, G., Holmbeck, K., Bugge, T.H., and Behrendt, N., Extracellular 

collagenases and the endocytic receptor, urokinase plasminogen activator receptor-



ECM endocytosis in matrix turnover and cancer  E.Rainero 

9 

 

associated protein/Endo180, cooperate in fibroblast-mediated collagen degradation. J Biol 

Chem, 2007. 282(37): p. 27037-45. 

31. Bravo-Cordero, J.J., Marrero-Diaz, R., Megias, D., Genis, L., Garcia-Grande, A., Garcia, M.A., 

Arroyo, A.G., and Montoya, M.C., MT1-MMP proinvasive activity is regulated by a novel 

Rab8-dependent exocytic pathway. EMBO J, 2007. 26(6): p. 1499-510. 

32. Shi, F. and Sottile, J., MT1-MMP regulates the turnover and endocytosis of extracellular 

matrix fibronectin. Journal of Cell Science, 2011. 124(23): p. 4039-4050. 

33. Lee, H., Overall, C.M., McCulloch, C.A., and Sodek, J., A critical role for the membrane-type 1 

matrix metalloproteinase in collagen phagocytosis. Mol Biol Cell, 2006. 17(11): p. 4812-26. 

34. Ye, Q., Xing, Q., Ren, Y., Harmsen, M.C., and Bank, R.A., Endo180 and MT1-MMP are involved 

in the phagocytosis of collagen scaffolds by macrophages and is regulated by interferon-

gamma. Eur Cell Mater, 2010. 20: p. 197-209. 

35. Fan, M.H., Zhu, Q., Li, H.H., Ra, H.J., Majumdar, S., Gulick, D.L., Jerome, J.A., Madsen, D.H., 

Christofidou-Solomidou, M., Speicher, D.W., Bachovchin, W.W., Feghali-Bostwick, C., and 

Pure, E., Fibroblast Activation Protein (FAP) Accelerates Collagen Degradation and Clearance 

from Lungs in Mice. J Biol Chem, 2016. 291(15): p. 8070-89. 

36. Messaritou, G., East, L., Roghi, C., Isacke, C.M., and Yarwood, H., Membrane type-1 matrix 

metalloproteinase activity is regulated by the endocytic collagen receptor Endo180. J Cell Sci, 

2009. 122(Pt 22): p. 4042-8. 

37. Bundesmann, M.M., Wagner, T.E., Chow, Y.H., Altemeier, W.A., Steinbach, T., and Schnapp, 

L.M., Role of urokinase plasminogen activator receptor-associated protein in mouse lung. Am 

J Respir Cell Mol Biol, 2012. 46(2): p. 233-9. 

38. Fan, D., Takawale, A., Lee, J., and Kassiri, Z., Cardiac fibroblasts, fibrosis and extracellular 

matrix remodeling in heart disease. Fibrogenesis Tissue Repair, 2012. 5(1): p. 15. 

39. Madsen, D.H., Jurgensen, H.J., Ingvarsen, S., Melander, M.C., Vainer, B., Egerod, K.L., Hald, 

A., Rono, B., Madsen, C.A., Bugge, T.H., Engelholm, L.H., and Behrendt, N., Endocytic 

collagen degradation: a novel mechanism involved in protection against liver fibrosis. J 

Pathol, 2012. 227(1): p. 94-105. 

40. Hu, M. and Polyak, K., Microenvironmental regulation of cancer development. Curr Opin 

Genet Dev, 2008. 18(1): p. 27-34. 

41. Quintanilla-Dieck, M.J., Codriansky, K., Keady, M., Bhawan, J., and Runger, T.M., Cathepsin K 

in melanoma invasion. J Invest Dermatol, 2008. 128(9): p. 2281-8. 

42. Wienke, D., Davies, G.C., Johnson, D.A., Sturge, J., Lambros, M.B., Savage, K., Elsheikh, S.E., 

Green, A.R., Ellis, I.O., Robertson, D., Reis-Filho, J.S., and Isacke, C.M., The collagen receptor 

Endo180 (CD280) Is expressed on basal-like breast tumor cells and promotes tumor growth in 

vivo. Cancer Res, 2007. 67(21): p. 10230-40. 

43. Palmieri, C., Caley, M.P., Purshouse, K., Fonseca, A.V., Rodriguez-Teja, M., Kogianni, G., 

Woodley, L., Odendaal, J., Elliott, K., Waxman, J., and Sturge, J., Endo180 modulation by 

bisphosphonates and diagnostic accuracy in metastatic breast cancer. Br J Cancer, 2013. 

108(1): p. 163-9. 

44. Ikenaga, N., Ohuchida, K., Mizumoto, K., Akagawa, S., Fujiwara, K., Eguchi, D., Kozono, S., 

Ohtsuka, T., Takahata, S., and Tanaka, M., Pancreatic cancer cells enhance the ability of 

collagen internalization during epithelial-mesenchymal transition. PLoS One, 2012. 7(7): p. 

e40434. 

45. Huijbers, I.J., Iravani, M., Popov, S., Robertson, D., Al-Sarraj, S., Jones, C., and Isacke, C.M., A 

role for fibrillar collagen deposition and the collagen internalization receptor endo180 in 

glioma invasion. PLoS One, 2010. 5(3): p. e9808. 

46. Dozynkiewicz, M.A., Jamieson, N.B., Macpherson, I., Grindlay, J., van den Berghe, P.V., von 

Thun, A., Morton, J.P., Gourley, C., Timpson, P., Nixon, C., McKay, C.J., Carter, R., Strachan, 

D., Anderson, K., Sansom, O.J., Caswell, P.T., and Norman, J.C., R;Hヲヵ ;ﾐS CLICン Iﾗﾉﾉ;Hﾗヴ;デW 



ECM endocytosis in matrix turnover and cancer  E.Rainero 

10 

 

to promote integrin recycling from late endosomes/lysosomes and drive cancer progression. 

Dev Cell, 2012. 22(1): p. 131-45. 

47. Rainero, E., Howe, J.D., Caswell, P.T., Jamieson, N.B., Anderson, K., Critchley, D.R., Machesky, 

L., and Norman, J.C., Ligand-Occupied Integrin Internalization Links Nutrient Signaling to 

Invasive Migration. Cell Rep, 2015. 

48. Phang, J.M., Donald, S.P., Pandhare, J., and Liu, Y., The metabolism of proline, a stress 

substrate, modulates carcinogenic pathways. Amino Acids, 2008. 35(4): p. 681-690. 

49. Sung, B.H., Ketova, T., Hoshino, D., Zijlstra, A., and Weaver, A.M., Directional cell movement 

through tissues is controlled by exosome secretion. Nat Commun, 2015. 6: p. 7164. 

50. Hoshino, D., Kirkbride, K.C., Costello, K., Clark, E.S., Sinha, S., Grega-Larson, N., Tyska, M.J., 

and Weaver, A.M., Exosome secretion is enhanced by invadopodia and drives invasive 

behavior. Cell Rep, 2013. 5(5): p. 1159-68. 

51. Cukierman, E., Pankov, R., Stevens, D.R., and Yamada, K.M., Taking Cell-Matrix Adhesions to 

the Third Dimension. Science, 2001. 294(5547): p. 1708-1712. 

52. Alanko, J., Mai, A., Jacquemet, G., Schauer, K., Kaukonen, R., Saari, M., Goud, B., and Ivaska, 

J., Integrin endosomal signalling suppresses anoikis. Nat Cell Biol, 2015. 17(11): p. 1412-21. 

 

 



Figure 1 



Figure 2 



Figure 3 


	Abstract
	Introduction
	Mechanisms controlling ECM internalisation
	α2β1 integrin mediates collagen phagocytosis
	Endo180 mediates clathrin-dependent collagen internalisation
	β1 integrin mediates caveolin-1-dependent fibronectin internalisation
	α3β1 integrin and dystroglycan control laminin internalisation
	Cross-talk between extracellular proteolysis and matrix internalisation

	The role of ECM endocytosis in disease
	ECM internalisation and cancer

	Concluding remarks
	Funding
	Figure legends
	References
	figures_BST.pdf
	Slide Number 1
	Slide Number 2
	Slide Number 3


