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ABSTRACT 

Breast and ovarian malignancies account for one third of female cancers. The role of the stroma 

in supporting invasive growth in breast cancer has become clear. Breast cancer cells interact and 

respond to the cues from the surrounding extracellular matrix (ECM). Integrins are main cell 

adhesion receptors and key players in invasive migration by linking the ECM to the actin 

cytoskeleton. In addition, integrins mediate distinctive biochemical and biomechanical signals to 

support cancer invasion. The role of matrix proteases in promoting ECM degradation and cancer 

dissemination has been extensively studied; however, cancer cells possess additional means to 

support those processes, such as integrin-mediated ECM endocytosis and consequent 

degradation in the lysosomes. Internalisation of the extracellular matrix is upregulated in invasive 

breast cancer. Nonetheless, the mechanisms by which cancer cells regulate this process are 

poorly understood. We developed a high throughput pH sensitive system to detect ECM uptake. 

Here, we show that MDA-MB-231 breast cancer cells converge in macropinocytosis to internalise 

diverse ECM components and we confirm that this process is modulated by PAK1. To unravel 

which ECM components breast cancer cells internalise in a complex environment (namely, cell 

derived matrices), we performed mass spectrometry. Proteomic analysis identified Annexin A6, 

Collagen VI, Tenascin C and fibronectin, among other matrisome proteins, to be internalised by 

invasive breast cancer cells. Following ECM endocytosis, ECM is targeted for lysosomal 

degradation. To unravel the molecular mechanisms behind this process, we performed a 

trafficking screen and identified the AP3 complex, VAMP7, Arf1 and ARFGEF2. Our results suggest 

that the AP3 complex may regulate ECM-integrin delivery to lysosomes.  

To gain more insight on the signalling pathways governing macropinocytosis in breast cancer 

cells, we performed a kinase and phosphatase screen that unravelled MAP3K1 and PPP2R1A, a 

subunit of protein phosphatase 2A (PP2A) as relevant regulators of ECM endocytosis. 

Furthermore, our data suggests that p38 mitogen-activated protein kinase (MAPK) activation 

upon binding to the ECM is required for ECM macropinocytosis. Outstandingly, inhibiting p38 

MAPK led to profound changes in the ability of breast cancer cells to migrate in cell derived 
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matrices. Previous work from the Rainero lab focused on characterising the receptors involved 

in ECM internalisationΤ ʰнʲм ƛƴǘŜƎǊƛƴ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ ŀǎ ǘƘŜ Ƴŀƛƴ ǊŜƎǳƭŀǘƻǊ ƻŦ 9/a ǳǇǘŀƪŜ ƛƴ a5!-

MB-ном ŎŜƭƭǎΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ʰнʲм ƛƴǘŜƎǊƛƴ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ŀŎǘƛǾŀǘŜ Ǉоу a!tY ǇŀǘƘǿŀȅΦ ¢ŀƪŜƴ 

ǘƻƎŜǘƘŜǊΣ ǿŜ ƘȅǇƻǘƘŜǎƛǎŜ ǘƘŀǘ ōƛƴŘƛƴƎ ƻŦ 9/a ǘƻ ʰнʲм ƛƴǘŜƎǊƛƴ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ of PAK1 

and MAP3K1, which in turn leads to ECM endocytosis. p38 MAPK activity may induce changes in 

actin polymerisation via PPP2R1A and/or focal adhesion turnover, which consequently promotes 

ECM macropinocytosis and invasive migration. 



 

 III 

ACKNOWLEDGEMENTS  

I would like to thank my supervisors, Dr Elena Rainero and Dr Frederic Bard for providing me 

with the opportunity to work within their laboratories to complete my PhD. I am truly and 

sincerely grateful to Elena for entrusting me with this project and keeping her door always open 

for discussion. I am much obliged for her constant guidance, motivation, confidence in my work 

and support with my hundreds of hypotheses. She is a great mentor.  

My gratitude is extended to Dr Xavier Le Guezennec, who enabled this project to succeed. I 

would like to thank him for his trust in me to overcome the constraints of this project, as well as 

his help to make this project work through covid. Xavier was always willing to give advice to my 

latest results and problems; he was a true supervisor in Singapore. I would like to extend my 

gratitude to the members of my Singaporean lab. Thank you to Pei Ling (Felicia) Tay, Trinda Anne 

Ting, Keit Min (Jasmine) Tham, Hui Hui Wong and Sze Hwee Seet for their support, chats 

together, snacks and baked goods to cheer me up. I really appreciated it. Thank you to Dr Rebecca 

Bennion for always lending an ear when I needed it. Becca you were a great lab mate. I really 

enjoyed our chats over coffee and our lunches together. We indeed got each other through our 

stay in Singapore. I am truly grateful for your friendship. I wish you all the best for your postdoc 

life in Marseille. Thank you to Dr Poonam Shah for her friendship in the lab. Our video calls during 

Circuit breaker made me truly happy. I ǊŜŀƭƭȅ ŜƴƧƻȅŜŘ ƭŀŘƛŜǎΩ ƴƛƎƘǘ ƛƴ /Ş ƭŀ ǾƛŜΦ  aŀǎǎƛǾŜ ǘƘŀƴƪǎ 

for taking me to Kanchanaburi (Thailand) to see elephants. My thanks are extended to Laura 

Andrea Berrio Correa for exploring Singapore with me and making my life so much better. She is 

the best flatmate I have ever had. 

I would also like to thank my advisors, Professor Elizabeth Smythe and Dr Vincent Cunliffe for 

their support during my PhD. I would also like to thank Dr Mark Collins (Mass Spectrometry 

Centre, The University of Sheffield) for troubleshooting through the mass spec protocol with me. 

I would like to thank Dr Carl Harrison for his help with Single molecule localisation microscopy. 

In addition, I would like to express my deep thanks to past and present members of Kathryn 

Ayscough, Steve Winder, Helen Matthews and Elena Rainero labs. I would like to thank Dr Stella 

Christou, Dr Mona Nazemi and Dr Keqian Nan for becoming my first friends in Sheffield. Stella, 



 

 IV 

see you in Vienna. Thank you to Rachele Bacchetti for her help with Western Blots; as well as our 

conversations over dinner and bubble tea after late evenings in the lab. Thank you to Dr Victoria 

H. Hart for being very helpful and an excellent desk neighbour. Thank you to Shengnan Yuan for 

her willingness to help and also for walking me home. Simply thank you to Bian Yanes, Shahd M 

Alhadid, Haya Alomaim and Zhe Bao for being such good lab mates.   

I would like to specially thank my partner, Nicolas Smetacek, for always being by my side despite 

the distance, for his daily advice, constant encouragement and support. I am extremely thankful 

for his willingness to help me overcome my challenges. I truly appreciate his daily smile, especially 

in my darkest days. Nick has always listened to my concerns, my complaints but also celebrated 

my achievements. I truly know he sincerely felt my emotions. In spite of the distance across 

countries, continents and time zones, we always made time for video calls.  

I would like to extend my thanks to my mother, Maribel Martínez Arce, for her constant support 

throughout the years and her blind trust in me, for believing I can achieve anything I set my mind 

to. I am extremely grateful to her for considering my education and my sisǘŜǊΩǎ ƘŜǊ ƎǊŜŀǘŜǎǘ 

investment. I am extremely fortunate to have such a great mother, I could not have done this 

without her unconditional encouragement. ό/ŀǘŀƭŀƴΥ aΩŀƎǊŀŘŀǊƛŀ ŀƳǇƭƛŀǊ Ŝƭ ƳŜǳ ŀƎǊŀƠƳŜƴǘ ŀ ƭŀ 

meva mare, Maribel Martínez Arce, pel seu suport al llarg dels anys i la seva confiança cega en 

mi, per creure que puc aconseguir tot el que em proposi. Estic extremadament agraïda a ella per 

considerar la meva educació i la de la meva germana la seva inversió de futur més gran. Soc 

extremadament afortunada per tenir una mare excel·lent, no podria haver fet tot això sense el 

seus ànims incondicionals.) 

Ultimately, I would like to dedicate this PhD thesis in loving memory of my grandma Maria Teresa 

Arce González, who told me when I was six years old to study to either become a doctor or a 

lawyer. Despite not becoming an MD, I know she would have been proud of me.  (Spanish: En 

ǵƭǘƛƳƻ ƭǳƎŀǊΣ ƳŜ ƎǳǎǘŀǊƝŀ ŘŜŘƛŎŀǊ Ŝǎǘŀ ǘŜǎƛǎ ŘƻŎǘƻǊŀƭ Ŝƴ ƳŜƳƻǊƛŀ ŘŜ Ƴƛ ǉǳŜǊƛŘŀ άǇŀŘǊƛƴŀ ¢ŜǊŜέΣ 

quien me dijo a los seis años que estudiara para convertirme en doctora o abogada. A pesar de 

no ser una doctora/médica, sé que estaría orgullosa de mí.)



 

 V 

DECLARATION  

I, Montserrat Llanses Martínez, hereby declare that this thesis is the result of my sole work, 

except where explicitly stated otherwise, after registration for the degree of Doctor of Philosophy 

at the University of Sheffield, and it has not been previously submitted to this or any other 

ƛƴǎǘƛǘǳǘƛƻƴΦ L ŀƳ ŀǿŀǊŜ ƻŦ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅΩǎ ƎǳƛŘŀƴŎŜ ƻƴ ǘƘŜ ¦ǎŜ ƻŦ ¦ƴŦŀƛǊ aŜŀƴǎ 

(www.sheffield.ac.uk/ssid/unfair-means). I confirm that where I have quoted from the work of 

others, the source is always given.   

The work presented in Figure 3-16, Figure 3-23, Figure 3-24 and Figure 3-26 (Chapter 3) is 

ǇǳōƭƛǎƘŜŘ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ŀ .ƛƻwȄƛǾ ǇŀǇŜǊ ŀƴŘ ƛǘ ƛǎ ǳƴŘŜǊ ǊŜǾƛŜǿ ŀǎ ά¢ƘŜ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŀǘǊƛȄ 

supports cancer cell growth under amino acid starvation by promoting tyrosine cataboƭƛǎƳέ ōȅ 

Mona Nazemi, Bian Yanes, Montserrat Llanses Martinez, Heather Walker, Frederic Bard* and 

Elena Rainero*. This study was conceived by all of the authors.  

*Supervisors   

Montserrat Llanses Martínez 

31st January 2023 

 

 

 

 

 

 



 

  VI 

Table of contents  

ABSTRACT I 

ACKNOWLEDGEMENTS III 

DECLARATION V 

Table of contents VI 

List of figures XII 

List of tables XVI 

Abbreviations XVII 

Chapter 1 ï Introduction 1 

1.1. CANCER BIOLOGY 1 

1.1.1. An introduction to cancer 1 

1.1.1.1. The hallmarks of cancer 1 

1.1.2. An overview to Breast cancer 2 

1.1.2.1. Epidemiology 2 

1.1.2.2. Breast cancer progression and subtypes 3 

1.1.3. The tumour microenvironment 5 

1.1.4. A brief introduction to signal transduction pathways in cancer 11 

1.2. ENDOCYTOSIS AND ENDOSOME TRAFFIC IN CANCER 14 

1.2.1. The plasma membrane and endocytic membrane traffic 14 

1.2.1.1. Clathrin-mediated endocytosis 14 

1.2.1.2. Lipid raft-mediated endocytosis 15 

1.2.1.3. Phagocytosis, macropinocytosis and the CLIC-GEEC pathway 17 

1.2.2. Endolysosomal trafficking 20 

1.2.3. Dysregulation of membrane traffic in cancer 21 

1.3. THE EXTRACELLULAR MATRIX IN CANCER 26 

1.3.1. Post-translational modifications of the extracellular matrix 27 

1.3.1.1. Disulphide cross links in the ECM 27 

1.3.1.2. Hydroxylation crosslinks in the ECM 28 

1.3.1.3. Glycosylation, glycation and phosphorylation of the ECM proteins 29 

1.3.2. ECM proteins in the tumour microenvironment 30 

1.3.2.1. Collagens: Fibrous ECM proteins 30 

1.3.2.1.1. The formation of the triple helix 31 



 

  VII 

1.3.2.1.2. Network-forming collagens 32 

1.3.2.1.2. Collagens assembling into beaded filaments 33 

1.3.2.1.3. Anchoring fibril collagens 33 

1.3.2.1.4. Transmembrane collagens 34 

1.3.2.2. Laminins: Network basement membrane proteins 36 

1.3.2.3. Other ECM proteins 37 

1.3.2.3.1. Fibronectins 37 

1.3.2.3.2. Tenascin-C 38 

1.3.2.3.3. Elastin 38 

1.3.2.3.4. Vitronectin 39 

1.3.2.3.5. Thrombospondins 39 

1.3.2.4. Interactions within the ECM meshwork 40 

1.3.2.4.1. Collagen interactions 40 

1.3.2.4.2. Linking the gap: basement membrane- stroma interactions 42 

1.3.2.4.2. Basement membrane ECM interactions 44 

1.4. EXTRACELLULAR MATRIX DEGRADATION IN CANCER 46 

1.4.1. Invadopodia: specialised structures for ECM degradation 46 

1.4.1.1. Signalling regulators of invadopodia 46 

1.4.1.2. Integrins and invadopodia 47 

1.4.2. Matrix metalloproteinases 49 

1.4.2.1. Regulation of MMPs through membrane trafficking 51 

1.4.3. Beyond the MMP monopoly: cathepsins, ADAMs, serine proteases and 

oxidoreductases 54 

1.4.3.1. Cathepsins: cysteine, serine and aspartyl proteases 54 

1.4.3.2. Serine proteases, ADAM and ADAMTS family 55 

1.4.3.3. Protein disulfide isomerases, proteases and ECM degradation 56 

1.4.4. Mechanical aspects of ECM degradation 57 

1.5. EXTRACELLULAR MATRIX RECEPTORS IN CANCER 58 

1.5.1. Integrins 59 

1.5.2. Other ECM receptors 63 

1.6. INTERNALISATION OF EXTRACELLULAR MATRIX 65 

1.6.1. Collagen I internalisation 65 

1.6.1.1. Integrin-mediated phagocytosis 65 



 

  VIII 

1.6.1.2. Non-phagocytic pathway of collagen uptake: uPARAP/Endo180-dependent 

endocytosis 67 

1.6.2. Fibronectin internalisation 68 

1.6.2.1. Integrins, migration and fibronectin internalisation 69 

1.6.3. Laminin internalisation 70 

1.6.3.1. Normal mammary epithelial cells endocytose laminin in a Dystroglycan-dependent 

manner 71 

1.6.3.2. Laminin internalisation supports cell survival under starvation conditions 72 

1.6.3.3. 67kDa laminin receptor (67LR) is linked to cancer progression 73 

1.6.4. Elastin internalisation 73 

1.6.5. The ECM meshwork - ECM internalisation in in vivo-like complex matrices 74 

1.7. AIMS AND OBJECTIVES OF THE THESIS 75 

Chapter 2 ï Materials and methods 77 

2.1. MATERIALS 77 

2.1.1. Reagents and suppliers 77 

2.1.2. Solutions 81 

2.2. METHODS 81 

2.2.1. Cell culture 81 

2.2.2. 2.5D collagen I, matrigel and laminin endocytosis assay for confocal microscopy 83 

2.2.2.1. Assessment of lysosomal degradation 83 

2.2.2.2. Assessing the role of MAPK inhibitors on 2.5D uptake 83 

2.2.3. Generation of cell-derived matrices 84 

2.2.3.1. CDM endocytosis assay 85 

2.2.3.2. Assessing the role of inhibitors on CDM uptake 86 

2.2.3.3. Cell migration assay in  CDM 86 

2.2.4. Transferrin uptake 87 

2.2.5. Lactosylceramide uptake 87 

2.2.6. Rhodamine-dextran uptake 88 

2.2.7. siRNA transfection 88 

2.2.7.1. Transfection in 6-well plate 88 

2.2.7.2. Transfection in 96-well plate 89 

2.2.7.3. Transfection in 384-well plate 89 

2.2.8. DNA transfection 91 

2.2.8.1. Transient transfection 92 



 

  IX 

2.2.9. Generation of MDA-MB-231-dCas9-CRISPRi cells 92 

2.2.10. RNAi screen 93 

2.2.10.1. Knockdown in high throughput systems 93 

2.2.10.2. Matrigel coating and labelling in high content imaging plates 94 

2.2.10.3. Collagen coating and labelling in high content imaging plates 96 

2.2.10.4. Cell detachment in high content imaging plates 97 

2.2.10.5. Assessing the role of inhibitors in collagen I and matrigel uptake 99 

2.2.11. Assessing 3D uptake in spheroid assay 102 

2.2.12. Immunofluorescence 103 

2.2.12.1. Quantification 105 

2.2.13. Western Blotting 107 

2.2.14. Mass spectrometry of internalised ECM proteins 108 

2.2.14.1. CDM internalisation assay using biotinylation 108 

2.2.14.2. Western blot analysis 109 

2.2.14.3. Streptavidin-agarose beads pulldown 110 

2.2.14.4. On-beads tryptic digestion 111 

2.2.14.5. Desalting and desiccation of digested peptides 111 

2.2.14.6. Mass spectrometry analysis 112 

2.2.15. Statistical analysis and SuperPlots 112 

Chapter 3 ï The use of small molecules as a tool to characterise ECM internalisation in 

high throughput systems. 114 

3.1. INTRODUCTION 114 

3.2. RESULTS 118 

3.2.1. Dynasore and MiTMAB reduce transferrin endocytosis in MDA-MB-231 cells 118 

3.2.2. Filipin blocks caveolae-dependent endocytosis of Lactosylceramide in MDA-MB-231 

cells 120 

3.2.3. Rhodamine-dextran endocytosis is reduced upon EIPA treatment in MDA-MB-231 

cells 122 

3.2.4. Matrigel and collagen I coating in 384 high content imaging plates 123 

3.2.5. Optimisation of ECM internalisation in 384 high content imaging plates 128 

3.2.6. Blocking endo-lysosomal acidification impacts on ECM visualisation 132 

3.2.7. Assessing the role of cysteine cathepsins in lysosomal degradation of ECM proteins

 134 



 

  X 

3.2.8. MDA-MB-231 cells converge in macropinocytosis to internalise the diverse ECM 

components 138 

3.2.9. Optimisation of siRNA-mediated downregulation of target genes 144 

3.2.10. Regulators of ECM internalisation: ɓ1-integrin is required for macropinocytosis of 

ECM 148 

3.2.11. Optimisation of a high content screening ECM internalisation assay using pHrodo 

red 151 

3.2.12. PAK1 regulates macropinocytosis of ECM components 156 

3.2.13. Extracellular proteolysis by cysteine cathepsins and matrix metalloproteinases is 

partially required in ECM internalisation 160 

3.2.14. MDA-MB-231 breast cancer cells internalise extracellular matrix in 3D culture 162 

3.3. DISCUSSION 163 

Chapter 4 ï Dissecting extracellular matrix internalisation using proteomics 172 

4.1. INTRODUCTION 172 

4.2. RESULTS 173 

4.2.1. Breast cancer cells internalise more ECM components from CDM than normal 

mammary epithelial cells 173 

4.2.2. Proteomic analysis identifies that breast cancer cells internalise pro-tumorigenic 

ECM-related proteins 176 

4.2.3. Optimisation of protein extraction using phospholipase A2 183 

4.3. DISCUSSION 185 

Chapter 5 ï A trafficking screen identifies the AP3 complex as a novel regulator of ECM-

bound integrin traffic to lysosomes 195 

5.1. INTRODUCTION 195 

5.2. RESULTS 198 

5.2.1. The internalised ECM components are degraded in the lysosomes in MDA-MB-231 

cells 198 

5.2.2. An siRNA trafficking screen identifies regulators of ECM traffick to lysosomes 201 

5.2.3. Preliminary hit validation confirmed AP3D1 reduced matrigel and collagen I uptake 

index 204 

5.2.4. Downregulation of the AP3 complex promotes ɓ1-integrin endosomal accumulation in 

MDA-MB-231 cells 208 

5.2.5. Downregulation of the AP3 complex promotes matrigel accumulation in early 

endosomes 210 

5.2.6. The AP3 complex is recruited to Rab5 and Arf1-positive early endosomes containing 

matrigel 212 



 

  XI 

5.2.7. Optimisation of single-molecule localisation microscopy 214 

5.2.8. Disrupting ligand-bound integrin traffic to lysosomes impinges MDA-MB-231 cell 

migration on cell derived matrices and poor prognosis in breast cancer patients 216 

5.3. DISCUSSION 220 

Chapter 6 ï A Kinase and Phosphatase functional screen unravels p38 mitogen-activated 

protein kinase pathway to promote macropinocytosis of integrin-bound extracellular matrix

 226 

6.1. INTRODUCTION 226 

6.2. RESULTS 227 

6.2.1. A kinase and phosphatase screen identifies EPH receptors and MAPK cascade as 

regulators of matrigel uptake 227 

6.2.2. A secondary screen confirms that MAP3K1 and PPP2R1A are required for the 

endocytosis of matrigel 235 

6.2.3. Chemical inhibition of EphB4 slightly decreased internalisation of ECM in MDA-MB-

231 cells 238 

6.2.4. Pharmacological inhibition of EphB4 impairs MDA-MB-231 cell migration 242 

6.2.5. p38 MAPK is required for ECM macropinocytosis in MDA-MB-231 cells 243 

6.2.6. p38 is required for macropinocytosis of dextran 257 

6.2.7. MAP3K1, MAPK11, PPP2R1A and Ŭ2-integrin promote macropinocytosis of ECM 259 

6.2.8. Inhibition of p38 MAPK impairs migration of MDA-MB-231 cells 263 

6.3. DISCUSSION 266 

Chapter 7 ï Final Discussion 275 

7.1. SUMMARY: PUTTING KEY FINDINGS INTO PERSPECTIVE 275 

7.2. ARE INTEGRINS NOVEL REGULATORS OF MACROPINOCYTOSIS? 277 

7.3. EXTRACELLULAR AND INTRACELLULAR DEGRADATION IN ECM 

INTERNALISATION 279 

7.4. INVASIVE AND ANCHORAGE INDEPENDENT GROWTH 282 

7.5. THERAPEUTIC OPPORTUNITIES 283 

7.6. CONCLUSIONS AND FUTURE DIRECTIONS 284 

Chapter 8 ï References 287 

Chapter 9 ï Appendix 336 

9.1. Supplementary figures 336 

9.2. Supplementary tables 349 

 

 



 

 XII 

List of figures 

Chapter 1 - Introduction  

Figure 1-1. (A) Schematic representation of breast cancer progression. (B) Breast cancer subtypes  5 

Figure 1-2. The tumour microenvironment 10 

Figure 1-3. (A) Conventional Mitogen-activated protein kinase signalling (MAPK) pathways. (B) 

PI3K/Akt/mTOR pathway.  

 
13 

Figure 1-4. Schematic representation of the foremost endocytic pathways 19 

Figure 1-5. Dysregulations of membrane traffic during tumorigenesis 25 

Figure 1-6. (A) Collagen biosynthesis. (B) Proteolytic and oxidoreductase cleavage of human 

collagen IV 

 
35 

Figure 1-7.  Laminin structure 37 

Figure 1-8. Schematic representation of the ECM meshwork 43 

Figure 1-9. Diagram of the mechanisms employed by cancer cells to degrade the ECM 53 

Figure 1-10.  Integrin heterodimers 59 

Figure 1-11.  Integrin regulation at endosomal level 62 

Figure 1-12.  Schematic representation of ECM endocytic pathways 71 
 

Chapter 2 - Materials and methods 

Figure 2-1. Schematic diagram for generation of CDMs.   85 

Figure 2-2. Representative pipeline to assess the knockdown efficiency in Columbus software 90 

Figure 2-3. Schematic workflow depicting the key instruments used for high throughput 

knockdown, matrigel coating and cell splitting 

 

98 

Figure 2-4. Schematic pipeline for analysis of ECM endocytosis in high throughput 100 

Figure 2-5. Schematic pipeline for analysis of ECM endocytosis in fixed samples 101 

Figure 2-6. Spheroid analysis for ECM uptake in 3D 103 

Figure 2-7. ECM and integrin internalisation analysis 106 

Figure 2-8. Schematic representation of the mass spectrometry workflow 110 
 

Chapter 3 - The use of small molecules as a tool to characterise ECM internalisation in high 

throughput systems   

Figure 3-1. Schematic representation of the foremost endocytic pathways 116 

Figure 3-2. Dynasore and MiTMAB reduce transferrin internalisation in MDA-MB-231 cells 119 

Figure 3-3. Filipin treatment diminishes LacCer internalisation in MDA-MB-231 cells 121 

Figure 3-4. EIPA blocks Rhodamine-dextran internalisation in MDA-MB-231 cells 123 

Figure 3-5. Generating matrigel matrices in high content imaging plates 125 



 

 XIII 

Figure 3-6. Generating Collagen I matrices in high content imaging plates 126 

Figure 3-7. Generating cell-derived matrices in high content imaging plates 127 

Figure 3-8. Fluorescence of endocytosed ECM is dependent on pHrodo concentration 129 

Figure 3-9. ECM internalisation is independent of collagen I and matrigel concentration in high 
throughput systems 

131 

Figure 3-10. Blocking endo-lysosomal acidification impairs visualisation of intracellular pHrodo-
labelled ECM 

 
133 

Figure 3-11. Matrigel is trafficked to acidic lysosomes, where cysteine cathepsins mediate its 
degradation 

135 

Figure 3-12. Inhibition of cysteine cathepsins results in accumulation of ECM in enlarged vesicles 137 

Figure 3-13. Dynasore, filipin and EIPA reduce matrigel internalisation 139 

Figure 3-14.  Collagen I uptake is inhibited by EIPA in MDA-MB-231 cells 141 

Figure 3-15. TIF-CDM uptake is inhibited by EIPA and Dynasore in MDA-MB-231 cells 142 

Figure 3-16. The invasive breast cancer cell line MDA-MB-231 converges in macropinocytosis to 
internalise ECM 

143 

Figure 3-17. Dharmafect IV and I enable transfection and siRNA mediated downregulation of PLK1 
and ITGB1 in MDA-MB-231 cells 

 
145 

Figure 3-18. Dharmafect IV enables siRNA mediated downregulation of PLK1 and ITGB1 in MDA-
MB-231 cells 

 
147 

Figure 3-мфΦ ʲм-integrin mediates matrigel internalisation in MDA-MB-231 cells 149 

Figure 3-нлΦ ʲм-integrin mediates internalisation of collagen I in MDA-MB-231 cells 151 

Figure 3-21. Optimisation of cell transfer 153 

Figure 3-22. Optimisation of high throughput imaging for matrigel uptake 155 

Figure 3-23. DNM2/3, CAV1/2 and PAK1 mediate matrigel internalisation in MDA-MB-231 cells 158 

Figure 3-24. PAK1 mediates macropinocytosis of collagen-rich ECM in MDA-MB-231 cells 159 

Figure 3-25. Inhibition of cysteine cathepsin reduces ECM uptake 161 

Figure 3-26. The invasive breast cancer cell line MDA-MB-231 internalises ECM in 3D 163 

Figure 3-27. Schematic summary of the endocytic pathways regulating ECM internalisation 168 
 

Chapter 4 - Dissecting extracellular matrix internalisation using proteomics 

Figure 4-1. Invasive MDA-MB-231 cells internalise more CDM than normal mammary MCF10A cells 
by western blot analysis 

 
175 

Figure 4-2. Western blot analysis of internalised CDM in MDA-MB-231 cells on unlabelled and 
biotinylated CDMs 

 
177 

Figure 4-3. Mass spectrometry of internalised CDM in MDA-MB-231 cells 178 

Figure 4-4. Western blot for optimisation of protein extraction 185 

Figure 4-5. Schematic summary of the hits obtained by mass spectrometry 193 

Figure 4-6. Schematic mass spectrometry protocol 194 

 



 

 XIV 

Chapter 5 - A trafficking screen identifies the AP3 complex as a novel regulator of ECM-bound 

integrin traffic to lysosomes  

Figure 5-1. (A) Schematic representation of AP3 structure and (B) localization in tubular endosomes     197 

Figure 5-2. Endocytosed ECM is degraded in the lysosomes by cysteine cathepsins 200 

Figure 5-3. A trafficking screen identifies the AP3 complex, ARF1, ARFGEF2 and VAMP7 to regulate 
matrigel traffic 

 
203 

Figure 5-4. Preliminary validation confirms the role of AP3D1 and ARFGEF2 in matrigel traffic 205 

Figure 5-5. Preliminary validation confirms the role of AP3D1 and ARFGEF2 in collagen traffic 207 

Figure 5-6. AP3D1 knockdown affects cell morphology and promotes a slight increase in the 
internal pool of ITGB1 

209 

Figure 5-7. AP3D1 knockdown promotes accumulation of matrigel and ITGB1 in early endosomes 211 

Figure 5-8. The AP3 complex is recruited to Arf1 and Rab5 positive early endosomes containing 
matrigel 

 
213 

Figure 5-9. Optimisation of Single-molecule localisation microscopy 215 

Figure 5-10. Disrupting the AP3 complex impinges on the directionality and average velocity of 
MDA-MB-231 cells on CDM 

 
217 

Figure 5-11. Comparison of AP3D1 RNA expression in tumour and normal tissues 219 

Figure 5-12. Schematic representation of the working model 223 
 

Chapter 6 - A kinase and phosphatase functional screen unravels p38 mitogen-activated 

protein kinase pathway to promote macropinocytosis of integrin-bound extracellular matrix 

Figure 6-1. Kinome and phosphate-wide screen for regulators of matrigel internalisation in the 
invasive breast cancer cell line MDA-MB-231 

 
228 

Figure 6-2. siRNA-mediated downregulation of EphB4, EphA4, DGKE, PKIB, MAP3K1 and PPP2R1A 
impairs matrigel internalisation 

 
231 

Figure 6-3. siRNA-mediated downregulation of BLNK, DLG4, STYK1, PI3KC2A, ABI1 reduce matrigel 
internalisation 

 
233 

Figure 6-4. siRNA-mediated downregulation of AKAP11, RAPGEF3 and AURKB promotes matrigel 
internalisation 

 
234 

Figure 6-5. Secondary validation screen 236 

Figure 6-6. Effect of NVP-BHG712 treatment on matrigel internalisation 237 

Figure 6-7. 1µM NVP-BHG712 slightly reduced collagen I internalisation 239 

Figure 6-8.  1µM NVP-BHG712 slightly reduced CDM internalisation 241 

Figure 6-9. 1µM NVP-BHG712 reduced velocity and directionality of MDA-MB-231 cells migrating 
on CDMs 

 
242 

Figure 6-млΦ Ǉоуʲ ǎƘƻǿŜŘ ŀ ǘǊŜƴŘ towards reduced matrigel uptake index in the kinome and 
phosphate screen 

 
243 

Figure 6-11. Effect of MAPK inhibition on matrigel internalisation 244 

Figure 6-12. Effect of MAPK inhibition on collagen I internalisation 246 

Figure 6-13. Effect of MAPK inhibition on TIF-CDM internalisation 248 



 

 XV 

Figure 6-14. Effect of MAPK inhibition on matrigel internalisation 249 

Figure 6-15. Effect of MAPK inhibition on collagen I internalisation 251 

Figure 6-16. Effect of MAPK inhibition on TIF-CDM internalisation 252 

Figure 6-17. p38 MAPK inhibition on reduced collagen I internalisation 254 

Figure 6-18. Effect of p38 MAPK inhibition on TIF-CDM internalisation 256 

Figure 6-19. SB202190 blocks Rhodamine-dextran internalisation in MDA-MB-231 cells 258 

Figure 6-нлΦ a!tоYмΣ a!tYммΣ tttнwм! ŀƴŘ ʰн-integrin (ITGA2) are required for collagen I 
internalisation 

 
260 

Figure 6-21. sgRNA against PPP2R1A reduced matrigel uptake index in MDA-MB-231 cells 261 

Figure 6-ннΦ a!tоYмΣ a!tYммΣ tttнwм! ŀƴŘ ʰн-integrin (ITGA2) are required for collagen I 
internalisation 

 
262 

Figure 6-23.  p38 inhibition reduces velocity and directionality in MDA-MB-231 cells migrating on 
CDMs 

 
264 

Figure 6-24. siRNA downregulation of MAP3K1 and MAPK11 reduces velocity and directionality in 
MDA-MB-231 cells migrating on CDMs 

 
265 

Figure 6-25. Schematic representation of the proposed mechanism promoting ECM internalisation 274 
 

Chapter 7 - Final discussion 

Figure 7-1. Schematic summary on the mechanism behind ECM internalisation 276 
 

Chapter 9 - Appendix 

Figure S1-1. Transferrin, Lactosylceramide and Rhodamine-dextran uptake (non-normalised data 
related to Figure 3-2, 3-3 and 3-4) 

 
336 

Figure S1-2. Cell permeabilization decreases the fluorescence intensity of endocytosed pH-rodo 
labelled matrigel in MDA-MB-231 cells 

 
337 

Figure S1-3. PAK1 mediates macropinocytosis of collagen-rich ECM in MDA-MB-231 cells (non-
normalised data related to Figure 3-24) 

 
338 

Figure S1-4. Endocytosed ECM is degraded in the lysosomes by cysteine cathepsins (non-
normalised data related to Figure 5-2) 

 
338 

Figure S1-5. STRING Analysis: Trafficking screen 339 

Figure S1-6. KEGG analysis- SNARE interactions in vesicular transport 340 

Figure S1-7. KEGG analysis- Lysosome 341 

Figure S1-8. Sequence analysis of ITGB1, ITGA2 and LIMP2 342 

Figure S1-9. KEGG pathways enriched in the primary screen 343 

Figure S1-10. KEGG pathway: FcR-mediated phagocytosis 344 

Figure S1-11. KEGG pathways: MAPK Signalling pathway 345 

Figure S1-12. STRING Analysis: Kinome and Phosphatome 346 

Figure S1-13. Effect of synchronisation by serum starvation on ECM uptake 347 

Figure S1-14. Effect of double thymidine block synchronisation on ECM uptake 348 



 

 XVI 

List of tables 

Chapter 2 - Materials and methods 

Table 2-1. Reagents and suppliers 77 

Table 2-2. Recipes of solutions 81 

Table 2-3. Cell seeding values for generation of cell derived matrices 85 

Table 2-4. siRNA and sgRNA for low throughput screening 91 

Table 2-5. List of antibodies in immunofluorescence 104 

Table 2-5. List of antibodies in Western blotting 108 
 

Chapter 3 - The use of small molecules as a tool to characterise ECM internalisation in high 

throughput systems   

Table 3-1. Fixative conditions tested 156 
 

Chapter 4 - Dissecting extracellular matrix internalisation using proteomics 

Table 4-1. Core-matrisome and matrisome-associated proteins detected in the 214 common 
proteins in biotinylated CDM samples 

 
179 

Table 4-2. Extraction buffers used for optimisation of protein extraction 184 
 

Chapter 9 - Appendix 

Table S1-1. Heat map table that shows the median and arithmetic mean values for TF uptake index 
upon dynasore treatment 

 
349 

Table S1-2. Heat map table with the median and arithmetic mean values for TF uptake upon 
MiTMAB treatment 

 
349 

Table S1-3. Heat map table with the median and arithmetic mean values for lactosylceramide 
uptake upon Filipin treatment 

 
349 

Table S1-4. List of 214 proteins identified by mass spectrometry and differentially regulated 
between biotinylated and unlabelled CDMs 

 
350 

Table S1-5. Heat map table showing the differences in the median and arithmetic mean values for 
ECM uptake 

 
356 

Table S1-6. Raw data values (related to Figure 5-3) for matrigel uptake index (of at least 4 technical 
replicates), normalisation between NT5+BafA1 and Z-score calculated for data value 

 
357 

Table S1-7. Raw data values (related to Figure 6-1) for matrigel uptake index and normalisation 
between NT5+BafA1 (-1) and NT5 (0) 

 
363 

Table S1-8. Normalised data values (related to Figure 6-5) between NT5+BafA1 (-1) and NT5 (0) 387 



 

 XVII 

Abbreviations 

 

67kDa laminin receptor 67LR 

A2780 overexpressing Rab25 A2780-Rab25 

Abl Interactor 1 ABI1 

A disintegrin and metalloprotease ADAM 

A disintegrin and metalloprotease with thrombospondin motifs ADAMTS 

Advanced glycation end products AGEs 

A-Kinase Anchoring Protein 11 AKAP11 

AMP-protein activated kinase AMPK 

Adaptor protein AP 

Adaptor-related protein complex 2 subunit alpha 1 AP2A1 

Adaptor-related protein complex 3 subunit beta 2 AP3B2 

Adaptor-related protein complex 3 subunit delta 1 AP3D1 

Adaptor-related protein complex 4 subunit epsilon 1 AP4E1 

ADP ribosylation factor 1 Arf1 

ADP ribosylation factor guanine nucleotide exchange factor 2 ARFGEF2 

Actin Related Protein 2/3 Arp2/3 

 ArfGAP with SH3 Domain, Ankyrin Repeat and PH Domain 1 ASAP1 

Adenosine triphosphate ATP 

Aurora Kinase B AURKB 

Bovine aortic endothelial cells BAEC 

Bafilomycin A1 BafA1 

Bin-Amphiphysin-Rvs BAR 

Branched-chain amino acid BCAA 

Branched Chain Amino Acid Transaminase 1 BCAT1 

Branched-ŎƘŀƛƴ ʰ-ketoacid BCKA 

Bet1 Golgi vesicular membrane trafficking protein BET1 

B-Cell Linker protein BLNK 

Basement membrane BM 

BCL2 interacting protein 1 BNIP1 

Breast cancer 1 BRCA1 

Bovine serum albumin BSA 

Cancer associated fibroblasts CAFs 

Cyclic adenosine monophosphate cAMP 

Caveolin CAV/Cav 

Clathrin-coated pits CCPs 

Clathrin-coated vesicles CCVs 

Cell division cycle 42 Cdc42 

Cyclin Dependent Kinase Inhibitor 3 CDKN3 

Cell derived matrix CDM 



 

 XVIII 

Clathrin-independent endocytosis CIE 

CDC42-interacting protein 4 CIP4 

Casein kinase 2 CK2 

Clathrin light-chain CLCb 

Clathrin-independent carriers and GPI-Enriched Endocytic Compartments CLIC-GEEC 

Chloride Intracellular Channel Protein 3 CLIC3 

Clathrin heavy chain CLTC/CHC17 

Clathrin-mediated endocytosis CME 

Conserved oligomeric golgi COG 

COPI Coat complex subunit beta 2 COPB2 

 Class C core vacuole/endosome tethering CORVET 

Clustered regulatory interspaced short palindromic repeats interference CRISPRi 

Coefficient of variation CV 

 CYFIP Related Rac1 Interactor A CYRI-A 

CYFIP Related Rac1 Interactor B CYRI-B 

Dialised foetal bovine serum D-FBS 

Ductal carcinoma in situ DCIS 

Discoidin domain receptors DDR 

Dystroglycan DG 

5ƛŀŎȅƭƎƭȅŎŜǊƻƭ ƪƛƴŀǎŜ ʰ DGK-  h

Diacylglycerol kinase epsilon DGKE 

Discs Large MAGUK Scaffold Protein 4 DLG4 

Dulbecco's modified eagle medium DMEM 

Dimethyl sulfoxide DMSO 

Dynamin DNM/Dyn 

Dye-quenched collagen DQ-Collagen 

Dithiothreitol DTT 

Dual Specificity Phosphatase 8 DUSP8 

Extracellular matrix ECM 

Ethylenediaminetetraacetic acid EDTA 

Early endosomes EE 

Early endosomal antigen 1 EEA1 

Ephrin ligand EFN 

Epidermal growth factor EGF 

Epidermal growth factor Receptor EGFR 

EH domain-containing protein 2 EHD2 

Ethyl-isopropyl amiloride EIPA 

Eker Leiomyoma Tumour-3 ELT-3 

Elastin microfibril interface 1 EMILIN-1 

Epithelial-to-mesenchymal transition EMT 

Urokinase plasminogen activator receptor-associated protein Endo180/uPARAP 



 

 XIX 

Ephrin receptor Eph 

Ephrin A4 (receptor) EphA4 

Ephrin B2 (receptor) EphB2 

Ephrin B4 (receptor) EphB4 

Epidermal growth factor receptor substrate 15 EPS15 

Epidermal growth factor receptor substrate 15-like 1 EPS15R 

Oestrogen receptor ER 

Extracellular signal regulated kinase ERK 

Endosomal sorting complex required for transport ESCRT 

Extracellular vesicles EVs 

Focal adhesions FAs 

 Fibril-associated collagens with interrupted triple helices FACITs 

 fluorescence activated cell sorting FACS 

Focal adhesion kinase FAK 

fibroblast activation protein C!tʰ 

Foetal bovine serum FBS 

F-BAR domain only protein 1/2 FCHO1/2 

Fibroblast growth factor 2 FGF2 

Flotillin Flot 

Fibronectin FN 

fluorescence resonance energy transfer FRET 

RNA-DNA binding protein fused in sarcoma FUS 

GalNac transferases GALNTs 

GTPase activating protein GAP 

Glyceraldehyde-3-phosphate dehydrogenase GAPDH 

Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 GBF1 

Guanine nucleotide exchange factor GEF 

Green fluorescent protein GFP 

Glucose transporter 8  GLUT8 

GTPase Regulator Associated with Focal Adhesion Kinase GRAF1/ARHGAP26 

G Protein-Coupled Receptor Kinase 1 GRK1 

DƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ оʲ D{Yоʲ 

human epidermal growth factor receptor 2 HER2 or c-erbB2 

Hepatocyte growth factor HGF 

hypoxia-inducible factor 1 HIF-1 

 Homotypic fusion and vacuole protein sorting complex HOPS 

Horse serum HS 

Heat shock protein HSP 

Heat shock protein 47 HSP47 

 Human umbilical vein endothelial cells HUVEC 

Invasive ductal carcinoma IDC 



 

 XX 

Interleukin IL 

Integrin-linked kinase ILK 

Intraluminal vesicles ILVs 

inducible nitric oxide synthase iNOS2 

Insulin Receptor tyrosine kinase substrate protein 53kDa IRSp53 

ʰн-integrin ITGA2 

ʲм-integrin ITGB1 

C-Jun N-terminal kinase  JNK 

Laminin type IV domains L4 & LF 

Lactosylceramide LacCer. 

Lysosomal transmembrane protein I and II  LAMP1/2 

Laminin-type epidermal growth factor-like repeats LE 

G-like globular domain LG 

Lysyl hydroxylase LH 

Lysosomal integral membrane protein 2 LIMP2 

Linker of the nucleoskeleton and cytoskeleton LINC 

Globular laminin domain LN 

Lysyl oxidase related enzyme LOXL2 

Lysyl oxidases LOXs 

MAP kinase MAP2K 

MAPK kinase kinase MAP3K 

Mitogen-activated protein kinase kinase kinase 1 MAP3K1 

Mitogen-activated protein kinase MAPK 

Mitogen-activated protein kinase 11 a!tYммκǇоуʲ 

Microtubule Affinity Regulating Kinase 3 MARK3 

Myristyl trimethyl ammonium bromide MiTMAB 

Myosin light chain MLC 

Myosin light chain kinase MLCK 

Matrix metalloproteinases MMPs 

Mouse mammary tumour virus-polyoma middle T (tumour) antigen MMTV-PyMT 

MAGUK P55 Scaffold Protein 2 MPP2 

Mechanistic target of rapamycin mTOR 

Mechanistic/mammalian target of rapamycin complex 1 mTORC1 

Multivesicular bodies MVBs 

sodium bicarbonate NaHCO3 

Na+/H+ exchanger type 1 NHE1 

Nemo-like kinase NLK 

Non-muscle myosin IIA NMMIIA 

Non-small-cell lung cancer NSCLC 

Non-targeting NT5  

p38 MAPK p38 



 

 XXI 

Prolyl 3-hydroxylase P3H 

Prolyl 4-hydroxylase P4H 

Phosphatidic acid PA 

p21-activated kinase 1 PAK1 

Phosphate buffer saline PBS 

Phosphate buffer saline containing calcium and magnesium PBS++ 

Pancreatic ductal adenocarcinoma PDAC 

Platelet derived growth factor  PDGF 

Disulphide isomerase PDI 

Paraformaldehyde/formaldehyde PFA 

pHrodo iFL Red STP ester pHrodo 

Phosphatidylinositol 3-phosphate PI(3)P 

Phosphatidylinositol-3-kinase PI3K 

Phosphatidylinositol-4-Phosphate 3-Kinase Catalytic Subunit Type 2 Alpha PIK3C2A 

Phosphatidylinositol 4,5-bisphosphate PIP2 or PI(4,5)P2 

Phosphatidylinositol (3,4,5)-trisphosphate PIP3 

Phosphatidylinositol-3,4,5-triphosphate PIP3 

Phosphatidylinositol phospholipids PIPs 

Protein kinase A PKA 

Protein kinase C alpha tY/ʰ 

cAMP-Dependent Protein Kinase Inhibitor Beta PKIB 

Phospholipase A2 PLA2 

Polo-Like Kinase 1 PLK1 

Plasma membrane PM 

Phorbol 12-myristate 13-acetate PMA 

Protein Phosphatase 2A PP2A 

Protein Phosphatase 2 scaffold subunit A alpha PPP2R1A 

Progesterone receptor PR 

Protein Kinase cAMP-Dependent Type I Regulatory Subunit Alpha PRKAR1A 

PTM-disrupting mutations PTMmuts 

Post-translational modifications PTMs 

Protein tyrosine phosphatase 1B PTP-1B 

Pyrroline-5-carboxylate reductase 1 PYCR1 

FAK-related proline-rich tyrosine kinase 2 Pyk2 

Quiescin sulfhydryl oxidase 1 QSOX1 

Rap Guanine Nucleotide Exchange Factor 3 RAPGEF3 

Rab11-coupling protein RCP 

Recessive dystrophic epidermolysis bullosa RDEB 

Rab7-interacting protein RILP 

RNA sequencing RNAseq 

Rho associated coiled-coil containing protein kinase ROCK 



 

 XXII 

Soluble NSF attachment protein SNARE 

Serine/Threonine Kinase 39 STK39 

STE20 Related Adaptor Beta STRADB 

Syntaxin STX 

Serine/Threonine/Tyrosine Kinase 1 STYK1 

Tumour associated macrophages TAMs 

Tricarboxylic acid TCA 

T Cell immune regulator 1 TCIRG1 

Tumour endothelial cells TECs 

Type 2 transglutaminase TG2 

¢ǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲ TGF-  ̡

¢ǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲм TGF-ʲм 

Transforming growth factor-beta-induced protein ig-h3 TGFBI 

Trans Golgi network  TGN 

Thrombospondin-1 THBS1 

Telomerase-immortalised fibroblasts TIFs 

Tissue inhibitors of metalloproteinases TIMPs 

Tyrosine kinase substrate with 5 SH3 domains Tks5 

Melting temperature TM 

Tumour microenvironment TME 

Triple negative breast cancer TNBC 

Tenascin-C TNC 

Tensin 3 TNS3 

Trafficking protein particle complex subunit 9 TRAPPC9 

TrypLE Express TrypLE 

Thrombospondin repeats TSR type I 

Vesicle associated membrane protein VAMP 

Vascular endothelial growth factor VEGF 

Vascular endothelial growth factor A VEGFA 

von Willebrand Factor type A VWA 

von Willebrand Factor type C VWC 

Yes-associated protein YAP 

Alpha-smooth muscle actin  -hSMA 



 

 

1 

Chapter 1 ς Introduction 

1.1. CANCER BIOLOGY  

1.1.1. An introduction to cancer 

Cancer is frequently defined as a disorder in which a group of cells abnormally proliferate on 

account of dysregulation of the standard rules of cell cycle (Hanahan and Weinberg, 2000; Pucci, 

Kasten and Giordano, 2000). Non-cancerous cells are constantly being submitted to regulatory 

signals that force cells to divide, differentiate into another cell type or undergo apoptosis (Pucci, 

Kasten and Giordano, 2000). On the contrary, cancer cells become autonomous from these 

signals and, as a consequence, cell growth and proliferation are unrestrained (Hanahan and 

Weinberg, 2000; Pucci, Kasten and Giordano, 2000). In point of fact, cells may trespass their 

natural boundaries, invade the surrounding stroma and disseminate to distal regions, a process 

known as metastasis, which could be lethal (Hanahan and Weinberg, 2000). Actually, nearly 90% 

of cancer-related deaths are due to tumour dissemination (Chaffer and Weinberg, 2011).  

Notwithstanding, cancer goes beyond being a mass of multiplying tumour cells. Instead, it is a 

complex tissue constituted by a huge variety of different cell types (e.g. cancer associated 

fibroblasts, tumour associated macrophages, among other types), which heterotypically interact 

with one another (Baghban et al., 2020).  Importantly, the phenotypic characteristics of the 

stromal cell types, its abundance and its histologic organisation, together with the extracellular 

matrix (ECM), change over cancer progression, consequently permitting primary, invasive and, 

thereafter, metastatic growth (Winkler et al., 2020).  

1.1.1.1. The hallmarks of cancer 

The terminology cancer does not just denote one disease but a set of malignancies which mainly 

originate from epithelial cells (i.e., breast carcinoma, pancreatic carcinoma, colorectal carcinoma, 

etc.). Despite the highly heterogeneity of cancers, tumour cells share some features or 

rationalised organising principles denoted as The Hallmarks of Cancer (Hanahan and Weinberg, 

https://paperpile.com/c/KOjCE0/h3o46+HzNZH
https://paperpile.com/c/KOjCE0/h3o46+HzNZH
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2000). These characteristics could be defined as distinctive and complementary abilities that 

enhance tumour growth and metastatic dissemination (Hanahan and Weinberg, 2000). These 

trademarks imply cellular and physiological alterations, such as sustaining proliferative signalling, 

evasion of growth suppressors, non-mutational epigenetic reprogramming, avoiding immune 

destruction, enabling replicative immortality, promotion of tumour inflammation, polymorphic 

microbiomes, activation of invasion and metastasis, induction of angiogenesis or access to 

vasculature, senescence, genomic instability and mutation, resistance to cell death and 

deregulation of cell metabolism (Hanahan and Weinberg, 2000, 2011; Hanahan, 2022). 

More importantly, these hallmark principles could be contemplated as possible mechanism-

based targeted therapies (Hanahan and Weinberg, 2011). Thus, drugs interfering with these 

characteristics have been developed. Inhibitors targeting angiogenesis, for instance, have been 

developed for treating glioblastoma (Schulte, Aghi and Taylor, 2021). Nevertheless, it has been 

observed that as a response cancer cells become dependent on other hallmarks. In the context 

of glioblastoma, it has been reported to increase invasion of the surrounding tissue, which leads 

to extravasation of cancer cells in blood vessels nearby and local metastasis (Lucio-Eterovic, Piao 

and de Groot, 2009). This highlights the need to develop therapies targeting simultaneously 

several hallmarks of cancer.  

1.1.2. An overview to Breast cancer 

1.1.2.1. Epidemiology 

Breast cancer is the most frequently diagnosed malignancy in 154 out of 185 countries (~83%) in 

women and, in addition, it is the major cause of cancer death in over 100 countries (Bray et al., 

2018). In 2020, 2.3 million women were diagnosed with breast cancer and it caused 685,000 

deaths worldwide (Cancer today, GLOBOCAN 2020, no date). Breast cancer is the most prevalent 

cancer globally, 7.8 million cases were diagnosed since 2015 (Cancer today, GLOBOCAN 2020, no 

date). In the UK, breast cancer accounts for 30% of female cancers diagnosed and it is expected 

that between 2014 to 2035 breast cancer incidence rate will increase by 2%, meaning 210 new 

cases per 100,000 women will be diagnosed by 2035 (Breast cancer statistics, CRUK 2015, 2015). 

https://paperpile.com/c/KOjCE0/h3o46
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https://paperpile.com/c/KOjCE0/IBxYv+4UPDy+h3o46
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https://paperpile.com/c/KOjCE0/EUw72
https://paperpile.com/c/KOjCE0/EUw72
https://paperpile.com/c/KOjCE0/EUw72
https://paperpile.com/c/KOjCE0/n6deF
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Furthermore, the vast majority of breast cancer deaths are due to breast cancer metastasis 

(Scully et al., 2012).  

1.1.2.2. Breast cancer progression and subtypes  

Tumour progression is a multistep process accompanied by alterations in tissue structure; breast 

tissue, for instance, becomes hyperplastic (i.e. there is an increase in cell number) at early stages 

of cancer development (Khamis, Sahab and Sang, 2012). Besides, cells acquire many mutations 

during the process and these hyperplastic lesions may give place to dysplasia (i.e. abnormal 

growth within the tissue), which further evolves into ductal carcinoma in situ (DCIS) (Khamis, 

Sahab and Sang, 2012). Outstandingly, throughout tumorigenesis, cells acquire mutations that 

promote invasive traits, including a mesenchymal phenotype and secretion of proteases. These 

features enable degradation of the basement membrane and invasion of the surrounding stroma, 

which results in an invasive ductal carcinoma (IDC). Finally, cells may disseminate through the 

lymphatic and blood circulatory system to distal regions, also known as metastasis (Khamis, 

Sahab and Sang, 2012) (see Figure 1-1A).  

Additionally, breast cancer can be classified into four different subtypes depending on the 

expression of oestrogen (ER) and progesterone receptor (PR), as well as the proliferation marker 

Ki67 and the human epidermal growth factor receptor 2 (HER2 or c-erbB2) (Khamis, Sahab and 

Sang, 2012; Yersal and Barutca, 2014) (see Figure 1-2B). Luminal A accounts for 50 to 60% of 

breast cancer cases, it is ER+, PR+, HER2- and presents low levels of Ki67 (< 14%). This Luminal A 

breast cancer has better prognosis than other subtypes; if recurrence occurs, bone metastasis is 

frequently observed in these patients (Kennecke et al., 2010). Luminal B is more aggressive, has 

a lower survival rate and worse prognosis compared to Luminal A subtype; it comprises 15 to 

20% of breast cancers. Histological samples are ER+, PR+, HER2- and present higher levels of Ki67 

όҗ мп҈ύ (Kennecke et al., 2010). Similarly, HER2-positive patients comprise 15-20% of total breast 

cancer cases. They show high expression levels of HER2; approximately half of the patients 

express low levels of ER and 40% are p53-mutant (Yersal and Barutca, 2014). Histological samples 

ŀǊŜ ǎǘŀƛƴŜŘ ōȅ ƘƛƎƘ ƭŜǾŜƭǎ ƻŦ Yƛст όҗ мр҈ύ (Soliman and Yussif, 2016). HER2 confers biological and 

clinical aggressiveness and, in the absence of trastuzumab treatment (anti-HER2 monoclonal 
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antibody), chemo- and radiotherapy, these tumours display poor prognosis (Yersal and Barutca, 

2014; Yu et al., 2017). Lastly, tumours that do not express ER, PR and HER2 are classified into the 

category of Basal-like subtype; it is thus also known as Triple negative breast cancer (TNBC) and 

it represents 8 to 37% of breast cancers (Yersal and Barutca, 2014). Three fourths of TNBC are 

breast cancer 1 (BRCA1) and p53 mutant (Yersal and Barutca, 2014). They usually display high 

expression of Ki67 and have poor clinical outcome (Yersal and Barutca, 2014). A subtype of TNBC 

is distinguished to express low levels of tight junctions and cell-cell adhesions, namely claudins 

3, 4 and 7, occludin and E-cadherin and have undergone epithelial-to-mesenchymal transition 

(EMT) (Yersal and Barutca, 2014). This subtype is known as low claudin TNBC and is highly 

metastatic; however, little is known on the signalling drivers of this subtype (Rädler et al., 2021). 

Nevertheless, it has been recently reported that K-Ras enhances cellular plasticity and 

mesenchymal/stem-like characteristics in this cancer subtype (Rädler et al., 2021). The breast 

cancer cell line MDA-MB-231 is commonly used as a model for this subtype (Rädler et al., 2021).  
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Figure 1-1. (A) Schematic representation of breast cancer progression. In the mammary duct, normal breast epithelial cells are 

surrounded by myoepithelial cells and the basement membrane. At the beginning of tumorigenesis, few breast cells overgrow, 

become hyperplastic and lead to dysplasia of the mammary duct. If proliferation continues, cells acquire more mutations and 

tissue homeostasis is lost, cells become malignant. This is known as ductal carcinoma in situ. Finally, few cancer cells are able to 

degrade the basement membrane and invade the surrounding stroma: known as invasive carcinoma. (B) Breast cancer subtypes 

depending on the receptor status of oestrogen (ER), progesterone (PR), human epidermal growth factor receptor 2 (HER2) and 

the proliferation marker Ki67. Image made using items from Servier medical Art. 

1.1.3. The tumour microenvironment  

The tumorigenic process is shaped by genetic and epigenetic factors (Timp and Feinberg, 2013). 

However, other factors participate in tumorigenesis, such as changes in the surrounding 

extracellular matrix and stromal cells, known together as the tumour microenvironment (TME) 
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(Baghban et al., 2020) (Figure 1-2). Having a deep comprehension on how cancer cells interact 

with the TME is essential to understand what governs tumour growth and metastasis. 

Nevertheless, the study of the TME has remained challenging. This section will outline the 

foremost cellular types that comprise the TME. While the non-cellular components will be 

discussed in section 1.3. The extracellular matrix in cancer.  

Tumour endothelial cells (TECs) assemble into a stratified squamous epithelial layer (as opposed 

to the healthy simple squamous epithelial monolayer) to form blood vessels in a growing tumour 

in response to hypoxia (Nagl et al., 2020). Hypoxia-inducible factors promote vessel sprouting by 

secreting proangiogenic factors, namely platelet derived growth factor (PDGF) and vascular 

endothelial growth factor (VEGF) (Semenza, 1998; Carmeliet and Jain, 2000; Nagl et al., 2020) 

(Figure 1-2). On the one hand, blood vessel formation increases water and nutrient supply to 

tumours. However, high levels of VEGF leads to the formation of fenestrated blood vessels, highly 

characteristic of tumours (Esser et al., 1998; Carmeliet and Jain, 2000). This results in a leaky 

vasculature, reduced blood flow and further causes tumour hypoxia. Simultaneously, TEC 

organisation influences infiltration of immune cells and how stromal cells arrange (Nagl et al., 

2020).  

Another important cell type within the TME are Tumour associated macrophages (TAMs), which 

can be classified into inflammatory M1 macrophages and immune-suppressive M2 macrophages 

(Atri, Guerfali and Laouini, 2018; Boutilier and Elsawa, 2021) (Figure 1-2). The first ones are in 

charge of phagocytosing and inducing cell death, while the second group participates in wound 

healing (Atri, Guerfali and Laouini, 2018). The conditions within the TME (e.g. hypoxia and 

cytokine secretion, such as interleukin 4 (IL-4)) promotes the M2 phenotype, which supports 

tumour growth and progression (Atri, Guerfali and Laouini, 2018; Ke et al., 2019). High levels of 

macrophage infiltration correlate with poor prognosis in breast, lung, ovarian and prostate 

cancers (Larionova et al., 2020). TAM, in addition, secrete VEGF, which contributes to 

angiogenesis (Ke et al., 2019). Other cells in charge of carrying out the innate immune response 

and found in the TME are neutrophils and dendritic cells (antigen presenting cells) (Piccard, 

Muschel and Opdenakker, 2012; Masucci, Minopoli and Carriero, 2019). Depending on the 
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tumour type, neutrophiles have been described as tumour promoting or suppressive. At early 

stages of tumour formation, neutrophils release cytokines and matrix metalloproteinase 8 

(MMP-8) that prevent chronic inflammation, thus reducing genomic instability and tumour 

development (Piccard, Muschel and Opdenakker, 2012).  However, in later stages of tumour 

development, neutrophiles seem to have a promoting role by modifying the ECM, producing 

MMP-9 and VEGF to stimulate angiogenesis, tumour progression and local invasion (Piccard, 

Muschel and Opdenakker, 2012; Masucci, Minopoli and Carriero, 2019).  

Cancer associated fibroblasts (CAFs) usually originate from fibroblasts that reside in the tissue, 

where cancer cells start proliferating/invading. However, they may additionally derive from cells 

of different origin, such as adipocytes, endothelial cells, pericytes, bone-marrow-derived 

mesenchymal stem cells and stellate cells in pancreatic and hepatocellular carcinomas 

(Gunaydin, 2021). Cancer cells and other stromal cells release transforming growth faŎǘƻǊ ʲ ό¢DC-

ʲύΣ t5DC ŀƴŘ ŦƛōǊƻōƭŀǎǘ ƎǊƻǿǘƘ ŦŀŎǘƻǊ н όCDCнύΣ ǿƘƛŎƘ ǇǊƻƳƻǘŜ ŦƛōǊƻōƭŀǎǘ ŀŎǘƛǾŀǘƛƻƴ ƛƴǘƻ /!Cǎ 

(Bordignon et al., 2019; Gunaydin, 2021) (Figure 1-2). Fibroblast activation leads to deposition of 

ECM proteins. A hallmark and driver of tumour aggressiveness is deposition of collagen-rich ECM 

(Kay et al., 2022). Pyrroline-5-carboxylate reductase 1 (PYCR1) is upregulated and highly 

expressed in CAFs and in the stroma of breast carcinoma patients (Kay et al., 2022).  PYCR1 is an 

essential enzyme for proline synthesis and thus the formation of pro-tumorigenic proline-rich 

collagen fibres (Kay et al., 2022). The authors of this study conclude that targeting PYCR1 may be 

a novel strategy to fight both cancer and stromal cells (Kay et al., 2022). Moreover, PYCR1 

inhibition may ameliorate drug delivery and immune cell recruitment (Kay et al., 2022).   

Furthermore, CAFs promote tumour progression by different means. On the one hand, CAFs 

release to the extracellular environment several growth factors, namely FGF2 and vascular 

endothelial growth factor A (VEGFA), which lead to angiogenesis (Wang et al., 2019).  On the 

other hand, CAFs influence proliferation and metabolism of cancer cells. In fact, pancreatic 

stellate cells, specifically myofibroblasts, internalise ECM under branched-chain amino acid 

(BCAA)-limiting conditions (Z. Zhu et al., 2020). In this system, myofibroblasts catabolise BCAAs 

to branched-ŎƘŀƛƴ ʰ-ketoacid (BCKA) in a process dependent on the enzyme BCAT1 (Z. Zhu et al., 
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2020). Following that, BCKAs are secreted and used by pancreatic cancer cells to promote cell 

proliferation (Z. Zhu et al., 2020).  The TGF-ʲ - SMAD5 axis upregulates DQ-collagen I 

internalisation in myofibroblasts (Z. Zhu et al., 2020) (Figure 1-2).  

In addition, cancer ECM derived from CAFs has been reported to be tumour suppressive by either 

recruiting immunosuppressive cells, including TAMs and Regulatory T cells (Treg), or by secreting 

a dense ECM barrier that impairs immune infiltration  (Liu et al., 2019). Nevertheless, a recent 

bioRxiv study suggested that CAFs may limit, confine and compress tumours (Barbazan et al., 

2021). This process is dependent on actomyosin contractility (Barbazan et al., 2021). Another 

characteristic of CAFs is their ability to deposit large amounts of fibronectin and myosin IIA-

mediated contractibility by CAFs is required for its fibrillogenesis (Attieh et al., 2017). Fibronectin 

deposition at the boundary between CAFs and tumour cells is critical to build a mechanical 

scaffold to enable actomyosin-driven compression of cancer cells (Barbazan et al., 2021). Of note, 

cancer cells sense and respond to CAF compression by shuttling the mechanosensor Yes-

associated protein (YAP) to the cytosol (Barbazan et al., 2021). In fact, cytoplasmic YAP has been 

associated with mediating cell contact inhibition (Zhao et al., 2007). This suggests that CAF-

mediated compression of cancer cells may reduce tumour cell growth, partially by inhibiting 

proliferation of cancer cells.  

These studies indicate that CAFs are a heterogeneous population that will either promote or 

constrain tumour growth/progression. Two populations of CAFs have been described in human 

colorectal tumours, one subgroup expressed genes related to activated myofibroblasts while the 

second subgroup expressed genes related to ECM remodelling (Li et al., 2017). Another example 

of CAF heterogeneity is found in non-small lung cell carcinoma (NSCLC). In these tumours, 7 

different subtypes of CAFs have been described, which express distinctive collagen types 

(Lambrechts et al., 2018). Cluster 1 expressed high levels of COL10A1, while cluster 2 expressed 

COL4A1 (Lambrechts et al., 2018). Non- malignant fibroblasts, which were not tumour derived, 

expressed high levels of elastin and low levels of collagen I, III, V and VIII, but not other types, 

such as collagen VI (Lambrechts et al., 2018). Four distinct CAFs subtypes were reported in 

tumours derived from the mouse mammary tumour virus-polyoma middle tumour-antigen 
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(MMTV-PyMT) (Bartoschek et al., 2018). These 4 subpopulations could be distinguished by: genes 

regulating vascular development/angiogenesis, genes related to ECM and Matrisome, genes 

related to cell cycle (S, G2 and M phase) and CAFs that promoted differentiation, development 

and morphogenesis (Bartoschek et al., 2018). The degree of CAF activation may lead to producing 

quiescent CAFs, tumour-restraining CAFs  or tumour promoting CAFs, all of which display 

different expression patterns (Wang et al., 2021). The two former are predominantly present in 

early-stage cancer, while tumour-promoting CAFs are associated with advance-stage disease 

(Wang et al., 2021). In point of fact, it is suggested that acquisition of pro-tumorigenic traits by 

quiescent CAFs is essential for tumour development (Wang et al., 2021). In several cancer types, 

namely breast, head and neck and prostate malignancies, CAFs undergo pro-catabolic 

reprogramming (Giatromanolaki et al., 2012; Witkiewicz et al., 2012; Curry et al., 2013; Wang et 

al., 2021). However, it is not clear whether changes in metabolism may trigger tumour-restraining 

and quiescent fibroblasts to become tumour promoting (Wang et al., 2021).  
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Figure 1-2. The tumour microenvironment. Cancer cells interact with the extracellular matrix, stromal and immune cells. Tumour 

endothelial cells (TECs) secrete VEGF and PDGF to promote angiogenesis and nutrient supply to tumours (red, bottom right corner). 

Macrophages in the tumour can either be tumour-suppressor (M2) or tumour-promoter (M1) (green). Macrophages and 

neutrophils aid cancer cells and induce angiogenesis by secreting VEGF. In addition, neutrophils produce MMP-9 to facilitate local 

invasion of cancer cells at later stages, while they secrete MMP-8 at early stages to prevent chronic inflammation (pink, upper 

right corner). During tumour progression, cancer cells secrete diverse molecules, including FGF2, PDGF and TGF-ʲ όōƭǳŜΣ ǳǇǇŜǊ 

right corner). This promotes the activation of fibroblasts into cancer associated fibroblasts (CAFs), which support cancer growth 

by secreting growth factors or upregulating diverse metabolic pathways (red, bottom left corner). Image made using items from 

Servier medical Art.  
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1.1.4. A brief introduction to signal transduction pathways in cancer 

Sustaining proliferative signalling is one of the hallmarks of cancer (Hanahan and Weinberg, 

2000). Growth signals and cell cycle progression are tightly regulated in normal tissues. Malignant 

tumours, however, characteristically display deregulations of intracellular signalling (Hanahan 

and Weinberg, 2011). In fact, 40% of human melanomas contain activating mutations of B-Raf 

(V599E), leading to constitutive signalling of mitogen-activated protein kinase (MAPK) (Davies et 

al., 2002; Davies and Samuels, 2010).  MAPK signalling cascade is a sequential action of three 

protein kinases. The pathway is classically initiated by phosphorylation or a small GTP-binding 

protein of the Ras/Rho family (Cargnello and Roux, 2011). This results in activation of the first 

kinase in the signalling cascade pathway: MEKK or MAP3K (MAPK kinase kinase), which 

phosphorylates and positively regulates the second kinase of the pathway: MEK, MAP2K or MKK 

(MAPK kinase) (Bardwell, 2006; Cargnello and Roux, 2011). The last effector kinase is a MAPK, 

phosphorylated and activated by MEK (Bardwell, 2006; Cargnello and Roux, 2011) (Figure 1-3A). 

In mammalian cells, there are four distinct conventional MAPK signalling pathways according to 

the terminal tier kinase: Extracellular signal regulated kinase (ERK) 1/2, c-Jun N-terminal kinase 

όWbYύ мκнκоΣ Ǉоуʰκʲκʵκʴ ŀƴŘ 9wYр (Bardwell, 2006; Cargnello and Roux, 2011). Furthermore, 

there are atypical MAPK signalling enzymes, including ERK3/4, ERK7 and Nemo-like kinase (NLK) 

(Cargnello and Roux, 2011; Kciuk et al., 2022). These pathways are essential in numerous cellular 

processes, namely gene expression, metabolism, proliferation, apoptosis, invasion and 

metastasis (Cargnello and Roux, 2011; Kciuk et al., 2022). The Ras - Raf - MEK - ERK pathway is 

disrupted in 40% of human cancers,  frequent mutations being B-Raf (10%) and its upstream 

activator Ras (30%) (Kciuk et al., 2022). The JNK and p38 MAPK pathways are activated upon 

cellular stress (Bardwell, 2006) (Figure 1-3A). Importantly, the p38 pathway has recently gained 

considerable attention in the context of carcinogenesis. p38 activity has been associated with 

EMT, proliferation, migration, invasion and metastasis of cancer cells (del Barco Barrantes and 

Nebreda, 2012; Koul, Pal and Koul, 2013; Lin et al., 2016; Ling et al., 2016).  

Another important signalling pathway dysregulated in cancer and downstream of K-Ras is 

phosphatidylinositol-3-kinase (PI3K)/Akt/mTOR signalling (Mortazavi et al., 2022). This signalling 
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cascade leads to cell growth, proliferation and survival, cytoskeletal remodelling, migration and 

invasion (Karami Fath et al., 2022) (Figure 1-3B). Pancreatic cancers have hyperactivated this 

pathway (Payne et al., 2015). In fact, point mutations in PI3K have been described to initiate 

pancreatic ductal adenocarcinoma in mice models (Payne et al., 2015). In addition, Ras signalling 

contributes to upregulating macropinocytosis in cancer. Actually, Ras localises in the interior of 

the macropinocytic cup in mammalian and Dictyostelium cells (Veltman et al., 2016). Ras activity 

leads to production of phosphatidylinositol-3,4,5-triphosphate (PIP3) by PI3K followed by Akt 

activation, which culminates in macropinocytosis events (Castellano and Downward, 2011; 

Veltman et al., 2016) (Figure 1-3B).   

The following sections will deepen into the diverse endocytic pathways and trafficking 

dysregulations in cancer, the ECM components and the mechanism to degrade them. The final 

sections will focus on the main ECM receptors and the endocytic pathways described to 

internalise the different ECM components.  
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Figure 1-3. (A) Conventional Mitogen-activated protein kinase signalling (MAPK) pathways. The sequential action of three 

protein kinases activated by phosphorylation leads to changes in gene expression, metabolism, proliferation and apoptosis. In 

addition, MAPK signalling promotes cancer invasion and metastasis. (B) PI3K/Akt/mTOR pathway.  PI3K activation leads to the 

phosphorylation of PIP2 into PIP3, which results in Akt and mTOR activation. This pathway results in proliferation, survival, 

migration and invasion of cancer cells. PI3K can be activated by Ras, which is a known regulator of macropinocytosis.  Image made 

using items from Servier medical Art.     
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1.2. ENDOCYTOSIS AND ENDOSOME TRAFFIC IN CANCER  

1.2.1. The plasma membrane and endocytic membrane traffic 

The plasma membrane (PM) consists of an asymmetric bilayer of phospholipids, which 

hydrophilic head groups face the aqueous intra- and extracellular compartments; while the 

hydrophobic acyl chains are arranged horizontally to form the hydrophobic core of the bilayer 

(Ma et al., 2017). Of note, the PM is not just a mere barrier that separates the cell from its 

environment but mediates the interaction between the cell and its surrounding environment; 

the PM is involved in endocytosis and exocytosis (Ivanov, 2008),  as well as signal transduction 

(Ma et al., 2017).  

The terms endocytosis and exocytosis respectively refer to the inward or outward movement of 

plasma membrane vesicles (Mayor and Pagano, 2007; Ivanov, 2008). Notably, endocytosis 

(broadly defined as the internalisation of extracellular molecules and cell surface proteins) is an 

extremely regulated biological process. Endocytosis is an essential process, which is involved in 

multiple functions; some examples include nutrient uptake (Ivanov, 2008; Kaksonen and Roux, 

2018), regulation of cell shape and volume, transcellular transport, cell migration (Ivanov, 2008) 

and termination of receptor signalling (Ivanov, 2008; Barbieri, Di Fiore and Sigismund, 2016). The 

term endocytosis comprises multiple pathways that differ regarding their morphology and 

mechanics (Elkin, Lakoduk and Schmid, 2016). In brief, the main endocytic pathways can be sub-

categorised as clathrin-mediated endocytosis, caveolin-dependent endocytosis, clathrin and 

caveolin-independent endocytosis, macropinocytosis and phagocytosis (Ivanov, 2008). 

1.2.1.1. Clathrin-mediated endocytosis 

Clathrin-mediated endocytosis (CME) is the most well-known form of receptor-mediated 

internalisation (Ivanov, 2008; Schreij, Fon and McPherson, 2016). CME is mechanistically defined 

by the assembly of icosahedral clathrin lattices and bending of the PM into clathrin-coated pits 

(CCPs). At early stages, clathrin-adaptor proteins containing Bin-Amphiphysin-Rvs (BAR) domains, 

such as the AP2 complex and F-BAR domain only protein 1/2 (FCHO1/2) are recruited to the PM 
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(Henne et al., 2010; Umasankar et al., 2012; Ma et al., 2016) (Figure 1-4A). In addition, together 

with the scaffold proteins epidermal growth factor receptor (EPS15), epidermal growth factor 

receptor substrate 15-ƭƛƪŜ м ό9t{мрwύ ŀƴŘ ƛƴǘŜǊǎŜŎǘƛƴ мκн ŦƻǊƳ ŀ άǇƛƻƴŜŜǊ ŎƻǊŜέ ǘƘŀǘ ƛƴƛǘƛŀǘŜǎ 

endocytosis (Taylor, Perrais and Merrifield, 2011; Umasankar et al., 2012; Ma et al., 2016). AP2 

complex binding to phosphatidylinositol 4,5-bisphosphate, known as PIP2 or PI(4,5)P2, triggers a 

conformational change that exposes its clathrin-binding site (Kadlecova et al., 2017)Φ ¢ƘŜ ¸ȄȄʊ 

motif of the transferrin receptor can additionally co-activate the AP2 complex, which results in 

clathrin being recruited to the assembling coat (Kadlecova et al., 2017).  Different models have 

been proposed on how the clathrin pit is formed. The first model suggested that clathrin would 

first assemble into flat lattices, which would gradually reorganise into an icosahedron that 

promotes membrane bending (Heuser, 1980).  Nevertheless, the transition between the flat 

lattice to the 3D icosahedral lattice is energetically costly; thus, an alternative model proposed 

that clathrin initially polymerises into a curve lattice (Nossal, 2001). Subsequently, scission 

proteins participate in the invagination of CCPs into the cytoplasm to form clathrin-coated 

vesicles (CCVs) (Figure 1-4A). BAR domain proteins (e.g. endophilin) recruit the GTPase dynamin, 

which oligomerizes into tight helical rings that constrict the neck of CCPs (Hohendahl et al., 2017). 

However, overexpression of endophilin impairs membrane fission by inhibiting interactions 

between dynamin (Hohendahl et al., 2017).  Concomitantly to this multistep assembly of CCPs, 

actin polymerisation generates pulling forces that contribute to membrane bending and 

internalisation of CCPs (Merrifield et al., 2002). Lastly, the clathrin lattices disassemble from CCVs 

(Mousavi et al., 2004; Kaksonen and Roux, 2018), allowing the trafficking of the cargo molecule 

(Kaksonen and Roux, 2018) (Figure 1-4A). 

1.2.1.2. Lipid raft-mediated endocytosis 

Caveolae are specialised and dynamic PM domains that contain a characteristic lipid profile with 

high levels of cholesterol, sphingomyelin and ceramides (Matthaeus and Taraska, 2020). These 

regions are stabilised by several key proteins, namely Caveolin 1-3 (Cav), Cavin 1-4, the BAR 

proteins syndapin/Pacsin2 and the dynamin-related ATPase EHD2 (Matthaeus and Taraska, 

2020). Receptors accumulating in caveolae and binding of certain ligands induce signalling 
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cascades that trigger caveolar endocytosis. Integrins were shown to regulate caveolin-mediated 

endocytosis (del Pozo et al., 2005). Actually, Cav-1 has been found to co-localise with vinculin at 

focal adhesions (FA) (del Pozo et al., 2005). What triggers caveolin-mediated internalisation? In 

detail, Cav-1 phosphorylation on tyrosine residue 14 by  Src-family tyrosine kinases results in 

caveolar internalisation (Li, Seitz and Lisanti, 1996; Lee et al., 2000). Interestingly, 

phosphotyrosine 14 localises at FA (Lee et al., 2000). Simultaneously, Cav-2 is also 

phosphorylated on tyrosine 19 by Src (Lee et al., 2002). In addition, Cav-2 is phosphorylated at 

serine 23 and 36 in the N-terminal  region by Casein kinase 2 (CK2) or CK2-like kinase (Sowa et 

al., 2003). This contributes to the formation of deep PM invaginations (Sowa et al., 2003) (Figure 

1-4B). Likewise clathrin-dependent endocytosis, the GTPase dynamin is recruited to caveolae. 

Subsequent to GTP hydrolysis, dynamin constricts the neck of the caveolae invagination and 

triggers the fission of the caveolae to the cytoplasm (Oh, McIntosh and Schnitzer, 1998). During 

this process, reorganisation of the actin cytoskeleton is critical. The cortical actin network 

depolymerises, while actin monomers are recruited near the invaginating caveolae where they 

form actin patches (Kiss and Botos, 2009). The newly formed vesicles are transported along 

microtubules and trafficked to early endosomes in a Rab-5 dependent manner (Mundy et al., 

2002) (Figure 1-4B).  

Flotillins were originally thought to associate with caveolae (Bickel et al., 1997), but later studies 

showed that flotillins form specific non-caveolar microdomains or lipid rafts (Glebov, Bright and 

Nichols, 2006; Fernow, Icking and Tikkanen, 2007). Flotillin-1/reggie-2 and flotillin-2/reggie-1 

(abbreviated to Flot-1/2) associate with particular PM microdomains by acylation (single 

palmitoylation of Flot-1; single myristoylation and triple palmitoylation of Flot-2) (Neumann-

Giesen et al., 2004). Flotillins establish their own clathrin-independent endocytosis (CIE) pathway 

(Glebov, Bright and Nichols, 2006). In the lipid rafts, flotillins form hetero-oligomers that 

assemble into large flotillin platforms (Solis et al., 2007). Flot-1/2 internalisation is triggered by 

Fyn-dependent phosphorylation on tyrosine 160 and 163 respectively (Riento et al., 2009). In 

addition, Src phosphorylation of Flot-2 on tyrosine 163 is also required for its hetero-

oligomerisation (Babuke et al., 2009). Flotillins are upregulated in carcinomas and sarcomas, and 

this correlates with poor prognosis in patients (Gauthier-Rouvière et al., 2020). In fact, H-Ras 
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expression in the MCF10A mammary cell line results in high levels of flotillin-1 expression and 

increase in tumour aggressiveness (Koh et al., 2016). Overexpression of flotillin causes its 

oligomerization, which leads to membrane curvature and high levels of endocytosis in cancer 

(Gauthier-Rouvière et al., 2020). In cells overexpressing flotillins, MT1-MMP (MMP14) is 

endocytosed and found in flotillin late endosomes, from where it will be recycled and delivered 

to degradation sites, i.e. invadopodia (Planchon et al., 2018).   

1.2.1.3. Phagocytosis, macropinocytosis and the CLIC-GEEC pathway 

Phagocytosis is an endocytic pathway that leads to the internalisation of relatively large insoluble 

antigens, including opsonized pathogens, necrotic and apoptotic cells (Cardelli, 2001). This 

pathway is predominantly carried out by professional phagocytes, such as neutrophils, 

macrophages and dendritic cells (Cardelli, 2001). The process can be summarised in the following 

stages: (I) Recognition of the particle by cell surface receptors. (II) This leads to activation of 

signalling cascades that induce temporal and spatial regulation of F-actin polymerisation. (III) 

Actin-dependent pseudopod extension to internalise the particle.  (IV) Depolymerisation of F-

actin from the newly generated phagosome. (V) Trafficking and fusion to form a mature 

phagolysosome (Cardelli, 2001).  

On the contrary, macropinocytosis is regarded as a non-specific uptake of soluble molecules, 

nutrients and antigens. Nevertheless, pretreatment with the mannose receptor-agonist mannan 

revealed that dextran and ovalbumin are partially internalised in a mannose receptor-mediated 

endocytosis (Sallusto et al., 1995; Burgdorf, Lukacs-Kornek and Kurts, 2006). This suggests that 

cells are able to concentrate macromolecules prior to macropinocytosis (Sallusto et al., 1995). 

The pathway initiates with the formation of the macropinocytic cup or circular ruffles (Levin, 

Grinstein and Schlam, 2015). Similar to phagocytosis, considerable actin remodelling is required 

to enable the formation of extended protrusions to englobe and close the cup (Levin, Grinstein 

and Schlam, 2015). Finally, scission of the PM results in a sealed macropinosome. In immature 

dendritic cells, macropinocytosis is regulated by the Rho GTPase Cdc42 and Rac, which mediate 

actin remodelling (Garrett et al., 2000; West et al., 2000). p21-activated kinase 1 (PAK1) is a 

downstream effector of Cdc42 and Rac. PAK1 activity promotes circular ruffles on the dorsal 
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surface of cells and actin-myosin cytoskeleton remodelling, altogether stimulates dextran 

macropinocytosis (Dharmawardhane et al., 2000) (Figure 1-4C). Another relevant regulator of 

this process is PI3K, which is critical at later stages to enable actin-dependent macropinocytosis 

(West et al., 2000). The metabolism of PIP2 is strikingly similar between phagocytosis and 

macropinocytosis during the endocytic process (Levin, Grinstein and Schlam, 2015). However, 

susceptibility to PI3K inhibitors is one of the hallmarks of macropinocytosis (Levin, Grinstein and 

Schlam, 2015).  

Similar to macropinocytosis, Clathrin-independent carriers (CLICs) and GPI-Enriched Endocytic 

Compartments (GEECs) endocytosis is heavily dependent on actin polymerization (Rennick, 

Johnston and Parton, 2021). CLIC-GEEC endocytosis is regulated by the small GTPases ADP 

ribosylation factor 1 (Arf1) and Cdc42, the GTPase activating factor GRAF1, the actin nucleation 

factor Arp2/3 and the BAR domain protein IRSp53 (Sabharanjak et al., 2002; Kumari and Mayor, 

2008; Lundmark et al., 2008; Sathe et al., 2018) (Figure 1-4D).  It has been involved in the uptake 

of the hyaluronic acid receptor (CD44) and it can also mediate the internalisation of fluid and cell 

membrane (Rennick, Johnston and Parton, 2021).  
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Figure 1-4. Schematic representation of the foremost endocytic pathways. (A) Schematic summary of clathrin-mediated 

endocytosis. Adaptor proteins, namely AP2 complex and F-BAR domain only protein 1/2 (FCHO1/2) are first recruited. Binding to 

membrane bound PIP2 induces conformational changes that expose the clathrin-binding site of the AP2 complex. Following 

clathrin assembly into an icosahedral structure, the small GTPase dynamin is recruited and together with actin forces promotes 

the scission of the clathrin coated pit (30-100nm; (Arpino et al., 2022)).(B) Receptor clustering at caveolae triggers signalling 

cascades (Cav-1 and Cav-2 phosphorylation by Src and CK2 respectively) that result in caveolin-mediated endocytosis. Dynamin is 

recruited at the neck of the invaginated PM and mediates its fission. The newly formed caveasomes (60nm; (Rennick, Johnston 

and Parton, 2021)) are trafficked in Rab5-mediated manner. (C) Scheme of the signalling regulators of macropinocytosis. PAK1 

activation downstream of Rac1 and Cdc42 lead to actin remodelling and formation of circular ruffles on the dorsal surface. 

Changes in the lipid composition and further activation of PAK1 is mediated by PI3K, downstream of Ras, is also critical for 

macropinocytosis (0.2µm to 5µm; (Garrett and Mellman, 2001)). (D) Cdc42 activity leads to recruitment of IRSp53 and GRAF1 to 

promote tubular invaginations, which characterise the CLIC-GEEC pathway (100nm; (Rennick, Johnston and Parton, 2021)). In 

addition, Cdc42 recruits the Arp2/3 complex, which leads to changes in actin remodelling. Finally, the GTPase Arf1 (activated by 

GBF1, Golgi-specific brefeldin A resistance factor 1) recruits the RhoGAP for Cdc42: ARHGAP21. This results in accelerated cycling 

of Cdc42, its removal from the PM and actin-dependent endocytosis.     
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1.2.2. Endolysosomal trafficking 

Following endocytosis, cargoes and their respective receptors are incorporated into the 

endosomal network. Once internalised, primary endocytic vesicles fuse and form early or sorting 

endosomes (Elkin, Lakoduk and Schmid, 2016). These receptors will be ultimately recycled back 

to the PM, sent to the trans-Golgi network via retrograde traffic or sorted to the lysosomes for 

degradation (Elkin, Lakoduk and Schmid, 2016).  

Endosomal sorting is tightly regulated by spatial and temporal control of endosomal identity. 

Internalised receptors can be recycled via Rab4-dependent short-loop from early endosomes or 

via the Rab11-dependent long loop via the perinuclear recycling compartment (Stenmark, 2009). 

Different mechanisms have been described during maturation of early endosomes into late 

endosomes. One way is through the acidification of the endosomal lumen via the v-type vacuolar 

H+ ATPase found in the membrane bilayer (Mellman, Fuchs and Helenius, 1986; Fuchs, Mâle and 

Mellman, 1989). Another way is through alterations in the phosphatidylinositol phospholipids 

(PIPs) and the recruitment of Rab family GTPases. PIP kinases and phosphatases are Rab 

effectors, Rab5-dependent synthesis of phosphatidylinositol 3-phosphate (PI(3)P) on early 

endosomes is controlled by VPS34, class III PI3-kinase (Schu et al., 1993; Futter et al., 2001; Elkin, 

Lakoduk and Schmid, 2016). Several Rab effectors contain PI(3)P binding motifs, including early 

endosomal antigen 1 (EEA1) (Elkin, Lakoduk and Schmid, 2016). Another important partner in 

defining early endosomes is the class C core vacuole/endosome tethering (CORVET) complex, 

which associates with Rab5 (Balderhaar et al., 2013).  The CORVET complex is additionally 

required for endosomal fusion to generate sufficient surface area for enabling the formation of 

intraluminal vesicles (ILVs) (Balderhaar et al., 2013). During endosomal maturation, an upstream 

Rab, e.g. Rab5, recruits a guanine nucleotide exchange factor (GEF) that activates a downstream 

Rab, e.g. Rab7, which subsequently recruits a GTPase activating protein (GAP) for the upstream 

Rab (Elkin, Lakoduk and Schmid, 2016). This results in endosomal maturation or Rab conversion 

of the membrane identity, from Rab5 to Rab7. The endosomal sorting complex required for 

transport (ESCRT) acts on late endosomes and executes: (I) generation of ILVs/ multivesicular 

bodies (MVBs) and (II) sorting ubiquitinated membrane proteins/receptors for lysosomal 
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degradation (Raiborg and Stenmark, 2009). The MVBs fuse with the lysosomes and cargo proteins 

and the intraluminal vesicles are degraded. The homotypic fusion and vacuole protein sorting 

(HOPS) complex, associated with Rab7, and the Rab7-interacting protein (RILP) mediate the 

fusion of mature endosomes with lysosomes by recruiting VAMP7 and syntaxin 7 (Rainero and 

Norman, 2013). In addition, RILP binds to components of ESCRT II leading to the formation of ILVs 

in the late endosomes (Wang and Hong, 2006). 

1.2.3. Dysregulation of membrane traffic in cancer  

Dysregulations of endocytic traffic have been associated with malignancies. In fact, genes 

encoding regulators of endocytic trafficking have been identified as drivers of tumorigenesis and 

acquisition of prometastatic features. The latter usually involves: increase in invasive migration, 

survival and resistance to environmental stress. Rho-like GTPases, including Rac1 and Cdc42, are 

critical for cancer invasion by means of reorganising the actin and tubulin cytoskeleton. The 

regulatory circuit of Rac1 involved the Rab5A/Rab4 axis. Rab5A overexpression correlates with 

poor clinical outcome in breast cancer patients (Frittoli et al., 2014). Clathrin- and Rab5-

dependent endocytic traffic of Rac1 promote its re-localisation to early endosomes, where the 

GEF Tiam1 activates Rac1 (Palamidessi et al., 2008) (Figure 1-5). Rac1 is thereafter recycled back 

to the specific regions of the PM, where it regulates polarisation of lamellipodia protrusion and 

directed cell migration (Palamidessi et al., 2008). Rab4 is also overexpressed in invasive breast 

carcinomas (Lanzetti and Di Fiore, 2017). Rab5A promotes the Rab4-mediated fast recycling of 

MT1-aat ŀƴŘ ʲо ƛƴǘŜƎǊƛƴ ǘƻ ƛƴǾŀŘƻǎƻƳŜǎΣ ǘƻ ŜƴŀōƭŜ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ǇǊƻǘŜƻƭȅǘƛŎ ŘŜƎǊŀŘŀǘƛƻƴ 

(Frittoli et al., 2014) (Figure 1-5). Dynamin-2 is overexpressed in pancreatic cancer (Eppinga et 

al., 2012; Razidlo et al., 2013). In this model, dynamin-2 stabilises and impairs proteasomal 

degradation of Vav1, a Rac1 GEF (Razidlo et al., 2013). This presumably results in Rac1 activation, 

lamellipodia protrusion and invasive migration of pancreatic cancer cells (Razidlo et al., 2013) 

(Figure 1-5). Vav1 is also overexpressed in pancreatic tumours due to demethylation of the gene 

promoter (Fernandez-Zapico et al., 2005; Eppinga et al., 2012; Razidlo et al., 2013).  

CDC42-interacting protein 4 (CIP4), a BAR domain protein, is a Cdc42 effector. CIP4 is 

overexpressed in breast cancer and its expression correlates with poor prognosis and metastasis 
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(Cerqueira et al., 2015). CIP4 increases E-cadherin endocytosis, which leads to cell scattering by 

regulating actomyosin contractility (Rolland et al., 2014) (Figure 1-5). However, other studies 

suggested that it reduces invadopodia-mediated ECM proteolysis and invasion in breast cancer 

by promoting MT1-MMP endocytosis (Hu et al., 2011).  

Rab25 belongs to the Rab11 subfamily, which is involved in the long loop endosomal recycling. 

Rab25 is amplified in ovarian and breast cancers, interestingly, its overexpression is linked to 

resistance to apoptosis and anoikis (Cheng et al., 2004). Mechanistically, Rab25 interacts with the 

ŎȅǘƻǇƭŀǎƳƛŎ ǘŀƛƭ ƻŦ ʲм-integrin (Caswell et al., 2007). In fibronectin containing ECM, Rab25 

ǇǊƻƳƻǘŜǎ ǊŜŎȅŎƭƛƴƎ ƻŦ ʰрʲм ƛƴǘŜƎǊƛƴ ǘƻ ǘƘŜ ǘƛǇǎ ƻŦ ŜȄǘŜƴŘƛƴƎ ǇǎŜǳŘƻǇƻŘƛŀ ŀƴŘΣ ƛƴ ŀŘŘƛǘƛƻƴΣ 

invasive migration in 3D matrices (Caswell et al., 2007) (Figure 1-5). Nonetheless, Rab25 guides 

ʰрʲм ƛƴǘŜƎǊƛƴ ōƻǳƴŘ ǘƻ ŦƛōǊƻƴŜŎǘƛƴ ǘƻ /ƘƭƻǊƛŘŜ LƴǘǊŀŎŜƭƭǳƭŀǊ /ƘŀƴƴŜƭ tǊƻǘŜƛƴ о ό/[L/оύ ƭȅǎƻǎƻƳŜǎ 

(Dozynkiewicz et al., 2012) (Figure 1-5). InteǊŜǎǘƛƴƎƭȅΣ ʰрʲм ƛƴǘŜƎǊƛƴ ƛǎ ƴƻǘ ŘŜƎǊŀŘŜŘ ōǳǘ ǊŀǘƘŜǊ 

recycled back to the PM in a CLIC3-dependent manner (Dozynkiewicz et al., 2012). However, in 

ǘƘŜ ŀōǎŜƴŎŜ ƻŦ /[L/оΣ ʰрʲм ƛƴǘŜƎǊƛƴǎ ŀǊŜ ǳōƛǉǳƛǘƛƴŀǘŜŘ ŀƴŘ ŘŜƎǊŀŘŜŘ ƛƴ ǘƘŜ ƭȅǎƻǎƻƳŜǎ (Lobert et 

al., 2010; Dozynkiewicz et al., 2012). In addition, Rab25 drives association of tensin-1/2/3 with 

ʰрʲм ƛƴ ŦƛōǊƻƴŜŎǘƛƴ-containing fibrillar adhesions beneath the nucleus (Rainero et al., 2015). In 

A2780 cells, overexpressing Rab25, tensin-1/2/3 interacts with Arf4 and both are required for 

ʰрʲм ƛƴǘŜƎǊƛƴ ƛƴǘŜǊƴŀƭƛǎŀǘƛƻƴ ŀƴŘ ǘǊŀŦŦƛŎ ǘƻ ƭȅǎƻǎƻƳŜǎ (Rainero et al., 2015). Of note, this pathway 

is upregulated under glucose starvation and inhibition of this pathway blocks mTORC1 

recruitment to lysosomes (Rainero et al., 2015) (Figure 1-5). In line with these results, 

macropinocytosis enables pancreatic cancer cells to scavenge extracellular proteins as a source 

of nutrients in starvation conditions (Commisso et al., 2013). Accordingly, our lab has shown that 

breast cancer cells internalise different ECMs and sustain cancer cell growth under amino acid 

starvation (Nazemi et al., 2021). Hypoxia is a universal hallmark of solid tumours. A recent study 

showed that hypoxia-inducible factor 1 (HIF-1) activates the transcription of EH domain-

containing protein 2 (EHD2) to initiate macropinocytosis in hepatocellular carcinoma cells (Zhang 

et al., 2022). More studies are needed to assess whether hypoxia could also participate in 

scavenging of ECM components and fuel the tricarboxylic acid (TCA) cycle to promote tumour 

growth.  
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p53 is considered a major tumour suppressor, however gain of function mutations result in its 

transformation into oncogenic p53 (Soussi and Wiman, 2015). Interestingly, mutant/oncogenic 

Ǉро ǇǊƻƳƻǘŜǎ ƛƴǾŀǎƛǾŜ ƳƛƎǊŀǘƛƻƴ ōȅ ǇǊƻƳƻǘƛƴƎ ʰрʲм ƛƴǘŜƎǊƛƴ ǊŜŎȅŎƭƛƴƎ (Caswell et al., 2008; 

Muller et al., 2009)Φ wŀōмм ǊŜƎǳƭŀǘŜǎ ʰрʲм ƛƴǘŜƎǊƛƴ ǊŜŎȅŎƭƛƴƎ (Roberts et al., 2001; Caswell et al., 

2007); interestingly, Rab11- coupling protein (RCP) is essential to link mutant p53 and recycling 

ƻŦ ʰрʲм ƛƴǘŜƎǊƛƴ (Muller et al., 2009). Mechanistically, this process is dependent on the 

ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǇƘƻǎǇƘŀǘƛŘƛŎ ŀŎƛŘ όt!ύ ōȅ 5ƛŀŎȅƭƎƭȅŎŜǊƻƭ ƪƛƴŀǎŜ ʰ ό5DY-ʰύ (Rainero et al., 2012). PA 

at the leading edge of migrating cells is essential to tether recycling vesicles via the PA-binding 

C2 domain of RCP (Rainero et al., 2012) (Figure 1-5).  

Rab1A GTPase is overexpressed in colorectal carcinomas, it predicts poor outcome and cancer 

invasion (Thomas et al., 2014). Rab1A GTPase is involved in trafficking from the endoplasmic 

reticulum to the Golgi Apparatus. In addition, Rab1A senses amino acid signalling to mTORC1. 

Amino acids stimulate GTP binding to Rab1A (Thomas et al., 2014). Rab1A regulates Rheb-

dependent activation of mTORC1 in the golgi (Thomas et al., 2014). Altogether, this leads to 

oncogenic advantage and tumour growth. Another regulator of endoplasmic reticulum to golgi 

traffic is Rab2A, which is overexpressed and hyperactivated in breast cancer (Luo et al., 2015). 

On the one hand, Rab2A promotes recycling of MT1-MMP to invadopodia, where it enhances 

ECM degradation (Kajiho et al., 2016) (Figure 1-5). On the other hand, it impinges on E-cadherin 

traffic to the PM, therefore reducing cell-cell adhesion and boosting invasion (Kajiho et al., 2016). 

In agreement with the latter results, Rab2A potentiates EMT by binding to ERK1/2 and inhibiting 

its deactivation (Luo et al., 2015) (Figure 1-5).  

Clathrin light-chain (CLCb) is overexpressed in NSCLC cells and it correlates with poor prognosis 

(Chen et al., 2017). Epidermal growth factor receptor (EGFR) endocytosis in cells overexpressing 

/[/ō ƭŜŀŘǎ ǘƻ ŀŎǘƛǾŀǘƛƻƴ ƻŦ !ƪǘκDƭȅŎƻƎŜƴ ǎȅƴǘƘŀǎŜ ƪƛƴŀǎŜ оʲ όD{Yоʲύ ŀȄƛǎΣ ǿƘƛŎƘ ƛƴ ǘǳǊƴǎ ŀŎǘƛǾŀǘŜǎ 

Dynamin-1 (Reis et al., 2015). EGFR endocytosis results in altered signalling and increased 

metastasis (Chen et al., 2017). In addition, CLCb has been described to promote the rapid, 

gyrating clathrin-dependent recycling of EGFR (Majeed et al., 2014).  
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Cav-1 has been reported to be a tumour suppressor at early stages of tumorigenesis, while high 

expression is associated with tumour progression and metastasis at later stages (Goetz et al., 

2008). In fact, downregulation of Cav-1 in breast and prostate cancer cells impaired velocity, 

directionality and persistence of cell migration (Joshi et al., 2008; Urra et al., 2012). These studies 

showed that Src kinase phosphorylates Cav-1 at tyrosine 14, which in turns activates Rho/ROCK 

signalling, FA turnover and cell migration (Joshi et al., 2008; Urra et al., 2012). In line with these 

results, rear retraction is controlled by caveolae in 3D matrix and durotaxis (Hetmanski et al., 

2019). Caveolae are formed as a consequence of low membrane tension at the cell rear 

(Hetmanski et al., 2019). Caveolae drives the RhoA-ROCK/PKN2 signalling axis through Ect2, a 

RhoA GEF. Ect2 regulates F-actin organisation and contractility and promotes forward movement 

of the cell rear (Hetmanski et al., 2019). In this system the role of Cav-1 is independent of its 

effects on endocytosis (Hetmanski et al., 2019). Cav1 expression is higher in small cell lung cancer 

compared to NSCLC, its expression decreases in high grade tumours however cell-level variability 

is observed within the tissue (Y.-B. Shi et al., 2020). High levels of Cav-1 correlate with high Ki67 

levels and mutant p53, markers of poor prognosis and high histopathology grade in pancreatic 

ductal adenocarcinoma (Tanase et al., 2009). Cav1 has been reported to regulate certain aspects 

of metabolism, including glycolysis (Nwosu et al., 2016). Overexpression of Cav1 may drive 

glycolysis by providing docking sites for certain metabolic enzymes, namely phosphofructokinase 

and aldolase (Nwosu et al., 2016). Cav1 downregulation has been shown to decrease glycolysis, 

induce metabolic switch towards lipid metabolism and induce production of reactive oxygen 

species (Shiroto et al., 2014). It has been proposed that high caveolin 1 expression may correlate 

with tumours addicted to glucose (Nwosu et al., 2016). In pancreatic tumours, high glucose 

promotes AMP-protein activated kinase (AMPK) inhibition, which in turn activates the signalling 

axis Bmi1-GATA2, which in turn reduces the expression of MHC class I chain-related protein A/B, 

resulting in immune evasion (Duan et al., 2019). 

The role of other endocytic proteins in driving cell migration has been reviewed elsewhere 

(Llanses Martinez and Rainero, 2019); this section provides evidence that cancer cells hijack the 

endocytic and endosomal system to promote proliferation, migration and invasion of cancer 
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cells. Thus, studying how cancer cells use endocytic traffic to survive and metastasise may open 

new avenues for therapeutically treating malignancies.  

So far, the sections above have focused on introducing breast cancer, the main endocytic 

pathways and endosomal traffic. The section below aims to introduce the ECM as a complex 

protein scaffold, but also how cancer cells are able to remodel it.  

 

Figure 1-5. Dysregulations of membrane traffic during tumorigenesis. Diagram of how cancer cells hijack the endocytic and 

endosome system to promote ECM degradation and migration.  
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1.3. THE EXTRACELLULAR MATRIX IN CANCER 

 

The ECM is the utmost non-cellular three-dimensional structural component of tissues. The ECM 

can be classified into two types concerning tissue organisation: the interstitial connective tissue 

and the basement membrane (BM). The first one acts as a structural scaffold, while the latter 

separates the epithelium from the stroma. In addition to providing tissue integrity and elasticity, 

the ECM is essential for morphogenesis, differentiation and homeostasis of tissues by inducing 

biomechanical and biochemical signals. The ECM is a dynamic structure, which can be remodelled 

depending on the requirements of the tissue, such as in the physiological process of wound 

healing. Therefore, deregulations of ECM remodelling (synthesis, deposition and degradation) 

are fundamental for the development of pathological conditions (e.g. fibrosis, tumour growth, 

invasion and metastasis). Matrigel is an ECM preparation derived from the Engelbreth-Holm-

Swarm mouse tumour, a poorly differentiated chondrosarcoma (Merceron and Murphy, 2015). 

Matrigel is predominantly composed of laminin (approximately 60%), collagen IV (30%), entactin 

(8%) and other proteoglycans, including perlacan (Corning® Matrigel® Matrix, no date; Merceron 

and Murphy, 2015).  It is commonly used in cell culture applications as a BM-like substrate; 

additionally, it has extensively been used for 3D cell culture (Merceron and Murphy, 2015).        

The ECM is constituted by an intricate network of approximately 300 secreted proteins, including 

collagens, proteoglycans and glycoproteins, referred to as core matrisome (Hynes and Naba, 

2012). These proteins are incorporated into the network via several intra- and intermolecular 

interactions. ECM proteins are additionally altered through post-translational modifications 

(PTMs), which may participate in cross-linking reactions that contribute to the formation of the 

ECM network. Of note, ECM composition, organisation and function differs depending on the 

tissue type; this ensures a physiological cellular regulation and organ function. On the contrary, 

tumour progression is chaperoned by aberrant changes in the tumour microenvironment. In fact, 

cancer-associated ECM extremely differs from normal ECM. Malignant tumours, for example, are 

frequently fibrotic or desmoplastic. Desmoplasia is well characterised by histological changes 

that comprise an increment in both the deposition and PTMs of ECM proteins. Correspondingly, 

breast cancer predictive prognosis is worse when collagen cross-linkers and matrix remodelling 
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genes are expressed. Further evidence is that fibrotic conditions, such as cirrhosis of the liver and 

cystic fibrosis, in which collagen is aberrantly accumulated, have a higher risk of developing 

cancer (Pickup, Mouw and Weaver, 2014).  

1.3.1. Post-translational modifications of the extracellular matrix  

PTMs are defined as modifications that generate a protein that is functionally and 

immunologically different. PTMs are classified into hydroxylation, phosphorylation, N- and O-

glycosylation, acetylation, ubiquitylation, sumoylation and methylation. Actually, few of these 

PTMs confer structural and functional features that are required for the formation and stability 

of the ECM meshwork, as well as receptor recognition of ECM proteins (Leeming et al., 2011; 

Holstein et al., 2021). However, whether PTMs are drivers or consequences of disease remains 

unresolved. A recent bioinformatic analysis study of the TCGA Pan-Cancer Atlas mutation 

database showed that matrisome encoding genes are mutated roughly as frequently as the 

genome (Izzi, Davis and Naba, 2020). Mutations that affect residues that can be post-

translationally modified are known as PTM-disrupting mutations (PTMmuts) (1811, 1,19% of 

matrisome mutations). Interestingly, PTMmuts are less frequent than for the rest of the genome, 

perhaps on account of the structural importance of these PTMs (Holstein et al., 2021).  

The following subsections will outline some of the key PTMs that contribute to the properties 

and structure of the ECM. 

1.3.1.1. Disulphide cross links in the ECM 

Disulphide bonds (S-S) are a type of cross-linking PTMs copiously found in secreted and 

extracellular proteins ό.ƻǑƴƧŀƪ et al., 2014) . They are typically formed in the endoplasmic 

reticulum by oxidoreductases, such as protein disulphide isomerase (PDI), ERp57 (PDIA3), PDIA4, 

PDIA6, and associated chaperones such as the collagen-binding protein heat shock protein 47 

(HSP47) (Jessop and Bulleid, 2004), calnexin and calreticulin (Oliver et al., 1999).  Disulphide 

bonds on ECM proteins confer the necessary stability to withstand extracellular conditions and 

acidic endocytic recycling. Within the ECM, disulphide bonds are needed for an accurate 

processing, secretion and incorporation of peptides into their respective protein conformation. 
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As an example, mutations in the protein disulphide isomerase PDI-2 in Caenorhabditis elegans 

cause anomalous collagen deposition and extracellular matrix formation (Winter, McCormack 

and Page, 2007).  

1.3.1.2. Hydroxylation crosslinks in the ECM 

Hydroxylation is a modification to proline residues of collagens by prolyl 4-hydroxylase (P4H) 

(Pihlajaniemi, Myllylä and Kivirikko, 1991) and prolyl 3-hydroxylase (P3H) (Vranka, Sakai and 

Bächinger, 2004). This modification augments the stability of the collagen triple helix.  

To a lesser extent, lysines are also altered by lysyl hydroxylase 1, 2 and 3 (LH1, LH2 and LH3) 

(Valtavaara et al., 1997, 1998; Yeowell and Walker, 1999). Lysine hydroxylation is important for 

connective tissue development, with mutations causing defects in bones, joints and skin. In 

humans, mutations in LH1 cause Ehlers-Danlos syndrome and LH2 causes Bruck syndrome type 

2. LH2 hydroxylates lysine residues in the collagen telopeptides, i.e.  the N- and C-terminus in 

fibrillar collagens. Following hydroxylation of proline and lysines, lysyl oxidases (LOXs) can 

oxidatively deaminate lysine and hydroxylysine residues, consequently generating lysine 

aldehydes.  Those lysine aldehydes react with unmodified lysines and hydroxylysines to form 

intra- and intermolecular cross-links within the collagen and elastin fibres (Yamauchi and 

Sricholpech, 2012). 

Cross-linking of collagens is functionally important since LOXs mutations are associated with 

vascular disease, including aortic aneurysms, presumably due to a weak blood vessel wall (Lee et 

al., 2016). Actually, patients with vascular disease have been associated with connective tissue 

disorders, such as Marfan syndrome, Ehlers-Danlos type IV, Loeys-Dietz syndrome or TGF-ʲ 

vasculopathy (Lee et al., 2016). Conversely, LOXs are highly expressed and upregulated in solid 

tumours, where they increase ECM stiffness, which contributes to tumour progression by 

modulating cell growth, proliferation and invasion (Levental et al., 2009; Chaudhuri et al., 2014; 

Santamaría et al., 2018). The role of LOXs in cancer has been extensively reviewed elsewhere 

(Setargew et al., 2021). The upstream enzyme, LH2 has also been involved in tumours that 

present high crosslinking levels (Chen et al., 2015).  
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1.3.1.3. Glycosylation, glycation and phosphorylation of the ECM proteins  

Glycosylation is a PTM that annexes complex saccharides (glycans) to proteins, which may 

consequently affect protein conformation, cell signalling and cancerous transformation (Fuster 

and Esko, 2005). The two most frequent glycosylation pathways are N-linked glycosylation and 

O-GalNAc linked O-glycosylation. However, several other glycosylation pathways, such as O-

mannosylation, have critical functions for the ECM and interaction with cells (Schjoldager et al., 

2020). 

BM and other stromal ECM proteins are O-glycosylated (Steentoft et al., 2013). Actually, aberrant 

glycosylation results in structural changes to the ECM. In fact, GALNT1 has been found to be 

involved in the secretion of BM proteins (Tian, Hoffman and Ten Hagen, 2012). Glycoproteomic 

analysis of pancreatic cancer and chronic pancreatitis tissue has identified over-expression of 

many ECM associated glycoproteins (Pan et al., 2014). The identified glycoproteins are implicated 

in organisational and structural changes to ECM and activation of stellate cells involved in the 

regulation of pancreatic fibrosis (Pan et al., 2014).  

Glycation is an unregulated non-enzymatically catalysed modification, which can also affect ECM 

proteins. It is known as Maillard or browning reaction and it results from reducing saccharides, 

e.g. glucose, and proteins (John and Lamb, 1993). Other reactions lead to the formation of 

Advanced glycation end products (AGEs), which can form cross-links, for example, in collagen 

molecules (Fu et al., 1994; Verzijl et al., 2002). AGE-crosslinking of collagen IV and laminin within 

the BM induces invasive behaviour in prostate cancer (Rodriguez-Teja et al., 2015).  

Protein phosphorylation is a reversible PTM on serine, threonine and tyrosine sites; it affects 

several cellular processes and it has been described in several diseases (Ubersax and Ferrell, 

2007; Holstein et al., 2021). Protein phosphorylation is known to affect protein-protein 

interactions (Betts et al., 2017), which could have an effect on  the ECM meshwork. Osteopontin 

is an extracellular structural protein mainly found in the bone. Phosphorylation negatively 

charges osteopontin; this impinges on its binding to multivalent positive ions found in 

hydroxyapatite and ultimately impacts on bone mineralisation. Osteopontin is overexpressed in 

several cancers, such as melanoma, breast, colorectal, lung, ovarian and stomach cancer 
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(Rodrigues et al., 2007), and, in addition, microcalcification is commonly described in breast 

cancer (Cox and Morgan, 2013).   

1.3.2. ECM proteins in the tumour microenvironment  

ECM proteins and other associated factors are termed matrisome. The matrisome can be 

classified into two categories: 1) core matrisome proteins (e.g. proteoglycans, laminins, 

collagens, fibronectins, etc.) and 2) matrisome-associated proteins (Naba et al., 2012).  The latter 

group is additionally divided into 3 subgroups: A) ECM regulators/remodelling enzymes (e.g. 

transglutaminases, lysyl oxidases, MMPs and cross-linking enzymes among others), B) ECM-

affiliated proteins, which are architecturally and/or biochemically similar to core ECM proteins, 

and C) secreted growth factors and cytokines (Naba et al., 2012). The following section focuses 

on the core matrisome proteins, with special focus on collagens and laminins.  

1.3.2.1. Collagens: Fibrous ECM proteins  

The most abundant proteins in mammals are collagens, comprising around 30% of protein mass 

(Svoboda, 1991; Ricard-Blum, 2011). Collagens are characterised by fibrillar triple helix domains. 

¢ƘǊŜŜ ǇƻƭȅǇŜǇǘƛŘŜ ʰ ŎƘŀƛƴǎ ŦƻǊƳ ŀ ǘǊƛǇƭŜ ƘŜƭƛȄΣ ǿƘƛŎƘ ŘƛǎǘƛƴŎǘƛǾŜƭȅ Ŏƻƴǘŀƛƴ Dƭȅ-Xaa-Yaa repeats, 

with proline (Pro) and 4-hydoxyproline (Hyp) being the most common amino acids at Xaa and Yaa 

sites respectively (Barth, Musiol, et al., 2003; Bachmann et al., 2005) (Figure 1-6A). Collagens are 

ŘƛǾŜǊǎŜ ƛƴ ƳƻƭŜŎǳƭŀǊ ǎǘǊǳŎǘǳǊŜΥ ŦƻǊ ŜȄŀƳǇƭŜΣ ŎƻƭƭŀƎŜƴ L ƛǎ ŀƴ ƘŜǘŜǊƻǘǊƛƳŜǊ ƻŦ ǘǿƻ ʰмόLύ ŀƴŘ ƻƴŜ ʰн 

(I) chains (Svoboda, 1991; Ricard-Blum, 2011)Σ ŎƻƭƭŀƎŜƴ ·L ŎƻƳǇǊƛǎŜǎ ʰм ό·LύΣ ʰн ό·Lύ ŀƴŘ ʰо ό·Lύ 

(Ricard-Blum, 2011)Σ ǿƘƛƭŜ ŎƻƭƭŀƎŜƴ LL ƛǎ ŀƴ ƘƻƳƻǘǊƛƳŜǊ ƻŦ ʰмόLLύ (Svoboda, 1991; Ricard-Blum, 

2011)Φ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ʰо ό·Lύ ŎƘŀƛƴ Ƙŀǎ ǘƘŜ ǎŀƳŜ ŀƳƛƴƻ ŀŎƛŘ ǎŜǉǳŜƴŎŜ ŀǎ ǘƘŜ ʰм όLύ ŎƘŀƛƴΣ ōǳǘ 

differs in its PTMs and cross-linking (Ricard-Blum, 2011). Another layer of variability comes from 

hybrid collagen molecules, such as the type V/type XI collagen - h м ό·Lύ ŀƴŘ ʰн ό±ύ ς in the bovine 

vitreous humour (Mayne et al., 1993). The possible triple helix combinations, as well as PTMs, 

result in a wide variety of collagen types.  Several collagens have been reported to be 

overexpressed in cancers (e.g. COL3A1, COL4A2, COL7A1, COL11A1, COL17A1) and have been 
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shown to potentiate tumorigenicity (Wu et al., 2014; Liu, Liao and Li, 2017; C.-C. Liu et al., 2018; 

Z. Zhang et al., 2018).  

1.3.2.1.1. The formation of the triple helix  

The formation of the triple helix is an intricate process that requires intermolecular and 

intramolecular interactions (Barth, Musiol, et al., 2003; Bachmann et al., 2005). Within the 

endoplasmic reticulum, the procollagen propeptides assemble into a triple helix. Nascent 

procollagen molecules characteristically consist of three domains: N-terminal, collagenous triple 

helix and a C-terminal non collagenous domain  (Middleton and Bulleid, 1993). Before the triple 

ƘŜƭƛȄ ŦƻǊƳŀǘƛƻƴΣ ǘƘŜ ǊŜŎŜƴǘƭȅ ǎȅƴǘƘŜǎƛǎŜŘ ǇǊƻŎƻƭƭŀƎŜƴ ʰ ŎƘŀƛƴǎ ŀǊŜ ŦǳǊǘƘŜǊ Ǉƻǎǘ-translationally 

modified in the endoplasmic reticulum: namely, hydroxyproline residues. The addition of 

hydroxyl groups stabilises the collagen triple helix and increases the melting temperature (TM) 

(Berg and Prockop, 1973; Rosenbloom, Harsch and Jimenez, 1973; Ying Chow et al., 2015). 

Hydroxylysines, together with lysines, are needed for intra- and inter-collagen crosslinking (Knott 

and Bailey, 1998). Hydroxylation, in addition, is required for the formation of some disulphide 

bonds, which additionally stabilise many collagen molecules, at the C-terminal non-collagenous 

domain propeptide (C-propeptide) (Bulleid, Wilson and Lees, 1996). Prolyl hydroxylase 4 has 

been reported to hydroxylase type XIII collagen and further promote the formation of disulphide 

bonds (Snellman et al., 2000).  On the one hand, intrachain disulphide bonds on C-propeptides 

stabilise the folded structure of single chains (Lees, Tasab and Bulleid, 1997).  On the other hand, 

the nascent collagen triple helix is stabilised by the formation of knot-like disulphide bonds 

between the C-propeptide chains of the same trimer (Koivu, 1987). Biochemical experimentation 

with small collagen peptides demonstrated that disulphide bonds enhance the folding rate and 

stability, whilst reducing thermo-degradation of collagen peptides (Barth, Kyrieleis, et al., 2003; 

Barth, Musiol, et al., 2003).  

After the procollagen molecules are secreted into the extracellular compartment, both C- and N-

terminal propeptides are cleaved (Figure 1-6A), which leads to the self-assembly of collagen into 

fibrils (Kadler et al., 1990); this is especially true for fibrillar collagen I, II and III  (Kessler et al., 

1996). The N- and C- terminal telopeptides generated undergo oxidative deamination by LOX on 
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specific lysines and hydroxylysines, which are destined to form intra- and intermolecular 

crosslinks (Yamauchi and Sricholpech, 2012). 

While the most abundant collagens are fibrillar/fibril-forming, such as Collagen type I, there are 

other types of collagens. Collagens can thus be classified into: fibril-associated collagens with 

interrupted triple helices (FACITs), which are covalently link or associated to fibrillar collagens, 

network-forming collagens, beaded filaments and anchoring fibrils (Ricard-Blum, 2011). 

Conversely, these non-fibrillar collagens (e.g.  type IV, XV and XVII) require the cysteine-rich C-

terminal non-collagenous domains and N-terminal domains to maintain their structure (Ortega 

and Werb, 2002).  

1.3.2.1.2. Network-forming collagens  

Collagen IV is a network-forming collagen that is essential for the integrity, stability and function 

of the BM (Pöschl et al., 2004). It is one of the main BM components and it is regarded as the 

most primitive ECM protein, having evolved up to six distinct chains: COL4A1, COL4A2, COL4A3, 

COL4A4, COL4A5, COL4A6 (Fidler et al., 2017). Collagen IV contains 26 non-triple helix fragments 

ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ƳƛǎŀƭƛƎƴƳŜƴǘǎ ōŜǘǿŜŜƴ ǘƘŜ ǎŜǉǳŜƴŎŜǎ ƻƴ ʰ ŎƘŀƛƴǎ (Brazel et al., 1988). This 

results in non-fibrillar loops in the native collagen IV conformation, which may be recognised by 

specific receptors and promote cell adhesion. Collagen IV molecules are highly cross-linked to 

one another by disulphide bonds (Brazel et al., 1988).  This permits the assembly of a branched 

polygonal supramolecular network that acts as a scaffold for other BM proteins (Yurchenco and 

Ruben, 1987). This may be consistent with the role of cysteines in crosslinking Ascaris 

lumbricoides (a human intestinal parasitic worm) collagen units together (McBride, Wesley 

McBride and Harrington, 1967). The presence of disulphide bonds in such primitive organisms 

may reflect the importance of cysteine-mediated crosslinks in ECM proteins. However, it is not 

clear if collagen IV is disulphide-bond crosslinked to other ECM proteins.  

The abundance of cross-linking of collagen IV may influence ECM properties and stimulate cancer 

cells. In pancreatic tumour ECM collagen IV surrounds the cancer cells and stimulates 

proliferation and migration (Öhlund et al., 2013).  
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1.3.2.1.2. Collagens assembling into beaded filaments 

Collagen VI is classified as a beaded filament collagen. Its expression is ubiquitous and it is a highly 

disulphide cross-linked ECM protein. Comparably to collagen IV, its structure comprises 

collagenous and non-collagenous domains (Engel et al., 1985). The C-terminal and N-terminal 

non globular regions show homology to the collagen-binding Von Willebrand factor A (VWA) 

domains (Chu et al., 1989)Φ ¢ƘŜ ʰм ό±Lύ ŀƴŘ ʰн ό±Lύ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƛƳƛƭŀǊ ƛƴ ǎƛȊŜ ŀƴŘ Ŏƻƴǘŀƛƴ ƻƴŜ b-

terminal and two C-ǘŜǊƳƛƴŀƭ ŘƻƳŀƛƴǎΦ ¢ƘŜ ʰо ό±Lύ ŎƘŀin is bigger with up to ten N-terminal VWA 

domains, depending on alternative splicing, and C-terminal domains that contain type III 

fibronectin repeats (Zanussi et al., 1992) and Kunitz domains (Zweckstetter et al., 1996; Beecher 

et al., 2011). Intramolecular disulphide bonds form between the C-terminal domains, as well as 

the five N-ǘŜǊƳƛƴŀƭ ʰо ±²! ŘƻƳŀƛƴǎ ǎƻ ǘƘŀǘ ƛǘ ŀǎǎŜƳōƭŜǎ ƛƴǘƻ ƳƛŎǊƻŦƛōǊƛƭǎ (Fitzgerald et al., 2001; 

Lamandé et al., 2006). The other N-ǘŜǊƳƛƴŀƭ ʰо ŘƻƳŀƛƴǎ ŎƻǳƭŘ ǇŀǊǘƛŎƛǇŀǘŜ ƛƴ ƻǘƘŜǊ 9/a 

interactions (Beecher et al., 2011).  Abnormalities in collagen VI result in  defective autophagy in 

myofibers (differentiated post-mitotic muscle cells), which leads to myofiber apoptosis and 

muscular dystrophy (Grumati et al., 2010). Likewise, collagen VI expression protects neurons 

from apoptosis  (Cheng et al., 2011). Interestingly, collagen VI is upregulated in angiofibromas 

(Gramann et al., 2009) and it shows aberrant expression, as well as a tumour-specific splicing in 

pancreatic cancer (Arafat et al., 2011). Endotrophin, a peptide originated from cleaving collagen 

VI, promotes proliferation, angiogenesis, inflammation and fibrosis (Park and Scherer, 2012). 

Studies in vivo using the MMTV-PyMT breast cancer model showed that knocking out collagen VI 

increased tumour cell apoptosis (Park and Scherer, 2012).  

1.3.2.1.3. Anchoring fibril collagens 

Collagen VII is a major anchor of fibrils (Keene et al., 1987). It connects the epidermis to the basal 

lamina, dermis and the connective tissue underneath (Gupta, Woodley and Chen, 2012; 

Wegener, Paulsen and Seeger, 2014). The non-collagenous domains show similarity to VWA or 

type III fibronectin domains. These domains mediate interaction to other ECM proteins, such as 

laminin-332, collagen type I and IV (Brittingham, Uitto and Fertala, 2006; Wegener, Paulsen and 

Seeger, 2014). After being exocytosed, procollagen VII fibres are organised in antiparallel dimers, 
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which are stabilised by disulphide bonds between the C-terminal domain and cysteines in the 

triple helix (Colombo et al., 2003). A cysteine knot in the N-terminal to collagen triple helix has 

been suggested to hinder collagen unfolding; this disulphide bond is also present in FACIT 

collagen type IX (Wegener, Paulsen and Seeger, 2014). Recessive dystrophic epidermolysis 

bullosa (RDEB) is a skin disorder that is caused by biallelic/null mutations in collagen VII and it is 

associated with epidermal tumours (Ortiz-Urda et al., 2005). RDEB-derived primary keratinocytes 

ǿŜǊŜ ǘǊŀƴǎŦƻǊƳŜŘ ǿƛǘƘ ƻƴŎƻƎŜƴƛŎ wŀǎ ŀƴŘ Lˁ.ʰΣ ŀƴ ƛƴƘƛōƛǘƻǊ ƻŦ ǘƘŜ bCˁ. ǇŀǘƘǿŀȅΣ ƛƴ ƻǊŘŜǊ ǘƻ 

study how mutations in collagen VII promoted tumorigenesis (Ortiz-Urda et al., 2005). 

Keratinocytes lacking collagen VII did not form tumours in nude mice, however mutant cells that 

conserved  the NC1 domain of collagen VII generated tumours (Ortiz-Urda et al., 2005).  

1.3.2.1.4. Transmembrane collagens 

Collagen XIII likely contains intrachain disulphide bonds in the NC4 domain (Snellman et al., 

2007). Disulphide bonds in collagen XIII have been described to participate in pepsin and 

trypsin/chymotrypsin resistance (Snellman et al., 2007). Collagen XIII expression is high in breast 

cancer and it promotes TGF-ʲм ǎƛƎƴŀƭƭƛƴƎ ƛƴ ŀ ʲм-integrin-dependent manner (H. Zhang et al., 

2018). In mice models, collagen XIII promotes metastasis and resistance to anoikis (H. Zhang et 

al., 2018).  
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Figure 1-6. (A) Collagen biosynthesis. ¢ƘŜ ǇǊƛƳŀǊȅ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ǇƻƭȅǇŜǇǘƛŘŜ ʰ-chains consists of the Gly-Xaa-Yaa repeats, 

where Xaa and Yaa are commonly proline and 4-ƘȅŘǊƻȄȅǇǊƻƭƛƴŜΦ Lƴ ǘƘŜ ŜƴŘƻǇƭŀǎƳƛŎ ǊŜǘƛŎǳƭǳƳΣ ǘƘǊŜŜ ǇƻƭȅǇŜǇǘƛŘŜ ʰ-chains 

assemble into a triple helix: procollagen. Once secreted, the N- and C-terminal propeptide chains are cleaved by a procollagen 

peptidase. Specific residues of the tropocollagen molecule undergo oxidative deamination by LOX. These residues are required for 

the formation of intra and inter crosslinks between tropocollagen molecules. (B) Proteolytic and oxidoreductase cleavage of 

human collagen IV. (1) The non-triple helix segment of collagen IV (interruption XIII) presents a stabilising intrachain disulphide 

bridge. (2) In vitro studies showed that the presence of the disulphide bond in interruption XIII confers resistance to its proteolytic 

cleavage. Pepsin action in this disulphide-linked non-collagenous loop does not result in loss of collagen IV structure. (3-5) 

Following the reduction of the collagen IV segment, it is possible to see the different peptides generated from pepsin cleavage.   

This reduction is mediated by PDIs. PDI-mediated reduction of the intrachain disulphide bond leads to disassembly of the non-

collagenous segment, which results in loss of ECM architecture (Adapted from Brazel et al., 1988). Collagen helix adapted from 

Servier medical art. 
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1.3.2.2. Laminins: Network basement membrane proteins  

Laminins are major BM glycoproteins that assemble into networks. This influences tissue 

architecture and cellular adhesion (Erhard Hohenester, 2013; Armony et al., 2016). Laminin 

molecules are cross-like shape heterotrimers (Engel et al., 1981)Σ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ƻƴŜ ʰ ŎƘŀƛƴΣ ƻƴŜ 

ʲ ŎƘŀƛƴ ŀƴŘ ƻƴŜ ʴ ŎƘŀƛƴ (Burgeson et al., 1994) (Figure 1-7). Laminins contain up to 12% cysteine 

residues which influence the formation of stabilising disulphide bonds (Karimi et al., 2016). The 

three laminin chains assemble together into a coiled-Ŏƻƛƭ ʰ ƘŜƭƛȄ ǎǘǊǳŎǘǳǊŜ ŀǘ ǘƘŜƛǊ /-termini (long 

arm of laminin) (Paulsson et al., 1985). The chains are covalently linked by 3 disulphide bonds 

towards the N-ǘŜǊƳƛƴŀƭ ƻŦ ǘƘŜ ʰ ƘŜƭƛȄ (Frenette et al., 1988) and another disulphide bond is 

present at the C-ǘŜǊƳƛƴŀƭ ƻŦ ʲм ŀƴŘ ʴм ŎƘŀƛƴǎ (Paulsson et al., 1985). 

In vitro, laminin-111 (Kammerer et al., 1995), laminin-211 (Nomizu et al., 1994) and laminin-332 

(Phan et al., 2008) ǊŜǉǳƛǊŜ ŦƛǊǎǘ ǘƘŜ ŀǎǎŜƳōƭȅ ƻŦ ʲ ŀƴŘ ʴ ƘŜǘŜǊƻŘƛƳŜǊΦ Lƴ ŘǊƻǎƻǇƘƛƭŀΣ ǘƘŜ ŘƛǎǳƭǇƘƛŘŜ 

ōƻƴŘǎ ōŜǘǿŜŜƴ ǘƘŜ ŘƛƳŜǊƛŎ ʲ ŀƴŘ ʴ ŎƘŀƛƴ ōŜŦŀƭƭ ǇǊƛƻǊ ʰ ŎƘŀƛƴ ŀǎǎŜƳōƭȅΤ ǿŜǊŜ ǘƘƛǎ ŘƛǎǳƭǇƘƛŘŜ bond 

ƴƻǘ ōŜ ǇǊŜǎŜƴǘΣ ǘƘŜ ʰ ŎƘŀƛƴ ǿƻǳƭŘ ƴƻǘ ŀǎǎŜƳōƭŜ (Kumagai, Kadowaki and Kitagawa, 1997). The 

C-terminal five G-ƭƛƪŜ ƎƭƻōǳƭŀǊ ό[Dύ ŘƻƳŀƛƴǎ ƛƴ ǘƘŜ ʰ ŎƘŀƛƴ ƳŜŘƛŀǘŜ ŀŘƘŜǎƛƻƴ ǘƻ ƘŜǇŀǊƛƴ ŀƴŘ ʰ 

calcium-ŘŜǇŜƴŘŜƴǘ ŀŘƘŜǎƛƻƴ ǘƻ ʰ-dystroglycan (Hohenester et al., 1999) (Figure 1-7). At the end 

ƻŦ ǘƘŜ ƭƻƴƎ ŀǊƳΣ ǘƘŜ [D ŘƻƳŀƛƴǎ ōƛƴŘ ǘƻ ƛƴǘŜƎǊƛƴǎΤ ǘƘŜ [Dо ŘƻƳŀƛƴ ƻŦ  ǘƘŜ ʰо ŎƘŀƛƴ ƻŦ ƭŀƳƛƴƛƴ-

оон ōƛƴŘǎ ǘƻ ƛƴǘŜƎǊƛƴ ʰоʲм (Shang et al., 2001) (Figure 1-7). The LG5 domain is conserved in the 

proteoglycans perlecan and agrin (Hohenester et al., 1999). The N-terminal domain is 

ŎƻƳǇŀǊŀōƭŜ ƛƴ ǘƘŜ о ƭŀƳƛƴƛƴ ŎƘŀƛƴǎ όʰΣ ʲ ŀƴŘ ʴύΦ ¢ƘŜ b-terminal domains are composed of a 

globular laminin domain (LN), followed by laminin-type epidermal growth factor-like (LE) repeats, 

in between which there may be additional laminin type IV (termed L4 and LF) domains 

(Hohenester, 2019). The high content of disulphide bonds on LN and LE domains results in 

resistance to proteolysis (Ott et al., 1982).  
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Figure 1-7.  Laminin structure. [ŀƳƛƴƛƴ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ  ŀƴ ʰ ŎƘŀƛƴΣ ŀ ʲ ŎƘŀƛƴ ŀƴŘ ŀ ʴ ŎƘŀƛƴ ǘƘŀǘ ŀǊŜ ŀǎǎŜƳōƭŜŘ ƛƴǘƻ ŀ ŎǊƻǎǎ-like 

shape. Within the basement membrane, laminin interacts with several proteins and cell receptors, including fibulin, perlecan, 

nidogen 1/2, collagen IV, integrins and dystroglycan (Adapted from Harvey and Thorner, 2005). Image created with items from 

the Servier medical art.  

1.3.2.3. Other ECM proteins 

1.3.2.3.1. Fibronectins 

Fibronectins are glycoproteins (Hynes and Yamada, 1982), which are formed by three types of 

homologous repeats (Patel et al., 1987). Fibronectin has twelve type I repeats, two type II repeats 

and fifteen to seventeen type III repeats (Pankov and Yamada, 2002). Fibronectins usually form 

a symmetric antiparallel dimer that is covalently linked by intramolecular disulphide bonds in its 

C-termini (Kar et al., 1993). Extracellular fibronectin stability and aggregation depends on 

disulphide cross-linking (McKeown-Longo and Mosher, 1983; Langenbach and Sottile, 1999). 

Interestingly, the twelfth type I repeat comprises a Cys-Asp-Asn-Cys sequence with protein 
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disulphide isomerase activity, which may be required to incorporate fibronectin into the ECM 

(Langenbach and Sottile, 1999). Similarly, quiescin sulfhydryl oxidase 1 (QSOX1) is required in 

fibronectin incorporation and organisation in the ECM (Javitt et al., 2019). Fibronectin expression 

is upregulated by the breast cancer cell line MDA-MB-231. In 3D suspension cultures, fibronectin 

expression upregulation depends on p38 activation. p38-dependent fibronectin expression 

facilitates attachment to two-dimensional ŎŜƭƭ ŎǳƭǘǳǊŜǎ ŦƻƭƭƻǿƛƴƎ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ƛƴǘŜƎǊƛƴ ʲр ŀƴŘ {ǊŎ 

(Park and Helfman, 2019). In the SW480 colorectal cancer cell, nicotinic-acetylcholine receptor 

mediates upregulation of cyclooxygenase 2 and fibronectin, which in turn promotes cell 

migration (Wei et al., 2011)Φ ʰрʲм ƛƴǘŜƎǊƛƴ ŀƴŘ ŦƛōǊƻƴŜŎǘƛƴ ŀǊŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ƛƴǾŀǎƛƻƴ of the human 

ovarian cancer cell lines SKOV3ip1 and HeyA8 (Kenny et al., 2014). In addition, as previously 

mentioned, fibronectin internalisation in the endometrioid ovarian cancer cell A2780, 

overexpressing Rab25, results in mTORC1 activation and invasive migration (Rainero et al., 2015).   

1.3.2.3.2. Tenascin-C 

Tenascin-C is a disulphide-bond crosslinked mesenchymal glycoprotein that forms hexamers, a 

structure known as hexabrachion (Chiquet-Ehrismann et al., 1986; Jones and Jones, 2000; 

Midwood et al., 2016; Chiquet, 2020). Tenascin-C also consists of EGF-like repeats (Zanuttin et 

al., 2004), which hinder cell adhesion on fibronectin by binding to the fibronectin type III repeats 

(Huang et al., 2001). Tenascin-C contains fibronectin type III-like repeats, which are easily cleaved 

by cathepsin G, leukocyte elastase and MMP1, MMP3, MMP7 (Imai et al., 1994; Siri et al., 1995). 

The fifth fibronectin type III repeat binds to several growth factors, such as PDGF, FGF, TGF-ʲΣ 

IGF-BPs, which may additionally promote cell proliferation, migration (De Laporte et al., 2013) 

and angiogenesis through VEGF (Tanaka et al., 2004). Tenascin-C possibly induces amoeboid-like 

migration and metŀǎǘŀǎƛǎ ōȅ ƛƴƘƛōƛǘƛƴƎ ¸!t ƛƴ ŀ ʰфʲм ƛƴǘŜƎǊƛƴ ƳŜŘƛŀǘŜŘ ƳŀƴƴŜǊ (Sun et al., 2018).  

1.3.2.3.3. Elastin 

Elastin is a highly cross-linked ECM protein on its lysine residues, similar to collagen (Pinnell and 

Martin, 1968). It is the most abundant component of elastic fibres and provides structural 

support and mechanical stretching (Vindin, Mithieux and Weiss, 2019). The monomeric unit of 

elastin fibres is tropoelastin and mutations on this gene can cause arteriopathies, cardiovascular 
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and pulmonary disease, skin disease and joint hypermobility (Callewaert et al., 2011). Elastin was 

reported to regulate proliferation and migration of colorectal cancer cells in culture. In 

ƳŀŎǊƻǇƘŀƎŜǎΣ ƛǘ ƛƴŎǊŜŀǎŜǎ ǎŜŎǊŜǘƛƻƴ ƻŦ ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ό¢bCʰύΣ ǿƘƛŎƘ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ 

inflammation in cancer (Li et al., 2020).  

1.3.2.3.4. Vitronectin 

Vitronectin is an ECM and plasma glycoprotein that participates in cell adhesion and migration 

upon integrin engagement (Seiffert and Smith, 1997). The N-terminal domain of vitronectin is 

known as somatomedin B and it provides a binding surface to stabilise plasminogen activator 

inhibitor-1 (PAI-1) activity and for the binding of the urokinase receptor (uPAR) (Kamikubo, 

Okumura and Loskutoff, 2002). Vitronectin further contains six hemopexin domains (Jenne and 

Stanley, 1987; Schvartz, Seger and Shaltiel, 1999); hemopexin is a glycoprotein that contains six 

intrachain disulphide bonds, which reduction is required for its proteolysis (Takahashi, Takahashi 

and Putnam, 1985). These hemopexin domains are also found in MMPs, where they have been 

described to regulate MMP activation and/or inhibition; for a review see (Piccard, Van den Steen 

and Opdenakker, 2007). 

1.3.2.3.5. Thrombospondins 

Thrombospondins are extracellular oligomeric glycoproteins that are classified into two 

subgroups: subgroup A/trimeric (thrombospondin 1 and 2) and subgroup B/pentameric 

(thrombospondin 3 to 5) (Adams and Lawler, 1993). The monomers contain an N-terminal 

domain, a coiled coil oligomerization domain, variable number of EGF-like repeats (type II), seven 

calcium binding TSR type 3 repeats and a globular C-terminus as reviewed in (Adams and Lawler, 

2004). Subgroup A additionally contains a von Willebrand Factor type C (VWC) domain and 

properdin thrombospondin repeats (TSR type I) (Adams and Lawler, 2004). The N-terminal 

heparin-binding domain of thrombospondin 1 associates with cell surface calreticulin, this 

triggers PI3K and subsequently FA disassembly in bovine aortic endothelial cells, bovine 

embryonic fibroblasts and the uterine smooth muscle cell line (Eker Leiomyoma Tumour-3; ELT-

3) (Goicoechea et al., 2000). Disassembly of FA is indispensable during cell migration (Hamadi et 

al.Σ нллрΤ 5Ω{ƻǳȊŀ et al., 2020). 
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1.3.2.4. Interactions within the ECM meshwork 

The extracellular space contains a complex meshwork of proteins, where ECM proteins, growth 

factors, remodelling enzymes and cell surface receptors interact. These interactions are required 

for ECM assembly and preservation of the tissue architecture. As a consequence, dysregulations 

in any of the ECM components can alter tissue homeostasis and lead to disease. The section 

above aimed to raise awareness of diversity of core matrisome proteins and their importance in 

disease. This section focuses on some of the interactions described between the different ECM 

components and how imbalances in their structure or protein-protein interactions result in loss 

of ECM architecture and may facilitate certain cancer cell behaviours: namely, invasive migration.  

1.3.2.4.1. Collagen interactions 

Collagens assemble into fibrils in vitro (Gross and Kirk, 1958), however in vivo or in fibroblast 

cultures, assembly of collagen type I and type III is chaperoned by fibronectin (Grinnell, 

Billingham and Burgess, 1981; McDonald, Kelley and Broekelmann, 1982; Kadler, Hill and Canty-

Laird, 2008), collagen V (Wenstrup et al., 2004; Moriya et al., 2011)Σ ʰрʲм ŦƛōǊƻƴŜŎǘƛƴ- ŀƴŘ ʰнʲм 

collagen-binding integrins (Li et al., 2003). Conversely, elongation of fibronectin fibril requires 

binding to collagen type I (Dzamba et al., 1993). Collagen and gelatin binding to fibronectin is 

dependent on the presence of disulphide bonds in type II fibronectin domains (Steffensen et al., 

2002); these domains decrease gelatinase (MMP-2 and MMP-9) activity (Steffensen et al., 2002). 

The triple helical region of collagens I, II, III, IV, V and VI bind to the hemopexin domain 1 and 2 

of vitronectin, which  binding partially impairs fibronectin binding to native collagen (Gebb et al., 

1986; Yoneda et al., 1998).  

Thombospondins can interact with several ECM proteins, such as fibronectin, laminin and 

collagens; for a review see (Tan and Lawler, 2009). Those interactions may be relevant to aid   

thrombospondin-mediated ECM assembly and remodelling (Frolova et al., 2012; Subramanian 

and Schilling, 2014; Yamashiro et al., 2020).  

The NC3 domain in fibril associated collagen XII interacts with the disulphide-linked trimer 

tenascin-X (Veit et al., 2006). This trimeric confirmation is required for ECM organisation by 
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bridging collagen fibrils, collagen associated fibrils, including collagen I, III, V, XII and XIV, and 

elastin (Lethias et al., 2006; Egging et al., 2007). Mutations in tenascin-X cause connective tissue 

disorders, such as Ehlers Danlos syndrome (characterised by joint hypermobility and skin and 

blood vessel fragility) (Kaufman and Butler, 2016). Tenascin-X expression is downregulated 

during tumorigenesis (Liot et al., 2020). Tenascin-X downregulation and mutations may disrupt 

the collagen fibril organisation within tumour stroma and facilitate invasion. Additionally, links 

have been made between tenascin-X overexpression and a reduction in MMP2 and MMP9 

expression (Yan et al., 2019), further supporting a role in ECM network disruption and invasion. 

The N- and C-telopeptides of collagen II are pyridinoline crosslinked to different sites of the triple 

helix COL2 domain of collagen IX in human, chick and bovine cartilage (Diab, Wu and Eyre, 1996). 

/ƻƭƭŀƎŜƴ ·L ŀǊŜ ŦǳǊǘƘŜǊ ŎǊƻǎǎƭƛƴƪŜŘ ōŜǘǿŜŜƴ ŜƛǘƘŜǊ ǘƘŜ ʰмό·Lύ ƻǊ ʰоόL·ύ /h[н ŘƻƳŀƛƴǎ ŀƴŘ ǘƘŜ 

ʰоόL·ύ /-terminal (NC1) domain (Diab, Wu and Eyre, 1996). Collagen II and IX polymerise together 

with collagen XI, which regulates collagen fibril thickness (Mendler et al., 1989). Collagen XI fibrils 

are crosslinked to one another between the N-telopeptide and the C-terminal of another collagen 

XI helix (Wu and Eyre, 1995). Collagen IX and XI are required to maintain tissue structure. 

Upregulationn of the TGF- -̡>Ets1->MMP3 axis by collagen XI in ovarian cancer promotes tumour 

growth, invasion and metastasis (Wu et al., 2014). Interestingly, degradation of collagen IX and 

XI by MMP3 causes defects in ECM architecture (Wu et al., 1991; Wu and Eyre, 1995). This 

suggests that keeping the homeostasis of the ECM is crucial; an imbalance in any of its 

components may cause a chain reaction that may affect contiguous ECM proteins. In fact, 

mutations in collagen IX destabilise the cartilage structure and have been associated with 

arthritis (Carlsen, Nandakumar and Holmdahl, 2006); a disbalance in collagen fibril structure 

further facilitates the access of anti-collagen II immunoglobulins (Carlsen, Nandakumar and 

Holmdahl, 2006). Similarly, mutations in collagen XI increase collagen type II degradation in 

cartilage (Rodriguez et al., 2004). Collagen XI has been related to tumorigenesis in multiple 

cancers, such as colorectal (Fischer et al., 2001), ovarian (Wu et al., 2014), neck squamous (Sok 

et al., 2013) and breast carcinomas (Vargas et al., 2012), among others.  
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1.3.2.4.2. Linking the gap: basement membrane- stroma interactions 

Collagen II fibres, as well as aggrecan and other procollagens, are connected to collagen VI 

microfibrils through linker complexes constituted by matrillin-1 and biglycan (Wiberg et al., 

2003); both proteins contain intrachain disulphide bonds in their structure (Wu and Eyre, 1998; 

Scott et al., 2004).  Matrillin-1 can contain additional interchain disulphide bridges with matrilin-

3 (Wu and Eyre, 1998). Mutations in biglycan cause osteopenia, the phenotype of which is similar 

to osteoporosis and premature arthritis (Chen et al., 2004). Biglycan is upregulated in many 

cancers, including pancreatic (Weber et al., 2001), gastric (Hu et al., 2014), ovarian (Kocbek et al., 

2014), colorectal (Xing et al., 2015) and prostate cancers (Jacobsen et al., 2017), and its 

expression correlates with tumour aggressiveness, invasion and metastasis. Biglycan expression 

in pancreatic cancer was proposed to act as tumour suppressor by arresting cancer cells in G1 

(Weber et al., 2001). Nevertheless, other studies indicated that biglycan correlates with poor 

survival in  pancreatic tumours (Aprile et al., 2013). In fact, it is worth mentioning that the breast 

cancer cell line MDA-MB-231 showed increased invadopodia and ECM degradation in G1 phase  

(Bayarmagnai et al., 2019), while invasive MKN45 stomach adenocarcinoma cell line showed 

resistance to chemotherapy in G1 (Yano et al., 2014). The differences observed between studies 

may be due to either early or late stage carcinomas. It could be that cell cycle arrest at early 

stages of tumour development is a mechanism to restrain tumour growth, but at later stages it 

may promote tumorigenesis.    

The N-ǘŜǊƳƛƴŀƭ ŘƻƳŀƛƴ ƻŦ ŎƻƭƭŀƎŜƴ ±L ʰо ŎƘŀƛƴ Ƙŀǎ ŦǳǊǘƘŜǊ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ǘƻ interact with other 

ECM proteins, such as heparin and hyaluronan (Specks et al., 1992). Other possible interactors of 

collagen type VI include collagen I, II and IV (Bonaldo et al., 1990; Bidanset et al., 1992; Kuo et 

al., 1997). Nonetheless, an in vitro study reported that collagen I does not bind to collagen VI 

(Specks et al., 1992); this difference may be on account of the experimental conditions used. 

Collagen VI has an important role in anchoring the BM components, such as collagen IV to the 

stromal ECM proteins, like collagen I (Figure 1-8). Upregulation of collagen VI and hyaluronan in 

breast (Wishart et al., 2020; Wu et al., 2020), pancreatic (Sugahara et al., 2006; Owusu-Ansah et 

al., 2019) and glioblastoma (Turtoi et al., 2014; J.-W. E. Chen et al., 2018) tumours promote 

cancer progression, invasion and dissemination. 
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Figure 1-8. Schematic representation of the ECM meshwork. A non-transformed epithelial cell interacting with basement 

membrane proteins, such as laminin and collagen IV. The diagram also represents other interactions between the basement 

membrane proteins, namely collagen IV to the stromal ECM Collagen VI and later collagen I.  



 

 

44 

1.3.2.4.2. Basement membrane ECM interactions 

Nidogen is a BM protein involved in supramolecular organisation since it complexes with laminin, 

collagen IV and perlecan (heparan sulfate proteoglycan) (Fox et al., 1991; Battaglia et al., 1992) 

(see Figure 1-7 and Figure 1-8). Nidogen consists of three globular domains: N-terminal G1 and 

G2 and the C-terminal G3 (Fox et al., 1991). The first two domains are connected through a 

flexible linker region, while the third domain is connected to G2 by rigid EGF-like repeats (Fox et 

al., 1991). The second domain binds to collagen IV and perlecan (Fox et al., 1991; Reinhardt et 

al., 1993). Nidogen binding to collagen IV and perlecan requires the presence of a disulphide loop. 

The G3 domain of nidogen-1 binds to the EGF-like repeats of the laminƛƴ ʴм ŎƘŀƛƴ (Mann, 

Deutzmann and Timpl, 1988; Fox et al., 1991; Gerl et al., 1991; Lössl et al., 2014). Complexes 

between laminin and nidogen partially protect against thrombin, leukocyte elastase and MMP3-

mediated proteolytic cleavage, in particular in the G3 domain (Mayer et al., 1993). The CpG 

islands of nidogen-1/2 promoter were shown to be aberrantly methylated in colon and gastric 

cancers, leading to loss of gene transcription. Loss of nidogen-1/2 may favour invasion and 

metastasis by weakening cell-BM interactions, as well as facilitating the degradation of the BM  

(Ulazzi et al., 2007). Similarly, degradation of nidogen by cysteine cathepsin S is associated with 

NSCLC (Willumsen et al., 2017). On the other hand, nidogen overexpression correlates with poor 

prognosis and it promotes lung metastasis of melanoma and breast cancer cells ό!ƭŜőƪƻǾƛŏ et al., 

2017). Nidogen-1 is increased in the serum of ovarian serous cancer (Li et al., 2015). 

Quiescin sulfhydryl oxidase 1 (QSOX1) is a disulphide bond catalyst found in the Golgi 

(Chakravarthi et al., 2007) or in the secretome of confluent quiescent culture fibroblasts 

(Coppock et al., 2000). QSOX1 is required for the ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ƭŀƳƛƴƛƴ ʰп ƛƴǘƻ ǘƘŜ 9/a 

network as QSOX1 deficient fibroblasts display reduced adhesion (Ilani et al., 2013). Laminin-411 

and laminin-421 have been described to promote cell migration in glioma, melanoma, pancreatic 

and other carcinomas (Nagato et al., 2005; Ishikawa et al., 2014), suggesting its role in building a 

pro-migratory ECM. Laminin-411 has also been described to promote tumour cell growth in 

glioma cells by increasing Notch signŀƭƭƛƴƎ ŀƴŘ ʲм-integrin (Sun et al., 2019).  Therapy using anti-

QSOX1 antibody alone or together with doxorubicin decreases the tumour volumes and 

metastasis in the B16F10 melanoma model and in the MDA-MB-231 xenograft model (Feldman 
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et al., 2020). These mice showed less weight loss and weakness  (Feldman et al., 2020). QSOX1 

could be a possible therapeutic target to modulate the laminin assembly into the ECM, as well as 

modulating laminin effects on cancer cells (Ilani et al., 2013). QSOX1 secretion is increased in 

CAFs and TGF-ʲм ǊŜƭŜŀǎŜŘ ōȅ ŎŀƴŎŜǊ ŎŜƭƭǎ ǎǘƛƳǳƭŀǘŜǎ v{h·м ǎŜŎǊŜǘƛƻƴ ƛƴ ƴƻǊƳŀƭ ŦƛōǊƻōƭŀǎǘǎ 

(Feldman et al., 2020). Alpha-ǎƳƻƻǘƘ ƳǳǎŎƭŜ ŀŎǘƛƴ όʰ-SMA) is a sign of an activated 

ƳƛŎǊƻŜƴǾƛǊƻƴƳŜƴǘΦ .ƭƻŎƪƛƴƎ ŀƴǘƛōƻŘƛŜǎ ŀƎŀƛƴǎǘ v{h·м ǊŜǎǳƭǘǎ ƛƴ ŀ  ŘŜŎǊŜŀǎŜ ƛƴ ʰ-SMA in 

myofibroblasts (Feldman et al., 2020).  

All above suggests the complex nature of ECM assembly and structure, as well as the relevance 

of ECM interactions in regulating ECM remodelling and degradation.  Maintaining the balance 

between the matrisome components is important for the architecture of the ECM, one 

disturbance in one of the proteins, such as the ECM linker complexes, can perturb the structure 

of the meshwork and lead to pathological conditions. ECM components and the surrounding cells 

are constantly interacting, producing signals that influence both the ECM and cells.   

The extent of ECM cross-linking can promote an invasive phenotype in cancer cells and can affect 

ECM remodelling (Pourfarhangi, Bergman and Gligorijevic, 2018). Tumour-associated stiffness 

and collagen cross-linking promote tumorigenesis in breast cancer, hepatocellular carcinomas, 

as well as in pancreatic ductal adenocarcinoma (PDAC) by augmenting mechanotransduction 

signals (Levental et al., 2009; Rice et al., 2017; Liu et al., 2020). Nonetheless, the ECM in cancer 

is regarded as a two-edged sword: the ECM not only promotes tumorigenesis but also represents 

a barrier to cell migration and invasion; as an example, the BM is the first obstacle carcinoma 

cells encounter prior to invasion (Rowe and Weiss, 2008). Further evidence that sustains the 

tumour suppressive role of the ECM is that compressive stress, as a result of high density ECM, 

limits multicellular spheroid growth (Delarue et al., 2014). Nonetheless, tumour cells display 

remodelling mechanisms to overcome the ECM barrier. Cancer cells are able to transmigrate and 

expand themselves through the BM and the surrounding stroma. The secretion or expression of 

proteases on the cell membrane is well-known to enable cancer cell movement and subsequent 

invasion (Hotary et al., 2006). Protease-mediated degradation is known as the extracellular 

degradation, which is most likely complemented by and co-exists with the lysosomal 

degradation, which involves endocytosis of ECM (Rainero, 2016). The reorganisation of the ECM, 
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together with its enzymatic-mediated degradation, promotes matrix expansion (or stretching), 

which is required for tumour growth and local invasion (Provenzano et al., 2006). However, these 

are complex processes that can be by-passed. Breast cancer cells, for example, can undergo 

mesenchymal to amoeboid migration when cell-matrix adhesions are hindered (Khoo et al., 

2019). Similarly, inhibiting ECM proteolysis induces invasive amoeboid phenotype in 

glioblastoma via Rho signalling activation (Yan et al., 2016).  

So far this section has discussed the structural aspects of the ECM and how imbalances in those 

have been associated with disease. The next part will focus on the mechanisms that cancer cells 

acquire in order to overcome the restrictive environment that the ECM can generate, focusing 

on the extracellular degradation.  

1.4. EXTRACELLULAR MATRIX DEGRADATION IN CANCER  

The most studied remodelling mechanism in cancer is degradation of ECM. Understanding the 

complexity of ECM remodelling mechanisms may open new avenues for therapeutically treating 

and preventing invasive growth and ultimately metastasis.  

1.4.1. Invadopodia: specialised structures for ECM degradation 

Following integrin-mediated adhesion to the ECM, cells of the monocytic myeloid lineage, 

osteoclasts, stimulated endothelial cells and cancer cells initiate the assembly of actin-rich 

protrusion inwards the ECM (Murphy and Courtneidge, 2011; Grafinger et al., 2020). These 

protrusions, known as invadosomes, possess proteolytic enzymes that facilitate directional 

migration by promoting ECM degradation (Murphy and Courtneidge, 2011). Invasive tumours 

and transformed cells display specialised invadosomes, called invadopodia (Chen, 1989; Murphy 

and Courtneidge, 2011).  

1.4.1.1. Signalling regulators of invadopodia  

TGF-ʲ (Rottiers et al., 2009), vascular endothelial growth factor (VEGF) (Wang et al., 2009; Lucas 

et al., 2010), hepatocyte growth factor (HGF) (Rajadurai et al., 2012) and epidermal growth factor 

https://paperpile.com/c/KOjCE0/7JPn8
https://paperpile.com/c/KOjCE0/7JPn8
https://paperpile.com/c/KOjCE0/7JPn8
https://paperpile.com/c/KOjCE0/9HPxj
https://paperpile.com/c/KOjCE0/9HPxj
https://paperpile.com/c/KOjCE0/9HPxj
https://paperpile.com/c/KOjCE0/9HPxj
https://paperpile.com/c/KOjCE0/aFjFK
https://paperpile.com/c/KOjCE0/aFjFK
https://paperpile.com/c/KOjCE0/aFjFK
https://paperpile.com/c/KOjCE0/uVfdV+Lce65
https://paperpile.com/c/KOjCE0/uVfdV+Lce65
https://paperpile.com/c/KOjCE0/uVfdV+Lce65
https://paperpile.com/c/KOjCE0/Lce65
https://paperpile.com/c/KOjCE0/uCpyZ+Lce65
https://paperpile.com/c/KOjCE0/uCpyZ+Lce65
https://paperpile.com/c/KOjCE0/bPapI
https://paperpile.com/c/KOjCE0/bPapI
https://paperpile.com/c/KOjCE0/bPapI
https://paperpile.com/c/KOjCE0/l9LHb+bBpHn
https://paperpile.com/c/KOjCE0/l9LHb+bBpHn
https://paperpile.com/c/KOjCE0/l9LHb+bBpHn
https://paperpile.com/c/KOjCE0/l9LHb+bBpHn
https://paperpile.com/c/KOjCE0/l9LHb+bBpHn
https://paperpile.com/c/KOjCE0/l9LHb+bBpHn
https://paperpile.com/c/KOjCE0/wgBsH
https://paperpile.com/c/KOjCE0/wgBsH
https://paperpile.com/c/KOjCE0/wgBsH


 

 

47 

(EGF) (Mader et al., 2011) trigger signalling cascades that result in Src kinase, PI3K and Rho family 

GTPases activation and positively regulate invadopodia formation  (Chen, 1989; Mader et al., 

2011; Yamaguchi et al., 2011; Spuul et al., 2014). Simultaneously, EGFR and HGF signalling 

increases transcription and secretion of MMPs, actin aggregation and integrin distribution, which 

hence leads to ECM degradation (Porther and Barbieri, 2015).   

Src, for instance, is a non-receptor tyrosine kinase that is frequently overexpressed and activated 

in many malignancies (Guarino, 2010). It is a well-known oncogene that has been described to 

promote ECM degradation and invasion (Guarino, 2010; Eckert et al., 2011). Src-mediated 

phosphorylation of cortactin, Arg/Abl tyrosine kinase and tyrosine kinase substrate with 5 SH3 

domains (Tks5) promote invadopodia assembly (Beaty et al., 2013). The presence of Tks5 

exclusively characterises invadopodia in cancer cells. Downregulation of Tks5 in Twist1- and Ras-

transformed mammary epithelial cells reduced local invasion and dissemination to the lungs; 

while it did not affect growth of the primary tumours (Eckert et al., 2011).  Accordingly, 

overexpression of cortactin in a non-metastatic hepatocellular carcinoma cell line increased 

metastasis (Chuma et al., 2004).  

1.4.1.2. Integrins and invadopodia  

LƴǘŜƎǊƛƴǎ ŀǊŜ ǘƘŜ Ƴŀƛƴ 9/a ǊŜŎŜǇǘƻǊǎΤ ǘƘŜȅ ŀǊŜ ƘŜǘŜǊƻŘƛƳŜǊǎ ŎƻƴǎǘƛǘǳǘŜŘ ōȅ ŀƴ ʰ ŀƴŘ ʲ subunit 

(see Figure 1-10 and section 1.5.1. Integrins).  Integrins sense the surrounding ECM and enable 

cells to respond to microenvironmental cues. Integrins facilitate cell adhesion, migration and 

invasion through the intricate ECM network; therefore, upregulated integrin expression leads to 

cancer invasion and vascular dissemination. Integrins cluster in invadoǇƻŘƛŀΣ ʲм-integrin in MDA-

MB-231 and MTLn3 breast adenocarcinoma cells is required for invadopodia maturation (Beaty 

et al., 2013)Φ ʲм-integrin was reported to induce Arg kinase activation, which stimulates cortactin 

phosphorylation at Tks5-positive invadopodia (Beaty et al., 2013). Cortactin phosphorylation 

leads to the recruitment of Na+/H+ exchanger type 1 (NHE1) (Magalhaes et al., 2011). NHE1 

activity induces an increase in the intracellular pH, which triggers release of cofilin from cortactin 

(Magalhaes et al., 2011).  Cofilin severs actin filaments and assists Arp2/3-complex dependent 

actin polymerisation to stabilise invadopodia (Oser et al., 2009; Magalhaes et al., 2011).  
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In breast and prostatic cancer cell lines, MDA-MB-231 and PC-о ǊŜǎǇŜŎǘƛǾŜƭȅΣ ʲм-integrin recruits 

integrin-linked kinase (ILK) upon engagement to the ECM (Greco et al., 2021). ILK recruitment to 

ʲм-integrin positive invadopodia activates NHE1, which leads to ECM proteolysis by acidification 

of the peri-invadopodia space (Greco et al., 2021). The latter may be important in cathepsin-

mediated ECM degradation (see section 1.4.3.1. Cathepsins: cysteine, serine and aspartyl 

proteases).  

Lƴ ƛƴǾŀŘƻǇƻŘƛŀΣ ʰоʲм ƛƴǘŜƎǊƛƴ ŀǎǎƻŎƛŀǘŜǎ ǿƛǘƘ ŦƛōǊƻōƭŀǎǘ ŀŎǘƛǾŀǘƛƻƴ ǇǊƻǘŜƛƴ όC!tʰύΣ ŀ ŎŜƭƭ ǎǳǊŦŀŎŜ 

protease that cleaves collagen I into smaller fragments following its digestion by MMP1 (Mueller 

et al., 1999; Fan et al., 2016)Φ Lƴ ŀŘŘƛǘƛƻƴΣ ʰоʲм ƛƴǘŜƎǊƛƴ ŜƴƎŀƎŜƳŜƴǘ ǘƻ ƭŀƳƛƴƛƴ-332 suppressed 

invadopodia-mediated degradation in 804G rat bladder carcinoma cells (Liu et al., 2010). 

tŀǊŀŘƻȄƛŎŀƭƭȅΣ ƪƴƻŎƪƛƴƎ Řƻǿƴ ƭŀƳƛƴƛƴ ʴн ŎƘŀƛƴ ōƻƻǎǘǎ ƛƴǾŀŘƻǇƻŘƛŀ ŀǎǎŜƳōƭȅΣ ŀǎ ǿŜƭƭ as 

invadopodia-mediated degradation (Liu et al., 2010). This suggests that specific ECM ligands may 

lead to the activation of distinctive signalling pathways, resulting in a unique biological outcome. 

However, more studies are required to understand the signalling cascades which are triggered 

by integrins in a context dependent manner.   

Conversely, integrins are also well-known to activate focal adhesion kinase (FAK), which was 

described to negatively regulate invadopodia formation by sequestering Src to FAs (Chan, 

Cortesio and Huttenlocher, 2009; Kolli-Bouhafs et al., 2014), while FAK-related proline-rich 

tyrosine kinase 2 (Pyk2), a non-receptor tyrosine kinase, was shown to recruit Src to nascent 

invadopodia in breast cancer cells (Genna et al., 2018).  

The ability of ECM degradation mediated by invadopodia resides in the proteolytic activity of 

MMPs, A disintegrin and metalloprotease (ADAM) and serine protease families. Of these 

proteases, MMPs are the most prominent family associated with invadopodia and ECM 

degradation in cancer cells. The next section highlights the role of MMPs and their ECM targets 

in cancer.  
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1.4.2. Matrix metalloproteinases  

MMPs are regarded as the main family of proteolytic enzymes involved in ECM degradation. 

MMPs are often associated with the PM: MMP-м ƛǎ ǊŜŎǊǳƛǘŜŘ ōȅ ʰнʲм ƛƴǘŜƎǊƛƴΣ ƳƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅΣ 

ʰн ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ǘƘŜ ƭƛƴƪŜǊ Ǉƭǳǎ ƘŜƳƻǇŜȄƛƴ domain of MMP-1, and MMP-9 associates with CD44 

(Yu and Stamenkovic, 2000; Stricker et al., 2001). Interestingly, association between MMP-7 and 

cholesterol sulphate shifts substrate binding preference, promoting degradation of pericellular 

laminin-332 and fibronectin (Yamamoto, Miyazaki and Higashi, 2010).  A balanced regulation of 

MMPs is required for normal tissue function (Ueno et al., 1997; Löffek, Schilling and Franzke, 

2011). Tissue inhibitors of metalloproteases (TIMPs) inhibit and regulate MMP activity (Gomez et 

al., 1997). Not only TIMPs regulate MMPs, but MMP regulation also occurs at: (i) transcriptional 

and post-translational level, (ii) PTMs, including citrullination, glycosylation and nitrosylation, (iii) 

pro-enzyme activation by cleavage of the pro-domain and (iv) compartmentalisation within the 

cell (Löffek, Schilling and Franzke, 2011; Boon et al., 2021). In cancer, the equilibrium becomes 

unbalanced, which results in increased ECM degradation, invasive growth and metastasis. 

Actually, expression of proteolytic enzymes, namely MMP family enzymes, positively correlates 

with tumour aggressiveness,  while low activity is observed in normal tissues (Gress et al., 1995; 

Murray et al., 1996; Zhang et al., 2008). Expression of MMPs is higher in both lymph node 

metastasis and dissemination to distal regions compared to ductal carcinomas in situ (Ueno et 

al., 1997).  

MMPs have been reported to participate at the initial stages of invasion by allowing cancer cells 

to invade through the BM and into the interstitial tissue (Bejarano et al., 1988; Zeng, Cohen and 

Guillem, 1999). Degradation by MMPs unravels diverse molecules (e.g. growth factors) that were 

immersed within the ECM. Decorin degradation, for instance, leads to release of TGF-ʲ (Imai et 

al., 1997). While TGF-ʲ ŀŎǘǎ ŀǎ ŀ ǘǳƳƻǳǊ ǎǳǇǇǊŜǎǎƻǊ ƛƴ ŜŀǊƭȅ ǎǘŀƎŜǎ ƻŦ ŎŀƴŎŜǊ ōȅ ƛƴŘǳŎƛƴƎ ŎŜƭƭ ŎȅŎƭŜ 

arrest and apoptosis, at later stages it can promote EMT, metastasis and chemoresistance (Colak 

and Ten Dijke, 2017). Simultaneously, TGF-ʲ Ƙŀǎ ōŜŜƴ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀŎǘƛƴ ǎǘǊǳŎǘǳǊŜǎ 

that resemble invadopodia and ECM degradation in human breast cancer cells (Mandal, Johnson 

and Wheelock, 2008).  TGF-ʲ ƛǎ ŀŘŘƛǘƛƻƴŀƭƭȅ ƛƳǇƭƛŎŀǘŜŘ ƛƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ǊŜƭŜŀǎŜ ƻŦ 
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collagenases, such as MMP-13, and plasminogen activators; which on the one hand stimulate 

collagenolysis-dependent angiogenesis and, on the other, they further activate latent MMPs 

(Edwards et al., 1987; Zijlstra et al., 2004; Santibanez, 2013). MMP-induced cleavage of ECM 

molecules may further uncover latent TGF-ʲ ŀƴŘ ƻǘƘŜǊ ƎǊƻǿǘƘ ŦŀŎǘƻǊǎ (Santibanez, 2013), as well 

ŀǎ ƘƛŘŘŜƴ 9/a ǊŜŎŜǇǘƻǊ ōƛƴŘƛƴƎ ǎƛǘŜǎΦ ʰǾʲоΣ ŦƻǊ ƛƴǎǘŀƴŎŜΣ ōƛƴŘǎ ǘƻ ŘŜƴŀǘǳǊŜŘ ŎƻƭƭŀƎŜƴ ǘƘǊƻǳƎƘ 

RGD binding sites, which are hidden within the collagen triple helix structure and are revealed 

following collagen denaturation (Davis, 1992). 

There are twenty four types of MMPs, which can be classified into different types depending on 

their substrate; collagenases (MMP-1, -8 and -13), gelatinases (MMP-2 and -9), stromelysins 

(MMP-3 and -10), matrilysins (MMP-7 and -26), and membrane-type (MMP-14, -15, -16, -17, -24 

and -25), among others; for a review see όWŀōƱƻƵǎƪŀ-¢ǊȅǇǳŏΣ aŀǘŜƧŎȊȅƪ ŀƴŘ wƻǎƻŎƘŀŎƪƛΣ нлмсύ.  

MMPs are highly specific: as an example, MMP-2 and MMP-9 are involved in the degradation of 

collagen type I and IV (Nikolov and Popovski, 2021). Actually, reducing MMP-2 expression results 

in inhibition of invasion, tumour growth and proliferation of laryngeal squamous cell carcinoma 

(Sun et al., 2008). Similarly, MMP-9 is highly expressed in laryngeal carcinoma, which results from 

a disbalance in TIMP-1 expression (Matulka et al., 2019). MT1-MMP (also known as MMP-14) 

enables cells to invade through high density cross-linked collagen I regions (Chun et al., 2006). Of 

note, MT1-MMP has been shown to have triple helicase activity and disrupt the secondary 

structure of collagen molecules, as well as inducing its partial proteolysis (Tam et al., 2004). On 

the contrary, MMP-2 is incapable of degrading densely crosslinked fibres, but it complements 

MT1-MMP to enable collagen cleavage into smaller soluble fibrils (Tam et al., 2004). In addition, 

MMP-2 is activated by MT1-MMP (Tam et al., 2002; Zigrino et al., 2016). This ratifies that MMPs 

cooperate to successfully degrade the ECM.  

The role of MMPs within the tumour microenvironment is complex: (i) Not only do cancer cells 

produce MMPs, but stromal cells, inflammatory and immune cells also contribute (Szabova et al., 

2008; Niland, Riscanevo and Eble, 2021). (ii) Some studies imply that there are anti-tumorigenic 

MMPs (MMP-3, -8, -9, -11, -12, -19 and -26). It has been reported that these play a role in 

inhibiting angiogenesis and metastasis in vivo (McCawley et al., 2004; Montel et al., 2004; 

Konstantinopoulos et al., 2008; Dufour and Overall, 2013). (iii) The role of MMPs is distinctive 
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depending on the cancer grade. Broad spectrum inhibition of MMPs is inefficient to promote 

tumour regression in clinical trials, this may be explained by the dual function of MMPs: 

promoting and inhibiting tumour progression (Devy et al., 2009). MMPs with anticancer functions 

should not be therapeutically targeted. MMP inhibition may be bypassed by alternative 

mechanisms. For instance, quintuple knockout of MMP in P6.p vulval precursor cells of the 

urinary tract in Caenorhabditis Elegans promotes acquisition of an adaptive mechanism to breach 

through the BM; actin-driven physical force enables cancer cells to breach through the BM by 

displacing it (Kelley et al., 2019). Particularly, these cells display large protrusions enriched in 

Arp2/3 complex, F-actin and mitochondria, which generates high levels of ATP (Kelley et al., 

2019). It may be possible that in the absence of MMPs, cancer cells display similar enlarged-actin 

protrusions (Strzyz, 2019).  

1.4.2.1. Regulation of MMPs through membrane trafficking  

Malignant cells exploit the endomembrane trafficking machinery to promote cancer invasion. 

MMP activity can be regulated via endocytosis from or recycling to the PM. MT1-MMP, for 

instance, was reported to be internalised in a clathrin-dependent and clathrin-independent 

manner, probably caveolin-mediated endocytosis (Remacle, Murphy and Roghi, 2003); in fact, 

Src-dependant phosphorylation of caveolin-1 and MT1-MMP is required for their interaction, 

which regulates MT1-MMP turnover (Nyalendo et al., 2007). Following its endocytosis, MT1-

MMP co-localises with EEA1 and Rab5, localising MT1-MMP in early endosomes  (Remacle, 

Murphy and Roghi, 2003). In addition, MT1-MMP can be recycled back to the PM through Rab4-

positive endosomes (Remacle, Murphy and Roghi, 2003). Moreover, MT1-MMP colocalises with 

CLIC3 in late endosome/lysosome; knocking down CLIC3, Rab27A and B inhibit rapid recycling of 

MT1-MMP (Macpherson et al., 2014). Primary cultures of invasive breast cancer cells using the 

PyMT model metabolise glutamine to glutamate (Dornier et al., 2017). Glutamate is released via 

the Xc antiporter and extracellularly activates the glutamate receptor GRM3, which promotes 

MT1-MMP recycling in a Rab27-dependent manner (Dornier et al., 2017). Additionally, vesicles 

containing MT1-MMP are propelled to mature invadopodia along microtubules via kinesins, 

including KIF1B, KIF5B and KIF3A/KIF3B (Schnaeker et al., 2004; Wiesner et al., 2010; Dong et al., 

2013; Wang et al., 2017). In highly invasive breast cancer, KIF5B was identified as upregulated, 
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along with MT1-MMP (Marchesin et al., 2015). This reinforces the important role of MMP 

ǘǊŀŦŦƛŎƪƛƴƎ ǳǇǊŜƎǳƭŀǘƛƻƴ ŀƴŘ ŎŀƴŎŜǊ ƛƴǾŀǎƛƻƴΦ LƴǘŜƎǊƛƴ ʲм- mediated adhesion to collagen I drives 

MT1-MMP polarisation and its exocytosis to the PM via Rab8 activation; reducing the expression 

of Rab8 results in decreased ECM degradation and invasion in MDA-MB-231 breast cancer cells 

(Bravo-Cordero et al., 2007). During invadopodia formation, Rab40b participates in the sorting of 

MMP-2 and MMP-9 into VAMP-4 secretory vesicles in MDA-MB-231 cells (Jacob et al., 2013). In 

the MCF-7 breast adenocarcinoma cell line, Rab27 is found at the fusion sites in the PM, where 

it mediates the last stages of MMP-9 exocytosis (Stephens et al., 2019). During constricted 

migration, the size of the matrix pore and lamin A expression, which modulates nuclear stiffness, 

coordinate pericellular collagenolysis in cancer cells (Infante et al., 2018). The linker of the 

nucleoskeleton and cytoskeleton (LINC) complex protein nesprin-2 and the dynein adaptor Lis1 

regulate the position of the centrosome, which contributes to the nucleo-anterior polarisation of 

MT1-MMP and Tks5 positive invadopodia (Infante et al., 2018).  

Frequent signalling pathways upregulated in cancer increase ECM degradation by affecting MMP 

trafficking; FAK/Src-mediated phosphorylation of Endophilin A2 inhibits endocytosis of MT1-

MMP in Src transformed cells (Wu et al., 2005). Conversely, MT1-MMP phosphorylation induces 

ƛǘǎ ƛƴǘŜǊƴŀƭƛǎŀǘƛƻƴΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ʰрʲм ƛƴǘŜƎǊƛƴΣ ǘƻ wŀōр ǇƻǎƛǘƛǾŜ ŜƴŘƻǎƻƳŜ (Williams and 

Coppolino, 2011)Φ ¢ƘŜ ŎƻƳǇƭŜȄ ŦƻǊƳŜŘ ōȅ ʰрʲ1 integrin and MT1-MMP is later trafficked to Rab7 

and VAMP7 endosomes (Williams and Coppolino, 2011). The authors suggest that MT1-MMP is 

then recycled back to the PM, which consequently enhances degradation of ECM (Williams and 

Coppolino, 2011). Of note, phosphorylation of MT1-MMP by Src has been shown to promote 

migration in culture, as well as invasion and tumour growth in mice (Nyalendo et al., 2007, 2008). 

Blocking MT1-MMP phosphorylation does not alter its proteolytic activity towards collagens and 

pro-MMP-2 (Nyalendo et al., 2008).  However, phosphorylation of the short cytoplasmic domain 

found in MT1-MMP is required for migration of the fibrosarcoma cell line HT-1080, human 

umbilical vein endothelial cells (HUVEC) and bovine aortic endothelial cells (BAEC) (Nyalendo et 

al., 2007). This supports the yet unexplored role of MT1-MMP in cancer, which is independent of 

its proteolytic activity (Nyalendo et al., 2007). The cytosolic domain of MT1-MMP recruits 

p130Cas to the PM of macrophages; this association contributes to Rac1 activation (Gonzalo et 
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al., 2010). In addition, MT1-MMP has been shown to regulate HIF-мʰ ŀƴŘ ŀŘŜƴƻǎƛƴŜ ǘǊƛǇƘƻǎǇƘŀǘŜ 

(ATP) production in macrophages (Sakamoto and Seiki, 2010).   

Factors other than MMPs play a role in the progression of cancer and invasion. The following 

section will outline other ECM proteolytic-based remodelling mechanisms used by cancer cells.  

 

 
Figure 1-9. Diagram of the mechanisms employed by cancer cells to degrade the ECM. Cancer cells possess several mechanisms 

to overcome the constraints that the ECM may generate. While the MMP-mediated extracellular degradation has been extensively 

studied, cancer cells upregulate other proteolytic enzymes, namely serine and cathepsin proteases. Additionally, cancer cells 

internalise the diverse ECM components and degrade them in the lysosomes by cysteine cathepsins. In addition, the ECM 

components are highly crosslinked by disulphide bonds. Invasive cancer cells upregulate cell surface expression of oxidoreductases 

and protein disulphide isomerases to complement the proteolytic extracellular degradation. Moreover, cancer cells do not only 

rely on extracellular proteases, but they can mechanically remodel the extracellular matrix through actin-mediated pulling forces.  
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1.4.3. Beyond the MMP monopoly: cathepsins, ADAMs, serine proteases and 

oxidoreductases  

1.4.3.1. Cathepsins: cysteine, serine and aspartyl proteases  

Cathepsins are proteolytic enzymes, categorised into three families: cysteine (cathepsin B, C, F, 

H, K, L, O, S, V, X and W), serine (cathepsin A and G) and aspartyl proteases (cathepsin D and E) 

(Patel et al., 2018; Yadati et al., 2020). Cathepsins were once regarded mainly as lysosomal 

proteases, having a key role in intracellular protein degradation and energy metabolism όCƻƴƻǾƛŏ 

and Turk, 2014; Yadati et al., 2020). These enzymes show highest activity and are active in acidic 

compartments, e.g. lysosomes (Patel et al., 2018; Yadati et al., 2020). However, it has become 

clear that cathepsins are secreted and expressed in the cell surface; interestingly, cathepsins 

remain functionally active in the extracellular space (Frosch et al., 1999; Roshy, Sloane and Moin, 

2003). Extracellular cathepsins are commonly found in pathology, such as cancer, neurological 

and cardiovascular disease (C.-L. Liu et al., 2018; Bunk et al., 2021).  

Acidification of pericellular space promotes redistribution of lysosomes towards the PM, which 

results in secretion of active cathepsin B by malignant cells (Rozhin et al., 1994). In the 

extracellular space, cathepsins are capable of degrading diverse ECM components όCƻƴƻǾƛŏ ŀƴŘ 

Turk, 2014) (Figure 1-9). In cancer, cathepsins have been identified to cleave targets such as 

tenascin-C, nidogen-1, fibronectin, osteonectin, laminin, periostin, collagen IV, collagen I and 

elastin (Guinec, Dalet-Fumeron and Pagano, 1993; Mai et al., 2002; Yasuda et al., 2004; Boraschi-

5ƛŀȊΣ нлмтΤ ±ƛȊƻǾƛǑŜƪΣ CƻƴƻǾƛŏ ŀƴŘ ¢ǳǊƪΣ нлмфύ. Their activity results in changes to both the ECM 

structure and, in addition, it affects ECM-related signalling pathways. Cathepsin B and X, for 

instance, have been shown to promote EMT in the breast cancer cell line MCF-7 όaƛǘǊƻǾƛŏΣ tŜőŀǊ 

CƻƴƻǾƛŏ ŀƴŘ YƻǎΣ нлмтύ.  Similarly, cathepsin B and cathepsin S have been shown to be involved 

in the progression of pancreatic ductal adenocarcinoma and gastric cancer, respectively 

(Gopinathan et al., 2012; da Costa et al., 2020), while increased expression of cathepsin B, D and 

S by microglial cells has been observed in Alzheimer's disease (Lowry and Klegeris, 2018).  Several 

cysteine cathepsins, including H, L, C, B and S are overexpressed during human papillomavirus 

HPV16-induced cervical carcinogenesis (Joyce et al., 2004).  
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In addition to cathepsins degrading ECM extracellularly, cysteine cathepsins are also involved in 

ECM degradation in the lysosomes following its endocytosis (Nazemi et al., 2021). Internalised 

ECM has been further described to be degraded by the proteasomes in pancreatic stellate cells 

to support PDAC cell growth in culture (Z. Zhu et al., 2020). Together with MMPs and cathepsins, 

there are other key enzymes that aid cancer cells to degrade the proteins that shape the 

surrounding stroma (Figure 1-9).  

1.4.3.2. Serine proteases, ADAM and ADAMTS family 

In addition to MMPs and cathepsins, other proteases orchestrate ECM degradation. Serine 

proteases have been involved in cell growth and differentiation (Rakash, 2012). Similar to MMPs, 

serine proteases are zymogens and they are activated by proteolysis (Rakash, 2012). The best 

characterised serine protease is trypsin, which plays diverse roles in food digestion, coagulation, 

atherosclerosis, inflammation and cancer (Eagle and Harris, 1937; Soreide et al., 2006; J.-Y. Shi et 

al., 2020). Trypsin is involved in colorectal carcinogenesis by promoting proliferation, invasion 

and later metastasis of colorectal cancer cells (Soreide et al., 2006).  It has additionally been 

associated in activation of protease cascades, leading to MMP activation. Fibrin, fibronectin and 

laminin, for example, have been identified to be degraded by thrombin and plasmin serine 

proteases (Liotta, Goldfarb and Terranova, 1981). Another type of serine proteases are 

Urokinase-type plasminogen activator, whose expression positively correlates with tumour 

invasion and metastasis (Henneke et al., 2010). Serine proteases can also be transmembrane 

proteins, such as matriptase, which is involved in progression of epithelial carcinomas, 

extracellular degradation of ECM and angiogenesis (Zoratti et al., 2015).  

Some ECM degrading enzymes have been shown to have anti-tumour properties or have a 

protective role in cancer. A disintegrin and metalloprotease with thrombospondin motifs 

(ADAMTS) and ADAMs, known together as adamalysins, are zinc-dependent metalloproteases, 

which are activated by furin (Przemyslaw et al., 2013). There are 19 ADAMTS and 21 ADAMs, the 

former are usually secreted while the latter are transmembrane proteins (Przemyslaw et al., 

2013). ADAMTS1, for example, is an anti-angiogenic and tumour protective protease in breast 

cancer (Martino-Echarri et al., 2013). ADAMTS1 expression is reduced in breast cancer; it 
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increases degradation of nidogen-1/2 and it ultimately affects vascular integrity (Martino-Echarri 

et al., 2013). Nevertheless, it could be that lower levels of this enzyme are required in the process 

of extravasation during metastatic dissemination. Similarly, ADAMTS15 and ADAMTS18 

expression is downregulated in breast, gastric, colorectal and pancreatic cancer (Porter et al., 

2006; Li et al., 2010). ADAMTS8 expression is higher in breast carcinomas (Porter et al., 2006).   

1.4.3.3. Protein disulphide isomerases, proteases and ECM degradation 

In malignancies, PDIs and endoplasmic reticulum chaperones are shuttled to the cell surface, 

where they are retained by C-terminal KDEL endoplasmic reticulum retention sequence (Bartels 

et al., 2019). Endoplasmic reticulum stress has been reported to trigger Src activation, which 

consequently phosphorylates ArfGAP with SH3 Domain, Ankyrin Repeat And PH Domain 1 

(ASAP1) (Tsai et al., 2018). This promotes the formation of a complex with Golgi-specific brefeldin 

A-resistance guanine nucleotide exchange factor 1 (GBF1), which enhances its activity and leads 

to phosphorylation of Arf1 (Tsai et al., 2018). The Src-ASAP1-GFB1-Arf1 axis or any downstream 

pathway promotes KDEL Receptor (KDELR) 1 dispersion and cell-surface relocalisation of 

endoplasmic reticulum chaperones, such as the chaperones GRP78/CD109 (Tsai et al., 2018). 

Similarly, Src- GBF1- Arf1 signalling was reported to promote relocation of GalNac transferases 

(GALNTs) from the Golgi to the endoplasmic reticulum: known as GALNTs Activation (GALA) 

pathway (Chia et al., 2020). Interestingly, the GALA pathway promotes traffic of the 

oxidoreductases calnexin and ERp57 (PDIA3) to the PM (Ros et al., 2020). The authors consider 

that oxidoreductase traffic from endoplasmic reticulum to the PM originates from a modification 

in the O-glycosylation status at the N-termini of calnexin (Ros et al., 2020). However, this raises 

the hypothesis that O-glycosylation in the endoplasmic reticulum may result in endoplasmic 

reticulum stress, which may consequently promote relocalisation of oxidoreductases to the PM. 

Concretely, PDIA3 and calnexin colocalise to invadopodia rosette-like structures, positive for 

cortactin, in v-Src transformed NIH/3T3 fibroblasts (Ros et al., 2020). The authors postulate that 

calnexin and PDIA3 on the surface of invadopodia catalyse the reduction of disulphide bonds in 

extracellular proteins (Ros et al., 2020), which therefore may affect the structure of the ECM 

meshwork. Reduction of disulphide bonds may enable the access of proteases, such as MMPs, to 

cleavage sites hidden within the protein conformation (see Figure 1-6B). Alternatively, PDI-
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mediated disulphide bond formation of MMP9 is involved in regulating its activity and secretion 

to facilitate ECM degradation, metastasis and tumour angiogenesis (Khan et al., 2012).  This 

suggests a potential role for PDIs in orchestrating ECM degradation at multiple levels, through 

direct interaction with the ECM meshwork and regulation of MMPs.   

1.4.4. Mechanical aspects of ECM degradation 

In addition to proteolytic degradation, mechanical forces produced by cells drive ECM 

degradation. Invadopodia exert oscillating mechanical forces on the ECM in the order of 3 to 5pN, 

which further supports the proteolytic degradation of ECM (Dalaka et al., 2020). Cross-linking is 

a PTM that modifies the mechanical properties of ECM and ECM-cell signalling. Heavily cross-

linked ECM was actually found to promote the formation of invadopodia (Pourfarhangi, Bergman 

and Gligorijevic, 2018). This study identified that medium levels of type 2 transglutaminase (TG2) 

cross-linking of collagen I (0.39 as a ratio of cross-linked lysines to total number of lysine residues) 

resulted in increased invadopodia protrusions, MT1-MMP delivery and utmost ECM degradation 

(Pourfarhangi, Bergman and Gligorijevic, 2018). Similarly, the mechanical stimuli increase 

proteolytic collagen degradation in pancreatic cancer upon activation of ROCK1/2 activity (Rath 

et al., 2017). Protease-independent mechanisms, i.e. mediated by matrix plasticity and actin 

polymerisation driven force, have been suggested to play an important role in cell invasion 

through covalently cross-linked BM (Wisdom et al., 2020). Conversely, in breast cancer the lysyl 

oxidase related enzyme (LOXL2) orchestrated invasion in vivo and in inverted transwell collagen 

plugs through upregulation of MMP9 and TIMP1 (Barker et al., 2011). 

Other forces may affect remodelling, such as the pulling forces induced by contractility of FA of 

tumour cells (Provenzano et al., 2006). The effects of these forces can be observed, for instance,  

when breast cancer cells radially re-organise collagen fibres, leading to facilitated migration and 

invasion at the tumour-stroma boundary in mouse breast tumour models (MMTV-Wnt-1 and 

MMTV-PyMT) (Provenzano et al., 2006). Integrins are the molecular mediators of these 

mechanical forces, connecting the ECM to the actin cytoskeleton via linker proteins, such as talin 

and vinculin (Hu et al., 2007) (Figure 1-9). This linkage to the actin cytoskeleton is known to be 

necessary during cell migration (Hu et al., 2007) but could also move ECM fibres. Using 
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fluorescence resonance energy transfer (FRET) to assess changes in fibronectin conformation, it 

has been observed that cytoskeletal tension is a requisite to disrupt or unfold fibronectin in 

culture (Baneyx, Baugh and Vogel, 2002). It is not clear yet if these forces may facilitate the 

unfolding and disentangling of ECM proteins and help ingest ECM proteins for its intracellular 

degradation in lysosomes.  

1.5. EXTRACELLULAR MATRIX RECEPTORS IN CANCER  

Another aspect to consider is that the cellular components can interrelate with the ECM through 

cell-surface receptors, such as integrins, syndecans, dystroglycan, discoid domain receptors and 

mannose receptors. These interactions facilitate proliferation, cell polarity and migration 

(Rainero, 2016) by transducing cellular signals and modulating gene transcription. These ECM-

binding receptors also collaborate on cell adhesion, actin cytoskeleton polymerisation and 

migration through the ECM (Frantz, Stewart and Weaver, 2010).  
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Figure 1-10.  Integrin heterodimers. wŜǇƻǊǘŜŘ ǇŀƛǊƛƴƎ ōŜǘǿŜŜƴ ǘƘŜ му ʰ- ŀƴŘ у ʲ- integrin subunits and the ECM ligand in 

mammalian cells (Adapted from Moreno-Layseca et al., 2019).  

1.5.1. Integrins  

Integrins are the main cell-surface receptors that mediate cell adhesion to the extracellular 

matrix (Hynes, 2002). FA containing integrins are in charge of transmitting extracellular cues to 

regulate cell adhesion, signalling and survival. Integrins are heterodimers, which form stable non-

ŎƻǾŀƭŜƴǘ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ŀƴ ʰ ǎǳōǳƴƛǘ ŀƴŘ ŀ ʲ ǎǳōǳƴƛǘ (Hynes, 2002; Humphries, Byron and 

Humphries, 2006). Both subunits are type I transmembrane proteins, which characteristically 

have a large extracellular domain, a single pass transmembrane helix and a short cytoplasmic tail 

(Calderwood, Shattil and Ginsberg, 2000)Φ Lƴ aŀƳƳŀƭƛŀƴ ŎŜƭƭǎ ǘƘŜǊŜ ŀǊŜ му ʰ-subunits anŘ у ʲ-

subunits, which combine into 24 different heterodimers that bind distinct ECM components 

(Hynes, 2002) (Figure 1-10). Some integrins are promiscuous and interact with several ECM 

ǇǊƻǘŜƛƴǎΣ ǎǳŎƘ ŀǎ ʰǾʲо όƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ŦƛōǊƻƴŜŎǘƛƴΣ ǘƘǊƻƳōƻǎǇƻƴŘƛƴΣ ŦƛōǊƛƭƭƛƴΣ [!t-TGF-ʲΣ 
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fibrinogen, vitronectin, PCAM-1, Tenascin, osteopontin, MFG-EB Del-1 and BStύΣ ʰпʲм όōƛƴŘǎ ǘƻ 

ŦƛōǊƻƴŜŎǘƛƴΣ ±/!aм ŀƴŘ ƻǎǘŜƻǇƻƴǘƛƴύ ŀƴŘ ʰнʲм όōƛƴŘǎ ǘƻ ŎƻƭƭŀƎŜƴǎΣ ƭŀƳƛƴƛƴǎ ŀƴŘ 

thrombospondins) (Humphries, Byron and Humphries, 2006; Moreno-Layseca et al., 2019). 

However, how do these integrins select ligand binding in complex environments? A recent study 

Ƙŀǎ ǎƘƻǿƴ ǘƘŀǘ ʰǾʲо ƛƴǘegrin preferably binds to vitronectin when simultaneously exposed to 

vitronectin and fibronectin (Bachmann et al., 2020). Interestingly, force-mediated 

conformational changes boost ligand promiscuity and its binding to fibronectin (Bachmann et al., 

2020). Other integrins, nonetheless, are highly specific and interact with a single ECM ligand; 

ʰрʲм ǎǇŜŎƛŦƛŎŀƭƭȅ ōƛƴŘǎ ǘƻ ǘƘŜ wD5 ǊŜǇŜŀǘǎ ƻŦ ŦƛōǊƻƴŜŎǘƛƴ (Humphries, Byron and Humphries, 

2006; Moreno-Layseca et al., 2019) (Figure 1-10).  

ECM engagement to the diverse integrin family triggers distinctive signalling pathways (Hughes 

et al., 1997; Schlaepfer and Hunter, 1997; Miranti and Brugge, 2002; Castelló-Cros et al., 2009); 

as a consequence, integrin expression and activation at the cell surface will lead to a unique 

biological outcome (cell migration, invasion, proliferation and differentiation) depending on the 

environment and the cell type (Castelló-Cros et al., 2009; Brafman et al., 2013; Hou et al., 2016; 

Bachmann et al., 2020).  

Integrin activity is regulated at different levels, namely integrin conformation, protein-protein 

interactions and its intracellular traffic (Moreno-Layseca et al., 2019). One way integrins are 

activated is through their binding to an extracellular protein, which results in recruitment of 

scaffold proteins, kinases and phosphatases to modulate cell behaviour. This is known as 

άƻǳǘǎƛŘŜ-ƛƴ ǎƛƎƴŀƭƭƛƴƎέ (Moreno-Layseca et al., 2019). Conversely, integrins can be activated 

ǘƘǊƻǳƎƘ άƛƴǎƛŘe-ƻǳǘ ǎƛƎƴŀƭǎέΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ǎƛƎƴŀƭƭƛƴƎ ǇǊƻƳƻǘŜǎ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ƻŦ 

ǘŀƭƛƴ ŀƴŘ ƪƛƴŘƭƛƴ ǘƻ ǘƘŜ ŎȅǘƻǇƭŀǎƳƛŎ ǘŀƛƭ ƻŦ ʲ ǎǳōǳƴƛǘǎ (Moreno-Layseca et al., 2019).  

Integrin function can be regulated by its endocytosis and recycling back to the cell surface (Figure 

1-11). Integrins are internalised via diverse endocytic pathways depending on integrin 

conformation, the ECM ligand and ECM stiffness. Integrƛƴ ʲо ǊŜŎǊǳƛǘǎ ǘƘŜ ŎƭŀǘƘǊƛƴ ŀŘŀǇǘƻǊ ǇǊƻǘŜƛƴ 

Dab2 on RGD (Arg-Gly-Asp) ligand-bound to mobile lipid bilayer, suggesting that clathrin-

mediated endocytic machinery is recruited in the absence of traction forces (Yu et al., 2015).  
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Clathrin-depenŘŜƴǘ ƛƴǘŜƎǊƛƴ ŜƴŘƻŎȅǘƻǎƛǎ Ƙŀǎ ōŜŜƴ ŜȄǘŜƴǎƛǾŜƭȅ ǎǘǳŘƛŜŘΦ LƴŘŜŜŘΣ ǎŜǾŜǊŀƭ ʰ ƛƴǘŜƎǊƛƴ 

ǎǳōǳƴƛǘǎ όƛΦŜΦ ʰнΣ ʰпΣ ʰфΣ ʰaΣ ʰ·Σ ʰ5Σ ʰ9Σ ʰоΣ ʰс ŀƴŘ ʰтύ Ŏƻƴǘŀƛƴ ŀ ǇǳǘŀǘƛǾŜ ¸ȄȄ̅ ƳƻǘƛŦ ό̅ ōŜƛƴƎ 

a leucine, isoleucine, methionine or a valine) that interact with the µ2 C-terminal subdomain of 

the AP2 complex (De Franceschi et al., 2016)Φ aǳǘŀǘƛƻƴ ƻƴ ¸ȄȄ̅ ƳƻǘƛŦ ƛƳǇŀƛǊŜŘ ŜƴŘƻŎȅǘƻǎƛǎ ƻŦ 

ʰн ŀƴŘ ʰп ƛƴǘŜƎǊƛƴ ƛƴ I9Yнфо ŀƴŘ a5!-MB-231 cells (De Franceschi et al., 2016).  Of note, 5µg/ml 

collagen I was used in this study, indicating that low collagen I concentrations may promote 

clathrin-ŘŜǇŜƴŘŜƴǘ ŜƴŘƻŎȅǘƻǎƛǎ ƻŦ ƛƴǘŜƎǊƛƴǎΦ aƻǊŜ ǊŜŎŜƴǘƭȅΣ ʰнʲм Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ 

endocytosed via the clathrin- and dynamin-independent endocytic (CLIC-GEEC) pathway on 

MDA-MB-231 cells seeded on 0.3mg/ml collagen I (Moreno-Layseca et al., 2021). This endocytic 

process is mediated by Rab21 (Pellinen et al., 2006), which binds the cargo-specific adaptor Swip1 

ŀƴŘ ʲм-integrin (Moreno-Layseca et al., 2021)Σ  ǿƘƛƭŜ ʰрʲм ƛƴǘŜƎǊƛƴ ŜƴŘƻŎȅǘƻǎƛǎ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ 

caveolin-1 (Shi and Sottile, 2008). Integrins can also be internalised via phagocytosis to mediate 

ŎƭŜŀǊŀƴŎŜ ƻŦ ŀǇƻǇǘƻǘƛŎ ŎŜƭƭǎ όʰǾʲо ŀƴŘ ʰǾʲрύ (Hanayama et al., 2002), as well as internalisation 

of ECM components  (see section 1.6. Internalisation of extracellular matrix). Ultimately, integrin 

ʲо Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ƛƴǘŜǊƴŀƭƛǎŜŘ Ǿƛŀ ƳŀŎǊƻǇƛƴƻŎȅǘƻǎƛǎΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ ŀ ǊŀǇƛŘ ŘƛǎŀǎǎŜƳōƭȅ 

of FAs (Gu et al., 2011)Φ {ƛƳƛƭŀǊƭȅΣ ʰрʲм ƛƴǘŜƎǊƛƴ Ŏŀƴ ōŜ ƛƴǘŜǊƴŀƭƛǎŜŘ Ǿƛŀ ŀ ƳŀŎǊƻǇƛƴƻŎȅǘƛŎ ǇǊƻŎŜǎǎ 

dependent on CYRI-A and CYRI-B (Le et al., 2021). The diverse mechanisms controlling integrin 

internalisation may be cell type specific, however, ECM concentration and stiffness could dictate 

the signalling pathways activated downstream of integrins, which in turn may promote activation 

of distinct endocytic pathways.  

Following internalisation integrins are trafficked to Rab5-positive early endosomes (Sandri et al., 

2012) (Figure 1-11); they can be later recycled back to the PM via Rab4  and Rab11 pathways 

(Roberts et al., 2001; Caswell et al., 2008). Additionally, integrins can be trafficked to lysosomes; 

ǘƘŜ ŎȅǘƻǇƭŀǎƳƛŎ ǘŀƛƭ ƻŦ ʰр ƛǎ ǳōƛǉǳƛǘƛƴŀǘŜŘ ŀƴŘ ʰрʲм ŀǎǎƻŎƛŀǘŜǎ ǿƛǘƘ ¢{DмлмΣ ŀ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ 

ESCRT complex in fibroblasts (Lobert et al., 2010).  Interestingly, internalised or endomembrane 

integrins are capable of recruiting FAK and other effectors and transmit intracytoplasmic signals, 

ƪƴƻǿƴ ŀǎ άƛƴǎƛŘŜ-ƛƴ ǎƛƎƴŀƭƭƛƴƎέ (Alanko et al., 2015). Additionally, integrins may also boost 

signalling of co-trafficking growth factor receptors (Ivaska and Heino, 2010). Interestingly, 

integrin signalling from early endosomes is essential for anchorage-independent survival and cell 
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growth of cancer cells, as well as dodging cell death in anchorage-dependent cells, a process 

known as anoikis (Alanko et al., 2015).   

      

Figure 1-11.  Integrin regulation at endosomal level. Traction forces and ligand availability trigger distinct endocytic pathways 

for the diverse integrin heterodimers. Once internalised, integrins fuse with Rab5-positive early endosomes (EE). They can be 

recycled in a Rab4-dependent manner (rapid/short loop recycling) and in a Rab11 and Rab25-dependent manner (slow/long loop 

recycling) or be traffic to late endosomes and lysosomes.  
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1.5.2. Other ECM receptors 

Other relevant ECM receptors include the mannose receptor uPARAP/Endo180, CD44, discoidin-

domain receptors (DDR) and syndecans.  

uPARAP (urokinase plasminogen activator receptor-associated protein), also known as Endo180, 

is a 180kDa transmembrane glycoprotein (Sheikh et al., 2000). It is expressed on fibroblasts, 

endothelial cells and macrophages (Sheikh et al., 2000). It has been described to cluster in 

clathrin-coated pits in fibroblasts in culture; while 10 to 30% localises to the cell surface, 70-90% 

co-localises with the transferrin receptor in intracellular vesicles (Sheikh et al., 2000). In addition 

to 8 C-type carbohydrate recognition domains, the receptor contains a putative collagen-binding 

fibronectin type II domain (Behrendt et al., 2000). The receptor binds several collagens, including  

collagen V,  collagen IV, collagen II, folded and denatured collagen I  (Behrendt et al., 2000; 

Wienke, MacFadyen and Isacke, 2003; Kjøller et al., 2004).  

CD44 is a transmembrane adhesion molecule that binds to hyaluronan (Vachon et al., 2006). It is 

involved in inflammatory and immune responses by inducing phagocytosis of apoptotic cells 

(Vachon et al., 2006). It mediates hyaluronan metabolism and induces phagocytosis of 

hyaluronan-coated beads in the murine macrophage RAW 264.7 (Vachon et al., 2006). 

Hyaluronan phagocytosis is dependent on Syk, Rac1 and phosphatidylinositol 3-kinase (Vachon 

et al., 2006). CD44 activates several signalling pathways that induce proliferation, survival, 

cytoskeleton changes and cell motility in cancer (C. Chen et al., 2018). As a result, the use of 

hyaluronan-coated nanoparticles has been proposed for targeting activated CD44 for cancer 

therapy (Guo, Yang and Gao, 2021).   

Discoidin domain receptors (DDR) are a distinctive subfamily of receptor tyrosine kinases (RTKs) 

that transduce a signalling cascade in response to collagens (Leitinger, 2014). Two kinases 

comprise the DDR subfamily: DDR1 and DDR2 (Leitinger, 2014). Alternative splicing of DDR1 gives 

rise to 6 different isoforms; DDR1a, DDR1b and DDR1c are full length and highly homologous, 

while DDR1d and DDR1e are kinase-deficient receptors (Alves et al., 2001; Fu et al., 2013). DDR1f 

contains the kinase domain but misses most of the extracellular domains (Müllenbach, Walter 

and Dressel, 2006). DDR1 recognises fibrillar and non-fibrillar collagens, such as collagen I and 
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type IV, while DDR2 only recognises fibrillar collagens, namely collagen type I and III (Vogel et al., 

1997; Xu et al., 2011). DDR1 is mainly expressed in epithelial tissues or cancers of epithelial origin, 

whereas DDR2 is expressed in mesenchymal cells or cancer of mesenchymal origin.  DDR1 

enhances invadosome assembly and MMP activity in cancer cells via Cdc42 (Juin et al., 2014). 

Furthermore, it has been described to promote collective migration of cancer cells and 3D 

amoeboid migration of Th17 cells (subpopulation of T helper cells) (Chow et al., 2016; El Azreq et 

al., 2016). Silencing DDR1 in elongated mesenchymal cells, such as the melanoma cell lines 

WM983A and A375P, decreases adhesion to collagen I (Sanz-Moreno et al., 2022). This induces 

amoeboid features that lead to amoeboid 3D invasion.  

Another important family of ECM receptors are syndecans. Syndecans are type I transmembrane 

proteoglycans that mediate cell-cell and cell-matrix interactions through glycosaminoglycan 

chains in the N-terminal domain (Afratis et al., 2017). There are four syndecan types classified 

into 2 subfamilies. Syndecan-1 and syndecan-3 belong to the same subfamily, while syndecan-2 

and syndecan-4 form another one (Couchman, 2003). Syndecan 1 is expressed in epithelial and 

plasma cells and its expression is altered in malignancies, such as myeloma, head and neck, lung, 

breast and colorectal carcinomas (Anttonen et al., 1999, 2001; Bayer-Garner et al., 2001; Wei et 

al., 2015; Chute et al., 2018). Upon binding to a ligand, syndecan-1 triggers ERK and Src 

phosphorylation leading to its internalisation in lipid-rafts (Chen and Williams, 2013). Syndecan-

1 has beŜƴ ŘŜǎŎǊƛōŜŘ ǘƻ ŀŎǘƛǾŀǘŜ ʰǾʲо ŀƴŘ ʰǾʲр ƛƴǘŜƎǊƛƴ ƘŜǘŜǊƻŘƛƳŜǊǎ ƛƴ ƘǳƳŀƴ ǾŀǎŎǳƭŀǊ 

endothelial cells, which thus promotes angiogenesis during tumorigenesis (Beauvais et al., 2009). 

Syndecan-2 is expressed in mesenchymal cells, including fibroblasts, smooth muscle cells and the 

mesenchymal breast cancer cell line MDA-MB-231 (Lim and Couchman, 2014; Afratis et al., 

2017). Its expression correlates with the metastatic potential or overall survival of head and neck, 

breast, colorectal  and pancreatic cancer (De Oliveira et al., 2012; Lim and Couchman, 2014; 

Farnedi et al., 2015). In colorectal carcinomas, syndecan-2 expression is increased following its 

interaction with stromal fibroblast ECM, especially fibronectin (Vicente et al., 2013). Syndecan-3 

is expressed in neural tissues and developing musculoskeletal tissues (Afratis et al., 2017). High 

syndecan 3 expression correlates with perineural invasion and poor prognosis of pancreatic 

carcinomas, while it promotes EMT in prostate cancer (Diamantopoulou et al., 2012; Yao et al., 
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2014). Syndecan-4 is ubiquitously expressed. High levels of syndecan-4 are associated with ER+ 

and PR+ breast tumours (Lendorf et al., 2011). Syndecan-4 can act as a co-ǊŜŎŜǇǘƻǊ ƻŦ ʰрʲм 

integrin ǘƻ ƳŜŘƛŀǘŜ tY/ʰ ŀŎǘƛǾŀǘƛƻƴΣ ǿƘƛŎƘ ƭŜŀŘǎ ǘƻ C! ŦƻǊƳŀǘƛƻƴ ŀƴŘ ŎŜƭƭ ƳƛƎǊŀǘƛƻƴ (Mostafavi-

Pour et al., 2003; Lendorf et al., 2011). Similarly, ADAM12 and syndecan-4 promote cell spreading 

Ǿƛŀ tY/ʰ ŀƴŘ wƘƻ! ƛƴ ŀ ʲм-integrin-dependent manner (Thodeti et al., 2003).  

The sections above have focused on the foremost endocytic pathways, core matrisome proteins 

and the main ECM receptors.  The following subsections comprise an overview of the described 

ECM endocytic pathways. 

1.6. INTERNALISATION OF EXTRACELLULAR MATRIX  

1.6.1. Collagen I internalisation  

Collagen internalisation is hitherto reported to be under the control of three endocytic pathways: 

ʲм-integrin-mediated phagocytosis, Endo180-dependent uptake and macropinocytosis (Madsen 

et al., 2011; Rainero, 2016; Yamazaki et al., 2020). The first is involved in the uptake of fibrillar 

collagen, while the latter is responsible for the endocytosis of soluble collagen (Madsen et al., 

2011). 

1.6.1.1. Integrin-mediated phagocytosis  

Phagocytosis is a cellular process in which large extracellular particles (> 0.5µm) or 

microorganisms are receptor- and actin-dependent internalised into large vesicles, named 

phagosomes (Coopman et al., 1996; Gordon, 2016). These vesicles eventually fuse to lysosomes 

and form phagolysosomes (Gordon, 2016)Φ tŀǊǘƛŎǳƭŀǊƭȅΣ ʰмʲм ŀƴŘ ʰнʲм ƛƴǘŜƎǊƛƴǎ ŀǊŜ ƛƳǇƭƛŎŀǘŜŘ 

in native collagen I binding and its subsequent phagocytosis in fibroblasts (Abraham et al., 2007). 

Further studies are however needed since these results were obtained by the uptake of collagen 

fluorescent beads, which may not be the best scenario to recapitulate the architecture of an in 

vivo ECM. 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ŘŜƴŀǘǳǊŜŘ ŎƻƭƭŀƎŜƴ L ŀŎǘƛǾŀǘŜǎ ʰǾʲо ƛƴǘŜƎǊƛƴ (Abraham et al., 2007) which evidences 

that collagen phagocytosis is strongly dependent on collagen morphology (Rainero, 2016). 
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Congruently with these findings, it has been suggested that the intricate 3D structure of the ECM 

may control internalisation (Rainero, 2016). 

Cells are attached to collagen through FAs, which are complex specialised adhesions constituted 

by integrins (Arora et al., 2013; Rainero, 2016)Φ  /ƻƭƭŀƎŜƴ L ǎǇŜŎƛŦƛŎŀƭƭȅ ōƛƴŘǎ ǘƻ ʰнʲм ŀƴŘ ƛƴŎǊŜŀǎŜǎ 

intracellular calcium concentration [Ca2+]i  via the activation of stretch-sensitive, calcium-

permeable channels (Arora et al., 2013; Rainero, 2016). Importantly, the increase in Ca2+ 

concentration in FAs recruit Gelsolin and non-muscle myosin IIA (NMMIIA) (Arora et al., 2013; 

Rainero, 2016) (Figure 1-12). 

On the one hand, NMMIIA is needed for the phagosome formation and, in addition, it plays a role 

in cell migration since it is an actin-based motor protein. Activation of the integrin-signalling 

pathway induces phosphorylation of the NMMIIA. More particularly, the myosin light chain (MLC) 

subunit is phosphorylated by Myosin light chain kinase (MLCK) and consequently filament 

assembly is enhanced. Besides, MLC phosphorylation allows the binding of the small GTPase Rap1 

ǘƻ baaLL! ŀƴŘ wŀǇм ŦǳǊǘƘŜǊ ŜƴƘŀƴŎŜǎ ʲм-integrin-mediated adhesion, which positively 

feedbacks collagen adhesion to cells (Arora et al., 2013) (Figure 1-12). 

On the other hand, gelsolin is a Ca2+-dependent actin-binding protein involved in filament 

nucleation (Arora et al., 2013), which is required for phagosome formation and collagen uptake 

to early endosomes (EEs) (Rainero, 2016). Further evidence suggests that an increase in [Ca2+]i 

and gelsolin activation are important for the activation of the small GTPase Rac. Rac belongs to 

the Rho small GTPase family and it plays a role in regulating the extension of filopodia and 

lamellipodia. More outstandingly, the latter is required in collagen phagocytosis and cell 

spreading (Arora et al., 2013) (Figure 1-12).   

In general, GTPases are regulated by guanine nucleotide exchange factors (GEFs) and GTPase-

activating proteins (GAPs), which stimulate its GTPase activity and, as a result, signalling 

terminates. During collagen phagocytosis, Src kinase mediates Vav2 GEF phosphorylation, 

subsequently activating Vav2, which enhances Rac1 activation (Arora, Marignani and McCulloch, 

2008). Interestingly, Src has been reported to be associated with gelsolin and activate gelosolin-
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downstream pathways (Chellaiah et al., 1998). Finally, collagen is degraded in the lysosome 

(Arora et al., 2013; Rainero, 2016) (Figure 1-12). 

More recently, it has been reported that DQ-fluorescein-conjugated collagen type I is internalised 

via macropinocytosis in cancer cells (Yamazaki et al., 2020). This process is dependent on Rac1 

(Yamazaki et al., 2020). Collagen I internalisation leads to mTOR activation and results in 

resistance against EGFR tyrosine kinase inhibitor treatment in the EGFR-mutated lung cancer cell 

line PC-9 (Yamazaki et al., 2020). 

1.6.1.2. Non-phagocytic pathway of collagen uptake: uPARAP/Endo180-dependent 

endocytosis 

Another significant collagen internalisation route that has been described is dependent on the 

mannose receptor uPARAP/Endo180  (Madsen et al., 2011). This receptor binds several soluble 

collagens, such as type I, IV and V (Rainero, 2016). Congruently, so that this specific endocytic 

pathway efficiently befalls, the collagen fibres must be previously cleaved by either MMPs or the 

cysteine protease cathepsin K  (Madsen et al., 2011). Collagen fragments then bind to the 

Fibronectin type-II domain of uPARAP/Endo180 (Engelholm et al., 2001) and trigger the 

activation of clathrin-mediated endocytosis (Madsen et al., 2011; Rainero, 2016). Following 

internalisation, collagen fragments are delivered to the lysosomes (Kjøller et al., 2004; Rainero, 

2016) where cysteine cathepsins degrade it (Mohamed and Sloane, 2006) (Figure 1-12). 

Moreover, the process not only requires of uPARAP, but also the assembly of a trimolecular 

complex with uPA receptor (uPAR) and the pro-form of the urokinase-type plasminogen activator 

(pro-uPA) (Engelholm et al., 2001; Mohamed and Sloane, 2006). uPAR is critical for the 

proteolysis of pro-uPA into active uPA and, more notably, the union of uPAR to uPA enables the 

conversion of plasminogen to plasmin. Plasmin degrades the ECM and releases active MMPs, 

thereby enhancing tumour invasion and metastasis (Noh, Hong and Huang, 2013) (Figure 1-12). 

Prominently, the trimolecular complex promotes directional cell migration in mammary cancer 

cells since it enhances filopodia and lamellipodia formation (Takahashi et al., 2011). Additionally, 
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uPAR promotes EMT in the breast cancer cell line MDA-MB-468 (Noh, Hong and Huang, 2013). 

Utilisation of uPA RNA interference (RNAi) prevented invasion, migration, proliferation and 

angiogenesis in glioma cells (Takahashi et al., 2011). 

uPARAP/Endo180 is highly expressed in several malignancies (Takahashi et al., 2011), while 

normal human mammary cells present low levels of uPARAP (Curino et al., 2005). More 

promisingly, uPARAP system could be considered as a novel therapeutic target in cancer because 

of its involvement in tumour progression and its expression in advanced tumours (Noh, Hong and 

Huang, 2013). 

1.6.2. Fibronectin internalisation  

Fibronectin polymerization into the ECM is vital to maintain the proper architecture, 

composition, stability and function of tissues (Sottile and Chandler, 2005). Fibronectin is also 

required for the correct deposition and maintenance of ECM proteins, such as collagen I, collagen 

III and fibrinogen (Sottile and Chandler, 2005; Rainero, 2016). It can interact with and regulate 

the deposition of glycoproteins found in the ECM (e.g. thrombospondin-1, tenascin C and fibulin) 

(Sottile and Chandler, 2005). More significantly, fibronectin fibrils regulate cell proliferation and 

migration (Sottile and Chandler, 2005).  Therefore, preservation of fibronectin homeostasis, both 

synthesis and degradation, is essential.  

ʰрʲм ƛƴǘŜƎǊƛƴ ƛǎ ǇŀǊŀŘƻȄƛŎŀƭƭȅ ǊŜǎǇƻƴǎƛōƭŜ Ŧƻr both fibronectin polymerization and caveolae-

mediated endocytosis of fibronectin (Rainero, 2016). More specifically, Cav-1 is constantly 

regulating fibronectin internalisation (Sottile and Chandler, 2005; Shi and Sottile, 2008; Rainero, 

2016) (Figure 1-12) and downregulating Cav1 results in inhibition of matrix and soluble 

fibronectin internalisation. Moreover, Cav1 has been reported to be a major modulator of cell 

migration by maintaining the homeostasis of fibronectin turnover (Shi and Sottile, 2008). 

/ƻƴƎǊǳŜƴǘƭȅΣ ƘƛƎƘ ƭŜǾŜƭǎ ƻŦ ʰрʲм ƛƴǘŜƎǊƛƴ ǇǊƻƳƻǘŜ Ƴƻǘƛƭƛǘȅ ŀƴŘ ǎǳǊǾƛǾŀƭ ƻƴ ƘǳƳŀƴ ŦƛōǊƻōƭŀǎǘǎ 

(Lobert et al., 2010). Other evidence suggests that soluble fibronectin can be endocytosed in 

ŀōǎŜƴŎŜ ƻŦ ʲм-integrins  (Shi and Sottile, 2008).  
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!ŦǘŜǊ ŜƴŘƻŎȅǘƻǎƛǎΣ ŦƛōǊƻƴŜŎǘƛƴ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ʰрʲм ƛǎ  ǘǊŀŦŦƛŎƪŜŘ ƛƴǘƻ ŜŀǊƭȅ ŜƴŘƻǎƻƳŜǎ and it is 

subsequently degraded in the lysosomal compartment (Lobert et al., 2010). Fibronectin-bound 

integrins are ubiquitinated, the ESCRT machinery is activated and drives formation of ILVs (Lobert 

et al., 2010; Rainero, 2016). Finally, fibronectin is degraded by lysosomal enzymes (Rainero, 2016) 

(Figure 1-12). 

1.6.2.1. Integrins, migration and fibronectin internalisation 

Cell migration requires the formation of new adhesion sites to the substrate at the leading edge 

and the loss of those at the trailing edge so that the cell detaches. Importantly, the process 

requires the recycling of integrins, which is regulated by Rab4, Rab11 or Rab25 small GTPases 

(Lobert et al., 2010)Φ ʰрʲм ǊŜŎȅŎƭƛƴƎ ǘƻ ǘƘŜ ǘƛǇ ƻf invasive protrusions is mediated by Rab Coupling 

Protein ς a Rab11 effector ς and it improves invasion in fibronectin-rich matrices (Caswell et al., 

2008). 

Other evidence nonetheless suggests that degradation of fibronectin-ŀŎǘƛǾŀǘŜŘ ʰрʲм ƛƴtegrins, 

after being sorted to the MVBs, is essential for the correct migration of fibroblasts (Lobert et al., 

2010). One possible explanation is that integrin degradation is balanced by boosting integrin 

synthesis, which would be important for the proper formation of functional adhesion sites. 

Another possibility is that both integrin and fibronectin degradation is needed to weaken integrin 

signalling since increased adhesion to the substrate and higher levels of ECM impair cell motility. 

bƻǘǿƛǘƘǎǘŀƴŘƛƴƎΣ ʰрʲм ƛƴǘŜƎǊƛƴ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ǘƻ ŘƛǊŜŎǘƭȅ ǊŜŎȅŎƭŜ ŦǊƻƳ ƭŀǘŜ ŜƴŘƻǎƻƳŜǎ ŀƴŘ 

lysosomes to the plasma membrane in the ovarian cancer cell line A2780, expressing Rab25, and 

in pancreatic tumours (Dozynkiewicz et al., 2012). Moreover, traffic to lysosomes of ligand-

ƻŎŎǳǇƛŜŘ ʰрʲм ƛƴǘŜƎǊƛƴ ƛǎ ǊŜǉǳƛǊŜŘ ŦƻǊ Ƴ¢hw/м ǊŜŎǊǳƛǘƳŜƴǘ ǘƻ ǘƘŜǎŜ ƻǊƎŀƴŜƭƭŜǎ (Rainero et al., 

2015); which links nutrient signalling to invasive migration and metastasis (Rainero et al., 2015). 

Lƴ ŀŘŘƛǘƛƻƴΣ ʰрʲм-positive ILVs may also be exocytosed as exosomes, which can later fuse to their 

own or vicinity membrane (Lobert et al., 2010). Importantly, exosome secretion can modify the 

tumour microenvironment and contribute to tumour growth, angiogenesis and metastasis. 

Indeed, ILVs secretion is controlled by cortactin, which also regulates cell motility and invasion 

(Sinha et al., 2016). Furthermore, cortactin has been related to the secretion of fibronectin- and 
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collagen I-containing exosomes (Sung et al., 2011; Rainero, 2016; Sinha et al., 2016). Remarkably, 

cell motility and lamellipodia are impaired in cortactin defective cells and, more outstandingly, 

autocrine secretion of ECM is fundamental in cell migration (Sung et al., 2011). Nonetheless, 

further studies are indispensable to unravel if those exosomes contain a modified form of ECM 

proteins. 

1.6.3. Laminin internalisation  

Laminins are the most abundant BM constituents (Leonoudakis et al., 2014; Rainero, 2016). BM 

is a vital modulator of tissue architecture and function (e.g. cell polarity, survival and hormone 

signalling); therefore, altering cell-BM interaction contributes to the progression of human 

diseases, such as cancer (Leonoudakis et al., 2014). Laminin-rich BMs are proteolytically 

degraded and, in addition, BM could be potentially remodelled by laminin internalisation 

(Rainero, 2016).  Importantly, uptake of extracellular matrix constituents is crucial for the 

regulation of cell function and its interaction with the microenvironment (Leonoudakis et al., 

2014).  
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Figure 1-12.  Schematic representation of ECM endocytic pathways. The diverse ECM ligands and their conformation will trigger 

ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŘƛǎǘƛƴŎǘ ƛƴǘŜƎǊƛƴǎΦ ²ƘƛƭŜ ǳƴŦƻƭŘŜŘ ŎƻƭƭŀƎŜƴ L όƎŜƭŀǘƛƴύ ƛǎ ǇƘŀƎƻŎȅǘƻǎŜŘ ƛƴ ŀƴ ʰǾʲо ƛƴǘŜƎǊƛƴ ƳŀƴƴŜǊΣ ŦƛōǊƛƭƭar 

ŎƻƭƭŀƎŜƴ L ƛǎ ƛƴǘŜǊƴŀƭƛǎŜŘ Ǿƛŀ ʰнʲмΦ 9ƴŘƻŎȅǘƻǎƛǎ ƻŦ ǎƻƭǳōƭŜ ŎƻƭƭŀƎŜƴ fragments is dependent on the Endo180 receptor and clathrin. 

CƛōǊƻƴŜŎǘƛƴ ƛǎ ŜƴŘƻŎȅǘƻǎŜŘ ƛƴ ŎŀǾŜƻƭŀŜ ŀƴŘ ʰрʲм ƛƴǘŜƎǊƛƴ ƳŜŘƛŀǘŜǎ ǘƘƛǎ ƛƴǘŜǊƴŀƭƛǎŀǘƛƻƴΦ  ʰрʲм ƛƴǘŜƎǊƛƴ ƛǎ ǘǊŀŦŦƛŎƪŜŘ ǘƻ ƭŀǘŜ 

endosomes, from where it can be secreted as exosomes. Interestingly, laminin internalisation has been reported to differ between 

cancer cells and normal cells. Normal cells internalise laminin through dystroglycan in a dynamin-ŘŜǇŜƴŘŜƴǘ ǇǊƻŎŜǎǎ ŀƴŘ ʲп 

ƛƴǘŜƎǊƛƴΣ ǿƘƛƭŜ ŎŀƴŎŜǊ ŎŜƭƭǎ ǊŜƭȅ ƻƴ ʰоʲм ƛƴǘŜƎǊƛƴ ǘƻ ǇƘŀƎƻŎȅǘƻǎŜ ƭŀƳƛƴƛƴ. Finally, the internalised molecules are degraded in the 

lysosomes. Multivesicular body, MVB. Early endosomes, EE.  

1.6.3.1. Normal mammary epithelial cells endocytose laminin in a Dystroglycan-

dependent manner 

Dystroglycan (DG) is a crucial regulator of laminin assembly and, in addition, Leonoudakis et al., 

2014 identified DG as the major receptor for laminin dynamin-dependent endocytosis in normal 

mammary epithelial cells (MECs). In those cells, laminin-111 is trafficked to MVBs of the late 

endosomes and it is later degraded in the lysosomes. More prominently, their findings suggest 

ǘƘŀǘ ƛƴǘŜƎǊƛƴǎ Řƻ ƴƻǘ Ǉƭŀȅ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǊƻƭŜ ƛƴ ǘƘŜ ƛƴǘŜǊƴŀƭƛǎŀǘƛƻƴ ƻŦ ƭŀƳƛƴƛƴ ƛƴ a9/ǎΣ ƘƻǿŜǾŜǊ ʲм-

integrins could be potential co-receptors in DG-dependent laminin endocytosis (Leonoudakis et 

al., 2014) (Figure 1-12).  
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Interestingly, DG loses its ability to bind laminin in multiple congenital muscular dystrophies and 

laminin binding is frequently defective in breast, prostate, colon and brain cancer. DG capacity to 

bind to laminin depends on its glycosylation status, specially, by the glycosyltransferase LARGE 

(Briggs et al., 2016). More promisingly, re-expression of this glycosylation enzyme in several 

carcinomas and glioblastoma cells restore the laminin-binding properties of DG (Leonoudakis et 

al., 2014).  

¢ƘŜǎŜ ǊŜǎǳƭǘǎ ŘƛŦŦŜǊ ŦǊƻƳ ǇǊŜǾƛƻǳǎ ƻƴŜǎ ƛƴ ǿƘƛŎƘ ǘƘŜ ǇǊƻƳƛǎŎǳƻǳǎ ǊŜŎŜǇǘƻǊ ʰоʲм ƛƴǘŜƎǊƛƴ 

mediated the phagocytosis of a collagenous matrix, such as gelatin, and Matrigel, a BM-like 

matrix in the malignant human breast carcinoma cell line MDA-MB-231 (Coopman et al., 1996) 

(Figure 1-12). Another possible endocytic process involved in laminin internalisation may be 

macropinocytosis (Rainero, 2016), which has also been described to internalise hyaluronan in 

melanoma cells (Greyner et al., 2010; Rainero, 2016). 

Considering all above, DG-mediated endocytosis may be vital for normal MECs homeostasis and 

ƛǘ ƛǎ ƘƻǿŜǾŜǊ ŎƻƳǇǊƻƳƛǎŜŘ ƛƴ ŎŀƴŎŜǊ ŎŜƭƭǎΣ ƛƴ ǿƘƛŎƘ ʰоʲм ƛƴǘŜƎǊƛƴ ƛǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƭŀƳƛƴƛƴ 

internalisation. Integrin-mediated laminin endocytosis is therefore concomitant with cancer 

progression (Rainero, 2016).  

1.6.3.2. Laminin internalisation supports cell survival under starvation conditions 

¦ƴŘŜǊ ǎǘŀǊǾŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎΣ ƭŀƳƛƴƛƴ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǘƻ ōŜ ƛƴǘŜǊƴŀƭƛǎŜŘ ƛƴ ŀƴ ƛƴǘŜƎǊƛƴ ʲп-

dependent manner in the non-transformed mammary epithelial cell line MCF10A. Laminin  is 

later transported to and degraded in the lysosomes, which provides the cells with essential amino 

acids and maintains cell survival (Muranen et al., 2017). Nonetheless, soluble laminin secreted 

by starved fibroblasts was used to test this hypothesis, which implies that tissue architecture is 

not recapitulated. Interestingly, their findings were additionally confirmed using mice models 

(Muranen et al., 2017). Moreover, collagen I, matrigel and CDM derived from TIFs and CAFs 

promote proliferation of the invasive breast cancer cell lines MDA-MB-231 and MCF10A-CA1 

(Nazemi et al., 2021). Interestingly, this study shows that the non-invasive breast cancer cell line 

MCF10A-DCIS relies on matrigel, a reconstituted BM, to proliferate under glutamine starvation 
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(Nazemi et al., 2021). Further investigation is however required in this field in order to elucidate 

the role and regulators of laminin uptake in undernourished breast cancer cells, such as glucose 

starvation and in hypoxia, highly characteristic of tumours.  

1.6.3.3. 67kDa laminin receptor (67LR) is linked to cancer progression 

Another well-known laminin receptor is 67LR, which is highly expressed in several malignancies 

and it is widely associated with invasion and metastasis (Montuori et al., 2016). 67LR was thought 

to play a role in cell adhesion to the ECM. A soluble peptide of the receptor, peptide G, increases 

adhesion to laminin, while it inhibits haptotaxis towards laminin (Taraboletti et al., 1993). These 

receptors are probably shed from the cell membrane to the surrounding stroma, where they may 

interfere in the contact between cancer cells and laminin (Karpatová et al., 1996).  

More recently, Gopalakrishna et al., 2018 showed that soluble laminin-1 and YIGSR peptide 

(sequence of laminin-м ʲм ŎƘŀƛƴ ǘƘŀǘ ōƛƴŘǎ ǘƻ ст[wύ ōƛƴŘ ǘƻ ст[w ŀƴŘ ƛƴŘǳŎŜ ƛǘǎ ƛƴǘŜǊƴŀƭƛǎŀǘƛƻƴ 

into early endosomes in Neuroscreen-1 cells.  Culturing Neuroscreen-1 cells in serum-depleted 

medium revealed that protein kinase A (PKA) and high levels of cAMP by increasing adenylyl 

cyclase signalling promote 67LR endocytosis (Gopalakrishna et al., 2018).  Under those 

conditions, internalisation of soluble laminin together with 67LR promotes cell survival and 

inhibits apoptosis. To confirm the results were mediated  by 67LR, the authors of the study used 

the YIGSR peptide (Gopalakrishna et al., 2018). Altogether, laminin internalisation through 67LR 

promotes sustained signalling that protects from cell death (Gopalakrishna et al., 2018). 

1.6.4. Elastin internalisation  

Elastin, an insoluble polymer of tropoelastin, is abundantly present and provides elasticity and 

mechanical strength to a wide range of tissues and organs, such as cartilages, lungs, skin and 

arteries. Likewise, the elastic tissue is tightly related to desmoplasia; indeed, elastins are copious 

in breast carcinoma ECM (Kao, Wong and Stern, 1982). 

Kao, Wong and Stern, 1982 showed that several human breast cancer cell lines presented a high 

elastolytic activity under serum free conditions. Remarkably, those cells also displayed 
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vacuolization and granularity of their cytoplasm (Kao, Wong and Stern, 1982). These results may 

suggest that breast cancer cells proteolyse elastin and they could potentially internalise it in order 

to supply nutrients to starved cells, similarly to laminin. Actually, elastin is extracellularly cleaved 

and internalised in elastosis conditions, in which elastin is abnormally accumulated. Skin 

fibroblasts exposed to UV light traffick elastin into lysosomes, where it is at least partly degraded 

by cathepsin K (Codriansky et al., 2009).  

1.6.5. The ECM meshwork - ECM internalisation in in vivo-like complex matrices 

PTMs can modulate the intracellular degradation pathway by affecting ECM-receptor 

binding/recognition.  Collagen IV glycosylation, for instance, has been reported to enhance 

Endo180-mediated endocytosis, which suggests a role of collagen glycosylation in ECM turnover 

(Jürgensen et al., 2011). ECM protein conformation can also impact on endocytosis; disulphide 

crosslinked multimeric vitronectin but not monomeric, for eȄŀƳǇƭŜΣ Ŏŀƴ ōŜ ǊŜŎƻƎƴƛǎŜŘ ōȅ ʰǾʲр 

integrin (Panetti and McKeown-Longo, 1993; Wilkins-Port and McKeown-Longo, 1998). 

Macrophages have been described to participate in ECM turnover during tissue remodelling and 

repair (Werb, Bainton and Jones, 1980; Jürgensen et al., 2019).  One way macrophages remodel 

the ECM is through its endocytosis. Tumour associated macrophages contribute to ECM 

degradation by upregulating cathepsins, collagenases and gelatinases, as well as mannose 

receptor endocytosis of collagen (Madsen et al., 2017).  Of note, this ECM degradation pathway 

is highly dependent on the ECM protein conformation, since phagocytosis of denatured collagen 

by macrophages during wound tissue remodelling is abolished  (Madsen et al., 2017). 

Nevertheless, phagocytosis of denatured collagen (gelatin) is rescued by fibronectin binding 

(Molnar et al., 1979). This highlights the importance of studying ECM internalisation using 

matrices that recapitulate in-vivo like conditions.  

Thrombospondin-1 has been reported to be internalised in a Endo180/uPARAP manner in dermal 

fibroblasts; and it is targeted for lysosomal degradation (Völker, Schön and Vischer, 1991; 

Nørregaard et al., 2022). Interestingly, heparin competitively binds to thrombospondin and 

inhibits its internalisation, however heparin does not block collagen I internalisation (Nørregaard 
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https://paperpile.com/c/KOjCE0/yLwHz
https://paperpile.com/c/KOjCE0/yLwHz
https://paperpile.com/c/KOjCE0/yLwHz
https://paperpile.com/c/KOjCE0/yQObW
https://paperpile.com/c/KOjCE0/yQObW
https://paperpile.com/c/KOjCE0/yQObW
https://paperpile.com/c/KOjCE0/WIXM1+VhVsd
https://paperpile.com/c/KOjCE0/WIXM1+VhVsd
https://paperpile.com/c/KOjCE0/WIXM1+VhVsd
https://paperpile.com/c/KOjCE0/WIXM1+VhVsd
https://paperpile.com/c/KOjCE0/VhVsd
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et al., 2022). The authors of this study did not report whether collagen I could compete and block 

thrombospondin internalisation by competing with the uPARAP receptor.  

The ECM meshwork is a complex environment, therefore it could be that interactions between 

ECM proteins could lead to the internalisation of more than one ECM component. Further 

research should focus on using intricate matrices, such as cell derived matrices from normal 

fibroblasts or CAFs, to unravel which components breast cancer cells internalise in a complex 

environment.   

1.7. AIMS AND OBJECTIVES OF THE THESIS  

Having a deep understanding of the mechanisms governing cancer dissemination and metastasis 

is fundamental for the development of targeted therapeutic strategies. As cancer cells migrate 

and invade through the surrounding stroma, escaping from the primary tumour, to successively 

intravasate into the blood or lymphatic vessels, they encounter an intricate ECM meshwork. 

Throughout this process, cancer cells degrade the surrounding ECM to facilitate invasive 

migration. Nonetheless, the ECM is not only a cellular scaffold but, in addition, it is a major 

signalling component for cell survival. Endosomal integrins engaged to the different ECM 

components are key in promoting the survival of cancer cells in the bloodstream or lymphatic 

system. Indeed, inside-in signalling from those integrins has been shown to suppress anoikis so 

that metastasis befalls (Alanko et al., 2015). More promisingly, dissemination can be impeded by 

obstructing any of the sequential steps needed in the process (Scully et al., 2012), such as cell 

migration and invasion. For this reason, a deep comprehension of the molecular mechanisms 

regulating ECM endocytosis in breast cancer cells may be crucial to prevent metastatic processes. 

This knowledge may be translated to develop novel cancer-specific therapies so that future 

patients can be beneficially treated and, therefore, reduce breast cancer mortality.  

 

https://paperpile.com/c/KOjCE0/VhVsd
https://paperpile.com/c/KOjCE0/VhVsd
https://paperpile.com/c/KOjCE0/TINeX
https://paperpile.com/c/KOjCE0/TINeX
https://paperpile.com/c/KOjCE0/TINeX
https://paperpile.com/c/KOjCE0/ZzajS
https://paperpile.com/c/KOjCE0/ZzajS
https://paperpile.com/c/KOjCE0/ZzajS
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Altogether, this project aims to elucidate the molecular mechanisms controlling ECM uptake in 

breast cancer and understand how ECM internalisation influences cell migration and invasion. In 

order to study the regulators of this process we aim to:  

  Develop a high throughput imaging-based screen. 

 Characterise the endocytic pathways controlling internalisation of ECM in breast cancer 

cells.  

 Identify the molecular mechanisms that promote traffic of ECM-bound integrins to 

lysosomes.  

 Investigate the signalling effectors that promote ECM internalisation in breast cancer 

cells. More promisingly, a kinase and phosphatase functional screen will unravel potential 

targets for the development of novel cancer therapies. 

 Explore whether endocytosis of ECM is required for breast cancer invasion, as well as 

migration.  

 Elucidate if ECM-bound integrin traffic to lysosomes is required for invasive growth in 

breast cancer.  

 Examine which integrin receptors and its corresponding ECM ligands are internalised in 

breast cancer cells using an unbiased mass spectrometry screen.   
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Chapter 2 ς Materials and methods 

2.1. MATERIALS 

2.1.1. Reagents and suppliers 

Table 2-1. Reagents and suppliers.  

Reagents Supplier 

0.45µm syringe filter Gilson 

0,22µm syringe filter Gilson 

10cm petri dishes Greiner bio-one 

T75 flask  Thermofisher 

6-well tissue culture plates Greiner bio-one 

12-well tissue culture plates Greiner bio-one 

PhenoPlate 96-well, black, optically clear flat-bottom 
96-well glass-bottom microplates 

Perkin Elmer 
Greiner bio-one 

PhenoPlate 384-well, black, optically clear flat-bottom 
(formerly named CellCarrier Ultra microplates) 

Perkin Elmer 

3.5cm glass-bottom dishes SPL Life Science 

Foetal bovine serum (FBS) Gibco 

Dialysed Foetal bovine serum (D-FBS) Gibco 

Horse serum (HS) Gibco 

Phosphate buffer saline (PBS) Gibco 

Phosphate buffer saline, containing calcium and 
magnesium (PBS++) 

Gibco and Sigma 

Distilled water Gibco 

RNase-free water Cleaver scientific and Horizon Discovery 

5X siRNA buffer Horizon Discovery by Perkin Elmer 

Antibiotic-antimycotic  Gibco 

Trypan Blue stain 0.4% Gibco by life technologies 
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Trypsin EDTA solution 1X Gibco 

0.5% Trypsin-EDTA solution 10X Gibco  

5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ ό5a9aύΣ ƘƛƎƘ 
glucose, pyruvate  

Gibco and HyClone 

5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ ό5a9aύΣ ƘƛƎƘ 
glucose, pyruvate and Glutamax 

Gibco 

5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ κ ƴǳǘǊƛŜƴǘ aƛȄǘǳǊŜ 
F12 (DMEM-F12) 

Gibco 

Epidermal growth factor (EGF) Sigma 

Hydrocortisone Sigma 

Insulin solution human  Sigma 

Opti-MEM (1X), reduced serum medium Gibco 

Dharmafect I  Dharmacon/Horizon Discovery by Perkin Elmer 

Dharmafect IV Dharmacon/Horizon Discovery by Perkin Elmer 

LipofectamineTM 2000 transfection reagent Invitrogen 

LipofectamineTM 3000 and p3000 transfection reagents Invitrogen 

Scienceware® cloning discs Sigma-Aldrich 

Dextran Rhodamine lysine fixable LifeTech 

Transferrin from human serum, Alexa FluorTM 555 Invitrogen 

BODIPYϰ FL C 5 -Lactosylceramide Thermofisher scientific 

Dimethyl sulfoxide (DMSO) Fisher Scientific 

E64d (Aloxistatin) Generon 

GM6001 MedChem express 

Bafilomycin A1 MedChem express 

5-(N-Ethyl-N-isopropyl)-Amiloride (EIPA) Sigma 

Dynasore Sigma 

MiTMAB Calbiochem 

Filipin Sigma 

Collagen I high concentration (HC) rat tail Corning 
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Matrigel basement membrane (BM) matrix, growth 
factor (GF) reduced 

Corning 

Laminin/entactin complex Corning 

Soluble collagen I Bio Engineering 

Methylcellulose  Sigma 

Gelatin Sigma 

Glutaraldehyde solution Sigma Aldrich 

Glycine Sigma 

L-ascorbic acid Sigma 

Ammonium hydroxide (NH4OH) Sigma 

Triton X-100 Sigma 

Deoxyribonuclease I /DN25 (DNase I) Sigma 

Phospholipase A2 (PLA2) Sigma 

Tween-20 Sigma 

Tris(hydroxymethyl)aminomethane (Tris) Sigma-Aldrich 

Sodium chloride Sigma-Aldrich 

Magnesium chloride Sigma-Aldrich 

Sodium deoxycholate Sigma-Aldrich 

NHS-fluorescein  Thermofisher 

EZ-LinkTM Sulpho-NHS-SS-Biotin Thermo Fisher Scientific 

Streptavidin Agarose conjugate beads Merck 

IRDye 680LT Streptavidin LiCOR Biosciences 

Alexa Fluorϰ 555 NHS Ester (Succinimidyl Ester) Invitrogen 

Alexa Fluorϰ 647 NHS Ester (Succinimidyl Ester) Invitrogen 

pHrodoTM iFL Red STP ester Thermo Fisher Scientific 

Formaldehyde 16% (w/v), Methanol-free (PFA) Thermofisher 

Saponin Sigma 

VECTASHIELD Antifade Mounting Medium with DAPI VECTOR laboratories 
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VECTASHIELD Antifade Mounting Medium without 
DAPI 

VECTOR laboratories 

Alexa FluorTM 488 Phalloidin Invitrogen 

Alexa FluorTM 555 Phalloidin Invitrogen 

Alexa FluorTM 647 Phalloidin Invitrogen 

Bovine serum albumin (BSA) Sigma 

NuPAGETM LDS Sample buffer (NuPAGE) Thermo Fisher 

4-15% Mini-PROTEAN precast polyacrylamide gels Bio-Rad 

Qia-Shredder columns QIAGEN 

FL-PVDF membrane IMMOBILON-FL 

Protease inhibitor cocktail Cell signalling 

Sodium hydroxide (NaOH) Fisher Chemical 

Dithiothreitol (DTT) Melford 

Sodium 2-mercaptoethanesulfonate  Sigma Aldrich 

Wizard Minicolumns Promega 

PierceTM C18 spin columns Thermo Fisher 

Iodoacetamide  Sigma Aldrich 
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2.1.2. Solutions 

Table 2-2. Recipes of solutions. 

Solutions Recipes 

Cell extraction buffer  20mM NH4OH, 0.5% Triton X-100 (v/v) in PBS with calcium and magnesium 

PLA2 extraction buffer 50mM Tris-HCl pH 8, 150mM NaCl, 1mM MgCl2, 1mM CaCl2, 0.5% sodium 
deoxycholate and 20U/ml PLA2 

SDS lysis buffer 1% SDS (v/v), 50mM Tris-Hcl pH7 

Loading buffer Cell lysate, 1mM DTT, 1X NuPAGE 

TBST 10mM Tris-HCl pH 7.4, 150mM NaCl, 0.1% (v/v) Tween-20  

Towbin buffer 10X 1.92M Glycine, 0.25M Tris 

Transfer buffer 10% Towbin buffer 10X, 20% methanol in deionised water 

Antibody dilution buffer Primary or secondary antibody, 1% (w/v) BSA and 0.1% (w/v) saponin in 
PBS 

Urea buffer 2M Urea prepared in HPLC-grade dH2O  

Ammonium bicarbonate solution 50mM Ammonium bicarbonate prepared in HPLC-grade dH2O 

TCEP  0.5M Tris(2-carboxyethyl) phosphine hydrochloride prepared in HPLC-grade 
dH2O 

Trifluoroacetic acid  0.1% trifluoroacetic acid prepared in HPLC-grade dH2O 

Trifluoroacetic acid /acetonitrile 0.1% trifluoroacetic acid and 50% acetonitrile prepared in HPLC-grade dH2O 

2.2. METHODS  

2.2.1. Cell culture 

The metastatic breast cancer cell line MDA-MB-231, telomerase-immortalised human dermal 

fibroblasts (TIFs) and cancer-associated fibroblasts (CAFsύ ǿŜǊŜ ƎǊƻǿƴ ƛƴ ƘƛƎƘ ƎƭǳŎƻǎŜ 5ǳƭōŜŎŎƻΩǎ 

modified Eagle medium (DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS), 

hereafter referred to as complete medium.  CAFs were extracted and derived from a breast 

ŎŀƴŎŜǊ ǘǳƳƻǳǊ ƛƴ tǊƻŦŜǎǎƻǊ !ƪƛǊŀ hǊƛƳƻΩǎ ƭŀō όtŀǘŜǊǎƻƴ LƴǎǘƛǘǳǘŜΣ aŀƴŎƘŜǎǘŜǊύΦ a/Cмл! ƛǎ ŀƴ 

immortalised mammary epithelial cell line, from which the premalignant MCF10AT cell line was 
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generated by H-Ras transformation (Dawson et al., 1996; Kadota et al., 2010). MCF10CA1a 

derives from poorly differentiated malignant xenografts tumours derived from MCF10AT (Rhee, 

Park and Jang, 2008; Kadota et al., 2010). MCF10A and MCF10CA1a cells were cultured in 

DMEM/F12 media supplemented with 5% Horse serum (HS), 20ng/ml EGF, 0.5mg/ml 

hydrocortisone and 10µg/ml insulin. The endometrioid ovarian cancer cell line A2780 

overexpressing Rab25, hereafter A2780-Rab25 cells, were cultured in RPMI media containing 

10% FBS. All cell lines were maintained at 37ºC in 5% CO2 and split every 3 to 4 days. To passage 

or split the cells, media was removed and cells were washed twice with phosphate buffer saline 

(PBS). Cells were then incubated with 0.25% (w/v) trypsin-EDTA for 2 to 5 minutes at 37ºC in 5% 

CO2. Following detachment of cells, cells were resuspended in complete medium and reseeded 

in tissue culture dishes.  

For long term storage, all cell lines were cryopreserved once they reached 80 to 90% confluency 

in a 10cm dish. Cells were trypsinized and resuspended in complete media, centrifuged at 1000 

rpm for 5 min at room temperature (RT). The pellet was resuspended in solution A (500µl), 

containing 50% complete media (250µl) and 50% FBS or HS (250µl), and pipetted into a cryovial. 

The same volume of solution B (500µl), which contained 80% FBS (400µl) or HS and 20% DMSO 

(100µl), was added drop-by-drop in the cryovial. The cryovial was mixed gently by inverting it and 

later stored in CorningϰCoolCellϰLX Cell freezing vial container at -80ºC for a few days. Vials 

were then transferred to liquid nitrogen (LN2 or N2 (l)).    

To recover the cells from cryopreservation, the cryovial was thawed in the water bath until fully 

thawed. The cell suspension was transferred into a 15ml falcon tube containing 5ml of complete 

media and spun down for 5 minutes at 1000 rpm. The supernatant containing DMSO was then 

removed. Afterwards, complete media was added and the solution was transferred into a 10cm 

dish. 

https://paperpile.com/c/KOjCE0/r0OQP+cUjKj
https://paperpile.com/c/KOjCE0/r0OQP+cUjKj
https://paperpile.com/c/KOjCE0/r0OQP+cUjKj
https://paperpile.com/c/KOjCE0/r0OQP+cUjKj
https://paperpile.com/c/KOjCE0/r0OQP+cUjKj
https://paperpile.com/c/KOjCE0/r0OQP+nrjPV
https://paperpile.com/c/KOjCE0/r0OQP+nrjPV
https://paperpile.com/c/KOjCE0/r0OQP+nrjPV
https://paperpile.com/c/KOjCE0/r0OQP+nrjPV
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2.2.2. 2.5D collagen I, matrigel and laminin endocytosis assay for confocal 

microscopy 

Collagen I, Matrigel and Laminin-111/Entactin were dissolved in ice-cold PBS to a final 

concentration of 1mg/ml for collagen I and matrigel and 2mg/ml for Laminin-мммκ9ƴǘŀŎǘƛƴΦ млл˃ƭ 

of each solution was used to coat a 35mm glass-bottom dish with the help of a pipette tip.  The 

coated ECM dishes were incubated at 37ºC and 5% CO2 for 1h for polymerisation. ECM dishes 

were labelled with 300µl of 10µg/ml NHS-fluorescein, 5µg/ml Alexa fluorϰ555 NHS ester or 

5µg/ml Alexa Fluorϰ647 NHS ester. The dishes were incubated for 1 hour at RT on gentle rocking. 

The chemical group NHS ester reacts with the primary amino groups of proteins, leading to the 

formation of an amide bond (Nanda and Lorsch, 2014). The labelled ECM dishes were washed 

twice with PBS prior to cell seeding. To avoid evaporation, PBS was added into each dish to keep 

in the incubator.  

2.2.2.1. Assessment of lysosomal degradation 

To assess lysosomal degradation, 3x105 MDA-MB-231 cells per dish were seeded on NHS-

fluorescein-labelled matrix in the presence of DMSO (control/vehicle) or 20µM E64d, a cysteine 

protein inhibitor that prevents lysosomal degradation. Cells were incubated at 37ºC in 5% CO2 

for 24 hours. Afterwards cells were fixed and stained for nuclei (DAPI) and the actin cytoskeleton 

(phalloidin); see section 2.2.12. Immunofluorescence.   

2.2.2.2. Assessing the role of MAPK inhibitors on 2.5D uptake  

MDA-MB-231 cells were serum starved overnight to block MAPK signalling. TrypLETM Express 

Enzyme, henceforth TrypLE, was used to detach cells, cells were neutralised with serum free 

media. TrypLE is a recombinant enzyme (animal origin-free) used for dissociating adherent cells 

by cleaving peptide bonds on the C-terminal side of lysines and arginines and it is more gentle on 

cells than trypsin (TrypLETM Express Enzyme (1X), phenol red, no date). 3x105 MDA-MB-231 cells 

per dish were seeded on the NHS-Alexa fluor 555-labelled matrix. MDA-MB-231 cells were 

treated with DMSO or two concentrations (10µM and 50µM) of SB203580 and SB202190.  Cells 

https://paperpile.com/c/KOjCE0/KAJuE
https://paperpile.com/c/KOjCE0/QeE1T
https://paperpile.com/c/KOjCE0/QeE1T
https://paperpile.com/c/KOjCE0/QeE1T
https://paperpile.com/c/KOjCE0/QeE1T
https://paperpile.com/c/KOjCE0/QeE1T
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were cultured in 5% FBS and incubated at 37ºC in 5% CO2 for 6 hours. Afterwards cells were fixed 

ŀƴŘ ǎǘŀƛƴŜŘ ŦƻǊ ƴǳŎƭŜƛ ŀƴŘ ʰн-integrin; see section 2.2.12. Immunofluorescence.   

2.2.3. Generation of cell-derived matrices  

Cell-derived matrices (CDMs) were generated as previously described (Kaukonen et al., 2017), 

see Figure 2-1. CDMs were generated either in a 10cm dish, a 35mm glass bottom dish, six-well 

plate, twelve-well plate, 8-well chamber or a 384-well plate. Tissue culture plates were first 

coated with 0.2% (v/v) gelatin for 1 hour at 37ºC. Following that time, plates were washed twice 

with PBS and crosslinked with 1% (v/v) sterile glutaraldehyde (dissolved in PBS) for 30 minutes at 

RT. Plates were thereafter washed twice with PBS and the remaining glutaraldehyde was 

quenched with 1M sterile glycine for 20 minutes at RT. Subsequently, plates were washed twice 

with PBS and equilibrated for 30min in complete medium at 37ºC. Confluent TIFs and CAFs were 

seeded onto the gelatin coated plates (Table 2.3). TIFs and CAFs were incubated at 37ºC in 5% 

CO2 until being fully confluent. The following day or the day after, the media was changed to 

complete media supplemented with 50µg/ml ascorbic acid, the media was refreshed every other 

day. TIFs and CAFs were kept secreting CDM for 9 days in a 10cm dish, six-well plate, twelve-well 

plate and 35mm glass bottom dish. While, only 7 days were required for CDM production in 384-

well plates. Following that time, cells were washed once with PBS containing CaCl2 and MgCl2 

(PBS++). Cells were incubated with the extraction buffer (20mM NH4OH and 0.5% triton X-100 in 

PBS++) for 2 to 5 minutes at RT until no visible cells remained. For the 384-well plates, cells were 

extracted twice for 2min. Extracted CDMs were subsequently washed twice with PBS++ and 

residual DNA was digested with 10µg/ml DNase I in PBS++
 at 5% CO2, 37ºC for 1h or overnight for 

the 384 well plates. CDMs were then washed with PBS++ and stored at 4ºC in PBS++ supplemented 

with 1% Penicillin/Streptomycin.  

https://paperpile.com/c/KOjCE0/y7Pye
https://paperpile.com/c/KOjCE0/y7Pye
https://paperpile.com/c/KOjCE0/y7Pye
https://docs.google.com/document/d/1m2tVlLF7ji-P1BwmPvjKh6PcbwHkRbfCrX0CPwWFCEM/edit#bookmark=id.uax9r9esps95
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Figure 2-1. Schematic diagram for generation of CDMs. Once TIFs or CAFs reach confluency, cell media is supplemented with 
50µg/ml ascorbic acid. Cell media is refreshed every other day for a period between 7 to 9 days. CDMs are extracted with 20mM 
NH4OH and 0.5% Triton X-100, subsequently DNA is digested with 10µg/ml DNase I. Image made using items from Servier medical 
Art.  

Table 2-3. Cell seeding values for generation of cell derived matrices. 

Plate/dish type Cell seeding numbers Volume  

35mm 5x105 cells/well Between 1ml to 1.5ml 

12-well plate 2.5x105 or 3x105 cells/well 1ml 

6-well plate 5x105 cells/well 1.5ml 

8-well chamber 104 cells/well 200µl 

384-well plate 3000 cells/well  50µl  

2.2.3.1. CDM endocytosis assay  

CDM dishes were labelled with 300µl (for 35mm glass-bottom dishes) and 30µl/well (384 well 

plate) of 20µg/ml pHrodoTM iFL Red, succinimidyl ester; hereafter, pHrodo. The dishes were 

incubated for 1 hour at RT on gentle rocking. The chemical group STP ester reacts with the 

primary amino groups of proteins, leading to the formation of an amide bond (Nanda and Lorsch, 

2014). The labelled ECM dishes were washed thrice with PBS prior to cell seeding. To avoid 

evaporation, PBS was added into each dish to keep in the incubator. 3x105 MDA-MB-231 cells 

per 35mm glass-bottom dish, 105 MDA-MB-231 or A2780-Rab25 cells/well per 8-well chamber 

and 104 cells/well per 384 well plate were seeded on labelled CDM in presence of vehicle or the 

inhibitors. Cells were incubated at 37ºC in 5% CO2 for a period of 6 hours for assessment of 

endocytosis experiments or 24-hour experiments for experiments related to lysosomal 

https://paperpile.com/c/KOjCE0/KAJuE
https://paperpile.com/c/KOjCE0/KAJuE
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degradation. After the time period, cells were labelled with 1µg/ml hoechst to visualise the nuclei 

and imaged live.  

2.2.3.2. Assessing the role of inhibitors on CDM uptake  

For 384-well plates, 104 MDA-MB-231 cells per well were seeded on pHrodo-labelled CDM. For 

35mm glass-bottom dishes, 3x105 MDA-MB-231 and A2780-Rab25 cells were seeded per dish. 

For endocytic inhibitors, cells were cultured for 6 hours in the presence of DMSO, 20µM 

dynasore, 40µM dynasore, 3.75µg/ml filipin, 5µg/ml filipin, a combinatory inhibition with 20µM 

dynasore and 3.75µg/ml filipin, 25µM EIPA and 35µM EIPA. Inhibitors were added 2h after 

seeding the cells. For E64d experiments, cells were cultured for 24h in the presence of DMSO and 

20µM E64d. For E64d and GM6001 experiments, cells were cultured in the presence of either 

DMSO, 20µM E64d or 10µM GM6001. E64d and GM6001 inhibitors were added 2h after cell 

seeding. For MAPK inhibitors, MDA-MB-231 and A2780-Rab25 cells were serum starved 

overnight to block MAPK signalling. Cells were detached with TrypLE and neutralised with serum 

free media. Cells were cultured in 0% FBS for 6h in presence of DMSO and SB203580, SB202190, 

FR180204 and PD98059. Three concentrations were used: 2µM, 10µM and 50µM. These 

inhibitors were added at the moment of seeding or after 2h. Cells were stained with hoechst and 

imaged live. A 40X water-immersion objective from an Opera Phenix microscope was used for 

imaging. Additionally, for MDA-MB-21 cells, 10µM and 50µM SB203580 and SB202190, were also 

tested in 5% FBS conditions for 6 hours (added during cell seeding). For A2780-Rab25 cells, 10µM 

and 50µM SB202190 were assessed. A 60X oil-immersion objective of the Nikon A1 confocal 

microscope was used.  

2.2.3.3. Cell migration assay in CDM  

For inhibitor experiments, cells were serum starved for 16 to 18h. Cells were detached using 

TrypLE and neutralised with serum free media.  5x104 MDA-MB-231 cells per well were seeded 

into a CDM-coated 12-well plate. Migration experiments were carried with 5% FBS DMEM. 

DMSO, MAPK inhibitors (10µM and 50µM SB202190 and SB203580) and EphB4 inhibitor (1µM 

NVP-BHG712) were added at the moment of cell seeding, however cells were allowed to adhere 
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ŦƻǊ п ƘƻǳǊǎ ōŜŦƻǊŜ ŀŘŘƛƴƎ ǘƘŜ ʰн-integrin inhibitor, BTT-3033 (final concentration 10µM). Time-

lapse imaging was done after a 6h-incubation with the MAPK inhibitors or 2h-incubation with 

BTT-3033. For knockdown experiments, cells were plated in complete media; cells were allowed 

to adhere for 6h before imaging.  

Plates were imaged in Nikon dual cam widefield live-cell system microscope with a 10X/NA 

objective. Cells were incubated at 37ºC and 5% CO2; images were acquired every 10 minutes for 

at least 7h (more than 40 cells per well were quantified). Individual cell migration was manually 

tracked using MTrack2, a plugin found in ImageJ. The chemotaxis tool plugin in Image J 

(https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html) was used to 

calculate velocity and directionality of migrating cells.  

2.2.4. Transferrin uptake  

35mm glass-bottom dishes were coated with 100µl of 0.1mg/ml collagen I for 1h at 37ºC and 5% 

CO2. 1 ml PBS was added on top of the dishes and dishes were kept overnight. The following day, 

3x105 MDA-MB-231 cells were seeded on collagen-coated dishes for 6h and then pre-treated for 

олƳƛƴ ǿƛǘƘ о ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ŘȅƴŀƳƛƴ ƛƴƘƛōƛǘƻǊǎΥ 5a{hΣ мл˃aΣ нл˃aΣ 

пл˃a 5ȅƴŀǎƻǊŜ ƛƴ н҈ C.{ ŀƴŘ I2hΣ мр˃aΣ нр˃aΣ ор˃a aƛ¢a!.Φ CƻƭƭƻǿƛƴƎ ǇǊŜ-treatment, cells 

ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ р˃ƎκƳƭ ¢ǊŀƴǎŦŜǊǊƛƴ ŦƻǊ ŀƴƻǘƘŜǊ олƳƛƴΦ /Ŝƭƭǎ ǿŜǊŜ ǘƘŜƴ ŦƛȄŜŘ 

with 4% paraformaldehyde and stained with Phalloidin Alexa Fluor 647 to visualise F-actin and 

DAPI for the nuclei. Cells were imaged with a 60X objective Nikon A1 confocal microscope. Image 

J was used to analyse Transferrin uptake index.  

2.2.5. Lactosylceramide uptake  

3x105 MDA-MB-231 cells were seeded on 35mm glass-bottom dishes coated with 0.1mg/ml 

collagen I for 6h. Cells were then pre-treated with DMSO, 2.р˃ƎκƳƭΣ оΦтр˃ƎκƳƭ ŀƴŘ р˃ƎκƳƭ CƛƭƛǇƛƴ 

for 30min. Media was then aspirated and cells were further incubated for 10min on ice with ice-

cold 0.5˃ M BODIPYϰFL C5-Lactosylceramide media, which additionally contained either DMSO, 

нΦр˃ƎκƳƭΣ оΦтр˃ƎκƳƭ ƻǊ р˃ƎκƳƭ Cƛƭƛpin. The dishes were later incubated for 90 seconds at 37ºC. 

https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html
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Afterwards dishes were put on ice and fixed with 4% paraformaldehyde. Phalloidin Alexa Fluor 

555 was used to label the actin cytoskeleton and Vectashield mounting medium with DAPI for 

the nuclear staining. Imaging was done with a 60X objective Nikon A1 confocal microscope. Image 

analysis was performed with Image J.  

2.2.6. Rhodamine-dextran uptake  

MDA-MB-231 cells were seeded at a density of 3x105 cells/ml on 35mm glass-bottom dishes 

coated with 0.1mg/ml collagen I for 6h. For dextran uptake optimisation, cells were pre-treated 

ǿƛǘƘ 5a{hΣ нр˃aΣ ор˃a ŀƴŘ рл˃a 9Lt! ŦƻǊ олƳƛƴΦ ¢ƻ ŀǎǎŜǎǎ ǘƘŜ ŜŦŦŜŎǘ ƻŦ Ǉоу a!tY ƻƴ ŘŜȄǘǊŀƴ 

uptake, 105 MDA-MB-231, MCF10A and MCF10CA1 cells were seeded for 6h in a collagen I-coated 

8-well chamber. 8-well chambers were coated with 0.1mg/ml collagen I (50µl/well). All cell types 

were pre-treated with DMSO and 50µM SB202190. Cells were later incubated for another hour 

with 0.25mg/ml Rhodamine dextran in the presence of the inhibitor and the vehicle. Cells were 

ǘƘŜƴ ŦƛȄŜŘ ǿƛǘƘ п҈ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ ŀƴŘ ǎǘŀƛƴŜŘ ŦƻǊ ƘǳƳŀƴ ʲм-integrin. Vectashield mounting 

medium with DAPI allowed the visualisation of the nuclei. Cell imaging was carried with a 60X 

objective Nikon A1 confocal microscope and Image J was used to analyse Dextran uptake index.  

2.2.7. siRNA transfection 

2.2.7.1. Transfection in 6-well plate  

10µl 5µM siRNA were mixed with 190µl Opti-MEM per well of a 6-well plate. 2µl Dharmafect I 

were mixed with 198µl Opti-MEM and incubated for 5 minutes at RT. 200µl of the Opti-MEM-

Dharmafect I mix were added on top of the siRNA and incubated for 20 minutes on a gentle 

rocker. 4x105 cells in 1.6ml were seeded into each well. Cells were incubated at 37ºC and 5%CO2 

for 72h.  

To assess knockdown efficiency of PAK1 and AP3D1 by western blot, cells were washed twice 

with PBS and lysed with 100µl lysis buffer. Lysates were spined down in a Qia-Shredder column. 

Lysates were loaded into a 4-12% acrylamide gel and later transferred into a FL-PVDF membrane. 

After blocking, membranes were incubated with PAK1 antibody (1:1000), AP3D1 (1:100000) and 
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GAPDH (1:1000) for MDA-MB-231. Band intensity was quantified with Image Studio Lite 

software. See section 2.2.13. Western Blotting.  

2.2.7.2. Transfection in 96-well plate  

For knockdown optimisation, 5µl of 500nM siGENOME siRNA smart pool and 5µl Opti-MEM was 

added into each well of a 96-well plate. 9.9µl Opti-MEM was mixed with 0.1µl Dharmafect IV for 

5min. 10µl of the latter solution was added into each well and incubated at RT for 20 minutes on 

a rocker. For optimisation experiments, 8000 to 12000 cells/well were seeded in 80µl 10% FBS 

DMEM. Final siRNA concentration was 25nM. Cells were kept at 5% CO2 and 37ºC for 72h before 

ŦƛȄŀǘƛƻƴΦ ʲм-integrin knockdown efficiency was analysed in Columbus software using the pipeline 

shown in Figure 2-2.  

2.2.7.3. Transfection in 384-well plate  

2.5µl of 500nM siGENOME siRNA or sgRNA smart pool and 2.5µl Opti-MEM were added into each 

well of a 384 well plate. 4.95µl Opti-MEM were mixed with 0.05µl Dharmafect IV and incubated 

for 5 minutes at RT. 5µl of the Dharmafect IV solution were added per well. Plates were incubated 

for 20 minutes on a rocker at RT. 3x103 cells were seeded in 40µl complete medium. The final 

concentration of the siRNA or sgRNA was 25nM. Cells were kept at 5% CO2 ŀƴŘ отȏ/ ŦƻǊ тнƘΦ ʲм-

integrin knockdown efficiency was analysed in Columbus software using the pipeline shown in 

Figure 2-2. For functional ECM endocytosis assays, cells were transferred into coated plates as 

described in 2.2.10.4. Cell detachment in high content imaging plates.  
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Figure 2-2. Representative pipeline to assess the knockdown efficiency in Columbus software. In short, nuclei were selected 
using the tool Find nuclei and total number of nuclei per well were selected.  Image region enabled the detection of integrin 
staining. The total intensity from the picture was calculated for non-targeting conditions. The same threshold and analysis was 
applied for knockdown cells. Knockdown efficiency was calculated as a ratio of the total intensity per well divided into total cell 
number per well.  
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Table 2-4. siRNA and sgRNA for low throughput screening. siRNAs and sgRNAs were supplied by Dharmacon Horizon discovery 

through the Singaporean distributor Research Instruments.  

siRNA name Reference number Type  

NT5  D-001210-05-05 siGENOME Non-targeting control siRNA #5  
NT4 D-001810-04-20 ON-TARGETplus Non-targeting control  siRNA #4 
NT U-009550-10-05 CRISPRmod CRISPRi sgRNA 

siGLO Red  D-001630-02-05 siGLO Red Transfection Indicator 
ITGB1 M-004506-00-0005 siGENOME siRNA SMARTpool  
TNS3 M-009997-02-0005 siGENOME siRNA SMARTpool  
PAK1 M-003521-04-0005 siGENOME siRNA SMARTpool  

CLTC/CHC17 M-004001-00-0005  siGENOME  siRNA SMARTpool  
DNM1  M-003940-01-0005  siGENOME siRNA SMARTpool 
DNM2 M-004007-03-0005 siGENOME siRNA SMARTpool 
DNM3 M-013931-00-0005 siGENOME siRNA SMARTpool 
CAV1 M-003467-01-0005 siGENOME siRNA SMARTpool 
CAV2 M-010958-00-005 siGENOME siRNA SMARTpool 
FLOT1 M-010636-00-0005 siGENOME siRNA SMARTpool 
FLOT2 M-003666-01-0005 siGENOME siRNA SMARTpool 

GRAF1/ARHGAP26  M-008426-01-005 siGENOME siRNA SMARTpool 
AP2A1 M-012492-00-0005. siGENOME siRNA SMARTpool 
AP3B2 M-021444-01-0005 siGENOME siRNA SMARTpool 
AP3D1 M-016014-02-0005. siGENOME siRNA SMARTpool 
AP4E1 M-021474-01-0005. siGENOME siRNA SMARTpool 

ARFGEF2 M-012208-02-0005 siGENOME siRNA SMARTpool 
BET1 M-012085-01-0005 siGENOME siRNA SMARTpool 
BNIP1 M-011222-01-0005 siGENOME siRNA SMARTpool 
COG8 M-008575-01-0005 siGENOME siRNA SMARTpool 
STX12 M-018246-01-0005 siGENOME siRNA SMARTpool 

TRAPPC9 M-019414-02-0005 siGENOME siRNA SMARTpool 
MAP3K1 M-003575-02-0005 siGENOME siRNA SMARTpool 
PPP2R1A L-010259-00-0005 ON-TARGETplus  siRNA SMARTpool 
PPP2R1A CF-010259-01-0002 CRISPRmod CRISPRi sgRNA 
MAPK11 M-003972-03-0005 siGENOME  siRNA SMARTpool 
ITGA2 L-004566-00-0005 ON-TARGETplus  siRNA SMARTpool 

2.2.8. DNA transfection   

For the stable generation of MDA-MB-231 expressing GFP (henceforth GFP-MDA), 

8x105cells/well were seeded into a 6-well plate in 2ml of complete media without antibiotics. 

Confluent cells were transfected with 2.5µg of pSBtet-GB GFP Luciferase plasmid and 0.25µg of 

the sleeping beauty transposon plasmid, pCMV(CAT)T7-SB100.  250µl of OptiMEM, 5µl p3000 

and 3.75µl Lipofectamine 3000, together with both plasmids was added on top of the 2ml.  Media 
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was changed after 6h. Following 48h, cells were selected with 2µg/ml blasticidin and 

fluorescence activated cell sorting (FACS) sorted. 

2.2.8.1. Transient transfection  

For the transient expression of mcherry-Arf1 and mcherry-Rab5, 1.2x106 cells per well were 

seeded into a 6-well plate. On the next day, 5µl Lipofectamine 2000 was mixed with 250µl Opti-

MEM. 2.5µg of the mcherry-Arf1 or Rab5 plasmids were mixed with 250µl OptiMEM. 250µL of 

the lipofectamine Opti-MEM solution was mixed with 250µl of the DNA plasmid Opti-MEM 

solution. The lipofectamine-DNA plasmid mix was incubated for 20min at RT. Cells were washed 

twice with PBS. 500µl of the lipofectamine-DNA plasmid mix was added on top of the cells for 6h. 

Following this time, the transfection media was aspirated and complete media was added on top.  

The next day cells were seeded on 1mg/ml matrigel, labelled with 5µg/ml NHS-Alexa fluor 647. 

Cells were incubated for a period of 3h, fixed and stained with a primary antibody against AP3D1 

(secondary Alexa fluor 488) and DAPI. see section 2.2.12. Immunofluorescence.  

2.2.9. Generation of MDA-MB-231-dCas9-CRISPRi cells  

3x105cells/well were seeded into a 12-well plate. Confluent cells were transduced with 

CRISPRmod CRISPRi dCas9-SALL1-SDS3 lentivirus particles, whose expression is under the hCMV 

promoter (cat# VCAS10124), as per protocol (Dharmacon Edit-R CRISPR Cas9 gene engineering 

with Lentiviral particles, Horizon Discovery). Cells were incubated at 37ºC for 6h with 250µl of 

serum free media containing CRISPRi lentivirus at a multiplicity of infection (abbreviated as MOI) 

of 0.3. After that time, 750µl of complete media was supplemented on top of the cells. Following 

48h, cells were collected and a serial dilution was performed. Clone cells were grown for 2 weeks 

in the presence of 15µg/ml blasticidin. 12 clones were isolated with Scienceware® cloning discs 

(Z374431-100EA). Selected clones were allowed to grow. Clone 8 was picked for future assays 

based on modulation of ITGB1 expression.  
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2.2.10. RNAi screen  

For this part, please note that Singapore is a tropical country and additional steps have been 

implemented to avoid fungi or bacterial contamination for these experiments. The automated 

methods below were optimised in Chapter 3 and used for the trafficking screen in Chapter 5, as 

well as in the kinome and phosphatome screen and deconvolution of hits in Chapter 6. Plates 

were pre-printed with 2.5µl of 500nM siRNA by Dr Xavier Le Guezennec and Felicia Tay.  

2.2.10.1. Knockdown in high throughput systems  

MDA-MB-31 cells were split in 1/5 or 1/10 ratio, 4 to 5 days before transfection in high 

throughput. On the day of transfection, high grade tips were used for dispensing the reagents to 

avoid contamination. All the reagents were added in a high throughput fashion by using the 

MultidropTM Combi Reagent dispenser (Thermofisher), hereafter multidrop combi. Multidrop 

combi enables to dispense reagents in a high throughput manner over a 0.5 to 2500µl range. It 

accommodates 6 to 1536 well plates by adapting a range of multi dispenser cassettes. The small 

cassette, which accurately dispenses volumes ranging from 2µl to 20µl, was used to dispense 

smaller volumes, including OptiMEM and OptiMEM-Dharmafect IV mixture. The large cassette, 

which is able to dispense more between 20-100µl of reagents, was used for cell seeding. The 

multidrop combi were used in sterile conditions underneath the tissue culture hood.  

First, the small dispensing cassette was thoroughly washed and sterilised with 50 to 100ml of 

70% ice-cold ethanol for at least 30 minutes at room temperature and under the hood. The small 

cassettes were then rinsed with sterile water (Gibco). Before proceeding to dispense the desired 

volume, the dispensing nozzles were assessed to ensure adequate dispensation in the 

corresponding well. The multidrop combi was set up to dispense 2.5µl OptiMEM per well at 

medium speed. The pipes of the combi were purged and washed once with sterile water. 

Afterwards, 5µl of the Dharmafect IV-OptiMEM solution (0.05µl Dharmafect IV and 4.95µl 

OptiMEM) was dispensed in each well (Figure 2-3). The cassette was then rinsed with sterile 

water (Gibco) and sterilised with 70% ethanol.  
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For the second part of this protocol, the multidrop combi with the large cassette was sterilised 

with 70% ethanol for 30 minutes and washed with sterile water (Gibco). During this time, cells 

were detached, neutralised and spun down to remove traces of trypsin. Fresh media was added 

on top and 1ml of the cell solution was counted using VI-Cell XR Cell viability analyser (Beckmann 

Coulter). After cell counting, a solution with a concentration of 7.5x105 cells/ml was achieved. 

The solution was mixed several times and flushed inside the pipes from the cassette to ensure all 

the pipes contained cell solution. Nozzles were checked and assessed whether they were 

dispensing the liquid straight into the corresponding well. 40µl of the cell solution was added per 

well (in a 384 well plate), resulting in seeding 3000 cells/well (Figure 2-3). MDA-MB-231 cells 

were cultured for 72h for effective knock down efficiency.  

2.2.10.2. Matrigel coating and labelling in high content imaging plates 

Low throughput experiments: 

This method was based on a previously published protocol for 3D cell culture (Ko, Tsai and 

Frampton, 2019), but has been further optimised for matrigel uptake in 384-well plates. 50µl ice-

cold PBS was added in each well using an E1-ClipTip Equaliser pipette (15-1225µl, Thermofisher). 

Plates were kept on ice and 2µl of 0.5mg/ml matrigel was spiked in each PBS well using an E1-

ClipTip Equaliser pipette (2-125µl). For this step, the tip should be kept in the middle of the PBS 

solution, and avoid contacting the bottom of the plate. To ensure collection of matrigel at the 

bottom, plates were subsequently centrifuged at 500 rpm for a few seconds and kept for 8 min 

at 4 degrees. Matrigel was polymerised for 15 min at RT. 40µl/well were removed using an E1-

ClipTip Equaliser pipette (2-125µl). Plates were then stained with 30µl/well of 20µg/ml pHrodo 

for uptake experiments and 10µg/ml NHS-fluorescein to assess matrix homogeneity. For matrix 

homogeneity, plates were imaged with a 20X air objective Opera Phenix microscope, while 

uptake experiments were imaged using a 40X or 60X water immersion objective Opera Phenix 

microscope. Figure legends state the objective used.  

 

 

https://paperpile.com/c/KOjCE0/lcEKj
https://paperpile.com/c/KOjCE0/lcEKj
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High content screening: 

Matrigel coating:  

Matrigel preparations were handled using high grade dispensing pipette tips (E1-ClipTip Equaliser 

pipette) to minimise possible contamination. All the reagents were added in a high throughput 

fashion by using the multidrop combi. The multidrop combi was set up to dispense at slow or 

medium speed. The small (only for matrigel) and large combi (for PBS) multi dispenser cassettes, 

henceforth small or large cassettes, were thoroughly washed and sterilised with 50 to 100ml of 

70% ice-cold ethanol for at least 20 minutes. Cassettes were then rinsed with sterile ice-cold 

water (Gibco). Before proceeding to dispense the desired volume, the nozzles of both cassettes 

were assessed on how they performed on dispensing PBS and matrigel. This ensured an equal 

dispensation across the plate. The multidrop combi with the large cassette was kept inside the 

tissue culture hood and it was set to dispense 50µl ice-cold PBS in a 384-well plate (Figure 2-3). 

PBS plates were kept at 4ºC for 15 minutes. The multi combi assembled to the small/matrigel 

cassette was kept at 4ºC (outside the tissue culture hood). To minimise contamination, reagents 

and plates were carefully handled and lids were put rapidly back on after matrigel dispensing was 

completed. The multidrop combi was set to dispense 2µl ice-cold matrigel in the 384-well plates 

containing PBS. Plates were centrifuged for a few seconds at 500rpm, kept at 4ºC for 8 minutes 

and then polymerised for 2h 30 minutes.  

Matrigel labelling:  

Bravo liquid handling system (Agilent Technologies, hereafter Bravo) was used to perform 

matrigel washes (Figure 2-3). Bravo was calibrated to ensure the pipette tips did not reach the 

bottom of the plate and could scratch the matrix. In addition, the pipeline included several popup 

messages to ensure refill the PBS reservoirs during the washing process. Reservoirs were 

sterilised for at least 20 minutes by ethanol and UV light. After polymerisation time was 

completed, 40µl PBS were pipetted up and deposited into the waste reservoir.  

Prior to removing the PBS, the large cassette was thoroughly washed and sterilised with 50 to 

100ml of 70% ice-cold ethanol for at least 20 minutes. Similar to before, the cassette was then 
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rinsed with sterile ice-cold water (Gibco). Again, the nozzles were assessed on how they 

performed on dispensing pHrodo solution. 30µl/well of 20µg/ml pHrodo was dispensed into 384-

well plates. Plates were kept in the dark on gentle rocking for 1h for efficient matrigel labelling. 

Following that time, Bravo was used for washing pHrodo off. The pipeline was well designed to 

use a waste reservoir and two PBS reservoirs. It was important that the waste reservoir contained 

PBS in it to avoid formation of bubbles at the edge of the tip after releasing the waste. All washes 

were performed with PBS containing 1% antibiotic-antimycotic to avoid contamination. Firstly, 

30µl were pipetted out and added into the waste reservoir. Three washes were performed, each 

with 50µl of PBS per well. To avoid any remaining unbound pHrodo, we performed two more 

washes with a new PBS reservoir. In addition, the waste reservoir was emptied and fresh PBS (1% 

(v/v) antibiotic-antimycotic) was added.  Plates were kept in 50µl PBS at 37ºC overnight.  

2.2.10.3. Collagen coating and labelling in high content imaging plates 

50ul ice-cold PBS was added in each well using an E1-ClipTip Equaliser pipette (15-1225µl, 

Thermofisher). Plates were kept on ice and 15µl of 0.5mg/ml collagen I was spiked in each PBS 

well using an E1-ClipTip Equaliser pipette (2-125µl). For this step, the tip should be kept in the 

middle of the PBS solution, and avoid contacting the bottom of the plate. To ensure collection of 

collagen I at the bottom, plates were subsequently centrifuged at 500rpm for a few seconds and 

kept for 8 min at 4 degree. Collagen I polymerisation is batch sensitive, so it should be optimised 

for each batch. Usually, overnight or 1 hour polymerisation at 37ºC were used for experiments 

performed in Chapter 3. Polymerisation at 37ºC for 1h was used for Chapter 6. 60µl/well were 

removed using an E1-ClipTip Equaliser pipette (2-125µl). Plates were then stained with 30µl/well 

of 20µg/ml pHrodo for uptake experiments and 10µg/ml NHS-fluorescein to assess matrix 

homogeneity. For matrix homogeneity, plates were imaged with a 20X air objective Opera Phenix 

microscope, while uptake experiments were imaged using a 40X water immersion objective 

Opera Phenix microscope. Figure legends state the objective used.  
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2.2.10.4. Cell detachment in high content imaging plates   

VIAFLO-384 well head (Integra) was used for cell transfer. High was adjusted to ensure optimal 

height for pipetting. Cell media in transfected plates was automatically pipetted and released in 

a waste reservoir containing sterile PBS. Transfected plates were washed with 80µl PBS once and 

20µl of TrypLE was used to ensure detachment of cells. Cells were incubated for 5 minutes at 

37ºC.  Cells were then vortexed every 1 minute thrice. TrypLETM Express Enzyme was neutralised 

with 80µl 10% FBS DMEM. Cells were pipetted up and down 50 times with VIAFLO-384 well head 

(Integra) before transferring 80µl of the cell solution to ECM-coated 384 well plates (Figure 2-3). 

Transfected and transferred cells were incubated for 6 hours. After 2 hours, cell media was 

changed to 200nM Bafilomycin A1 in some wells containing NT5. After 5h 45 minutes, hoechst 

was spiked into a final concentration of 0.5 to 1µg/ml to avoid cell toxicity. Hoechst concentration 

should be optimised depending on the batch or date the hoechst bottle was opened.  
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Figure 2-3. Schematic workflow depicting the key instruments used for high throughput knockdown, matrigel coating and cell 
splitting. Cells were transfected by siRNA and after 3 days transferred into 0.5mg/ml matrigel coated plates, labelled with pHrodo. 
For a demonstration on how Multidrop combi works, see the Thermo Fisher Scientific protocol in the link:  
https://www.youtube.com/watch?v=gcNKm2Qs-jM. For a representation of Bravo liquid handling system, see the following link: 
https://www.youtube.com/watch?v=ByxA2H4SPj4.For applications of ViaFlo 96- and 384- head, see: 
https://www.youtube.com/watch?v=S3tFgB0yzso.  Image made using items from Bioicons.  

 

 

https://www.youtube.com/watch?v=gcNKm2Qs-jM
https://www.youtube.com/watch?v=ByxA2H4SPj4
https://www.youtube.com/watch?v=S3tFgB0yzso
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2.2.10.5. Assessing the role of inhibitors in collagen I and matrigel uptake 

104 MDA-MB-231 cells per 384-well plate were seeded on pHrodo-labelled matrigel and collagen 

I. Cells were treated with inhibitors as described in 2.2.3.2. Assessing the role of inhibitors on 

CDM uptake. Cells seeded on collagen I were stained with hoechst and imaged live. Cells on 

ƳŀǘǊƛƎŜƭ ǿŜǊŜ ŜƛǘƘŜǊ ŦƛȄŜŘΣ ƭŀōŜƭƭŜŘ ǿƛǘƘ ƘƻŜŎƘǎǘ ŀƴŘ ǎǘŀƛƴŜŘ ŦƻǊ ʲм-integrin conjugated to Alexa 

fluor 488 (that is the case for some endocytic inhibitor experiments and a set of E64d and 

Bafilomycin A1 experiments). In addition, cells on matrigel were also stained with hoechst and 

imaged live. The 40X water-immersion objective of Opera Phenix microscope was used for live 

imaging (Figure 2-3). Live imaging analysis was performed in Columbus software using the 

pipeline shown in Figure 2-4. A 60X waterςimmersion objective from an Opera Phenix microscope 

was used for fixed imaging. Fixed samples were analysed in Columbus software as shown in 

Figure 2-5. 
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Figure 2-4. Schematic pipeline for analysis of ECM endocytosis in high throughput.  For live imaging plates, the nuclei were 
selected. The parameter cell region enabled the selection of the area around the nuclei as an approximation of the cytoplasm. 
ECM spots were detected by selecting the tool find spots, specially designed for endocytosis assays. The area for the cell region 
was calculated using the tool morphology properties, which was also used to calculate the area for ECM spots. Results were 
defined as a percentage between the ECM spot area and the cell region area.  
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Figure 2-5. Schematic pipeline for analysis of ECM endocytosis in fixed samples. Nuclei were selected based on hoechst staining. 
ITGB1 staining enabled it to recognise the cytoplasm of cells. Intensity properties from each cell were calculated. Cells with high 
intensity signal of pHrodo were discarded to avoid an error-prone quantification. ECM spots were found in the cytoplasm of each 
cell. The morphology properties for cytoplasm and spots were calculated. Results were defined as a percentage between the ECM 
spot area and the cytoplasm area.  
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2.2.11. Assessing 3D uptake in spheroid assay  

3D spheroids were generated by the hanging drop method, previously described in (Bayarmagnai 

et al., 2019). 105 GFP-MDA cells were harvested and resuspended in 2ml of compaction media, 

containing 4.8mg/ml methylcellulose (Sigma- Aldrich) and 20µg/ml soluble collagen I 

(BioEngineering) in complete media. Then, 20µl of compaction media with cells was added on 

the lid of tissue culture dishes. Lids were turned and put on top of the bottom reservoir of the 

dish, which was filled with PBS to prevent evaporation. This resulted in the generation of 

spheroids containing approximately 1000 GFP-MDA cells per 20µl drop. Following 48h incubation 

at 37ºC in 5% CO2, spheroids were gently collected by flushing 800µl of complete media, which 

enabled spheroids to accumulate at the edge of the lid. Spheroids were transferred into a 1.5ml 

microcentrifuge tube and allowed to slowly sediment at the bottom by gravity. Supernatant was 

removed, spheroids were washed twice with 800µl of complete media before being individually 

ŎƻƭƭŜŎǘŜŘΦ CƻǊ о5 ǳǇǘŀƪŜ ŀǎǎŀȅǎΣ Ѽ όǾκǾύ ƻŦ ǘƘŜ ƳŀǘǊƛȄ ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŀōŜƭƭŜŘ ǿƛǘƘ ŀ Ŧƛƴŀƭ 

concentration 20µg/ml pHrodo containing 0.1M sodium bicarbonate (NaHCO3). Single spheroids 

were embedded into 45µl of 3mg/ml rat tail collagen I (Corning) and 3mg/ml geltrex (Gibco). 40µl 

of the spheroid-Collagen I-geltrex mix was deposited into a 35mm glass bottom dish.  In order to 

prevent the embedded spheroid from reaching either the bottom of the dish or the upper edge 

of the collagen I-geltrex droplet, the dishes were rapidly kept for 3 to 5 minutes at 37ºC upright. 

Following this time, dishes were flipped and incubated at 37ºC for 2-3 minutes upside-down. 

Dishes were additionally incubated upright for 2-3 minutes at 37ºC. Afterwards, dishes were kept 

upside-down and the matrix mixture was allowed to polymerise at 37ºC for 13 to 15 minutes. 

Following that time, media was added into the dishes. Media was changed to 10% dialysed FBS 

(D-FBS) DMEM and 10% D-FBS amino acid free DMEM after 44h of embedding. Cells were imaged 

live at 0h, 24h, 44h, 48h and 72h post-embedding. A 10X air objective Nikon A1 confocal was 

used to image whole spheroids and for analysis. A 10X air objective Airyscan microscope was 

used for obtaining higher resolution microscopy images. 3D uptake was assessed by quantifying 

the pHrodo-ECM integrated intensity per spheroid, data was normalised to day 0 to better assess 

the fold change in uptake (Figure 2-6).  

https://paperpile.com/c/KOjCE0/OihHh
https://paperpile.com/c/KOjCE0/OihHh
https://paperpile.com/c/KOjCE0/OihHh
https://paperpile.com/c/KOjCE0/OihHh
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Figure 2-6. Spheroid analysis for ECM uptake in 3D. GFP-MDA cell spheroid was selected by applying a threshold and depeckling 
the thresholded image. Particles were then analysed and added into the ROI manager. To assess changes in ECM internalisation, 
the intensity properties of the pHrodo channel within the ROIs selected were calculated. 

2.2.12. Immunofluorescence  

Cells were fixed with 4% (w/v) paraformaldehyde (PFA) in PBS for 15 minutes. Then, cells were 

permeabilised with 0.25% (v/v) Triton X-100 in PBS for 5min and washed twice with PBS. For 

dextran internalisation assays, cells were not permeabilised.  

For 2.5D ECM internalisation assays, cells were stained for the actin cytoskeleton with Phalloidin 

conjugated with either Alexa Fluor 555 (mainly for NHS-fluorescein labelled ECM assays), Alexa 

Fluor 488 (for NHS-Alexa fluor 555 labelled matrices) or Alexa Fluor 647 (for transferrin 
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endocytosis assays). Phalloidin was diluted 1:500 in PBS; cells were incubated for a period of 10 

minutes at room temperature.  

For antibody staining, cells were blocked in 1% (w/v) bovine serum albumin (BSA) for 1 hour at 

room temperature. Cells were then incubated with the respective primary antibodies for 1 hour 

at room temperature. Anti-ƘǳƳŀƴ ʲм-integrin antibody conjugated to Alexa fluor 488 (1:400 in 

PBS) was used for siAP3D1 knockdown experiment. Anti-ƘǳƳŀƴ ʲм-integrin antibody conjugated 

to Alexa fluor 647 (1:400 dilution in PBS) was utilised for colocalisation experiments and to assess 

ŜƴŘƻǎƻƳŀƭ ƛƴǘŜƎǊƛƴΦ ¢ƻ ŀǎǎŜǎǎ ǘƘŜ ƛƴǘŜǊƴŀƭ Ǉƻƻƭ ƻŦ ʰн-integrin, cells were incubated in FITC anti-

human CD49b antibody (1:200 dilution) in PBS. For non-fluorescently conjugated antibodies, cells 

were first incubated with the primary antibody (EEA1, 1:100 in PBS) for 1h at room temperature. 

Cells were then washed thrice with PBS and incubated with the secondary antibodies (1:1000) 

for 45 minutes at room temperature. Cells were washed three times with PBS and incubated with 

!ƭŜȄŀ ŦƭǳƻǊ спт ʲм- integrin antibody as described above. For AP3D1 staining, cells were 

simultaneously permeabilised, blocked and stained with a solution containing the primary AP3D1 

antibody (1:50000 dilution), 1% (w/v) BSA and 0.1% (w/v) saponin in PBS. Incubation time was 

1h at room temperature. Cells were then washed thrice and incubated for 30 minutes with the 

secondary antibody in 1% (w/v) BSA and 0.1% (w/v) saponin.  

Table 2-5. List of antibodies in immunofluorescence.  

Primary antibodies Supplier Dilution ratio 

Alexa Fluor 488 Anti-human (IgG) CD29  BioLegend (303016) 1:400 

Alexa Fluor 647 Anti-human (IgG) CD29  BioLegend (303018) 1:400 

FITC-Anti Human CD49b  BioLegend (359306) 1:200 

Purified mouse Anti-EEA1 (IgG1) BD Bioscience (610457) 1:100 

 
AP3D1 (Mouse anti delta antibody (SA4)) 

Gift from Professor Andrew Peden 
(Available in Developmental studies hybridoma 

bank, Antibody Registry ID: AB_2056641) 

 
1:50000 

Secondary antibodies Supplier Dilution ratio 

Alexa Fluor 488 Donkey Anti-mouse (IgG H+L) Fisher Scientific (A-21202) 1:1000 
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For dishes and 8-well chambers, following antibody staining, cells were washed twice with PBS 

and washed once with deionized water, Vectashield antifade mounting medium containing DAPI 

was added for nucleus staining and sample preservation. The sample dishes were sealed with 

parafilm and kept at 4ºC. A 60X objective from a Nikon A1 confocal microscope was used for cell 

imaging and colocalisation experiments for uptake assays. A 60X objective from Airyscan (Zeiss) 

was used for colocalisation experiments with Arf1-mcherry, Rab5-mcherry and AP3D1.  

For high content imaging plates, cells were stained with 1µg/ml hoechst for 15min, washed twice 

with PBS and kept in PBS. Plates were stored at 4ºC. Three different objectives were used for 

those plates 20X (for nuclei counting), 40X (for ITGB1 staining; knockdown optimisation in 96-

well plates) and 60X (ITGB1 staining and matrigel uptake in fixed cells) using the Opera Phenix 

microscope (Perkin Elmer).   

2.2.12.1. Quantification  

A Nikon A1 Confocal microscope (Nikon Instruments Inc, Japan) with Plan-Apochromat 60X NA 

1.4 oil immersion objective was used to image ECM internalisation and colocalisation 

ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘŜ ŎƘŀƴƴŜƭǎ ǳǎŜŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜǎŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜΥ 5!tL ό˂ex=403.5nm), FITC 

ŀƴŘ !ƭŜȄŀ CƭǳƻǊ пуу ό˂exҐпулΦлƴƳύΣ !ƭŜȄŀ CƭǳƻǊ ррр ό˂ex=562.0nm), Alexa Fluor 647 

όe˂x=620.0nm). 

Quantification of soluble ligands (transferrin, dextran, lactosylceramide), ECM and integrin 

internalisation assays 

All images acquired with the Nikon A1 confocal microscope were analysed using ImageJ software 

as previously described in (Commisso, Flinn and Bar-Sagi, 2014). Z-stacked images were 

maximum-ǇǊƻƧŜŎǘŜŘΦ tƘŀƭƭƻƛŘƛƴ ƻǊ ʲм-integrin staining enabled the identification of single cells. 

Cells were outlined and recorded in the region of interest (ROI) manager. Cell area was measured. 

9/a ƻǊ ʲм-integrin channels were also Z-stacked; a threshold was applied to specifically select 

ƛƴǘŜǊƴŀƭƛǎŜŘ 9/aΣ ʰн- ƻǊ ʲм-integrin internal pools. The total area of internalised soluble 

ligands/ECM/integrin per ROI region (or cell) was then measured. The soluble 

https://paperpile.com/c/KOjCE0/E4BOf


 

 

106 

ligands/ECM/integrin uptake index is a percentage calculated by dividing the area of internalised 

soluble ligands/ECM/integrin by the cell area (Figure 2-7).   

 

Figure 2-7. ECM and integrin internalisation analysis. Images were maximum projected and the outline of each cell was recorded 
ƛƴǘƻ ǘƘŜ whL ƳŀƴŀƎŜǊΦ /Ŝƭƭ ŀǊŜŀǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘΦ ¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ άǘƻǘŀƭέ internalised area, the channel of interest was selected 
and maximum-projected. Images were thresholded and despeckled. Uptake index is a percentage between the total ECM/integrin 
area and the cell area.   

 

 




















































































































































































































































































































































































































































































































































































