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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 ma(B&XCM). 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 oétrix proteases in promoting ECM degradation and cancer
dissemination has been extensively studied; however, cancer cells possess additional means to
support those processes, such as integriadiated ECM endocytosis and consequent
degradation in the lysasnes. 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 ECké upta
Here, we show that MDMB-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 complémomment (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 EChioeytosis, 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, Arfl and ARFGEF2. Our results suggest

that the AP3 complex may regulaBECMintegrin 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 ECNcytosis.
Furthermore, our data suggests that p38 mitogattivated 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 canchs te migrate in cell derived



matrices. Previous work from the Rainero lab focused on characterising the receptors involved

in ECMnternalisatiom " Hi M AYGSANAY g+ a ARSYGAFASR-I & (K¢
MBHomM OStfaad LYy LI NIGAOdZ FNE hwuwiwm AYGSINARY KI a
G23SGKSNE 4SS KelLROUKSaAasS 0GKIG O0AYRAYAPAKF 9/ a
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.
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Chapter 1¢ Introduction

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 cyidenahan and Weinberg, 20(xicci,
Kasten and Giordano, 200(0Noncancerous cells are constantly being submitted to regulatory
signals that force cells to divide, differentiate into another cell type or undergo apogtscsi,
Kasten and Giordano, 2000pn the contrary, cancer cells become autonomous from these
signals and, as a consequence, cell growth and proliferation are unrestréiteethhan and
Weinberg, 2000; Pucci, Kasten and Giordano, 20@0point of fact, cells may trespass their
natural boundaries, invade the surrounding stroma and disseminate tol desgéons, a process
known as metastasis, which could be letftdhnahan and Weinberg, 200@ctually, nearly 90%

of cancerrelated deaths are due to tumour dissemtitan (Chaffer and Weinberg, 2011)

Notwithstanding, cancer goes beyond being a mass of multiplying tumour cells. Instead, it is a
complex tissue constituted by a heigrariety of different cell types (e.g. cancer associated
fibroblasts, tumour associated macrophages, among other types), which heterotypically interact
with one another(Baghbanet 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 pemgngtimary, invasive and,

thereafter, metastatic growtl{Winkleret al., 2020)

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

originate from epithelial cell§.e., breast carcinoma, pancreatic carcinoma, colorectal carcinoma,

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

rationalised organising principles denoted ®se Hallmarks of Canc@fdanahan and Weinberg,
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2000) These characteristics could be defined as distinctive and complementary abilities that
enhance tumour growth and metastatic disseminatigfanahan and Weinberg, 2000)hese
trademarks imply cellular and physiological alterations, such as sustaining proliferative signalling,
evasion of growth suppressorapn-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, seescence, genomic instability and mutation, resistance to cell death and

deregulation of cell metabolisifHanahan and Weinberg, 2000, 2011; Hanahan, 2022)

More importantly, these hallmark principles could be contemplated as possible mechanism
based targeted therapiefHanahan and Weinberg, 201I)hus, drugs interferingvith these
characteristics have been developed. Inhibitors targeting angiogenesis, for instance, have been
developed for treating glioblastomgchulte, Aghi and Taylor, 202Nevertheless, 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 canceetls in blood vessels nearby and local metast@dsisicEterovic, Piao

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

several hallmarks of cancer.

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 oveca06tries(Brayet al,,

2018) In 2020, 2.3 million women were diagnosed with breast cancer and it caused 685,000
deaths worldwidgCancer today, GLOBOCAN 20f0date) Breastcancer is the most prevalent
cancer globally, 7.8 million cases were diagnosed since @xter today, GLOBOC2A02Q no

date). In the UK, breast cancer accounts for 30% of female cancers diagnosed and it is expected
that between 2014 to 203 breast cancer incidence rate will increase by 2%, meaning 210 new

cases per 100,000 women will be diagnosed by 2B8&ast cancer statistics, CRUK 2((®L5)
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Furthermore, the vast majority of breast cancer deaths are due to breast cancer metastasis
(Scullyet al,, 2012)

Tumour progression is a multistep process@mpanied by alterations in tissue structure; breast
tissue, for instance, becoméyperplastiqi.e. there is an increase in cell number) at early stages

of cancer developmentKhamis, Sahab and Sa@§12) 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 intluctal carcinoma in situ (D€)(Khamis,
Sahab and Sang, 2012)utstandingly, throughout tumorigenesis, cells acquire mutations that
promote invasive traits, including a mesenchymal phenotypa secretion of proteases. These
features enable degradation of the basement membrane and invasion of the surrounding stroma,
which results in annvasive ductal carcinoma (ID@nally, cells may disseminate through the
lymphatic and blood circulatory system to distal regions, also known as meta@tdsimis,

Sahab and Sang, 2018geFigure 11A).

Additionally, breast cancer can be classified into four different subtypes depending on the
expression of oestrogen (ER) and progesterone receptor (PR), as well as thegpiatifi@marker

Ki67 and the human epidermal growth factor receptor 2 (HER2eobB2)(Khamis, Sahab and
Sang, 2012; Yersal and Barutca, 2Q6ég Figure 12B). Luminal Aaccounts for 50 to 60% of

breast cancer cases, it is'ERR, HER2and presents low levels of Ki67 (< 14%). This Luminal A
breast cancer has better prognosis than other splety, if recurrence occurs, bone metastasis is
frequently observed in these patien(Eenneckeet al., 2010) Luminal Bs more aggressive, has

a lower survival rate and worgarognosis compared to Luminal A subtype; it comprises 15 to
20% of breast cancers. Histological samples areFER HER2and present higher levels of Ki67

0 X NKefmeécket al., 2010) SimilarlyHER2positivepatients comprise 120% d total breast

cancer cases. They show high expression levels of HER2; approximately half of the patients
express low levels of ER and 40% arepbBant (Yersal and Barutca, 2014)istological samples

FNE aidlFAYySR o0& KA@dimah &d Bussi, 2R EERY doofars bidlvgical aad 0

clinical aggressiveness and, in the absence of trastuzumab treatmertHBR2 monoclonal
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antibody), chemeand radiotherapy, these tumours display poor progngsisrsal and Barutca,
2014; Yet al,, 2017) Lastly, tumours that do not express ER, PR and HER2 are classified into the

category ofBasallike subtypeit is thus also known gkriple negative breast cancer (TNRGI

it represents 8 to 37% of breasancers(Yersal and Barutca, 2014hree fourths of TNBC are
breast cancer 1 (BRCA1) and p53 muigfdrsal andarutca, 2014)They usually display high
expression of Ki67 and have poor clinical outcdiersal and Barutca, 2014 subtype 6TNBC

is distinguished to express low levels of tight junctions andcedliladhesions, namely claudins

3, 4 and 7, occludin anddadherin and have undergone epitheltatmesenchymal transition
(EMT)(Yersal and Barutca, 2014)his subtype is known as low claudin TNBC and is highly
metastatic; however, little is known on the signalling drivers of this subtiRaelleret al., 2021)
Nevertheless, it has been recently reported thatRKs enhances cellular plasticity and
mesenchymal/sterike characteristics in this cancer subty(adleret al, 2021) The breast

cancer cell line MDMB-231is commonly used as a model for this subtyRadleret al., 2021)
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A Normal duct Early hyperplasia Dysplasia

B Receptorstatus: % ER # PR #% HER2 # Ki67

Luminal A Luminal B HER2-positive Basal-like subtype

ER*, PR*, HER2" ER*, PR*, HER2" ER* (50%), p53mutant (40%), BRCAZmutant
Ki67 < 14% Ki67 > 14% HER2* p53™muent (75%),
Ki67 > 15% 1Ki67

Figure 11. (A) Schematic representation of breast cancer progressinrthe 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 prolifierabntinues, cells acquire more mutations and

tissue homeostasis is lost, cells become malignant. This is known as ductal carcinoma in situ. Finally, few cancableelts are
degrade the basement membrane and invade the surrounding stroma: knowwassvie carcinomdB) Breast cancer subtypes
depending on the receptor status of oestrogen (ER), progesterone (PR), human epidermal growth factor receptor 2 (HER2) and
the proliferation marker Ki67mage made using items from Servier medical Art.

1.1.3.The tumour microenvironment
The tumorigenic process is shaped by genetic and epigenetic fddianp and Feinberg, 2013)

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

extracellular matrix and stromal cells, known together as the tumour microenvironment (TME)
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(Baghbaret al,, 2020)(Figure 12). 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 1efiular components will be

discussed in sectioh.3. Theextracellular matrix in cancer

Tumour endothelial cells (TE@s¥(emble into a stratified squamous epithelial layer (as opposed

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

in response to hypoxigNaglet al,, 2020) Hypoxiainducible factors promote vessel sprouting by
secreting proangiogenic factors, namely platelet derived growth factor (PDGF) and vascular
endothelial gowth factor (VEGH)Semenza, 1998; Carmeliet and Jain, 2000; biagl, 2020)
(Figure 12). On the one hand, blood vessel formation in@es water and nutrient supply to
tumours. However, high levels of VEGF leads to the formation of fenestrated blood vessels, highly
characteristic of tumourgEsseret al, 1998; Carmeliet and Jain, 200This 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 arrédgglet al,

2020)

Another important cell typ within the TME ardumour associated macrophages (TAM4)ich

can be classified into inflammatory M1 macrophages and imrsuppressive M2 macrophages
(Atri, Guerfali and Laouini, 2018; Bowtiliand Elsawa, 2021Figure 12). The first ones are in
charge of phagocytosing and inducing cell death, while the second group participates in wound
healing (Atri, Guerfali and Laouini, 2018Jhe conditions within the TME (e.g. hypoxia and
cytokine secretion, such as interleukin 4-4)). promotes the M2 phenotypeyhich supports
tumour growth and progressio(Atri, Guerfali and Laouini, 2018; Keal., 2019) High levels of
macrophage infiltration correlate with poor prognosis in breast, lung, ovarian and prostate
cancers (Larionovaet al., 2020) TAM, in addition, secrete VEGF, which contributes to
angiogenesigKeet al., 2019) Other cells in chge of carrying out the innate immune response
and found in the TME are neutrophils and dendritic cells (antigen presenting @alisprd,
Muschel and Opdenakker, 2012; Masucci, Minopoli andi€arr2019) 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 instabdityl tumour
development(Piccard, Muschel and Opdenakker, 2012 owever, in later stages of tumour
development, neutrophiles seem to have a promoting role by mauifythe ECM, producing
MMP-9 and VEGF to stimulate angiogenesis, tumour progression and local inyR&ioard,

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

Cancer associated fibroblasts (CAFs)ally 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, -bwsreow-derived
meserchymal stem cells and stellate cells in pancreatic and hepatocellular carcinomas
(Gunaydin, 2021)Cancer cells and other stromal cells release transforming grovitiifg NJ - o¢DC
i 0 t5DC YR FTAONROfF&ald 3INRBSOGK FFOU2NI H O6CDCrH
(Bordignoret al.,, 2019; Gunaydin, 202{figure 12). Fibroblast activation leads to deposition of

ECM proteins. A hallmark and driver of tumour aggressiveness is deposition of coldgECM

(Kay et al, 2022) Pyrroline5-carboxylate reductase 1 (PYCRL1) is upregulated and highly
expressedn CAFs and in the stroma of breast carcinoma patiétaget al, 2022) PYCR1 is an

essential enzyme for proline synthesis and thus the formation oftpmaorigenic prolinerich

collagen fibregKayet al., 2022) The authors of this study conclude that targeting PYCR1 may be

a novel strategy to fight both cancer and stromal céKayet al, 2022) Moreover, PYCR1

inhibition may ameliorate drug delivery and immueell recruitment(Kayet 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 AVEGFA), which lead to angiogeng¥i&anget al, 2019) On the

other hand, CAFs influence proliferation and metabolism of cancer cells. In fact, pancreatic
stellate cells, specdally myofibroblasts, internalise ECM under branclkldin amino acid
(BCAAJimiting conditions(Z. Zhwet al,, 2020) In this system, myofibroblasts catabolise BCAAs

to branchedO K I afoacid (BCKA) in a process dependent on the enzyA@ RZ. Zhtet al.,
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2020). Following that, BCKAs are secreted and used by pancreatic cancer cells to promote cell
proliferation (Z. Zhuet al, 2020) The TGF - SMAD5 axis upregulates BQllagen |
internalisationin myofibroblast4Z. Zhwet al., 2020)(Figure 12).

In addition, cancer ECM derived from CAFs has been reported to be tumour suppressive by either
recruiting immunosuppresive cells, including TAMs and Regulatory T cells (Treg), or by secreting
a dense ECM barrier that impairs immune infiltratig¢hiuet al., 2019) Nevertheless, a recent
bioRxiv study suggested that CAFs mayt,liounfine and compress tumoukBarbazaret al.,

2021) This process is dependent on actomyosin contraciiBgrbazaret al., 2021) Another
characteristic of CAFs is their ability to deposit large amounts of fibronectin andimilé
mediated contractibility by CAFs is required for its fibrillogen@siseh et al,, 2017) Fibronectin
deposition at the boundary between CAFs and tumoudtsces critical to build a mechanical
scaffold to enable actomyosiiriven compression of cancer cdlBarbazaret al., 2021) Of note,

cancer cells sense and respond to CAF compression by shuttling the mechanosensor Yes
associated protein (P) to the cytosqlBarbazaret al,, 2021) In fact, cytoplasmic YAP has been
associated with mediating cell contact inhibitigdhaoet al., 2007) This suggests that CAF
mediated compression of cancer cells maguce 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 desaribedian
colorectal tumours, one subgroup expressed genes related to activated myofibroblasts while the
second subgroup expressed genes related to ECM remodg@liieal., 2017) Another example

of CAF heterogeneity is found in nemall lungcell carcinoma (NSCLC). In these tumours, 7
different subtypes of CAFs have been described, which express distinctive collagen types
(Lambrechtst al, 2018) Cluster 1 expressed high levels of COL10AL, while cluster 2 expressed
COL4AILambrechtset al, 2018) Non malignant fibroblasts, which were not tumour derived,
expressed high levels of elastin and low levels of collagen I, 1ll, V and VIII, but not other types,
such as collagen \(Lambrechtset al, 2018) Four distinct CAFs subtypes were reported in

tumours derived from the mouse mammary tumour vipslyoma middle tumowantigen
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(MMT\WPyMT)Bartoschelet 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 morphogenesi(Bartoschelet al, 2018) The degree of CAF activation may lead to producing
qguiescent CAFs, tumouestraining CAFs or tumour promoting CAFs, all of which display
different expression pattern@NVanget al, 2021) The two forme are predominantly present in
early-stage cancer, while tumotpromoting CAFs are associated with advastage disease
(Wanget al,, 2021) In point of fact, it is suggested that acquisition of fuworigenic traits by
guiescent CAFs is essential for tumour developnféfdnget al,, 2021) In several cancer types,
namely breast, head and neck and prostate malignancies, CAFsrgaongrocatabolic
reprogramming(Giatromanolaket al., 2012; Witkiewicet al., 2012; Curret al, 2013; Wangt

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

and quiescent fibroblasts to become tumour promotifvanget al.,, 2021)
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Figure 12. The tumour microenvironmentancer 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, bottem).right corn
Macrophages in the tumour can either hemour-suppressor (M2) or tumowpromoter (M1) (green). Macrophages and
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right corner). This promotes the activation of fibratikinto cancer associated fibroblasts (CAFs), which support cancer growth
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Sustaining proliferative signalling is one of the hallmarks of cafideanahan and Weinberg,
2000) Growth signals and cell cyg@eogression are tightly regulated in normal tissues. Malignant
tumours, however, characteristically display deregulations of intracellular signétiagahan

and Weinberg, 2011)n fact, 40% of human melanomas contain activating mutationsR&B
(V599E), leading to constitutive signalling of mitogetivated protein kinase (MAPK)avieset

al., 2002; Davies and Samuels, 2010JAPKsignalling cascade is a sequential action of three
protein kinases. The pathway is classically initiated by phosphorylation or a smaidir@irig

protein of the Ras/Rho familfCargnello and Roux, 2D 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, 20The last effector kinase is a MAPK,
phosphorylated and activated by MEBardwel] 2006; Cargnello and Roux, 20{Hpure 13A).

In mammalian cells, there are four distirenventional MAPK signalling pathwaecording to

the terminal tier kinase: Extracellular signal regulated kinase (ERK)-Ii@, isterminal kinase
OWbYO MKHKOZ Llo(Bardwell,k2008; ' Cardgngfllik an® RoMxp 20 FLrthermore,

there are atypical MAPK signalling enzymes, including ERK3/4, ERK7 antikdinase (NLK)
(Cargnello and Roux, 2011; Koatilal,, 2022) These pathways are essential in numerous cellular
processes, namely gene expression, metabolism, proliferation, apoptosis, invasion and
metastasiqCargnello and Roux, 2011; Kcatlal,, 2022) The Ras Raf- MEK- ERK pdtway is
disrupted in 40% of human cancers, frequent mutations bekiRpB(10%) and its upstream
activator Ras (30%Kciuket al., 2022) The JNK and p38 MAPK pathways are activated upon
cellular stresgBardwell, 2006§Figure 13A). 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 (ckdlsBarco Barrantes and
Nebreda, 2012; Koul, Pal and Koul, 2013gt.&d., 2016; Linget al., 2016)

Another important signalling pathway dysregulated in cancer and downstream-RdisKis

phosphatidylinosito3-kinase (P13K)/Akt/mTOR signalliiMprtazaviet al, 2022) This signalling

11
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cascade leads to cell growth, proliferation and survival, cytoskeletal remodelling, migration and
invasion(Karami Fattet al, 2022)(FEigure 13B). Pancreatic cancers have hyperactivated this
pathway (Payneet al., 2015) In fact, point mutations in PI3K have been described to initiate
pancreatic ductal adenocarcinoma in mice modelayneet al., 2015) In addition, Ras signalling
contributes to upregulating macropinocytosis in cancer. Actually, Ras localises in the ioterior
the macropinocytic cup in mammalian aBictyosteliuncells(Veltmanet al, 2016) Ras activity
leads to production of phosphatidylinosit8i4,5triphosphate (PIP3) by PI3K followed by Akt
activation, which culminates in macropinocytossents (Castellano and Downward, 2011;
Veltmanet al, 2016)(Figure 13B).

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 eptors and the endocytic pathways described to

internalise the different ECM components.
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Figure 13. (A) Conventional Mitogeactivated protein kinase signalling (MAPK) pathway$he sequential action of three
protein kinases activated by phospfitation leads to changes in gene expression, metabolism, proliferation and apoptosis. In
addition, MAPK signalling promotes cancer invasion and metas(B3i®I3K/Akt/mTOR pathwayPI3K activation leads to the
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The plasma membrane (PM) consists of an asymmetric bilayer of phospholipids, which
hydrophilic head groups face the aqueous inteand extracellular compartments; while the
hydrophobic acyl chains are arranged horizontally to form the hydrophobic cofeedbitayer

(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 enrient;

the PM is involved in endocytosis and exocytdsianov, 2008) as well as signal transduction
(Maet al,, 2017)

The terms endocytosis and @ytosis respectively refer to the inward or outward movement of
plasma membrane vesiclgdayor and Pagano, 2007; lvanov, 200Bptably, endocytosis
(broadly efined 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 uptgkeanov, 2008; Kaksonen and Roux,
2018) regulation of cell shape and volume, transcellular transport, cell migréiv@amov, 2008)

and termination of receptor signallingvanov, 2008; Barbieri, Di Fiore and Sigismund, 201®

term endocytosis comprises multiple pathways that differ regarding their morphology and
mechanicgElkin, Lakoduk and Schmid, 2Q118)brief, the main endocytic pathways can be-sub
categorised as clathrimediated endocytosis, caveoldependent endocytosis, clathrin and

caveolirindependent endocytosis, macropinocytosis and phagocy{bssov, 2008)

Clathrirmediated endocytosis (CME) is the most vkelbwn form of receptommediated
internalisation(lvanov, 2008; Schreij, Fon and McPherson, 202B)E is mechanistically defined
by the assembly of icosahedral clathrin lattices and bending of the PM into clathaied pits
(CCPs). At early stages, clathaghaptor proteins containing BiAmphiphysirRvs (BAR) domains,
such as the AP2 complex an@AR domain only protein 1/2 (FCHO1/2) are recruited to the PM
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(Henneet al., 2010; Umasankaat al., 2012; Maet al., 2016)(Figure 14A). In addition, together

with the scaffold proteins epidermalrgwth factor receptor (EPS15), epidermal growth factor
receptor substrate 15 A 1S ™M 09t {mpw0O YR AYUSNESOUGAY MKH
endocytosigTaylor, Perrais and Mergdid, 2011; Umasankaat al, 2012; Maet al,, 2016) AP2
complex binding to phosphatidylinositol 4bsphosphate, known as PIP2 or PI(4,5)P2, triggers a
conformational change that exposes its clathbinding site(Kadlecovat al, 2017y ¢ KS | EEw
motif of the transferrin receptor can additionally -aztivate the AP2 complex, which results in
clathrin being recruited to the assembling cq&iadlecovat al, 2017) Differentmodels 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 bendin¢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 polymerisesnto a curve lattice(Nossal, 2001)Subsequently, scission
proteins participate in the invagination of CCPs into the cytoplasm to form clatbated
vesicles (CCVdjigure 14A). BAR domain proteins (e.g. endophilin) recruit the GTPase dynamin,
which oligomerizes into tight helical rings that constrict the neck of Q@¥®endahkt al., 2017)
However, overexpression of endophilin impairs membrane fission by inhibiting interactions
between dynaminHohendahlet al, 2017) Concomitantly to this multistep assembly of CCPs,
actin polymerisation generatesupling forces that contribute to membrane bending and
internalisation of CCHMerrifield et al., 2002) Lastly, the clathrin lattices disassemble from CCVs
(Mousaviet al., 2004; Kaksonen and Roux, 201&8)owing the trafficking of the cargo molecule
(Kaksonen and Roux, 20X8)gure 14A).

Caveolaare specialised and dynamic PM domains that contain a characteristic lipid profile with
high levels of cholesterol, sphingomyelin and ceramidéatthaeus and Taraska, 2020)hese
regions are stabilised by several key proteins, namely CavediiChv), Cavin-4, the BAR
proteins syndapin/Pacsin2 and the dynarngtated ATPase EHOR®atthaeus 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 canedliated
endocytosigdel Pozeet al., 2005) Actually, Caxl has been found to etmcalise with vinculin at
focal adhesions (FAdlel Pozeaet al,, 2005) What triggers caveolimediated internalisation? In
detail, Cavl phosphorylation on tyrosine residue 14 by -fanmily tyrosine kinases results in
caveolar internalisation(Li, Seitz and Lisanti, 1996; Le# al, 2000) Interestingly,
phosphotyrosine 14 localises at F@Aee et al, 2000) Simultaneously, C& is also
phosphorylated on tyrosine 19 by Steeeet al., 2002) In addition, Ca2 is phosphorylated at
serine 23 and 36 in the-i¢rminal region by Casein kinase 2 (CK2) orliREXinasgSowaet

al., 2003) This contributes to the formation of deep PM invaginati(@®ewaet al., 2003)(Figure
1-4B). Likewise clathridependent 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 cytopla@, Mcintosh and Schnitzer, 199Buring

this process, reorganisation of the actin cytoskeleton is critical. The cortical actin network
depolymerises, while actin monomers are recruiteganthe invaginating caveolae where they
form actin patchegKiss and Botos, 2009)he newly formed vesicles are transported along

microtubules and trafficked to earlendosomes in a Rébdependent manne{Mundy et al.,

2002)(Figure 14B).

Elotillinswere originally thought to associate with caveol@ackelet al., 1997) but later studies
showed that flotillins form specific noftaveolar microdomains or lipid raff&lebov, Bright and
Nichols, 2006; Fernow, Icking and Tikkanen, 20BIotillinl/reggie2 and flotillin-2/reggiel
(abbreviated to Flotl/2) associate with particular PM microdomains by acylation (single
palmitoylation of Flotl; single myristoylation and triple palmitoylation of FRjt(Neumann
Gieseret al,, 2004) Flotillins etablish their own clathriindependent endocytosis (CIE) pathway
(Glebov, Bright and Nichols, 2008n the lipid rafts, flotillins form heteroligomers that
assembe into large flotillin platformgSoliset al., 2007) Flot1/2 internalisation is triggered by
Fyndependent phosphorylation on tyrosine 160 and 163 respectiylgntoet al., 2009) In
addition, Sc phosphorylation of Fle2 on tyrosine 163 is also required for its hetero
oligomerisation(Babukeet al., 2009) Flotillins are upregulated in carcinomas and sarcomas, and

this correlates with poor prognosis in patierGauthierRouviéreet al., 2020) In fact, HRas
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expression in the MCF10A mammary cell line results in high levels of fibtékpression and
increase in tumour aggressivenefisoh et al, 2016) Overexpression of flotillin causes its
oligomerization, which leads to membrane curvature and high levels of endocytosis in cancer
(GauthierRouviere et al, 2020) In cells overexpressing flotillins, MMMP (MMP14) is
endocytosed and found in flotillin late endosomes, from where it will be recycled and delivered

to degradation sites, i.e. invadopodi@lanchoret al., 2018)

Phagocytosiss an endocytic pathway that leads to the internalisation of relatively large insoluble
antigens, including opsonized pathogens, necratid apoptotic cellfCardelli, 2001) This
pathway is predominantly carried out by professional phagocytes, such as neutrophils,
macrophages and dendritic ce{fSardelli, 2001)The process can be summarised in the following
stages: (I) Recognition of the particle by cell surface receptors. (Il) This leads to activation of
signallng cascades that induce temporal and spatial regulation-a€tih polymerisation. (ll1)
Actindependent pseudopod extension to internalise the particle. (IV) Depolymerisation of F
actin from the newly generated phagosome. (V) Trafficking and fusion o # mature

phagolysosoméCardelli, 2001)

On the contrarymacropinocytosisis regarded as a nespecific uptake of soluble molecules,

nutrients and antigens. Neviireless, pretreatment with the mannose receptagonist mannan
revealed that dextran and ovalbumin are partially internalised in a mannose recediated
endocytosigSallustoet al,, 1995; Burgdorf, Luka¢sornek and Kurts, 2006J his suggests that
cells are able to concentrate macromolecules prior to macropinocy{&sBustoet al,, 1995)

The pathway initiates with the formation of the macropinocytic cup or circular ruftlesin,
Grinstein and Schlam, 2015gimilar to phagocytosis, considerable actin remodelling is required
to enable the formation of extended protrusions to englobe arakelthe cupgLevin, Grinstein

and Schlam, 2015Finally, scission of the PM results in a sealed macropinosome. In immature
dendritic cells, macropinocytosis is regidd by the Rho GTPase Cdc42 and Rac, which mediate
actin remodelling(Garrettet al, 2000; Westet al., 2000) p2l-activated kinase 1 (PAK1) is a

downstream effector of Cdc42 and Rac. PAK1 activity promotes circular ruffldee atotsal
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surface of cells and actimyosin cytoskeleton remodelling, altogether stimulates dextran
macropinocytosigDharmawardhanest al., 2000)(Figure 140Q. Anotherrelevant regulator of

this process is PI3K, which is critical at later stages to enabledsgigndent macropinocytosis
(West et al, 2000) The metabolism of PIP2 is strikingly similar between phagocytosis and
macropinocytosis during the endocytic procgksvin, Grinstein and Schlam, 201Hpwever,
susceptibility to PI3K inhibitors is one of the hallmarks of macropinocyfiosién, Grinstein and
Schlam, 2015)

Similar to macropiocytosis,Clathrinrindependent carriers (CLICs) and &édfiriched Endocytic
Compartments (GEECshdocytosis is heavily dependent on actin polymerizati@ennick,
Johnston and Parton, 2021LLISGEEC endocytosis is regulated by the small GTPases ADP
ribosylation factor 1 (Arfl) and Cdc42, the GTPase activating factor GRAF1, the actin nucleation
factor Arp2/3 and the BAR domain protein IRSfS8bharanjalet al., 2002; Kumari and Mayor,

2008; Lundmarlket al., 2008; Sathet al., 2018)(Figure 14D). 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 4. Schematic representation of the foremost endocytic pathways) Schematic summary of clathwimediated
endocytosis. Adaptor proteins, namely AP2 complex eéBAR domain only protein 1/2 (FCHO1/2) are first recruited. Binding to
membrane boundPIP2 induces conformational changes that expose the cldbimiing site of the AP2 complex. Following
clathrin assembly intoraicosahedral structure, the small GTPase dynamin is recruited and together with actin forces promotes
the scission of the clatin coated pit(30-100nm; (Arpino et al., 2022)B) Receptor clustering at caveolae triggers signalling
cascades (Calsand Cax2 phosphorylation by Src and CK2 respebt) that result in caveolimediatedendocytosis. Dynamin is
recruited at the neck of the invaginated PM and mediates its fission. The newly formed caveggimegRennick, Johnston

and Parton2021) are trafficked in RabBnediated manner. (C) Scheme of the signalling regulators of macropinocytosis. PAK1
activation downstream of Racl and Cdc42 lead to actin remodelling and formation of circular ruffles dorsdlesurface.
Changes in the lipid composition and further activation of PAK1 is mediated by PI3K, downstream of Ras, is also critical for
macropinocytosi¢0.2um to 5pum;(Garrett and Mellman, 2001)(D Cdc42 activity leads to recruitment of IRSp53 and GRAF1 to
promote tubular invaginations, which characterise the GREEC pathwafl 00nm;(Rennick, Johnston and Part@921). In
addition, Cdc42 recruits the Arp2/3 complex, which leads to changes in actin remodelling. Finally, the GTPase Arfli{activated
GBF1, Golgpecific brefeldin A resistance factor 1) recruits the RhoGAPd42 CBRHGAP21. This results in accelerated cycling
of Cdc42, its removal from the PM and aategpendent endocytosis.

19


https://paperpile.com/c/Zp2V82/PWVj
https://paperpile.com/c/Zp2V82/mEx5W
https://paperpile.com/c/Zp2V82/mEx5W
https://paperpile.com/c/Zp2V82/G9YU
https://paperpile.com/c/Zp2V82/mEx5W

Following endocytosis, cargoes and their respective receptors are incorporated into the
endosomal network. Once internalised, primary endocytic vesicles fuse and form early or sorting
endosomegqElkin,Lakoduk and Schmid, 2018)hese receptors will be ultimately recycled back

to the PM, sent to the tran&olgi 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 Rdbgendent shodloop from early endosomes or

via the Rab1Mependent long loop via the perinuclear recycling compartn{&wenmark, 2009)
Different mechanisms have been described during uretion of early endosomes into late
endosomes. One way is through the acidification of the endosomal lumen viatyipe vacuolar

H+ ATPase found in the membrane bilafdellman, Fuchs and Heleis, 1986; Fuchs, Méale 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, Rh5-dependent synthesis of phosphatidylinositotpBosphate (PI(3)P) on early
endosomes is controlled by VPS34, class HkiRése(Schuet al,, 1993; Futteet al,, 2001; Elkin,
Lakoduk and Schmid, 201@®everal Rab effectors contain PI(3)P binding motifs, including early
endosomal antigen 1 (EEABIkin, Lakoduk and Schmid, 2Q1&hother important partner in
defining early endosomes is the class C core vacuole/endosome tethering (CORVET) complex,
which associates with Rab@alderhaaret al., 2013) The CORVET complex is additionally
required for endosomal fusion tgenerate sufficient surface area for enabling the formation of
intraluminal vesicles (ILV&alderhaaet al,, 2013) During endosomal maturation, an upstream

Rab, e.g. Rabb5, recruits a guanine nucleotide exchange factor (GEF) that actilatestieam

Rab, e.g. Rab7, which subsequently recruits a GTPase activating protein (GAP) for the upstream
Rab(Elkin, Lakoduk and Schmid, 2Q1B)is results in endosnal 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: () generation of ILVs/ multivesicular

bodies (MVBs) and (llI) sorting ubiquéted membrane proteins/receptors for lysosomal
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degradation(Raiborg and Stenmark, 2009he 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 -Radxacting protein (RIP) mediate the
fusion of mature endosomes with lysosomes by recruiting VAMP7 and syntéRairnero and
Norman, 2013)In addition, RILP binds to components of EISICRading to the formation of ILVs

in the late endosome@/Nang and Hong, 2006)

Dysregulations of endocytic tific 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. fk® GTPases, including Racl and Cdc42, are
critical for cancer invasion by means of reorganising the actin and tubulin cytoskeleton. The
regulatory circuit of Racl involved the Rab5A/Rab4 axis. Rab&#xpression correlates with
poor clinical outcome in breast cancer patier(&rittoli et al, 2014) Clathrin and Rabb
dependent endocytic traffic of Racl promote itslogalisation to early endosomes, where the
GEF Tiaml activates RdPhlamidesset al., 2008)(Figure 15). Racl is thereafter recycled back

to the specific regions of the PM, wheitaegulates polarisation of lamellipodia protrusion and
directed cell migratior(Palamidesset al., 2008) Rab4 is also overexpressed in invasive breast
carcinomagLanzetti and Di Fior017) Rab5A promotes the Ralmediated fast recycling of
MTlaat FyR 1o AYUGSaNRy G2 Ay@lFR2a2yvySsSaz G2 Syl
(Frittoli et al., 2014)(Figure 15). Dynaminr2 is overexpressed in pancreatic can@@ppingaet

al,, 2012; Razidlet al, 2013) In this model, dynami2 stabilises and impairs proteasomal
degradation d Vavl, a Racl GERazidleet al., 2013) This presumably results in Racl activation,
lamellipodia protrusion and invasive migration of pancreatic cancer (fetigidlioet al., 2013)
(Figure 15). Vavl is also overexpressed in pancreatic tumours due to demethylation of the gene

promoter (FernandeZZapicoet al,, 2005; Eppingat al,, 2012; Razidlet al,, 2013)

CDC4z2nteracting 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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(Cergueireet al,, 2015) CIP4 increasesdadherin endocytosis, which leads to cell scattering by
regulating actomyosin contractilitgRollandet al, 2014)(Eigure 15). However, other studies
suggested that it reduces invadopodizediated ECM proteolysis and invasion in breast cancer

by promoting MTIMMP endocytosigHuet al., 2011)

Rab25 belongs tthe 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 anoikhenget al,, 2004) Mechanistically, Rab25 inacts with the

Oe (i 2 LX I &Y kidegriia [Casivelle &. 200W) In fibronectin containing ECM, Rab25
LINEY2(3GS&a NBOeOtAy3a 2F hpim AyiSanNay G2 GKS
invasive migration in 3D matricé€aswelkt al., 2007)(Figure 15). Nonetheless, Rab25 guides

hpim AYGSANRY o02dzyR (2 FAONRBYSOUGAY G2 / Kf2NAR
(Dozynkiewicat al, 2012)(Figure 15). InteNBS a G Ay It 8 hpim AYUGSANARY AA
recycled back to the PM in a CL4d@&pendent manne(Dozynkiewicet al., 2012) However, in

G§KS +16aSy0S 2F /[L/oZ hpim AyidSINRAY dobertélS dzo A lj
al., 2010; Dozynkiewiozt al., 2012) In addition, Rab25 drives association of terki?&V3 with

hpi m Ay -Eohtaikid@ fbsllariadhgsions beneath the nuclgiaineroet al., 2015) In

A2780 cells, overexpressing Rab25, terigi3 interacts with Arf4 and both are required for

hpim AYOGSINARY AyidSNYI f(Raneretal? 3015) Of mote (iiklpaihvady O (1 2
is upregulated under glucose starvation and inhibition of this pathway blocks mTORC1
recruitment to lysosomegRaineroet al, 2015) (Figure 15). In line with these results,
macropinocytosis enables pancreatic cancer cells to scavenge extracellular proteins as a source

of nutrients in starvation condition€Commssoet al., 2013) Accordingly, our lab has shown that

breast cancer cells internalise different ECMs and sustain cancer cell growth under amino acid
starvation(Nazemiet al,, 2021) Hypoxia is a universal hallmark of solid tumours. A recent study
showed that hypoxiainducible factor 1 (HHE) activates the transcription of EH domain
containing protein 2 (EHD?2) to initiate macropinocytosis in hepatocellular carcinoméZtelisy

et al, 2022) More studies are needed to assess whether hypoxia caldd 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 p5@&oussi and Wiman, 2019nterestingly, mutant/oncogenic

LJpo LINBY23GSa Ay@lFaAirgdS YAINI (A 2((asvaelet aLJRIS 2 (1 A Y 3
Mulleret al, 20090 wl o mm NXB 3 dzf | (S & (Robprisetal, RG0T; Sa@3wedtt ¢, NB O& Of
2007) interestingly, RabXIcoupling protein (RCP) is essential to link mutant p53 and recycling

2T hpi m (Muliéried @.N20§9) Mechanistically, this process is dependent on the
ASYSNI A2y 2F LIK2aLKFGARAO [|-OdRRneddtal,2012)PA 5A 1 O&
at the leading edge of migrating cells is essential to tetieeycling vesicles via the B#ding

C2 domain of RQRainercet al,, 2012)(Figure 15).

RablA GTPase is overexpressed in colorectal carcinomas, it predicts poor outcome and cancer
invasion(Thomaset al, 2014) Rab1A GTPase is involved in trafficking from the endoplasmic
reticulum to the Gaji Apparatus. In addition, Rab1A senses amino acid signalling to mTORC1.
Amino acids stimulate GTP binding to Ral{TAomaset al, 2014) RablA regulates Rheb
dependent activation of mMTORCL1 in the gdlgiomaset 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 ¢anoat al., 2015)

On the one hand, Rab2A promotes recycling of MIMP to invadopodia, where it enhances
ECM degradatiofKajihoet al., 2016)(Figure 15). On the other hand, it impinges orcBdherin

traffic to the PM, therefore reducing cedkll adhesion and boosting invasi@ifajihoet al., 2016)

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

its deactivation(Luoet al., 2015)(Figure 15).

Clathrin lightchain (CLCb) is overexpressed in NSCLC cells and it correlates with poor prognosis
(Chenet al,, 2017) Epidermal growth factor receptor (EGFR) endocytosis in cells overexpressing
/[/06 tSIRa (42 FTOUAGLIGA2Yy 2F | {GkDf &023Sy agyif
Dynaminl (Reiset al, 2015) EGFR alocytosis results in altered signalling and increased
metastasis(Chenet al, 2017) In addition, CLCb has been described to promote the rapid,
gyrating clathrindependent recycling of EGiHRajeedet al,, 2014)
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Cavl 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 ftagetzet al.,

2008) In fact, downregulation of Cdl in breast andorostate cancer cells impaired velocity,
directionality and persistence of cell migrati@Qtoshiet al., 2008; Urraet al,, 2012) These studies
showed that Src kinase phosphorylates Qaat tyrosine 14, which in turns activates Rho/ROCK
signalling, FA turnover and cell migrati@oshiet al., 2008; Urraet al., 2012) In line with these
results, rear retraction is controlled by caveolae in 3D matrix and durofed@snanskiet al.,

2019) Caveolae are formed as a consequence of low membrane tension at the cell rear
(Hetmanskiet al., 2019) Caveole drives the Rho/ROCK/PKN2 signalling axis through Ect2, a
RhoA GEF. Ect2 regulateadtin organisation and contractility and promotes forward movement

of the cell rear(Hetmanskiet al, 2019) In this system the role of Gdvis independenbf its
effects on endocytosi@Hetmansket al., 2019) Cavl expression is higher in small cell lung cancer
compared to NSCLC, its expression decreases in high grade tumoursehoeldevel variability

is observed within the tissugY-B. Shet al., 2020) High levels of Cal/ correlate with high Ki67
levels and mutant p53, markers of poor prognosis and high histopathology grade in pancreatic
ductal adenocarcinom@lanaseet al., 2009) Cavl has been reported to regulate certain aspects
of metabolism, including glycolys{dlwosuet al., 2016) Overexpression of Cavl may drive
glycolysis by providing dockisges for certain metabolic enzymes, namely phosphofructokinase
and aldolaséNwosuet al., 2016) Cavl downregulation has been shown to decrease glycolysis,
induce metabolic switch towards lipid metabolism and induce production of reactivgeoxy
specieqShirotoet al,, 2014) It has been proposed that high caveolin 1 expression may correlate
with tumours addictedto glucose(Nwosuet al, 2016) In pancreatic tumours, higglucose
promotes AMPprotein activated kinase (AMPK) inhibition, which in turn activates the signalling
axis BmiiGATAZ2, which in turn reduces the expression of MHC class trethatied protein A/B,

resulting in immune evasiofbuanet al,, 2019)

The role of other endocytic proteins in driving cell migration has been reviewed elsewhere
(Llanses Martinez and Rainero, 201i8)s section provides evidentleat 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 treatimgalignancies.

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 rerh@de
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Figure 15. Dysregulations of membrane traffic during tumorigenesBiagram of how cancer cells hijack the endocytic and
endosome system to promote ECM degradation and migration.
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The ECM is the utmost nasellular threedimensional 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 smalcscaffold, 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 biochemicgifnals. 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 metastasisMatrigel is an ECM preparatiaterived from the Engelbretholm:
Swarm mouse tumoyra poorly differentiated chondrosarcon{#erceron and Murphy, 2015)
Matrigelis predominantly composed of laminin (approximately 60%), collage30Pg)(entactin

(8%) and other proteoglycans, includperlacan(Corning® Matrigel® Matrix, no date; Merceron
and Murphy, 2015) It is commonly used in cell culture applications as alBB substrate

additionally, it has extesively been used for 3D celllture (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 matrigblyrees and Naba,
2012) These proteins are incorporated into the network via several irdaral intermolecular
interactions. ECM proteins are additionally altered through goastslational modifications
(PTMs), which may participate in crdsikingreactions 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 progressia is chaperoned by aberrant changes in the tumour microenvironment. In fact,
cancerassociated ECM extremely differs from normal ECM. Malignant tumours, for example, are
frequently fibrotic or desmoplastic. Desmoplasia is well characterised by histolahi@ates

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

breast cancer predictive prognosis is worse when collagen -tirdes's and matrix remodelling
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genes are expressed. Further evidence is that fibrotic itmms, 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)

PTMs are defined as modifications that generate a protein that is functionally and
immunologically different. PTMs are classified into hydroxylation, phosphorylatioand\ 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 EQitkips (Leeminget al,, 2011,
Holsteinet al., 2021) However, whether PTMs are drivers or consequences of disease remains
unresolved. A recent bioinformatic analysis study of the TCGACBaner Atlas mutation
database showed that matrisome encoding genes are mutatedhigugs frequently as the
genome (lzzi, Davis and Naba, 202QYlutations that affect residues that can be peost
translationally modified are known as PId&srupting mutdions (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 PTHdsteinet al., 2021)

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

and structure of the ECM.

Disulphide bonds (S) are a type of crodmking PTMs copiously found in secreted and
extracellular proteinsd . 2 Ogt @ll; 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 collzigding protein heat shock protein 47
(HSP47)Jessop and Bulleid, 2004)alnexin and calreticuli(Oliveret al., 1999) Disulphide

bonds on ECM proteins confer the necessary stability to withstand extragetlohditions 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 disulphidemsoase PD2 in Caenorhabditis elegans
cause anomalous collagen deposition and extracellular matrix formgWénter, McCormack
and Page, 2007)

Hydroxylation is a modification to proline residues of collagens by prehylddoxylase (P4H)
(Pihlajaniemi, Myllyla and Kivirikko, 19%nd prolyl 3hydroxylase (P3H)Vranka, Sakai and

Bachinger, 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)
(Valtavaareaet al,, 1997, 1998; Yeovilland Walker, 1999)ysine hydroxylation is important for
connective tissue development, with mutations causing defects in bones, joints and skin. In
humans, mutations in LH1 cause EhBemnlos syndrome and LH2 cau&sack syndrome type

2. LH2 hydroxylates lysine residues in the collagen telopeptides, i.e. -thrdNGterminus in

fibrillar collagens. Following hydroxylation of proline and lysines, lysyl oxidases (LOXs) can
oxidatively deaminate lysine and hydroxyhssi residues, consequently generating lysine
aldehydes. Those lysine aldehydes react with unmodified lysines and hydroxylysines to form
intra- and intermolecular crosbnks within the collagen and elastin fibr§¥amauchi and
Sricholpech, 2012)

Crosslinking of collagens is functionally important since LOXs mutations are associated with
vascular disease, including aortic aneurysms, presumably due to a weak bloebwaitd eeet

al., 2016) Actually, patients with vascular disease have been associated with connective tissue
disorders, such as Marfan syndrome, Ehleemlos type IV, LoeyBietz syndrome or TGF
vasculopathy(Leeet 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 invasi@ipeventalet al., 2009; Chaudhuet al., 2014;
Santamarieet al., 2018) The role of LOXs in cancer has been extensively reviewed elsewhere
(Setargewet al, 2021) The upstream enzyme, LH2 has also been involved in tumours that

present high crosslinking leveélShenet al., 2015)
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Glycosylationis a PTM that annexes complex saccharides (glycans) to proteins, which may
consequently affect protein conformation, cell signalling and cancerous transformgiister

and Esko, 2005)The two most frequent glycosylation pathways ardifked glycosylation and
O-GalNAc linked @lycosylation. However, several other glycosylation pathways, such as O
mannosylation, have critical functions for the ECM and interaction with (®&tlsjoldageet al,,

2020)

BM and other stromal ECM proteins argyycosylatedSteentoftet al., 2013) Actually, aberrant
glycosylation results in structural changes to the ECM. In fact, GALNT1 has been found to be
involved in the seciigon of BM proteingTian, Hoffman and Ten Hagen, 2Q1@)ycoproteomic
analysis of pancreatic cancer and chronic pancreatitis tissue has identifieebxmerssion 6

many ECM associated glycoprotefRanet al., 2014) The identified glycoproteins are implicated

in organisational and structural changes to ECM and activation of stellageimetiived in the

regulation of pancreatic fibrosi®anet al., 2014)

Glycationis an unregulated noenzymatically catalysed modification, which can also affect ECM
proteins. It is known as Maillard or browning reaction and it results freducing saccharides,
e.g. glucose, and proteindohn and Lamb, 1993Dther reactions lead to the formation of
Advanced glycation end products (AGEs), which can fwosslinks, for example, in collagen
moleculeqFuet al,, 1994; Verzijt al., 2002) AGEcrosslinking of collagen IV and laminin within

the BM induces invasive behaviour in prostate car{BerdriguezTejaet al., 2015)

Protein phosphorylations a reversible PTM on serine, threonine and tyrosine sites; it affects

several cellular processes and it has been described in several digedm¥sax and Ferrell,
2007; Holstein et al, 2021) Protein phosphorylation is known to affect protginotein
interactions(Bettset al., 2017) which coulchave 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 ultimagly impacts on bone mineralisation. Osteopontin is overexpressed in

several cancers, such as melanoma, breast, colorectal, lung, ovarian and stomach cancer
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(Rodrigueset al, 2007) and, in addition, microcalcification is commonly describedbrigast

cancer(Cox and Morgan, 2013)

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) matriscamsociated proteinfNabaet al,, 2012) The latter
group is additionally divided into 3 subgroups: A) ECM regulators/remodelling enzymes (e.g.
transglutaminases, lysyl oxidases, MMPs and eliokihg enzymes among others), B) ECM
affiliated proteins, which are architectuig and/or biochemically similar to core ECM proteins,
and C) secreted growth factors and cytokirilgabaet al,, 2012) The following section focuses

on the core matrisome proteins, with special focus on collagens and laminins.

The most abundant proteins in mammals are collagens, comprising around 30% of protein mass
(Svoboda, 1991; Ricalum, 2011)Collagens are characterised by fibrillar triple helix domains.
CKNBS LRfELISLIARS h OKFAYyA F2N)Y -KaaYaddkedelitsS KSt A
with proline (Pro) and-4hydoxyproline (Hyp) being the mostmmon amino acids at Xaa and Yaa

sites respectivelyBarth, Musiolgt al., 2003; Bachmanaet al., 2005)(Figure 16A). Collagens are
RADGSNBS Ay Y2t SOdz I NJ &G NHzOG dzNBY F208 BERYRIWS=h
(1) chaingSvoboda, 1991; Rica®lum, 20113y O2ft f  3Sy - L O2YLINA &Sa bhwm
(RicardBlum, 20113 ¢ KAt S O2f f I 3Sy L L(Svdbada,l1991; Riga@anmi NRA Y S NJ
2011 Ly GSNBadAy3ateszs ho 6-LO OKFIAY KlFa GKS a&aly
differs in its PTMs and cro$isking(RicardBlum, 2011) Another layer of variability comes from

hybrid collagen molecules, such as the type V/type Xl collagem ¢ - L 0 ¢inth&®bovine 06 + 0
vitreous humour(Mayneet al,, 1993) The possible triple helix combinations, as wsllPAMs,

result in a wide variety of collagen types. Several collagens have been reported to be

overexpressed in cancers (e.g. COL3A1, COL4A2, COL7A1, COL11A1, COL17Al) and have been
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shown to potentiate tumorigenicitfWu et al,, 2014; Liu, Liao and Li, 2017-CC Liwet al,, 2018;
Z. Zhangt al,, 2018)

The formation of the triple helix is an intricate process that requires intermolecular and
intramolecular interations (Barth, Musiol,et al., 2003; Bachmanrt al, 2005) Within the
endoplasmic reticulum, the procollagen propeptides assemble into a triple helix. Nascent
procollagen molecules characteristically consist of three domaitiermiinal, collagenous triple
helix and a @erminal non collagenous domaifMiddleton and Bulleid, 1993). Before the triple
KStAE FT2NXIGA2YyS GKS NBOSyi(teé aeéytiakshionalySR LINE
modified in the endoplasmic raulum: namely, hydroxyproline residues. The addition of
hydroxyl groups stabilises the collagen triple helix and increases the melting temperature (TM)
(Berg and Prockop, 1973; Rosenblodfdarsch and Jimenez, 1973; Ying Cleival, 2015)
Hydroxylysines, together with lysines, are needed for wdrad intercollagen crosslinkin@<nott

and Bailey, 1998 Hydroxylationjn addition, is required for the formation of some disulphide
bonds, which additionally stabilise many collagen molecules, at #een@nal noncollagenous
domain propeptide (@ropeptide) (Bulleid, Wison and Lees, 1996[rolyl hydroxylase 4 has
been reported to hydroxylase type Xlll collagen and further promote the formation of disulphide
bonds(Snellmaret al., 2000) On the one hand, intrachain disulphide bonds gpr@peptides
stabilise the folded structure of single cha{hees, Tasab and Bulleid, 1990n the other hand,

the nascent collagen triple helix is stabilised by the formation of #kiket disulphide bonds
between the Goropeptide chains of the same trim@Koivu, 1987)Biochemical experimentation
with small collagen peptides demonstrated that disulphide bonds enhance the folding rate and
stability, whilst reducing thermaegradation of collagen peptidéBarth, Kyrieleisgt al., 2003;
Barth, Musnl, et al,, 2003)

After the procollagen molecules are secreted into the extracellular compartment, bodimdCN
terminal propeptides are cleave#&ifure 16A), which leads to the sedssembly of collagen into
fibrils (Kadleret al., 1990) this is especially true for fibrillar collagen I, 1l and(KEssleet al,,

1996) The Nand G terminal telgpeptides generated undergo oxidative deamination by LOX on
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specific lysines and hydroxylysines, which are destined to form-iranal intermolecular

crosslinkgYamauchi and Sricholpech, 2012)

While the most abundant collagens are fibrillar/fieiokming, such as Collagen type |, there are
other types of collagens. Collagens can thus be classified into:af#isalciated collagens with
interrupted triple helices (FACITs), which are covalently dr associated to fibrillar collagens,
network-forming collagens, beaded filaments and anchoring fib(RicardBlum, 2011)
Conversely, these nefibrillar collagens (e.g. type IV, XV and XVII) require the cystaheG
terminal norrcollagenous domains and-tdrminal domains to maintain their structur@®rtega

and Werb, 2002)

Collagen IV is a netwoflrming collagen that is essential for the integrity, stability and function

of the BM(Pd6schlet al,, 2004) It is one of the main BM components and it is regarded as the
mog primitive ECM protein, having evolved up to six distinct chains: COL4A1, COL4A2, COL4A3,
COL4A4, COL4A5, COL@AEleret al., 2017) Collagen IV contains 26 niniple helix fragments

Fa | O2yaSljdzsSyO0S 2F YAal A3y Y Baacktalg DEPTRISY G KS
results in norfibrillar loops in the native collagen IV conformation, which may be recogiiged
specific receptors and promote cell adhesion. Collagen IV molecules are highHirdtedso

one another by disulphide bondBrazelet al., 1988) This permits the assembly of a branched
polygonal supramolecular network that acts ascaffold for other BM proteinéYurchenco and

Ruben, 1987) This may be consistent with the role of cysteines in crosslinkisgaris
lumbricoides(a human intestinalparasitic worm) collagen units togethéMcBride, Wesley
McBride and Harrington, 196.7The presence of disulphide bonds in such primitive organisms
may reflect the importance of cysteinaediated crosslinks in ECM proteins. However, it is not

clear if collagen 1V is disulphidb®nd crosslinked to other ECM proteins.

The abundance of crodimking 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 migratio{Ohlundet al., 2013)
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Collagen Vl is classified as a beaded filament collagen. Its expression is ubiquitous and it is a highly
disulphide crossinked ECM protein. Comparably to collagen 1V, its structure comprises
collagenous and nenollagenous domainéngelet al., 1985) The @erminal and Nterminal

non globular regions show homology to the collagending Von Willebrand factor A (VWA)
domains(Chuetal, 1989% ¢ KS hwm 6+L0O YR hu o6+xL0O adzdzyAda
terminal andtwo @ SNXY A Yy I £  R2 Y Aiyia sigger &itB uphtocten dksminal VVGK |-
domains, depending on alternative splicing, andefninal domains that contain type Il
fibronectin repeatgZanusset al, 1992)and Kunitz domain&Zweckstetteret al., 1996; Beecher

et al, 2011) Intramolecular disulphide bonds form between thaégtminal domains, as well as

thefive NGO SNYAY L ho 21 R2YIFAYya a&2(Fiidgéraldetall 2001t 4 3 SY 06
Lamandéet al, 2006) The other Ni SNYA Yyl f ho R2YlFIAya O2dz R LJ
interactions(Beecheret al, 2011) Abnormalities in collagen VI result in defective autophagy in
myofibers (differentiated posmnitotic muscle cells), which leads to myofiber apoptosis and
muscular dystrophyGrumatiet al, 2010) Likewise, collagen VI expression protects neurons

from apoptosis (Crenget al, 2011) Interestingly, collageivI is upregulated in angiofiboromas
(Gramanret al,, 2009)and it shows aberrant expression, as well as a turrsmécific splicing in
pancreatic cancefArafatet al,, 2011) Endotrophin, a peptide originated from cleaving collagen

VI, promotes proliferation, angiogenesis, inflammation and file@8ark and Scherer, 2012)

Studies in vivo using the MMIRYMT breast cancer model showed that knocking out collagen VI

increased tumour cell apoptos{Park and Scherer, 2012)

Collagen VIl is a major anchor of fibfkeeneet al., 1987) It connects the epidermis to the basal
lamina, dermis and the connective tissue underned@upta, Woodley and Chen, 2012;
Wegener, Paulsen and Seeger, 20I4je norcollagenous domains show similarity to VWA or
type Il fibronectin domains. These domains mediate interaction to other ECM proteins, such as
laminin-332, collagen type | and [(Brittingham, Uitto and Fertala, 2006; Wegener, Paulsen and

Seeger, 2014 After being exocytosed, procollagen VI fibres are organised in antiparallel dimers,
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which are stabilised by disulphid®nds between the @erminal domain and cysteines in the
triple helix(Colomboet al, 2003) A cysteine knot in the &rminal to collagen triple helix has
been suggested to hinder collagen unfolding; this disulphide bond is also preseACiT F
collagen type IXWegener, Paulsen and Seeger, 201Rgcessive dystrophic epidermolysis
bullosa (RDEB) is a skin disorder that is caused by biallelic/nulliongat collagen VIl and it is

associated with epidermal tumou(®rtizUrdaet al., 2005) RDERIerived primary keratinocytes

GSNBE (NI yatTz2N¥SR gA0GK 2y023SyA0 wlkha FyR L°.

study how mutations in alagen VII promoted tumorigenesi€OrtizUrda et al, 2005)
Keratinocytes lacking cotian VII did not form tumours in nude mice, however mutant cells that

conserved the NC1 domain of collagen VII generated tum@ms=Urdaet al., 2005)

Collagen XllII likely contains intrachain disulphads in the NC4 domai(Snellmanet al,

2007) Disulphide bonds in collagen Xlll have been described to participate in pepsin and
trypsin/chymotrypsin resistancgsnellmaret al., 2007) Collagen Xl expression is high in breast
cancer and it promotes@F M & A 3y | tidtegnfirdepedént mannekH. Zhanget al,

2018) In mice models, collagen Xl promotes metastasis and resistance to dhbikisanget

al., 2018)
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Figure 16. (A) Collagen biosynthesig¢. K S LINA Y I NE & (i NUzO (-cahids conststs Gf khE Giadey hadrédéats]i A R S
where Xaa and Yaa are commonly proline asld @ RN2 E& LINRf Ay Sd Ly G(KS SyR2Lihding YA O
assemble ird a triple helix: procollagen. Once secreted, th@am Gterminal propeptide chains are cleaved by a procollagen
peptidase. Specific residues of the tropocollagen molecule undergo oxidative deamination by LOX. These residues &we required
the formation of intra and inter crosslinks between tropocollagen molec®sProteolytic and oxidoreductase cleavage of
human collagen V(1) The nottriple helix segment of collagen IV (interruption XIIl) presents a stabilising intrachain disulphide
bridge. (2)in vitro studies showed that the presence of the disulphide bond in interruption XIlII confers resistance to its proteolytic

cleavage. Pepsin action in this disulphlitéed nonrcollagenous loop does not result in loss of collagen IV structu®. (3

Followving 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.-RiBtiated reduction of the intrachain disulphide bond leads to disassembly of the non
collagenous segment, which results in loss of ECM archite(Adapted from Brazel et al., 198&)ollagen helix adapted from
Servier medical art.
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Laminins are major BM glycoproteins that assemble into networks. This influences tissue
architecture and cellular adhesioftrhard Hohenester2013; Armonyet al, 2016) Laminin

molecules are croskke shape heterotrimer¢Engelet al, 1981 O2y aA adAy3d 2F 2y S
i OKF AY | y(Burgesbst all, 198 KFigire/17). Laminins contain up to 12% cysteine

residues which influence the formation of stabilising disulphide bqk@simiet al, 2016) The

three laminin chains assemble togetherintoacoi®@@ A f " K St A E -termiimi@e@i dzNB |
arm of laminin)(Paulssoret al,, 1985) The chains are covalently linked by 3 disulphide bonds
towards the NG SNXY Ay | £ 2 (Frenét€ & al.h 198R)8nd &ribther disulphide bond is
presentatthe @ SNY A Y| f 2 F (Pawulssbrgf &, 1984 OKI| A Yy &

In vitro, lamininlll(Kammereret al, 1995) laminin211(Nomizuet al,, 1994)and laminin332
(Pharetal, 2008NB lj dzZA NB FANRG GKS FraaSvyofe 2F i FyR
02yR& 0SG6SSYy GKS RAYSNARO i I|yR + OKI »bohd 6 S ¥
y2i 06S LINBaSyils (KS (Kumddai KagowakizaddtKiRagayi® (99Mes 4 SY o ¢
Gterminal five GE A1 S 3f 206dzZf I NJ 0[ DO R2RKEYA2YYy 18 KK&SDLI K
calciumR S LISY RSy (i |-dypskdgliicargHghenesteetral, 1999)Figure 17). At the end

2T (KS f2y3 IN¥X GKS [D R2YFIAYyad O0AYR G2 Ay(S3
0O0OH OAYRa { ShahgftialSANRKFHure 13)i Tie LG5 domain is conserved in the
proteoglycans perlecan and agrifHohenesteret al, 1999) The Nterminal domain is

O2YLI NrotS Ay (GKS o f I Y-deynhal dodns arg domppdedofa I YR
globular laminin domain (LN), foll@d by laminintype epidermal growth factelike (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 proteolysi®tt et al.,, 1982)
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Figure 17. Lamininstructure] | YAYAY Aa O2YLR &SR 27 Fy h OKFAYS | -ike OKIAYy |
shape. Within the basement membrane, laminin interacts with several proteins and cell receptors, including fibulin, perlecan,
nidogen 1/2, collagen 1V, integrins and dystrogly¢Adapted from Harvey and Thorner, 200B)age created with items from

the Servier medical art

Fibronectins are glycoproteir(¢lynes and Yamada, 198®#)hich are formed by three types of
homologous repeatéPatelet al., 1987) Fibronectin has twelve type | repeats, two type Il rajse
and fifteen to seventeen type Ill repeaBankov and Yamada, 200E)bronectins usually form

a symmetric antiparallel dimer that is covalently linked by intréanalar disulphide bonds in its
Gtermini (Kar et al, 1993) Extracellular fibronectintability and aggregation depends on
disulphide cros$inking (McKeownLongo and Mosher, 1983; Langenbach and Sottile, 1999)
Interestingly, the twelfth type leapeat comprises a GyspAsnCys sequence with protein
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disulphide isomerase activity, which may be required to incorporate fibronectin into the ECM
(Langenbach and Sottile, 199%imilarly, quiescin sulfhydryl oxidase 1 (QSOX1) is required in
fibronectin incorporation and organisation in the ECMvittet al., 2019) Fibronectin expression

is upregulated by the breast cancer cell line MIB-231. In 3Bsuspension cultures, fibronectin
expression upregulation depends on p38 activation. -d8Bendent fibronectin expression
facilitates attachment tawo-dimensionalO St € Odzf G dzZNBa F2tt 2gAy 3 | OGA
(Park and Helfman, 2019n the SW480 colorectal cancer cell, nicotewetylcholine receptor

mediates upregulation of cyclooxygenase 2 and fibronectin, which in turn promotes cell
migration(Weietal, 20110 h pi M AYOGSIANRY | yR TAoMBehbnidAy | N2
ovarian cancer cell lines SKOV3ipl and Heg&®inyet al, 2014) In addition, as previously
mentioned, fibronectin internalisation in the endometrioid ovarian cancer cell A2780,

overexpressing Rab25, results in mTORCL1 activatidinvasive migratio(Rainercet al.,, 2015)

TenascirC is a disulphidbond crosslinked mesenchymal glycoprotein that forms hexamers, a
structure known as hexabrachiofChiquetEhrismannet al, 1986; Jones and Jones, 2000;
Midwood et al, 2016; Chiquet, 2020 enascirCalso consists of EGike repeats(Zanuttinet

al., 2004) which hinder cell adhesion on fibronectin by binding to the fibronectin type Ill repeats
(Huanget al,, 2001) TenascirC contains fibronectin type Jlike repeats, which are easily cleaved

by cathepsin Aeukocyte elastase and MMP1, MMP3, MMR7aiet al,, 1994; Siret al., 1995)

The fifth fibronectin type Il repeat binds to several growth factors, such as PDGF, FGFZTGF
IGFBPs, which may additionally promote cell proliferation, migrat{iDe Laporteet al., 2013)

and angiogenesis through VEG@Bnakaet al., 2004) Tenasci¥C possibly induces amoebdile
migrationandmett a4 3A &4 o0& AYKAOAUGAY A ! t(Sunefal,l2018)cpi m Ay

Elastin is a highly croéisked ECM protein on its lysine residues, similar to colldgemell and
Martin, 1968) It is the most abundant component of elastic fibores and provides structural
support and mechanical stretchinyindin, Mithieux and Weiss, 2019)he 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 gt hypermobility(Callewaeret al,, 2011) Elastin was
reported to regulate proliferation and migration of colorectal cancer cells in culture. In
YFONRLIKEF3IS&ax AG AYyONBIFasSa aSONBGAz2Yy 2F (dzy2 dzN

inflammation in cancefLiet al., 2020)

Vitronectin is an ECM and plasma glycoprotein that participates in cell adhesion and migration
upon integrin engagemen(iSeiffert and Smith, 1997Yhe Nterminal doman of vitronectin is
known as somatomedin B and it provides a binding surface to stabilise plasminogen activator
inhibitor-1 (PAd1) activity and for the binding of the urokinase receptor (uP&R)mikipo,
Okumura and Loskutoff, 20Q2Yitronectin further contains six hemopexin doma{denne and
Stanley, 1987; Schvartz, Seger and Shaltiel, 19@®opexin is a glycoprotein that contains six
intrachain disulphide bonds, which reduction is required for its proteo(fisikahashi, 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 @ecard, Van den Steen

and Opdenakker2007)

Thrombospondins are extracellular oligomeric glycoproteins that are classified into two
subgroups: subgroup A/trimeric (thrombospondin 1 and 2) and subgroup B/pentameric
(thrombospondin3 to 5) (Adams and Lawler, 1993The monomers contain an-tdrminal
domain, a coiled coil oligomerization domain, variable number oflk@&Fepeats (type 1), seven
calcium binding TSR type 3 repeats and a globutarr@inus as reviewed i(Adams and Lawler,
2004) Subgroup A additionally contains a von Willebrand Factor ty¢VlC) domain and
properdin thrombospondin repeats (TSR type(Adams and Lawler, 2004The Nterminal
heparinbinding 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 ceé ([Eker Leiomyoma Tume8r ELT

3) (Goicoecheat al,, 2000) Disassembly of FA is indispensable during cell migrédamadiet

alY Hnnp Tetah QR dzl |
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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.cAssequence, 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 soméhefinteractions described between the different ECM
components and how imbalances in their structure or profeiotein interactions result in loss

of ECM architecture and may facilitate certain cancer cell behaviours: namely, invasive migration.

Collagens assemble into fibrils in vif@ross and Kirk, 1958)owever in vivo or in fibroblast

cultures, assembly of collagen type | atype Ill is chaperoned by fibronectitGrinnell,

Billingham and Burgess, 1981; McDonald, Kelley and Broekelmann, 1982; Kadler, Hill and Canty
Laird, 2008)collagen (Wenstrupet al, 2004; Moriyaet al, 2011 h pi m FRA YRR Y SIOm A Y
collagenbinding integring(Liet al, 2003) Conversely, elongation oibfonectin fibril requires

binding to collagen type (Dzambaet al, 1993) Collagen and gelatin binding to fibronectin is
dependent on the presence of disulphide bonds in type Il fibronectin don{Steffenseret al,,

2002) these domains decrease gelatinase (Mi2ilBand MMP9) activity(Steffenseret al., 2002)

The triple helical region of collagens I, II, IlI, 1V, V andhdItb the hemopexin domain 1 and 2

of vitronectin, which binding partially impairs fibronectin binding to native colldabbet al.,

1986; Yonedat al., 1998)

Thombospondins can interact with several ECM proteins, such as fibronectin, laminin and
collagens; for a review sg@an and Lawler, 2009). Those interactions may be relevant to aid
thrombospondinmediated ECM assembly and remodell{ggolovaet al, 2012; Subramanian

and Schilling, 2014; Yamashebal., 2020)

The NC3 domain in fibril associated collagen XlI interacts with the disullnikee trimer

tenascinX (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, Il, V, XII and XIV, and
elastin(Lethiaset al,, 2006; Eggingt al,, 2007) Mutations in tenasckX cause connective tissue
disorders, such as kns Danlos syndrome (characterised by joint hypermobility and skin and
blood vessel fragilityYyKaufman and Butler, 2016)lenascifX expression is downregulated
during tumorigenesigLiotet al, 2020) TenascifX downregulation and mutations may disrupt

the collagen fibril organisation within tumour stroma and facilitate invasion. Additionally, links
have been made between tenasexoverexpression and a reduction in MMP2 and MMP9

expressior(Yanet al,, 2019) further supporting a role in ECM network disruption and invasion.

The N and Ctelopeptides of collagen Il are pyridinoline crosslinked to different sites of the triple
helix COL2 domain of collagen IX in human, chick and bovinkage(Diab, Wu and Eyre, 1996)

[ 2tf1F3Sy - L FNB FdzZNIKSN) ONRaaftAy|1SR 0SGsSSy
h o0 ¢ kterminal/(NC1) domai(Diab, Wu and Eyre, 199&)ollagen Il and IX polymerise together
with collagen Xl, which regulates collagen fibril thickr{&gsndleret al., 1989) Collagen Xl fibrils

are crosslinked to one another between tha®opeptide and the @erminal of another collagen

XI helix(Wu and Eyre, 1995)Collagen IX and Xfre required to maintain tissue structure.
Upregulationn of the TG~>Ets}>MMP3 axis by collagen XI in ovarian cancer promotes tumour
growth, invasion and metastagfgv/u et al., 2014) Interestingly, degradation of collagen IX and

Xl by MMP3causes defects in ECM architectu®u et al, 1991; Wu and Eyre, 1995Jhis
suggests that keeping the homeostasis of the ECM is crucial; an imbalance in any of its
components may cause a chain reaction that may affectigaotis ECM proteins. In fact,
mutations in collagen IX destabilise the cartilage structure and have been associated with
arthritis (Carlsen, Nandakumar and Holmdahl, 2QG6)disbalance in collagen fibril structure
further facilitates the access of artollagen Il immunoglobulingCarlsen, Nandakumar and
Holmdahl, 2006) Similarly, mutations in collagen Xl increase collagen type Il degradation in
cartilage (Rodriguezet al, 2004) Collagen Xl has been related to tumorigenesis in multiple
cancers, such as colorec{@discheret al., 2001) ovarian(Wu et al,, 2014) neck squamougSok

et al, 2013)and breast carcinoma®/argat al., 2012) among others.
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Collagen 11 fibres, as well as aggrecan and other procollagens, are connected to collagen VI
microfibrils through linker complexes constituted byatrillin-1 and biglycanWiberget al,

2003) both proteins contain intrachain disulphide bonds in their struct(W& and Eyre, 1998;
Scottet al, 2004) Matrillin-1 can contain additional interchain disulphide bridges with matrilin

3 (Wu and Eyre, 1998Mutations in biglycan cause osteopenia, the pbiype of which is similar

to osteoporosis and premature arthriti€Chenet al, 2004) Biglycan is upregulated in many
cancers, including pancrea(i@/eberet al., 2001) gastriqHuet al., 2014) ovarian(Kocbelet al.,

2014) colorectal (Xing et al, 2015)and prostate cancergJacobseret 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
(Weberet al, 2001) Nevertheless, other studies indicated that biglycan correlates with poor
survival in pancreatic tumoucaprileet al., 2013) In fact, it is worth mentining that the breast
cancer cell line MDMB-231 showed increased invadopodia and ECM degradation in G1 phase
(Bayarmagnaet al, 2019) while invasive MKN45 stomach adenocarcinoma cell line showed
resistance to chemotherapy in GYanocet al., 2014) The differences observed between studies
may be due to either early date stagecarcinomas. 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.

TheNO SNXYAYLFE R2YFAYy 2F O2ff | 3Sy +ibterdttaithOthdr A y K | 2
ECM proteins, such as heparin and hyalurof@ecket al., 1992) Other possible interactors of

collagen type VI include collagen I, Il andBd@naldoet al., 1990; Bidansegt al., 1992; Kucet

al., 1997) Noretheless, an in vitro study reported that collagen | does not bind to collagen VI
(Speck=et al., 1992) this difference may be on account of the experimental conditions used.
Collagen VI has an important role in anchoring the BM componenth, &si collagen 1V to the

stromal ECM proteins, like collagerriqure 18). Upregulation of collagen VI and hyaluronan in
breast(Wishartet al., 2020; Wuet al., 2020) pancreatiqSugaharat al., 2006; OwustAnsahet

al., 2019)and glioblastomgTurtoi et al., 2014; JW. E. Cheret al, 2018)tumours promote

cancer progression, invasion ands#sination.
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Figure 18. Schematic representation of the ECM meshwofk.nontransformed 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 Viemcbléagen |

43



Nidogen is a BM protein involved in supramolecular organisation since it complexes with laminin,
collagen 1V and perlecan (heparan sulfate proteogly¢BoXet al., 1991; Battagli@t al., 1992)

(seeFigure 17 and Figure 18). Nidogen consists of three globular domainstehminal G1 and

G2 and the @erminal G3(Foxet al, 1991) The first two domains are connected through a
flexible linker region, while the third domain is connected to G2 by rigidlk&FepeatyFoxet

al.,, 1991) The second domain binds to collagen IV and perl¢Eaxet al., 1991; Reinhardet

al., 1993) Nidogen binding to collagen IV and perlecan requires the presence of a disulphide loop.
The G3 domain of nidogeh binds to the EGHRke repeats of the lamihy + m (M@K Ay
Deutzmann and Timpl, 1988; Fekal., 1991; Gerkt al, 1991; Losstt al, 2014) Complexes
between laminin and nidogen partially protect against thrombin, leukocyte elastase and MMP3
mediated proteolytic cleavage, in particular in the G3 dom@ayer et al., 1993) The CpG
islands of nidogei/2 promoter were shown to be aberrantly methylated in colon and gastric
cancers, leading to loss of gene transcription. Loss of nidag&may favour invasion and
metastasis by weakening c@&8M interactions, as well as facilitating the degradation of the BM
(Ulazziet al., 2007) Similarly, degradation of nidogen by cysteine cathepsin S is associated with
NSCLQNillumsenet al., 2017) On the other hand, nidogen overexpression correlates with poor
prognosis and it promotes lung metastasis of melanoma asddircancer cell§ ! f S GeflaR @A 6

2017) Nidogenl is increased in the serum of ovarian serous caflaet al., 2015)

Quiescin sulfhydryl oxidase 1 (QSOX1) is a disulphide bond catalyst found in the Golgi
(Chakravarthiet al., 2007)or in the secretome of confluent quiescent culture fibroblasts
(Coppok et al, 2000) QSOX1 is required for tley O2 NLJ2 N> G A2y 2F I YAY A\
network as QSOX1 deficient fibroblasts display reduced adhéaomet al., 2013) Laminin4l11

and laminind21 have been described to promote cell migration in glioma, melanoma, pancreatic

and othercarcinomagNagatoet al,, 2005; Ishikawat al., 2014) suggesting its role in building a
pro-migratory ECM. Laminidll has also been described to promote tumour cell growth in

glioma cells by increasing Notch digh f A y Jntelgrifi (Bunét mil, 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 MBA31 xenograft mode(Feldman

44


https://paperpile.com/c/KOjCE0/tPMxx+cCjhx
https://paperpile.com/c/KOjCE0/tPMxx+cCjhx
https://paperpile.com/c/KOjCE0/tPMxx+cCjhx
https://paperpile.com/c/KOjCE0/tPMxx+cCjhx
https://paperpile.com/c/KOjCE0/tPMxx+cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/cCjhx
https://paperpile.com/c/KOjCE0/36EmK+cCjhx
https://paperpile.com/c/KOjCE0/36EmK+cCjhx
https://paperpile.com/c/KOjCE0/36EmK+cCjhx
https://paperpile.com/c/KOjCE0/36EmK+cCjhx
https://paperpile.com/c/KOjCE0/36EmK+cCjhx
https://paperpile.com/c/KOjCE0/36EmK+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/jR6iF+xmmTm+kqwKH+cCjhx
https://paperpile.com/c/KOjCE0/8c7qn
https://paperpile.com/c/KOjCE0/8c7qn
https://paperpile.com/c/KOjCE0/8c7qn
https://paperpile.com/c/KOjCE0/Jl1nj
https://paperpile.com/c/KOjCE0/Jl1nj
https://paperpile.com/c/KOjCE0/Jl1nj
https://paperpile.com/c/KOjCE0/wnILO
https://paperpile.com/c/KOjCE0/wnILO
https://paperpile.com/c/KOjCE0/wnILO
https://paperpile.com/c/KOjCE0/jpkrj
https://paperpile.com/c/KOjCE0/jpkrj
https://paperpile.com/c/KOjCE0/jpkrj
https://paperpile.com/c/KOjCE0/jpkrj
https://paperpile.com/c/KOjCE0/sDuiE
https://paperpile.com/c/KOjCE0/sDuiE
https://paperpile.com/c/KOjCE0/sDuiE
https://paperpile.com/c/KOjCE0/4ZCAG
https://paperpile.com/c/KOjCE0/4ZCAG
https://paperpile.com/c/KOjCE0/4ZCAG
https://paperpile.com/c/KOjCE0/14dV0
https://paperpile.com/c/KOjCE0/14dV0
https://paperpile.com/c/KOjCE0/14dV0
https://paperpile.com/c/KOjCE0/4roBm
https://paperpile.com/c/KOjCE0/4roBm
https://paperpile.com/c/KOjCE0/4roBm
https://paperpile.com/c/KOjCE0/YQJg2+OY84H
https://paperpile.com/c/KOjCE0/YQJg2+OY84H
https://paperpile.com/c/KOjCE0/YQJg2+OY84H
https://paperpile.com/c/KOjCE0/YQJg2+OY84H
https://paperpile.com/c/KOjCE0/YQJg2+OY84H
https://paperpile.com/c/KOjCE0/LoEea
https://paperpile.com/c/KOjCE0/LoEea
https://paperpile.com/c/KOjCE0/LoEea
https://paperpile.com/c/KOjCE0/wHnr8

et al., 2020) These mice showed less weight loss and weakiiEskimanet al, 2020) QSOX1

could be a possible therapeutic target to modulate the laminin edsg into the ECM, as well as
modulating laminin effects on cancer ceflaniet al, 2013) QSOX1 secretion is increased in

CAFs and TGFMm NXBf S aSR o6& OFyOSN) OStfa adAaydzZ !l 4dSa
(Feldmanet al, 2020) Alphad Y2 2 1 K Y dza GSMQ) is- & Bignyof an hactivated
YAONRSYQGANRYYSylGd . f201Ay3 FYUIAO2RASMAIWIIAYAI
myofibroblags (Feldmaret al,, 202).

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 componés 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 constanty interacting, producing signals that influence both the ECM and cells.

The extent of ECM crodisking can promote an invasive phenotype in cancer cells and can affect
ECM remodellingPourfarhangiBergman and Gligorijevic, 2018jumourassociated stiffness

and collagen crosknking promote tumorigenesis in breast cancer, hepatocellular carcinomas,
as well as in pancreatic ductal adenocarcinoma (PDAC) by auggené&chanotransduction
signalg(Leventalket al,, 2009; Ricet al,, 2017; Liet al., 2020) Nonetheless, the ECM in cancer

is regarded as a twedged sword: the ECM not only promotes tumorigenesis but also represents
a barrier to cell ngration and invasion; as an example, the BM is the first obstacle carcinoma
cells encounter prior to invasiofRowe and Weiss, 2008Further evidence that sustainseh
tumour suppressive role of the ECM is that compressive stress, as a result of high density ECM,
limits multicellular spheroid growtliDelarueet al., 2014) Nonetheless, tumour cells display
remodelling mechanisms to overcome the ECM bar@ancer 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 wkiiown to enable cancer cell movement and subsequent
invasion(Hotary et al, 2006) Proteasemediated degradation is known as the extracellular
degradation, which is most likely complemented by andegists with the lysosomal

degradation, which involves endocytosis of E@dinero, 2016)The reorganisation of the ECM,
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together with its enzymatitnediated degradation, mmotes matrix expansion (or stretching),
which is required for tumour growth and local invas{@movenzanet al., 2006) However, these

are complex processes that can bemgssed. Breast cancer cells, for example, can undergo
mesenchymal teamoeboid migration when cethatrix adhesions are hindere(Khooet al.,
2019) Similarly, inhibiting ECM proteolysis induces invasive amoeboid phenotype in

glioblastoma via Rho signalling activatigfanet 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 theestrictive environment that the ECM can generate, focusing

on the extracellular degradation.

The most studied remodelling mechanism in cancer is degradation of ECM. Understanding the
complexity of ECM reodelling mechanisms may open new avenues for therapeutically treating

and preventing invasive growth and ultimately metastasis.

Following integrirmediated adhesion to the ECM, cells of the mooytic myeloid lineage,
osteoclasts, stimulated endothelial cells and cancer cells initiate the assembly ofrialatin
protrusion inwards the ECNMurphy and Courtneidge, 2011; Grafingstrr al, 2020) These
protrusions, knom as invadosomes, possess proteolytic enzymes that facilitate directional
migration by promoting ECM degradatigiMurphy and Courtneidge, 2011nvasive tumours
and transformed cells display specialised invadosomes, called invadd@bdia, 1989; Murphy

and Courtneidge, 2011)

TGH (Rottierset al,, 2009) vascular endothelial growth factor (VE@R®pnget al., 2009; Lucas
et al,, 2010) hepatocyte growth factor (HGHRajaduraet al,, 2012)and epidermal growth factor
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(EGFfMaderet al.,, 2011)trigger signalling cascades that result in Src kinase, PI3K and Rho family
GTPasesctivation and positively regulate invadopodia formatig@€hen, 1989; Madeet al.,

2011; Yamaguchet al, 2011; Spuukt al, 2014) Simultaneosly, EGFR and HGF signalling
increases transcription and secretion of MMPs, actin aggregation and integrin distribution, which
hence leads to ECM degradati(fPorther and Barbieri, 2015)

Src, for instance, is a nageceptor tyrosine kinase that is frequently overexpressed and activated
in many malignanciefGuarino, 2010)It isa weltknown oncogene that has been described to
promote ECM degradation and invasig@uarino, 2010; Eckert al, 2011) Sremediated
phosphorylation of cortactin, Arg/Abl tgsine kinase and tyrosine kinase substrate with 5 SH3
domains (Tks5) promote invadopodia assem{Bgaty et al, 2013) The presence of Tks5
exclusively characterises invadopodia in cancer cells. Downregulation of Tks5 in amd$Rias
transformed mammary epithelial cells reduced local invasion and dissemination to the lungs;
while it did not affect growth of the primary tumourEckertet al, 2011) Accordingly,
overexpression of cortactin in a nenetastatic hepatocellular cainoma cell line increased

metastasigChumeet al,, 2004)

LYGSaNAya INBE GKS YIFAYy 9/ a NBOSLI 2 NBE Jubuiditk S &
(seeFigure 110 and sectionl.5.1. Integrink Integrins sense the surrounding ECM and enable

cellsto respond to microenvironmental cues. Integrins facilitate cell adhesion, migration and
invasion through the intricate ECM netwotkgrefore, upregulated integrin expression leads to
cancer invasion and vascular dissemination. Integrins cluster in ihyada A 4niEgrin imMDA
MB-231 and MTLn3 breast adenocarcinoma cells is required for invadopodia matu@gaty

et al, 2013¥ -integrin was reported tanduce Arg kinase activation, which stimulates cortactin
phosphorylation at Tkspositive invadopodigBeatyet al.,, 2013) Cortactin phosphorylation
leads to the recruitment of Na+/H+ exchanger type 1 (NHEMRgalhaest al, 2011) NHE1
activity induces an increase in the intracellular pH, which triggers release of cofilin from cortactin
(Magalhaest al, 2011) Cofilin severs actin filaments and assists Arg2/@plex dependnt

actin polymerisation to stabilise invadopodi@seret al., 2009; Magalhaest al., 2011)
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In breast and prostatic cancer cell lines, MBIB-231 and P@ NB a LJS Onfefrid @Eridts 1 ™
integrin-linked kinase (ILK) upon engagement to the EGMcoet al,, 2021) ILK recruitment to
i nntegrin positive invadopodia activates NHE1, which leads to ECM proteolysis by acidification
of the peri-invadopodia spac€Grecoet al, 2021) The latter may be important in cathepsin

mediated ECM degradatiorsge section1.4.3.1. Cathepsins: cysteine, serine _and aspartyl

proteases.

LY AY@FIR2LIRAIZ hoim AYGSANARY | a2a20AF0Sa gAGK
protease that cleaves collagen | into smaller fragments following its digestion by NNWRller

etal, 1999; Faretal, 20160 LYy I RRAGA2Y S hoi m A-BASpphdsgd Sy Il :
invadopodiamediated degradation in 804G rat bladder carcinoma cflis et al, 2010)

t - N} R2ZEAOIfftes (1y201Ay3 R2é6y ftFYAYAY asu OKI J
invadopodiamediated degradatiorfLiuet al, 2010) This suggests that specific ECM ligands may

lead to the activation of distinctive signalling pathways, resulting in a enigpiogical 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 wktlown to activate focal adhesion kinase (FAK), which was
described to negatively regulate invadopodia formation by sequestering Src to(Ghes,
Cortesio and Huttenlocher, 2009; Kd@lbuhafset al., 2014) while FAKelated prolinerich
tyrosine kinase 2 (Pyk2), a noeceptor tyrosne kinase, was shown to recruit Src to nascent

invadopodia in breast cancer ce{{Sennaet 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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MMPs are regarded as the main family of proteolytic enzymes involved in ECM degradation.
MMPs are often associated with the PM: MMP A & NBONXzA SR o6& huim Ay
hy AYGESNI OGa 6AGK dofan of IWRT, SNVIMRBS atsocickeS Wit CORE A v
(Yu and Stamenkovic, 2000; Strickeal.,, 2001) Interestingly, association between MMPand
cholesterol sulphate shifts substrate binding preference, promoting degradafiqericellular
laminin-332 and fibronectinYamamoto, Miyazaki and Higashi, 2018) balanced regulation of
MMPs is required for normal tissue functigbenoet al, 1997; Loffek, Schilling and Franzke,
2011) Tissue inhibitors of metalloproteases (TIMPSs) inhibit and regulate MMP a{Gatyezet

al., 1997) Not only TIMPs regulate MMPs, but MMP regulation also occu(§) atanscriptional

and posttranslational level, (ii) PTMs, including citrullination, glycosylation and nitrosylation, (iii)
pro-enzyme activation by cleavage of the gtomain and (iv) compartmentalisation within the

cell (Loffek, Schilling and Franzke, 2011; Bebal,, 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 enzymsgivpty correlates

with tumour aggressiveness, while low activity is observed in normal tig&res<et al,, 1995;
Murray et al., 1996; Zhanget al, 2008) Expression of MMPs is higher in both lymph node
metastasis and disseminiah to distal regions compared to ductal carcinomas in giteanoet

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 tiss(Bejarancet 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 éf {I@&iet
al,1997)WhileTGF | OGa +Fa | Gdzy2dzNJ adzLILINBaa2N Ay S| NI
arrest and apoptosis, at later stages it can promd#lEmetastasis and chemoresistar{(@olak

and Ten Dijke, 2017%imultaneously, TGF Kl & 06SSy f Ay 1SR (2 G4KS ¥F2N
that resemble invadopodia @hECM degradation in human breast cancer ¢disndal, Johnson

and Wheelock, 2008) TGF Ad FTRRAGAZ2YLFEE& AYLIEAOIGSR AY
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collagenases,uch as MMPL3, and plasminogen activators; which on the one hand stimulate
collagenolysiglependent angiogenesis and, on the other, they further activate latent MMPs
(Edwardset al, 1987; Zijlstreet al., 2004; Santibanez, 2013yIMP-induced cleavage of ECM
molecules may further uncover latent TGF | Y R 2 (i K S NXSAMNERz{i2013yRdwelli 2 NA
la KARRSY 9/a NBOSLIIi2NJ 6AYRAY3I ariadSaoe hgiox
RGD binding sites, which are hidden within the collagen triple helix structure and are revealed

following ollagen denaturatior{Davis, 1992)

There are twenty four types of MMPs, which can be classified into different types depending on
their substrate; collagenases (MMR -8 and-13), gelatinases (MMR and-9), stromelysins
(MMP-3 and-10), matrilysins (MMH and-26), and membran¢ype (MMR14,-15,-16,-17,-24
and-25), among others; for a review séeW|l 0 O2NEALPdz0 > al 6 S201 &1. I YR
MMPs are highly specific: as an example, MRM&dMMP-9 are involved in the degradation of
collagen type | and IfNikolov and Popovski, 202Bctually, reducing MMR expression results

in inhibition of invasiontumour growth and proliferation of laryngeal squamous cell carcinoma
(Suret al,, 2008) Similarly, MMPO is highlyexpressed in laryngeal carcinoma, which results from

a disbalance in TIMP expressior(Matulkaet al., 2019) MT1-MMP (also known as MMP4)
enables cells to invade through high density cHirsised collagen | regior(€hunet 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 partiaeptgsis(Tamet al, 2004) On

the contrary, MMP2 is incapable of degrading densely crosslinked fibbesit complements
MT1-MMP to enable collagen cleavage into smaller soluble fiprasnet al., 2004) In addition,
MMP-2 is activated by MTMMP (Tamet al,, 2002; Zigrin@t 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
produe MMPs, but stromal cells, inflammatory and immune cells also contrit@#abovat al.,

2008; Niland, Riscanevo and Eble, 202i) Some studiesnply that there are anttumorigenic
MMPs (MMR3, -8, -9, -11, -12, -19 and-26). It has been reported that these play a role in
inhibiting angiogenesis and metastasis in vidcCawlg et al, 2004; Montelet al, 2004,

Konstantinopoulost al, 2008; Dufour and Overall, 2013)ii) 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 progressigbBevyet 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 inCaenorhabditis Elegapsomotes acquisition of an adaptive mechanism to breach
through the BM; actirdriven physical force enables cancer cells to breach through the BM by
displacing it(Kelleyet al., 2019) Particularly, these cells display large protrusions enriched in
Arp2/3 complex, factin and mitochondria, which generates high levels of élleyet al,
2019) It may be possible that in the absence of MMPs, cancer cells display similar erdatiged
protrusions(Strzyz, 2019)

Malignant cells exploit the endomembrane trafficking machinery to promote cancer invasion.
MMP activity can be regulated via endocytosis from or recycling to the PM:-NMIMR, for
instance, was reported to e internalised in a clathridependent and clathriindependent
manner, probably caveokmediated endocytosi$Remacle, Murphy and Roghi, 200B) fact,
Sredependarn phosphorylation of caveolid and MTIMMP is required for their interaction,
which regulates MT-MMP turnover (Nyalendoet al, 2007) Following its endocytosis, MT1
MMP caclocalises with EEA1 and Rab5, localising -MMP in early endosomes(Remacle,
Murphy and Roghi, 2003)n addition, MTAMMP can be recycled back to the PM through Rab4
positive endosomeéRemacle, Murphy and Roghi, 200B)oreover, MTIMMP colocalises with
CLIC3 in late endosome/lysosome; knocking down CLIC3, Rab27A and B inhibit rapid recycling of
MT1-MMP (Macphersoret al, 2014) Primary cultures of invasive breast cancells using the
PyMT model metabolise glutamine to glutamdi@ornieret al., 2017) Glutamate is released via

the Xc antiporter and extracellularly activates the glutamate receptor GRM3, which promotes
MT1-MMP recycling in a Rabzaiependent maner (Dornieret al., 2017). Additionally, vesicles
containing MTIMMP are propelled to mature invadopodia along microtubules via kinesins,
including KIF1B, KIF5B and KIF3A/K(&E8haekeet al., 2004; Wiesneet al,, 2010; Dongt al.,

2013; Wanget al,, 2017) In highly invasive breast cancer, KIF5B was identified as upregulated,
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along with MTIMMP (Marchesinet al., 2015) This reinforces the important role of MMP
ONF FFAOLAY I dzLINB I dzt | G A 2 ymediajeRadi@siofi @ Saldgeny diivesi A 2 Y ©
MT21-MMP polarisation and its exocytosis to the PM via RadiB/ation; reducing the expression

of Rab8 results in decreased ECM degradation and invasion inNVBEZ81 breast cancer cells
(BraveCorderoet al., 2007) During invadopodia formation, Rab40b participates in the sorting of
MMP-2 and MMP9 into VAMP4 secretory vesicles in MEMIB-231 cell§Jacobet al,, 2013) In

the MCF7 breast adenocarcinoma cell line, Rab27 is found at the fusion sites in the PM, where
it mediates the last stages of MM exocytosigStephenset al., 2019) During constricted
migration, the size of the matrix pore and lamin A expression, which modulates nuclear stiffness,
coordinate pericellular collagenolysis in cancer c@liidante et al, 2018) The linker ofthe
nucleoskeleton and cytoskeleton (LINC) complex protein negpand the dynein adaptor Lisl
regulate the position of the centrosome, which contributes to the nuéeterior polarisation of

MT21-MMP and Tks5 positive invadopodlafanteet al., 2018)

Frequent signalling pathways upregulated in cancer increase ECM degradation by affecting MMP
trafficking; FAK/Skmediated phosphorylation of Endophilin A2 inhibits endocytosis of MT1
MMP in Src transformed celf8Vuet al., 2005) ConverselyMT1-MMP phosphorylation induces
AGa AYOGSNylFrtAaldAz2ys G23SGKSN gA ((Williampansh Ay (S
Coppolino, 2011y ¢ KS O2 Y LX SEintehrihad SIRMMPSs lateptiafficked to Rab7

and VAMP7 endosomé§Villiams and Coppolino, 201Ihe authors suggest that MMMMP is

then recycled back to theN®, which consequently enhances degradation of E@#liams and
Coppolino, 2011)O0f note, phosphorylation of MHYUMP by Src has been shown to promote
migration in culure, as well as invasion and tumour growth in m(idgalendcet al,, 2007, 2008)
Blocking MTAMMP phosphorylation does not alter its proteolytic activity towards collagens and
pro-MMP-2 (Nyalendcet al,, 2008) However, phosphorylation of the short cytoplasmic domain
found in MTEIMMP isrequired for migration of the fibrosarcoma cell line -#i080, human
umbilical vein endothelial cells (HUVEC) and bovine aortic endothelial cells (Bii&€ndoet

al., 2007) This supports the yet unexplored role of MWMMP in cancer, whicls independent of

its proteolytic activity(Nyalendoet al, 2007) The cytosolic domain of MIMIMP recruits
p130Cas to the PM of macrophages; this association contributes to Racl act{\@tioraloet
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z

al., 2010) In addition, MTIMMP has been showntoregulate HIFF | Yy R | RSy 2aAy S GN
(ATP) production in macrophagé&sakamoto and Seiki, 2010)

Factors other than MM¥s play a role in the progression of cancer and invasion. The following

section will outline other ECM proteolytltased remodelling mechanisms used by cancer cells.

Oxidoreductase Cathepsin and serine protease secretion

Mechanical degradation

Figure 19. Diagram of the mechanisms employed by cancer cells to degrade the E@ider cells possess several mechanisms

to overcome the constraints that the ECM may generate. While the-nhigliRated extracellular degradation has been extensively
studied, cancer cells upregulate other proteolytic enzymes, namely serine and cathepsisgstofedditionally, 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 surfsi@expozidoreductases

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 throughedi@ted pulling forces.
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Cathepsins are proteolytic enzymes, categorised into three families: cysteine (cathepsin B, C, F,
H, K, L, O, S, V, Xand W), serine (cathepsin A and G) and aspartyl proteases (cathepsin D and E)
(Patelet al, 2018; Yadatet al, 2020) Cathepsins were once regarded mainly as lysosomal
proteases, having a key role in intracellular protein degradation and energy metaiole@ y 2 @ A 6
and Turk, 2014; Yadadt al., 2020) These enzyme$ew highest activity and are active in acidic
compartments, e.g. lysosoméRatelet al, 2018; Yadatet 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 spgEeoschet al., 1999; Roshy, Sloane and Moin,

2003) Extracellular cathepsins are commonly found in pathology, such as cancer, neurological
and cardiovascular disea¢€-L. Liuet al,, 2018; Bunlet al., 2021)

Acidification of pericellular space promotes redistribution of lysosomes towards the PM, which
results in secretion of active cathepsin B by malignant d&iszhinet al, 1994) In the
extracellular space, cathepsins are capable of degrading diverse ECM compbr@@s/ 2 A 06 | y |
Turk, 2014)Figure 19). In cancer, cathepsins have been identified to cleave targets such as
tenascinC, nidogeri, fibronectin, osteonectin, laminin, periostin, collagen IV, collagen | and
elastin(Guinec, DaleFumeron and Pagano, 1993; Mdial., 2002; Yasudet al,, 2004; Boraschi

SAFT Z wamMtT A1 2 A O.9hek actvigyyeaullishirichangésto bbttiZiid ECMH 1 m &
structure and, in addition, it affects EGMlated signalling pathways. Cathepsin B and X, for
instance, have been shown to promote EMT in the breast cancer cell in/MGFA G N2 @A 6 5 t ¢
C2y2@0A0d I y.Bimiaglyacathepsin®anad cathepsin S have been shown to be involved

in the progression of pancreatic ductal adenocarcinoma and gastric cancer, respectivel
(Gopinatharet al,, 2012; da Costet al., 2020) while increased expression of cathepsin B, D and

S by microglial cells has been observed in Alzheimer's difeasey and Klegeris, 2018peveral

cysteine cathepsins, including H, L, C, B and S are overexpressed during human papillomavirus

HPV1éinduced cervical carcinogenegioyceet 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 endocytdéazemiet al, 2021) Internalised

ECM has beefurther described to be degraded by the proteasomes in pancreatic stellate cells
to support PDAC cell growth in cultui2. Zhiet al., 2020) Together with MMPs and cathepsins,
there are other key enzymes that aid cancer cells to degradeptioéeins that shape the

surrounding stromaKigure 19).

In addition to MMPs and cathepsins, other proteases orchestrate ECM degrad3toime
proteaseshave been involved in cell growth and differentiatig®akash, 2012pimilar to MMPs,
serine proteases are zymogens and they are activated by protedRailsash, 2012)The best
characterised serine protease is trypsin, which playsmde roles in food digestion, coagulation,
atherosclerosis, inflammation and can¢&agle and Harris, 1937; Soreedal., 2006; JY. Shet

al., 2020) Trypsin is involved in colorectal carcinogenesis by promoting proliferation, invasion
and later metastais of colorectal cancer ceSoreideet 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 rilsim and plasmin serine
proteases (Liotta, Goldfarb and Terranova, 1981Another type of serine proteases are
Urokinasetype plasminogen activator, whose expressioositively correlates with tumour
invasion and metastasigiennekeet al, 2010) Serine proteases can also be transmembrane
proteins, such as matriptase, which is involved in progression of epithelial carcinomas,

extracellular degradation of BCand angiogenesiZorattiet al., 2015)

Some ECM degrading enzymesve been shown to have afitimour properties or have a
protective role in cancerA disintegrin and metalloprotease withthrombospondin moti
(ADAMTS) and ADAMSs, known together as adamalysins, ardepeadent metalloproteases,
which are activated bfurin (Przemyslavet al., 2013) There are 19 ADAMTS and 21 ADAMs, the
former are usually secreted while the latter are transmembrane protéfrzemyslawet al.,
2013) ADAMTS1, for example, is an amgiogenic and tumour protective protease in breast

cancer (Martino-Echarriet al, 2013) ADAMTS1 expression is reduced in breast cancer; it
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increases degradation of nidogdr2 and it ultimately affects vascular integriiylartino-Echarri

et al,, 2013) Nevertheless, it could be that lower levels of this enzyme agaired in the process

of extravasation during metastatic dissemination. Similarly, ADAMTS15 and ADAMTS18
expression is downregulated in breast, gastric, colorectal and pancreatic odturter et al,

2006; Let al, 2010) ADAMTS8 expression is higher in breast carcingRaseret al,, 2006)

In malgnancies, PDIs and endoplasmic reticulum chaperones are shuttled to the cell surface,
where they are retained by-términal KDEL endoplasmic reticulum retention seque(8aatels

et al, 2019) Endoplasmic reticulum stress has been reported to trigger Src activation, which
consequently phosphorylates ArfGAP with SBi@&main, Ankyrin Repeat And PH Domain 1
(ASAP1)Tsakt al,, 2018) This promotes the formation of a complex with Gelgecific brefeldin
A-resistance guanine nucleotide exchange factor 1 (GBF1), which enhances its activity and leads
to phosphorylation of Arfl(Tsaiet al., 2018) The SFASAPAGFBIArfl axis or any downstream
pathway promotes KDEL Receptor (KDELR) 1 dispersion arslirfaale relocalisation of
endoplasmic reticulum chaperones, such as the chaperones GRP78/CIZH)& al., 2018)
Similarly, SkcGBF1 Arfl signalling was reported to promote relocation of GalNac transferases
(GALNTS) from the Golgi tbe 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 théReiget al., 2020) The authorsonsider

that oxidoreductase traffic from endoplasmic reticulum to the PM originates from a modification
in the Gglycosylation status at the-términi of calnexinRoset al., 2020) However, this raises

the hypothesis that @lycosylation in the endoplasmic reticulum may result in endoplasmic
reticulum gress, which may consequently promote relocalisation of oxidoreductases to the PM.
Concretely, PDIA3 and calnexin colocalise to invadopodia reldettestructures, positive for
cortactin, in ¥Src transformed NIH/3T3 fibroblagiRoset al., 2020) The authors postulate that
calnexin and PDIA3 on the surface of invadopodia catalyse the reduction of disulphide bonds in
extracellular proteingRoset al, 2020) which therefore may affect the structure of the ECM
meshwork. Reductioof disulphide bonds may enable the access of proteases, such as MMPs, to

cleavage sites hidden within the protein conformation ($€gure 16B). Alternatively, PDI
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mediated disulphide bond formation of MMP9 is involved in regulating its activity and secretion
to facilitate ECM degradation, metastasis and tumour angioger{&$ianet al., 2012) This
suggests a potential role for PDIs in orchestrating El€lytadation at multiple levels, through

direct interaction with the ECM meshwork and regulation of MMPs.

In addition to proteolytic degradation, mechanical forces produced by cells drive ECM
degradation. Invdopodia exert oscillating mechanical forces on the ECM in the order of 3 to 5pN,
which further supports the proteolytic degradation of EQValakaet al., 2020) Crosdinking is

a PTM that modifies the mechanical properties of ECM and-&&lMignalling. Heavily cross
linked ECM was actually found to promote the formation of invadop@@urfarhangi, Bergman

and Gligorijevic, 2018This study identified that medium levels of type 2 transglutaminase (TG2)
crosslinking of collagen | (0.39 as a ratio of crbsked lysines to total number of lysine residues)
resulted in increased invadopodia protrusions, MWIMP delivery and utmodECM degradation
(Pourfarhangi, Bergman and Gligorijevic, 2018)milarly, the mechanical stimuli increase
proteolytic collagen degradation in pancreatic cancer upctivation of ROCK1/2 activifiRath

et al, 2017) Proteasendependent 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 craslinked BM(Wisdomet al., 2020) Conversely, in breast cancer the lysyl
oxidase related enzyme (LOXL2) orchestrated invasigivoand in inverted transwell collagen

plugs through upregulation of MMP9 and TIM@hrkeret al., 2011)

Other forces may affect remodelling, such as the pulling forces induced by contractility of FA of
tumour cells(Provenzanet al., 2006) The effects of these forces can be observed, for instance,
when breast cancer cells radiallyoeganise collagen fibres, leading to facilitated migration and
invasion at the tumoustroma boundary in mouse breast tumour modéidMT\ Wnt-1 and
MMTV-PyMT) (Provenzanoet 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(Huet al., 2007)(Eigure 19). This linkage to the actin cytoskeleton is known to be

necessary during cell migratiofHu et al., 2007) but could also move ECM fibre§)sing
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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, 2Q0R)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.

Another aspect to consider is that the cellular components can interrelate with the ECM through
cellsurface receptors, such as integrins, syndecans, dystroglycan, discoid domain receptors and
mannose receptors. These interactions facilitate proliferatiae]l polarity and migration
(Rainero, 2016by transducing cellular signals and modulating gene transcription. These ECM
binding receptors also collaborate on cellhadion, actin cytoskeleton polymerisation and

migration through the ECNFrantz, Stewart and Weaver, 2010)
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Figure 110. Integrin héerodimers.w S L322 NIi SR LJ A N& y-3 yRS-ipedid gubuiit& &nd they ECM ligand in
mammalian cell§{Adapted from Morend_ayseca et al., 2019)

1.5.1. Integrins

Integrins are the main cedlurface 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
0201t Syd Ay UdSNI O0A3HRa |0 $ [{HrES FOOAARumMphried, dagotendl G |
Humphries, 2006)Both subunits are type | transmembrane proteins, which characteristically

have a large extratlular domain, a single pass transmembrane helix and a short cytoplasmic tail
(Calderwood, Shattil and Ginsberg, 2000) Ly al YY I f A | y -€dBubits aR (OyK SINE |
subunits, which combine into 24 different heterodimers that bind distinct ECM components
(Hynes, 2002)Figure 110). Some integrins are promiscuous and interact with several ECM
LINEG0SAyaz:r adzOK & h@io O0AYGSNIOGa ETBEK FAON
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fibrinogen, vitronectin, PCAM, Tenascin, osteopontin, MFEB DellandBE 0 X hni m 0600 A Y |
FAONRYSOUlGAYEZ +/lam YR 2a0GS2LRYyGAYD YR hH
thrombospondins)(Humphries, Byron and Humphries, 2006; Mordmaysecaet al., 2019)

However, how do these integrins select ligand binding in complex environments? A recent study
KFa akKz2gy @agkn pieferabyibinds to yitionectin when simultaneously exposed to
vitronectin and fibronectin (Bachmann et al, 2020) Interestingly, forcemediated
conformational changes boost ligand promiscuity and its binding to fibroné8sohmanret al,,

2020) Other integrins, nonetheless, are highly specific and interact with a single ECM ligand;
hpim aLISOAFTAOFIff&® o0AYyRa& (HemplirigsSByranDabd HuybrielS | G a 2°
2006; MoreneLaysecat al.,, 2019)(Figure 110).

ECM engagement to the divergaegrin family triggers distinctive signalling pathwdifsighes

et al, 1997; Schlaepfer and Hunter, 1997; Miranti and Brugge, 2002; CaStekét 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 typéCastelléCroset al., 2009; Brafmart al., 2013; Hotet al., 2016;
Bachmanret al,, 2020)

Integrin activity is regulated at different levels, namely integrin conformation, preteatein
interactions and its intracellular traffilMoreno-Laysecaet al., 2019) One way integrins are
activated is through their binding to an extrakeghr protein, which results in recruitment of

scaffold proteins, kinases and phosphatases to modulate cell behaviour. This is known as

G 2 dz-R Yk RS A I(Mdrend-Laygedaet al, 2019) Conversely, integrins can be activated
OKNRdzA&2 daih yEMRY I f a¢€ 3 YSIYAYy3a GKIFG AYyGaNF OSt f dz
GFrtAYy YR 1AYREAY (2 ((Mofenohdysepatdl 2G1A O Gl Af 2F

Integrin function can be regulated by its endocytosis seewycling back to the cell surfadédqure

1-11). Integrins are internalised via diverse endocytic pathways depending on integrin
conformation, the ECM ligand and ECM stiffness. Idte§r i o NB ONHzA & GKS Of I i
Dab2 on RGD (A@ly-Asp) liganebound to mobile lipid bilayer, suggesting that clathrin

mediated endocytic machinery is recruited in the absence of traction fof¢ast al, 2015)
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ClathrindeperRSY G Ay iSaANARY SyR20eiG2aAia KFra 06SSy
ddzodzyAllda 6APSP® huws hpx hepx haxy h. 3 h535 h

~

SEGS
9> ho
a leucine, isoleucine, methionine or a valine) that interact with the g2r@inal subdomain of

the AP2 complefDe Francesclet al, 2016 adzii G A2y 2y | EE  Y2GATF A
hw YR hn AyGS3NMB231ogli{DeFMncesoei dl., YORG) Obnbte, Spg/ml

collagen | was used in this study, indicating that low collagen | concentrations may promote
clathirRSLISY RSy i SyR20eéid2aia 2F AYyUiSaINAyad az2NB
endocytosed via theclathrine and dynaminindependent endocytic (CLGEEC) pathway on
MDAMB-231 cells seeded on 0.3mg/ml collaggiMbrenc-Laysecat al., 2021) This endocytic

process is mediated by Rab@ellineret al,, 2006) which binds the cargepecific adaptor Swipl

Iy R-integnin (Moreno-Laysecat al.,, 2021} GKAES hpim AYGSaINRY SyR?2
caveolinl (Shi and Sottile, 2008Integrins can also be internalised via phagocytosis to mediate

Oft SI NI yOS 27F | LI LI 2(dahaPame@iSat, R082) s 'wélliasintdryliBation @i p 0
of ECM components (see sectib. Internalisation of extracellular matypUltimately, integrin

i o KIFIa 0SSy akKz2gy G2 o0S AYyuSNyrtiaasSR @GAl YI ON
of FAJGuetal, 20110 { AYAf I NI &X hpim AyiSanNnrRy OFy 6S Ay
dependent on CYR and CYRB (Leet al,, 2021) The diverse mechanisms controlling integrin

internalisation may be cell type specific, hovee, 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 Rgiisitive early edosomegqSandriet al.,
2012)(Figure 111); they can be later recycled back to the PM via Rab4 and Rabll pathways
(Robertset al, 2001; Caswedt al., 2008) Additionally, integrins can be trafficked to lysosomes;

GKS Oed2LX I aYAO GFAf 2F hp A& dzoAljdAGAYl SR |
ESCRT complex in fibrobladisbertet al., 2010) Interestingly, internalised or endomembrane

integrins are capable of recruiting FAK and other effectors and transmitytaplasmic signals,

1Yy26y | & ya yradapskoketAal, 2E15) Additionally, integrins may also boost

signalling of cdrafficking growth factor receptorglvaska and Heino, 20). Interestingly,

integrin signalling from early endosomes is essential for ancheratgpendent survival and cell
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growth of cancer cells, as well as dodging cell death in anchategendent cells, a process

known asanoikis(Alankoet al.,, 2015)
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Figure 111. Integrin regulation at endosomal levelraction forces and ligand availability trigger distinct endocytic pathways
for the diverse integrin heterodimers. Once internalised, integrins fuse with-fRelitive early endosomes (EE). They can be
recycled in a Rabdependent manner (rapid/short loapcycling) and in a Rab11 and Raf#pendent manner (slow/long loop
recycling) or be traffic to late endosomes and lysosomes.

62


https://paperpile.com/c/KOjCE0/TINeX
https://paperpile.com/c/KOjCE0/TINeX
https://paperpile.com/c/KOjCE0/TINeX

Other relevant ECM receptors include the mannose receptor uPARAP/Endo180, CD44, discoidin

domain recgtors (DDR) and syndecans.

UPARAP (urokinase plasminogen activator recepssiociated protein), also known as Endo180,
is a 180kDa transmembrane glycoprotéBheikhet al, 2000) It is expressed on fibroblasts,
endothelial cells and macroplges(Sheikhet al., 2000) It has been described to cluster in
clathrin-coated pits in fibroblasts in culture; while 10 to 30% localises to thewdtice, 7690%
co-localises with the transferrin receptor in intracellular vesig®iseikhet al., 2000) In addition

to 8 Gtype carbohydrate recognition domains, the receptor contains a putative coltbgeting
fibronectin type Il domairiBehrendtet al,, 2000) The receptor binds several collagens, including
collagen V, collagen 1V, collagen I, folded and denatured collag&eHrendtet al., 2000;
Wienke, MacFadyen and Isacke, 2003; Kjetlat., 2004)

CD44 is a transmembrane adhesion molecule that binds to hyalur®feohoret al., 2006) It is
involved in inflammatory and immune responses by inducing phagocytosis of apoptotic cells
(Vachonet al, 2006) It mediates hyaluronan metabolism and induces phagocytosis of
hyduronancoated beads in the murine macrophage RAW 26@/achonet al, 2006)
Hyaluronan phagocytosis is dependent on Syk, Racl and phosphatidylindgitak8(Vachon

et al, 2006) CD44 activates several signalling pathwayat ihduce proliferation, survival,
cytoskeleton changes and cell motility in can@er Cheret al,, 2018) As a result, the use of
hyaluronancoated nanoparticles has begroposed for targeting activated CD44 for cancer

therapy(Guo, Yang and Gao, 2021)

Discoidin domain receptors (DDR) are a distinctive subfamily of receptor tytosemses (RTKS)

that transduce a signalling cascade in response to collaflesiinger, 2014) Two kinases
comprise the DDR subfamily: DDR1 and DR&&nger, 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 kinds@ident receptorgAlveset al, 2001; Fiet al,, 2013) DDR1f
contains the kinase domain but misses most of the extracellular donfsiiiBenbach, Walter

and Dressel, 2006DDR1 recognises fibrillar and nforillar collagens, such as collagen | and
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type 1V, while DDR2 only recognises fibrillar collagens, namely collagen type (daddkt al.,

1997; Xwet 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 @Qdo# al., 2014)
Furthermore, it has been described to promote collective migration of cancer cells and 3D
amoeboid migration of Th17 cellsubpopulation of T helper cell&¥howet al.,, 2016; El Azreqt

al.,, 2016) Silencing DDR1 in elongated mesenchymal cells, such as the melanoma cell lines
WM9B3A and A375P, decreases adhesion to collag8arizMoreno et al., 2022) This induces

amoeboid features that lead to amoeboid &iasion.

Another important family of ECM receptors are syndecans. Syndecans are type | transmembrane
proteoglycans that mediate cedell and celmatrix interadions through glycosaminoglycan
chains in the Nerminal domain(Afratiset al, 2017) There are four syndecan types classified
into 2 subfamilies. Syndecdnand syndeca belong to the same subfamily, while synde@an

and syndeca# form another one(Couchman, 2003Syndecan 1 is expressed in epithelial and
plasma cells and its expression is altered in malignancies, such as myeloma, head andgeck, lun
breast and colorectal carcinomé&nttonenet al., 1999, 2001; Bayegarneret al., 2001; Weket

al., 2015; Chuteet al, 2018) Upon binding to a ligand, syndecantriggers ERK and Src
phosphorylation leading to its internalisation in ligiafts (Chen and Williams, 20133yndecan

1 hasb&y RSAONAROSR (2 FTOGAQGIGS hgio FyR h@ip
endothelial cells, which thus promotes angiogenesis during tumorige(saivaiet al., 2009)
Syndecar? is expressed in mesenchymal cells, including fibrédlasmooth muscle cells and the
mesenchymal breast cancer cell line MBIB-231 (Lim and Couchman, 2014; Afrass al.,

2017) Its expression correlates with the metastatic potential or overall survival of head and neck,
bread, colorectal and pancreatic cancélde Oliveiraet al., 2012; Lim and Couchman, 2014,
Farnediet al., 2015) In colorectal carcinomas, syndeearexpression is increased following its
interaction with stromal fibroblast ECM, especially fibrone\¥iicenteet al,, 2013) SyndecasB

is expressed in neural tissues and developing musculoskeletal tigsnagset al., 2017) High
syndecan 3 expression correlates with perineural invasion and poor prognosis of pancreatic

carcinomas, \ile it promotes EMT in prostate cand@iamantopoulowet al, 2012; Yaet al,
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2014) Syndeca#t is ubiquitously expressed. High levels of syndetane associated with ER

and PR breast tumours(Lendorfet al, 2011) Syndecas can act as a eNS OSLIi 2 NJ 2F b
integrin0 2 YSRAFGS tY/h OUADlIGAZ2YS 6KAMEstafas | Ra G 2
Pouret al, 2003; Lendorét al., 2011) Similarly, ADAMR and syndeca#d promote cell spreading

ALt Y/ h | y-iRtegrkdgpendeéntymanne(Thedetiet al, 2003)

The sections above have focused on the foremost endocytic pathways, core matrisome proteins
and the main ECM receptors. Tidwing subsections comprise an overview of the described

ECM endocytic pathways.

Collagen internalisation is hitherto reported to be under the control of three endocytic pathways:
i nntegrinrmediated phagocytosis, Endol8@pendent uptake and macropinocytogidadsen

et al, 2011; Rainero, 2016; Yamazakal, 2020) The first is invokd in the uptake of fibrillar
collagen, while the latter is responsible for the endocytosis of soluble collddadsenet al.,
2011)

Phagocytosis is a cellular process in which large extracellular particles (> 0.5um) or
microorganisms are receptorand actindependent internalised into large vesicles, named
phagosomegCoopmaret al,, 1996; Gordon, 2016)hese vesicles eventually fuse to lysosomes

and form phagolysosomg&ordon, 2018p t F NIIA Odzf NI 8> hmim yR hHyi
in native collagen | bindinghd its subsequent phagocytosis in fibrobla@brahamet 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 thetectire of anin

VivOECM.

LYGSNBaldAy3Ites RSy (dzNBE RAb@Ramet dl, A8 Fwhich evidericas@ | G S a

that collage phagocytosis is strongly dependent on collagen morphol@pinero, 2016)
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Congruently with these findings, it has been suggested that the intricate 3D structtive BCM

may control internalisatiorfRainero, 2016)

Cells are attached to collagen through FAs, which are complex specialised adhesions constituted
by integringAroraet al,, 2013; Rainero,201®) /[ 2f f I 3Sy L aLISOAFAOI f f &
intracellular calcium concentration [€& via the activation of stretcisensitive, calcium
permeable channelgArora et al, 2013; Rainero, 2016)mportantly, the increase in €a
concentration in FAs recruit Gelsolin and aomscle myosin 1A (NMMIlAAroraet al., 2013;

Rainero, 2016{Figure 112).

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 actrmsed motor protein. Activation of the integesignalling
pathway induces phosphorylation of the NMMIIA. More particlylsthe 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 Rapl
G2 baall! YR  wl Lvm -infegiiNdediddeN adSegiéhl WS Positively
feedbacks collagen adhesion to céAsoraet al., 2013)(Figure 112).

On the other hand, gelsolin is a %Gdependent actirbinding protein involved in filament
nucleation(Aroraet al., 2013) which is required for phagosome formation and collagen uptake

to early endosomes (EE$ainero, 2016)Further evidence suggests that an increase if*[Ca

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 thaesexteof filopodia and
lamellipodia. More outstandingly, the latter is required in collagen phagocytosis and cell
spreading/Aroraet al., 2013)(Figure 112).

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 hegpharylation,
subsequently activating Vav2, which enhances Racl activ@rona, Marignani and McCulloch,

2008) Interestingly, Src has been reported to be assed with gelsolin and activate gelosalin
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downstream pathwaygChellaiahet al, 1998) Finally, collagen is degraded in the lysosome

(Aroraet al,, 2013; Rainero, 2016figure 112).

More recently, it has been reported that Bi@oresceinrconjugated collagen type | is internalised
via macropinocytosis in cancer cellsamazaket al., 2020) This process is dependent on Racl
(Yamazaket al., 2020) Collagen linternalisation leads to mTOR activation and results in
resistance against EGFR tyrosine kinase inhibitor treatment in the-BG#aERd lung cancer cell

line PGI (Yamazaket al., 2020)

Another significant collagen intealisation route that has been described is dependent on the
mannose receptor UPARAP/Endol8@adsenet al., 2011) This receptor binds several soluble
collagens, such as type I, IV an@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 KMadsenet al, 2011) Collagen fragments then bind to the
Fibronectin typell domain of uPARAP/Endol8&ngelholmet al, 2001) and trigger the
activation of clathrinmediated endocytosigMadsenet al, 2011; Rainero, 2016)ollowing
internalisation, collagen fragments are delivered to the lysoso(Kgalleret al., 2004; Rainero,

2016)where cysteine cathepsins degradéMohamed and Sloane, 200@)igure 112).

Moreover, the process not only requires of uPARAP, but also the assembly of a trimolecular
complex withuPA receptofuPAR) and thpro-form of the urokinaseype plasminogen activator
(pro-uPA) (Engelholmet al, 2001; Mohamed and Sloane, B)O uPAR is critical for the
proteolysis of preuPA 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 metast{Noh, Hong and Huang, 2018)gure 112).

Prominently, the trimolecular complex promotes elitional cell migration in mammary cancer

cells since it enhances filopodia and lamellipodia formaficakahashet al,, 2011) Additionally,
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uPAR promotes EMT in the breast cancer cell line MBAI68 (Noh, Hong and Huang, 2013)
Utilisation of uPA RNA interference (RNAI) prevented invasion, migration, proliferation and

angiogenesis in glioma ce{lBakahashiet al.,, 2011)

UPARAP/ENndo180 is highly expressed in several maligngfi@kahashet al., 2011) while

normal human mammar cells present low levels of uPARARurino 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 tunfdals Hong and

Huang, 2013)

Fibronectin polymerization into the ECM is vital to maintain the proper architecture,
composition, stabity and function of tissue¢Sottile and Chandler, 20Q5Fibronectin is also
required for the correct deposition and maintenance of ECM proteins, such as collagéaden

[Il and fibrinogen(Sottile and Chandler, 2005; Rainero, 2016kan interact with and regulate
the deposition of glycoproteins found in the ECMy(ehrombospondirl, tenascin C and fibulin)
(Sottile and Chandler, 2003Yiore significantly, fibronectin fibrils regulate cell proliferation and
migration(Sottile and Chandler, 2005 herefore, preservation of fibronectin homeostasis, both

synthesis and degradation, is essential.

hpim AYGSINARY A& L hdthRigréhactnl pblymierizadd andzxaieokd f S F
mediated endocytosis of fibronectifRainero, 2016)More specifically, Cal/ is constantly

regulating fibronectin intemalisation(Sottile and Chandler, 2005; Shi and Sottile, 2008; Rainero,

2016) (Figure *12) and downregulating Cavl results in inhibition of matrix and soluble
fibronectin internalisation. Moreover, Cavl has been reported to be a major modulator of cell
migration by maintaining the homeostasis of fibronectin turno{&hi and Sottile, 2008)

[ 2y ANXSYyGfesr KATIK fS@Sta 2F hpiwm AYGSINRY LINE
(Lobertet al, 2010) Other evidence suggests that soluble dibectin can be endocytosed in

I 6 & Sy Oidtegdir (Shi mnd Sottile, 2008)
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Il TGSN) SyR20e(d2aAras FTAONRBYSOUGUAY (G23SéardStNg ¢ A (K
subsequently degraded in the lysosomal compartmg@mbertet al, 2010) Fibronectirbound
integrins are ubiquitinated, the ESCRT machinery is activated and drives formation(bbli&rs

et al, 2010; Rainero, 2016Finally, fibronectin is degraded by lysosomal enzy{Resero, 2016)
(Figure 112).

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, thegsoc
requires the recycling of integrins, which is regulated by Rab4, Rabll or Rab25 small GTPases
(Lobertet al, 2010y h pi m NI Oe& Grvadsiyeprotiugions iknediated by Rab Coupling
Protein¢ a Rab11 effectog and it improves invasion in fibronectich matricegCaswelkt al.,

2008)

Other evidence nonetheless suggests that degradation of fibronécthi A @+ G $eBrindl pi M A
after being sorted to the MVBs, is essential for the correct migration of fibrob(astsertet 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 isdegkto weaken integrin

signalling since increased adhesion to the substrate and higher levels of ECM impair cell motility.
b2igAldKaldlyRAYy3IT hpim AYUSaANARY KIad 06SSy RSaON.
lysosomes to the plasma membrane in thearian cancer cell line A2780, expressing Rab25, and

in pancreatic tumourgDozynkiewiczt al., 2012) Moreover, traffic to lysosomes of ligand
200dzLIASR hpim AYGSINRY Aa NBI dzi NB(RainergeNdl, Y ¢ h w/ ™
2015) which links nutrient signalling to invasive migration and metas{&asmercet al,, 2015)

Ly | RRA {pdsifiveg LVsmpyialso be exocytosed as exosomes, which can later fuse to their

own or vicinity membranéLobertet 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 motilitynaasioin

(Sinheet al., 2016) Furthermore, cortactin has been related to the secretion of fibroneetd
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collagendcontaining exosomeSunget al., 2011; Rainero, 2016; Sinbgal.,, 2016) Remarkably,
cell motility and lamellipo@i are impaired in cortactin defective cells and, more outstandingly,
autocrine secretion of ECM is fundamental in cell migra{®anget al, 2011) Nonetheless,
further studies are indispensable to unravel if those exosomes contain a nebfien of ECM

proteins.

Laminins are the most abundant BM constitue(iteonoudaki®t al., 2014; Rainero, 2016B8M

is a vital modulator of tissue architecture and function (e.g. cell polarity, survival and hormone
signalling); therefore, altering ceéM interaction contributes to the progression of human
diseases, such as canc@reonoudakiset al, 2014) Laminiarich BMs are proteolytically
degraded and, in addition, BM could be potentially remodelled by laminin internalisation
(Rainero, 2016) Importantly, upake of extracellular matrix constituents is crucial for the
regulation of cell function and its interaction with the microenvironmébéonoudakist al.,
2014)
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Figure £12. Schematic representation of ECM endocytic pathwady®e diverse ECM ligands and their conformation will trigger

GKS FTOUGAGlLFGAR2Y 2F RAAGAYO(H AYydiSaINAyaod 2KAES dzyF2ft R&aR O2ff | 3
O2ftt13Sy L A& AYUSNYlfAaSR f@agnentdisidepartentoy Re2ED@01i8A edeptor and clathinf dzo £ S
CAONRYSOlGAY A& SyR20&i0G2aSR Ay OF@S2tl'S YR hpim AYGSaANRYy Y
endosomes, from where it can be secreted as exosomes. Interedtinghyin internalisation has been reported to differ between

cancer cells and normal cells. Normal cells internalise laminin through dystroglycan in a dgn@milS y RSy i LINR OSaa |
AYUiSaNRys gKAES OF yOSNI OStf a NEral®y, the ifterhabsedumolacyles &ra delrgdedirethe LIK | 3 2 O
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 regulatotamfinin assembly and, in additiobeonoudakis et al.,
2014identified DG as the major receptor for laminin dynardgpendent endocytosis in normal
mammary epithelial cells (MECs). In those cells, lanriifith is trafficked to MVBs of the late
endosomes andt is later degraded in the lysosomes. More prominently, their findings suggest
GKFG AyiS3aNrAya R2 y2G LXlFe + AAIYAFAOFYyd NRBES
integrins could be potential ececeptors in D&@ependent laminin endocytas(Leonoudakist

al., 2014)(Eigure 112).
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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,cspity, by the glycosyltransferase LARGE
(Briggset al., 2016) More promisingly, reexpression of this glycosylation enzyme in several
carcinomas and glioblastoma cells restore the lambimding properties of D@.eonoudakigt

al., 2014)

¢tKSaS NBadzZ G6a RAFFSNI TNRY LINBGA2dza 2y Sa Ay
mediated the phagocytosis of a collagenous matrix, such as gelatin, and MatrigeklikeBM

matrix in the malignant human breast carcinoma cell line MDB231 (Coopmaret al.,, 1996)

(Figure _112). Another possible endocytic process involved in laminin internalisation may be
macropinocytosigRainero, 2016)which has also been described to internalise hyaluronan in

melanoma cell§Greyneret al, 2010; Rainero, 2016)

Considering all above, D@ediated endociosis may be vital for normal MECs homeostasis and
AG Aa K28SOSN) O2YLINRYA&ASR Ay OFyOSN) OSttaz A
internalisation. Integrirmediated laminin endocytosis is therefore concomitant with cancer

progressionRainero, 2016)

''YRSNJ adFNBIFIGA2y O2yRAGAZ2yas fFYAYAY KEA 0SS\
dependent manner in the noetransformed mammary epithelial cell line MCF10A. Laminin is

later transported to and degraded in the lysosomes, which provides thewih essential amino

acids and maintains cell surviluranenet al,, 2017) Nonetheless, soluble laminin secreted

by starved fibroblasts was used to test this hypothesis, which implies that tissue architecture is

not recapitulated. Interengly, their findings were additionally confirmed using mice models
(Muranenet al, 2017) Moreover, collagen I, matrigel and CDM derived from TIFs and CAFs
promote proliferation of the invasive breast cancer cell lines MIEA231 and MCF10£Al

(Nazemet al,, 2021). Interestingly, this study shows that tim@n-invasivebreast cancer cell line

MCF10ADCIS relies on matrigel, a reconstituted BM, to proliferate under glutamine starvation
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(Nazemeket al., 2021) Further investigation is however required in this field in order to elucidate
the role and regulatorsf laminin uptake in undernourished breast cancer cells, such as glucose

starvation and in hypoxia, highly characteristic of tumours.

Another weltknown laminin receptor is 67LR, whits highly expressed in several malignancies
and it is widely associated with invasion and metast@dmntuoriet al,, 2016) 67LR was thought

to play a role in cell adhesion to the ECM. A soluble peptide of the receptor, peptide G, iscrease
adhesion to laminin, while it inhibits haptotaxis towards lamifiiarabolettiet al., 1993) These
receptors are probalyished from the cell membrane to the surrounding stroma, where they may

interfere in the contact between cancer cells and lamifdarpatovéet al.,, 1996)

More recently, Gopalakrishna et al., 2018 showed that soluble lardiramd YIGSR pegé
(sequence of laminim I m OKIF Ay GKI G oO0AyRa G2 ct[w0 O0AYR
into early endosomes in Neuroscreéncells. Culturing Neuroscredncells in seruntepleted

medium revealed that protein kinase A (PKA) and high levet®\BIP by increasing adenylyl
cyclase signalling promote 67LR endocytd€sopalakrishnaet 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 peptid&opalakrishna&t al., 2018) Altogether, laminin internalisation through 67LR

promotes sustained signalling that protects from cell de@lopalakrishn&t al., 2018)

Elastin, an insoluble polymer of tropoelastin, is abundantBspnt 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 EC(Wao, 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 comidns. Remarkably, those cells also displayed
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vacuolization and granularity of their cytoplagkao, Wong and Stern, 1982hese 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 extracellu&aied

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 KCodrianskt al., 2009)

PTMs can modulate the intracellular degradation pathway by affecting -EECaptor
binding/recognition. Collagen IV glycosylation, for instance, has been reported to enhance
End180-mediated endocytosis, which suggests a role of collagen glycosylation in ECM turnover
(Jurgenseret al,, 2011) ECM protein conformation can also impact on endocytosis; disulphide
crosslinked multimeric vitronectin but not monomeric, fdeé¢ YLJX Sz OFly 068 NBO2 3,
integrin (Panetti and McKeowsiongo, 1993; WilkinRort and McKeowsbongo, 1998)
Macrophages have been described to participate in ECM turnover during tissue remodelling and
repair (Werb, Bainton and Jones, 1980; Jurgenseal., 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 collag€Madsenet al., 2017) Of note, this B@ degradation pathway

is highly dependent on the ECM protein conformation, since phagocytosis of denatured collagen
by macrophages during wound tissue remodelling is abolish@dadsen 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 recapitulatén-vivolike conditions.

Thrombospondinl has been reported to be internalised in a Endo180/uPARAP manner in dermal
fibroblasts; and it is targeted for lysosomal degradati@®lker, Schon and Vischer, 1991,
Ngrregaardet al., 2022) Interestingly, hepan competitively binds to thrombospondin and

inhibits its internalisation, however heparin does not block collagen | internalis@tierregaard
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et al,, 2022) The authors of this study did not report whether collagen | coolipete 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 cormpoRerther
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.

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 primanpotu, 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 cellstaffold 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, insidm signding from those integrins has been shown to suppress anoikis so
that metastasis befall§Alankoet al., 2015) More promisingly, dissemination can be impeded by
obstructing any of the sequential steps needed in the pro¢8ssillyet 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 mape translated to develop novel canespecific therapies so that future

patients can be beneficially treated and, therefore, reduce breast cancer mortality.
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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 imagifiased screen.

Characterise the endocytic pathways controlling intdisation of ECM in breast cancer
cells.

Identify the molecular mechanisms that promote traffic of EGdind integrins to
lysosomes.

Investigate the signalling effectors that promote ECM internalisation in breast cancer
cells. Morepromisingly, 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 ECNdound ntegrin 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 & Materials and methods

2.1. MATERIALS

2.1.1. Reagents and suppliers

Table 21. Reagents and suppliers

Reagents Supplier
0.45pm syringe filter Gilson
0,22pm syringe filter Gilson

10cm petri dishes Greiner bicone
T75 flask Thermofisher
6-well tissue culture plates Greiner bicone
12-well tissue culture plates Greiner bicone
PhenoPlate 96vell, black, optically clear fldtottom Perkin Elmer
96-well glasshottom microplates Greiner bicone
PhenoPlate 384vell, black, optically clear fldiottom Perkin Elmer
(formerly named CellCarrier Ultra microplates)
3.5cm glasdottom dishes SPL Life Science
Foetal bovine serum (FBS) Gibco
Dialysed Foetal bovine serum-fBS) Gibco
Horse serum (HS) Gibco
Phosphate buffer saline (PBS) Gibco
Phosphate buffer saline, containing calcium and Gibco and Sigma

magnesium (PBS

Distilled water Gibco
RNasdree 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




Trypsin EDTA solution 1X

Gibco

0.5% TrypshEDTA solution 10X

Gibco

5dz 6 S5002Qa a2RAFASR 91
glucose, pyruvate

Gibco and HyClone

5dzf 6 S002Qa a2RAFASR 91 Gibco
glucose, pyruvate and Glutamax

5dzZ 6 S002Qa a2RAFASR 9l 3 Gibco

F12 (DMEMF12)

Epidermal growth factor (EGF) Sigma

Hydrocortisone Sigma

Insulin solution human Sigma

Opti-MEM (1X), reduced serum medium Gibco

Dharmafect |

Dharmacon/Horizon Discovery by Perkin Elmer

Dharmafect IV

Dharmacon/Horizon Discovery by Perkin Elmer

Lipofectaminé™ 2000 transfection reagent Invitrogen

Lipofectaminé™ 3000 and p3000 transfection reagen Invitrogen
Scienceware® cloning discs SigmaAldrich

Dextran Rhodamine lysine fixable LifeTech

Transferrin from human serum, Alexa FIUl#55 Invitrogen

BODIPX FL C 5Lactosylceramide

Thermofisher scientific

Dimethyl sulfoxide (DMSO)

Fisher Scientific

E64d (Aloxistatin)

Generon

GM6001

MedChem express

Bafilomycin Al

MedChem express

5-(N-EthykN-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 Corning
factor (GF) reduced
Laminin/entactin complex Corning

Soluble collagen |

Bio Engineering

Methylcellulose Sigma
Gelatin Sigma
Glutaraldehyde solution Sigma Aldrich
Glycine Sigma
L-ascorbic acid Sigma
Ammonium hydroxide (NDH) Sigma
Triton %100 Sigma
Deoxyribonuclease | /DN25 (DNase 1) Sigma
Phospholipase A2 (PLA2) Sigma
Tween20 Sigma
Tris(hydroxymethyl)aminomethane (Tris) SigmaAldrich
Sodium chloride SigmaAldrich
Magnesium chloride SigmaAldrich
Sodium deoxycholate SigmaAldrich
NHSfluorescein Thermofisher

EZLink™ SulpheNHSSSBiotin

Thermo Fisher Scientific

Streptavidin Agarose conjugate beads

Merck

IRDye 680LT Streptavidin

LiCOR Biosciences

Alexa Fluar 555 NHS Ester (Succinimidyl Ester)

Invitrogen

Alexa Fluar 647NHS Ester (Succinimidyl Ester)

Invitrogen

pHrodo™iFL Red STP ester

Thermo Fisher Scientific

Formaldehyde 16% (w/v), Methanfrke (PFA)

Thermofisher

Saponin

Sigma

VECTASHIELD Antifade Mounting Medium with D

VECTOR laboratories
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VECTASHIELD Antifade Mounting Medium witho

VECTOR laboratories

DAPI
Alexa Flud™ 488 Phalloidin Invitrogen
Alexa Fluoi 555 Phalloidin Invitrogen
Alexa Fluo™ 647 Phalloidin Invitrogen
Bovine serum albumin (BSA) Sigma

NuPAGRE'LDS Sample buffer (NUPAGE)

Thermo Fisher

4-15% MiniPROTEAN precast polyacrylamide gel Bio-Rad
QiaShredder columns QIAGEN
FL-PVDF membrane IMMOBILON-L

Protease inhibitor cocktail

Cell signalling

Sodium hydroxide (NaOH)

Fisher Chemical

Dithiothreitol (DTT) Melford
Sodium 2mercaptoethanesulfonate Sigma Aldrich
Wizard Minicolumns Promega

PiercéM C18 spin columns

Thermo Fisher

lodoacetamide

Sigma Aldrich
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2.1.2. Solutions

Table 22. Recipes of solutions.

Solutions Recipes
Cell extraction buffer 20mM NHOH, 0.5% Triton-X00 (v/v) in PBS with calcium and magnesil
PLA2 extraction buffer 50mM TrisHCI pH 8, 150mM NacCl, 1mM Mg@imM CaGJ 0.5% sodium
deoxycholate and 20U/ml PLA2
SDS lysis buffer 1% SDS (v/v), M TrisHcl pH7
Loading buffer Cell lysate, 1ImM DTT, 1X NuPAGE
TBST 10mM TrisHCI pH 7.4, 150mM NacCl, 0.1% (v/v) Twen
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) saponi
PBS
Urea buffer 2M Urea prepared in HPigZade dHO
Ammonium bicarbonate solution 50mM Ammonium bicarbonate prepared in HRjr@de dHO
TCEP 0.5MTris(2carboxyethyl) phosphine hydrochloride prepared in HBtatle
dHO
Trifluoroacetic acid 0.1% trifluoroaceti@cid preparedn HPL&@rade dHO
Trifluoroacetic acid /acetonitrile| 0.1% trifluoroaceti@acid and50% acetonitrile prepared in HRg@dedHO

2.2. METHODS

2.2.1. Cell culture

The metastatic breast cancer cell iMDAMB-231, telomeraseimmortalised human dermal

fibroblasts TIF$ and canceassociated fibroblastOQAF8 ¢ SNBX INB gy Ay KA IK 3If
modified Eagle medium (DMEMymplemented with 10% (v/v) foetal bovine serum (FBS),
hereafter referred to as complete medium. CAFs were extracted and derived from a breast

OF YOSNJ Gdzy2dzNJ Ay tNRFS&aa2NI ! {TANY hNARAY2Qa fI o

immortalised mammargpithelial cell line, from which the premalignant MCF10AT cell line was
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generated by HRas transformationDawsonet al., 1996; Kadotaet al, 2010) MCF10CAla
derives from poorly differentiated malignant xenografts tumours derived from MCF1{BA&e,

Park and Jang, 2008; Kadat al, 2010) MCF10Aand MCF10CAlaells were cultured in
DMEM/F12 media supplemented with 5% Horse serum),(F2®ng/ml EGF, 0.5mg/ml
hydrocortisone and 10ug/ml insulin. The endometrioid ovarian cancer cell line A2780
overexpressing Rab25, hereafta7803Rab25cells, were cultured in RPMI media containing
10% FBSAll cell lines were maintained at 37°C in 5% @q 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) tryR&T A for 2 to 5 minutes at 37°C in 5%
CQ. Following detachmerof 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 compkde, centrifuged at 1000

rom for 5 min at room temperature (RT). The pellet was resuspended in solution A (500ul),
containing 50% complete media (250ul) and 50% FBS or HS (250pl), and pipetted into a cryovial.
The same volume of solution B (500ul), whaontained 80% FBS (400ul) or HS and 20% DMSO
(100ul), was added drepy-drop in the cryovial. The cryovial was mixed gently by inverting it and
later stored in CorningCoolCeltLX Cell freezing vial container-80°C for a few days. Vials

were then trarsferred to liquid nitrogen (LN2 or2I{)).

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 spn 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.

82


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

Collagen I,Matrigel and Lamini#l11l/Entactin were dissolved in i®ld PBS to a final
concentration of 1mg/ml for collagen | and matrigel and 2mg/ml for Laminmam k 9 Y G F QG Ay @
of each solution was used to coat a 35mm glasgom dish with the hgd of a pipette tip. The

coated ECM dishes were incubated at 37°C and 5%f&Qh for polymerisation. ECM dishes

were labelled with 300ul of 10ug/ml NHisorescein, 5ug/ml Alexa flumb55 NHS ester or

5ug/ml Alexa Fluot647 NHS ester. The dishes wereubated 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 bon@Nanda and Lorsch, 2014)he 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.

To assess lysosomal degradatioxl@® MDAMB-231 cells per dish were seeded on NHS

fluoresceinlabelled matrix in the presence of DMSO (control/vehicle) or 20uM E64d, a cysteine
protein inhibitor that prevents lysosomal degradation. Cells were incubated at 37°C in 5% CO
for 24 hours. Aerwards cells were fixed and stained for nuclei (DAPI) and the actin cytoskeleton

(phalloidin); see sectioB.2.12. Immunofluorescence

MDAMB-231 cells were serum starved overnight to block MAPK signalling. TWakRress
Enzyme, henceforth TrypLE, was used to detach cells, cells were neutralised with serum free
media. TrypLE is a recombinant enzyme (ahianiginfree) used for dissociating adherent cells

by cleaving peptide bonds on thet€minal side of lysines and arginines and it is more gentle on
cells than trypsir{TrypLEM Expres€nzyme (1X), phenol reao date) 3x1¢ MDAMB-231 cells

per dish were seeded on the NA&xa fluor 558abelled matrix. MDAVIB-231 cells were
treated with DMSO or two concentrations (10uM and 50uM) of SB203580 and SB202190. Cells
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were cultured in 5% FBS and incubated at 37°C in 59fo€®hours. Afterwards cells were fixed

FYR adl Ay SR Miediih; yedzEti®ar.12. ynRiunbfliorescence

Cellderived matrices (CDMs) were generated as previously desc(ieakoneret al., 2017)
seeFigure 21. CDMs were generated either in a 10cm dish, a 35mm glass bottomsdstell

plate, twelvewell plate, 8well chamber or a 384vell plate. Tissue culture plates were first
coated with 0.2% (v/v) gelatin for 1 hour at 37°C. Following that time, plates were washed twice
with PBS and crosslinked with 1% (v/v) sterile ghltihyde (dissolved in PBS) for 30 minutes at
RT. Plates were thereafter washed twice with PBS and the remaining glutaraldehyde was
guenched with 1M sterile glycine for 20 minutes at RT. Subsequently, plates were washed twice
with PBS and equilibrated f80min in complete medium at 37°C. Confluent TIFs and CAFs were
seeded onto the gelatin coated plateBaple 2.3. TIFs and CAFs were incubated at 37°C in 5%
CQ until being fully confluent. The following day or the day after, the media was changed to
complete media supplemented with 50pg/ml ascorbic acid, the media was refreshed every other
day. TIFs and CAFs were kept secreting CDM for 9 days in a 10cm-gishi,date, twelvewell

plate and 35mm glass bottom dish. While, only 7 days were required for CDM productiort in 384
well plates. Following that time, cells were washed once with PBS containinga@d@igCl
(PBS). Cells were incubated with the exttaan buffer (20mM NHOH and 0.5% triton-X00 in

PBSY) for 2 to 5 minutes at RT until no visible cells remained. For theng®4plates, cells were
extracted twice for 2min. Extracted CDMs were subsequently washed twice wittt 8B
residual DNA was giested with 10pug/ml DNase | in PB& 5% Cg 37°C for 1h or overnight for

the 384 well plates. CDMs were then washed with'P&8l] stored at 4°C in PBSupplemented

with 1% Penicillin/Streptomycin.
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TIF- or CAF-CDM

Confluent TIFs/CAFs ECM secretion

Ascorbic acid Extraction buffer

Figure 21. Schematic diagram for generation ofMs. Once TIFs or CAFs reach confluency, cell media is supplemented with
50upg/ml ascorbic acid. Cell media is refreshed every other day for a period between 7 to 9 days. CDMs are extracted with 20mM
NH40H and 0.5% TritorIR0, subsequently DNA is digestegth 10pug/ml DNase |. Image made using items from Servier medical

Art.

Table 23. Cell seeding values for generation of cell derived matrices.

Plate/dish type Cell seeding numbers Volume
35mm 5x1@ cells/well Between 1ml to 1.5ml
12-well plate 2.5x1C or 3x1C cells/well iml
6-well plate 5x1C cells/well 1.5ml
8-well chamber 10 cells/well 200ul
384-well plate 3000 cells/well 50ul

CDM dishes were labelled with 300ul (for 35mm glasgom dishes) andB0ul/well (384 well

plate) of 20ug/ml pHrod8" 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 forioa of an amide bon@Nanda and Lorsch,
2014) The labelled ECM dishes were washed thrice with PBS prior to cell seeding. To avoid
evaporation, PBS was added into katish to keep in the incubator. 3x3A8DAMB-231 cells

per 35mm glasvottom dish, 16 MDAMB-231 or A278eRab25 cells/well per-@ell chamber

and 10 cells/well per 384 well platerere seeded on labelled CDM in presence of vehicle or the
inhibitors. CeB were incubated at 37°C in 5% £f0r a period of 6 hours for assessment of

endocytosis experiments or Zdour experiments for experiments related to lysosomal
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degradation. After the time period, cells were labelled with 1ug/ml hoechst to visualise ttieinu

and imaged live.

For 384well plates, 16MDAMB-231 cells per well were seeded on pHredbelled CDM. For
35mm glassottom dishes3x1(® MDAMB-231 and A278®Rab25 cells were seeded per dish

For endocytic inhibitors, cells were cultured for 6 hours in the presence of DMSO, 20uM
dynasore, 40uM dynasore, 3.75ug/ml filipin, 5pug/ml filipin, a combinatory inhibition with 20uM
dynasore and 3.75ug/ml filipin, 25uM EIPA and 35uM EIPA. Inhibitors agaed 2h after
seeding the cells. For E64d experiments, cells were cultured for 24h in the presence of DMSO and
20uM E64d. For E64d and GM6001 experiments, cells were cultured in the presence of either
DMSO, 20uM E64d or 10uM GM6001. E64d and GM600hitmisi were added 2h after cell
seeding. For MAPK inhibitors, M/#B-231 and A2780Rab25 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% F®%6h in presence of DMSO and SB203580, SB202190,
FR180204 and PD98059. Three concentrations were used: 2uM, 10uM and 50uM. These

inhibitors were added at the moment of seeding or after 2h. Cells were stained with hoechst and
imaged live. A 40X wat@mmersionobjective from an Opera Phenix microscope was used for
imaging. Additionally, for MDMB-21 cells, 10uM and 50uM SB203580 and SB202190, were also
tested in5% FBS conditions for 6 holasided during cell seeding). For A2788b25 cells, 10uM

and 50uM SB22190 were assessed 60X oHmmersion objective of the Nikon Al confocal

microscope was used.

For inhibitor experiments, cells were serum starved for 16 to 18h. Cells were detached using
TrypLE andeutralised with serum free media. 5¥1RIDAMB-231 cells per well were seeded

into a CDMcoated 12-well plate. Migration experiments were carried with 5% FBS DMEM.
DMSO, MAPK inhibitors (10uM and 50uM SB202190 and SB203580) and EphB4 inhibitor (1uM

NVRBHG712) were added at the moment of cell seeding, however cells were allowed to adhere
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F2NJ n K2dzNAR 0 Sifeyiihhibitd?, BABOI (find @ncéntration 10puM). Time
lapse imaging was done after a-Biftubation with the MAPK inhibitors or 2hcubation with
BTTF3033. 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-tiedt system microscope with a 10X/NA
objective. Cells werencubated at 37°C and 5% &;@nages 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/chemotaxisanalysis/17ichemotaxisand-migrationtool.html) was used to

calculate velocity and directiongfiof migrating cells.

35mm glassottom dishes were coated with 100ul of 0.1mg/ml collagen | for 1h at 37°C and 5%

CQ. 1 ml PBS was added on top of the dishes and dishes were kept overnight. The following day,
3x1® MDAMB-231cells were seeded on collagenated dishes for 6h and then pteeated for

onYAY SAUK o RAFTFSNBYG O2yOSYyiaNIl dAz2ya 2F (g2
nn>a 5@yl a2 NBhisy wps aC. {H p>yaRE lo p > a -traalmernt,celsd C2 f f
GSNB AyOdzol GSR Ay (KS LINBaSyOoS 2F p>3kYf ¢NIy
with 4% paraformaldehyde and stained with Phalloidin Alexa Fluor 647 to visualcte land

DAPI for the nuclei. Cells were imaged with a 60X objective Mikaonfocal microscope. Image

J was used to analyse Transferrin uptake index.

3x1® MDAMB-231 cells were seeded on 35mm gkbsgtom dishes coated with 0.1mg/ml

collagen | for 6h. Cells were then greated with DMSO, p.> 3k Yf = o @1 p>3ak Yi | YR
for 30min. Media was then aspirated and cells were further incubated for 10min on ice with ice

cold 0.5M BODIPXFL GLactosylceramide media, which additionally contained either DMSO,

H®Pp >3k YL( Z o dT1 p pial KHE dishesNkrp latét indaihated>fér OO0\seconds at 37°C.
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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 nuclearstaining. Imaging was done with a 60X objective Nikon Al confocal microscope. Image

analysis was performed with Image J.

MDAMB-231 cells were seeded at a density of 3x&élls/ml on 35mm glassottom dishes

coated with0.1mg/ml collagen | for 6h. For dextran uptake optimisation, cells werdrpeged

gAG0K 5a{hX Hp>aX op>a YR pn>a 9Lt! FT2NJonYAyc
uptake, 16 MDAMB-231, MCF10A and MCF10CALl cells were seeded for 6h in acditageed

8-well chamber. 8vell chambers were coated with 0.1mg/ml collagen | (50ul/well). All cell types

were pretreated with DMSO and 50uM SB202190. Cells were later incubated for another hour

with 0.25mg/ml Rhodamine dextran in the presence of thabitor and the vehicle. Cells were

GKSYy FAESR 6AGK m: LI NI F2 NMiteprir. &ectashild hoyiringa G | A y
medium with DAPI allowed the visualisation of the nuclei. Cell imaging was carried with a 60X

objective Nikon Al confocal micraspe and Image J was used to analyse Dextran uptake index.

10pul 5puM siRNA @re mixed with 190l OptMEM per wellof a 6well plate. 2ul Dharmafect |
were mixedwith 198ulOpti-MEM and incubated for 5 minutes at RT. 200ul of the EyEM-
Dharmafect | mix were added on top of the siRNA and incubated for 20 minutegyentla
rocker. 4x18cells in 1.6ml werseededinto each well. Cells were incubated at 37°C and 5%CO

for 72h.

Toassess knockdown efficiency of PAK1 and AP3D1 by western blot, cells were washed twice
with PBS and lysed with 100ul lysis buffer. Lysates were spined down irSh@dder column.
Lysates were loaded into al2% acrylamide gel and later transferred iat6 EPVDF membrane.
After blocking, membranes were incubated with PAK1 antibody (1:1000), AP3D1 (1:100000) and

88



GAPDH (1:1000) for MEMB-231. Band intensity was quantified with Image Studio Lite

software. See sectiop.2.13. Western Blotting

For knockdown optimisation, 5ul of 500nM siGENOME siRNA smart pool and SMENtivas

added intoeach well ofa 96well plate 9.9ul OpttMEM was mixed with 0.1ul Dharmafect IV for
5min. 10pl of the latter solution was added into each well and incubateRIT for 20 minutes on

a rocker. For optimisation experiments, 8000 to 12000 cells/well were seeded in 80ul 10% FBS
DMEM. Final siRNA concentration was 25nM. Cells were kept at 58€37°C for 72h before

T A E I (-iktégyindknocksiown efficiency wamalysed in Columbus software using the pipeline

shown inFigure 22.

2.5ul of 500nM siGENOME siRNA or sgRNA smart pool and 2.5MENWere added intoeach

well of a384 well plate. 4.95ul OpMEM were mixedwith 0.05ul Dharmafect l'dnd incubated

for 5 minutesat RT5pl of the Dharmafect IV solutionere addedper well Plates were incubated

for 20 minutes orarocker at RT. 3x£Qells were seeded in 40pbmplete medium Thefinal
concentration of the sSiRN& sgRNAvas 25nM. Cells were keptat 5%,CQ/ R o1 6/ -T2 NJ T H
integrin knockdown efficiency was analysed in Columbus software using the pipeline shown in
Figure 22. For functional ECM endocytosis assays, cells were transferred into coated plates as

described i2.2.10.4. Cell detachment in high content ighag plates
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Calculate knockdown efficiency
siRNA Non-targeting siRNA against ITGB1

1. Input image
@ IEerEaEy LT : b . * 1

iR

L

Total
cell number

3. Find image region

4. Calculate intensity
properties

Total intensity

Total intensity  ;76p1 signal = Total intensity
, Total cell number

Figure 22. Representative pipeline to assess the knockdown efficiency in Columbus softivashort, nuclei were selected
using the tool Find nuclei and total number of nuclei per well were selecteahe Iragion enabled the detection of integrin
staining. The total intensity from the picture was calculated for-tawgeting conditions. The same threshold and analysis was
applied for knockdown cells. Knockdown efficiency was calculated as a ratiotofahiatensity per well divided into total cell
number per well.
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through the Singaporean distributor Reseahaktruments

Table 24. siRNA and sgRNA for low throughput screenisiiRNA and sgRNAsere supplied by Dharmacon Horizon discovery

SiRNA name Reference number Type
NT5 D-00121605-05 SiIGENOME Natargeting control siRNA #5
NT4 D-00181604-20 ONTARGETplusontargeting control siRNA #4
NT U-009550610-05 CRISPRmMod CRISPRi sgRNA
siGLO Red D-001630602-05 siGLO Red Transfection Indicator
ITGB1 M-00450600-0005 SiIGENOME siRNA SMARTpool
TNS3 M-00999702-0005 SiGENOME siRNA SMARTpool
PAK1 M-00352104-0005 SiGENOME siRNA SMARTpool
CLTC/CHC17 M-00400100-0005 SIGENOME siRNA SMARTpool
DNM1 M-00394301-0005 SiIGENOME siRNA SMARTpool
DNM2 M-00400703-0005 SiIGENOME siRNA SMARTpool
DNM3 M-01393100-0005 SiIGENOME siRNA SMARTpool
CAV1 M-00346701-0005 SiIGENOME siRNA SMARTpool
CAV2 M-01095800-005 SiIGENOME siRNA SMARTpool
FLOT1 M-01063600-0005 SiIGENOME siRNA SMARTpool
FLOT2 M-00366601-0005 SiIGENOME siRNA SMARTpool
GRAF1/ARHGAP26 M-00842601-005 SiIGENOME siRNA SMARTpool
AP2A1 M-01249200-0005. SiIGENOME siRNA SMARTpool
AP3B2 M-02144401-0005 SiIGENOME siRNA SMARTpool
AP3D1 M-01601402-0005. SiIGENOME siRNA SMARTpool
AP4E1 M-02147401-0005. SIGENOME siRN8MARTpool
ARFGEF2 M-01220802-0005 SiIGENOME siRNA SMARTpool
BET1 M-01208501-0005 SiIGENOME siRNA SMARTpool
BNIP1 M-01122201-0005 SiIGENOME siRNA SMARTpool
COG8 M-00857501-0005 SiIGENOME siRNA SMARTpool
STX12 M-01824601-0005 SiIGENOME siRNBMARTpool
TRAPPC9 M-01941402-0005 SiIGENOME siRNA SMARTpool
MAP3K1 M-00357502-0005 SiIGENOME siRNA SMARTpool
PPP2R1A L-01025900-0005 ONTARGETplus siRNA SMARTpool
PPP2R1A CF01025901-0002 CRISPRmMod CRISPRi sgRNA
MAPK11 M-00397203-0005 SIGENOME siRNA SMARTpool
ITGA2 L-00456600-0005 ONTARGETplus siRNA SMARTpool

2.2.8. DNA transfection

For the stable generation of MDBWMB-231 expressing GFP (henceforth @GHPA),
8x1Ccells/well were seeded into a-@ell plate in 2mlof complete media without antibiotics.
Confluent cells were transfected with 2.5ug of pSB&8 GFP Luciferase plasmid and 0.25ug of
the sleeping beauty transposon plasmid, pCMV(CABHT00. 250ul of OptiMEM, 5ul p3000
and 3.75ul Lipofectamine 3000, teitpner 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 2ug/ml blasticidin and

fluorescence activated cell sorting (FACS) sorted.

For the transientexpression of mcherpprfl and mcherrRab5, 1.2x10cells per well were
seeded into a avell plate. On the next day, 5ul Lipofectamine 2000 was mixed with 2504 Opti
MEM. 2.5ug of the mcherpprfl or Rab5 plasmids were mixed with 250ul OptiMEM. 250uL of
the lipofectamine OptMEM solution was mixed with 250ul of the DNA plasmid ®EiV
solution. The lipofectamin®NA plasmid mix was incubated for 20min at RT. Cells were washed
twice with PBS. 500ul of the lipofectamHDNA plasmid mix was added on togloé 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 5ug/miAgi@ fluor 647.

Cells were incubated for a period of 3h, fixedlatained with a primary antibody against AP3D1

(secondary Alexa fluor 488) and DAPI. see seétipri2. Immunofluorescence

3x1Ccells/well were seeded into a 1Rell plate. Confluent cells were transduced with
CRISPRmMod CRISPRI dSa49 1SDS3 lentivirus particleshoseexpression is under the hCMV
promoter (cat# VCAS10124), as per protq@iarmacon EGR CRISPR Cas9 gene engineering
with Lentiviral particles, Horizon Discovergells were incubated at 37°C for 6h with 250l of
serum free media containing CRISPRI lentivirus at a multiplicity of infeabbne{viated adOl)

of 0.3.After that time, 750plof complete media wasupplementedon 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 ofl5ug/ml blasticidin. 12 clones were isolated with Scienceware® clorsog di
(Z374431100EA) Selected clones weralowed to grow. Clone 8 was picked for future assays

based on modulation of ITGB1 expression.
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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 iGhapter 3and used for the trafficking screen @hapter 5 as

well as in the kinome and phosphatome screen and deconvolution ofrhi@hapter 6 Plates

were preprinted with 2.5ul of 500nM siRNA by Dr Xavier Le Guezennec and Felicia Tay.

MDAMB-31 cells were split in 1/5 or 1/10 ratio, 4 to 5 days before transfection in high
throughput. On the dagf 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
Multidrop™ Combi Reagent dispenser (Thermofisher), hereafter multidrop combi. Multidrop
combi enables to dispense reagents in a high throughput manner over a 0.5 to 2500ul 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 2ul to @@gl used to dispense
smaller volumes, including OptiMEM and OptiMEMarmafect IV mixture. The large cassette,
which is able to dispense more between-200ul of reagents, was used for cell seeding. The

multidrop combi were used in sterile conditions werdeath the tissue culture hood.

First, the small dispensing cassette was thoroughly washed and sterilised with 50 to 100ml of
70% icecold ethanol for at least 30 minutes at room temperature and under the hood. The small
cassettes were then rinsed wittesile 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 2.5ul OptiMEM per well at
medium speed. Theipes of the combi were purged and washed once with sterile water.
Afterwards, 5pl of the Dharmafect {OptiMEM solution (0.05ul Dharmafect IV and 4.95pl
OptiMEM) was dispensed in each wellgure 23). The cassette was then rinsed with sterile

water (Gibco) and sterilised with 70% ethanol.

93



For the second part of this protocol, the multidrop combi with the large cassette was sterilised
with 70% ethanol for 30 minutes and washed witarge 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¥ll XR Cell viability analyser (Beckmann
Coulter). After celcounting, a solution with a concentration of 7.5%t@lls/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 whetlgewéne
dispensing the liquid straight into the corresponding well. 40ul of the cell solution was added per
well (in a 384 well plate), resulting in seeding 3000 cells/vietiute 23). MDAMB-231 cells

were cultured for 72h for effective knock down efficiency.

Low throughput experiments:

This method was based on a previously published protocol for 3D cell cKoreTsai and
Frampton, 2019)but has been further optimised for matrigel uptake in 38dll plates. 50ul ice

cold PBS was added in each well using aGli§llip Equaliser pipette (48225pl, Thermofisher).
Plates were kept on ice and 2ul of 0.5md/matrigel was spiked in each PBS well using an E1
ClipTip Equaliser pipette{25ul). 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. 40ul/well were removed using-an E1
ClipTip Equaliser pipette {25ul). Plates were then stained with 30ul/well 20pg/ml pHrodo

for uptake experiments and 10pg/ml NHI8Borescein 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 isioreobjective Opera Phenix

microscope. Figure legends state the objective used.
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High content screening:

Matrigel coating:

Matrigel preparations were handled using high grade dispensing pipette tipSI{ELp Equaliser
pipette) to minimise possibleontamination. 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,
henaforth small or large cassettes, were thoroughly washed and sterilised with 50 to 100ml of
70% icecold ethanol for at least 20 minutes. Cassettes were then rinsed with sterileolde

water (Gibco). Before proceeding to dispense the desired volume,dbel@s 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 disperis®ul icecold PBS in a 384ell plate Eigure 23).

PBS plates were kept at 4°C for 15 minutes. The multi combi assembled to the small/matrigel
cassette was kept at 4°C (outside ttigsue 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 2ttmd matrigel in the 384vell plates
containing PBS. Plates were centrifuged for a few seconds at 500rpm, kept at 4°C 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 wasles Eigure 23). 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, 40ul PBS were pipetted up and deposited into the waste reservoir.

Prior to removing the PBS, the large cassette was thoroughly washed and steriliseégDwiath

100ml of 70% iceold ethanol for at least 20 minutes. Similar to before, the cassette was then
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rinsed with sterile icecold water (Gibco). Again, the nozzles were assessed on how they
performed on dispensing pHrodo solution. 30pl/well of 20pg/miqdd 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 Pi&Servoirs. 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% antibi@tidimycotic to avoid contamination. Fitgt

30ul were pipetted out and added into the waste reservoir. Three washes were performed, each
with 50ul of PBS per well. To avoid any remaining unbound pHrodo, we performed two more
washes with a new PBS reservoir. In addition, the waste reservoirmgaiseel and fresh PBS (1%

(v/v) antibioticantimycotic) was added. Plates were kept in 50ul PBS at 37°C overnight.

50ul icecold PBS was added in each well using aCligpllip Equales pipette (151225,
Thermofisher). Plates were kept on ice and 15ul of 0.5mg/ml collagen | was spiked in each PBS
well using an EClipTip Equaliser pipette {25ul). For this step, the tip should be kept in the
middle of the PBS solution, and avoidhtacting the bottom of the plate. To ensure collection of
collagen | at the bottom, plates were subsequently centrifuged at 500rpm for a few seconds and
kept for 8 min at 4 degree. Collagen | polymerisation is batch sensitive, so it should be optimised
for each batch. Usually, overnight or 1 hour polymerisation at 37°C were used for experiments
performed inChapter 3 Polymerisation at 37°C for 1h was used @hapter 6 60ul/well were
removed using an EClipTip Equaliser pipette{25pl). Plates were then stained with 30ul/well

of 20pg/ml pHrodo for uptake experiments and 10ug/ml NHiBrescein 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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VIAFLEB84 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 containg sterile PBS. Transfected plates were washed with 80ul PBS once and
20ul of TrypLE was used to ensure detachment of cells. Cells were incubated for 5 minutes at
37°C. Cells were then vortexed every 1 minute thrice. TA}pEEpress Enzyme was neutratis

with 80ul 10% FBS DMEM. Cells were pipetted up and down 50 times with \384u@ll head
(Integra) before transferring 80ul of the cell solution to ECdAted 384 well plates={gure 23).
Transfected and transferred cells were incubated for 6 hours. After 2 hours, cell media was
changed to 200nM Bafilomycin Al in some wells containing NT5. After 5h 45 minutes, hoechst
was spiked into a final concentration of 0.5 to 1ug/ml to avastl toxicity. Hoechst concentration

should be optimised depending on the batch or date the hoechst bottle was opened.
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Knockdown (Day 0) Matrigel coating (Day 2) Gell trans(f;;: g'):l imaging

1st OptiMEM + Dharmafect IV 1st Dispense Ice-cold PBS 1st wash: 80ul PBS
20uL TryplLE

Cassette
2nd Dispense 0.5mg/ml matrigel

2nd Incubate at 372C for 5min

2nd Multidrop Combi

Cell count ->
7.5x105cells/ml

Semi-automated
high throughput
transfer

4th  20pg/ml pHrodo (30pl/well)
5th Incubate cells at 372C, 5% CO,

for 6h

5th  Bravo liquid handling system ’ L
Antibiotic-antimycotic 6th High throughput imaging

Incubate at 372C & 5% CO
ath Incubate at 37ec | | Oi Incubate % €O,
. 5%C0, for 72h

Figure 23. Schematic workflow depicting the key instruments used for high throughput knockdown, matrigel coating and cell
splitting. Cells were transfected IsjRNA andfter 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=gcNKm2@id. For a representation of Bravo liquid handling system, see the following link:
https://www.youtube.com/watch?v=ByxA2H4SHdr  applications of ViaFlo 96 and 384 head, see:
https://www.youtube.com/watch?v=S3tFgB0yzslmage made using items from Bioicons.
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10*MDAMB-231 cells per 384vell plate were seeded on pHrodabelled matrigel and collagen

|. Cells were treated with inhibitors as described?if.3.2. Assessing the role of inhibitors on

CDM uptakeCells seeded on collagen | were stained with hoechst and imaged live. Cells on
YFEGNRISE 6SNB SAGKSNI TAESRZI -ifitdgrin 8dnjtightéd tosAlexaK K2 S
fluor 488 (that is the case for some endocytic inhibitopexments and a set of E64d and
Bafilomycin A1 experiments). In addition, cells on matrigel were also stained with hoechst and
imaged live. The 40X watanmersion objective of Opera Phenix microscope was used for live
imaging Figure 23). Live imaging analysis was performed in Columbus software using the
pipeline shown irkigure 24. A 60X wategimmersion objectre from an Opera Phenix microscope

was used for fixed imaging. Fixed samples were analysed in Columbus software as shown in

Figure 25.
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Figure 24. Schematic pipeline for analysi§ @ CM endocytosis in high throughputror live imaging plateghe 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. Tlileeaced fegion

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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ECM area

ECM uptake index = —grzr=="100

ECM/spot area
Cell area

7. Calculate morphology properties | [ =

Figure 25. Schematic pipeline for alysis of ECM endocytosis in fixed samplesclei were selected based on hoechst staining.

ITGB1 staining enabled it to recognise the cytoplasm of cells. Intensity properties from each cell were calculated. lighls wit
intensity signal of pHrodo weriscarded to avoid an errgarone 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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3D spheroids were generated by the hanging drop method, previously descrifgalyiarmagnai

et al, 2019) 10 GFPMDA cells were harvested and resuspended in 2ml of compaction media,
containing 4.8mg/ml methylcellulose (Sigmaldrich) and 20ug/ml soluble collagen |
(BioEngineering) in complete media. Then, 20ul of compaction media with cells was added on
the lid of tissue culture dishes. Lids were turned and put on top of the bot&servoir of the

dish, which was filled with PBS to prevent evaporation. This resulted in the generation of
spheroids containing approximately 1000 @WBA cells per 20ul drop. Following 48h incubation

at 37°C in 5% CQspheroids were gently collected bdughing 800ul 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 whed twice with 800ul of complete media before being individually
O2ftft SOGSR® C2NJ o5 dzLdit 1S lFaateas O 60kP0 27
concentration 20ug/ml pHrodo containing 0.1M sodium bicarbonate (NaHGgle spheroids

were embedled into 45ul of 3mg/ml rat tail collagen | (Corning) and 3mg/ml geltrex (Gibco). 40pl

of the spheroidCollagen-geltrex mix was deposited into a 35ngiass bottom dish. In order to
prevent the embedded spheroid from reaching either the bottom of théndisthe upper edge

of the collagen-beltrex droplet, the dishes were rapidly kept for 3 to 5 minutes at 37°C upright.
Following this time, dishes were flipped and incubated at 37°C f8rmanutes upsidaedown.

Dishes were additionally incubated uprigbt £-3 minutes at 37°C. Afterwards, dishes were kept
upsidedown and the matrix mixture was allowed to polymerise at 37°C 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 1@®4BS amino acid free DMEM after 44h of embedding. Cells were imaged
live at Oh, 24h, 44h, 48h and 72h p&shbedding. A 10X air objective Nikon Al 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 pHrodeECM integrated intensity per spheroid, data was normalised to day 0 to better assess
the fold change in uptaké-(gue 2-6).
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Figure 26. Spheroid analysis for ECM uptake in ZZFPMDA cell spheroid was selected by applying a threshold and depeckling
the thresholded image. Particles were then analysed and added into the ROl marmgssess changes in ECM internalisation,
the intensity properties of the pHrodo channel within the ROIs selected were calculated.

Cells were fixed with 4% (w/v) paraformaldehyde (PFA) in PBS for 15 minutes. Then, cells were
permeabilised with 0.25% (v/v) Tritonr200 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 Ni®rescein labelled ECM assays), Alexa
Fluor 488 (for NH&8Ilexa fluor 555 labelled matrices) or Alexa Fluor 647 (for transferrin
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endocytosis assays). Phadlimi was diluted 1:500 in PBS; cells were incalldbr 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 temperdure. AntirK dzY | yintegrm antibody conjugated to Alexa fluor 488 (1:400 in
PBS) was used for siAP3D1 knockdown experimentKAditY | yintegrim antibody conjugated

to Alexa fluor 647 (1:400 dilution in PBS) was utilised for colocalisation experiamehts assess
SYR2a2Ylt AYyUGSINAY ® ¢ 2-integirg el werdircubated yaFISQNGAt LJ2
human CD49b antibody (1:200 dilution) in PBS. Fofflummescently conjugated antibodies, cells
were first incubated with the primary antibodiEA1, 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

1 £ SEI T { digtedg¥in amtibody i asm 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 25. List of antibodies in immunofluorescence.

Alexa Fluor 488 Antiuman (IgG) CD29 BioLegend (303016) 1:400
Alexa Fluor 647 Antiuman (IgG) CD29 BioLegend (303018) 1:400
FITGAnti Human CD49b BioLegend (359306) 1:200
Purified mouse AEEA1 (1gG1) BD Bioscience (610457) 1:100

Gift from Professor Andrew Peden
AP3D1(Mouse anti delta antibody (SA4)) (Availablein Developmental studies hybridome 1:50000
bank, Antibody Registry ID: AB_2056641)

Alexa Fluor 488 Donkey Amtiouse (IgG H+L) Fisher Scientific ¢21202) 1:1000
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For dishes and-@ell 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 asdmple preservation. The sample dishes were sealed with
parafilm and kept at 4°C. A 60X objective from a Nikon Al confocal microscope was used for cell
imaging and colocalisation experiments for uptake assays. A 60X objective from Airyscan (Zeiss)

was usedor colocalisation experiments with Afhcherry, Rabncherry and AP3D1.

For high content imaging plates, cells were stained with 1pg/ml hoechst for 15min, washed twice
with PBS and kept in PBS. Plates were stored at 4°C. Three different objectivesseerfor

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).

A Nikon Al Confocal microscope (Nikon Instruments Inc, Japan) witkABaehromat 60X NA

1.4 oil immersion objective was used to image ECM internalisation and colocalisation
SELINAYSy(iad ¢KS OKIyySta dzaSR (.£40B5m) EHTAz0 (KS
FYR 1§ SEIF fimdg@mMonyyy S 6 ¢ f S=562.010), d2dekd Flugr ps47 6 <

0 &=620.0nm).

Quantification of soluble ligands (transferrin, dextran, lactosylceramide), ECM and integrin

internalisation assays

All images acquired with the Nika@il confocal microscope were analysed using ImageJ software
as previously described ifCommisso, Flinn and B8aegi, 2014) Zstacked images were
maximumLINRE 2 SO0 SR & 4intedrif stadingReAaifledize Ndentifimation of single cells.

Cells were outlined and recorded in the region of interest (ROI) manager. Cell area was measured.
9/ a 2iMNdgrinhannels were alsZstacked; a threshold was applied to specifically select
AYOGSNYLIf AasSWR-ingeyria hterffalHpools. The total area of internalised soluble

ligands/ECM/integrin per ROI region (or cell) was then measured. The soluble
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ligands/ECM/integrin uptakimdex is a percentage calculated by dividing the area of internalised

soluble ligands/ECM/integrin by the cell aréagure 27).

Figure 27. ECM and integrin internalisation analysisnages were maximum projected and the outline of each cell was recorded
Ayidz GKS whL YFyF3ISN® /Stt | NB linkernadistNaeatte chainetbflinferdsk was geledteR S G S NIV A
and maximurprojected. Images were thresholded and despeckled. Uptake index is a percentage between the total ECM/integrin
area and the cell area.
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