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Abstract

Epithelial cells form very cohesive sheets that line all surfaces of our bodies and mainly act as a

selective barrier, supporting nutrient and water transport while preventing the entry of external insults.

In addition, cells can sense and respond to the biophysical and biochemical cues from the surrounding

extracellular milieu. In this thesis, the regulation of important aspects of mammary epithelial cell

behaviour by different external stimuli is investigated.

A hallmark of invasive carcinomas is the breaching of the basement membrane, in which transformed

cells migrate from the epithelial compartment to the interstitial matrix, thereby acquiring the poten-

tial to metastasise. In this PhD thesis, human mammary epithelial (MCF10A) cells are exposed to

components of the basement membrane, which support epithelial tissue architecture, and to increas-

ing concentrations of stromal collagen in a three-dimensional morphogenesis assay, which lead to

a matrix collagen-induced invasive phenotype. Since these phenotypical changes highly resemble

a process termed epithelial-mesenchymal transition (EMT), this cellular programme is comprehen-

sively characterised by employing biomolecular tools (gene and protein expression), microscopy and

Raman spectroscopy.

Dysregulated EMT can contribute to the development and progression of disease, namely fibrosis

and cancer. In this work, MCF10A cells undergoing EMT, in response to transforming growth factor

β1 treatment or to stromal collagen, are exposed to a biologically-active fragment from the β1-chain

of laminin-111 to investigate whether this cryptic extracellular matrix (ECM) fragment can be used

to modulate this cellular process. Exposure of these epithelial cells to this fragment via soluble and

biomaterial-based approaches is investigated by measuring EMT gene expression and cell invasion.

The interaction between this fragment and potential binding partners is also assessed. Studying the

modulation of EMT by using an ECM fragment can provide important insight into molecular mech-

anisms of this cellular transition in the context of pathogenesis, and potentially open new research

avenues that make use of bioactive molecules in the ECM that can be released by proteolysis.

Endogenous electric fields are essential in the physiological processes of all living organisms, namely

in controlling fundamental cellular functions, such as morphology, gene expression, proliferation, and

migration. However, little is known about the mechanisms that allow cells to sense and respond to

an electric field. In this work, the biomechanical response of MCF10A cells exposed to an external

electrical stimulation (ES) via a biocompatible, conducting polymer (polypyrrole) is carried out. By
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synergistically combining scanning ion conductance microscopy (SICM), atomic force microscopy

(AFM) and molecular biology tools, a highly-sensitive characterisation of how mammary epithelial

cells sense and respond to ES was carried out. These findings can potentially shed light on how

these cells sense and mediate electrical cues, and how ES affect cell fate.

Keywords: mammary epithelial MCF10A cells; extracellular matrix (ECM); epithelial-mesenchymal

transition (EMT); laminin fragment; electrical stimulation.
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Resumo

As células epiteliais formam camadas coesas que revestem todas as superfícies do nosso corpo e

actuam principalmente como uma barreira seletiva, a qual permite o transporte de nutrientes e água,

enquanto evita a entrada de agentes nocivos externos. Adicionalmente, as células têm a capaci-

dade de detectar e responder a estímulos biofísicos e bioquímicos provenientes do meio extracelu-

lar. Nesta tese, é investigada a regulação de aspectos fundamentais do comportamento de células

epiteliais mamárias por manipulação de factores bioquímicos e biofísicos do ambiente extracelular.

Uma das principais características dos carcinomas invasivos é a infiltração da matriz intersticial por

parte de células transformadas que provêm do compartimento epitelial, adquirindo assim o poten-

cial de metastatizar. Neste trabalho, células epiteliais mamárias humanas (MCF10A) são expostas a

componentes da membrana basal, que fornecem os elementos necessários para a arquitetura ade-

quada do tecido epitelial, e a concentrações incrementais de colagénio estromal num modelo de

morfogénese tridimensional, resultando num fenótipo invasivo induzido pela presença do colagénio

na matriz. Uma vez que estas alterações fenotípicas se assemelham a um processo denominado

por transição epitélio-mesenquimal (EMT), diversas ferramentas biomoleculares para medição da ex-

pressão de genes e proteínas, assim como microscopia e espectroscopia Raman, são utilizadas para

caracterizar este programa celular.

A desregulação do processo de EMT pode contribuir para o desenvolvimento e progressão de do-

enças, nomeadamente fibrose e cancro. Neste trabalho, células MCF10A submetidas a EMT, em

resposta ao tratamento com transforming growth factor β1 (TGF-β1) ou à presença de colagénio

estromal, são expostas a um fragmento biologicamente activo da cadeia β1 da laminina-111 para

investigar se o mesmo pode ser usado para modular este processo celular. A exposição destas cé-

lulas epiteliais ao fragmento, utilizando diferentes estratégias, como factor solúvel ou imobilizado em

biomateriais, é estudada com base na expressão de genes associados ao processo de EMT e na

capacidade de invasão celular. A interação entre este fragmento e potenciais ligandos é também

avaliada. O estudo da modulação de EMT utilizando o fragmento de laminina pode fornecer informa-

ções importantes sobre o mecanismo molecular desta transição celular no contexto de patogénese e,

potencialmente, abrir novas vias de investigação que fazem uso de moléculas bioativas que podem

ser libertadas pela matriz extracelular por proteólise.

Os campos elétricos endógenos são essenciais aos processos fisiológicos de todos os organismos,
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nomeadamente no controlo de aspetos fundamentais do comportamento celular, como morfologia,

expressão de genes, proliferação e migração. No entanto, pouco se sabe sobre os mecanismos

que permitem que células detectem e respondam a campos electrics. Neste trabalho, é estudada

a resposta biomecânica de células MCF10A expostas a uma estimulação elétrica (ES) externa atra-

vés de um polímero condutor (polipirrol) biocompatível. Ao combinar sinergisticamente técnicas de

microscopia de varrimento por conductância iónica (SICM), microscopia de força atómica (AFM) e

ferramentas de biologia molecular, é possível alcançar uma caracterização com resolução temporal

e espacial de como células epiteliais mamárias recebem e respondem a sinais de ES. Estes resulta-

dos poderão ajudar a compreender de que forma a ES altera o comportamento celular aquando da

utilização de sinais elétricos em aplicações biomédicas.

Palavras-chave: células epiteliais mamárias MCF10A; matriz extracellular; transição epitélio-mesen-

quimal; fragmento de laminina; estimulação elétrica.
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1.1 Epithelial Cells

The epithelium lines all surfaces of our bodies. The cells that compose the epithelium, epithelial

cells, are a specialised component of many organs. Epithelial cells are arranged in cohesive sheets,

which mainly function as a selective barrier between the body and its environment. Many of our major

organs and tissues (e.g. kidney, lung, liver and breast) contain cavities lined by an epithelial sheet that

can be arranged in a monolayer, in the case of simple epithelia, or in stratified layers, that selectively

mediate the exchange of nutrients, hormones, ions, gases and cells between different parts of the

body. These internal epithelial organs are typically made of two types of units: spherical cysts – also

known as lobules in the mammary gland, alveoli in the lung and follicles in the thyroid – and tubules.

Albeit differently shaped, cysts and tubules are composed of a polarised, lumen-enclosing monolayer

of cells, and together form a complex network of tubular structures (Figure 1.1) [1].

In order to protect the integrity of these organ cavities and tissue compartments, epithelial cells rely

on being tightly attached to their neighbouring cells, which is mediated by cell junctions, polarisation

along their apicobasal axis, which is accomplished by unique membrane structural and functional

domains. The apical membrane domain faces the lumen and contains the proteins that mediate

numerous functions including absorption, secretion, transcellular transport, and sensation. The basal

membrane domain interacts with the surrounding basement membrane (BM), a specialised subtype of

extracellular matrix, and the lateral membrane domain is in direct contact with neighbouring epithelial

cells (Figure 1.1). Since many proteins localise to both the basal and lateral domains, these surfaces

are commonly collectively referred to as basolateral domain. In the case of stratified epithelial layers,

some cells lack one or more surface types, depending whether they border a lumen and/or the BM.

The process of epithelial polarisation is closely associated with the formation of the apical junctional

complex, which includes tight junctions (or zonula occludens) and adherens junctions (or zonula ad-

herens) [2–4]. Tight junctions form a complex protein network that consists of transmembrane pro-

teins and peripheral membrane proteins. Transmembrane proteins are composed of three main fami-

lies: occludins [5], claudins [6] and junctional adhesion molecules [7]. Together, these proteins estab-

lish close contacts between epithelial cells, form an important selective barrier to diffusion through the

intercellular space, and also prevent intramembrane diffusion of proteins and other macromolecules

between the apical and basolateral membrane domains [8, 9]. Adherens junctions are the main

contributor to the initiation and stabilisation of cell-cell adhesion between epithelial cells, and these

include transmembrane glycoproteins of the classical cadherin superfamily, such as E-cadherin, and

the catenin family, namely α and β-catenin [10].
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Figure 1.1: Epithelial architecture. a Internal epithelial organs typically consist of two types of units: spherical

cysts and tubules (b). c Both structures consist of a polarised, lumen-enclosing monolayer of cells. d Each

epithelial cell is in tight contact with its neighbouring cells, which is mediated by tight junctions, desmosomes,

and E-cadherin interactions, on their lateral membrane domains. The apical membrane, a microvilli-rich domain,

faces the lumen. The basal membrane domain faces the BM, which serves as a barrier between the epithelium

and the interstitial matrix. Epithelial cells interact with the BM though integrin and non-integrin cell surface

receptors. Adapted from [1].

1.2 Extracellular Matrix - Composition and Function

The extracellular matrix (ECM) is a highly dynamic structure that not only functions as a scaffold

to provide physical support to the architecture and integrity of all tissues, but also regulates nearly

every aspect of cell behaviour, including proliferation, migration, and differentiation. In mammals, the

ECM is a complex assembly of around 300 proteins [11, 12], known as the core matrisome, which

include collagens, proteoglycans and glycoproteins [13, 14]. The precise composition of the ECM

varies from tissue to tissue to provide the appropriate architectural structure, stiffness and biochemical

environment.

1.2.1 ECM composition

1.2.1.A Collagen

The main structural proteins of the ECM are collagens, the most abundant protein in mammals. There

are 28 different types of collagen in vertebrates, which are classified into fibrillar and non-fibrillar

forms. Collagens are composed of three polypeptide α chains and the most common structural

feature amongst the members of this protein superfamily is the presence of three stranded helical

segments [15]. The properties of each type of collagen will vary due to the arrangement of the triple-

helical domains and the segments between, which produces different three-dimensional structures

[16]. Collagens differ in the way they form fibres and how these fibres are then organised into net-
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works. The type, cross-linking and orientation of collagen molecules vary according to the tissue type.

For example, type I collagen molecules form fibrils (around 50 nm in diameter) that have great ten-

sile strength, which are then packed in parallel bundles called fibres, can be found in tendons linking

muscles and bones, where they have to withstand strong forces. Conversely, type IV collagen forms

a sheet-like network and is one of the main components of the BM [15–17].

1.2.1.B Proteoglycans

Proteoglycans, which include aggrecan, versican, perlecan and decorin, are composed of a core

protein domain that is covalently linked to long, negatively charged, linear chains of disaccharide

units, called glycosaminoglycans (GAGs) [18]. The main biological function of proteoglycans relies

on the biochemical and hydrodynamic characteristics of GAGs, which have a unique ability to bind

water, providing hydration and compressive resistance to tissues [19].

1.2.1.C Glycoproteins

Glycoproteins, namely laminins, fibronectin, and vitronectin, consist of a core protein domain cova-

lently bound to bulky, branched carbohydrates (or glycans) [20]. These important components func-

tion as connector molecules due to the ability of their functional groups to recognise and bind to other

ECM proteins, growth factors and cell surface receptors [19].

1.2.1.D Laminins

Laminins are composed of α, β, and γ chains arranged in a triple α-helical coiled-coil domain towards

the C-terminal of each chain, which can form cross-shaped (three arms), Y-shaped (two arms) and

rod-shaped (one arm) structures [21]. Laminins are mainly found in the basal lamina of tissues and

their primary role is to mediate interactions between cells via cell surface receptors, namely inte-

grins, and various other components of the ECM. Different combinations of chain isoforms generate

functional diversity of laminins, which are classified according to their subunit composition [22]. For

example, α1β1γ1 and α3β3γ2 are known as laminin-111 (Figure 1.2a) and laminin-332, respectively,

which exhibit very distinct functions. Whilst laminin-111 forms a meshwork that composes the BM

(Figure 1.2b), laminin-332 is secreted during wound healing and hair follicle development and under-

goes extensive specific proteolytic cleavage [23, 24].
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Figure 1.2: Laminin-111 structure and self-assembly. a Heterotrimeric laminin-111 is composed of α1, β1,

and γ1 chains, which are arranged in a triple α-helical coiled-coil domain towards the C-terminal of each chain.

The α1 chain uniquely contains five laminin G-like (LG) domains at its C-terminal. b The three-arm interaction

model predicts that laminin-111 self-assembles by forming a network by the N-terminal domains of the α1, β1,

and γ1 chains. a was adapted from [22] and b from [24].

1.2.2 ECM organisation

After intracellular synthesis, ECM components are secreted into the extracellular environment. There

are two main types of ECM that differ in terms of composition and location in the body: the inter-

stitial connective tissue matrix and the BM. The interstitial connective tissue matrix, which is mainly

composed of type I collagen and fibronectin, compose the bulk of the ECM in the body and provides

structural scaffolding and mechanical strength to tissues [25, 26]. The BM is a specialised form of

sheet-like ECM that separates epithelial cells to underlying connective tissues, and it is mainly com-

posed of type IV collagen, laminins, heparan sulfate proteoglycans and nidogen (or entactin), which

are synthesised and secreted by epithelial cells [27–29]. BMs have a pivotal role in regulating ep-

ithelial cell behaviour, as they provide signals for apicobasal polarity establishment and maintenance,

and for cell differentiation [30].
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1.3 Cell-ECM Interactions

Far from being a static structure, the ECM continuously undergoes dynamic remodelling that involves

matrix biosynthesis, secretion, assembly, modification and degradation [25]. In turn, the ECM plays a

vital role in regulating several aspects of cell behaviour, including differentiation, proliferation, survival,

polarity and migration [31]. This establishes a vital bidirectional and dynamic relationship between the

cells and the ECM [32]. Both cellular behaviour and the ECM structure are context dependent and

respond to biochemical and biophysical cues.

1.3.1 Biochemical cues

Cells attach to the ECM via cell surface receptors, namely integrins, discoidin domain receptors and

syndecans [33–35]. Integrins, the major mammalian receptors for cell adhesion to the ECM, are

a large family of transmembrane heterodimeric molecules that bind to specific motifs of ECM com-

ponents and also interact with cytoskeletal proteins [36]. Their heterodimeric nature is due to the

noncovalent association between α and β subunits. There are 8 β and 18 α subunits which com-

bine to form a variety of at least 24 integrins, with distinct ligand-binding affinities and tissue specific

expression [34, 37]. Both α and β subunits are composed of a large ectodomain, which binds to

the ECM proteins, a single transmembrane helix domain and a short cytoplasmic domain, with the

exception of β4, which has a much larger cytoplasmic domain, that mediates interactions with the

cytoskeleton [36]. Integrin receptors not only play an important role in mediating cell adhesion to

the ECM, but also mediate signalling in two directions: ‘outside-in’ in which integrins transmit chem-

ical signals into the cell from the extracellular environment, and ‘inside-out’ (a processed that is also

termed activation) in which the affinity of integrins for their extracellular ligands can be increased upon

binding of an intracellular activator, such as talin and kindlin, and consequently influence cell migra-

tion and ECM remodelling (Figure 1.3) [35–38]. Although these signalling pathways are conceptually

defined separately, they are often closely related [39].

1.3.2 Biophysical cues

An ever-growing body of work has demonstrated that cells are capable of sensing external physical

cues, such as stiffness and fluid shear stress, and convert them into biochemical signals. This sensing

enables cells to adjust their behaviour according to external stimuli (e.g. proliferation, differentiation

and migration) by a process commonly known as mechanotransduction [40–44]. Mechanical stim-
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uli allosterically modulate the activity and function of ‘mechanosensor’ proteins inducing biochemical

signalling cascades [45]. In 1993, Ning Wang et al. experimentally demonstrated for the first time that

ECM integrins and focal adhesions (a multiprotein assembly of clustered integrins and intracellular

components connected to the actin cytoskeleton) mediate the transmission of external mechanical

forces to the cytoskeleton [46]. It is now well established that integrins and their associated adhe-

sion signalling complexes are mechanosensitive [45, 47, 48]. Integrin-mediated adhesion to the ECM

components starts with conformational changes that lead to their activation (aforementioned ‘outside-

in’ signalling), which results in an increased ligand binding affinity [37] (Figure 1.3a). Once integrins

are activated and bound to their ligands, they cluster (numerous ligands are multivalent, which con-

tributes to integrin clustering) and recruit a multitude of signalling molecules at their cytoplasmic tail to

assemble into focal adhesions, commonly termed integrin adhesome [48, 49]. There are three known

categories of integrin adaptor proteins [50], although there is significant functional crossover: (1)

adaptors that have a primarily structural function, which include talin [51], filamin and tensin [52], bind

to F-actin, linking integrins to the cytoskeleton; (2) adaptors that have a scaffolding role by providing

additional binding sites to focal adhesion proteins, such as kindlins 2 [53] and 3 [54] and paxillin [55];

and (3) adaptors that have a catalytic activity, namely focal adhesion kinase (FAK) [55, 56] and Src

[57], which mediate the signal transduction pathways from the adhesion site. Among integrin-binding

adaptor proteins, talins and kindlins are the only ones that have been described to be essential to

integrin activation [38]. However, even though a direct interaction between kindlin 2 and F-actin has

been shown [58], evidence so far describes an indispensable role for talin in force transmission to

integrins, whereas kindlins may serve to stabilise adhesion through the regulation of actin dynamics

[38]. Upon direct coupling between ECM components and the cell surface via integrins and focal

adhesions, cells are able to channel mechanical information to the nucleus through the LINC (Linker

of the Nucleoskeleton and Cytoskeleton) complex and alter gene expression [59].
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Figure 1.3: Bidirectionality of integrin signalling. Integrins mediate signalling in two directions: a ‘outside-

in’ in which binding between ligands and integrins changes their conformation, resulting in their activation and

clustering, which leads to the recruitment of integrin adaptor proteins to their cytoplasmic tail to assemble into

focal adhesions and consequent transmission of signalling molecules that regulate gene expression, cell polarity,

survival, proliferation, and cytoskeletal rearrangement, among others; and b ‘inside-out’ in which integrins can

undergo conformational changes and become activated upon binding of an intracellular activator, such as talin

and kindlin, to the β-integrin cytoplasmic tail and consequently influence cell adhesion, migration and ECM

remodelling. Even though conceptually these signalling processes are defined separately, there is a strong

crosstalk between them, as ligand-integrin binding can then result in inside-out signalling, and, conversely, inside-

out integrin activation can increase ligand binding affinity. Adapted from [39] and [47]
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1.4 ECM remodelling and homeostasis

The ECM is a highly dynamic and complex structure that is vital for organ development, wound healing

and tissue homeostasis [31]. Indeed, cells are continuously rebuilding and remodelling the ECM by

synthesising, degrading, reassembling and chemically modifying its components [26, 60, 61]. Addi-

tionally, the ECM acts as a reservoir of biologically active molecules, such as growth factors, including

bone morphogenetic proteins (BMPs), epidermal growth factor (EGF), fibroblast growth factor (FGF),

transforming growth factor-β (TGF-β), and other signalling molecules, such as Wnt proteins [26, 31].

It is essential that this dynamic relationship between cells and their surrounding extracellular matrix is

tightly controlled. In fact, dysregulated ECM remodelling can result in pathological conditions such as

fibrosis and cancer [62–64].

1.4.1 Key players in ECM breakdown

The proteolytic cleavage of ECM components constitutes the main mechanism by which the ECM is

remodelled, and it can be carried out by different families of proteases, including matrix metallopro-

teinases, adamalysins, meprins, among others.

1.4.1.A Matrix metalloproteinases

Initially discovered in a 1962 study of collagen remodelling in tadpole tail during morphogenesis [65],

matrix metalloproteinases (MMPs), a family of zinc-dependent endopeptidases [66, 67], are now

recognised as the main matrix-degrading enzymes. Humans express 23 MMPs [68] and this fam-

ily of proteinases, which exist as soluble or membrane-bound, can degrade a wide range of ECM

components and other extracellular proteins [60]. All mammalian MMPs have a catalytic domain and

a self-inhibitory pro-domain. The latter, located at the amino terminus, contains a conserved Cys

residue of the cysteine-switch motif, which, together with the three His residues of the conserved ac-

tive site motif, chelates the catalytic zinc ion, maintaining enzyme latency [69, 70]. The active site of

the catalytic domain becomes available for proteolytic cleavage once the pro-domain is destabilised or

removed [71]. Additionally, most MMPs also contain a hemopexin domain (a four-bladed β-propeller

structure) connected to the carboxyl terminus by a flexible hinge linker [72]. The hemopexin domain

plays an important role in mediating protein-protein interactions and in substrate recognition [73]. Ac-

tivation of MMPs mainly occurs by proteolytic cleavage by serine proteases, membrane-bound MMPs

(for example, latent soluble MMP-2 proenzyme is activated by MT1-MMP) or by other soluble MMPs
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(for example, MMP-3 can activate the latent forms of MMP-1 and MMP-9) [74]. In addition to break-

ing down ECM structural components, MMPs can also cleave cell surface molecules and thus affect

several aspects of cell behaviour, including apoptosis [75, 76]. Moreover, MMPs can create space

for cells to migrate through the extracellular environment and produce fragments with independent

biological activity [77], directly or indirectly alter the activity of signalling molecules and regulate tis-

sue architecture [78]. Due to their pleiotropic nature and proteolytic activity, under normal conditions

MMPs are expressed at low levels and the regulation of their localisation and activity is critical [79].

MMP expression and activity becomes elevated in diseased or inflamed tissue, namely in the case of

malignant cancer and fibrosis, but also throughout wound healing processes [78].

1.4.1.B Adamalysins

The adamalysins protein family includes ADAMs (a disintegrin and metalloproteinases) [80] (reviewed

in [81]) and ADAMTSs (ADAMs with a thrombospondin motif) [82], which, like MMPs, contain a zinc-

dependent catalytic active site. ADAMs are membrane-anchored enzymes that modulate cell-cell and

cell-ECM interactions by shedding various membrane-bound molecules and thereby releasing the

ectodomain of cytokines, growth factors, transmembrane receptors and other adhesion molecules

[83, 84]. As opposed to ADAMS, ADAMTSs are secreted enzymes capable of cleaving various ex-

tracellular molecules, namely aggrecan, versican and fibrillar procollagens (essential for deposition of

normal collagen fibrils onto the extracellular environment in a tissue specific manner) [85]. Dysregu-

lation of expression and function of ADAMs and ADAMTS is also linked with pathological conditions

[84, 85].

1.4.1.C Meprins

Meprins are also zinc-endopeptidases that consist of two subunits (α and β) encoded by two separate

genes [86]. Meprins can form disulphide-linked homo- or hetero-dimers [87, 88]. Meprin α is consti-

tutively secreted into the extracellular space during its biosynthesis and maturation [89]. Meprin β is

expressed as a transmembrane protein and acts as a ‘sheddase’ at the cell surface [90], but can also

be released from the cell membrane by ADAM10 [91]. Meprin metalloproteases have an important

role in fibrillar collagen deposition [92], and their overexpression has been associated with cancer and

fibrosis [93].
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1.4.1.D Metalloproteinase inhibitors

The proteolytic activity of the three families of metalloproteinases mentioned above needs to be tightly

regulated in order to maintain tissue integrity. Such regulation can be achieved by the activity of

endogenous inhibitors that can inactivate ECM proteases. The tissue inhibitor of metalloproteinases

(TIMP) compose a family of four (TIMP1-4) and can reversibly inhibit the activity of MMPs, ADAMs

and ADAMTSs [94, 95], but not of meprins. Cystatin C, Fetuin-A and elafin have been identified as

endogenous inhibitors of human meprins [91, 96].

1.4.1.E Other enzymes

There are also other enzymes which play an important part in ECM remodelling, such as serine pro-

teases, cathepsins, heparanases and sulphatases. Serine proteases include tissue-type plasminogen

activator (tPA) and urokinase-type plasminogen activator (uPA), which catalyse the conversion of plas-

minogen into plasmin (also a serine protease) that, in turn, will degrade fibrin, fibronectin [97, 98] and

laminin [99]. Cathepsins, which include cysteine, serine and aspartic cathepsins, are found both intra-

cellularly, in the lysosomes where they can degrade internalised collagen, and extracellularly where

they can degrade ECM proteins [100, 101]. Finally, heparanases and sulphatases are important

regulators of the structure and function of heparan sulfate proteoglycans [102].

1.4.2 ECM remodelling in branching morphogenesis

During development, many organs and tissues, namely the lungs and the mammary and submandibu-

lar glands, are formed by a process termed epithelial branching morphogenesis (reviewed in [103]),

wherein groups of cells increase their surface area by creating cellular or tissue extensions thereby

forming tubular networks, which then contributes to establishing tissue architecture.

ECM remodelling plays an indispensable role throughout this process as it provides the necessary

structural integrity, and the biochemical and biophysical cues that regulate and mediate cellular be-

haviours during morphogenesis [26, 60]. For example, in the mammary gland, type I collagen is

found primarily around the duct and, before initiation of the branching process, its fibres are oriented

to mediate an intracellular reorganization of the actomyosin cytoskeletal networks of epithelial cells

[103, 104]. Moreover, the ECM at the tip is much thinner than that around the ducts, which is suggests

that the ECM is cleaved at the leading edge of the branching epithelium to create space for cells to

migrate [105, 106]. In fact, various types of metalloproteinases are expressed during branching of
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the mammary epithelium [107–112]. MMP activity has been shown to be required for branching mor-

phogenesis of primary mammary organoids in vitro [113] and defects in primary branching has been

observed in Mmp2-null mice [114].

Importantly, as the ECM also serves as a ligand reservoir by selectively binding to various growth

factors, these signalling molecules can be proteolytically released and thereby affect epithelial cell

proliferation, orientation and migration during branching morphogenesis [31]. For example, the FGF

signalling is crucial for vertebrate organ development, including the mammary gland [115]. This family

of growth factors comprises 22 members and the majority of FGFs functions by binding to heparan

sulphate proteoglycans with varying affinity, which regulates different aspects of epithelial morpho-

genesis [116]. In particular, FGF receptor 2 (FGFR2) expression is essential for regulating mammary

gland development, as demonstrated by mammary epithelial cells lacking Fgfr2 failing to regener-

ate the gland in vitro [117]. The different isoforms of FGFR2 are expressed in a context dependent

manner, and FGFR2b has been shown to be preferentially expressed in epithelial tissues [118, 119].

FGF10, which binds to FGFR2b [120], has been identified as a key player in mammary epithelium

branch initiation, which relies on properly oriented epithelial cell migration by ECM cleavage [117].

While there is still an increasing body of evidence highlighting the key players in the remodelling of the

ECM during branching morphogenesis, there is no doubt that biosynthesis, deposition, orientation and

degradation of specific ECM components are essential to generate a functional epithelial branching

network.

1.4.3 ECM remodelling and disease

ECM remodelling needs to be tightly regulated, particularly throughout wound healing and develop-

mental processes, in which signalling events and diverse cell behaviours are dynamic and transient

[121, 122]. However, despite the existence of several regulatory mechanisms, ECM dynamics and

remodelling can go awry and lead to pathological conditions, such as cancer and fibrosis, in which

excessive deposition of ECM components is observed [63, 123].

1.4.3.A Fibrosis

In a healthy state, tissue-resident fibroblasts are quiescent, albeit metabolically active and supporting

the structure and function of the local tissue. When repair mechanisms are necessary, these fibrob-

lasts are activated and differentiate into myofibroblasts, which are responsible for depositing ECM

components that will contribute to contracture and closure of the existing wound [124]. Fibrosis is the
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result of a reparative process in response to chronic or severe tissue injuries, in which there is an

excessive deposition of ECM components. Progressive fibrotic disease can be caused by a number

of conditions, such as persistent infections, chronic inflammation, repeated exposure to toxins, my-

ocardial infarction, amongst others [125]. Importantly, irrespective of the initiating trigger, a common

feature of aberrant healing is the activation of hyperproliferating fibroblasts that then differentiate into

myofibroblasts, which excessively synthesise and secrete ECM components, like collagen [126]. Ex-

cessive ECM deposition and cross-linking can lead to altered biochemical and biomechanical tissue

properties (e.g. increased tissue stiffness), resulting in organ failure and, eventually, death.

The TGF-β pathway is likely the most comprehensively studied driver of fibrosis [127]. Early respon-

ders to the wound healing process, macrophages, are major contributors to local increase in TGF-β

levels [128], which then promote fibroblast-to-myofibroblast transition, further increasing ECM produc-

tion (Figure 1.4) [129]. TGF-β1 signalling pathway promotes the expression of over 60 ECM genes

[130] and is correlated with progressive fibrosis in various organs, including liver, lung, kidney, skin

and heart [131]. Moreover, significantly reduced development in fibrosis has been demonstrated by

specifically inhibiting this pathway [132]. Besides regulating fibrosis, TGF-β is a ubiquitous cytokine

that has a pleiotropic role in various processes that regulate cellular and tissue homeostasis [133].

Interestingly, a fibrotic ECM itself can act as a driver of fibrosis, by stimulating production and se-

cretion of ECM components by myofibroblasts, generating a positive feedback loop [134]. Though

traditionally viewed as a result of fibrotic disease, an increasing body of evidence has suggested that

ECM stiffness plays a critical role in mediating fibrosis [135]. In fact, it has been shown that fibroblasts

are highly sensitive to changes in tissue mechanics [136] and that an increase in matrix stiffness can

mechanically activate myofibroblasts, thereby further exacerbating fibrosis [137]. Collectively, these

studies demonstrate that ECM components can actively drive fibrosis.

1.4.3.B Cancer

In a balanced and healthy state, the ECM provides the appropriate biochemical and biophysical sig-

nals to maintain tissue homeostasis and architecture, which involves maintenance of epithelial cell

polarity, and control of cell proliferation and apoptosis. In 2011, a seminal review by Mina J. Bissell

and William C. Hines proposed an important role for the extracellular environment in stopping cancer

from progressing [138]. They suggested that under normal conditions, the ECM is sufficient to sup-

press tumorigenesis. In contrast, once the barrier to tumour formation is overcome by various factors

(or a combination), such as mutagens, inflammation and abnormally expressed growth factors, the

microenvironment can be permissive to tumour growth and cancer progression. For example, studies
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Figure 1.4: Aberrant ECM remodelling can result in pathological conditions, such as cancer and fi-

brosis. In the event of chronic inflammation or tissue injury, early responders to the wound healing process,

macrophages, are major contributors to local increase in TGF-β levels, promoting fibroblast-to-myofibroblast

transition, which are the main ECM producers. Excessive ECM production and deposition, through a positive

feedback loop, further stimulates fibroblasts, resulting in progressive fibrotic disease, which, in turn, is a major

risk for developing cancer. Adapted from [26].

have shown that different types of breast cancer can be classified based on their ECM gene expres-

sion signature, which can provide important information for prognosis [139]. This evidence strongly

highlights the existence of a link between clinical outcomes and cancer ECM characteristics.

Due to the dynamic and intricate relationship between cells and their surrounding environment, it is

not surprising that the ECM, with its plethora of biochemical and biophysical signals, plays a crucial

role in cancer progression [140]. Cancer progression is complex and the tumour ECM is continuously

remodelled as it develops [141]. It is well established in the cancer field that an abnormal ECM

can promote and drive malignancy [142]. However, it is interesting to note that through a positive

feedback mechanism cancer cells are capable of utilising and manipulating their microenvironment

to enhance survival [143]. For example, ECM stiffness can affect the way the cancer responds to

treatment potentially by forming a barrier that limits the access of chemotherapeutic agents [144,

145], and is a driving force in metastasis [146, 147]. ECM stiffening is mainly caused by increased

deposition of collagen and its crosslinking, mediated by lysyl oxidase (LOX) and LOX-like enzymes
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[148, 149], which drives malignant progression by disrupting tissue architecture [150]. In fact, LOX-

mediated collagen crosslinking has been shown to promote invasion and breast cancer progression

[151] and, in addition, high LOX expression has been shown to be correlated with poor response

to therapy and patient survival [152, 153]. Targeting LOX to inhibit cancer progression seems to be

an encouraging therapeutic approach. However, despite promising results from preclinical in vivo

experiments [154, 155], it still remains unknown whether targeting LOX in human patients can be

therapeutic. A first-in-human study has been performed in 2010 that aimed at evaluating how adults

with advanced solid tumours tolerated a drug targeting LOX [156], but the results are still unknown.

Nevertheless, it is important to keep in mind that targeting a single molecule, when our bodies have

compensation mechanisms, might result in drug resistance.

Considering that around 90% of human cancers are derived from epithelia [157], a particularly rele-

vant example to illustrate the cross-talk between ECM composition and cell behaviour is the important

of the biochemical signalling provided to epithelial cells by the BM. As previously discussed in this

chapter, the BM is crucial for controlling and maintaining apicobasal polarity. Thus, alterations in the

composition of the BM can result in alterations of its biomechanical properties, and thereby affecting

cell behaviour. In fact, altered spatial distribution of cell-surface receptors has been shown to pro-

mote epithelial cell proliferation and tumorigenesis [158]. Subsequently, tumour cells have to be able

to cross the BM during metastatic progression, through a process that has long been hypothesised

to require ECM degradation by MMPs. However, cells can use both proteolytic and non-proteolytic

mechanisms to squeeze and migrate through the ECM [159]. Remarkably, it has been demonstrated

that cells that are genotypically tumorigenic can behave in a phenotypically normal way when grown

within a normal microenvironment context [160, 161]. Given how actively cancer ECM is remodelled,

the idea of targeting the cancer microenvironment, considering both biochemical and biomechanical

cues, has gained attention by the bioengineering community and it has opened research avenues that

are shedding light into the mechanisms of cancer progression and potentially new therapeutic targets.
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1.5 Modelling mammary epithelial cells in vitro

As mentioned in Section 1.1, epithelial cells are characterised by an apicobasal polarised morphology,

tightly attached to their neighbouring cells by specialised cell-cell adhesive contacts, arranged in

cohesive sheets that protect our bodies from external insults, and attached to an underlying BM.

This highly organised architecture is essential for tissue homeostasis and when its disruption leads to

pathological conditions.

1.5.1 Structure of the mammary epithelium

Normal mammary epithelium is composed of ducts (tubules) that connect the functional glandular

units, lobules (or cysts), to the nipple. This now well-established branched organisation of the mam-

mary gland with lobular and tubular structures was first described by the anatomist Sir Astley Paston

Cooper in 1840 [162]. These structures are organised in a bilayer: a layer of luminal secretory cells

that surrounds a hollow lumen, and a surrounding layer of basal myoepithelial cells that lie in direct

contact with the BM [163]. Unlike other tissues in the human body, the mammary branching morpho-

genesis, which starts during fetal development, pauses after birth and restarts during adolescence

in response to oestrogen signalling [164]. In addition, this tissue undergoes extensive remodelling

during pregnancy, lactation and involution [165, 166]. Moreover, even though to a lesser extent, mod-

ifications to the mammary tissue also occur during the menstrual cycle [167]. Understanding the

mechanisms underlying cell behaviour in a healthy, normal context is of utmost importance for under-

standing of alterations and disruptions that lead to a diseased state. The unique complexity in the

development and regulation of the mammary gland, in addition to the fact that breast cancer is the

leading cause of cancer related death for women worldwide [168], makes it a good tissue target for

the development of new culture systems and devices that can recapitulate the level of structural and

biochemical complexity found in vivo.

1.5.2 Modelling mammary glandular epithelium

A large body of studies has focused on pathobiology of the breast have been conducted using in

vivo mouse models [169] and ex vivo primary human tissues [170]. These have undoubtedly been

instrumental in providing information on the genetic and other mechanistic events in pathogenesis of

the mammary glandular epithelium, particularly from a histopathological perspective. However, while

using mouse models can capture the physiological complexity found in vivo, they might misrepresent
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what would happen within the human body due to species-specific differences. In addition, the use

of vertebrate animals for scientific research imposes ethical constraints, which can be largely over-

come by the use of in vitro systems. Finally, both primary human tissues and mouse models are

relatively limiting for studying biochemical and cellular mechanisms of disease initiation, particularly

when trying to manipulate the microenvironment and cell-ECM interactions. Cell culture models, to-

gether with biomaterial systems, can potentially be employed to answer remaining questions, and the

development of such techniques is a now a major focus of research.

1.5.2.A Epithelial culture models

Madin-Darby canine kidney cells

Non-transformed epithelial Madin-Darby canine kidney (MDCK) cells [171] are widely used as models

for studying epithelia, as they can develop a clear apicobasal polarity, have a fast growth rate, and are

a tractable model for studying diverse biological processes and epithelial junctions [172–175]. In ad-

dition, these cells have been shown to develop polarised cysts (acini) enclosing a hollow lumen when

cultured within matrices containing type I collagen [176, 177], in contrast with other epithelial cells that

cannot form acini within fibrillar collagen [178]. Nevertheless, this cell line was also instrumental in

demonstrating the importance of a laminin-rich matrix for proper establishment of apicobasal polarity

during acini formation [179]. The main disadvantage in using this cell line as an epithelial model is

perhaps its canine origin.

MCF10A mammary epithelial cells

The spontaneously immortalised, non-transformed human mammary epithelial cell line MCF10A is

likely the most commonly used cell model to study and characterise developmental and pathological

events of breast glandular structures. MCF10A cells were derived from a benign proliferative fibro-

cystic breast tissue of a 36-year-old patient [180]. These cells are a good model to study mammary

epithelial cells as, like normal breast epithelium, they are not tumorigenic, grow in an anchorage-

dependent manner, need growth factors and hormones for proliferation and survival [180], and ex-

press wild-type p53 [181]. Notably, MCF10A are capable of forming acinar structures when cultured

in reconstituted BM, with characteristics that are also found in normal glandular epithelium, namely

low proliferation levels, and their acinar dimensions and cell number remain relatively stable in culture

[182, 183]. This low proliferation seen in MCF10A acinar structures is extremely important to study

morphogenesis and to investigate the effect of introducing genetic alterations, particularly oncogenes.

However, it is important to recognise the limitations of using this cell line as a mammary epithelial
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model. First, during immortalisation and long-term in vitro culture, these cells have lost the architec-

tural signals they received in the in vivo tissue and have undergone epigenetic changes [184]. Second,

these cells have genetic abnormalities commonly associated with cultured mammary epithelial cells,

including deletion of the locus containing p16 and p14ARF, and MYC amplification [185–187]. Nev-

ertheless, the formation of acinar structures by MCF10A cells within reconstituted BM makes them an

invaluable model to investigate biological properties of the mammary glandular epithelium.

Human mammary epithelial cells

Isolation and culture of Human Mammary Epithelial Cells (HuMEC) was first described in 1980

[188, 189]. Since then, significant efforts towards optimising the protocols and techniques used in

isolation, culture and characterisation of these cells have been made [190–195]. Importantly, early

cultures derived from reduction mammoplasties (primary breast cancer cells, in contrast, are typically

derived from mastectomies) consist of a heterogeneous cell population, including luminal, basal, my-

oepithelial and stem cells. The differentiated subpopulations of cells have a limited life span before

becoming senescent [196]. Therefore, techniques aiming at isolating cell subpopulations based on

differential expression of cell surface markers or by functional differences are broadly used [190, 197].

Additionally, HuMEC can also be immortalised so researchers can use them in long-term studies

[198–200], however the major drawback of this process is that it induces chromosomal changes,

which can generate subpopulations of cells that are no longer representative of the tissue of origin

[201].

1.5.2.B In vitro culture systems

Since the foundations of cell culture were laid in 1885 by Wilhelm Roux with his work on chick embryos

[202] (over 200 years after the term ‘cell’ was coined and used for the first time by Robert Hooke) and

the work of Ross Harrison and colleagues in 1907 establishing cell culture methods for the first time

using frog nervous tissue [203], substantial progress has been made in developing and optimising cell

and tissue culture techniques that have allowed to uncover an ever-increasing number of biophysical

and molecular mechanisms that regulate cell and tissue biology.

Cell culture is a routinely-used and indispensable tool for improving our understanding of cell be-

haviour in development, homeostasis and disease. Experiments can be conducted using primary

cells isolated directly from tissues, or using established cell lines deposited in cell banks [204]. Two-

dimensional (2D) cell culture systems have been primarily used to date, but, since we entered the

new millennium, a paradigm shift occurred to promote the development and improvement of three-
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dimensional (3D) systems to try overcome the shortcomings of 2D culture [205].

2D cultures

In conventional adherent 2D cultures, cells grow as a monolayer on a flat surface, typically in polystyrene

culture flasks, plates or Petri dishes (Figure 1.5a left). 2D culture platforms are still widely used mainly

due to being well established, simple, conceptually easy, convenient, efficient, and fairly inexpensive

(when compared to other systems). In addition, experimental assays carried out in 2D are also typ-

ically simpler to observe, measure and analyse with most commonly used tools compared to 3D

culture methods. However, while they can be extremely useful to investigate certain cell behaviours

and suited for high-throughput platforms, it is widely recognised that 2D models do not recapitulate

the complex natural structure of tissues (or tumours) [206–213]. When cells are isolated to be grown

on a plastic or glass surface as monolayers, the cell-cell and cell-ECM interactions that take place

in vitro cannot mimic the in vivo environment [214, 215]. In addition to the differences in spatial ar-

rangements of cells in 2D or 3D, there are several biological differences that affect diverse aspects

of cell behaviour, such as gene expression [216–218], cell shape and polarity [219–222], growth

[223–226], motility [227–230] and differentiation [231–233]. Furthermore, the substrate stiffness sig-

nificantly impacts how cells respond to their microenvironment [234]. Epithelial cells, in particular,

characterised by their normal arrangement in cohesive cell sheets by tight cell-cell adhesion contacts

and apicobasal polarity, when grown on stiff substrates, lose their typical tissue architecture, as they

flatten and lose their differentiation markers [235]. It is possible to employ various techniques to over-

come certain limitations of 2D cultures without having to move towards 3D, namely by making use of

coatings (biological matrices or synthetic polymers), which can be multi-layered and their stiffness can

potentially be tuned [236, 237], and by engineering the 2D surface using micro-patterning techniques

to create different topographies, which can also be achieved using various biomaterials [238–240].

Since mammary epithelial cells in the gland are organised as a monolayer contacting the BM, they

can potentially be grown on 2D surfaces in vitro on a substrate that is similar to the BM, in regards

to composition and stiffness, while exhibiting normal and differentiated epithelial cell function [212].

Nevertheless, there is a need to develop and improve 3D culture models that better mimic conditions

in vivo.

3D cultures

In 1997, a landmark article by Mina J. Bissell’s group, a pioneer of 3D culture, was published showing

that using integrin blocking antibodies in a 3D culture reverted the malignant phenotype of human

breast cancer cells [241]. This outcome has never been observed in 2D cultures. Therefore, with

this work, these researchers were able to show how a 3D environment can significantly impact cell
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fate and potentially more faithfully replicate the mechanisms occurring in vivo. Since then, the work

of Mina J. Bissel, Joan S. Brugge and their co-workers have shed light on how ECM composition

and stiffness are main regulators of cellular response, in the context of breast epithelial cell culture

[178, 213], laying foundations on the importance of developing new approaches and technologies to

study the mechanisms underlying development and disease of the mammary glandular epithelium.

Acinar morphogenesis. Normal breast epithelial cells grown in 3D cultures self-organise into struc-

tures that resemble the architecture of the glandular epithelium in vivo [187], particularly the formation

of spherical acini with a hollow lumen and the establishment of apicobasal polarity in the cells that

compose these acini [242]. Currently, there are two main methods routinely used to generate aci-

nar structures: in one method epithelial cells are embedded within the ECM, in the second method

the ECM is first polymerised into a gel bed and the cells are then seeded onto the gel as single-cell

suspension in culture medium (Figure 1.5a middle and right, respectively) [178]. MCF10A cells can

be cultured in Engelbreth-Holm-Swarm (EHS) tumour-derived reconstituted BM (rBM) to form acinar

structures (Figure 1.5b) [187]. Within days after seeding the cells within reconstituted BM, two dif-

ferent subpopulations of cells become evident within each acinus – an outer monolayer of polarised

cells in direct contact with the BM and an inner subpopulation of cells in the middle of the spherical

structure lacking contact with the matrix. Throughout acinar morphogenesis, the apicobasal polarity

of the outer monolayer of epithelial cells is maintained. After about a week in culture, the subpopula-

tion of cells in the centre the acini undergo programmed cell death, which results in the formation of a

hollow lumen that is maintained thereafter [178]. The methods for growing such structures have been

fairly well established and are highly-reproducible.
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Figure 1.5: Mammary epithelial cells morphology in different culture conditions. a Mammary epithelial

cells grown as a monolayer on a conventional flat surface, typically in polystyrene culture flasks, plates or Petri

dishes (2D, left); epithelial cells form acinar structures when grown embedded within rBM (3D embedded, middle),

or onto gelled rBM (3D on-top, right). b Acinar morphogenesis of MCF10A cultured in rBM – within days after

seeding the cells within reconstituted BM two different subpopulations of cells become evident within each acinus

– an outer monolayer of polarised cells in direct contact with the BM and an inner subpopulation of cells in

the middle of the spherical structure lacking contact with the matrix. Throughout acinar morphogenesis, the

apicobasal polarity of the outer monolayer of epithelial cells is maintained. After about a week in culture, the

subpopulation of cells in the centre the acini undergo programmed cell death, which results in the formation of a

hollow lumen that is maintained thereafter. a was adapted from [243] and b from [178].

Spheroids. Spheroids are self-assembled spherical aggregates of poorly organised cells. These

spherical 3D culture systems have become very popular in cancer research, because, much like

rapidly growing tumours that have poorly vascularised regions that become hypoxic and deprived

of nutrients [244], spheroids typically develop a necrotic core, surrounded by quiescent cells, which

are, in turn, surrounded by proliferating cells exposed to the surface, because, due to their morphol-

ogy, nutrient and oxygen transport becomes limited towards the centre (Figure 1.6a) [245]. In fact,

the fraction of cells in solid tumours that can survive this hypoxic stress are refractory to traditional

chemotherapeutic agents and can then exhibit a more invasive phenotype [246–248]. These aggre-

gates can, therefore, be better mimetic systems to study tumour biology and drug resistance that

2D cell cultures. In order to culture cells as spheroids in a scaffold-free environment cells need to

preferentially adhere to each other in detriment to the substrate. This can be achieved by numerous

methods that have been developed to generate these in vitro 3D cell culture systems, namely spin-

ner cultures, rotating wall vessels, hanging drop techniques, liquid overlay techniques (by ultra-low

attachment substrates), microfluidics and micro-moulded hydrogels [249]. Spinner cultures prevent
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cells from adhering to the flask and promote cell-to-cell collisions by constant stirring, and it has been

used to form spheroids with a variety of primary cells, cell lines and different types to form heterotypic

spheroids (Figure 1.6b) [250–252]. Rotating wall vessels generate a micro-gravity environment that

maintains a cell suspension continuously in free fall and promotes cells to aggregate in low shear

(Figure 1.6c) [253–255]. Hanging drop techniques make use of gravitational forces and the fact that

a surface is not available for cell attachment, promoting self-aggregation of cells into spheroids, by

using specialised plates with open, bottomless wells where small droplets of medium with cells in

suspension can be hanged without being displaced or perturbed during manipulation (Figure 1.6d)

[256–259]. In turn, the liquid overlay method promotes the formation of spheroids by inhibiting the

attachment of cells to the substrate, typically V-shaped or round bottom 96-wells plates, which can be

coated with poly(hydroxyethyl methacrylate) (pHEMA) or commercially acquired as ultra-low attach-

ment (Figure 1.6e) [260–263]. Finally, microfluidic devices and micro-moulded hydrogels, particularly

useful for high throughput platforms, can be fabricated with non-adhesive polymers and then can be

used to form spheroids, or microtissues, which shape, size and composition can be easily controlled

(Figure 1.6f) [264, 265]. Depending on the specific research goals, spheroids can be studied in liquid

medium or encapsulated/embedded within 3D matrices, which can be made of biological polymers,

semi-synthetic or synthetic hydrogels, namely matrigel [266], collagen [267], agarose [268], gelatin

methacrylate (GelMA) [269], and poly(ethylene glycol) (PEG) [270], among others.

Developing better systems. In order to progress in disease modelling, translational research and

regenerative medicine, continued development of better 3D in vitro epithelial models is needed. Be-

cause normal epithelial tissues and tumours are composed of different populations of cells, the use

of monotypic 3D has inherent limitations and one promising research avenue is the development of

heterotypic 3D culture systems with appropriate ECM composition and architecture. Increasing the

complexity of these culture models can potentially offer greater insight into the mechanisms underly-

ing pathobiology. Nevertheless, it is important to maintain a level of complexity that is attainable and

manageable in a reproducible fashion for each target application.
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Figure 1.6: Epithelial 3D spheroid cultures. a Spheroids typically develop a necrotic core, surrounded by

quiescent cells, which are, in turn, surrounded by proliferating cells exposed to the surface. The formation of

three cell layers is due to their morphology creating molecular gradient, in which transport of oxygen, nutrients

and growth factors becomes limited, and carbon dioxide and waste products accumulate towards the centre.

Methods to culture cells as spheroids: b spinner cultures, which prevent cells from adhering to the flask and

promote cell-to-cell collisions by constant stirring; c rotating wall vessels generate a micro-gravity environment

that maintains a cell suspension continuously in free fall and promotes cells to aggregate in low shear; d Hang-

ing drop technique, which makes use of gravitational forces and the fact that a surface is not available for cell

attachment, promoting self-aggregation of cells into spheroids, by using specialised plates with open, bottom-

less wells where small droplets of medium with cells in suspension can be hanged without being displaced or

perturbed during manipulation; e liquid overlay method that promotes the formation of spheroids by inhibiting the

attachment of cells to the substrate, typically V-shaped or round bottom 96-wells plates, which can be coated

with poly(hydroxyethyl methacrylate) (pHEMA) or commercially acquired as ultra-low attachment; and f microflu-

idic devices and micro-moulded hydrogels that can be fabricated with non-adhesive polymers and then can be

used to form spheroids, which shape, size and composition can be easily controlled. Adapted from [271]. The

microfluidic device schematics in f was adapted from [265].
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1.6 Scope of the Thesis

This thesis aims to explore and assess the response of epithelial cells, in particular mammary ep-

ithelial MCF10A cells, when their extracellular environment is manipulated both biophysically and

biochemically.

In Chapter 2, the crosstalk between ECM composition and epithelial-mesenchymal transition (EMT)

is investigated using various biomolecular tools, such as gene and protein expression, microscopy

and Raman spectroscopy.

In Chapter 3, MCF10A cells undergoing EMT are interfaced with a biologically-active laminin-111

fragment to investigate whether this cryptic ECM fragment can modulate EMT. Different methods of

interfacing the fragment and different cell culture methods are assessed.

In Chapter 4, mechanoresponsive elements in electrically-stimulated MCF10A cells are studied using

a comprehensive methodology. In this experimental work, the effects of electrical stimulation provided

via a biocompatible conductive polymer (polypyrrole) are analysed by assessing the expression of

genes involved in mechanotransduction pathways; by looking at the subcellular localisation of key

transcription factors, the cytoskeleton organisation and the expression of focal adhesion elements by

confocal microscopy; and by measuring single cell elasticity and morphology changes using Atomic

Force Microscopy and Scanning Ion Conductance Microscopy.

Finally, Chapter 5 summarises the work in this thesis with concluding remarks and considerations for

future research.
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Interplay between ECM composition

and EMT
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2.1 Introduction

2.1.1 Epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) refers to a reversible cellular and molecular programme in

which polarised epithelial cells shift towards (quasi-)mesenchymal states [272, 273]. During this pro-

cess, epithelial cells, which are characterised through their apicobasal polarity and tight cell-cell con-

tact by specialised intercellular junctions, lose their polarity, reorganise their cytoskeleton, alter their

morphology and change their expression of adhesion molecules, to gradually acquire a migratory and

invasive behaviour (Figure 2.1) [274, 275].

The pioneering work of Gary Greenburg and Elizabeth D. Hay in 1982 experimentally established EMT

for the first time when they demonstrated that both embryonic and adult avian epithelial cells from

the anterior lens become migratory and acquire invasive fibroblast-like behaviour when embedded

in 3D type I collagen matrices [276]. EMT was initially described as a transformation, rather than

a transition process from an epithelial to a mesenchymal state [277], which had been described as

a binary cellular switch. Later, the term was changed from ‘transformation’ to ‘transition’, reflecting

on its reversibility and plasticity [278]. Indeed, EMT is a highly dynamic and plastic process that

can be considered a spectrum of transitional states, and describing it by the loss and gain of certain

molecular and cellular characteristics during the transition between two states is quite reductionist

[278]. Most experimental models typically assume that EMT encompasses a drastic change in the

expression of epithelial and mesenchymal markers, which are used to characterise this transition: E-

cadherin, claudins and occludins for the epithelial state, and N-cadherin, vimentin, SNAIL and SLUG

for the mesenchymal [273]. However, more recent work has shed light on EMT transitional states

during fibrosis and in metastatic tumour cells, supporting the notion that this process encompasses a

spectrum of inter and intracellular modifications, and, importantly, that not all of these molecular and

cellular changes necessarily need to be observed during this transition process [273, 278]. Therefore,

the oversimplification of this process in experimental work in cultured cells most likely does not reflect

what occurs in vivo and has potentially contributed to the controversy and debate around EMT and

carcinoma progression [279].
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Figure 2.1: EMT spectrum. EMT is a process in which epithelial cells, which are characterised by their api-

cobasal polarity and tight cell-cell contact by specialised intercellular junctions, lose their polarity, reorganise

their cytoskeleton, alter their morphology and change their expression of adhesion molecules, to gradually ac-

quire a migratory and invasive behavior. EMT is a continuum whereby cells can display epithelial, partial and

mesenchymal phenotypes. During EMT, expression of EMT-TFs (SNAIL, SLUG, ZEB, TWIST) is upregulated,

which inhibits the expression of genes associated with the epithelial state (listed in the box on the left) and

upregulates genes associated with mesenchymal state (listed in the box on the right). Adapted from [272, 280].

2.1.2 EMT regulation

EMT is a non-linear cellular programme orchestrated at multiple levels, which encompass complex

signalling networks that include transcriptional regulation [281], epigenetic changes [282, 283], protein

stability [284], alternative splicing [285–287], and subcellular localisation [287–289]. Cell and tissue

culture studies have been instrumental for our understanding of the regulatory mechanisms underlying

EMT. However, even though a large body of work has been done towards identifying common EMT

regulatory networks in the context of development and disease, it has been suggested that some

pathways might be tissue (or tumour subset) specific [278].

In addition, three different EMT programmes have been described and classified according to the

biological context in which the transition process takes place [290]. Briefly, type 1 EMT occurs dur-

ing embryogenesis and organ development, type 2 EMT is associated with tissue regeneration and

fibrosis, and type 3 EMT is observed during carcinoma progression and metastasis. It is not clear,

however, how different these three types of EMT really are, or whether they are the same cellular
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transition process occurring in different biological settings [272, 290].

The regulation of EMT, which, for simplicity, will be referred to as a single programme hereafter, is

based on the transcriptional suppression of E-cadherin, an important epithelial marker [291], and

the upregulation of specific transcription factors termed EMT-TFs, namely SNAI1 (also known as

SNAIL), SNAI2 (also known as SLUG), ZEB1, ZEB2, and the basic helix-loop-helix factors TWIST1

and TWIST2 [292]. There is a negative feedback regulatory mechanism in which SNAI1 and ZEB1

have been described to control EMT by repressing the expression of E-cadherin [293–295]. In effect,

early stages of EMT encompass the disruption of epithelial properties, including loss of apicobasal

polarity and modifications in the expression of adhesion complexes to favour cell-ECM interactions

[296]. In addition to the downregulation of E-cadherin, the loss of tight junctions and cell-cell contacts

leads to the supression of expression of claudins and occludins, as well as downregulation of zonula

occludens 1 (ZO1; also known as tight junction protein 1, TJP1) [297]. One of the hallmarks of

EMT is the increase in the expression of the mesenchymal marker N-cadherin while E-cadherin is

downregulated, which is oftentimes referred to as ‘cadherin switch’ [298]. Moreover, the cytoskeletal

reorganisation during EMT is accompanied by an increased expression of vimentin, an intermediate

filament that mesenchymal-like cells utilise to facilitate motile and invasive behaviour [299].

2.1.3 Role of MMPs in EMT

The repertoire of molecular and cellular changes that occur during EMT also includes increased

expression of proteases, namely matrix metalloproteinases (MMPs; discussed in Chapter 1 Sec-

tion 1.4.1.A). MMPs play key roles in development, branching morphogenesis and overall tissue

homeostasis. In fact, the most comprehensive characterisation of the involvement of MMPs in EMT-

related events has been in developmental contexts, namely neural crest delamination, mammary

gland branching morphogenesis, and cardiac morphogenesis [300–303]. In the particular case of

mammary gland development, the tips of the extending ducts are invasive structures that exhibit

an increased expression of EMT markers, namely SNAIL and TWIST [304], along with MMP-2 and

MT1-MMP (also known as MMP-14) [114]. In addition, MMP-3 is important for secondary (or side)

branching formation in the mammary gland [114] and, importantly, a key substrate of this protease

is the cell-cell adhesion protein E-cadherin [305]. Due to their proteolytic activity responsible for de-

grading ECM components, as well as cell-cell junction proteins, MMPs play an instrumental role in

EMT by aiding cell invasion and migration. Not surprisingly, increased and dysregulated expression

of these proteases is associated with pathological conditions, namely fibrosis and cancer [306–309].
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2.1.4 EMT signalling

EMT can be initiated by several signalling pathways, in which ligands from the extracellular microen-

vironment bind to epithelial (normal or neoplastic) receptors and can trigger a cascade of molecular

and cellular events that result in a transition from an epithelial state to a (quasi-)mesenchymal state.

A plethora of signalling pathways have been described to induce EMT in various biological contexts,

namely TGF-β [310], NOTCH [311] and WNT/β-catenin [312], which have a pleiotropic nature and

play important roles in controlling cell fate decisions. These signalling pathways can individually lead

to activation of the EMT programme and they can also work together to do so (reviewed in [272]).

TGF-β signalling, in particular, has a very important role in triggering EMT in various tissue types

[39]. This pathway consists of a large family of ligands, which includes three different TGF-β iso-

forms (TGF-β1, 2 and 3), activins and bone morphogenetic proteins (BMPs) [310]. Briefly, TGF-β1,

2 and 3 bind to the same receptor complexes TGF-β receptor type 1 (TGF-βR1) and type 2 (TGF-

βR2), leading to activation of SMAD2 and SMAD3 through direct phosphorylation at their C-terminal,

which, in turn results in a complex formation with SMAD4 [313]. Once formed, the SMAD complex

is transported into the nucleus, where it can act as a transcription factor and, therefore, regulate

gene expression [314]. SMAD complexes transcriptionally activate various genes implicated in the

transitioning process to a mesenchymal state, such as vimentin [314], and EMT-TFs SNAIL, SLUG,

ZEB1 (Figure 2.2) [315]. The EMT-TFs can then work in a positive feedback loop by upregulating

the expression of TGF-β ligands, maintaining the cells in a mesenchymal-like state [316]. Further-

more, TGF-β can also induce EMT via non-SMAD signalling through post-transcriptional regulation

[317, 318] and post-translational modifications [319]. Additionally, TGF-β can also participate in the

activation of the EMT programme via mechanisms of signalling crosstalk with other pathways, namely

the WNT signalling pathway [320].
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Figure 2.2: TGF-β-activated SMAD pathway during EMT. TGF-β signalling pathway can initiate EMT in various

tissue types. The canonical TGF-β pathway involves the binding of TGF-β proteins to the TGF-β family of

receptors, leading to activation of SMAD2 and SMAD3 through direct phosphorylation, which, in turn results in a

complex formation with SMAD4. Once formed, the SMAD complex is transported into the nucleus, where it can

act as a transcription factor and, therefore, regulate gene expression. SMAD complexes transcriptionally activate

various genes implicated in the transitioning process to a mesenchymal state, such as vimentin, and EMT-TFs

SNAIL, SLUG, and ZEB1. Adapted and modified from [272].

2.1.5 Matrix rigidity and EMT

The ECM regulates cell function and tissue homeostasis through highly dynamic and complex in-

teractions between cells and their microenvironment, which consists of a cohort of biochemical and

biophysical signals. Changes to cell-ECM interactions, which can result from abnormal ECM remod-

elling, are essential in the initiation and progression of EMT. Research on how the EMT programme

is activated in different biological contexts has been largely focused on the role of various intra- and

inter-cellular biochemical signals on cell behaviour. However, cells can also sense the physical prop-

erties of their microenvironment and respond accordingly [321].

A mechanically altered ECM has long been thought to contribute to the development and progres-

sion of disease. Excessive production, deposition and crosslinking of ECM components without a

balanced turnover results in fibrosis, which significantly increases the risk of cancer development and

progression [147, 322]. For example, in the context of breast cancer, the tumour microenvironment

is stiffer than normal tissue [323], a characteristic that is normally used for initial screening through
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Figure 2.3: Interplay between tissue rigidity and EMT. Normal human mammary epithelial cells form normal

polarised acini structures within reconstituted BM (rBM). However, increasing matrix stiffness induces an invasive

phenotype when cells sense a rigid matrix. These morphological changes resemble the process of EMT. Adapted

and modified from [25].

palpation and mammography [324]. Seminal studies have demonstrated that human mammary ep-

ithelial cells, which form acini within reconstituted BM (rBM), show an invasive phenotype in a rigid

matrix, with a stiffness that simulates that of breast tumours (Figure 2.3) [151, 325]. These evident

morphologic changes that occur as a response to increasing mechanical forces by the ECM resemble

the process of EMT. Recent studies have directly linked an increase in matrix stiffness with a transi-

tion into a mesenchymal-like phenotype [326, 327]. Additionally, increasing ECM stiffness has also

been shown to activate TGF-β signalling, which, as previously discussed, is an inducer of EMT [328].

Together, the evidence suggests that matrix stiffness has an instrumental role in inducing EMT and,

importantly, that there is a crosstalk between biochemical and biophysical cues that regulate EMT.

2.1.6 EMT in development, wound healing and disease

EMT is an instrumental process in embryonic development, particularly in gastrulation and tissue

morphogenesis, as well as in wound healing events in the adult [274, 329]. It has been known for

decades that EMT is essential for epithelial cells to migrate in the embryo, because to do so cells

need to acquire a mesenchymal phenotype [330, 331]. The transient and reversible nature of EMT

allows the formation of various structures within the developing embryo in a highly organised fashion.

In the adult, EMT is also an essential physiological response to injury to achieve tissue regeneration

and repair [332]. During wound healing, stationary epithelial cells lose their intercellular adhesions

and adopt mesenchymal features to migrate across the wound site [333]. Then, in order to restore

the epithelial barrier, cells revert to the epithelial state, during a process known as re-epithelialisation
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[334].

Dysregulated EMT results in the disruption of the epithelium and the production of mesenchymal-

like cells with an invasive phenotype that can contribute to disease progression, namely fibrosis and

cancer [335]. At the cellular and molecular level, pathological and physiological EMT programmes are

orchestrated by similar signalling pathways, as well as regulatory and effector molecules [274]. In the

context of fibrosis, cell tracing studies have demonstrated that a significant fraction of myofibroblasts

are originated from epithelial cells through EMT [336]. It is now well established that epithelial and

endothelial cells, as well as hepatocytes and cardiomyocytes can all undergo EMT and significantly

contribute to the development and progression of tissue fibrosis [274, 337–340]. There is a large set

of evidence linking EMT to cancer progression in various in vitro and in vivo models [272], but the

role of EMT in human cancer has always been rather controversial [279]. As mentioned before, it

is important to take into consideration that an EMT programme is not a binary switch between two

cellular states, but a series of transitions through different states along an epithelial to mesenchymal

spectrum [278]. Research to date suggests that EMT is an integral event of many different types of

cancer, including breast [341], pancreatic [342], lung [343], and colorectal [344]. In addition, different

reports have suggested that cells that have undergone EMT also become more refractory to several

drugs and chemotherapy [345–348]. While it seems clear that targeting EMT is a potential avenue

in the treatment of fibrotic diseases, the inherent diversity and complexity of cancer requires caution

in the approach of targeting this process for therapeutic purposes. Advances in our understanding

of EMT and its transitional states is of pivotal important for the development and improvement of

treatment regimens that can eradicate cancer.
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2.2 Chapter Aims

Abnormally high expression of type I collagen has been linked with metastasis [349–352] and with

elevated mesenchymal gene expression [327]. In this chapter, the behaviour of human mammary

epithelial cells (MCF10A) was investigated as they were cultured within rBM with increasing concen-

trations of type I collagen added to the ECM. This model system was employed to alter epithelial cell

phenotype and mimic breaching of the basement membrane (BM), a key step in carcinoma invasion

[353]. Since the invasive behaviour induced by the presence of extracellular type I collagen highly

resembles EMT, a comprehensive analysis of this cellular transition was carried out.

Ever since the ground-breaking work by Greenburg and Hay in 1982 [276] (Subsection 2.1.1), signif-

icant research interest has been focused on detecting and characterising epithelial cells undergoing

EMT. Published studies use a collection of criteria at the molecular and cellular levels to characterise

EMT: loss of cobblestone shape to adopt spindle-shape morphology accompanied by loss of polarity;

migratory and invasive behaviour; cadherin switch (downregulation of E-cadherin and upregulation

of N-cadherin); upregulation of at least one EMT-TF (SNAIL, SLUG, ZEB, TWIST); loss of epithelial

markers, including ZO1; increased expression of MMPs; and upregulation of intermediate filament

vimentin, among others [354]. In this chapter, standard biomolecular tools and techniques, such as

imaging, protein expression with Western blot analysis and gene expression with quantitative reverse

transcription PCR (RT-qPCR), were used to detect and characterise EMT using the described criteria.

Raman spectroscopy, a powerful and non-destructive vibrational spectroscopic technique that can

be utilised to optically interrogate molecular changes within a wide range of biological conditions

[355], was used to study different systems of inducing EMT. In addition to investigating the cellular

Raman spectra of MCF10A cells cultured within rBM mixed with increasing concentrations of type

I collagen, EMT was induced in two additional 2D culture systems to be studied: in one cells were

exposed to exogenous TGF-β signalling, and in the other cells were culture at different densities

(confluent and sparse conditions). This experimental work was conducted to understand whether this

vibrational spectroscopic technique has the potential of probing biomolecular changes of cells that

have undergone EMT and how the different in vitro systems compare to each other.

Studies have reported that cells reduce their intracellular stiffness after undergoing EMT potentially

to facilitate migratory and invasive behaviour [356]. To study cell stiffness, scanning ion conductance

microscopy (SICM) was used to measure MCF10A cell stiffness after being cultured within rBM mixed

with different concentrations of type I collagen to test the hypothesis that mesenchymal-like cells are

softer than their epithelial counterparts.
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2.3 Materials and Methods

2.3.1 General Cell Culture

MCF10A cells were obtained from American Type Culture Collection (ATCC) and cultured under stan-

dard cell culture conditions in humid incubators at 37°C and 5% CO2 atmosphere. These cells were

cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Life Tech-

nologies), supplemented with 5% (v/v) Horse Serum (Gibco, Life Technologies), 5% (v/v) Penicillin

Streptomycin (Gibco, Life Technologies), 20 ng/ml Epidermal Growth Factor (EGF, Peprotech), 0.5

mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml Cholera toxin (Sigma-Aldrich), 10 µg/ml insulin

(Sigma-Aldrich) [187]. Before being added to DMEM/F-12, all supplements were pre-mixed and fil-

tered through a sterile 0.2 µm syringe filter. MCF10A cells were expanded in T-75 flasks and medium

was changed every 2-3 days until 80-90% confluency was reached. For passaging, as well as for

seeding at specific cell densities for experimental assays, cells were detached from the tissue flask

after one rinse in sterile Phosphate Buffered Saline (PBS) and incubation at 37°C with TripLE Express

Enzyme (Thermo Fisher Scientific). Once detached, cells were centrifuged at 300 xg for 5 minutes

and the TrypLE Express-containing supernant was discarded each time. Fresh complete medium was

used to resuspend the pellet and cells were counted with trypan blue (Thermo Fisher Scientific) with

a 1:1 (v/v) ratio.

2.3.2 Collagen Extraction and Reconstitution

The extraction and reconstitution of collagen I from rat tail tendons was performed by myself and Dr

Jennifer Puetzer as previously described [357]. The procedure was carried out under sterile condi-

tions. Briefly, the rat tails were initially submerged in 70% (v/v) ethanol and allowed to completely

thaw. Both ends of each tail were cut and a superficial incision was made along the tails in order to

peel the skin and have the tendon bundles visible. Tendons were then placed in 70% (v/v) ethanol

until extraction was complete. Following, tendons were suspended in 0.1% (v/v) acetic acid at 150

ml/g of tendon for at least 48 hours at 4°C to allow collagen to solubilise. Next, the collagen solution

was centrifuged for 90 minutes at 2,500 xg. The supernatant was then collected and lyophilised for

48 hours, whilst the pellet containing unsolubilised collagen, blood, and muscle tissue, amongst other

components, was discarded. Lastly, the lyophilised collagen was weighed and reconstituted in 0.1%

(v/v) acetic acid at a concentration of 10 mg/ml and stored at 4°C.
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2.3.3 Cell Culture on Matrigel/Collagen I Gels

During the preparation of the gels, all reagents, tubes and plates were kept on ice (approximately 4°C).

Stock collagen I from rat tail tendon (see previous Subsection 2.3.2) was prepared at a concentration

of 10 mg/ml, dissolved in 0.1% (v/v) acetic acid. Acid-solubilized collagen I needs to be neutralised

in order to polymerise, which was achieved by adding 1N sodium hydroxide (NaOH) and Hank’s

Balanced Salt Solution (HBSS, Sigma-Aldrich). Calculations were made as described in Table 2.1.

Table 2.1: Calculations to obtain the necessary volume of each component to make Matrigel/Collagen I gels.

Component Calculations to obtain the necessary volume

Collagen I (final gel volume)x(desired collagen I concentration)
Collagen-I stock concentration

1N NaOH Volume of collagen I x 0.023

10X HBSS (volume of collagen I)+(volume of NaOH)
10

1X HBSS (final gel volume)-[(collagen I volume)+(NaOH volume)+(10X HBSS volume)]

Collagen I solutions were prepared to the desired final concentrations by pipetting and mixing the

components in the following order: HBSS 1X, HBSS 10X, 1N NaOH and, lastly, collagen I from stock

solution. Positive displacement pipettes were used for transferring viscous stock collagen solution. Af-

ter preparing the different concentrations of collagen I, they were mixed with equal volume of Matrigel

(LDEV-free, Corning). For Raman imaging on these gels, phenol-red free Matrigel was used (LDEV-

free, Corning) in order to remove noise signal. Matrigel and Collagen I mixtures were prepared under

sterile conditions and the gels were polymerised at 37°C for at least 30 minutes, prior to seeding the

cells. Throughout this thesis, these gels are referred by using the concentration of collagen prepared

before mixing with Matrigel.

2.3.4 RNA Isolation, cDNA synthesis and RT-qPCR

2.3.4.A RNA Isolation

The expression of EMT-related genes was studied by quantitative reverse transcription polymerase

chain reaction (RT-qPCR). Cells were seeded at 15,000 cells/cm2 on Matrigel/Collagen I gels in 48-

well plates and cultured for 1 week before RNA collection. For EMT models on 2D cultures, cells

were cultured at an initial cell density of 15,000 cells/cm2 for sparse conditions and TGF-β1 assay

and 150,000 cells/cm2 for confluent conditions (on 10 mm diameter MgF2 windows fitted in 48 well

plates). Cells on sparse and confluent conditions were collected 24 hours post seeding. For TGF-β1

35



assay, cells received treatment (10 ng/ml in complete media from a TGF-β1 stock concentration of 50

µg/ml) 24 hours post seeding and were collected 24 hours post treatment. At the time of collection,

conditioned medium was aspirated from each well. Cells on gels were lysed in 700 µl TRIzol reagent

(Life Technologies) per well and frozen immediately at -80°C until further analysis. Cells in TRIzol

reagent were thawed and transferred to PCR clean DNA LoBind Eppendorf tubes. Next, 140 µl of

chloroform (molecular biology grade, Acros Organics) was added to each tube, which were shaken

vigorously by hand. The samples were left incubating for 3 minutes at room temperature, followed by

a centrifugation step at 12,000 xg for 15 minutes at 4°C. This step results in phase separation and the

top RNA-containing aqueous phase was transferred into a new PCR clean DNA LoBind Eppendorf

tube. In the case of cells on MgF2 windows, TRIzol reagent was not used. Instead, cells were washed

once with sterile ice-cold PBS and 100 µl of RLT buffer (Qiagen) was added to each well. The extracts

from 4 wells were then pooled for each condition. Next, an equal volume of 70% ethanol (molecular

biology grade, Fisher Bioreagents) was added to each sample (for both TRIzol and RLT collection

procedures) and mixed well by pipetting. For the final steps of RNA isolation, the instructions from

the RNeasy Mini Kit (Qiagen) were followed. For each sample a volume of up to 700 µl at a time was

transferred to a spin column placed in a 2 ml collection tube and centrifuged for 30 seconds at 10,000

xg at room temperature. If the samples contained more than 700 µl, multiple centrifugations were

carried out. Next 700 µl of buffer RW1 was added to each spin column followed by a centrifugation

at 10,000 xg for 30 seconds at room temperature. Subsequently, 500 µl of buffer RPE was added to

each tube for a final wash, which were centrifuged for 2 minutes at 10,000 xg at room temperature,

followed by another centrifugation with no buffer added to ascertain that no traces of ethanol were left

in the samples. In every step, the flow-through from the spin column was discarded. Finally, 30 µl

of RNase-free water (Life Technologies) was added to each spin column to collect the purified RNA

from each sample with a last step of centrifugation for 30 seconds at 10,000 xg at room temperature.

The RNA concentration was then measured using NanoDrop 2000c (Thermo Fisher Scientific). Once

RNA samples from all biological replicates were collected and isolated for subsequent use, RNase-

free water was added to each tube in adequate amounts to ensure that all samples were at the same

RNA concentration.

2.3.4.B cDNA synthesis

Complementary DNA (cDNA) was synthesised from each RNA sample using Applied Biosystems

High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). After allowing the kit com-

ponents to thaw on ice, the reverse transcription master mix was prepared, which contained, per

reaction, 2 µl RT buffer, 0.8 µl dNTP mix, 2 µl RT random primers, 1 µl multiscribe reverse transcrip-
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tase and 3.2 µl nuclease-free water. Following, 10 µl of each RNA sample was added to a 0.5 ml PCR

tube and mixed with 10 µl of reverse transcription master mix. Each tube was quickly vortexed, spun

down and placed in the thermal cycler (LifePro, Bioer) to go through the following cycle: 10 minutes

at 25°C, 120 minutes at 37°C and 5 minutes at 85°C.

2.3.4.C RT-qPCR

After reverse transcription, the cDNA was diluted with nuclease-free water to be used in RT-qPCR,

which was carried out using TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific), FAM-MGB

conjugated TaqMan probes listed in Table 2.2 (Thermo Fisher Scientific), and run on a StepOnePlusTM

machine (Applied Biosystems). Components were prepared on 96-well reaction plates (Thermo

Fisher Scientific): 5 µl of TaqMan Fast Advanced Master Mix, 0.5 µl of TaqMan probe, 0.5 µl of

nuclease-free water, and 4 µl of cDNA for each sample (10-20 ng of cDNA per reaction). The RT-

qPCR programme settings were as follows: step 1 50°C for 2 minutes, step 2 95°C for 20 seconds,

and step 3 40 cycles of PCR that comprised a denaturing step at 95°C for 1 second and a an-

nealing/extending step at 60°C for 20 seconds. Cycles-to-threshold (Ct) values were automatically

obtained by the Thermo Fisher Scientific StepOnePlusTM software. Subsequently, these values were

exported to Microsoft Excel and manually processed to obtain fold change expression values. Ct

values of each gene of interest were normalised to the Ct values of the housekeeping gene (Gapdh)

within each respective sample. 2-∆∆Ct values were obtained by normalising to the internal control

sample (in this case, the epithelial-like state). Three biological replicates (two technical replicates

each) are reported.
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Table 2.2: FAM-MGB conjugated TaqMan probes for housekeeping and EMT-related genes. List of primers

used for RT-qPCR gene expression studies in this chapter. Gapdh was used as housekeeping gene and all

others were for genes of interest related with EMT.

Target TaqMan Assay ID

Gapdh Hs02758991_g1

Cdh1 Hs01023895_m1

Cdh2 Hs00983056_m1

Snail Hs00195591_m1

Slug Hs00161904_m1

Vim Hs00958111_m1

Tjp1 Hs01551861_m1

Mmp2 Hs01548727_m1

2.3.5 Cell lysis and protein isolation

For protein collection, MCF10A cells were grown on Matrigel/Collagen I gels with an initial density of

15,000 cells/cm2 (48-well plate) and cultured for 1 week. Then, cells were lysed using RIPA buffer

(New England Biolabs) with phosphatase and protease inhibitors (Roche). Cell lysates were then

transferred to Protein LoBind Eppendorf tubes and kept on ice. Next, samples were sonicated (using

a probe sonicator) on ice for 20 seconds at 20% amplitude and then incubated for 1 hour at 4°C

on a shaker. Lysates were subsequently centrifuged for 10 minutes at 16,000 xg at 4°C. Lastly,

supernatants were transferred to clean Protein LoBind Eppendorf tubes and stored at -80°C until

further use.

2.3.6 Measuring protein concentration

Protein concentration was determined by the Micro BCATM Protein Assay Kit (Thermo Fisher Sci-

entific). First, the Bovine Serum Albumin (BSA) standards were prepared by serial dilution using a

diluent similar to the sample buffer (UltraPure water or PBS) in sufficient amounts to use three repli-

cates of each dilution. Following, the Micro BCA working reagent was prepared by mixing 25 parts

of reagent MA, 24 parts of reagent MB and 1 part of reagent MC. Next, 150 µl of each solution of

BSA standard and diluted samples was transferred into a 96-well clear bottom plate in triplicate. The

absorbance was then measured at 562 nm using a SpectraMax M5 plate reader. The standard curve
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was drawn by plotting the average absorbance reading of each BSA standard and its concentration.

Finally, the protein concentration for each sample was then calculated by linear interpolation of the

standard curve and by accounting the dilution factor used during sample preparation.

2.3.7 Western blotting

Relative levels of EMT-related proteins were measured by Western blotting (WB). Whole cell ex-

tracts were separated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes and

analysed by WB. Briefly, protein samples were prepared, before being separated according to their

molecular weight by electrophoresis, by mixing 15 or 30 µg of protein with XT Reducing Agent (20X,

Bio-Rad) and XT Sample Buffer (Bio-Rad) to a volume of 15 µl per lane. These samples were then

incubated at 100°C for 3 minutes and then cooled down to room temperature. Prepared samples

and protein ladder were then loaded on 4–12% Criterion XT Bis-Tris Protein Gels (26 well, 15 µl

each, Bio-Rad) and protein separation was performed in XT MOPS Running Buffer (Bio-Rad) at 80

mA (when running 2 gels) for 2 to 2.5 hours, on ice. Following, proteins separated in the gels were

transferred to a 0.45 µm PVDF membrane (Immobilon-FL PVDF, Merck) using the CriterionTM Blotter

(Bio-Rad). Immunoblotting sandwiches were prepared using Whatman® filter paper. Transfer was

then conducted on ice at 100 V for 30 minutes in Tris/Glycine buffer (Bio-Rad). Next, efficient trans-

fer of proteins into the PVDF membranes was confirmed by Ponceau staining (0.1% (w/v) in 5%

(v/v) acetic acid, Sigma) staining and after membranes were washed in TBS-T (TBS, Bio-Rad, with

0.1% (v/v) Tween20, Sigma-Aldrich) until no red coloured bands were visible. Membranes were then

blocked with 5% skimmed milk (Sigma-Aldrich, in TBS-T) for at least 1 hour at room temperature on a

shaker. Membranes were then thoroughly washed in TBS-T before being incubated with primary an-

tibody against Vimentin (Sigma-Aldrich, rabbit monoclonal SAB5500191) diluted (1:500) in 5% BSA

(Sigma-Aldrich) in TBS-T at 4°C overnight on a shaker. The following day, membranes were incubated

with secondary antibody (anti-rabbit 800CW, Licor) diluted in a ratio of 1:10,000 in TBS-T for 1 hour

at room temperature with gentle orbital shaking. Membranes were then washed and imaged using

the Licor system and image studio. Subsequently, membranes were incubated with loading control

antibody against GAPDH (Santa Cruz Biotechnology, mouse sc-32233) diluted in a ratio of 1:500 in

5% BSA in TBS-T for at least 1 hour at room temperature with gentle orbital shaking. Membranes

were then washed in TBS-T and incubated with secondary antibody (anti-mouse 680RD, Licor) diluted

at a factor of 1:10,000 in TBS-T for 1 hour at room temperature with gentle orbital shaking. Finally,

membranes were thoroughly washed and imaged using the Licor system and image studio. Image

processing and analysis was performed using Image Studio Lite Ver 5.2.
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2.3.8 Imaging

MCF10A cells were cultured on Matrigel/Collagen I gels at an initial density of 5,000 cells/cm2 and

cultured for 1 week on 8 chamber slides (ibidi) for fluorescent imaging. Cells on gels were fixed in a

solution of 4% (v/v) paraformaldehyde (methanol-free, 16% (w/v), Thermo Fisher Scientific) and 1%

(v/v) glutaraldehyde (50% (v/v), Electron Microscopy Sciences) in PBS for 15 minutes at room tem-

perature. Samples were then washed three times in PBS. Cells were permeabilised with 0.5% Triton

X-100 (Sigma-Aldrich) in PBS for 10 minutes at room temperature. Following, samples were rinsed

3 times in Glycine Buffer (Table 2.3) at room temperature. To block non-specific binding, samples

were then incubated in 10% (v/v) goat serum in IF Buffer (Table 2.3) for 1 hour at room temperature.

AlexaFluor 488 Phalloidin (Thermo Fisher Scientific, 1:500 in PBS) and DAPI (Sigma-Aldrich, 1:1,000

in PBS) were then used to label the actin cytoskeleton and nucleus of cells, respectively, by incubating

the samples with this solution for 40 minutes at room temperature. Finally, samples were washed 3

times with PBS and stored at 4°C in Fluoromount-GTM (Thermo Fisher Scientific) mounting medium.

Table 2.3: Buffers for imaging MCF10A cells on gels.

Component Final concentration

Glycine Buffer

NaCl 130 mM

Na2HPO4 7 mM

NaH2HPO4 3.5 mM

Glycine 100 mM

IF Buffer

NaCl 130 mM

Na2HPO4 7 mM

NaH2HPO4 3.5 mM

NaN3 7.7 mM

BSA 0.1% (w/v)

TritonTM X-100 0.2% (v/v)

Tween-20® 0.05% (v/v)

Imaging was performed on a Leica SP8 inverted confocal microscope, using a HC PL APO 10x/0.40

CS2 objective. Brightfield images were acquired on a EVOS XL Core Imaging System using a 4x long

working distance phase contrast objective. After image acquisition, images produced were processed

with the image analysis software FIJI.
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2.3.9 Rheology

Characterisation of the rheological properties of Matrigel/Collagen I gels was performed using a

AR2000ex rheometer (TA Instruments, New Castle, DE) fitted with a 25 mm parallel plate and tem-

perature controlled peltier plate. Gel samples were prepared immediately before rheological testing

following the procedure in Section 2.3.3. Before loading each sample, the temperature of the peltier

plate was set to be at 10°C, a temperature at which the rate of gelation is negligible for ECM hydro-

gels [358, 359]. The samples were then placed in the centre of the peltier plate, then the parallel

plate was lowered to a gap of 500 µm. To minimise evaporation, mineral oil was distributed around

the sample-plate interface. Three oscillatory rheological procedures were conducted in sequence for

each sample: a time sweep, a frequency sweep and a strain sweep. The oscillatory time sweep step

was performed at 37°C using a 0.2% constant strain (within the linear viscoelastic region) and at a

frequency of 3.14 rad/s to study the gelation kinetics of the gels. Gelation occurs by increasing the

temperature to 37°C. Immediately after the time sweep step, samples were subjected to a frequency

sweep step to determine their viscoelastic properties over an angular frequency range (0.1 to 100

rad/s), while applying a 0.2% oscillatory strain at 37°C. Following this step, a strain sweep test was

performed to determine the crossover point of each sample over a range of strain (0.01 to 100%), at

a frequency of 3.14 rad/s at 37°C. Each sample was tested in triplicate.

2.3.10 Scanning Ion Conductance Microscopy

Scanning Ion Conductance Microscopy (SICM) uses a nanopipette filled with an electrolyte contain-

ing aqueous medium as the probe. As shown in Figure 2.4, a voltage is applied between two elec-

trodes, one in the nanopipette and a reference electrode in the sample medium, which results in a

closely monitored ionic current flowing in and out of the nanopipette opening. The movement of the

nanopipette is controlled through a piezoelectric stage and, when the probe approaches the sample,

the ionic flux becomes restricted, so the ion current drops and the z-position of the probe is recorded

[360]. This technique can be used to obtain cell stiffness measurements [361, 362] by exploiting the

fact that as the probe approaches a soft substrate (in this case a cell or a group of cells) the current

drop occurs much more slowly than with stiff substrates [361]. It is worth noting that the absolute val-

ues obtained by this method should not be used for comparison with stiffness values obtained using

other techniques (personal communication from Dr Pavel Novak, Queen Mary University), but rather

to be compared with the measurements acquired from other samples using SICM in the same con-

ditions. The non-contact probe-sample interaction that takes place is sufficient to cause cell surface

deformation, and the distance alteration between the probe and the sample can be used to map the
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mechanical properties of biological samples [361].

2.3.10.A Sample and Imaging Equipment Preparation

A custom polydimethylsiloxane (PDMS) mould was designed to seed cells on Matrigel/Collagen I gels

in 35 mm Petri dishes. To produce PDMS, silicone elastomer and curing agent (SYLGARD® 184

Elastomer Kit, Dow Corning) were mixed with a ratio of 10:1 (w/w) with vigorous stirring. Following, 3

ml of this mix was poured into 35 mm Petri dishes, which were then placed in a 60°C oven for at least

16 hours. Once cured, these were peeled off of the Petri dishes and the wells were manually formed

with a hollow punch (16mm diameter, Boehm). Moulds were sterilised by autoclaving and placed

in sterile 35 mm Petri dishes inside a laminar flow hood. Before cell culture, well-shaped moulds

in Petri dishes were incubated with complete cell medium for at least 16 hours in a humidified cell

culture incubator (37°C, 5% CO2). Cells were seeded at a density of 15,000 cells/cm2 on 0 and 4

mg/ml Collagen I gels and, after 1 week in culture, samples were washed in sterile PBS and imaged

in Leibovitz’s L-15 medium (Gibco). A P-2000 CO2 laser puller (Sutter Instruments, Novato, CA) was

used to pull borosilicate glass (outer diameter 1 mm, inner diameter 0.5 mm, Intracel, Cambridge, UK)

pipettes, which parameters for temperature and velocity were optimised to obtain a tip inner diameter

of approximately 100 nm and ion currents of approximately 1 nA. The ion current was measured

using Axopatch 200B amplifiers (Molecular Devices, Wokingham, UK). After pulling, the pipette was

backfilled with sterile PBS and an Ag/AgCl electrode was inserted inside the pipette. The ion current

flowing through the pipette was measured with an applied bias potential of 200 mV. The current traces

were acquired and analysed using pClamp 10 (Molecular Devices).

2.3.10.B Hopping Probe Ion Conductance Microscopy

SICM operation was carried out by myself together with Sahana Gopal. To operate in hopping mode

the pipette filled with PBS and containing the electrode was placed on the inverted microscope to

approach the sample vertically. Next, the sample in a 35 mm Petri dish was positioned and an Ag/AgCl

electrode was submersed in the Leibovitz’s L-15 liquid medium. Once the pipette was immersed

and a current of approximately 1 nA was detected, the piezo controller was utilised to approach

the sample, which was determined by a 0.3-0.6% drop in the current, compared to the reference

(maximum) current. Due to gels being transparent, it was possible to align the microscope camera

with the pipette tip, and scanning areas on top of the cells were selected. Importantly, in order to

map cellular stiffness scanning areas did not cover any section of ECM (cells were cultured as 3D

on top). Subsequently, the selected areas were scanned at a high resolution. Stiffness maps were
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obtained by simultaneously acquiring three topographical images using multiple set-points, at a fall

rate of 40 nm/ms. Topography map of samples was acquired at a set-point of around 0.3% of ion

current drop. In each point, the nanopipette was consecutively lowered to set-points of 0.6% and 3%,

and the distances between the nanopipette and the deformed samples were recorded and stored in

separate scan maps (one for each set-point). Due to the tridimensional aspect of the acini and other

structures formed by the cells , a pre-scan hop size of 60 µm was used to avoid collision between the

pipette and the sample when scanning the cells. Two separate experimental replicates were carried

out, and at least 3 scan areas (10x10 µm or 20x20 µm) were obtained for each sample.

Figure 2.4: Schematics of SICM experimental set-up. A nanopipette filled with an electrolyte containing

aqueous medium is used as the probe. A voltage is applied between two electrodes, one in the nanopipette and

a reference electrode in the sample medium, which results in a closely monitored ionic current flowing in and

out of the nanopipette opening. The movement of the nanopipette is controlled through a piezoelectric stage

and, when the probe approaches the sample, the ionic flux becomes restricted, so the ion current drops and the

z-position of the probe is recorded. The non-contact probe-sample interaction that takes place is sufficient to

cause cell surface deformation, and the perturbation in the distance between the probe and the sample can be

used to map the mechanical properties of biological samples. Map scans can be visualised in real-time in the

computer connected to the closed system.

2.3.10.C Image processing

Cell stiffness maps were analysed using SICM image viewer software developed by Dr. Pavel Novak,

Queen Mary University of London. With this software, 5 µm regions of interest (ROIs) were selected

in each image and stiffness measurements were obtained with Clarke’s method [361].
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2.3.11 Raman Spectroscopy

2.3.11.A Sample Preparation

PDMS moulds (see Subsubsection 2.3.10.A) were used to prepare Matrigel/Collagen I for MCF10A

3D morphogenesis assay. To minimise acquisition of noise in the Raman spectra, phenol red-free

Matrigel and DMEM/F-12 were used to culture MCF10A cells on gels. For 2D EMT models, cells

were cultured on MgF2 windows. Prior to cell culture, MgF2 windows were treated by oxygen plasma

(0.5 mbar, power 5.0, 10 minutes, Plasma Prep 5, Gala Instrumente) to increase their hydrophilicity

and incubated with complete cell medium for at least 16 hours in a humidified cell culture incubator

(37°C, 5% CO2) to improve cell adhesion. Cells were seeded at a density of 15,000 cells/cm2 on

Matrigel/Collagen I gels (Subsection 2.3.3), and for cells on MgF2 windows seeding was carried out

at densities of 15,000 cells/cm2 for sparse conditions and TGF-β1 assay, and 150,000 cells/cm2 for

confluent conditions. MgF2 windows (10 mm diameter) were placed in 48 well plates.

At experimental endpoint, MCF10A on Matrigel/Collagen I gels were fixed with 4% (v/v) paraformalde-

hyde (methanol-free, 16% (w/v), Thermo Fisher Scientific) and 1% (v/v) glutaraldehyde (50% (v/v),

Electron Microscopy Sciences) in PBS for 15 minutes at room temperature. Cells on MgF2 windows

were fixed with 4% (v/v) paraformaldehyde (methanol-free, 16% (w/v), Thermo Fisher Scientific) in

PBS for 15 minutes at room temperature. Cells were washed in PBS and then stored at 4°C until

imaging.

2.3.11.B Raman Imaging

Raman imaging of MCF10A cells was performed by Conor Horgan and Fergus O’Brien using a confo-

cal Raman microscope (alpha300R+, WITec, GmbH, Germany). A 532 nm laser light source at 35 mW

power output was applied through a 63x/1.0 NA water-immersion microscope objective lens (W Plan-

Apochromat, Zeiss, Germany). Inelastically-scattered light was collected through the objective and

directed via a 100 µm diameter silica fibre, acting as a confocal pinhole, to a high-throughput imaging

spectrograph (UHTS 300, WITec, GmbH, Germany) with a 600 groove/mm grating and equipped with

a thermoelectrically cooled (-60°C) back-illuminated charge-coupled device (CCD) camera. Raman

spectra were acquired in the range from 0 to 3700 cm-1 with a spectral resolution of 11 cm-1. Chem-

ically fixed cells on MgF2 windows and on gels were imaged with a 2 µm resolution and 1 second

integration time. For each sample, ten 40 x 40 µm distinct regions of cells were imaged.
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2.3.11.C Data Processing

Initial spectral image processing was performed in collaboration with Conor Horgan using Witec Pro-

jectFOUR software. Briefly, spectra were first cropped to remove laser contribution. Background

subtraction was performed using a ‘shape’ background filter with parameter size 500 to remove aut-

ofluorescence spectral contributions and spectra normalised to the area under the curve.

Further image processing was performed by myself and Conor Horgan in MATLAB (2016a, Math-

works) using custom in-house scripts. Briefly, data were imported from Witec ProjectFOUR and a

k-means analysis was used to exclude non-cell spectra. The remaining cell spectra were then nor-

malised to the area under the curve. Next, cosmic ray peaks present in the spectra were then removed

and the spectra were smoothed using a 1st order Savitzky-Golay filter with a frame length of 7. Prin-

cipal component analysis (PCA) and partial least squares-discriminant analysis (PLS-DA) statistical

analyses were then performed on normalised, mean-centred data in PLS_Toolbox (Eigenvector Re-

search) in MATLAB. Venetian blinds cross-validation was used to test each model.

2.3.12 Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 6.0. For RT-qPCR, three independent

biological replicates were collected for each sample in study, and two technical replicates were mea-

sured and analysed in each RT-qPCR assay plate. In the case of 2D EMT models, in which MCF10A

were grown on MgF2 windows (to match the same experimental conditions used to obtain Raman

spectra) cell extracts from at least 4 wells were pooled for RNA isolation and subsequent gene ex-

pression analysis. To determine whether data were normally distributed, Komogorov–Smirnov and

Shapiro–Wilk tests were performed. Differences in gene expression on 2D models were tested by

paired t-tests. When data were not normally distributed, Wilcoxon tests were performed. Differences

in gene expression of cells on Matrigel/Collagen I gels were tested by One-way ANOVA. For the lat-

ter sample group, when data were not normally distributed, Kruskal-Wallis tests were performed. All

hypothesis tests were considered two-tailed.

Statistical analysis of specific Raman spectra peaks that resulted from the visual inspection of the

computed difference spectra was carried out by Dr Isaac Pence. Differences between experimental

groups were tested using ordinary least-squares regression based on Generalized Linear Models in

the statistical software R using the rms package. The data was then modelled as the dependent

variable, and regression coefficients were calculated for independent variables for each EMT model.

To account for different levels of response due to variability between biological replicates, generalised
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estimating equations were used to enable clustering of measurements obtained from samples derived

from a single biological replicate [363–366]. The generated regression coefficients were compared.

Heteroscedasticity in the data set was addressed by using the robust covariance function created

in the rms package (“robcov”) to adjust the standard errors. Finally, to compare groups, a one-way

ANOVA was performed on the generated GLM regression coefficients from the developed regression

model, which were represented with p-values calculated based on multiple comparisons via Holm

correction. All hypothesis tests were considered two-tailed.

For SICM, mean stiffness values of each ROI were plotted and statistically analysed. To deter-

mine whether data were normally distributed, Komogorov–Smirnov and Shapiro–Wilk tests were per-

formed. Data were tested with a two-tailed unpaired t-test with Welch’s correction.

In all cases, *p<0.05;**p<0.01;***p<0.001;****p<0.0001.
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2.4 Results

2.4.1 Stromal collagen upregulates mesenchymal phenotype

A 3D morphogenesis assay was used to study the interplay between matrix composition and mam-

mary epithelial cell behaviour. Here, Matrigel – EHS mouse tumour-derived matrix mainly composed

of laminin-111 and collagen IV – was used as rBM to support ‘normal’ laminin-dependent mammary

acini morphogenesis in culture. To investigate the role of type I collagen, one of the main components

of the interstitial matrix that malignant tumour cells encounter when breaching the BM, human mam-

mary gland cells (MCF10A) were exposed increasing concentrations of rat tail tendon type I collagen

(with constant amounts of rBM). In the present study, MCF10A cells were cultured using the 3D on-top

method, as discussed in Chapter 1, Section 1.5.2.B.

2.4.1.A Matrix type I collagen results in an invasive epithelial phenotype

As expected from previous studies [187], a matrix composed exclusively of rBM supported the for-

mation of hollow acinar structures by MCF10A cells after a week in culture (Figure 2.5a, 0 mg/ml

Collagen I). However, increasing concentration of type I collagen in the matrix with constant rBM re-

sulted in an invasive epithelial behaviour (2.5a). Notably, lower concentrations of type I collagen (0.5

and 1 mg/ml) supported the formation of misshapen spherical structures. Higher concentrations of

stromal type I collagen (2mg/ml and, especially, 4mg/ml) were conducive of an invasive phenotype in

MCF10As, which consistently did not permit the formation of acinar structures.

2.4.1.B Matrix type I collagen upregulates mesenchymal gene expression

The invasive phenotype and the morphological changes that occur in response to increasing con-

centrations of type I collagen in the matrix highly resemble the process of EMT. Hence, in order to

better understand whether these changes in matrix composition were consistent with a type of EMT

programme, the expression of certain EMT markers was investigated using WB and RT-qPCR. In-

creasing concentration of type I collagen in the matrix resulted in a higher expression of intermediate

filament vimentin, as observed by WB (Figure 2.5b). Interestingly, an overall upregulation of mes-

enchymal gene expression, relative to samples with no type I collagen, was observed by RT-qPCR

(Figure 2.5c), but with varying degrees depending on the concentration of type I collagen.
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Figure 2.5: Matrix type I collagen upregulates invasive phenotype that resembles EMT. a Brightfield and
fluorescent images of MCF10A cells on rBM and type I collagen after 1 week in culture. Scale bars: 50 µm on
brightfield and 500 µm on fluorescent images. b Representative Western blot of MCF10A cells on rBM and type
I collagen after 1 week in culture and respective quantification on the bar graph, N=2. c EMT gene expression
of MCF10A cells on rBM and type I collagen after 1 week in culture measured by RT-qPCR and normalized
to GAPDH and to sample 0 mg/ml Collagen (rBM only). y axis: 2−∆∆Ct. Data are shown on Tukey box and
whiskers plot. *p<0.05;**p<0.01;***p<0.001;****p<0.0001.

Expression of Cdh1 (E-cadherin) was downregulated in the presence of lower concentrations of type
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I collagen, particularly at 1 mg/ml, but showed a significant upregulation at 4 mg/ml collagen. Re-

gardless, Cdh2 (N-cadherin) expression was upregulated in all matrices that contained type I col-

lagen and a peak was observed at 2 mg/ml. Remarkably, the overexpression of both E-cadherin

and N-cadherin at a 4 mg/ml collagen concentration somewhat challenges the long-standing idea

of a cadherin switch happening with EMT. Consistent with the gene expression of epithelial marker

E-cadherin, Tjp1 (ZO-1) expression significantly decreased in the presence of collagen, with the ex-

ception of 4mg/ml. Moreover, Snail (EMT-TF SNAIL) expression was upregulated at 4 mg/ml collagen.

In addition, an increased expression of Vim (vimentin) was observed up until a collagen concentration

of 2 mg/ml, and, surprisingly, no significant alteration was observed at 4 mg/ml, even though a clear

increase in vimentin protein expression was observed in response to stromal collagen. Finally, Mmp2

(MMP-2) expression was consistently upregulated in the presence of type I collagen in the matrix.

Together, the collected data confirm that the presence of stromal collagen in the extracellular environ-

ment promotes mesenchymal gene and protein expression, but also shed light on the complexity of

the transitional states in the EMT programme.

2.4.1.C Effects of extracellular type I collagen on the stiffness of mammary epithelial cells

The extracellular microenvironment controls cell behaviour [31]. Cells can sense their biochemical

and biophysical environment, including the stiffness of the surrounding matrix [234]. Importantly, it

has been shown by atomic force microscopy studies on human breast biopsies that cancer cells sur-

rounded by a stiffer ECM appear to be softer than normal cells in healthy tissues [367]. Considering

that the matrices built in the present study composed of interpenetrating networks of rBM and type

I collagen are stiffer with increasing amounts of fibrillar collagen (Figure A.1 Appendix B and Fig-

ure 2.6a), it was hypothesised that MCF10A cells that exhibit an invasive phenotype in the presence

of collagen are softer than their acinar counterparts in rBM alone. To investigate this, scanning ion

conductance microscopy (SICM), a scanning probe microscopy technique that can be used to obtain

surface topography and to map the stiffness of living cells [360], was employed to measure the stiff-

ness of cells grown on these gelled matrices. Mean stiffness values acquired a week post-seeding

from MCF10A cells grown on rBM (0 and 4 mg/ml Collagen I) are shown on Figure 2.6b. Results

showed that MCF10A cells grown on rBM and type 1 collagen (4 mg/ml) are stiffer than acinar struc-

tures grown on rBM alone, which refutes the initial hypothesis.
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Figure 2.6: Rheological measurements of matrices composed for rBM and type I collagen and stiffness
of MCF10A cells on those matrices measured by SICM. a 0 and 4 mg/ml Collagen gels (with rBM) were
characterised by rheology. Plot shows a oscillatory time sweep that was performed at 37°C using a 0.2% constant
strain (within the linear viscoelastic region) and at a frequency of 3.14 rad/s. y axis: shear modulus G’ in Pa.
n = 3. b Stiffness measurements of MCF10A cells on matrices composed for rBM alone and rBM and 4 mg/ml
Collagen. SICM measurements were carried out with the help of Sahana Gopal. y axis: Stiffness in pN/µm.
Data is shown on Tukey box and whiskers plot. ***p<0.0001. N = 2, n = 3.

2.4.2 Using Raman spectroscopy (RS) to characterise EMT

2.4.2.A EMT induction via different methods

In addition to having the 3D EMT model described above, two 2D EMT models were used in the study

by RS. In one of the 2D models, MCF10A were cultured at two different cell densities, as it has been

shown that these cells exhibit mesenchymal-like features when cultured in low cell density [368]. In

the second method, TGF-β1 treatment was also used to induce EMT changes in MCF10A in 2D,

given that it is an extensively used EMT model in vitro [369].

As expected, MCF10A grown in sparse conditions showed a decrease in the expression of Cdh1 and

an increase in the expression of mesenchymal genes Cdh2, Snail, Slug, and Vim, with the excep-

tion of Mmp2, which expression was not significantly altered in these conditions (Figure 2.7a and

b). Following TGF-β1 treatment, the expression levels of all mesenchymal genes measured were

increased, but the expression of epithelial marker Cdh1 was also increased relative to cells that were

not exposed to TGF-β1 (Figure 2.7c and d). Again, at the transcriptional level, an E- to N-cadherin

switching in EMT is not observed, and this result also challenges the idea of TGF-β1 functioning as

a transcriptional repressor of E-cadherin [370–372]. Together, these observations confirm that hu-

man mammary epithelial MCF10A cells exhibit a mesenchymal-like phenotype when cultured at low

density and that they undergo EMT in response to TGF-β1 treatment.

50



Figure 2.7: Changes in EMT in 2D culture Human mammary epithelial MCF10A cells exhibit a mesenchymal-
like phenotype when cultured at low density and undergo EMT following TGF-β1 treatment. a Brightfield images
of MCF10A in 2D culture 24 hours post seeding. High density (confluence) top and low density (sparse) bottom.
b EMT gene expression of MCF10A cells at different densities (sparse and confluent) 24 hours post seeding by
RT-qPCR and normalized to GAPDH and confluent cells. c Brightfield images of MCF10A in 2D culture 24 hours
post TGF-β1 treatment and 48 hours post seeding (same cell density). Cells that received TGF-β1 treatment on
top and without treatment on bottom. d EMT gene expression of MCF10A cells 24 hours post TGF-β1 treatment
and 48 hours post seeding by RT-qPCR and normalized to GAPDH and to cells that did not receive TGF-β1
treatment. a,c.Scale bars 200 µm. b,d y axis: 2−∆∆Ct. Data is represented as Tukey box and whiskers plot.
*p<0.05;**p<0.01;***p<0.001.

2.4.2.B RS can be used to separate epithelial from mesenchymal-like states

Raman spectra of all conditions that generated either an epithelial or a (quasi-)mesenchymal pheno-

type were acquired in the Raman shift fingerprint region, 600 to 1800 cm−1. Figure 2.8 (a,c and e)

shows the mean Raman spectra for each condition within each EMT system after background subtrac-

tion, area normalisation and multiple scattering correction. Spectral data was then processed using

multivariate methods. After a k-means analysis to exclude non-cell spectra, PCA was performed to

achieve data compression. Next, PLS-DA, a commonly used supervised classification method, was

performed to build models for the different sample groups. Figure 2.8 (b, d and f) shows 3D latent

variable plots from the PLS-DA models that were generated within each EMT group. The constructed
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models were subjected to venetian blinds cross-validation to test the accuracy of each model, which

was over 90% in all cases (Table 2.4). These data show that it is possible to differentiate the spectra

from EMT conditions that were directly compared against each other.

To further investigate the process of EMT occurring on the 3D morphogenesis assay with interpen-

etrating networks of rBM and type I collagen, a multiclass PLS-DA was built using Raman spectra

of MCF10A cells on 0, 0.5, 2 and 4 mg/ml Collagen I gels. The Raman spectra of cells on 1 mg/ml

Collagen I gels were excluded from this particular analysis due to their heterogeneity and variability.

With the 3D latent variable plot produced from this PLS-DA model it is possible to visualise a separa-

tion between the cells on gels with lower amounts (or none) of type I collagen (0 and 0.5 mg/ml, with

more epithelial-like morphological features) and on gels with higher concentrations of type I collagen

(2 and 4 mg/ml, with more mesenchymal-like morphological features) (Figure 2.9a). The multiclass

PLS-DA model displayed on Figure 2.9a was cross-validated and its accuracy is of 94.02%. Follow-

ing, a binary (two-class) PLS-DA model was generated to separate Raman spectra of MCF10A cells

on rBM (0 mg/ml Collagen) and of cells on the matrix with rBM and the highest concentration of type

I collagen (4 mg/ml). Here the separation is visually evident as shown on Figure 2.9b.

All Raman spectra obtained from 2D EMT models were plotted (Figure 2.10a) and a multiclass PLS-

DA model was built to separate the epithelial (confluent and TGF-β1-) from the (quasi-)mesenchymal

states (sparse and TGF-β1+) (Figure 2.10b), which was accomplished with an accuracy of 81.9%.

Finally, the 2D and 3D EMT models in this study were compared and separated by multiclass PLS-

DA. This last model shown in Figure 2.11 was built to separate all epithelial (confluent, TGF-β1- and

0 mg/ml Collagen) from the (quasi-) mesenchymal states (sparse, TGF-β1+ and 4 mg/ml Collagen),

with an accuracy of 79.6%. To have a clearer training set for the classification method and to better

evaluate the prediction model, samples 0.5, 1 and 2 mg/ml Collagen were excluded from this analysis.

2D latent variable (LV) plots show a clear separation between 2D and 3D EMT models (Figure 2.11a

and b), but it is also possible to see a separation between a more epithelial-like state and a more

mesenchymal-like state (Figure 2.11a). From observing the 3D LV plot the separation between 2D

and 3D EMT models is clear from the gap that can be seen in the middle of the plot (Figure 2.11c)

and the separation between a more epithelial-like state and a more mesenchymal-like state can also

be seen (Figure 2.11c).
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Figure 2.8: Raman spectra and PLS-DA of all EMT samples. a Raman spectra and b PLS-DA model from
MCF10A cells cultured at different densities (sparse and confluent) 24 hours post seeding. c Raman spectra and
d PLS-DA model from MCF10A cells cultured with and without TGF-β1 24 hours post treatment, 48 hours post
seeding. e Raman spectra and f multiclass PLS-DA model from MCF10A cells on rBM and type I collagen after
1 week in culture. a,c,e RS after background subtraction, area normalisation and multiple scattering correction.
The colour sets represent different models: in blue is the sparse and confluent model, in green the response to
TGF-β1 treatment, and in different shades of red the 3D EMT model. b, d, f Each PLS-DA model was subjected
to venetian blinds cross-validation and the accuracies are presented in Table 2.4. Raman spectra were collected
by Conor Horgan and Fergus O’Brien.
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Table 2.4: Accuracy values obtained for PLS-DA models in Figure 2.8 with venetian blinds cross-
validation test. Table is displayed in the same colour codes as in Figure 2.8. Venetian blinds cross-validation
test results refer to each model separately.

Condition Accuracy (%)

Confluent 96.6
Sparse 96.6

TGF-β1 - 93.2
TGF-β1 + 93.2

0 mg/ml Collagen 95.8
0.5 mg/ml Collagen 95.8
1 mg/ml Collagen 97.9
2 mg/ml Collagen 95.8
4 mg/ml Collagen 97.9

Figure 2.9: PLS-DA models of EMT on 3D morphogenesis assay. a Multiclass PLS-DA from the Raman
spectra of MCF10A cells on 0, 0.5, 2 and 4 mg/ml Collagen I gels (cells on 1 mg/ml Collagen I gels was excluded
from this particular analysis due to its inherent heterogeneity and variability). b Two-class PLS-DA from the
Raman spectra of MCF10A cells on 0 and 4 mg/ml Collagen I gels.

Figure 2.10: Raman spectra and PLS-DA models of EMT on 2D models. a Raman spectra of MCF10A cells
on 2D culture - sparse versus confluent (different shades of blue) and TGF-β1 treatment (different shades of
green) and b multiclass PLS-DA model built from these spectra to separate the epithelial (confluent and TGF-β1-
) from the (quasi-)mesenchymal states (sparse and TGF-β1+). Raman spectra were collected by Conor Horgan
and Fergus O’Brien.
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Figure 2.11: PLS-DA models of EMT on 2D and 3D models together. Multiclass PLS-DA model to separate
all epithelial (confluent, TGF-β1- and 0 mg/ml Collagen) from the (quasi-) mesenchymal states (sparse, TGF-β1+
and 4 mg/ml Collagen), with an accuracy of 79.6%. For simplicity, 0.5, 1 and 2 mg/ml Collagen samples were
excluded from this analysis. a 2D LV plot shows a separation between 2D and 3D EMT models and between a
more epithelial-like state and a more mesenchymal-like state. b 2D LV plot shows a separation between 2D and
3D EMT models. c 3D LV plot shows the separation between 2D and 3D EMT models (from the gap that can be
seen in the middle) and the separation between a more epithelial-like state and a more mesenchymal-like state
can also be seen.

In order to determine distinguishing features between epithelial-like and mesenchymal-like states, the

difference between the Raman spectra (Figure 2.8a, c and e) were computed and plotted as shown

in Figure 2.12 a, b and c. This allowed for a visual inspection of spectroscopic signal differences,

and, consequently, the identification of prominent peaks. Raman databases [355, 373] were used as

a tool to identify which biomolecules possess groups that vibrate at those specific frequencies. All of

the analysed peaks in the confluent versus sparse group (Figure 2.12d) were found to be significantly

different between the two samples. The Raman frequencies seem to correspond to differences in

nucleic acids (751 and 1344 cm-1), phenylalanine (an aminoacid that is part of the structure of various

proteins, including collagen; 1008 cm-1), lipids (functional group amide; 1129 and 1634 cm-1), and

proteins (1455 cm-1, which has also been attributed to lipids). In turn, from the TGF-β assay the two

significantly different peaks have been previously assigned to proteins (1103 cm-1, which has also

been attributed to lipids) and lipids (functional group amide; 1681 cm-1). Finally, from the selected

peaks in the 3D EMT model with the rBM/Collagen matrix, only one was found to be significantly

different and it has been assigned to phenylalanine (1002 cm-1).
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Figure 2.12: Difference spectra from EMT models. Differences between the spectroscopic signals were com-
puted to visualise the most prominent peaks from the Raman spectra presented in Figure 2.8: a confluent versus
sparse cells, b TGF-β1 treatment, and c cells on 0 and 4 mg/ml Collagen. Spectral values that corresponded to
each prominent peak (10 samples per biological replicate, and so a total of 30 points per condition) were plotted
and statistically analysed to understand if these differences were of any mathematical significance: d confluent
versus sparse cells, e TGF-β1 treatment, and f cells on 0 and 4 mg/ml Collagen. *p<0.05;**p<0.01;***p<0.001.

56



2.5 Discussion

Breaching of the basement membrane, which occurs when cells are able to migrate from the epithe-

lial compartment to the interstitial matrix, is one of the hallmarks of malignant carcinomas [353]. The

overall objective of this work was to model and investigate the breaching of the basement membrane

by human mammary epithelial cells utilising biological components cells encounter in vivo. The ep-

ithelium is tightly organised and maintained by the BM, which is a thin sheet-like layer of specialised

ECM primarily composed of collagen IV and laminin. In turn, stromal ECM, comprised predominantly

of type I collagen, surrounds the BM [104]. The epithelial microenvironment is instrumental to main-

tain tissue homeostasis and to control epithelial cell phenotype, including cell polarity and controlled

levels of proliferation and apoptosis [26]. Importantly, increased expression, deposition and crosslink-

ing of type I collagen have been implicated in cancer progression both in vitro and in vivo [374]. In

this chapter, it is shown that exposure of non-transformed human mammary epithelial MCF10A cells

to increasing concentrations of type I collagen in the matrix results in an invasive phenotype (Figure

2.5a). This provides a direct evidence that an imbalance in the ECM composition can result in a

dysregulated epithelial phenotype, which is consistent with previous reports [151, 325, 327, 375].

The morphological and behavioural changes observed here highly resemble EMT, a process in which

epithelial cells lose their apicobasal polarity and become migratory. Indeed, increased expression

of mesenchymal marker vimentin with increased concentration of type I collagen is observed by WB

(Figure 2.5b). Vimentin is expressed in EMT-related events during embryonic development [376–379].

Importantly, increased vimentin expression has also been reported in metastatic breast carcinoma

and is associated with poor prognosis [380–382]. The protein expression pattern of vimentin observed

in the present work seems to be in agreement with what is found in the literature in the context of

breast carcinoma, but it should be noted that the use of vimentin as an EMT marker has been met

with some controversy in the context fibrosis [354]. Furthermore, RT-qPCR measurements (Figure

2.5c) show an overall upregulation of mesenchymal gene expression induced by the presence of type

I collagen. It is interesting to note that, even though cells seem to lower their expression of Cdh1

in the presence of Collagen I in the matrix (up to 2 mg/ml), this epithelial gene was found to be

significantly upregulated in the matrix with the highest concentration of Collagen I studied (4 mg/ml).

This observation was somewhat surprising, as in this condition cells exhibit an invasive phenotype

and overexpress other mesenchymal markers, namely Cdh2, Snail and Mmp2, and E-cadherin has

long been described as a tumour invasion suppressor gene [383]. However, after a week in culture,

MCF10A in Matrigel:4 mg/ml Collagen I proliferate and populate most of the gel area, bringing cells

in close contact with each other, which can explain this relative increase in expression. Furthermore,

it has been reported that loss of E-cadherin is not necessary for EMT in human breast cancers, and
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that basal-like cells (a group in which MCF10A are included) in vitro do not always stop expressing

Cdh1 after undergoing EMT [384]. Similarly to Cdh1, the expression pattern of Tjp1 (ZO-1) shows a

decrease in the presence of Collagen I in the matrix (up to 2 mg/ml), except with highest concentration

(4 mg/ml) in which it shows no difference to control (0 mg/ml). Like with E-cadherin, the reasoning

behind this might be the overpopulation of the most rigid matrix by these cells, but Tjp1 seems to

be regulated differently to Cdh1. Expression of mesenchymal markers Cdh2 (N-cadherin) and Mmp2

(MMP2) is upregulated in the presence of collagen I, even in the lowest concentration (0.5 mg/ml).

Increased expression of N-cadherin in EMT has been well established [297] and it has also been

strongly associated with metastatic carcinomas [344, 385]. The fact that an upregulation of both E-

and N-cadherins is observed in the model of EMT used in this work, at the timepoint chosen, seems

to challenge the notion that the expression of N-cadherin upon EMT is accompanied by loss of E-

cadherin (the cadherin switch). This evidence implies that a cadherin switch does not occur in all

EMT events. Nevertheless, it would be important to study the expression of these homotypic cell-

cell adhesion molecules at the protein level, as gene expression measurements do not always reflect

what is actually happening in terms of synthesis and maintenance of proteins [386]. Interestingly, co-

expression of E- and N-cadherins has been reported in developmental studies [387], which leads to

the question whether such phenomenon could happen in a different context, such as cancer. In turn,

upregulation of MMP2, a matrix protease capable of degrading BM collagen IV [388] and interstitial

matrix collagen I [389, 390], is consistent with studies that report an increased expression of MMPs,

in particular MMP2, after induction of EMT in MCF10A cells [391, 392]. It has been shown, however,

that cells do not necessarily require matrix-degrading proteases to migrate, as long as the porosity

of the ECM allows for cellular deformation [159]. Moreover, EMT-TF Snail (SNAIL) was found to

be significantly upregulated at the highest concentration of type I collagen, even though no change

resulted at lower concentrations. The role of this zinc-finger transcriptional repressor in EMT has been

well established [297] and previous studies have indicated that SNAIL may contribute to this event

by supressing Cdh1 and other epithelial-related genes [293, 294, 393]. These reports have shown

strong evidence of repression of E-cadherin expression by SNAIL at the protein level, which leads to

believe that it would be important to investigate whether the same happens using the rBM/collagen

I morphogenesis assay in the present work. Finally, an increased expression of mesenchymal gene

Vim was detected in the presence of collagen I, except at 4 mg/ml. This latter finding is particularly

surprising given the Western blotting data (Figure 2.5b) that show an increased expression of this

protein, but it is possible that this is due to the intrinsic variability in this system.

One of the key messages in this chapter is that the presence of type I collagen in a matrix with rBM

shifts cells towards a mesenchymal phenotype. The cells used in this work (see Chapter 1 Section

1.5) offer a great model to study transitional events between healthy and pathological states, particu-
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larly the initial steps of malignancy in breast carcinoma. As previously discussed, the importance, or

even existence, of EMT in cancer is still controversial, but this debate is more an issue of semantics

than of biological mechanisms [279]. EMT should be looked at as a complex phenomenon that in-

volves multiple transitional states and underlying mechanisms, as opposed to a binary cellular switch.

To metastasise, cells need to acquire features that allow them to migrate and invade other sites in

the body, and there is compelling evidence that the process of partial or complete EMT is what al-

lows cells to do so [291]. Studying EMT in the context of disease is of utmost importance and the

development of physiologically relevant systems, particularly in 3D, is needed.

The system used in this work, however, has caveats that should be recognised. One of the main

limitations of using increasing concentrations of type I collagen in the ECM to increase matrix stiffness

is that it is not possible to decouple biophysical from biochemical effects. In fact, type I collagen is

known to bind various cell surface receptors, namely integrins, thereby activating distinct signalling

pathways and controlling cell fate independently of matrix mechanics [104, 394, 395]. In addition,

in an in vivo situation it is likely that not all mammary epithelial cells would breach the basement

membrane to encounter stromal collagen [374]. An interesting strategy that has been used is to

pre-form acinar structures and then culture them in collagen I matrices to examine cellular behaviour

[327, 396]. Moreover, the range of stiffness that can be achieved with an rBM/collagen I system is

considerably limited and it becomes challenging to physically manipulate pre-gelled collagen I at high

concentrations. One strategy that can be utilised to increase ECM stiffness without having to increase

collagen concentration is to make use of non-enzymatic glycation with ribose [397], which increases

collagen crosslinking [398]. This approach can potentially also overcome the issue of increasing the

number of collagen binding sites that could activate different pathways, as all conditions would have

the same amount of collagen. Finally, since one of the limitations that can be noted about using

Matrigel as rBM and collagen I as the driver of increasing stiffness is that biophysical and biochemical

effects cannot be decoupled, the development and use of (semi-)synthetic systems can be of pivotal

importance.

Furthermore, as previous ex vivo studies have demonstrated that breast cancer cells are softer than

their healthy counterparts [367] and in vitro studies have shown evidence to support that induction

of EMT reduces intracellular stiffness [356], it was hypothesised that MCF10A cells grown on more

rigid matrices that exhibit a mesenchymal-like phenotype could decrease their stiffness compared

to the ones that form acinar structures in rBM alone. The mechanical properties of MCF10A cells

on rBM/Collagen matrices were then investigated by SICM. To the best of found knowledge, it was

the very first time this technique was employed on cells grown on such soft substrates. These mea-

surements were aimed at assessing cell stiffness changes when matrix composition (and stiffness) is
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altered. Even though it would be important to carry out more measurements from at least one more

biological replicate, the results obtained indicate that the intracellular stiffness of MCF10A increase

when these exhibit a mesenchymal-like phenotype on matrices with type I collagen (4 mg/ml; Figure

2.6b), which refuted the working hypothesis. It is clear from the collection of studies found in the

literature that cellular mechanics is altered with EMT, but it seems the changes in cell stiffness are

not so linear as previously stated. In fact, studies using Atomic Force Microscopy have reported an

increase in cellular stiffness upon TGF-β treatment of kidney [399], lung [400], and mammary [401]

epithelial cells. In addition, a study that investigated the stiffness of pancreatic cancer cells reported

that stiffer cells exhibited a more invasive behaviour [402], which also seems to challenge the idea

that decreased cellular stiffness is a phenomenon directly associated with metastatic behaviour.

In addition, Raman spectroscopy (RS) was employed to further characterise the biochemical finger-

print of epithelial-like and mesenchymal-like phenotypes in different models of EMT. RS is a vibra-

tional technique that produces a spectrum, of which the bands represent the vibrational frequencies

of different functional groups within the biomolecules that compose the sample under study. It has

emerged as a promising technique to study biological specimens in various contexts [355, 403]. Ra-

man spectra of cells have an underlying high level of complexity due to the amount of information on

a vast number of biomolecules, but the ability to obtain the biochemical fingerprint of cells in different

conditions makes RS a potential technique to be instrumental when studying various pathobiological

systems. Few studies using RS to study EMT have been published to date [404–406]. Considering

the inherent complexity of the 3D model used, 2D models of EMT typically used in vitro were anal-

ysed for comparison. Figure 2.7a shows that there is a shift towards mesenchymal gene expression in

sparse MCF10A cells compared to confluent. This model was previously studied using RS by Marro

et al. [406] to monitor EMT, which led to its use in this thesis for comparison. Figure 2.7b displays

the gene expression response to TGF-β1 treatment to induce EMT, which resulted in an upregulation

of mesenchymal genes in the presence of TGF-β1, alongside an upregulation of epithelial Cdh1. A

previous study by Brown et al. [407] showed the varying phenotypes of multiple healthy epithelial

and carcinoma cell lines, including HuMEC and MCF10A cells, in response to a treatment with 5

ng/ml TGF-β1 for 48 hours and reported that these two human mammary epithelial cells do not lose

E-cadherin expression. This is contrary to the suppressive effect that TGF-β has on the expression

of E-cadherin shown in other studies [371, 372].

To the best of found knowledge, this exploratory work is the first of its kind to analyse the Raman

spectra of cells undergoing EMT via different in vitro methods. While RS is a powerful technique

that can be used to acquire the biochemical fingerprint of a sample, which can then be used to

obtain important biological information, to date there is no gold standard method of analysing and
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processing Raman spectra from biological data. In any case, a central part of data processing is

the conversion of each spectrum into variables that allow for interpretation of meaningful biological

information. Each spectral profile contains a vast amount of information and multivariate analytical

methods have become instrumental to reduce the complexity of the dataset and allow for extraction

of information [408]. PLS-DA is a multivariate method that allows for comparison of multiple spectra

simultaneously, while identifying particular features that separate different sample groups [408–410].

Importantly, this analytical method has been successfully employed to characterise the lipid content

of different breast cancer cells [411]. Here, it was demonstrated that PLS-DA models can be built for

different EMT models to classify each phenotype within the EMT spectrum into distinct groups with

high accuracy (Figure 2.8 and Table 2.4).

In order to more closely examine the spectral differences between the phenotypes in the 3D morpho-

genesis assay and to assess whether it was possible to build a multiclass PLS-DA model that can

separate morphologically epithelial-like (0 and 0.5 mg/ml Collagen) from mesenchymal-like (2 and 4

mg/ml Collagen) states. As previously mentioned, 1 mg/ml Collagen sample was not included in this

particular analysis due to its heterogeneity and variability. Indeed, the PLS-DA model that was built

and is displayed in Figure 2.9a had an accuracy of 94.02%, which means that it is possible to sepa-

rate these groups as they are in fact biochemically different. This distinction between morphologically

epithelial-like and mesenchymal-like states in the 3D assay was even more pronounced when a two-

class PLS-DA model was built to classify 0 mg/ml and 4 mg/ml Collagen samples (Figure 2.9b). As

the main goal of this part of the experimental work was to make use of this data analysis tool to find

spectral differences between EMT phenotypes, more complex multiclass models were built to achieve

classification of samples across different combinations of EMT models to understand whether it was

possible to distinguish epithelial-like from mesenchymal-like phenotypes (Figures 2.10 and 2.11). Un-

surprisingly, these combinatorial models had lower accuracies than the ones displayed on Table 2.4.

It is clear that the Raman spectral profiles from samples in the 3D model were strikingly different from

the ones on 2D models, which might be explained by the fact that cell behaviour can be markedly dif-

ferent in 2D systems than in 3D systems, which can potentially better mimic the in vivo environment

[412]. Overall, the data presented in this work supports the ever-growing number of studies [413–415]

that show that RS can be a promising tool to distinguish cell phenotypes (even from the same cell

source) in the context of EMT, with particular relevance in cancerous and fibrotic pathologies.

Moreover, in an attempt to better understand the spectral differences between phenotypes within

EMT models, the difference between spectra (spectral plots in Figure 2.8a, c and e) was computed

and plotted (Figure 2.12a, b and c). By visual inspection of the plots, the most prominent peaks

were selected for statistical analysis. As seen in Figure 2.12d, e and f the identified peaks were
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different for each EMT group. Importantly, biological samples, in particular, consist of a vast number

of different molecules that can have similar Raman signatures. RS cannot usually be used to identify

individual molecules, rather the bonds that are common to those molecules. Thus, the chemical

structure of different molecules can be evaluated using different peak frequencies [355], but peak

assignment is still a challenging task. Raman features associated with lipid content were found to

be altered in the 2D EMT models, where intensities were lower in the mesenchymal-like state - 1008

and 1129 cm-1 in the sparse versus confluent model, and 1103 and 1681 cm-1 in response to TGF-

β1 treatment. This is in agreement with reports that demonstrate that lipid metabolism is changed

with EMT as de novo lipid synthesis seems to be reduced in a mesenchymal-like state [416]. In the

3D model, which is intrinsically more complex than the other two, the only Raman frequency that is

significantly different has been assigned to phenylalanine, an important amino acid that composes

several proteins, including collagen. The intensity of phenylalanine peak is lower at 4 mg/ml collagen

relative to control. However as not much is known in regards to the role of this aromatic aminoacid in

EMT.
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2.6 Concluding Remarks and Future Work

In summary, the experimental work presented in this chapter shows a comprehensive study using

various state-of-the-art techniques to better understand the biochemical and biophysical response of

cells undergoing EMT, as well as the crosstalk with ECM composition.

Here, evidence showing that the presence of type I collagen in the matrix results in an invasive phe-

notype and an overall shift towards the expression of mesenchymal markers was presented. These

results are in agreement with previous studies [151, 327]. While using matrices with natural ECM

components, such as collagen, has the benefit of generating more physiologically relevant structures,

it would be instrumental to develop (semi)synthetic systems to decouple biochemical from biophys-

ical effects when studying such changes in cell behaviour. Synthetic materials, such as polyacry-

lamide (PA) [151] and polyethylene glycol (PEG) [417], semi-synthetic (or hybrid) materials, namely

hyaluronic acid (HA) [418] and gelatin-methacryloyl (GelMA) [419] and more natural materials, like

alginate [375, 420, 421], have been used in a wide range of cell culture applications and, in partic-

ular, to better control the mechanical properties of the matrix, including stiffness. It is important that

these systems recapitulate relevant aspects of native tissues, but some of these materials might not

properly support cellular adhesion, proliferation or migration. In order to study the effect of stiffness

independently of biochemical cues, synthetic or natural (ones that are not found in mammalian organ-

isms, such as alginate) systems offer a great potential. Particularly when studying epithelial tissues,

like the mammary gland, it is necessary to provide cells with BM components, namely laminin, which

are essential for acini formation. Matrigel (used in this study), a protein mixture secreted by EHS

mouse sarcoma cells, is commonly used in in vitro studies to recapitulate BM in culture. It has been

an instrumental tool in epithelial cell culture, but its use carries known disadvantages, including lot-

to-lot variability and ill-defined composition [422]. One promising way of overcoming this would be to

use tissue-specific recombinantly produced laminin, particularly in studies where is it crucial to utilise

xeno-free components [423].

Moreover, the mechanical characterisation of MCF10A on rBM/collagen matrices in this study sug-

gests that these cells increase their stiffness when exhibiting an invasive phenotype (at 4 mg/ml

collagen). Even though this refuted the initial working hypothesis, there is also evidence in the litera-

ture that supports an increase in cellular stiffness after EMT, as mentioned in the Discussion (Section

2.5). However, due to the challenge of eliminating matrix effects using SICM, methods like microrhe-

ology with microbeads delivered intracellularly [424] or Brillouin microscopy [425] could potentially be

employed to better resolve this research question.

Finally, it was shown in this chapter that the multivariate PLS-DA method can be successfully em-

63



ployed to classify each phenotype within the EMT spectrum into distinct groups with high accuracy.

It should be noted that, even though fairly similar trends in terms of expression of EMT markers was

observed, the RS analyses in this study show that the biomolecular differences between EMT states,

particularly from different EMT models, are far more complex than what standard gene and protein

expression studies lead to believe. For future research, it would be interesting to carry out proteomic

studies and utilise novel optical probes (e.g. Raman tags) to better track these biochemical changes.
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3.1 Introduction

3.1.1 Basement membrane structure and function

All epithelial tissues are lined by a specialised and sheet-like type of extracellular matrix (ECM) – the

basement membrane (BM). BMs play an instrumental role in providing proper mechanical support and

architecture to tissues, while functioning as a barrier that controls transport of solutes between them

[426]. Much of the knowledge about BMs comes from studies using the matrix of mouse Engelbrecht

Holm–Swarm (EHS) sarcoma tumour, which is rich in BM components and can be easily isolated

[427]. The dense sheet-like structure of the BM comprises mainly two highly crosslinked polymeric

networks – one of laminin and one of type IV collagen [29].

Laminins are highly glycosylated heterotrimers, whose size can vary approximately between 400 and

800 kDa [428], formed by one of each of five α, four β and three γ chains assembled in tertiary

structures [429]. Theoretically, these twelve chains could form 60 different trimeric combinations, but

to date only 16 laminin isoforms have been identified [430]. Laminin trimers interact with each other

via ternary nodes formed by the N-terminal region of one α, one β and one γ chain [24], resulting in

a dense meshwork. Despite considerable homology between different laminin isoforms [431], their

tissue distribution and functional roles differ in both healthy and diseased states [428]. At least four

different isoforms have been described to be present in the mammary gland: laminin-111, -322, -511

and -521[432].

Type IV collagen forms a covalently crosslinked network that is also crucial for BM stability and as-

sembly [433]. This collagenous BM component comprises a family of six genetically distinct α-chain

polypeptides (α1 to α6) that assemble into heterotrimers [434, 435]. These α-chains are composed of

three main domains: a 7S domain located at the amino-terminal, a triple-helix domain in the middle,

and a globular non-collagenous (NC)-1 domain at the carboxy-terminal [434]. The type IV collagen

network in BMs is formed and stabilised by covalent links, including disulphide and sulfilimine bonds

[435, 436].

The two independent laminin and collagen networks are then interconnected by additional ECM pro-

teins (Figure 3.1), including glycoprotein nidogen and heparan sulfate proteoglycan perlecan [29]. The

composition of BMs varies between tissues, and its diversity arises from the different possible combi-

nations of type IV collagen and laminin isoforms, as well as a plethora of BM-associated proteins that

are involved in tissue-specific functions [429].
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Figure 3.1: BM composition. The self-assembly of the two independent laminin and collagen networks provide

BMs with their main structural composition and architecture. In turn, these two main networks are interconnected

by additional proteins, including glycoprotein nidogen and heparan sulfate proteoglycan perlecan. Adapted from

[426, 437].

In addition, the BM also serves as a reservoir of growth factors, including bone morphogenetic pro-

teins (BMPs), fibroblast growth factor (FGF) and transforming growth factor β (TGF-β), which play

crucial roles in cell proliferation, migration and survival [438]. BMs are dynamic ECM structures that

interact with cell surface receptors and lipids to orchestrate signalling pathways and to control different

aspects of cell behaviour, including cell polarity [426, 437].

Integrins, particularly β1-integrins (α1β1, α2β1, α3β1, α6β1 and α7β1), which are widely expressed

in epithelial cells, are the main cell surface receptors that have been described to interact with laminin

and type IV collagen [439, 440]. Laminin-integrin interactions are largely mediated by the LG domains

at the C-terminus of the α chain, but the β and γ chains, which are described to serve primarily

a structural role, have also been described to modulate binding to cell receptors [437] (Figure 3.1).

Laminin-111, -511 and -521 have been shown to bind to integrins α3β1, α6β1 and α6β4, and laminin-

322 to integrins α3β1 and α6β4 [432]. The dynamic interaction between cells and the BM controls

various fundamental aspects of cell behaviour and its tight regulation is of prime importance for tissue

homeostasis. Epithelial cells are thus dependent on the regulatory signalling from the BM components
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that constitute their natural surrounding [441]. Changes in BM-integrin interactions, particularly during

remodelling events, can result in loss of cell polarity and ultimately develop into pathological conditions

[442]. In the context of cancer, malignant cells can promote the overexpression of specific ECM

components or change the pattern of their integrin expression to survive [441]. In fact, carcinoma

cells have been shown to overexpress some isoforms of laminins, in detriment of others. For example,

breast cancers often overexpress laminin-332 (in over 70% of triple negative breast cancers) [443] or

laminin-511 [444], and downregulate the expression of laminin-111 [242].

3.1.2 Basement membrane breaching during EMT

One of the main functions of the BM is to act as a barrier that controls the transport of molecules

and migration of cells. Different types of cells are, however, capable of breaching the BM, which is

regulated in a cell and tissue-specific manner [445]. For example, during gastrulation epithelial cells

lose their apicobasal polarity and cell-cell junctions to acquire mesenchymal features and migrate

through the BM to then form the mesoderm [446]. In addition, leukocytes can also pass through the

BM to reach an inflamed tissue, a process termed trans-endothelial migration [447].

During tumorigenesis, the BM prevents cell invasion by confining cancer cells within its physical con-

straints. However, as the tumour progresses, a combination of events can eventually result in BM

breaching by migratory and invasive cancer cells, a hallmark of malignant carcinomas [448]. The

mechanisms underlying this acquisition of invasive behaviour are still largely unclear, but existing evi-

dence suggests that, at the cellular level, there is a loss of polarity, loss of tight cell-cell adhesions, and

architectural rearrangement of the cytoskeleton, all of which are hallmarks of epithelial-mesenchymal

transition (EMT) [449]. The mechanisms underlying EMT are described in Chapter 2 Section 3.1.
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Figure 3.2: BM breaching during EMT. A combination of events can lead to the acquisition of an invasive

phenotype, in which there is a loss of polarity, loss of tight cell-cell adhesions, and architectural rearrangement

of the cytoskeleton, all of which are hallmarks of epithelial-mesenchymal transition (EMT). During EMT, the BM

is degraded by enzymes like matrix metalloproteinases (MMPs). The processing of BM components by MMPs

releases laminin and type IV collagen fragments into the extracellular environment. Adapted from [450].

3.1.3 MMP-mediated release of bioactive fragments from the BM

To date, the mechanisms that regulate BM breakdown and invasive cell behaviour are still elusive and

most of what has been described results from in vitro studies, given the difficulty in investigating the

cell-BM crosstalk in vivo [451]. Three main mechanistic events have been proposed to be involved

in the breaching of the BM: 1) proteolytic degradation of the BM by matrix-degrading proteases,

such as matrix metalloproteinases (MMPs; discussed in Chapter 1 Subsection 1.4.1.A) [452]; 2) local

rearrangement of the BM by mechanical forces [453]; and 3) abnormal synthesis and deposition of

BM components [454].

During remodelling, proteolytic processing of ECM macromolecules, such as laminin and collagen, by

MMPs releases protein fragments into the extracellular space (Figure 3.2). These fragments have a

cryptic nature, as their release uncovers neoepitopes, and their bioactivity can greatly differ from the

parent protein [455]. Table 3.1 lists various reported biologically active fragments that result from the

proteolytic cleavage of BM components.
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Table 3.1: Biologically active fragments that result from the proteolytic cleavage of BM components.

Parent protein Fragment References

Collagen IV Arresten (α1 chain) [456–458]

Canstatin (α2 chain) [459–461]

Tumstatin (α3 chain) [462–465]

Tetrastatin (α4 chain) [466, 467]

Laminin-332 γ2x (γ2 chain cleaved by MMP-2) [468–470]

γ2’ (γ2 chain cleaved by MT1-MMP) [469–471]

γ2 DIII (γ2 chain cleaved by MMP-2 and MT1-MMP) [471]

β3 chain [472]

Laminin-111 β1 [473, 474]

Laminin-511 α5 [475]

Cleavage and release of bioactive fragments during remodelling events add another layer of complex-

ity to the relationship between BM components and cell surface receptors. Major biological processes,

like angiogenesis, wound healing, fibrosis, cancer progression and metastasis, may be regulated by

ECM fragments [476]. In addition, these bioactive fragments may act alone or synergistically with

other molecules, whose mechanisms can be mediated by different cell surface receptors [476].

Proteolytic processing of ECM components to release bioactive fragments has been mainly performed

and assessed in vitro, where proteases and different isoforms of collagen or laminin are incubated,

and the cleavage products subsequently analysed [450, 477]. The bioactivity of such cryptic ECM

fragments can hold a great therapeutic potential, either alone or with other drugs, but their translation

into the clinics has been challenging [478]. In fact, some bioactive fragments can have opposing

effects depending on the biological contexts [479, 480], or even exhibit a biphasic response profile

[481, 482], which can significantly complicate the determination of an optimal treatment dose. In

addition, these fragments can carry more than one cryptic site that may exhibit opposing activities

[478, 483].

3.1.4 Bioactive laminin β1 fragment

Horejs et al. [473] demonstrated for the first time that a biologically active fragment can be de-

rived from the cleavage of the N-terminal of the β1 chain of laminin-111 (Figure 3.3, in red) by

MMP-2. It was reported that this 60 kDa laminin fragment can modulate EMT in vitro via α3β1 inte-
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grin/EMMPRIN (CD147) in mouse and human embryonic stem cells [473], and in mammary epithelial

mouse cells (NMuMG) undergoing EMT in response to TGF-β1 treatment [474], by triggering changes

in the expression of EMT-related genes, including EMT-TFs SNAIL and SLUG, as well as MMP-2 and

9. This effect in EMT modulation is not seen when cells are interfaced with full length laminin-111

[473, 474], which highlights the cryptic nature of the fragment. Notably, this cryptic fragment has been

shown to decrease the expression and activity of EMT-associated MMP-2, which suggests that its

release works in a negative feedback mechanism to regulate this protease [473].

Figure 3.3: Bioactive laminin β1 fragment. Schematic representation of heterotrimeric laminin-111, which is

composed of α1, β1, and γ1 chains, arranged in a triple-helical coiled-coil domain towards the C-terminal of

each chain. The α1 chain uniquely contains five laminin G-like (LG) domains at its C-terminal. The laminin β1

fragment is shown in red. Adapted from [473].

Importantly, this bioactive laminin β1 fragment has also been utilised via a functionalised poly(ε-

caprolactone) (PCL) membrane to rescue integrity of peritoneal tissue undergoing fibrosis upon treat-

ment with TGF-β1 both in explants and in an in vivo mouse model [474]. Altogether, these results

have shown great potential for using this BM cryptic fragment in regenerative medicine as part of a

strategy to modulate EMT, particularly by regulating the expression and activity of MMPs, which is

extremely relevant in pathological conditions like fibrosis and cancer.
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3.2 Chapter Aims

The acquisition of mesenchymal features by epithelial cells through EMT, which then allows them to

penetrate the BM and physically interact with the interstitial matrix, is an essential developmental pro-

gram in pathological conditions like fibrosis and carcinoma invasion. Roughly 90% of cancer-related

deaths are caused by the metastatic invasion of vital organs. However, to date, despite significant

efforts having been put into understanding the underlying mechanisms and the key events that result

in invasion, there are limited therapeutic approaches to prevent, limit or even reverse metastatic tu-

mour progression [484]. Even though there are different molecular and cellular mechanistic views on

how metastasis is initiated, at some point in its evolution, a subset of cells from a carcinoma, which is

physically confined to the epithelium and separated from the stroma, acquire the ability to breach the

BM and invade other tissues.

Evidence to date strongly suggests that individual carcinoma cells undergo an EMT program in order

to migrate and invade, although it is still controversial whether EMT is an essential necessity for

metastases to occur. Notwithstanding, tumour cells undergoing EMT not only acquire the ability

to disseminate to distant sites, but also acquire cancer stem-like properties and become resistant

to apoptosis and anticancer therapeutic agents [485, 486]. Therefore targeting EMT is a promising

strategy for anticancer chemotherapeutics to prevent, inhibit or reverse metastasis, and, consequently,

improve prognosis [487].

In this chapter, strategies to assess the effects of interfacing the recombinantly produced bioactive

laminin β1 fragment (Subsection 3.1.4) with human mammary epithelial MCF10A cells undergoing

EMT were employed. Two different in vitro EMT models were used – TGF-β1 treatment and 3D

morphogenesis assay with type I collagen – and two methods to interface the laminin β1 fragment

were applied – as a soluble factor and as tethered to a hydrogel. The latter approach aimed to

investigate the effects of the fragment covalently bound to a gel system whilst avoiding off-target

effects that can occur when using soluble compounds. In this work, EMT-related gene expression and

gelatinase activity were studied. In addition, the development of a semi-synthetic hydrogel platform

whereby chemical modification is utilised to tether the fragment is shown. Furthermore, the interaction

between the fragment and other biomolecules, as well as the epithelial cells used in this work, was

investigated to potentially shed light on the mechanisms underlying the effects of this cryptic laminin

fragment.
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3.3 Materials and Methods

3.3.1 General Cell Culture

MCF10A cells were obtained from American Type Culture Collection (ATCC) and cultured under stan-

dard cell culture conditions in humid incubators at 37°C and 5% CO2 atmosphere. These cells were

cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Life Tech-

nologies), supplemented with 5% (v/v) Horse Serum (Gibco, Life Technologies), 5% (v/v) Penicillin

Streptomycin (Gibco, Life Technologies), 20 ng/ml Epidermal Growth Factor (EGF, Peprotech), 0.5

mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml Cholera toxin (Sigma-Aldrich), 10 µg/ml insulin

(Sigma-Aldrich) [187]. Before being added to DMEM/F-12, all supplements were pre-mixed and fil-

tered through a sterile 0.2 µm syringe filter. MCF10A cells were expanded in T-75 flasks and medium

was changed every 2-3 days until 80-90% confluency was reached. For passaging, as well as for

seeding at specific cell densities for experimental assays, cells were detached from the tissue flask

after one rinse in sterile Phosphate Buffered Saline (PBS) and incubation at 37°C with TripLE Express

Enzyme (Thermo Fisher Scientific). Once detached, cells were centrifuged at 300 xg for 5 minutes

and the TrypLE Express-containing supernant was discarded each time. Fresh complete medium was

used to resuspend the pellet and cells were counted with trypan blue (Thermo Fisher Scientific) with

a 1:1 (v/v) ratio.

3.3.2 Collagen Extraction and Reconstitution

The extraction and reconstitution of collagen I from rat tail tendons was performed by myself and Dr

Jennifer Puetzer as previously described [357]. The procedure was carried out under sterile condi-

tions. Briefly, the rat tails were initially submerged in 70% (v/v) ethanol and allowed to completely

thaw. Both ends of each tail were cut and a superficial incision was made along the tails in order to

peel the skin and have the tendon bundles visible. Tendons were then placed in 70% (v/v) ethanol

until extraction was complete. Following, tendons were suspended in 0.1% (v/v) acetic acid at 150

ml/g of tendon for at least 48 hours at 4°C to allow collagen to solubilise. Next, the collagen solution

was centrifuged for 90 minutes at 2,500 xg. The supernatant was then collected and lyophilised for

48 hours, whilst the pellet containing unsolubilised collagen, blood, and muscle tissue, amongst other

components, was discarded. Lastly, the lyophilised collagen was weighed and reconstituted in 0.1%

(v/v) acetic acid at a concentration of 10 mg/ml and stored at 4°C.
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3.3.3 Cell Culture on Matrigel/Collagen I Gels

During the preparation of the gels, all reagents, tubes and plates were kept on ice (approximately 4°C).

Stock collagen I from rat tail tendon (see previous Subsection 3.3.2) was prepared at a concentration

of 10 mg/ml, dissolved in 0.1% (v/v) acetic acid. Acid-solubilized collagen I needs to be neutralised

in order to polymerise, which was achieved by adding 1N sodium hydroxide (NaOH) and Hank’s

Balanced Salt Solution (HBSS, Sigma-Aldrich). Calculations were made as described in Table 3.2.

Table 3.2: Calculations to obtain the necessary volume of each component to make Matrigel/Collagen I gels.

Component Calculations to obtain the necessary volume

Collagen I (final gel volume)x(desired collagen I concentration)
Collagen-I stock concentration

1N NaOH Volume of collagen I x 0.023

10X HBSS (volume of collagen I)+(volume of NaOH)
10

1X HBSS (final gel volume)-[(collagen I volume)+(NaOH volume)+(10X HBSS volume)]

Collagen I solutions were prepared to the desired final concentrations by pipetting and mixing the

components in the following order: HBSS 1X, HBSS 10X, 1N NaOH and, lastly, collagen I from stock

solution. Positive displacement pipettes were used for transferring viscous stock collagen solution.

After preparing the different concentrations of collagen I, each was mixed with equal volume of Ma-

trigel (LDEV-free, Corning). Matrigel and Collagen I mixtures were prepared under sterile conditions

and the gels were polymerised at 37°C for at least 30 minutes, prior to seeding the cells. Throughout

this thesis, these gels are referred to by using the concentration of collagen prepared before mixing

with Matrigel.

3.3.4 Spheroid Cell Culture

MCF10A cell spheroids were formed by seeding 10,000 cells/well on 96-well round bottom ultra-low

attachment plates (Corning), in complete media (as described in Subsection 3.3.1) with 2.5% (v/v)

Matrigel (LDEV-free, Corning). Immediately after seeding, plates were spun down for 10 minutes at

800 xg. Within 24 hours spheroids were formed.
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3.3.5 Recombinant laminin fragment production, isolation and purification

3.3.5.A Transient 293F transfection

Human Embryonic Kidney (HEK) 293-F cells, obtained from Thermo Fisher Scientific, were used for

production of recombinant laminin fragment. The cells were cultured in shaker flasks on an orbital

shaker platform at 125 rpm, in FreeStyle 293 Expression Medium (Gibco, Life Technologies). 293F

cells were subcultured when a density of 1-3x106 cells/ml was reached and diluted to 0.1-0.3x106

viable cells/ml. Cells were transfected between passage 5 and 10 with the expression vector (Figure

B.1, Appendix B) using 293fectin Transfection Reagent (Thermo Fisher Scientific). Briefly, for each

transfection sample 35 µg of plasmid DNA (pDNA) was mixed with 70 µl of 293fectin Transfection

Reagent in Opti-MEM (Thermo Fisher Scientific) to a total volume of 2 ml. To ensure formation of

lipid-DNA complexes, this mix was gently homogenized and incubated at room temperature for 30

minutes. Following, 2 ml of pDNA-293fectin complexes was added to each shake flask that contained

1x106 viable cells/ml to a total volume of 30 ml. Transfected HEK 293-F cells were cultured for 72

hours before harvesting. Conditioned media containing recombinant laminin fragment was collected

by centrifuging the cell suspensions from each shake flask at 400 xg for 5 minutes at room temper-

ature. Supernatants were then transferred into Amicon ultra-15 centrifugal filter units with ultracel-10

membranes 10 kDa MWCO (Merck Millipore) and centrifuged at 4,000 xg for 30 minutes at 4°C to

concentrate the recombinant fragment in solution.

3.3.5.B Isolation and purification

Recombinant laminin fragment was purified using 3 ml HisPurTM Ni-NTA Spin Columns (Thermo

Fisher Scientific). First, concentrated conditioned media was mixed with an equal volume of Equi-

libration Buffer (10 mM imidazole in PBS, pH 7.4). Next, HisPur Ni-NTA Spin Columns were prepared

by centrifugation at 700 xg for 2 minutes to remove storage buffer and by adding 6 ml of Equilibra-

tion Buffer, followed by vigorous hand mixing to ensure that the buffer completely entered the resin

bed. To remove Equilibration Buffer, HisPur Ni-NTA Spin Columns were centrifuged at 700 xg for 2

minutes. Following, the conditioned media mixed with Equilibration Buffer was added to the HisPur

Ni-NTA Spin Columns and allowed to interact with the resin bed for 30 minutes at 4°C on a shaker.

Recombinant laminin fragment-bound HisPur Ni-NTA Spin Columns were then centrifuged at 700 xg

for 2 minutes. Resin was then washed three times with 6 ml of Wash Buffer (25 mM imidazole in

PBS, pH 7.4), which was removed each time by centrifuging spin columns at 700 xg for 2 minutes.

Next, His-tagged recombinant laminin fragment was eluted from the nickel resins by adding 3 ml of
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Elution Buffer (250 mM imidazole in PBS, pH 7.4) and mixing vigorously. Purified laminin fragment

was collected after centrifuging HisPur Ni-NTA Spin Columns at 700 xg for 2 minutes. This step was

repeated twice. Eluted sample was then concentrated using Amicon ultra-15 centrifugal filter units

with ultracel-10 membranes 10k MWCO (Merck Millipore) for 10 minutes at 4,000 xg at 4°C. In order

to exchange buffer, twice the volume of PBS was added to the same Amicon ultra-15 centrifugal filter

units with ultracel-10 membranes, which were further centrifuged for 10 minutes at 4,000 xg at 4°C.

Concentration of purified recombinant laminin fragment was determined by BCA assay (see Subsec-

tion 3.3.10) or A280 method on NanoDrop 2000c (Thermo Fisher Scientific). Protein purification was

monitored by SDS-PAGE and immunoblotting.

3.3.5.C Cellular metabolic activity assay

The Cell Counting Kit-8 (CCK-8, Sigma-Aldrich) was performed to measure cellular metabolic activity.

Cells were seeded at an initial density of 8,000 cells/cm2 in a 96-well plate. After 24 hours, cells

were treated with different concentrations of laminin fragment (0, 0.5, 1 and 10 µg/ml). Following 72

hours of treatment, cells were gently washed once with sterile PBS and received fresh medium. The

following day, 10 µl of CCK-8 were added to each well and left incubating for 1 hour and 30 minutes

at 37°C. Wells with media without cells were also incubated and used blanks (negative control). The

absorbance was then measured at 450 nm using the SpectraMax M5 plate reader. The blank ab-

sorbance from the medium was subtracted from the measured absorbance from the wells seeded

with cells.

3.3.6 Laminin-111 digestion by MMP-2

Full length laminin-111 from Engelbreth-Holm-Swarm murine sarcoma basement membrane (Sigma-

Aldrich) and human recombinant laminin-111 (BioLamina) were digested by active MMP-2 (Sigma-

Aldrich, SRP3118) at a ratio of 1:10 (w/w) in 50 mM Tricine, 10 mM CaCl2, 50 mM NaCl, 20 µM

ZnCl2 and 0.05% (w/v) Brij35 (pH adjusted to 7.5) to a total volume of 100 µl each. Mouse and

human laminin were separately incubated with MMP-2 for 24 hours at 37°C. Digestion products were

then analysed by SDS-PAGE using 4–12% Criterion XT Bis-Tris Protein Gels (Bio-Rad) under native

and denatured conditions, which were then stained with QC Colloidal Coomassie Blue (Bio-Rad) or

analysed by immunoblotting.
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3.3.7 Gene Knockdown Mediated by Small Interference RNA (siRNA)

In order to knockdown Itga3 gene and to study the interaction between MCF10A cells and the recom-

binant laminin fragment, these cells were seeded at a density of 8,000 cells/cm2 on 12-well tissue

culture plates for RT-qPCR and at a density of 4,000 cells/cm2 on 8 chamber slides (ibidi) for flu-

orescence imaging. Cells were cultured for 24 hours before siRNA transfection, with out without

concomitant treatment with 10 ng/ml TGF-β1 and/or 10 µg/ml recombinant laminin fragment for RT-

qPCR, or 10 µg/ml Cy5-labelled laminin fragment for fluorescence imaging. Briefly, for each sample to

be transfected, a 1:1 volume ratio mixture of Lipofectamine RNAiMAX Transfection Reagent (Invitro-

gen) and SMARTpool: Accell ITGA3 siRNA (Dharmacon) was prepared in Opti-MEM and incubated

at room temperature for 20 minutes before adding or not recombinant laminin fragment and/or TGF-β.

Separate wells with cells that were treated with transfection reagent but no ITGA3 siRNA to serve as

negative controls.

3.3.8 RNA Isolation, cDNA synthesis and RT-qPCR

3.3.8.A RNA Isolation

The expression of EMT-related genes was studied by quantitative reverse transcription polymerase

chain reaction (RT-qPCR). Cells were seeded at 15,000 cells/cm2 on Matrigel/Collagen I gels in 48-

well plates and cultured for 1 week before RNA collection. Cells undergoing TGF-β-induced EMT

were cultured at density of 8,000 cells/cm2 in 96 well plates. TGF-β1 treatment was administered at

10 ng/ml in complete media (from a stock concentration of 50 µg/ml) 24 hours post seeding, together

with recombinant laminin fragment prepared at different concentrations (0, 0.5, 1 and 10 µg/ml) and

RNA collection was performed 24 hours post treatment. Cells treated with siRNA against Itga3 were

cultured as described in subsection 3.3.7. RNA from GelMA-encapsulated spheroids was collected

3 days after encapsulation. At the time of collection, conditioned medium was aspirated from each

well. Cells on/in gels were lysed in 700 µl TRIzol reagent (Life Technologies) per well and frozen

immediately at -80°C. Cells in TRIzol reagent were thawed and transferred to PCR clean DNA LoBind

Eppendorf tubes. Samples with spheroids encapsulated within GelMA had to be submitted to an

additional step of high-speed shaking with sterile metal beads using a TissueLyser II (Qiagen), at a

frequency of 30 s-1 for, at least, 5 minutes, to disrupt the structure of the hydrogels. Next, 140 µl of

chloroform (molecular biology grade, Acros Organics) was added to each tube, which were shaken

vigorously by hand. The samples were left incubating for 3 minutes at room temperature, followed by

a centrifugation step at 12,000 xg for 15 minutes at 4°C. This step results in phase separation and the

77



top RNA-containing aqueous phase was transferred into a new PCR clean DNA LoBind Eppendorf

tube. In the case of cells grown on tissue culture plastic, TRIzol reagent was not used. Instead, cells

were washed once with sterile ice-cold PBS and 100 µl or 350 µl of RLT buffer (Qiagen) was added to

each well on a 96-well or a 12-well plate, respectively. When using 96-well plates, the extracts from 4

wells were pooled for each condition. Next, an equal volume of 70% ethanol (molecular biology grade,

Fisher Bioreagents) was added to each sample (for both TRIzol and RLT collection procedures) and

mixed well by pipetting. For the final steps of RNA isolation, the instructions from the RNeasy Mini

Kit (Qiagen) were followed. For each sample a volume of up to 700 µl at a time was transferred to

a spin column placed in a 2 ml collection tube and centrifuged for 30 seconds at 10,000 xg at room

temperature. If the samples contained more than 700 µl, multiple centrifugations were carried out.

Next 700 µl of buffer RW1 was added to each spin column followed by a centrifugation at 10,000 x

g for 30 seconds at room temperature. Subsequently, 500 µl of buffer RPE was added to each tube

for a final wash, which were centrifuged for 2 minutes at 10,000 xg at room temperature, followed

by another centrifugation with no buffer added to ascertain that no traces of ethanol were left in the

samples. In every step, the flow-through from the spin column was discarded. Finally, 30 µl of RNase-

free water (Life Technologies) was added to each spin column to collect the purified RNA from each

sample with a last step of centrifugation for 30 seconds at 10,000 xg at room temperature. The RNA

concentration was then measured using NanoDrop 2000c (Thermo Fisher Scientific). Once RNA

samples from all biological replicates were collected and isolated for subsequent use, RNase-free

water was added to each tube in adequate amounts to ensure that all samples were at the same

concentration.

3.3.8.B cDNA synthesis

Complementary DNA (cDNA) was synthesised from each RNA sample using Applied Biosystems

High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). After allowing the kit com-

ponents to thaw on ice, the reverse transcription master mix was prepared, which contained, per

reaction, 2 µl RT buffer, 0.8 µl dNTP mix, 2 µl RT random primers, 1 µl multiscribe reverse transcrip-

tase and 3.2 µl nuclease-free water. Following, 10 µl of each RNA sample was added to a 0.5 ml PCR

tube and mixed with 10 µl of reverse transcription master mix. Each tube was quickly vortexed, spun

down and placed in the thermal cycler (LifePro, Bioer) to go through the following cycle: 10 minutes

at 25°C, 120 minutes at 37°C and 5 minutes at 85°C.

78



3.3.8.C RT-qPCR

After reverse transcription, the cDNA was diluted with nuclease-free water to be used in quantitative

reverse transcription PCR (RT-qPCR). RT-qPCR was carried out using TaqMan Fast Advanced Master

Mix (Thermo Fisher Scientific), FAM-MGB conjugated TaqMan probes listed in Table 3.3 (Thermo

Fisher Scientific), and run on a StepOnePlusTM machine (Applied Biosystems). Components were

prepared on 96-well reaction plates (Thermo Fisher Scientific): 5 µl of TaqMan Fast Advanced Master

Mix, 0.5 µl of TaqMan probe, 0.5 µl of nuclease-free water, and 4 µl of cDNA for each sample (10-

20ng of cDNA per reaction). The RT-qPCR programme settings were as follows: step 1 50°C for 2

minutes, step 2 95°C for 20 seconds, and step 3 40 cycles of PCR that comprised a denaturing step

at 95°C for 1 second and a annealing/extending step at 60°C for 20 seconds. Cycles-to-threshold

(Ct) values were automatically obtained by the Thermo Fisher Scientific StepOnePlusTM software.

Subsequently, these values were exported to Microsoft Excel and manually processed to obtain fold

change expression values. Ct values of each gene of interest were normalised to the Ct values of

the housekeeping gene (Gapdh) within each respective sample. 2-∆∆Ct values were obtained by

normalising to the internal control sample (in this case, the epithelial-like state). Three biological

replicates (two technical replicates each) are reported.

Table 3.3: FAM-MGB conjugated TaqMan probes for housekeeping, EMT-related genes and integrin α3.

List of primers used for RT-qPCR gene expression studies in this chapter. Gapdh was used as housekeeping

gene, Itga3 was used to study expression of integrin α3 and all other probes were used to assess expression of

genes of interest related with EMT.

Target TaqMan Assay ID

Gapdh Hs02758991_g1

Cdh1 Hs01023895_m1

Cdh2 Hs00983056_m1

Snail Hs00195591_m1

Vim Hs00958111_m1

Mmp2 Hs01548727_m1

Itga3 Hs01076879_m1

3.3.9 Cell lysis and protein isolation

For protein collection, MCF10A cells were seeded in a 12-well plate at a density of 8,000 cells/cm2

and treated with soluble laminin fragment at different concentrations (0, 0.5, 1 and 10 µg/ml) 24 hours
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post-seeding. Then, cells were lysed using RIPA buffer (New England Biolabs) with phosphatase

and protease inhibitors (Roche) 24 hours post-treament with fragment. A cell scraper was used to

help detach cells and cell debris from the tissue culture plastic. Cell lysates were then transferred to

Protein LoBind Eppendorf tubes and kept on ice. Next, samples were sonicated on ice for 20 seconds

at 20% amplitude and then incubated for 1 hour at 4°C on a shaker. Lysates were subsequently

centrifuged for 10 minutes at 16,000 xg at 4°C. Lastly, supernatants were transferred to clean Protein

LoBind Eppendorf tubes and stored at -80°C until further use.

3.3.10 Measuring protein concentration

Protein concentration was determined by the Micro BCATM Protein Assay Kit (Thermo Fisher Sci-

entific). First, the Bovine Serum Albumin (BSA) standards were prepared by serial dilution using a

diluent similar to the sample buffer (UltraPure water or PBS) in sufficient amounts to use three repli-

cates of each dilution. Following, the Micro BCA working reagent was prepared by mixing 25 parts of

reagent MA, 24 parts of reagent MB and 1 part of reagent MC. Next, 150 µl of each solution of BSA

standard and diluted samples was transferred into a 96-well clear bottom plate in triplicate. The ab-

sorbance was then measured at 562 nm using the SpectraMax M5 plate reader. The standard curve

was drawn by plotting the average absorbance reading of each BSA standard and its concentration.

Finally, the protein concentration of each sample was then calculated by linear interpolation of the

standard curve and by accounting for the dilution factor used during sample preparation.

3.3.11 Subcellular fractionation

In order to investigate the interaction between the laminin fragment and MCF10A cells and its subcel-

lular location, these cells were exposed to the fragment and then the subcellular protein content was

fractionated according to the Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Fisher

Scientific). First, 8,000 cells/cm2 were seeded on 12-well tissue culture treated plates and cultured for

24 hours before adding recombinant laminin fragment at a concentration of 10 µg/ml. Cells grown on

separate wells not exposed to the laminin fragment were used as negative controls. Cells were har-

vested 24 hours post-treatment with TrypLE Express Enzyme (Thermo Fisher Scientific) incubation at

37°C followed by a centrifugation at 500 xg for 5 minutes. Cell pellets were then washed with ice-cold

sterile PBS and transferred to Protein LoBind Eppendorf tubes and centrifuged at 500 xg for 3 min-

utes. The supernatant was then discarded, the cell pellets were suspended in ice-cold cytoplasmic

extraction buffer (CEB) containing 1:100 Halt protease inhibitor cocktail, and incubated for 10 minutes
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at 4°C with gentle mixing. Following, protein samples were centrifuged at 3,000 xg for 5 minutes.

These supernatants (cytoplasmic fraction) were immediately transferred to clean pre-chilled Protein

LoBind Eppendorf tubes. Next, ice-cold membrane extraction buffer (MEB, containing 1:100 Halt pro-

tease inhibitor cocktail) was added to the pellet, vortexed on the highest speed setting for 5 seconds

and incubated at 4°C for 10 minutes with gentle mixing. Samples were then centrifuged at 3,000 xg

for 5 minutes and the supernatants (membrane fraction) were transferred to clean pre-chilled Protein

LoBind Eppendorf tubes. Following, ice-cold nuclear extraction buffer (NEB, containing 1:100 Halt

protease inhibitor cocktail) was added to the pellets, which were vortexed on the highest setting for

15 seconds, and incubated for 30 minutes at 4°C with gentle mixing. This was followed by a centrifu-

gation at 5,000 xg for 5 minutes and the supernatants (soluble nuclear fraction) were transferred to

clean pre-chilled Protein LoBind Eppendorf tubes. Subsequently, room temperature chromatin-bound

extraction buffer (NEB, containing 1:100 Halt protease inhibitor cocktail, 5 mM CaCl2 and 300 units of

Micrococcal Nuclease) was added to the pellets, vortexed on the highest speed setting for 15 seconds

and incubated at room temperature for 15 minutes. Following this incubation, tubes were vortexed

on the highest setting for 15 seconds and centrifuged at 16,000 xg for 5 minutes. The supernatants

(chromatin-bound nuclear fraction) were transferred to clean pre-chilled Protein LoBind Eppendorf

tubes. Finally, room temperature pellet extraction buffer (PEB containing 1:100 Halt protease inhibitor

cocktail) was added to the pellets, vortexed on the highest setting for 15 seconds and incubated at

room temperature for 10 minutes. Tubes were then centrifuged at 16,000 xg and the supernatants

(cytoskeletal fraction) were collected into clean pre-chilled Protein LoBind Eppendorf tubes. Once

all fractions were collected, samples were stored at -80°C until further use. Before samples were

analysed by immunoblotting (see Subsection 3.3.12), protein concentration was determined by Micro

BCA Protein Assay (see section Subsection 3.3.10).

3.3.12 Western Blotting

Fragment interacting with MCF10A cells and the product of MMP-2 processing of full length laminin-

111 were analysed by Western blotting. Whole cell extracts and MMP-2 digestion samples were

separated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes and analysed

by Western Blotting. Briefly, protein samples were prepared, before being separated according to

their molecular weight by electrophoresis, by mixing 15 or 30 µg of protein with XT Reducing Agent

(20X, Bio-Rad) and XT Sample Buffer (Bio-Rad) to a volume of 15 µl per lane. These samples were

then incubated at 100°C for 3 minutes and then cooled down to room temperature. Prepared sam-

ples and protein ladder were then loaded on 4–12% Criterion XT Bis-Tris Protein Gels (26 well, 15

µl each, Bio-Rad) and protein separation was performed in XT MOPS Running Buffer (Bio-Rad) at
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80 mA (when running 2 gels) for 2 to 2.5 hours, on ice. Following, proteins separated in the gels

were transferred to a 0.45 µm PVDF membrane (Immobilon-FL PVDF, Merck) using the Criterion

Blotter (Bio-Rad). Immunoblotting sandwiches were prepared using Whatman®filter paper. Transfer

was then conducted on ice at 100 V for 30 minutes in Tris/Glycine buffer (Bio-Rad). Next, efficient

transfer of proteins into the PVDF membranes was confirmed by Ponceau staining (0.1% (w/v) in

5% (v/v) acetic acid, Sigma) staining and after membranes were washed in TBS-T (TBS, Bio-Rad,

with 0.1% (v/v) Tween20, Sigma-Aldrich) until no red coloured bands were visible again. Membranes

were then blocked with 5% skimmed milk (Sigma-Aldrich, in TBS-T) for at least 1 hour at room tem-

perature on a shaker. Membranes were then thoroughly washed in TBS-T before being incubated

with primary antibody. For samples with whole cell extracts with different concentrations of fragment,

membranes were first incubated with primary antibody against the His-tag (mouse, Abcam ab18184)

diluted (1:1000) in 5% BSA (Sigma-Aldrich) in TBS-T at 4°C overnight on a shaker. The following

day, these same membranes were incubated with secondary antibody (anti-mouse 800CW, Licor) di-

luted in a ratio of 1:10,000 in TBS-T for 1 hour at room temperature. Membranes were then washed

and imaged using the Licor Odyssey system and image studio. Subsequently, these were incubated

with primary antibody against the laminin fragment (rabbit, custom-made) diluted (1:1000) in 5% BSA

(Sigma-Aldrich) in TBS-T at 4°C overnight on a shaker. The following day, they were incubated with

secondary antibody (anti-rabbit 680RD, Licor) diluted in a ratio of 1:10,000 in TBS-T for 1 hour at room

temperature. Membranes were then washed and imaged using the Licor system and Image Studio

software. Next, membranes were incubated with loading control antibody against GAPDH (mouse,

Santa Cruz Biotechnology sc-32233) diluted in a ratio of 1:500 in 5% BSA in TBS-T for at least 1

hour at room temperature with gentle orbital shaking. Membranes were then washed in TBS-T and

incubated with secondary antibody (anti-mouse 680RD, Licor) diluted at a factor of 1:10,000 in TBS-

T for 1 hour at room temperature with gentle orbital shaking. Finally, membranes were thoroughly

washed and imaged using the Licor system and image studio. In the case of samples from MMP-2

processing of full length laminin-111, membranes were incubated with primary antibody against the

laminin fragment (rabbit, custom-made) diluted (1:1000) in 5% BSA (Sigma-Aldrich) in TBS-T at 4°C

overnight on a shaker. The following day, they were incubated with secondary antibody (anti-rabbit

800CW, Licor) diluted in a ratio of 1:10,000 in TBS-T for 1 hour at room temperature. Membranes

were then washed and imaged using the Licor system and Image Studio software. Image processing

and analysis was performed using Image Studio Lite Ver 5.2.
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3.3.13 Gelatin zymography

Activity of gelatinases in conditioned media was investigated with gelatin zymography. Immediately

after collection from tissue culture plates, samples were snap frozen in liquid nitrogen followed by

storage at -80°C. To proceed with this technique, samples were then thawed on ice and then con-

centrated using amicon ultra-2 centrifugal filter units with ultracel-10 membranes 10k MWCO (Merck

Millipore) at 4,000 xg for 30 minutes at 4°C. Protein concentration was measured using the A280

method on NanoDrop 2000c (Thermo Fisher Scientific confirm the equipment). Following, 10 µl of

each concentrated sample was mixed with 10 µl of Novex Tris-Glycine SDS Sample Buffer (2X, In-

vitrogen) and loaded on a Novex 10% Zymogram (Gelatin) Protein Gel (Invitrogen). Proteins were

then resolved by running the gels in Tris-Glycine SDS running buffer (Invitrogen) at 125V for 2 hours.

After electrophoresis, gels were incubated in Novex Zymogram Renaturing Buffer (Invitrogen) for 45

minutes at room temperature on an orbital shaker. Next, gels were incubated in Novex Zymogram

Developing Buffer (Invitrogen) overnight at 37°C on a shaker. Gels were then stained with QC Col-

loidal Coomassie Blue (Bio-Rad) for 1 hour at room temperature with gentle agitation, and washed

for at least 4 hours in Milli-Q water at room temperature. Gelatin gels were imaged and densitometric

analysis was performed using ImageJ.

3.3.14 Laminin Fragment Chemical Modification

The recombinant laminin fragment was chemically modified by Dr Daniel Richards using a strain-

promoted azide–alkyne cycloaddition (SPAAC) chemical reaction strategy. Two different approaches

to add strained alkyne functionalised handles were carried out: one cysteine selective and the other

lysine selective. Briefly, the recombinantly expressed laminin fragment (400 µl, 36.6 µM, in PBS,

pH 7.4) was incubated with tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (7.32 µl, 20 mM in

PBS, pH 7.4, 10 equivalents) for 30 minutes at 37°C. Following, samples were split into two tubes

(2 x 200 µl) to proceed with the two different chemical modification approaches. One was reacted

with a cysteine selective bromopyridazinedione with a strained alkyne functionalised handle (14.64

µl, 20 mM in DMSO, 20 equivalents), the other was reacted with lysine selective NHS ester-PEG4-

DBCO (14.64 µl, 20 mM in DMSO, 20 equivalents; Jena Bioscience). These reactions occurred at

room temperature overnight (approximately 16 hours). Subsequently, the samples were purified using

VivaSpin 0.5 ml 10 kDa MWCO spin filters in PBS (pH 7.4). This step was repeated 5 times using a

volume of 500 µl. The volume of the purified samples was then adjusted to 100 µl for UV-Vis analysis

using Nanodrop 2000c in cuvette mode at 280 nm. The concentration of the chemically modified

laminin fragments was determined using a theoretically calculated extinction coefficient (ε), based
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on the amino acid sequence, with ExPASY ProtParam tool (in this case, ε280=61290 cm-1 M-1). The

chemically modified versions of the recombinant laminin fragment used for biolayer interferometry

studies and to tether onto GelMA hydrogels were used as prepared until this step. However, in

order to fluorescently visualise the fragment using confocal microscopy a Cy5 dye was clicked onto

the two versions of laminin fragment with strained alkyne handles. To do so, each of the fragment

samples (30 µl, 40 µM, in PBS, pH 7.40) was reacted with Cy5-azide (0.9 µl, 20 mM in DMSO, 15

equivalents) at room temperature for 8 hours. Since the Cy5 dye was not compatible with the VivaSpin

filters, the reacted samples were then purified using 7 kDa MWCO ZebaSpin columns, following the

manufacturer’s protocol twice to ensure purity. Samples were stored in PBS and analysed by UV-Vis

using Nanodrop 2000c in cuvette mode and by SDS-PAGE using a 16% gel. Fluorescence imaging of

the gels was performed using LI-COR Odyssey machine and the Coomassie staining was done using

QC Colloidal Coomassie Blue (Bio-Rad).

3.3.15 Gelatin Methacryloyl (GelMA) modification

3.3.15.A GelMA synthesis

Gelatin Methacryloyl (GelMA) was synthesised by Dr Liliang Ouyang as described in [488]. In short,

50 g of gelatin (Sigma-Aldrich) was soaked in UltraPureTM Distilled Water (Invitrogen) to a final con-

centration of 10% (wt/vol) at room temperature and stirred for 40 minutes. While stirring moderately,

the mixture was heated and kept at 50°C in a water bath until gelatin was fully dissolved. Follow-

ing, while stirring vigorously, 0.6 g of methacrylic anhydride (Sigma-Aldrich) per 1 g of getalin was

added slowly to the mixture, which was vigorously stirred for the following 2 hours. After this reaction

period, the solution was transferred into 50 ml tubes and centrifuged at 3,500 xg for 3 minutes at

room temperature to remove unreacted methacrylic anhydride. GelMA-containing supernatant was

then transferred into a 500 ml glass beaker and diluted with two volumes of pre-heated (40°C) Milli-Q

water. Subsequently, the solution was transferred to a dialysis membrane with a 12 kDa MWCO.

The dialysis was carried out at 40°C against a large volume of Milli-Q water for 5 to 7 days in a

chemical safety fume hood. Milli-Q water was changed at least once a day. Following dialysis, the

pH was adjusted to 7.4 with 1M NaHCO3. Under a sterile environment, GelMA solution was then

filtered using 0.2 µm filter units, aliquoted into 50 ml tubes and snap frozen in liquid nitrogen. Without

thawing, the sterile solutions in 50 ml tubes were transferred to a freeze-dryer to lyophilise for 4 to

7 days. Lyophilised GelMA was then stored at -20°C, protected from light and moisture, until further

usage. The characterisation of GelMA functionalisation was performed using a fluoraldehyde assay

(see Subsubsection 3.3.15.C). The datapoints and respective linear fit can be found in Figure B.4,
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Appendix B. It was determined that the degree of functionalisation of the batch of GelMA used in this

study was approximately 80%, which means that 20% of the amino groups in the gelatin structure did

not react with methacrylic anhydride and were free to react with an NHS ester group, described in the

following subsection.

3.3.15.B Azide-modified GelMA synthesis

GelMA was modified with Azido-PEG4-NHS ester (Jena Bioscience), in oil form and was dissolved

in dimethylsulfoxide (DMSO, Sigma-Aldrich) to a concentration of 100 mg/ml. Briefly, 200 mg GelMA

were dissolved in 1.9 ml borate buffered saline (pH 8.0) in a small glass vial and 100 µl of Azido-PEG4-

NHS ester was added. This solution was heated to 50°C and stirred for 2 to 3 hours. The mixing

ratio estimation was based on the amount of primary amino groups left unreacted after the GelMA

synthesis process. Following, to prevent it from gelling the solution was diluted with five volumes of

PBS. Next, the azide-modified GelMA solution was transferred to a dialysis membrane with a 6-8 kDa

MWCO. The dialysis was done at 40°C against a large volume of Milli-Q water for 3 days. Milli-Q

water was changed at least twice a day. Following dialysis, the azide-modified GelMA solution was

transferred to a 50 ml tube and frozen at -80°C. Next, the tube was transferred to a freeze-dryer to

lyophilise for 5 days. Lyophilised azide-modified GelMA was then stored at -20°C, protected from light

and moisture, until further use.

3.3.15.C Fluoraldehyde assay to determine the degree of functionalisation

A fluoraldehyde assay was carried out to determine the degree of functionalisation (DoF) of azide-

modified GelMA. First, azide-modified GelMA solution was prepared in PBS at 0.5 mg/ml. Next,

unmodified GelMA solutions were prepared in PBS at different concentrations (0.05, 0.1, 0.2, 0.5 and

1 mg/ml) in order to obtain a linear calibration curve. Subsequently, 300 µl of each GelMA solution was

mixed with 600 µl of room temperature Fluoraldehyde™o-Phthaldialdehyde (OPA) Reagent Solution

(Thermo Fisher Scientific) in separate tubes. A mixture of 300 µl of PBS and 600 µl of fluoraldehyde

reagent solution was also prepared to be used as a control. Following, 250 µl of each solution was

pipetted in triplicate into a black-walled, clear-bottom 96-well plate. The fluorescence intensity was

then measured at 450 nm using an excitation wavelength of 360 nm, using the SpectraMax M5 plate

reader. The fluorescence from the PBS control was subtracted from the measured fluorescence from

the sample and standard solutions. A calibration curve was drawn using the standards and a linear

equation was obtained (Figure B.5 Appendix B). Then, with the fluorescence intensity of the azide-

modified GelMA sample, the corresponding unmodified GelMA concentration X was obtained. Lastly,
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the DoF was calculated as (0.5 – X)/0.5 x 100%.

3.3.15.D Laminin fragment-tethered GelMA synthesis via a click reaction

In order to tether the recombinant laminin fragment to the semi-synthetic hydrogel, azide-modified

GelMA was mixed with strained alkyne handle-bearing laminin fragment (see Subsection 3.3.14) at

a molarity ratio of 1:1 (laminin fragment to azide groups) in PBS to a total volume of 2 ml (100 mg

azide modified GelMA, which corresponds to 0.06 µmol azide, with 0.06 µmol laminin fragment).

Two separate solutions were prepared: one with cysteine-modified and another with lysine-modified

laminin fragment. The mixtures were left stirring at room temperature for around 16 hours to ensure

the click reaction occurred. The two versions of fragment-tethered GelMA solutions were then filtered

through 0.2 µm syringe filters and stored at 4°C protected from light.

3.3.16 Preparation of GelMA precursor solutions

Firstly, the photo-initiator stock solution was prepared by dissolving 2-Hydroxy-4’-(2-hydroxyethoxy)-

2-methylpropiophenone (Sigma-Aldrich) in sterile PBS to a concentration of 0.5% (w/v) and filtered

through a 0.2 µm syringe filter. For all formulations of GelMA (with or without tethered fragment),

the required amount of lyophilised GelMA was weighed to obtain a final concentration of 5% (w/v),

dissolved in sterile PBS and 0.05% (w/v) photo-initiator. In order to facilitate dissolution, this solution

was incubated at 37°C for approximately 10 minutes and then centrifuged at 400 xg for 5 minutes to

remove the bubbles that were formed at the surface.

3.3.17 Mechanical testing of GelMA-based hydrogels

Mechanical testing of GelMA-based hydrogels in this experimental worked was carried out by myself

and Dr Liliang Ouyang. Each formulation of 5% (w/v) GelMA precursor solution, prepared as de-

scribed above, was transferred into a 1 ml syringe, whose tip had been cut and removed, and placed

in a vertical position. GelMA-based hydrogels were cross-linked under a UV light unit at 365 nm for 5

minutes. Each hydrogel was tested by unconfined mechanical compression using the ElectroForce®

32mm instrument (TA Instruments), with a 250 g loading sensor and a loading speed of 0.01 mm/s.

The compressive moduli of all formulations of GelMA-based hydrogels were then calculated by mea-

suring the slope of the 0.1 – 0.2 mm/mm strain linear region of the stress-strain curve. Each GelMA

formulation was measured in triplicate.
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3.3.18 Histology and immunofluorescence staining of GelMA sections

For immunofluorescence staining of all formulations of 5% (w/v) GelMA-based hydrogels (normal,

lys-1800 and cys-1800; where 1800 is the concentration in µg/ml), 50 µl of each respective precursor

solution was cross-linked under UV light at 365 nm for 5 minutes, in a syringe whose tip had been cut,

as described above, and then submersed in PBS. Following, GelMA hydrogels were chemically fixed

with 4% (v/v) paraformaldehyde for 15 minutes at room temperature and washed three times in PBS.

Next, hydrogels were paraffin embedded and cut into 5 µm thick sections using Superfrost Plus slides

(Thermo Scientific). Then, each section was incubated twice in Histo-Clear (National Diagnostics) for

4 minutes each time to get deparaffinised. Sections were then dehydrated using 100% (v/v) ethanol

for two consecutive incubations for 2 minutes each and 70% ethanol for one incubation for 2 minutes,

all at room temperature. GelMA sections were then washed in de-ionised water for 2 minutes at room

temperature. For immunostaining, sections were incubated in 10% (v/v) goat serum (prepared in PBS)

for 1 hour at room temperature, and left incubating overnight at 4°C with primary antibody (custom-

made to detect the laminin fragment) diluted to a 1:200 ratio in 10% (v/v) goat serum prepared in

PBS. Next, GelMA sections were washed with PBS three times, incubated in secondary antibody

solution (Goat anti-Rabbit IgG (H+L) Cross-Adsorbed, Alexa Fluor® 555) diluted in a 1:200 ratio in

PBS, and washed with PBS three time. For each GelMA formulation, a staining control, to which no

primary antibody solution was added, was also prepared. Stained hydrogel samples were mounted

in Fluoromount-GTM (Invitrogen) and imaged using a EVOSTM Digital Color Fluorescence Microscope

(Invitrogen).

3.3.19 Spheroid encapsulation in GelMA

MCF10A spheroids (see Subsection 3.3.4) were collected one by one into Eppendorf tubes from

the 96-well round bottom ultra-low attachment plates by pipetting. Each spheroid precipitated to the

bottom of the Eppendorf tube and the supernatant was aspirated and discarded. Next, each spheroid

was gently resuspended in 50 µl of GelMA precursor solution and transferred into a 1 ml syringe, which

tip had been cut and removed, placed in a vertical position. Following, the encapsulated spheroid-

hydrogel precursor solution was photo-cross-linked under a UV unit at 365 nm for 5 minutes. Each

MCF10A spheroid encapsulated within the cross-linked GelMA hydrogel was then transferred to a

well in a 96-well round bottom ultra-low attachment plate with 100 µl medium. Depending on the

experimental conditions, media was supplemented with 10 µg/ml soluble laminin fragment and/or 10

ng/ml TGF-β1.
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3.3.20 Bio-layer interferometry

Analyses using bio-layer interferometry (BLI) were conducted by myself and Ben Miller (London Cen-

tre for Nanotechnology, University College London). BLI was employed to study the interactions

between the recombinant laminin fragment (with different chemical modifications) and different poten-

tial binding partners, recombinant human α3β1 integrin (R&D Systems), recombinant mouse α3β1

integrin (R&D Systems) and recombinant human transforming growth factor-β1 (TGF-β1, PeproTech,

AF-100-21C-2), using the instrument Octet ®RED96 (Pall FortéBio). All steps were carried out at

room temperature. Streptavidin (SA) biosensors (Pall FortéBio) were hydrated before use in kinet-

ics buffer (KB, Pall FortéBio) diluted ten times in PBS. All steps, baseline, loading and association,

were carried out in KB, with the exception of the association steps with the integrins, which were per-

formed in integrin buffer (20 mM Tris, 150 mM NaCl, 1mM MgCl2, 1 mM CaCl2, 0.02% (v/v) Tween20,

0.1% (w/v) BSA, pH 7.4). To reduce background signal in the association steps with the integrins

due to changes in buffer conditions, an additional baseline step was done after the laminin fragment

was loaded. After the first baseline, each SA biosensor was loaded with 20 µg/ml biotinylated anti-

6X His-tag antibody (Abcam, ab27025), which was followed by a loading with 25 µg/ml recombinant

laminin fragment (for all chemical modifications). For association, mouse and human integrin α3β1

were added at 20 µg/ml and human TGF-β1 was added at 1.6 µg/ml. For negative controls, separate

sensors loaded with laminin fragment bound to biotinylated anti-6X His-tag antibody were submersed

in binding buffer (integrin buffer or KB, depending on the ligand).

3.3.21 Enzyme-Linked Immunosorbent Assay

Enzyme-Linked Immunosorbent Assays (ELISAs) were carried out, in collaboration with Dr Marta

Broto, to investigate the interactions between the recombinant laminin fragment and different po-

tential binding partners, recombinant human α3β1 (R&D Systems), recombinant mouse α3β1 (R&D

Systems) and recombinant human transforming growth factor-β1 (TGF-β1, PeproTech). Plates (Corn-

ing 96 Well EIA/RIA Assay Microplate) were coated with either 1 µg/ml human α3β1, 1 µg/ml mouse

α3β1 or 0.5 µg/ml TGF-β1 in coating buffer (200 mM H3BO3, 100 mM NaOH, 34.5 mM HCl, pH 7.8),

for 4 hours at room temperature. Following, plates were washed three times in PBST (0.05 % (v/v)

Tween20 in PBS). Recombinant laminin fragment was then added at a concentration of 1 µg/ml in

PBST to interact with α3β1 integrins (human and mouse) and TGF-β1, and incubated for 30 min-

utes at room temperature. Plates were then washed three times in PBST and incubated with the

primary antibody against the laminin fragment (1:6,000; prepared in PBST) for 30 minutes at room

temperature. Next, plates were washed three times in PBST and incubated with anti-rabbit HRP sec-
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ondary antibody (1:6,000; prepared in PBST) for 30 minutes at room temperature. Again, plates were

washed three times in PBST and then incubated in substrate buffer (50 mM sodium citrate, pH 5.5,

0.01% (w/v) TMB, 0.004% (v/v) H2O2) for 30 minutes at room temperature. Lastly, in order to stop the

reaction, 50 µl of 8M H2SO4 was added to each well. The absorbance was then measured at 450 nm

using the SpectraMax M5 plate reader.

3.3.22 Imaging and Image Analysis

3.3.22.A Brightfield Live Cell Microscopy

GelMA-encapsulated spheroids imaging was performed using a Zeiss Axio Observer Inverted Wide-

field Microscope with transmitted light, a 10X magnification objective and a Hamamatsu camera. Each

well contained a GelMA-encapsulated spheroid, which positions were stored as scenes in the ZEN

software for image acquisition. In order to maintain the cells alive during imaging, the microscope

incubation chamber was utilised to maintain the temperature at 37°C and the CO2 levels at 5%.

Cell migration analysis was performed using the image software FIJI. Briefly, regions of interest (ROIs)

were manually drawn at selected time points (days 0, 3, 4 and 6) and their areas were measured. To

obtain migrated areas, measured area of the ROI at day 0 was subtracted from all timepoints within

each biological sample. For each condition, three biological replicates were assessed.

3.3.22.B Confocal Microscopy

MCF10A cells exposed to Cy5-labelled laminin fragment or free Cy5 were on 8 chamber slides (ibidi

GmbH) for fluorescence imaging at an initial cell density of 5,000 cells/cm2. Treatment with 10 µg/ml of

labelled fragment was performed 24 hours post-seeding, and were then fixed 24 hours post-treatment.

For siRNA-mediated knockdown experiments, cells were cultured as described in Subsection 3.3.7

and were fixed 24 and 48 hours post-siRNA treatment. Chemical fixation was performed in a solution

of 4% (v/v) paraformaldehyde (methanol-free, 16% (w/v), Thermo Fisher Scientific) prepared in PBS

for 15 minutes at room temperature. Samples were then washed three times in PBS. Cells were per-

meabilised with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for 10 minutes at room temperature, which

was followed by three washes in PBS. Following, a solution with AlexaFluor 488 Wheat Germ Agglu-

tinin (Invitrogen, 1:200) and DAPI (Sigma-Aldrich, 1:1,000) in PBS was used to label the membranes

and nuclei of cells, respectively, by incubating the samples with this solution for 20 minutes at room

temperature. Finally, samples were washed 3 times with PBS and stored at 4°C in Fluoromount-GTM
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(Thermo Fisher Scientific) mounting medium. For each condition, three biological replicates were

assessed.

Imaging was performed on a Leica SP8 inverted confocal microscope. Z -stacks were collected with

a HC PL APO 63x/1.40 NA oil CS2 objective lens and a zoom factor of 2, 16 bit depth and an average

500 nm step size. After image acquisition, images produced were processed with the image analysis

software FIJI. For quantification of cell-associated Cy5-labelled fragment, z projections with maximum

intensity were obtained and ROIs were created by manually drawing around the perimeter of each cell.

Following, the Cy5 channel images were duplicated and the background was subtracted for each one.

New ROIs that corresponded to the Cy5-labelled fragments were found by setting a threshold, which

was then used for all image analyses. The ROIs contained within the cells were then analysed and

the fluorescence intensity was obtained from the integrated density provided by the software.

3.3.23 Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 6.0. For RT-qPCR, three independent bio-

logical replicates were collected for each sample in study, and two technical replicates were measured

and analysed in each RT-qPCR assay plate. To determine whether data were normally distributed,

Komogorov–Smirnov and Shapiro–Wilk tests were performed. Differences in gene expression and

in gelatinase activity were tested with one-way ANOVA using Dunnet’s multiple comparisons tests.

Paired t tests were conducted to evaluate statistical difference between samples that were exposed to

soluble fragment (cells treated with TGF-β1 and grown within 4mg/ml collagen I). When data were not

normally distributed, Kruskal-Wallis tests were performed. To compare fluorescence intensity of cell-

associated Cy5-labelled fragment, outliers of each sample data group were identified and removed.

Sample data was then compared using unpaired nonparametric Mann-Whitney tests. All hypothesis

tests were considered two-tailed.

In all cases, p<0.05;**p<0.01;***p<0.001;****p<0.0001.
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3.4 Results

3.4.1 MMP-2 cleaves full-length laminin-111 and the laminin β1 fragment in-

teracts with human MCF10A cells

The proteolytic activity of matrix metalloproteinases (MMPs) is instrumental during ECM remodelling

events. Here, the processing of both human and mouse full-length laminin-111 by active MMP-2 was

examined. Figure 3.4a shows that MMP-2 cleavage of laminin-111 produces a fragment with a molec-

ular weight of approximately 60 kDa. This resulting 60 kDa fragment can be detected by Coomassie

blue staining from the processing of both human and mouse laminin-111 (Figure 3.4a lanes 2 and 3).

Analysis by Western blotting confirms that the fragment resulting from MMP-2 proteolysis of mouse

laminin-111 is specific to the custom antibody previously developed to bind the laminin β1 fragment

(Figure 3.4a lane 6). However, no band can be observed in the lane that corresponds to the digestion

of human laminin-111 (Figure 3.4a lane 5). Figure 3.4b shows that treating MCF10A cells with soluble

recombinant fragment (up to a concentration of 10 µg/ml) does not negatively affect their metabolic

activity.
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Figure 3.4: MMP2 cleaves full-length laminin-111 and the laminin β1 fragment interacts with human

MCF10A cells. a Processing of both human and mouse full-length laminin-111 by active MMP-2. Lanes 1

and 4 show molecular weight markers. Lanes 2 and 3 show Coomassie blue-stained denatured a 60 kDa band

(orange arrow) generated from the processing of human and mouse laminin by MMP-2, respectively. Lanes 5

and 6 show the immunoblot, using an antibody against the laminin β1 fragment, from the processing of human

and mouse laminin by MMP-2, respectively. Only the cleavage of mouse laminin (lane 6) was detected by the

antibody (orange arrow). b Metabolic activity of MCF10A cells exposed to increasing concentrations of soluble

recombinant fragment, measured using CCK8 assay. The metabolic activity is normalised to control with no frag-

ment. c. Detection of recombinant laminin fragment in whole cell extracts by Western blotting, using antibodies

against the His-tag and the laminin fragment.
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In order to determine whether this laminin β1 fragment, which has previously been used in studies us-

ing cells of murine origin [473, 474], interacts with human mammary epithelial cells, MCF10A protein

extracts were collected 24 hours post-treatment with recombinant fragment and analysed by Western

blotting. Figure 3.4c shows that a band of approximately 60 kDa can be detected when cells are

treated with 10 µg/ml of recombinant fragment. It is likely that the treatment with lower concentrations

is below the detection limit of the performed analysis. It is important to note that the use of the anti-His

tag antibody confirms that the observed 60 kDa band corresponds to the exogenous fragment used

to treat the cells, as it is recombinantly produced as an His-tag fused peptide (Figure B.1, Appendix

B). Further analysis to determine the subcellular localization of the fragment was performed using

subcellular fractionation and Western blotting (Figure B.2 Appendix B). However, a positive signal for

laminin fragment (using both antibodies against the laminin fragment and the His-tag) was found in

both experimental and control samples.

3.4.2 Recombinant laminin β1 fragment alters the expression of EMT-related

genes and gelatinase activity

Human mammary epithelial MCF10A cells undergoing EMT were treated with the fragment as a sol-

uble factor added to the medium, to study its effects on EMT events. This was achieved by employing

two in vitro EMT models (both investigated in Chapter 2): one where these cells are grown in 2D

culture conditions and treated with TGF-β1 for 24 hours; and a second one, where the process of

EMT occurs due to the presence of extracellular type I collagen in a 3D morphogenesis assay.

3.4.2.A Laminin fragment alters EMT events induced by TGF-β1

The expression of EMT-related genes was assessed and, in agreement with previous data, the expo-

sure to TGF-β1 results in an upregulation of mesenchymal genes Cdh2, Snai1, Vim and Mmp2, as

well as epithelial gene Cdh1 (Figure 3.5). Strikingly, however, an increase in the expression of the

same mesenchymal genes is also observed in conditions where cells were exposed to soluble laminin

fragment and no TGF-β1 (Figure 3.5). Figure 3.6 shows changes in expression of EMT-related genes

in conditions of concomitant treatment, with increasing concentrations of laminin fragment, to better

visualise the effects of the fragment on EMT gene regulation in the presence of TGF-β1. Interestingly,

the evidence shows that, in the presence of EMT inducer TGF-β1, the expression of mesenchymal

genes Snai1, Vim and Mmp2 is slightly downregulated when cells are treated with 10 µg/ml of laminin

fragment.

92



Figure 3.5: Changes in expression of EMT-related genes by TGF-β1 treatment and soluble laminin frag-

ment. EMT gene expression of MCF10A cells exposed to increasing concentrations of laminin fragment in the

culture medium, with and without EMT-inducing TGF-β1 (10 ng/ml) treatment measured by RT-qPCR. Normal-

ized to GAPDH and to sample with no fragment and no TGF-β1. y axis: 2−∆∆Ct. Data is shown on Tukey box

and whiskers plot. Statistical tests compared all conditions with the control group (no TGF-β1 and no fragment).

*p<0.05;**p<0.01;***p<0.001;****p<0.0001.

Figure 3.6: Changes in expression of EMT-related genes by increasing concentrations of laminin frag-

ment to MCF10A cells treated with TGF-β1. EMT gene expression of MCF10A cells exposed to increasing

concentrations of laminin fragment in the culture medium, with EMT-inducing TGF-β1 treatment (10 ng/ml) mea-

sured by RT-qPCR. Normalised to GAPDH and to sample with no fragment and no TGF-β1. y axis: 2−∆∆Ct.

Data is shown on Tukey box and whiskers plot. Statistical tests compared specific conditions with the one treated

with TGF-β1, but no fragment. *p<0.05;**p<0.01.
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Moreover, gelatin zymography analysis (Figure 3.7) showed that gelatinase activity is increased when

cells are treated with TGF-β1. In agreement with gene expression data, it is also observed that

gelatinase activity increases with increasing concentration of laminin fragment, when no TGF-β1 is

added to the cell culture medium. No significant effect on gelatinase activity was observed with

concomitant treatment.
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Figure 3.7: Changes in gelatinase activity by TGF-β1 treatment and soluble laminin fragment. a Represen-

tative zymogram of conditioned media of MCF10A cells exposed to increasing concentrations of laminin fragment

in the culture medium, with and without EMT-inducing TGF-β1 treatment (10 ng/ml). b Corresponding densit-

ometric analysis. Data are normalised to sample with no fragment and no TGF-β1. ***p<0.001;****p<0.0001.

n.s.- not significant.

3.4.2.B Laminin fragment alters EMT events induced by 3D type I collagen

Changes in EMT gene expression triggered by the laminin fragment are also observed on MCF10A in

a 3D morphogenesis assay with Matrigel and type I collagen, as shown in Figure 3.8. Consistent with

results obtained with TGF-β1 treatment, the presence of laminin fragment as a soluble factor in the

medium drives an upregulation of mesenchymal gene expression, even in epithelial conditions where

cells are grown within Matrigel and no type I collagen. Figure 3.9 shows that when MCF10A cells

are grown within Matrigel and 4 mg/ml type I collagen, where they already exhibit a mesenchymal

phenotype (as shown in Chapter 2), the upregulation of mesenchymal genes Cdh2, Snai1, Vim (ex-

cept at 10 µg/ml) and Mmp2 is further exacerbated with increasing concentrations of soluble laminin

94



fragment.

Figure 3.8: Changes in expression of EMT-related genes by extracellular type I collagen and soluble

laminin fragment. EMT gene expression of MCF10A cells exposed to increasing concentrations of laminin

fragment in a Matrigel/Collagen I 3D morphogenesis assay measured by RT-qPCR. Normalized to GAPDH and

to sample on Matrigel alone and no fragment. y axis: 2−∆∆Ct. Data is shown on Tukey box and whiskers

plot. Statistical tests compared all conditions with the control group (0 mg/ml collagen I and no fragment).

*p<0.05;**p<0.01;***p<0.001;****p<0.0001.

Figure 3.9: Changes in expression of EMT-related genes by soluble laminin fragment in the presence of

extracellular type I collagen. EMT gene expression of MCF10A cells exposed to increasing concentrations

of laminin fragment in a Matrigel/Collagen I 3D morphogenesis assay measured by RT-qPCR. Normalized to

GAPDH and to sample on Matrigel alone and no fragment. y axis: 2−∆∆Ct. Data is shown on Tukey box and

whiskers plot. Statistical tests compared specific conditions with the one where cells were grown in 4 mg/ml

collagen I, but did not receive fragment treatment. *p<0.05;**p<0.01;***p<0.001;****p<0.0001.
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Gelatinase activity in these conditions was assessed by zymography (Figure 3.10). Here, evidence

suggests that the presence of type I collagen in the extracellular matrix increases gelatinase activity,

but the presence of soluble laminin fragment at the highest concentration studied of 10 µg/ml has no

significant effect on this kind of proteolytic activity.
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Figure 3.10: Changes in gelatinase activity by extracellular type I collagen and soluble laminin fragment

a Representative zymogram of conditioned media of MCF10A cells on a Matrigel/Collagen 3D morphogenesis

assay exposed to 10µg/ml of laminin fragment in the culture medium. b Corresponding densitometric analysis.

Data are normalised to sample on Matrigel alone and no fragment. n.s.- not significant.

3.4.3 Modulation of epithelial cell phenotype using the laminin fragment teth-

ered to a gel system

In order to investigate whether this laminin β1 fragment can modulate epithelial cell phenotype while

circumventing potential off-target effects, a problem that has prevailed in studies using EMT-inhibiting

soluble compounds [489, 490], in this chapter a hydrogel system in which we can have the laminin

fragment covalently tethered was developed.
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3.4.3.A Synthesis and characterisation of azide modified gelatin methacryloyl (GelMA) with

tethered laminin fragment

Using semisynthetic GelMA-based hydrogels, which result from the chemical functionalisation of

gelatin with methacryloyl groups, for 3D cell culture offers the benefits associated with the use of

natural polymers, including cell-binding and protease cleavage sites, and the advantages of synthetic

materials, namely the ability to control their mechanical and biochemical properties. Figure 3.11a

illustrates a schematic overview of the approach employed in this work, from the GelMA production to

the encapsulation of MCF10A spheroids within cross-linked hydrogels.

To achieve the desired formulation of a GelMA-based hydrogel covalently functionalised with laminin

fragment, first an approach to chemically modify the recombinant fragment while retaining its bioac-

tivity was developed. The strategy here chosen to bind the fragment to the hydrogel is a strain-

promoted azide–alkyne cycloaddition (SPAAC) chemical reaction. This type of copper-free click re-

action is particularly convenient when preparing biomaterials, as it can occur through the mixing of

compounds containing alkyne and azide groups within an aqueous solution with no interference from

other biomolecules present in the mixture. In addition, one of the biggest advantages of this chemical

strategy is its lack of toxicity as it does not require a metal catalyst. Here, strained alkyne handles

were added to the chemical structure of the recombinant laminin fragment and GelMA precursors

were functionalised with azide groups.
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Figure 3.11: Employed strategy to tether the laminin fragment to a GelMA-based hydrogel. a Schematic

overview of the approach employed in this study from the GelMA production, to the functionalisation of lysine

amino groups with azide groups, to the "click" addition of fragment to the structure of the hydrogel, to the encap-

sulation of MCF10A spheroids within crosslinked hydrogels. b Fluorescence microscopy images showing laminin

fragment-tethered GelMA sections (fragment concentration of 1.8 mg/ml). Scale bars: 1000 µm.c Compressive

moduli of all GelMA formulations used for cell culture in this work. Mechanical testing of GelMA-based hydrogels

was conducted by myself together with Dr. Liliang Ouyang.

During synthesis, the ratio of methacrylic anhydride to gelatin was designed such that around 20%

of amino groups were left unreacted (Figure B.4, Appendix B). The existence of these amino groups

was exploited to functionalise the GelMA structure with azide groups using an NHS ester chemistry

(Figure 3.11a). Two different strategies to add strained alkyne functionalised handles to the fragment

were employed: one cysteine selective and the other lysine selective (Figure B.3a, Appendix B). Con-

sequently, two formulations of GelMA-based hydrogels covalently functionalised with laminin fragment

were prepared. Figure B.5 in Appendix B shows the resulting final degree of functionalisation (DoF).

Fluorescence signal due to the presence of laminin fragment tethered to the GelMA structure was

observed (fragment concentration of 1.8 mg/ml, Figure 3.11b).

In this work, all formulations of GelMA-based hydrogels for 3D cell culture experiments were pre-

pared at a concentration of 5% (w/v) and the ones functionalised with laminin fragment, both cysteine

and lysine modifications, were prepared to have the fragment at 10 µg/ml, as previously reported in

[474], and at 100 µg/ml. Importantly, mechanical testing of all formulations of GelMA for cell culture

confirmed that tethering the fragment at the studied concentrations did not significantly change the

stiffness of the hydrogels (Figure 3.11c).
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3.4.3.B Effect of the laminin fragment on EMT gene expression when tethered to a gel system

The effects of the fragment functionalisation of GelMA-based hydrogels on EMT gene expression of

encapsulated MCF10A spheroids was evaluated. Figure 3.12a shows that expression of epithelial

gene Cdh1, and mesenchymal genes Vim and Mmp2 is not significantly changed by the presence

of tethered fragment. However, when GelMA-encapsulated spheroids where exposed to concomitant

treatment with fragment and TGF-β1, a significant decrease in Mmp2 expression in the presence

of soluble fragment was observed, even though no significant changes were found with tethered

fragment (Figure 3.12b). Moreover, gelatinase activity was assessed with zymography. As shown in

Figure 3.13, the data suggests that the fragment does not substantially alter the activity of gelatinases

in the experimental conditions of this study. The significant increase that was observed in gelatinase

activity is most likely due to TGF-β1 treatment.
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Figure 3.12: Changes EMT gene expression by different strategies to expose the laminin fragment to

MCF10A GelMA-encapsulated spheroids. EMT gene expression of MCF10A cells exposed to soluble or teth-

ered laminin fragment without (a) or with (b) TGF-β1 treatment (10 ng/ml) measured by RT-qPCR. Normalized to

GAPDH and to unmodified GelMA-encapsulated spheroids with no fragment and no TGF-β1. y axis: 2−∆∆Ct.

Data is shown on Tukey box and whiskers plot. *p<0.05;**p<0.01. A table with the colour code can be found at

the bottom of this figure to facilitate interpretation of plots.
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Figure 3.13: Changes in gelatinase activity by different strategies to expose the laminin fragment to

MCF10A GelMA-encapsulated spheroids, with and without TGF-β1 treatment. a Representative zymogram

of conditioned media of GelMA-encapsulated MCF10A spheroids exposed to soluble or gel tethered laminin

fragment, with or without EMT-inducing TGF-β1 treatment (10 ng/ml). b Corresponding densitometric analysis.

Data are normalised to unmodified GelMA-encapsulated spheroids with no fragment and no TGF-β1.

3.4.3.C Effect of the laminin fragment on invasion when tethered to a gel system

In addition, the effect of fragment functionalisation on cell invasion from encapsulated spheroids into

GelMA-based hydrogels was investigated. An overall increase in migrated area was observed over

a period of 6 days post-encapsulation (Figure 3.14). Interestingly, the quantification here performed

showed that on day 6 three sample clusters were formed in regards to migrated area: unfunctionalised

GelMA (two shades of blue in Figure 3.14b), GelMA functionalised with 10 µg/ml of fragment (lighter

shades of green and orange), and GelMA functionalised with 100 µg/ml of fragment (darker shades

of green and orange). Albeit not to a statistically significant degree, it seems that functionalising

GelMA with a higher concentration of fragment can potentially inhibit invasion, whereas the lower

concentration induces it.
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Figure 3.14: Cell invasion from GelMA-encapsulated spheroids exposed to laminin fragment via different

strategies. a Representative images of encapsulated MCF10A spheroids 3D invasion into GelMA-based hydro-

gels, where these cells were exposed to soluble or tethered laminin fragment, over the course of 6 days. Scale

bars: 500 µm. b Quantification of cell invasion area around the spheroids.
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3.4.4 Biomolecular and cellular interactions with the laminin fragment

3.4.4.A Laminin fragment interacts with α3β1 integrin and TGF-β1

Previous studies reported that this recombinant laminin β1 fragment interacts with integrin α3β1 de-

rived from mouse [473, 474]. Using bio-layer interferometry (BLI), a label-free method to optically

monitor biomolecular interactions in real-time [491], interactions between the laminin fragment, or the

two chemically modified versions with strained alkyne handles (cysteine and lysine), and integrin α3β1

integrin, both of mouse and human origins, were measured. As it can be observed in Figure 3.15a,

mouse α3β1 integrin interacts with laminin fragment immobilised in the BLI sensor (all versions of the

fragment produce a similar binding curve). In turn, negligible interaction was seen between human

α3β1 integrin and laminin fragment using BLI.

In addition, due to the potential effect of the laminin fragment in reducing mesenchymal gene expres-

sion with concomitant TGF-β1 treatment, as seen in Figure 3.6, the interaction between the fragment

and TGF-β was assessed. Importantly, this could shed light on the fragment’s mechanism of action.

Figure 3.15c shows that there is indeed a binding response when TGF-β is in contact with all versions

of the immobilised laminin fragment.

Moreover, to complement these data, the interactions between the laminin fragment and the three

aforementioned ligands, mouse and human α3β1 integrins and TGF-β1, were assessed with ELISA,

a more commonly used method to analyse biomolecular interactions. This assay confirmed that the

fragment interacts with mouse α3β1 integrin and with TGF-β1 (Figure 3.15d). Interestingly, this assay

also detected a specific interaction between the fragment and human α3β1 integrin, as opposed to

what was detected using BLI.
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Figure 3.15: Laminin fragment interacts with α3β1 integrin and TGF-β1. Real-time BLI binding response

curves of mouse α3β1 (a), human α3β1 (b), and TGF-β1 (c). BLI measurements were carried out together with

Ben Miller. d Binding of laminin fragment to human α3β1, mouse α3β1 and TGF-β1 by ELISA. ELISA assays

were performed with Dr. Marta Broto’s collaboration. Bars are presented as mean with SD.

3.4.4.B Cy5-labelled laminin fragment is internalised by MCF10A cells

Fluorescence labelling of the laminin β1 fragment was carried out to study its interaction with MCF10A

cells. Using the previously mentioned SPAAC chemical reaction strategy, two versions of the chemi-

cally modified fragment (lysine and cysteine) were labelled with Cy5 (Figure B.3, Appendix B). Figure

3.16 shows that Cy5-labelled fragment, both via lysine and cysteine, is incorporated by these human

mammary epithelial cells in 2D culture. Orthogonal views of confocal microscopy z-stacks clearly

reveal that the fragment is internalised by the cells at the time point studied (24 hours post-treatment).
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Figure 3.16: Cy5-labelled laminin fragment is uptaken by MCF10A cells in vitro. Representative immunoflu-

orescence images of MCF10A cells cultured for 24 hours with fragment labelled via lysine (a), fragment labelled

via cysteine (b), free Cy5 (c), with no treatment (d). Both labelled versions of the fragment and free Cy5 were

added to the cell culture medium at a concentration of 17 nM. WGA staining- green; DAPI staining- blue; Cy5-

red. Scale bars: 20 µm.

3.4.4.C siRNA-mediated silencing of integrin α3

Previously reported data [473, 474] suggest that the laminin β1 fragment interacts with epithelial

cells directly or indirectly via integrin α3β1. Here, we investigated whether inhibiting the synthesis of

integrin α3 can affect the interaction between the Cy5-labelled fragment and MCF10A cells. Figure

3.17 shows that there a significant decrease in the fluorescence intensity of cell-associated Cy5-

labelled fragment, particularly the one with lysine modification (Figure 3.17b), both 24 hours and 48

hours post-treatment, when integrin α3 is knocked-down via siRNA.
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Figure 3.17: Fluorescence intensity of cell-associated Cy5-labelled fragment is reduced when expression

of α3 integrin is silenced by siRNA. a Representative immunofluorescence images of MCF10A cells cultured

with fragment labelled via cysteine (top) and fragment labelled via lysine (bottom), when treated with Itga3 siRNA

for 24 (left) and 48 hours (right). Both labelled versions of the fragment were added to the cell culture medium at a

concentration of 17 nM. WGA stainig- green; DAPI staining- blue; Cy5- red. Scale bars: 20 µm. b Corresponding

quantification of fluorescence intensity of Cy5-labelled fragment via cysteine (top plot) and via lysine (bottom

plot). Data are presented as aligned dot plots, line at median. **p<0.01. n.s.- not significant.

Moreover, the influence of siRNA-mediated silencing of integrin α3 on the expression of EMT-related

genes (Figure 3.18) with (right side panel of each plot) or without (left side panel of each plot) TGF-β1

treatment was assessed. These results confirm that integrin α3 is not being expressed in the presence

of siRNA. In addition, it shows that the expression of the studied genes is not significantly affected,

with the exception of Itga3, when TGF-β1 is not added to the medium. In contrast, in the presence

of TFG-β1, expression of Cdh1 is upregulated and Snai1 is downregulated. In these conditions, the

presence of the laminin β1 fragment did not alter the expression of the studied genes.
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Figure 3.18: Changes in EMT gene expression of MCF10A cells treated with Itga3 siRNA, TGF-β1 and

laminin fragment. EMT gene expression of MCF10A cells treated with siRNA to knockdown integrin α3 and

to soluble laminin fragment without (left side of each plot) or with (right side of each plot) TGF-β1 treatment (10

ng/ml) measured by RT-qPCR. Normalized to GAPDH and to MCF10A cells in culture without any treatment. y

axis: 2−∆∆Ct. Data is shown on Tukey box and whiskers plot. *p<0.05;**p<0.01;***p<0.001;****p<0.0001. n.s.-

not significant.
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3.5 Discussion

In this chapter, the potential of exposing human mammary epithelial MCF10A cells with cryptic ECM

information via two different strategies – as a soluble factor and as tethered to a hydrogel system – to

modulate EMT-like events was investigated. From the data collected here, there is evidence that this

non-cytotoxic fragment (at the concentrations used throughout this work, Figure 3.4b) directly inter-

acts with these cells, as it can be collected and detected by Western blotting from cell extracts (Figure

3.4c). Subcellular fractionation and Western blotting analysis were carried out to investigate the lo-

calisation of the fragment within these cells. However, the subcellular fractionation led to inconclusive

results because a positive signal for laminin fragment (using both antibodies against the laminin frag-

ment and the His-tag) was found in both experimental and control samples (Figure B.2, Appendix

B). Endogenous production of laminin can explain the signal observed in the fractions of the control

samples using the custom-made antibody against the fragment. However, the antibody against the

His-tag was utilised to confirm the presence of the exogenous recombinant fragment added to the

cell culture medium, and a non-specific signal was also found in the control samples. Non-specific

detection of endogenous proteins using an antibody against His-tag has been previously reported

[492] and the human transcription regulator YY1, which contains 11 consecutive histidine residues

(amino acids 70 to 80), has been identified as the protein detected by the anti-His-tag antibody [493].

It is possible that the same transcription regulator was identified during the analysis of the subcel-

lular fractionation of MCF10A cells with and without laminin fragment, but this was not confirmed.

These results, in addition to the cited reports, emphasise the need for caution when interpreting data

using antibodies against His-tags, particularly using immunoblotting against whole cell extracts and

immunofluorescence staining of cells.

The work presented in Section 3.4.2 of this chapter demonstrates that treatment with the laminin β1

fragment as a soluble compound on its own drives upregulation of mesenchymal gene expression,

both in 2D or 3D in vitro culture (Figures 3.5 and 3.8, respectively), and increases gelatinase activity in

2D (Figure 3.7). In the 3D assay, it is the presence of extracellular type I collagen, not the recombinant

fragment, that increases the activity of gelatinases (Figure 3.10). However, when cells are treated

with EMT inducer TGF-β1 in 2D, the highest concentration of soluble fragment (10 µg/ml) seems

to slightly decrease expression of mesenchymal genes Snai1, Vim and Mmp2 (Figure 3.6). The

upregulation of mesenchymal gene expression driven by the addition of soluble fragment without TGF-

β1 treatment was not in accordance with the data previously published for a mouse model [473, 474],

which leads to postulate that its function might be cell type- or even species-dependent. A previous

report showed that this fragment, as a soluble compound or as adsorbed onto a polydopamine-coated

PCL membrane, interacts with mouse epithelial cells undergoing EMT induced by TGF-β treatment
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and prevents EMT-related events, as seen by the decrease in expression and activity of MMP-2 [474].

It seems plausible to hypothesise that the pathway by which this fragment can potentially modulate

EMT in certain biological contexts involves a direct or indirect interaction with TGF-β1.

Furthermore, the development of a laminin β1 fragment functionalised GelMA-based hydrogel to study

EMT-related gene expression and gelatinase activity, as well as matrix invasion by human mammary

gland MCF10A cells grown as encapsulated spheroids is shown. Tethering of the laminin fragment

to the semisynthetic hydrogel system was carried out via a SPAAC copper-free click chemistry, a

convenient and promising strategy to synthesise biomaterials for various applications, including in vitro

cell culture and in vivo tissue regeneration [494–496]. Importantly, fragment-tethered 5% (w/v) GelMA

hydrogels exhibit similar mechanical properties to their non-functionalised counterparts (Figure 3.11),

ensuring that the physical properties of the biomaterials do not interfere with the effect of the fragment.

The presence of laminin fragment covalently tethered to GelMA did not substantially affect the expres-

sion of epithelial gene Cdh1 and mesenchymal genes Vim and Mmp2 (Figure 3.12), or gelatinase

activity (Figure 3.13), when comparing the different experimental conditions with or without TGF-β1

treatment. In fact, addition of TGF-β1 was the factor that caused the largest change in expression

and activity of these biomolecular markers. However, hydrogel invasion analysis from day 6 shows

encouraging data when using highest concentrations of tethered fragment (GelMA Cys-100 and Lys-

100, Figure 3.14). Further research should focus on longer timepoints and varied concentrations of

tethered fragment to fully understand its impact on cell invasion. Even though gene expression and

gelatinase activity data analyses did not show significant effects caused by the presence of tethered

fragment within cell laden hydrogels, the possibility of inhibition of invasion of MCF10A from spheroids

into the semisynthetic matrix harnesses therapeutic potential that should be further explored.

Moreover, data presented in this work demonstrates that the recombinant laminin fragment interacts

with mouse α3β1 integrin, as shown by BLI and ELISA (Figure 3.15 a and d), supporting previous

reports [473, 474]. Importantly, it should be noted that neither chemical modification strategy – via

cysteine or via lysine – affects binding capacity between the fragment and the ligands studied here.

Interaction between the fragment and human α3β1 integrin was also evaluated, not only because cells

of human origin were used in this thesis, but also because the therapeutic potential of this recombinant

laminin fragment can only be fully harnessed when used within a human biological context. BLI data

shows a negligible interaction between the fragment and human α3β1 integrin, as opposed to ELISA

data that shows a specific interaction between these two biomolecules (Figure 3.15 b and d). It is

likely that these two biomolecules can specifically interact, as shown by ELISA, but the experimental

conditions carried out in real-time BLI are suboptimal for human α3β1. Furthermore, both BLI and

ELISA confirmed that this recombinant fragment can also interact with TGF-β1, potentially explaining
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the opposing effects on EMT gene expression in the presence or absence of added TGF-β1 to the

culture medium seen in Figures 3.5 and 3.6. It is plausible that this cryptic fragment can modulate

EMT events and decrease MMP-2 expression as a soluble compound, in biological contexts where it

can act as a TGF-β inhibitor.

In addition, this work demonstrates the use of SPAAC copper-free click chemistry to covalently label

the recombinant fragment with Cy5, both via cysteine and via lysine, to visualise its interaction with the

cells used in this work. To date, this was the first successful strategy carried out to label and visualise

the interaction between the laminin β1 fragment and human mammary epithelial cells in vitro. Results

displayed in Figure 3.16 show that Cy5-labelled fragment, both via cysteine and lysine, is internalised

by MCF10A cells. Of note, no specific signal is detected when equivalent concentrations of free Cy5

is added to the culture medium.

As it has been previously proposed that the molecular mechanism underlying EMT modulation by this

recombinant fragment involves a direct or indirect interaction with α3β1 integrin, interaction between

the fragment and these epithelial cells when expression of integrin α3 is silenced via siRNA knock-

down was assessed. Analysis of these data shows that fluorescence intensity of cell-associated

labelled fragment, particularly the one chemically modified via lysine, is reduced 24 and 48 hours

post-transfection with Itga3 siRNA (Figure 3.17). Even though this particular experiment does not

investigate any particular functional or mechanistic role, these results further corroborate the exis-

tence of an interaction between this recombinant fragment and α3 integrin. It should be noted that

silencing of β1 subunit was not investigated because it is the most commonly found subunit in integrin

heterodimers [497] and its knockdown would likely lead to mechanistic effects outside the scope of

this thesis.

Interestingly, siRNA-mediated silencing of α3 integrin also increased the expression of epithelial ad-

hesion molecule E-cadherin and decreased the expression of mesenchymal marker Snail, in exper-

imental conditions where MCF10A cells were treated with EMT-inducer TGF-β1 (Figure 3.18). This

is in accordance with substantial evidence to date that has suggested an important role for integrin

α3β1 in promoting basal mammary tumorigenesis and metastasis [498–500], and its suppression

has been shown to inhibit basal tumour development [501–503]. However, it is important to note that

downregulation of integrin α3β1 in HER2-driven (luminal) breast cancer was reported to promote tu-

mour progression and invasiveness [504]. Such findings highlight the complexity of these regulatory

mechanisms and indicates that the role of integrin α3β1 in breast cancer is most likely tumour type

specific.
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3.6 Concluding Remarks and Future Work

To summarise, the work presented in this chapter demonstrated the use of a laminin β1 fragment

with cryptic activity to modulate EMT-like events in human mammary gland epithelial cells. The use

of this fragment on its own as a soluble compound led to increased mesenchymal gene expression in

the experimental conditions studied. However, when these cells were exposed to EMT-inducer TGF-

β1, the fragment showed a modest potential to downregulate the expression of some mesenchymal

genes. It is also shown in this chapter that this fragment can interact with TGF-β1, by two independent

methods (BLI and ELISA). It is possible that this laminin fragment can have an EMT-inhibiting potential

when it can act as a TGF-β1 inhibitor.

The functionalisation of GelMA-based hydrogels with covalently tethered laminin fragment, using a

copper-free SPAAC click chemistry, was also shown. The highest concentration of fragment tethered

to this 3D culture GelMA-based hydrogel platform showed encouraging potential to inhibit invasion

of cells from spheroids. However, these results were not statistically significant. Future work should

investigate the effects of increasing the concentration of tethered fragment and longer time-points

should be evaluated. It should also be noted that the click chemistry strategy employed in this chapter

to tether the fragment to a semi-synthetic hydrogel system can be employed to functionalise other bio-

material with any biomolecule, as long as their structures allow the addition of alkynes or azide groups,

potentially enabling the development of platforms that can be used for high-throughput screening of

novel therapeutics.

Here, it is also confirmed that the fragment interacts with α3β1 integrin, both of human and of murine

origin. However, the mechanistic aspects of this interaction still remain elusive. It is shown that silenc-

ing integrin α3 via siRNA reduces the signal of cell associated Cy5-labelled fragment, which further

implicates its role in the way the fragment interacts with cells, but further research is necessary to

fully understand this biomolecular relationship. Moreover, it is also known that several integrins reg-

ulate TGF-β1-mediated signal transduction [505]. Therefore, given that this fragment can potentially

act as a TGF-β1 inhibitor and can directly or indirectly interact with α3β1 integrin, it would be impor-

tant to further elucidate the molecular mechanisms and signalling pathways in which this fragment

is involved, so its therapeutic potential can be fully harnessed and applied in the correct biological

context.

The BM functions as a barrier that not only controls the transport of various molecules, but also of mi-

grating cells, preventing tumour progression [437]. The amount and type of components that compose

the BM are tissue specific, but also dependent on its developmental stage [428, 431]. Laminin-111 has

an essential role in assembling the BM and promoting cell attachment during embryogenesis [506],
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but later in development its expression is downregulated [507]. Laminin-111 protein therapy has been

used for muscle regeneration [508–510], but before using full-length laminin-111 for clinical applica-

tions it is important to consider that some of its domains have been shown to promote malignancy

[511, 512] and induce immune responses [513]. Numerous active sites have been identified within

laminin-111, using recombinant and proteolytic fragment and synthetic peptides [512, 514, 515]. Re-

markably, various of these identified active sites, particularly small peptide sequences, have been

shown to have opposing phenotypic effects, with some promoting tumour growth and metastasis

and other inhibiting these behaviours [515]. The knowledge gained from these previous studies

is instrumental when designing therapeutic strategies that aim to use cryptic fragments from natu-

rally occurring proteins, in particular from the ECM. With a molecular weight of around 60 kDa, the

laminin β1 fragment used in this thesis is a fairly big protein that harbours various active sites [515],

which might have opposing effects. Hopefully the work presented in this chapter will encourage a

more comprehensive characterisation at the molecular level of biologically-active ECM fragments to

avoid unwanted effects. There is a clear potential for cryptic fragments from ECM components to

be used for clinical applications, particularly for regenerative medicine. However, it is important to

understand the phenotypes that these promote in a tissue-specific manner. Synergistically combining

well-characterised cryptic ECM information with novel biomaterials has a great potential to provide

an integrative and, hopefully, more effective approach to therapeutic applications for regenerative

medicine.
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4.1 Introduction

4.1.1 Mechanotransduction - how do cells respond to external forces?

Cells within tissues are continuously exposed to mechanical stimuli from their surrounding extracel-

lular matrix (ECM) and neighbouring cells. The ability to convert external physical cues into specific

biochemical signals, a mechanism collectively known as mechanotransduction [516, 517], is crucial

for cells to adapt to their constantly changing, dynamic microenvironment. Over the last few decades

significant progress has been made towards understanding how cells can sense and regulate me-

chanical forces from the ECM [518, 519]. However, only recently have the molecular mechanisms

underlying the process of mechanotransduction started being elucidated and much still needs to be

learnt [520]. Indeed, key aspects of homeostasis and pathobiology can only be fully understood when

the mechanisms of how cells can transform physical stimuli into particular biological responses are

known. Therefore, advancing the understanding of how cells orchestrate the numerous molecular

mechanisms and pathways at play to generate a concerted and timely response to external mechan-

ical cues is of utmost importance.

Recent work has shown that cells perceive and convert external mechanical stimuli via different mech-

anisms, utilising a plethora of mechanosensitive molecules and subcellular structures, serving as

mechanosensors or mechanotransducers. Sensing of external mechanical stimuli occurs primarily at

the plasma membrane, the interface between the cell and its surroundings, where specific receptors

are used to perceive and transfer these signals from the extracellular milieu into the cell. Amongst

others, cells have been shown to activate mechanotransduction pathways through integrins, stress-

activated ion channels, G protein coupled receptors, membrane lipids, focal adhesion complexes, and

transmembrane proteins, which mediate cell-cell and cell-ECM interactions [517, 518, 521]. Integrins,

in particular, can mechanically link the ECM signals to the cytoskeleton via focal adhesions, com-

prising various actin-associated proteins, including talin, vinculin, paxillin, and zyxin [522, 523]. It has

been shown that the multitude of proteins that compose focal adhesions are organised into nanoscale

domains: a membrane-associated integrin signalling layer that includes the cytoplasmic tails of inte-

grins, focal adhesion kinases and paxillin; a force-transduction intermediate layer comprising talin and

vinculin; and an actin-regulatory layer containing zyxin and α-actinin [524] (Figure 4.1). Vinculin, for

example, one of the main components of the focal adhesion core, is recruited by a direct interaction

with phosphorylated paxillin and then works in concert with talin, in turn activated by physical stimuli

[525]. In fact, vinculin shuttling and activation has been directly correlated with force applied on focal

adhesions [526].
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Figure 4.1: Stimuli sensing through focal adhesions. The proteins that compose mature focal adhesions

are spatially organised into nanoscale domains: a membrane-associated integrin signalling layer that includes

the cytoplasmic tails of integrins, focal adhesion kinases and paxillin; a force-transduction intermediate layer

comprising talin and vinculin; and an actin-regulatory layer. Vinculin, for example, one of the main components of

the focal adhesion core, is recruited by a direct interaction with phosphorylated paxillin and then works in concert

with talin, maintaining its extended conformation. Adapted from [525].

4.1.2 Cytoskeleton-mediated transmission of mechanical stimuli

The cytoskeleton, a highly dynamic and adaptive structure that controls cell shape, motility and ten-

sion, as well as subcellular compartment organisation, provides a framework that continuously cou-

ples the external biochemical and biophysical cues to the intracellular space [527]. Three main com-

ponents form the cytoskeleton: microtubules, intermediate filaments and actin microfilaments. Each

of these polymer networks is a highly organised structure with a crucial role in arranging and main-

taining the integrity of the subcellular organelles [528–530].

Microtubules, the largest, with a diameter of about 25 nm, and stiffest of the three main components

of the cytoskeleton [527, 531], play a crucial role in fundamental biological processes, including cell

polarity [532], mitotic spindle formation [533] and intracellular cargo transport [534]. Microtubules

have been shown to be mechanoresponsive as their persistence length (measurement of polymer

stiffness) increases with extracellular stiffness and significantly contribute to how cells handle large-

scale compressive forces [535].
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Intermediate filaments are flexible and stable polymers, more so than microtubules and actin fila-

ments, that also play an important in regulating mechanotransduction events [536, 537]. Intermediate

filament networks undergo significant structural reorganisation and increase their stiffness in the cell

cortex in response to shear stress [538–540]. However, the mechanism by which intermediate fila-

ments can sense physical stimuli is not yet well understood.

The actin cytoskeleton is the most well-studied component of this structural system, and has been

shown to be instrumental in regulating cell shape, motility and internal organisation of cell compart-

ments [530]. Bundles of F-actin filaments and motor protein myosin, cross-linked by α-actinin, forming

the so-called stress fibers, play a central role in conferring cells the ability to generate contractile forces

[541]. In addition, stress fibers can propagate physical cues from and to the extracellular environment

by connecting to the cell-ECM interface through focal adhesions, which contain various actin binding

proteins, including zyxin and paxillin [542]. In turn, these actin-binding proteins can regulate actin

cytoskeleton dynamics in response to internal or external signals. For example, it has been demon-

strated that zyxin is mobilised from focal adhesion sites to actin stress fibers upon sensing mechanical

stress, promoting the reinforcement of stress fibers and, consequently, increasing cytoskeletal tension

[543, 544].

4.1.3 Getting mechanical information into the nucleus

Focal adhesions and cytoskeletal polymer networks are not only structural proteins and mechanosen-

sors, but also crucial in the propagation of signals to the intracellular space. Propagated signals im-

pact the expression of mechanosensitive genes, consequently generating a biological response [545].

It is now evident that the nucleus, which is both functionally and structurally complex, is linked to the

extracellular space via signal transduction pathways. In 1995, a study by Farshid Guilak demonstrated

a connection between the nucleus and the cell membrane, where the first contact with external sig-

nals occurs, after nuclei deformation and structural reorganisation was observed upon application

of compression forces. In addition, disruption of the actin cytoskeleton affected the relationship be-

tween compression and nuclear deformation, implying an important role for the cytoskeleton in this

mechanosensing mechanism [546]. This nuclear-cytoskeleton coupling is important for the transmis-

sion of signals so cells can adapt and timely respond to the stimuli. The connection between the

cytoplasmic cytoskeleton and the nucleoskeleton is enabled by the LINC (Linker of Nucleoskeleton

and Cytoskeleton) complex [547, 548].
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Figure 4.2: The LINC complex connects the cytoskeleton to the nucleoskeleton. Different nesprin isoforms

(1 to 4) that reside at the cytoplasmic side of the LINC complex can directly interact with the actin cytoskeleton

via a CH domain at their N-terminal, or indirectly interact with microtubules through linker proteins kinesin and

dynein, or with intermediate filaments via plectin. The C-terminal binds to SUN proteins in the perinuclear space.

SUN proteins, in turn, span the inner nuclear membrane interacting with nesprins at their C-terminal (SUN

domain) and with the inner lamin A/C network, which provide shape and mechanical stability to the nucleus, at

their nucleoplasmic N-terminal. SUN nucleoplasmic domain and lamin A/C can also interact with chromatin and

potentially alter gene expression. INM - inner nuclear membrane; ONM - Outer nuclear membrane. Adapted

from [520].

The LINC complex (Figure 4.2) is composed of proteins across the inner and the outer nuclear mem-

branes, including nesprins, SUN proteins, emerin, and inner lamin A/C nucleoskeletal network [549].

Different nesprin isoforms (1 to 4) reside at the cytoplasmic side of the LINC complex, where they can

directly interact with the actin cytoskeleton via a CH domain (identical to the one found in the structure

of α-actinin) at their N-terminal, or indirectly interact with microtubules through linker proteins kinesin

and dynein, or with intermediate filaments via plectin [550]. The C-terminal of nesprins consists of

a transmembrane domain that crosses the outer nuclear membrane and ends in a highly conserved

Klarsicht, ANC-1, Syne Homology (KASH) domain, which binds to SUN proteins in the perinuclear

space [551]. SUN proteins, in turn, span the inner nuclear membrane interacting with nesprins at their

C-terminal (SUN domain) and with the inner lamin A/C network, which provide shape and mechani-

cal stability to the nucleus, at their nucleoplasmic N-terminal [552]. SUN nucleoplasmic domain and

lamin A can also interact with chromatin and potentially alter gene expression, which further extends

and highlights the importance of this close interaction in mechanically coupling the nucleus with the

cytoskeleton. Importantly, impaired nucleo-cytoskeletal coupling due to disruptions to the LINC com-

plex have been shown to result in defects in actin cytoskeleton organisation, nuclear positioning, cell
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polarisation and migration [553]. However, even though mounting evidence shows the importance

of this structural protein bridge connecting the nucleus to the signal perceiving plasma membrane,

the molecular mechanisms by which the nucleus responds to different mechanical stimuli are still

very elusive. In fact, a study recently showed that deforming the nucleus directly with an atomic

force microscopy (AFM) cantilever is sufficient for the nuclear translocation of a mechanosensitive

transcriptional activator through the nuclear pores, even in the absence of the LINC complex [554].

4.1.4 Nucleocytoplasmic shuttling of YAP/TAZ in mechanotransduction

To date, the molecular mechanisms that regulate gene expression in response to mechanical cues

are still largely unknown. Recent studies have identified Yes-associated protein (YAP) and transcrip-

tional coactivator with PDZ-binding motif (TAZ), also known as WWTR1, henceforth referred to as

YAP/TAZ, as molecular sensors and nuclear transducers of cell mechanoresponse [555, 556]. YAP

and TAZ are transcriptional co-activators best known as downstream effectors of the Hippo pathway,

which regulates proliferation, differentiation, survival and overall homeostasis [557]. However, in re-

cent years, it has become clearer that the Hippo pathway is part of a broader regulatory framework,

in which YAP/TAZ can be regulated in a Hippo-dependent or -independent manner [558]. The identifi-

cation of YAP/TAZ as sensors of a broad range of external signals that transduce them into biological

responses in a stimuli- and cell-type dependent way has helped starting to understand the molecular

mechanisms at gene expression level underlying mechanoresponse [559].

Regulation of YAP/TAZ as mechanotransducers occurs through their subcellular location, as these

transcriptional co-activators are shuttled to the nucleus in response to stimuli, becoming activated

and thereupon can regulate gene expression [560]. As an example of this YAP/TAZ regulatory sub-

cellular distribution (Figure 4.3), when epithelial cells are grown on softer ECM (0.7kPa) or a small

adhesive area (300 µm2) YAP/TAZ locate to the cytoplasm, whereas on stiffer ECM (40 kPa) or larger

surface areas (>300 µm2) cells experience higher cytoskeletal tension and YAP/TAZ accumulate in

the nucleus [555]. Importantly, YAP/TAZ activation requires integrity and stability of the actin cy-

toskeleton, as it has been demonstrated in studies where actin [554] or myosin [555] were inhibited.

Nevertheless, the molecular mechanisms by which YAP/TAZ are regulated by cell mechanics remain

elusive and more research in the field is needed to continue filling the gap.
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Figure 4.3: Schematic representation of YAP/TAZ mechanoregulation - nucleocytoplasmic shuttling.

YAP/TAZ (represented in shades of orange) locate to the cytoplasm when epithelial cells are grown on a small ad-

hesive area or softer substrates (illustrated by a predominantly orange cytoplasm; left hand-side of the schemat-

ics), whereas these transcriptional co-activatores accumulate in nucleus, where they can activate specific tran-

scriptional programs, when cells are grown larger surface areas or stiffer substrates (represented by a predomi-

nantly orange nucleus; right hand-side of the schematics). Adapted from [559].

4.1.5 Electrical stimulation to study mechanotransduction

Epithelial cells line all surfaces in our bodies and they continuously sense external chemical (ligands)

and physical (mechanical, electrical) signals from their surroundings. Electrical signalling, in partic-

ular, plays a crucial role in maintaining physiological homeostasis [146]. Through the maintenance

of an unequal distribution of ions across the plasma membrane by specialised transmembrane chan-

nels, voltage differences are created between the intra and the extracellular space, establishing what

is known as the membrane potential [561]. In the epithelium, naturally occurring electric gradients

exist due to the spatial organisation of ion channels throughout the plasma membrane, where the

apical domain is enriched in Na+ channels and Cl- transporters, and the basolateral domain in Na+-

K+ pumps [562]. Highly polarized epithelial cells with specific ion channels in different domains create

119



and maintain an endogenous ion gradient. This gradient is known as the transepithelial electrical

potential, which in normal breast epithelium is +30 mV [561, 562]. Importantly, breast epithelial cells

also harbour mechanosensitive ion channels in their plasma membrane [563].

Similarly to mechanotransduction mechanisms mediated by integrin receptors, mechanosensory ion

channels can affect cytoskeletal arrangement and subsequent cell behaviour [521]. Importantly, elec-

trical stimulation has been shown to induce cell-type dependent changes in cellular elasticity and

cytoskeleton regulation [564]. In addition, another study has shown that human mesenchymal stem

cells reorganise their actin cytoskeleton according to the direction of the electrical field [565]. These

studies showing changes in cytoskeletal reorganisation and in cellular elasticity provide evidence to

hypothesise that cells activate mechanotransduction pathways upon sensing electrical signals, which

may be the same pathways involved in sensing extracellular stiffness. However, the molecular mech-

anisms underlying cellular mechanoresponse upon electrical stimulation (ES) are largely unexplored.

4.1.5.A Conducting polymers for substrate-mediated ES

Due to the importance of bioelectric fields in vivo for homeostasis, extensive research making use of

electroactive biomaterials to study how various cell types respond to electrical stimuli has been done

over the years [566]. Among these electroactive biomaterials, conducting polymers have become

popular materials to be used as substrates to deliver evenly distributed electrical stimuli to cells [567,

568]. Conducting polymers are a class of materials with electrical and optical properties very similar to

those of metals and semiconductors, but have great control of electrical stimulus, flexibility and ease of

production. Additionally, they may be made biocompatible, biodegradable, and porous, which is why

these are so commonly used as electroactive materials [568]. The key for these polymers to become

highly conductive is the doping process, which introduces charge carriers to their structure [569, 570].

Doped polypyrrole (PPy) is perhaps the most thoroughly studied conducting polymer for biomedical

research applications, due to its great stability and good conductivity under physiological conditions

[571], and its in vitro and in vivo biocompatibility [572, 573], in addition to being easily synthesised in

large quantities at room temperature in a broad range of solvents, including water [574]. PPy has been

used to electrically stimulate a wide variety of cells in culture, including human primary osteoblasts

[575], mesenchymal stem cells [576], cardiac progenitor cells [577], epithelial Madin-Darby Canine

Kidney (MDCK) cells [578], and primary pre-frontal cortical (PFC) neurons [579].
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Figure 4.4: Structure of doped polypyrrole (PPy). The incorporation of a dopant (counter ion D-) renders this

polymer highly conductive.
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4.2 Chapter Aims

The molecular mechanisms that cells utilise to respond in a timely manner and adapt to external phys-

ical stimuli are not yet fully understood. The recent findings that identified transcriptional co-activators

YAP/TAZ as sensors and transducers of mechanical cues have shed light on the understanding of

how cells perceive and respond to their microenvironment, at the molecular and transcriptional level.

In addition, the mechanistic crosstalk between cytoskeletal organisation and YAP/TAZ activation is

recognised to have a determinant impact on various mechanoresponsive events [558], but is still

largely unexplored.

In this chapter, direct ES was used to expose human mammary epithelial MCF10A cells to external

physical signals (in this case, electrical). Here, these cells were electrically stimulated via a bio-

compatible, conducting PPy substrate on which they are cultured, and their mechanoresponse was

studied. AFM and Scanning Ion Conductance Microscopy (SICM) were employed to directly measure

single cell elasticity changes caused by the applied direct ES. In addition, the expression of YAP/TAZ-

regulated genes, ankyrin repeat domain 1 (ANKRD1), connective tissue growth factor (CTGF ) and

Cysteine-rich angiogenic inducer 61 (CYR61), was investigated by RT-qPCR. Confocal imaging was

also used to further investigate changes in expression and localisation of vinculin, in YAP nucleocyto-

plasmic shuttling, and in actin cytoskeleton organisation.
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4.3 Materials and Methods

4.3.1 Preparation of polypyrrole doped with DBS

To synthesise PPy, pyrrole was electrochemically polymerised on gold coated mylar sheets in a 3-

electrode electrochemical cell, using Ag/AgCl as a reference electrode [580]. This procedure was

conducted together with Dr Amy Gelmi. Firstly, gold coated mylar sheets were washed with iso-

propanol and Milli-Q water. Next, an aqueous solution of 0.1M pyrrole monomer (filtered through

Aluminium oxide to remove oligomers) and 0.1M dopant DBS (dodecylbenzenesulfonate) was pre-

pared and placed in ultrasonic bath for 5 minutes to ensure solubilisation. PPy substrates were grown

at a constant voltage of 0.6 V (EDaq potentiostat) for 15 minutes. After growth, they were washed

with Milli-Q water, dried and placed in Petri dishes until further use. Before cell culture, the substrates

were sterilised under UV light for at least 30 minutes. Following, they were rinsed in sterile PBS three

times, washed with 70% (v/v) ethanol twice and rinsed again in sterile PBS.

4.3.2 General Cell Culture

MCF10A cells were obtained from American Type Culture Collection (ATCC) and cultured under stan-

dard cell culture conditions in humid incubators at 37°C and 5% CO2 atmosphere. These cells were

cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Life Tech-

nologies), supplemented with 5% (v/v) Horse Serum (Gibco, Life Technologies), 5% (v/v) Penicillin

Streptomycin (Gibco, Life Technologies), 20 ng/ml Epidermal Growth Factor (EGF, Peprotech), 0.5

mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml Cholera toxin (Sigma-Aldrich), 10 µg/ml insulin

(Sigma-Aldrich) [187]. Before being added to DMEM/F-12, all supplements were pre-mixed and fil-

tered through a sterile 0.2 µm syringe filter. MCF10A cells were expanded in T-75 flasks and medium

was changed every 2-3 days until 80-90% confluency was reached. For passaging, as well as for

seeding at specific cell densities for experimental assays, cells were detached from the tissue flask

after one rinse in sterile Phosphate Buffered Saline (PBS) and incubation at 37°C with TripLE Express

Enzyme (Thermo Fisher Scientific). Once detached, cells were centrifuged at 300 xg for 5 minutes

and the TrypLE Express-containing supernant was discarded each time. Fresh complete medium was

used to resuspend the pellet and cells were counted with trypan blue (Thermo Fisher Scientific) with

a 1:1 (v/v) ratio.
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4.3.3 Substrate-mediated ES

MCF10A cells were seeded on PPy or gold coated mylar substrates in teflon blocks at a density of

12,500 cells/cm2, and cultured for 2 days before ES protocols were initiated. Direct ES was applied

to live cells at 1 Hz, 1 ms pulses and a voltage of -0.3 or -1 V, for 1 hour at 37°C, 5% CO2. This

procedure was conducted in collaboration with Dr Amy Gelmi.

4.3.4 RNA Isolation, cDNA synthesis and RT-qPCR

4.3.4.A RNA Isolation

The expression of YAP/TAZ-regulated genes was studied by quantitative reverse transcription poly-

merase chain reaction (RT-qPCR). At the time of collection, conditioned medium was aspirated from

each well. Next, cells were washed once with sterile ice-cold PBS and 350 µl of RLT buffer (Qiagen)

were added. Following, an equal volume of 70% ethanol (molecular biology grade, Fisher Biore-

agents) was added to each sample and mixed well by pipetting. The following RNA extraction steps

were performed as per the manufacturer’s instructions (RNeasy Mini Kit, Qiagen). For each sample,

a volume of up to 700 µl at a time was transferred to a spin column placed in a 2 ml collection tube

and centrifuged for 30 seconds at 10,000 xg at room temperature. If the samples contained more

than 700 µl, multiple centrifugations were carried out. Next 700 µl of buffer RW1 was added to each

spin column followed by a centrifugation at 10,000 xg for 30 seconds at room temperature. Subse-

quently, 500 µl of buffer RPE was added to each tube for a final wash, which were centrifuged for 2

minutes at 10,000 xg at room temperature, followed by another centrifugation with no buffer added

to ascertain that no traces of ethanol were left in the samples. In every step, the flow-through from

the spin column was discarded. Finally, 30 µl of RNase-free water (Life Technologies) was added to

each spin column to collect the purified RNA from each sample with a last step of centrifugation for

30 seconds at 10,000 xg at room temperature. The RNA concentration was then measured using

NanoDrop 2000c (Thermo Fisher Scientific). Once RNA samples from all biological replicates were

collected and isolated for subsequent use, RNase-free water was added to each tube in adequate

amounts to ensure that all samples were at the same concentration.

4.3.4.B cDNA synthesis

Complementary DNA (cDNA) was synthesised from each RNA sample using Applied Biosystems

High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific). After allowing the kit com-
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ponents to thaw on ice, the reverse transcription master mix was prepared, which contained, per

reaction, 2 µl RT buffer, 0.8 µl dNTP mix, 2 µl RT random primers, 1 µl multiscribe reverse transcrip-

tase and 3.2 µl nuclease-free water. Following, 10 µl of each RNA sample was added to a 0.5 ml PCR

tube and mixed with 10 µl of reverse transcription master mix. Each tube was quickly vortexed, spun

down and placed in the thermal cycler (LifePro, Bioer) to go through the following cycle: 10 minutes

at 25°C, 120 minutes at 37°C and 5 minutes at 85°C.

4.3.4.C RT-qPCR

After reverse transcription, the cDNA was diluted with nuclease-free water to be used in quantita-

tive reverse transcription PCR (RT-qPCR). RT-qPCR was carried out using SYBR Green master mix

(Applied Biosystems, Life Technologies) and run on a StepOnePlusTM machine (Applied Biosystems).

Components were prepared on 96-well reaction plates (Thermo Fisher Scientific): 5µl of SYBR Green

master mix, 0.5µl of primers, 0.5µl of nuclease-free water, and 4µl of cDNA for each sample (2-10 ng

of cDNA per reaction). The RT-qPCR programme settings were as follows: 95°C for 20 seconds,

followed by 40 cycles of denaturation at 95°C for 3 seconds and annealing at 60°C for 30 seconds.

Melt curves were obtained from all reactions to ensure that a single amplicon was produced for each

target gene. Cycles-to-threshold (Ct) values were automatically obtained by the Thermo Fisher Sci-

entific StepOnePlusTM software. Subsequently, these values were exported to Microsoft Excel and

manually processed to obtain fold change expression values. Ct values of each gene of interest

were normalised to the Ct values of the housekeeping gene (RPL13A) within each respective sample.

2-∆∆Ct values were obtained by normalising to the internal control sample (in this case, the epithelial-

like state). Three biological replicates (two technical replicates each) are reported. Custom primers

(Invitrogen) are listed in Table 4.1.
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Table 4.1: Primers for YAP/TAZ-regulated genes. List of primers used for RT-qPCR gene expression studies

in this chapter. RPL13A was used as housekeeping gene; CTGF, ANKRD1 and CYR61 were used to measure

expression of genes associated with YAP/TAZ activation.

Target Primer Sequence

RPL13A
Forward: AAGTACCAGGCAGTGACAG

Reverse: CCTGTTTCCGTAGCCTCATG

CTGF
Forward: AGGAGTGGGTGTGTGACGA

Reverse: CCAGGCAGTTGGCTCTAATC

ANKRD1
Forward: AGTAGAGGAACTGGTCACTGG

Reverse: TGGGCTAGAAGTGTCTTCAGAT

CYR61
Forward: AAGGAGCTGGGATTCGATGC

Reverse: CATTCCAAAAACAGGGAGCCG

4.3.5 Atomic Force Microscopy

AFM measurements of live MCF10A cells elasticity, pre- and post-ES, were performed by Dr. Amy

Gelmi. Elasticity of MCF10A cells growing on electrically conductive materials (PPy or gold coated

mylar) for 2 days were measured with AFM before, during (each ES protocol lasted 1 hour), and

immediately after (1 hour time window) application of ES. This was conducted using a Nanoworld

PNP-TR-TL cantilever decorated with a 5 µm colloidal sphere with a 0.05 N/m spring constant. The

AFM tip could be accurately moved using the closed-loop feedback system controlling the X–Y piezos.

The force versus distance curves were converted to force versus indentation curves and then fitted

by the Hertz model to quantify the elastic modulus (E) [581]. The same cantilever tip was used for all

measurements, to reduce variations in the tip radius and shape to give a relative comparison between

the obtained moduli values.

4.3.6 Scanning Ion Conductance Microscopy

SICM was also used to obtain stiffness maps of live electrically stimulated and unstimulated MCF10A

cells. This technique uses a nanopipette filled with an electrolyte containing aqueous medium as

the probe. A voltage is applied between two electrodes, one in the nanopipette and a reference

electrode in the sample medium, which results in a closely monitored ionic current flowing in and out

of the nanopipette opening. The movement of the nanopipette is controlled through a piezoelectric

stage and, when the probe approaches the sample, the ionic flux becomes restricted, so the ion

current drops and the z-position of the probe is recorded [360]. This technique can be used to obtain
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cell stiffness measurements [361, 362] by exploiting the fact that as the probe approaches a soft

substrate (in this case a cell) the current drop occurs much more slowly than with stiff substrates

[361]. It is worth noting that the absolute values obtained by this method should not be used for

comparison with stiffness values obtained using other techniques (personal communication from Dr

Pavel Novak, Queen Mary University), but rather to be compared with the measurements acquired

from other samples using SICM in the same conditions. The non-contact probe-sample interaction

that takes place is sufficient to cause cell surface deformation, and the distance alteration between

the probe and the sample can be used to map the mechanical properties of biological samples [361].

4.3.6.A Sample and Imaging Equipment Preparation

MCF10A cells growing on electrically conductive materials (PPy or gold coated mylar) for 2 days

were then analysed with SICM immediately after (1 hour time window) ES was applied. Unstimulated

cells were used as controls. Firstly, cells were washed in sterile PBS and CO2-independent medium

Leibovitz’s L-15 (Gibco) was used to maintain cell viability during scanning. A P-2000 CO2 laser

puller (Sutter Instruments, Novato, CA) was used to pull borosilicate glass (outer diameter 1 mm,

inner diameter 0.5 mm, Intracel, Cambridge, UK) pipettes, which parameters for temperature and

velocity were optimised to obtain a tip inner diameter of approximately 100 nm and ion currents

of approximately 1 nA. The ion current was measured using Axopatch 200B amplifiers (Molecular

Devices, Wokingham, UK). After pulling, the pipette was backfilled with sterile PBS and an Ag/AgCl

electrode was inserted inside the pipette. The ion current flowing through the pipette was measured

with an applied bias potential of 200 mV. The current traces were acquired and analysed using pClamp

10 (Molecular Devices).

4.3.6.B Hopping Probe Ion Conductance Microscopy

SICM operation was carried in collaboration with Sahana Gopal. To operate in hopping mode the

pipette filled with PBS and containing the electrode was placed on the inverted microscope to ap-

proach the sample vertically. Next, the sample in a 35 mm Petri dish was positioned and an Ag/AgCl

electrode was submersed in the Leibovitz’s L-15 liquid medium. Once the pipette was immersed and

a current of approximately 1 nA was detected, the piezo controller was utilised to approach the sam-

ple, which was determined by a 0.3-0.6% drop in the current, compared to the reference (maximum)

current. Due to the opacity of the substrates, cells were located by using the feedback mechanism

of the piezo controller, which withdrew in the z-direction when the pipette was moved in the x- and

y-directions. Next, a quick low-resolution scan was carried out in order to confirm the presence of
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cells. Subsequently, the desired area was selected and scanned at a high resolution. Stiffness maps

were obtained by simultaneously acquiring three topographical images using multiple set-points, at

a fall rate of 40 nm/ms. Topography map of samples was acquired at a set-point of around 0.3% of

ion current drop. In each point, the nanopipette was consecutively lowered to set-points of 0.6% and

3%, and the distances between the nanopipette and the deformed samples were recorded and stored

in separate scan maps (one for each set-point). A pre-scan hop size of 20 µm was used to avoid

collision between the pipette and the sample when scanning the cells. One experimental replicate

was carried out, and at least 3 50x50 µm scan areas were obtained for each sample.

4.3.6.C Image processing

Cell stiffness maps were analysed using SICM image viewer software written by Dr. Pavel Novak,

Queen Mary University of London. With this software, median stiffness measurements were obtained

for each image by applying a mask that excluded the substrate and by using Clarke’s method [361].

4.3.7 Immunofluorescence staining

At experimental endpoint, cells to be imaged by confocal microscopy were chemically fixed with 4%

(v/v) paraformaldehyde in PBS for 15 minutes at room temperature and washed three times in PBS.

Next, samples were permeabilised with 0.25% (v/v) Triton X-100 (Sigma-Aldrich) in PBS for 10 min-

utes at room temperature, and then washed three times in PBS. Following, cells were blocked in

freshly prepared 1% (v/v) donkey serum in PBS for 1 to 2 hours at room temperature, and then

washed three times in PBS. AlexaFluor 488 Phalloidin (Thermo Fisher Scientific, 1:500 in PBS) and

DAPI (Sigma-Aldrich, 1:500 in PBS) were then used to label the actin cytoskeleton and nucleus of

cells, respectively, by incubating the samples with this solution for 40 minutes at room temperature.

Next, cells were incubated with primary antibody (listed in Table 4.2) diluted in 1% (v/v) donkey serum

in PBS overnight at 4°C. Following, cells were washed three times in PBS and incubated with sec-

ondary antibodies (listed in Table 4.2) in 1% (v/v) donkey serum in PBS for 1 hour at room temperature.

Samples were then washed three additional times in PBS, before being mounted in Fluoromount-GTM

(Invitrogen).
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Table 4.2: List of antibodies used for immunofluorescence staining. Names of each antibody (target), and

the respective dilution factor, host and source, used for immunofluorescence staining.

Antibody Dilution Host Source and Cat. no

YAP 1:500 Mouse Santa Cruz, sc-101199

Vinculin 1:400 Mouse Sigma-Aldrich, V9131

Anti-Mouse Alexa Fluor 647 1:500 Donkey Invitrogen, A-31571

4.3.8 Imaging and Image Analysis

Imaging was performed on a Leica SP5 inverted confocal microscope with a HCX PL APO 40x 1.25-

0.75 OIL CS objective lens, 16 bit depth. After image acquisition (at least five images per experimental

condition), images produced were processed with the image analysis software FIJI. In order to visu-

alise the orientation of actin fibres in all experimental conditions, the software package OrientationJ

was employed to generate HSB (Hue – local orientation; Saturation – coherency; Brightness – original

image) colour coded images with the orientation of the actin fibres. For quantification of cytoplasmic

and nuclear YAP/TAZ, the DAPI and Phalloidin channels were used to create a nuclear and a cell

mask, respectively. Cellular and nuclear regions were then generated and fluorescence intensity (in-

tegrated density) was measured. Cytoplasmic YAP content was obtained by subtracting the nuclear

YAP content from the total YAP content, which was produced by the cell mask. Percentages of nu-

clear and cytoplasmic YAP were then calculated for each image. For quantification of vinculin, the

Phalloidin channel was used to obtain a cell mask and vinculin fluorescence intensity was measured

within that region. Vinculin fluorescence intensity values are presented as ratio between the value of

integrated density and the area of region for each sample.

4.3.9 Statistical Analysis

Statistical analyses were carried out using GraphPad Prism 6.0. To determine whether data were

normally distributed, Komogorov–Smirnov and Shapiro–Wilk tests were performed. For AFM force

measurements, one-way ANOVA using Kruskal-Wallis multiple comparisons test was performed. For

RT-qPCR, three independent biological replicates were collected for each sample in study, and two

technical replicates were measured and analysed in each RT-qPCR assay plate. Differences in gene

expression were tested with one-way ANOVA using Dunnet’s multiple comparisons tests. To com-

pare fluorescence intensity (YAP and vinculin staining), Kruskal-Wallis multiple comparisons test was

performed. All hypothesis tests were considered two-tailed.
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In all cases, *p<0.05;**p<0.01;***p<0.001;****p<0.0001.
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4.4 Results

4.4.1 Effect of electrical stimulation on mammary epithelial cell elasticity

SICM was employed to map epithelial cell stiffness immediately after direct electrical stimulation was

applied to live MCF10A cells via a conducting polymer substrate, either polypyrrole or gold Mylar, at

1 Hz, 1 ms pulses and -1 V. Figure 4.5a shows the stiffness maps obtained by SICM for unstimulated

cells (control) and cells immediately after stimulation (up to 1 hour after the ES protocol was carried

out), for both conducting substrates. These maps were then analysed to extract cell elastic moduli (E)

using a mask that excluded the substrate. As shown in Figure 4.5b, an increase in cell stiffness was

observed upon electrical stimulation via either conducting substrate.

Moreover, measurements of MCF10A cellular elasticity before, during and after direct electrical stim-

ulation were also carried out by AFM. However, AFM force measurements require the use of a laser

beam to monitor cantilever deflection, and, due to gold being reflective, it was only feasible to conduct

these measurements on cells growing on PPy. Direct electrical stimulation via PPy was applied to live

cells at 1 Hz, 1 ms pulses and -1 V. Force measurements were carried out before, during (1 hour), and

up to 1 hour after application of ES. The elastic moduli of the cells was then calculated from Hertzian

fits to the obtained force versus indentation curves. In agreement with SICM, AFM measurements

showed an increase in cellular tension after electrical stimulation (Figure 4.6).
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Figure 4.5: Stiffness mapping of live cells immediately after direct ES using SICM. ES protocols were con-
ducted at -1V for 1 hour. SICM measurements were carried out together with Sahana Gopal. a Representative
images of stiffness maps for unstimulated cells (control) and cells immediately after stimulation, for both gold
coated mylar and PPy. Scale bars: 10 µm. b Plot of the median values of cell elasticity, calculated from the
obtained stiffness maps, shows a trend of increasing cytoskeletal tension upon electrical stimulation. N = 1, n =
3. y axis: Elastic modulus in Pa. Data are shown on floating bars (minimum to maximum).
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Figure 4.6: Temporal measurements of cellular elasticity in response to direct ES by AFM. Cell elasticity
AFM measurements were conducted by Dr. Amy Gelmi before, during and after ES (-1V applied for 1 hour).
y axis: Elastic modulus (E) in kPa. n - number of measurements per condition. Data are shown on box and
whiskers (minimum to maximum) plots. *p<0.05.

4.4.2 Effect of electrical stimulation on YAP regulation and activity

When there is an increase in cytoskeletal tension, YAP/TAZ localise to the nucleus to activate their

transcriptional program [555]. For this reason, the expression of YAP/TAZ-regulated genes ANKRD1,

CTGF and CYR61 was assessed. The expression of these genes was highly variable within each

condition and did not show to be significantly affected by the application of direct electrical stimulation,

via gold or PPy, at -0.3V or -1V, for both timepoints studied (0 and 24 hours post-stimulation), as shown

in Figure 4.7.
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Figure 4.7: Gene expression of YAP target genes. RT-qPCR analysis of three YAP-regulated genes, ANKRD1,
CTGF and CYR61, 0 (a) and 24 hours (b) post-stimulation (-1V or -0.3V for 1 hour). Unstimulated cells were
used as controls. y axis: 2−∆∆Ct. Data are normalised to controls on the same substrate material and shown
on Tukey box and whiskers plots. N = 3, n = 2.

Since regulation of YAP/TAZ as mechanotransducers occurs through their subcellular location, YAP

immunostaining and imaging was carried out to study its nucleocytoplasmic presence. A decreasing

trend in nuclear YAP was observed on cells immeadiately after gold-mediated ES (Figure 4.8b, left

plot, 0 hr). Conversely, a trend in increasing nuclear YAP was observed on cells electrically stim-

ulated via PPy, 24 hours post-stimulation, at -0.3V and -1V, when compared to their unstimulated

counterparts (Figure 4.8b, right plot).
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Figure 4.8: YAP subcellular localisation. YAP staining analysis on MCF10A exposed to direct ES for 1 hour
at -0.3V or -1V, 0 and 24 hours post-stimulation. a Representative images from confocal microscopy showing
YAP subcellular localisation. Scale bars: 50 µm.b Image analysis quantification of nuclear and cytoplasmic YAP
signal, shown in percentage. Unstimulated cells were used as controls.

4.4.3 Effect of electrical stimulation on actin cytoskeleton

The increase in cellular tension upon direct electrical stimulation prompted an investigation into the

actin cytoskeleton organization. By visual inspection of actin fibers (Figure 4.9), direct electrical stim-

ulation via gold or PPy, both at -0.3V or -1V, did not seem to significantly change actin fibre density

or the cortical-to-central actin ratio. The variety of colours in the representative images in Figure 4.9

shows that most actin fibres seem to have a cortical location and electrical stimulation (in all condi-

tions tested) does not seem to have a significant effect on the arrangement of the actin cytoskeleton

(angle distribution histograms can be seen in Figure C.1 in Appendix C).
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Figure 4.9: Actin cytoskeleton of electrically stimulated epithelial cells. Representative images from con-
focal microscopy showing the actin cytoskeleton (Phalloidin staining) of MCF10A cells exposed to direct ES (1
hour at -0.3V or -1V) 0 and 24 hours post-stimulation. The distribution of orientations of actin fibres is shown
colour coded images (obtained from OrientationJ). Colour coding is presented on the bottom right corner of the
figure. Scale bars: 50 µm.

4.4.4 Effect of electrical stimulation on focal adhesion protein vinculin

Vinculin is a key component of focal adhesions and it has an instrumental role in regulating the cell’s

mechanosensory machinery [582]. Here, MCF10A grown on gold exhibited denser vinculin staining

then those grown on PPy (Figure 4.10 a). Remarkably, opposing expression patterns were observed

between the two conducting substrates after electrical stimulation. Indeed, a significant decrease

in vinculin fluorescence intensity was observed 24 hours after electrical stimulation via gold coated

mylar (both at -0.3V and -1V); whereas a significant increase was observed on the cells electrically

stimulated via PPy, immediately after stimulation, at -1V, 0 and 24 hours after stimulation for both ES

protocols (Figure 4.10 b).
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Figure 4.10: Effects on key focal adhesion component vinculin by substrate-mediated ES. a Represen-
tative images from confocal microscopy showing vinculin staining on MCF10A cells exposed to direct ES (at
-0.3V or -1V for 1 hour) 0 and 24 hours post-stimulation. Magenta - vinculin; Blue - DAPI; Green - Phalloidin.
Scale bars: 50 µm. b Image analysis quantification of vinculin’s fluorescence signal. Data are shown as box and
whiskers plots. *p<0.05 and **p<0.01
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4.5 Discussion

In this chapter, an exploratory work towards charactering the mechanoresponse of electrically stimu-

lated human mammary epithelial cells is presented. Here, a method to directly apply electrical stimuli

to living cells via a biocompatible, conducting PPy substrate was developed to then investigate how

these cells convert electrical into biological signals.

The results from two independent microscopic techniques – SICM and AFM – show that human

mammary epithelial MCF10A cells increase their apparent stiffness in response to direct ES (Figures

4.5 and 4.6). In both cases, measurements were carried out right after cells were exposed to a ES

protocol of -1V for 1 hour. Even though more biological replicates should be analysed using SICM,

the results obtained by AFM provide support to this evidence, as the elastic moduli of cells 1 hour

post-stimulation is significantly higher than the one of cells that have not yet been exposed to ES.

Interestingly, AFM force measurements conducted while these cells were being electrically stimulated

depicted a slight increase in cellular stiffness, albeit not statistically significant. Since apparent cell

stiffness, measured using AFM, is strongly correlated with the stiffness of the cell’s actin cytoskeleton

[583], it is likely that this observed increase in stiffness is a result of an increase in cytoskeletal tension.

Regulation of mechanotransducers YAP/TAZ occurs via their nucleocytoplasmic transport, being ac-

tivated when they accumulate in the nucleus, where specific transcriptional programs to respond to

physical stimuli can be initiated. It has been shown that when cells experience higher cytoskeletal

tension, YAP/TAZ are translocated into the nucleus and become activated [555]. For that reason, the

expression of YAP-regulated genes ANKRD1, CTGF and CYR61, was studied (Figure 4.7). However,

even though the expression of these genes was not significantly altered, when YAP expression and

localisation was analysed by immunofluorescence staining, opposing results were obtained for the

two substrates. A slight, not statistically significant decrease in nuclear YAP was observed in cells

electrically stimulated via gold coated mylar (0 hr, Figure 4.8b). Yet, PPy-mediated ES resulted in a

slight increase in nuclear YAP, 24 hours post-stimulation (Figure 4.8b). It is possible that YAP/TAZ do

play a central role in regulating transcriptional machinery in response to electrical stimulation, but their

role is still elusive from the data obtained here. The opposite trends observed on the two different

substrates indicate the conducting materials might influence cells differently when electrically stimu-

lated. Nevertheless, investigating the expression of only three YAP target genes was limiting and, in

the future, it would be important to carry out transcriptome-wide analyses, such as RNA sequencing,

to get a more comprehensive understanding of the regulatory networks involved in the response of

epithelial cells to electrical stimulation.

Due to the observed increase in cellular stiffness, the actin cytoskeleton was analysed by fluorescence
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microscopy. Under normal conditions, actin filaments in epithelial cells are organized into cortical thin

bundles [584]. The analysis performed using OrientationJ, as an attempt to understand whether these

cells, upon being electrically stimulated, would rearrange their actin cytoskeleton and produce more

central actin fibres. This analysis, however, did not show any significant change in the organisation

of actin filaments after electrical stimulation (Figure 4.9 and Figure C.1 in Appendix C). Central actin

stress fibers were observed in various conditions, including unstimulated ones. It should be noted

that the substrates used in this work offer an unnaturally stiff extracellular environment for these cells,

which per se affects the way they would normally arrange their actin cytoskeleton. In addition, the

application of electrical stimulation via the substrates evenly distributed the electrical signal, thereby

not providing a specific electrical gradient that has previously been shown to stimulate epithelial cell

migration [585], a phenomenon known as galvanotaxis (or electrotaxis). Moving forward, it would

be important to conduct a more in-depth analysis to understand the undergoing alterations to the

cytoskeletal arrangement of these cells, namely morphometric methodologies that utilise high-content

cytoskeletal imaging and computational modelling to identify and extract important morphological

features that become significantly altered between experimental conditions [586].

The degree of response to electrical stimulation at the focal adhesion level was assessed by inves-

tigating the expression of vinculin. This protein is not only a key component of focal adhesions, but

it has also been shown to have a key role in mechanotransduction events [587]. Vinculin has been

reported to stabilise focal adhesions when there is an increase in tension [582] and it is required

in adhesion-dependent cellular stiffening [588]. Interestingly, the results here presented show that

ES alters expression of this bipolar protein, which binds to both talin and F-actin, in a substrate-

dependent manner (Figure 4.10). When MCF10A cells are electrically stimulated directly via gold

coated mylar, vinculin expression is lowered when compared to unstimulated counterparts, 24 hours

post-stimulation. Contrarily, PPy-mediated ES leads to an increased expression of vinculin compared

to unstimulated cells grown on the same substrate, both 0 and 24 hours post-stimulation. These re-

sults further indicate that the conducting materials highly impact cellular response to electrical signals.

It should be noted that PPy has a higher surface roughness than gold coated mylar [575], which might

explain the difference in vinculin expression pattern between the two substrates. It seems plausible to

hypothesise that the roughness of the material affects the way these cells adhere to each substrate

and, consequently, how they respond to the substrate-mediated applied electrical signals. It appears

that when ES is applied via PPy, MCF10A cells respond by strengthening their focal adhesions. Con-

versely, when the signals are transmitted via smooth gold coat mylar the adhesion of these cells to

the substrate is weakened. Importantly, these data should be confirmed with standard techniques to

assess protein expression, such as Western blotting. In addition, it would be relevant to further char-

acterise vinculin’s activity and response when these cells are responding to electrical stimuli using
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molecular constructs such as a fluorescence resonance energy transfer (FRET)-based vinculin ten-

sion sensor [589]. This could potentially shed light on the relationship between cytoskeletal tension

with vinculin expression and activity in the experimental conditions of the present work.
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4.6 Concluding Remarks and Future Work

In conclusion, the work presented in this chapter shows the use of PPy-mediated electrical stimu-

lation applied to human mammary epithelial cells to characterise cellular mechanosensory events.

To the best of found knowledge, this is the first time substrate-mediated direct ES has been used to

investigate the way these cells respond to electrical stimuli both biophysically and biochemically, by

synergistically combining SICM, AFM, immunostaining and gene expression analysis.

Elasticity measurements showed that these epithelial cells increase their apparent stiffness in re-

sponse to direct electrical stimulation as measured by two independent methods - SICM and AFM.

Even though YAP/TAZ have been shown to be activated when cellular tension is increased, the gene

expression and protein subcellular localisation data gathered in this study do not show a clear role for

this regulatory mechanotransduction pathway in controlling the way MCF10A cells respond to ES. Fu-

ture research at the gene expression level should investigate changes occurring in the whole genome,

particularly by employing techniques such as RNA sequencing, to more comprehensively understand

the molecular and regulatory mechanisms underlying this mechanoresponse. This could be made

possible by leveraging engineering and fabrication techniques that could produce cell culture formats

to get a higher throughput.

Moving forward, even though no significant change was observed in terms of actin cytoskeletal rear-

rangement, it would be key to utilise more high-content imaging and computational modelling to more

adequately extract and investigate the possible morphological changes happening within these cells

after electrical stimulation. Finally, vinculin’s contrasting response to gold coated mylar and to PPy not

only highlights the complexity of such responsive mechanisms, but also the relevance of the conduct-

ing material itself. It would be important to complement these data with other standard techniques to

assess protein expression, such as Western blotting, and employ other biomolecular tools to better

investigate the tension sensed at the focal adhesion level.
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5.1 Outlook

Within tissues, cells are continuously exposed to physical and biochemical stimuli from the surround-

ing extracellular (ECM) and neighbouring cells. The extracellular environment plays a fundamental

role in controlling and regulating all essential aspects of cell behaviour, including differentiation, pro-

liferation, survival, polarisation and migration. In addition, far from being a static structure, the ECM

is highly dynamic and under continuous remodelling, which involves biosynthesis, secretion, assem-

bly, modification and degradation of its components. There is a bidirectional relationship between

the cells and the ECM, and both cell behaviour and matrix structure are dependent on the constant

biochemical and biophysical cues.

This thesis aimed at exploring and investigating different aspects of the response of human mammary

epithelial cells when their surrounding environment is biochemically and/or biophysically manipulated.

In Chapter 2, the crosstalk between ECM composition and epithelial-mesenchymal transition (EMT)

was investigated using various biomolecular tools, such as gene and protein expression, microscopy

and Raman spectroscopy. In Chapter 3, cells undergoing EMT were exposed to a biologically-active

laminin-111 fragment and its potential to modulate EMT events was investigated via different strate-

gies. In Chapter 4, mechanoresponsive elements in electrically-stimulated MCF10A cells were char-

acterised using a comprehensive methodology. The following three sections will cover final consider-

ations on each of these chapters.
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5.2 Interplay between ECM composition and EMT - final consid-

erations

The epithelial microenvironment is instrumental to maintain tissue homeostasis and to control epithe-

lial cell phenotype, including cell polarity and controlled levels of proliferation and apoptosis. Epithelial

tissues are tightly organised and maintained by the basement membrane (BM), mainly composed of

collagen IV and laminin 111. Surrounding the BM there is stromal ECM, predominantly comprised of

type I collagen. One of the hallmarks of malignant carcinomas is the breaching of the BM, in which

cells acquire an invasive behaviour and migrate from the epithelial compartment to the stromal ma-

trix, where they encounter type I collagen. In fact, abnormally high expression of type I collagen has

been associated with metastasis [350]. In Chapter 2, the breaching of the BM by human mammary

epithelial cells was modelled by using biological components cells encounter in vivo – reconstituted

BM through the use of Matrigel and reconstituted type I collagen. It was observed that exposure of

non-transformed human mammary epithelial cells to increasing concentrations of type I collagen in

the matrix results in an invasive phenotype. This work provided direct evidence that an imbalanced

ECM composition can result in a dysregulated epithelial phenotype, which can contribute to the de-

velopment and progression of disease.

The observed morphological and behavioural changes highly resemble EMT, a process in which ep-

ithelial cells lose their apicobasal polarity and become migratory. Indeed, there was an increased

expression of mesenchymal markers at gene and protein level. Even though the importance, or even

existence, of EMT in the context of cancer is still controversial, it seems that this debate is more

an issue of semantics than of biological mechanisms. EMT is a complex phenomenon that involves

multiple transitional states and underlying mechanisms, as opposed to a binary cellular switch. Cells

need to acquire features that allow them to migrate and invade other sites in the body in order to

metastasise, and there is compelling evidence that the process EMT, being it partial or complete, is

what allows them to do so. Hence, investigating EMT in the context of disease, particularly cancer, is

of utmost importance and the development of physiologically relevant systems, particularly in 3D, is

needed.

While making use of natural ECM components, including animal-derived type I collagen and BM com-

ponents from Matrigel, has the advantage of providing physiologically relevant microenvironments

when forming matrices for cell culture, it is imperative to recognise and acknowledge the caveats of

such systems. Type I collagen can bind various cell surface receptors, namely integrins, and ac-

tivate different signalling pathways, thereby controlling cell fate independently of matrix mechanics.

Therefore, using type I collagen to study the effects of matrix mechanics, including stiffness, be-
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comes limiting, as it is not possible to decouple biophysical from biochemical effects. In addition,

despite its crucial role throughout decades of research, EHS sarcoma tumour derived Matrigel is a

BM structure that is both chemically and physically heterogeneous, further convoluting the relative

contribution of different signals and inputs. Thus, future research should focus on the development

of (semi-)synthetic systems to allow decoupling of biochemical from biophysical effects when study-

ing such changes in cell behaviour. To this end, the considerable advances in the biomaterials field

should be leveraged when designing future experiments, particularly when using synthetic hydrogels

with increased functionality and complexity that can recapitulate different aspects of native ECM and

support cell culture.

Moreover, SICM was employed to map the mechanical stiffness of these cells on rBM/collagen I ma-

trices. To the best of found knowledge, this was the first time SICM was employed using such soft

matrices for cell culture. The results obtained here refuted the initial working hypothesis that foresaw

a decrease in cellular stiffness with increased matrix stiffness, suggesting that these cells might stiffen

when exhibiting an invasive phenotype within a stiffer matrix, with a higher type I collagen content. It

should be noted, however, that no statistical significance can be drawn from these experiments due

to the lack of sufficient biological replicates. In addition, it was not possible to eliminate matrix effects

with this experimental setup. Future research should make use of techniques that measure intra-

cellular stiffness without interacting with ECM components, such as microrheology using microbeads

delivered intracellularly or Brillouin microscopy.

Raman spectroscopy (RS), a powerful molecular vibrational technique that can be used to obtain the

biochemical fingerprint of any given sample, and the multivariate PLS-DA method were successfully

employed to classify each phenotype within the EMT spectrum into distinct groups with high accuracy.

In this experimental design, two 2D in vitro culture methods were used as EMT models to compare

with the 3D morphogenesis assay using rBM/collagen I matrices. This was the first exploratory re-

search work that aimed at analysing the Raman spectra of cells undergoing EMT via different in vitro

methods. It is important to consider, however, that, even though RS is a versatile molecular spec-

troscopy technique to extract important biological information from various types of samples, there is

no gold standard method to analyse and process these data yet. The conversion of each spectrum

into variables that allow for interpretation of meaningful information has been a central part of RS data

processing. Here, the employment of PLS-DA to classify different EMT states showed that they are

indeed biochemically different. However, it was also clear that these differences are far more complex

than what standard gene and protein expression studies lead to believe. In the future, proteomic stud-

ies and novel optical probes (e.g. Raman tags) should be carried out to better track these biochemical

changes.
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5.3 Towards modulating EMT using a cryptic ECM fragment - fi-

nal considerations

Despite significant efforts having been put into understanding the mechanisms and the key events

underlying cellular invasion, there are limited therapeutic approaches to prevent, limit or even reverse

metastatic tumour progression [484]. In Chapter 3, a fragment (from the β1 arm of laminin 111)

with cryptic activity was used to modulate EMT-like events in human mammary epithelial cells. Two

different strategies of interfacing the recombinantly produced bioactive laminin β1 fragment with cells

undergoing EMT (via TGF-β1 treatment and 3D morphogenesis assay with type I collagen) were

applied – as a soluble factor and as tethered to a GelMA-based hydrogel. Tethering of the laminin

fragment to a GelMA-based hydrogel system was carried out via a SPAAC copper-free click chemistry

(via cysteine or lysine residues), a convenient and non-toxic strategy to synthesise biomaterials for

various applications as it does not require the use of a metal catalyst. The click chemistry strategy

can be employed to have a controlled chemical functionalisation of various biomaterials with any

biomolecule, as long as their structures allow the addition of alkynes or azide groups. This could

potentially enable the development of platforms that can be used for high-throughput screening of

novel therapeutics.

The use of this fragment on its own as a soluble compound increased mesenchymal gene expression

but showed a modest potential to downregulate the expression of some mesenchymal genes when

EMT-inducer TGF-β1 was added to the medium. It is possible that this cryptic fragment can interfere

with EMT events when it can act as a TFG-β inhibitor. When covalently tethered at a higher concen-

tration to functionalised GelMA-based hydrogels, the fragment showed encouraging, albeit not signifi-

cant, potential to inhibit invasion of cells from encapsulated spheroids. Future experiments should test

higher concentrations of hydrogel-tethered recombinant fragment and evaluate longer time-points.

ELISA and BLI were used to study the possible interaction between the recombinant laminin fragment

and α3β1 integrin, both of human and of murine origin, and also TGF-β1. These techniques con-

firmed that the fragment interacts with mouse α3β1 integrin and possibly human α3β1 integrin (only

confirmed by ELISA). Previous reports showed supporting evidence of this interaction [473, 474], but

its mechanistic and regulatory aspects, particularly how it affects the activity of the fragment, still re-

main elusive. SPAAC chemistry was also used to label the fragment with a fluorescent Cy5 dye (via

cysteine or lysine residues). Interaction between Cy5-labelled fragment and α3 integrin knockdown

MCF10A cells showed that the fluorescent intensity of cell-associated fragment is reduced 24 and

48 hours post-transfection with siRNA, further corroborating the existence of an interaction between

this recombinant fragment and α3 integrin. However, more research is necessary to understand the
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nature of this relationship and how it regulates the molecular mechanisms underlying the laminin frag-

ment’s activity. In addition, an interaction between the laminin fragment and TGF-β1 was confirmed

both by BLI and ELISA. These results further built on the idea that the fragment might modulate cer-

tain EMT events when it can act as a TGF-β inhibitor. Moreover, it is also known that several integrins

regulate TGF-β1-mediated signal transduction [505]. Hence, if this fragment can act as a TGF-β1 in-

hibitor and can directly or indirectly interact with α3β1 integrin, it will be imperative to further elucidate

these molecular mechanisms and signalling pathways.

Some domains of full-length laminin 111 have been shown to promote malignancy [511, 512] and

induce immune responses [513]. Several of the active sites identified within laminin 111 sequence

have been shown to have opposing phenotypic effects, with some promoting tumour growth and

metastasis, and others inhibiting these behaviours [515]. It is hoped that the work here presented will

encourage a more comprehensive molecular characterisation not only of the laminin β1 here used,

but also of other biologically-active ECM fragments to avoid unwanted effects.
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5.4 Towards characterising the mechanoresponse of electrically-

stimulated epithelial cells - final considerations

Epithelial cells, lining all surfaces in our bodies, continuously sense external chemical (ligands) or

physical (mechanical or electrical) signals from their environment. Electrical signalling plays a funda-

mental role in maintaining physiological homeostasis, but the molecular mechanotransduction mecha-

nisms underlying cell response to electrostimulation are very elusive. Chapter 4 shows an exploratory

work that aimed at charactering the mechanoresponse of electrically stimulated human mammary ep-

ithelial cells. To do so, doped PPy, one of the most well studied conducting polymers in biomedical

research, was used to apply direct, substrate-mediated electrical stimulation, and the cellular biophys-

ical and biochemical response was investigated by synergistically combining SICM, AFM, immunos-

taining and gene expression analysis.

SICM and AFM were employed to measure cell elasticity upon electrical stimulation and both tech-

niques showed that MCF10A cells increase their apparent cellular stiffness in response to these

signals. Experimentally, more biological replicates are necessary to statistically confirm the observed

differences using SICM. However, the agreement between the two independent methods provides

fairly strong evidence that these cells rapidly respond to direct electrical stimulation by increasing

their cellular tension. As it has been shown that YAP/TAZ are translocated into the nucleus and

become activated when cells experience higher cytoskeletal tension [555], gene expression of YAP

target genes and YAP subcellular localisation were assessed. However, these analyses did not show

a clear role for the YAP/TAZ regulatory pathway in controlling the way MCF10A cells respond to ES

and more research work is necessary. Future experimental work should make use of techniques such

as RNA sequencing, which can provide an unparalleled look into the whole transcriptome of cells, to

understand which genes are activated or downregulated by these cells upon direct ES.

The analysis carried out to investigate the cytoskeletal rearrangement of unstimulated and electri-

cally stimulated MCF10A cells did not show any visible significant change. However, in order to

adequately interrogate the morphological and structural changes occurring after ES, morphometric

methodologies that utilise high-content imaging and computational modelling should be employed.

When investigating these cells’ response to electrical stimulation at the focal adhesion level by as-

sessing the expression of vinculin, a key sensory element that binds to both talin and F-actin, it was

observed that the changes varied according to the substrate used to mediate the electrical signal.

Since PPy has a higher surface roughness than gold coated mylar [575], it is plausible to hypothesise

that this parameter affects the way these cells adhere to each substrate and then how they respond to

the substrate-mediated applied electrical signals. It seems that when ES is applied via PPy MCF10A
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cells respond by strengthening their focal adhesions, but when the signals are transmitted via smooth

gold coat mylar the adhesion of these cells to the substrate is weakened. These findings should be

confirmed by independent biomolecular quantification methods, such as Western blotting.
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5.5 Final Remarks

This body of work explored different aspects of human mammary epithelial cells’ response to various

external biochemical and biophysical cues. It showed an increase in mesenchymal gene expression

with increased stiffness of the extracellular matrix, driven by the presence of type I collagen. The

data gathered in this work supports the view of EMT as being a complex phenomenon that involves

multiple transitional states and underlying mechanisms. In addition, the employment and analysis

of Raman spectra for a more comprehensive investigation showed that the different EMT states are

biochemically distinct and these differences are more complex than what standard gene and protein

expression studies have led to believe thus far. In addition, it is hoped that the experimental work

done with the laminin β1 fragment has highlighted the importance of understanding the mechanisms

of such cryptic ECM fragments. It is likely that the fragment used in this work can modulate EMT

in very specific biological contexts. Bioactive fragments from ECM components might hold a great

potential to be used in clinical applications, but the possible presence of various active sites that

can have opposing effects emphasises the need to have well characterised cryptic ECM information.

Finally, these epithelial cells clearly respond to substrate-mediated electrical stimulation by increasing

their apparent stiffness and by changing their vinculin expression pattern. In future research, it will be

important to have a view of these cells’ transcriptomic landscape to better understand the undergoing

changes upon receiving such signals. Hopefully this work will inspire research that can leverage and

capitalise on the use of advanced biological and analytical techniques with optimised biomaterials to

exert control over various aspects of cell behaviour.

151





Bibliography

[1] L. E. O’Brien, M. M. Zegers, and K. E. Mostov, “Building epithelial architecture: Insights from

three-dimensional culture models,” Nature Reviews Molecular Cell Biology, vol. 3, no. 7, pp.

531–537, 2002.

[2] K. Shin, V. C. Fogg, and B. Margolis, “Tight Junctions and Cell Polarity,” Annual Review of Cell

and Developmental Biology, vol. 22, no. 1, pp. 207–235, 2006.

[3] Q. Wang and B. Margolis, “Apical junctional complexes and cell polarity,” Kidney International,

vol. 72, no. 12, pp. 1448–1458, 2007. [Online]. Available: http://dx.doi.org/10.1038/sj.ki.

5002579

[4] J. Roignot, X. Peng, and K. Mostov, “Polarity in mammalian epithelial morphogenesis,” Cold

Spring Harbor Perspectives in Biology, vol. 5, no. 2, pp. 1–15, 2013.

[5] S. Tstlkita, M. Furuse, T. Hirase, M. Itoh, A. Nagafuchi, S. Yonemura, S. Tsukita, and S. Tsukita,

“Occludin: A Novel Integral Membrane Protein Localizing at Tight Junctions,” Journal of Cell

Biology, vol. 123, no. 6, pp. 1777–1788, 1993.

[6] M. Furuse, K. Fujita, T. Hiiragi, K. Fujimoto, and S. Tsukita, “Claudin-1 and -2: Novel integral

membrane proteins localizing at tight junctions with no sequence similarity to occludin,” Journal

of Cell Biology, vol. 141, no. 7, pp. 1539–1550, 1998.

[7] A. Stoppacciaro, L. Williams, I. Martìn-Padura, P. Fruscella, M. Romano, M. Schneemann,

A. Villa, D. Simmons, E. Dejana, L. Ruco, S. Lostaglio, and C. Panzeri, “Junctional Adhesion

Molecule, a Novel Member of the Immunoglobulin Superfamily That Distributes at Intercellular

Junctions and Modulates Monocyte Transmigration,” The Journal of Cell Biology, vol. 142, no. 1,

pp. 117–127, 1998.

[8] P. R. Dragsten, R. Blumenthal, and J. S. Handler, “Membrane asymmetry in epithelia: Is the

tight junction a barrier to diffusion in the plasma membrane?” Nature, vol. 294, no. 5843, pp.

718–722, 1981.

[9] P. Claude, “Morphological factors influencing transepithelial permeability: A model for the re-

sistance of the Zonula Occludens,” The Journal of Membrane Biology, vol. 39, no. 2-3, pp.

219–232, 1978.

153

http://dx.doi.org/10.1038/sj.ki.5002579
http://dx.doi.org/10.1038/sj.ki.5002579


[10] A. Hartsock and W. J. Nelson, “Adherens and tight junctions: Structure, function

and connections to the actin cytoskeleton,” Biochimica et Biophysica Acta (BBA)

- Biomembranes, vol. 1778, no. 3, pp. 660–669, mar 2008. [Online]. Available:

https://linkinghub.elsevier.com/retrieve/pii/S0005273607002714

[11] R. O. Hynes and A. Naba, “Overview of the Matrisome–An Inventory of Extracellular Matrix

Constituents and Functions,” Cold Spring Harbor Perspectives in Biology, vol. 4, no. 1, pp.

a004 903–a004 903, jan 2012. [Online]. Available: http://cshperspectives.cshlp.org/lookup/doi/

10.1101/cshperspect.a004903

[12] A. Naba, K. R. Clauser, S. Hoersch, H. Liu, S. A. Carr, and R. O. Hynes, “The Matrisome:

In Silico Definition and In Vivo Characterization by Proteomics of Normal and Tumor

Extracellular Matrices,” Molecular & Cellular Proteomics, vol. 11, no. 4, p. M111.014647, 2012.

[Online]. Available: http://www.mcponline.org/content/11/4/M111.014647.full.pdf{%}0Ahttp:

//www.mcponline.org/lookup/doi/10.1074/mcp.M111.014647

[13] D. D. Roberts, “Emerging functions of matricellular proteins,” Cellular and Molecular

Life Sciences, vol. 68, no. 19, pp. 3133–3136, oct 2011. [Online]. Available: http:

//link.springer.com/10.1007/s00018-011-0779-2

[14] W. P. Daley, S. B. Peters, and M. Larsen, “Extracellular matrix dynamics in development and

regenerative medicine,” Journal of Cell Science, vol. 121, no. 3, pp. 255–264, 2008.

[15] S. Ricard-Blum, “The Collagen Family,” Cold Spring Harbor Perspectives in Biology, vol. 3,

no. 1, pp. 1–19, 2011.

[16] H. Lodish, A. Berk, S. L. Zipursky, P. Matsudaira, D. Baltimore, and J. Darnell, Molecular Cell

Biology. W. H. Freeman, 2000.

[17] M. K. Gordon and R. A. Hahn, “Collagens,” Cell and Tissue Research, vol. 339, pp. 247–257,

2009. [Online]. Available: https://linkinghub.elsevier.com/retrieve/pii/B9780123786302001699

[18] J. M. Muncie and V. M. Weaver, The Physical and Biochemical Properties of the Extracellular

Matrix Regulate Cell Fate, 1st ed. Elsevier Inc., 2018, vol. 130. [Online]. Available:

http://dx.doi.org/10.1016/bs.ctdb.2018.02.002

[19] J. K. Mouw, G. Ou, and V. M. Weaver, “Extracellular matrix assembly: A multiscale

deconstruction,” Nature Reviews Molecular Cell Biology, vol. 15, no. 12, pp. 771–785, 2014.

[Online]. Available: http://dx.doi.org/10.1038/nrm3902

[20] N. Saraswathy and P. Ramalingam, “16 - Glycoproteomics,” in Woodhead Publishing

Series in Biomedicine, N. Saraswathy, P. B. T. C. Ramalingam, T. in Genomics,

and Proteomics, Eds. Woodhead Publishing, 2011, pp. 213–218. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/B978190756810750016X

[21] R. Timpl and J. C. Brown, “The laminins,” Matrix Biology, vol. 14, no. 4, pp. 275–281, 1994.

154

https://linkinghub.elsevier.com/retrieve/pii/S0005273607002714
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a004903
http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a004903
http://www.mcponline.org/content/11/4/M111.014647.full.pdf{%}0Ahttp://www.mcponline.org/lookup/doi/10.1074/mcp.M111.014647
http://www.mcponline.org/content/11/4/M111.014647.full.pdf{%}0Ahttp://www.mcponline.org/lookup/doi/10.1074/mcp.M111.014647
http://link.springer.com/10.1007/s00018-011-0779-2
http://link.springer.com/10.1007/s00018-011-0779-2
https://linkinghub.elsevier.com/retrieve/pii/B9780123786302001699
http://dx.doi.org/10.1016/bs.ctdb.2018.02.002
http://dx.doi.org/10.1038/nrm3902
http://www.sciencedirect.com/science/article/pii/B978190756810750016X


[Online]. Available: http://www.sciencedirect.com/science/article/pii/0945053X94901929

[22] M. Aumailley, L. Brucknertuderman, W. Carter, R. Deutzmann, D. Edgar, P. Ekblom,

J. Engel, E. Engvall, E. Hohenester, and J. Jones, “A simplified laminin nomenclature,”

Matrix Biology, vol. 24, no. 5, pp. 326–332, aug 2005. [Online]. Available: https:

//linkinghub.elsevier.com/retrieve/pii/S0945053X0500065X

[23] K. Sugawara, D. Tsuruta, M. Ishii, J. C. Jones, and H. Kobayashi, “Laminin-332 and -511 in

skin,” Experimental Dermatology, vol. 17, no. 6, pp. 473–480, 2008.

[24] E. Hohenester and P. D. Yurchenco, “Laminins in basement membrane assembly,” Cell Adhe-

sion and Migration, vol. 7, no. 1, pp. 56–63, 2013.

[25] T. R. Cox and J. T. Erler, “Remodeling and homeostasis of the extracellular matrix: implications

for fibrotic diseases and cancer,” Disease Models & Mechanisms, vol. 4, no. 2, pp. 165–178,

2011.

[26] C. Bonnans, J. Chou, and Z. Werb, “Remodelling the extracellular matrix in development and

disease,” Nature Reviews Molecular Cell Biology, vol. 15, no. 12, pp. 786–801, 2014. [Online].

Available: http://dx.doi.org/10.1038/nrm3904

[27] R. Timpl, S. Fujiwara, M. Dziaiiek, M. Aumailley, S. Webera, and J. Engel, “Laminin, Proteogly-

can, Nidogen and Collagen IV: Structural Models and Molecular Interactions,” in Ciba Founda-

tion Symposium 108 - Basement Membranes and Cell Movement, may 1984, ch. 3, pp. 25–43.

[28] M. Paulsson, S. Fujiwara, M. Dziadek, R. Timpl, G. Pejler, G. Bäckström, U. Lindahl, and J. En-

gel, “Structure and function of basement membrane proteoglycans,” Ciba Foundation sympo-

sium, vol. 124, pp. 189–203, feb 1986.

[29] R. Timpl and J. C. Brown, “Supramolecular assembly of basement membranes,” BioEssays,

vol. 18, no. 2, pp. 123–132, 1996.

[30] R. Kalluri, “Basement membranes: Structure, assembly and role in tumour angiogenesis,” Na-

ture Reviews Cancer, vol. 3, no. 6, pp. 422–433, 2003.

[31] R. O. Hynes, “The Extracellular Matrix: Not Just Pretty Fibrils,” Science, vol. 326, no. 5957, pp.

1216–1219, nov 2009. [Online]. Available: http://www.sciencemag.org/cgi/doi/10.1126/science.

1176009

[32] C. Frantz, K. M. Stewart, and V. M. Weaver, “The extracellular matrix at a glance,” Journal of

Cell Science, vol. 123, no. 24, pp. 4195–4200, 2010.

[33] X. Xian, S. Gopal, and J. R. Couchman, “Syndecans as receptors and organizers of the extra-

cellular matrix,” Cell and Tissue Research, vol. 339, no. 1, pp. 31–46, 2010.

[34] B. Leitinger and E. Hohenester, “Mammalian collagen receptors,” Matrix Biology, vol. 26, no. 3,

pp. 146–155, 2007.

[35] D. S. Harburger and D. A. Calderwood, “Integrin signalling at a glance.” Journal of cell science,

155

http://www.sciencedirect.com/science/article/pii/0945053X94901929
https://linkinghub.elsevier.com/retrieve/pii/S0945053X0500065X
https://linkinghub.elsevier.com/retrieve/pii/S0945053X0500065X
http://dx.doi.org/10.1038/nrm3904
http://www.sciencemag.org/cgi/doi/10.1126/science.1176009
http://www.sciencemag.org/cgi/doi/10.1126/science.1176009


vol. 122, no. Pt 2, pp. 159–63, 2009. [Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/

19118207{%}0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2714413

[36] R. O. Hynes, “Integrins : Bidirectional , Allosteric Signaling Machines In their roles as major

adhesion receptors,” Cell, vol. 110, no. 6, pp. 673–687, 2002.

[37] C. Kim, F. Ye, and M. H. Ginsberg, “Regulation of Integrin Activation,” Annual Review of Cell

and Developmental Biology, vol. 27, no. 1, pp. 321–345, 2011.

[38] D. A. Calderwood, I. D. Campbell, and D. R. Critchley, “Talins and kindlins: Partners in

integrin-mediated adhesion,” Nature Reviews Molecular Cell Biology, vol. 14, no. 8, pp.

503–517, 2013. [Online]. Available: http://dx.doi.org/10.1038/nrm3624

[39] S. J. Shattil, C. Kim, and M. H. Ginsberg, “The final steps of integrin activation: The end game,”

Nature Reviews Molecular Cell Biology, vol. 11, no. 4, pp. 288–300, 2010. [Online]. Available:

http://dx.doi.org/10.1038/nrm2871

[40] N. Wang, J. D. Tytell, and D. E. Ingber, “Mechanotransduction at a distance: Mechanically cou-

pling the extracellular matrix with the nucleus,” Nature Reviews Molecular Cell Biology, vol. 10,

no. 1, pp. 75–82, 2009.

[41] N. Wang, K. Naruse, D. Stamenovic, J. J. Fredberg, S. M. Mijailovich, I. M. Tolic-Norrelykke,

T. Polte, R. Mannix, and D. E. Ingber, “Mechanical behavior in living cells consistent with the

tensegrity model,” Proceedings of the National Academy of Sciences, vol. 98, no. 14, pp.

7765–7770, 2001. [Online]. Available: http://www.pnas.org/cgi/doi/10.1073/pnas.141199598

[42] P. F. Davies, “Overview: Temporal and Spatial Relationships in Shear Stress-Mediated

Endothelial Signalling,” Journal of Vascular Research, vol. 34, no. 3, pp. 208–211, 1997.

[Online]. Available: https://www.karger.com/DOI/10.1159/000159224

[43] W. B. Kiosses, G. Cao, M. A. Schwartz, B. Engelhardt, E. Dejana, D. A. Schultz, E. Tzima,

M. Irani-Tehrani, and H. DeLisser, “A mechanosensory complex that mediates the endothelial

cell response to fluid shear stress,” Nature, vol. 437, no. 7057, pp. 426–431, 2005.

[44] S. Gudi, J. P. Nolan, and J. A. Frangos, “Modulation of GTPase activity of G proteins by fluid

shear stress and phospholipid composition,” Proceedings of the National Academy of Sciences,

vol. 95, no. 5, pp. 2515–2519, 2002.

[45] N. Wang, “Review of cellular mechanotransduction,” Journal of Physics D: Applied Physics,

vol. 50, no. 23, 2017.

[46] N. Wang, J. Butler, and D. Ingber, “Mechanotransduction across the cell surface and through

the cytoskeleton,” Science, vol. 260, no. 5111, pp. 1124–1127, may 1993. [Online]. Available:

http://www.sciencemag.org/cgi/doi/10.1126/science.7684161

[47] Z. Sun, M. Costell, and R. Fässler, “Integrin activation by talin, kindlin and mechanical

forces,” Nature Cell Biology, vol. 21, no. 1, pp. 25–31, 2019. [Online]. Available:

156

http://www.ncbi.nlm.nih.gov/pubmed/19118207{%}0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2714413
http://www.ncbi.nlm.nih.gov/pubmed/19118207{%}0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC2714413
http://dx.doi.org/10.1038/nrm3624
http://dx.doi.org/10.1038/nrm2871
http://www.pnas.org/cgi/doi/10.1073/pnas.141199598
https://www.karger.com/DOI/10.1159/000159224
http://www.sciencemag.org/cgi/doi/10.1126/science.7684161


http://dx.doi.org/10.1038/s41556-018-0234-9

[48] E. R. Horton, P. Astudillo, M. J. Humphries, and J. D. Humphries, “Mechanosensitivity of

integrin adhesion complexes: role of the consensus adhesome,” Experimental Cell Research,

vol. 343, no. 1, pp. 7–13, apr 2016. [Online]. Available: http://dx.doi.org/10.1016/j.yexcr.2015.

10.025https://linkinghub.elsevier.com/retrieve/pii/S0014482715301300

[49] S. E. Winograd-Katz, R. Fässler, B. Geiger, and K. R. Legate, “The integrin adhesome: from

genes and proteins to human disease,” Nature Reviews Molecular Cell Biology, vol. 15, no. 4,

pp. 273–288, apr 2014. [Online]. Available: http://www.nature.com/articles/nrm3769

[50] K. R. Legate and R. Fassler, “Mechanisms that regulate adaptor binding to β-integrin

cytoplasmic tails,” Journal of Cell Science, vol. 122, no. 2, pp. 187–198, jan 2009. [Online].

Available: http://jcs.biologists.org/cgi/doi/10.1242/jcs.041624

[51] M. H. Ginsberg, R. O. Hynes, D. J. G. Rees, R. Grant, R. Zent, and D. A. Calderwood, “The Talin

Head Domain Binds to Integrin β Subunit Cytoplasmic Tails and Regulates Integrin Activation,”

Journal of Biological Chemistry, vol. 274, no. 40, pp. 28 071–28 074, 2002.

[52] D. T. Loo, S. B. Kanner, and A. Aruffo, “Filamin Binds to the Cytoplasmic Domain of the β1

-Integrin,” Journal of Biological Chemistry, vol. 273, no. 36, pp. 23 304–23 312, sep 1998.

[Online]. Available: http://www.jbc.org/lookup/doi/10.1074/jbc.273.36.23304

[53] E. Montanez, S. Ussar, M. Schifferer, M. Bösl, R. Zent, M. Moser, and R. Fässler, “Kindlin-

2 controls bidirectional signaling of integrins,” Genes and Development, vol. 22, no. 10, pp.

1325–1330, 2008.

[54] M. Moser, B. Nieswandt, S. Ussar, M. Pozgajova, and R. Fässler, “Kindlin-3 is essential for

integrin activation and platelet aggregation,” Nature Medicine, vol. 14, no. 3, pp. 325–330, 2008.

[55] L.-M. Chen, D. Bailey, and C. Fernandez-Valle, “Association of β1 Integrin with Focal Adhesion

Kinase and Paxillin in Differentiating Schwann Cells,” The Journal of Neuroscience, vol. 20,

no. 10, pp. 3776–3784, 2018.

[56] B. P. Eliceiri, X. S. Puente, J. D. Hood, D. G. Stupack, D. D. Schlaepfer, X. Z. Huang, D. Shep-

pard, and D. A. Cheresh, “Src-mediated coupling of focal adhesion kinase to integrin αvβ5 in

vascular endothelial growth factor signaling,” Journal of Cell Biology, vol. 157, no. 1, pp. 149–

159, 2002.

[57] E. G. Arias-Salgado, S. Lizano, S. Sarkar, J. S. Brugge, M. H. Ginsberg, and S. J. Shattil, “Src

kinase activation by direct interaction with the integrin cytoplasmic domain,” Proceedings of the

National Academy of Sciences, vol. 100, no. 23, pp. 13 298–13 302, 2003.

[58] K. Bledzka, K. Bialkowska, K. Sossey-Alaoui, J. Vaynberg, E. Pluskota, J. Qin, and E. F. Plow,

“Kindlin-2 directly binds actin and regulates integrin outside-in signaling,” Journal of Cell Biol-

ogy, vol. 213, no. 1, pp. 97–108, 2016.

157

http://dx.doi.org/10.1038/s41556-018-0234-9
http://dx.doi.org/10.1016/j.yexcr.2015.10.025 https://linkinghub.elsevier.com/retrieve/pii/S0014482715301300
http://dx.doi.org/10.1016/j.yexcr.2015.10.025 https://linkinghub.elsevier.com/retrieve/pii/S0014482715301300
http://www.nature.com/articles/nrm3769
http://jcs.biologists.org/cgi/doi/10.1242/jcs.041624
http://www.jbc.org/lookup/doi/10.1074/jbc.273.36.23304


[59] M. Crisp, Q. Liu, K. Roux, J. Rattner, C. Shanahan, B. Burke, P. D. Stahl, and D. Hodzic,

“Coupling of the nucleus and cytoplasm,” The Journal of Cell Biology, vol. 172, no. 1, pp.

41–53, jan 2006. [Online]. Available: http://www.jcb.org/lookup/doi/10.1083/jcb.200509124

[60] P. Lu, K. Takai, V. M. Weaver, and Z. Werb, “Extracellular Matrix Degradation and Remodeling

in Development and Disease,” Cold Spring Harbor Perspectives in Biology, vol. 3, no. 12,

pp. a005 058–a005 058, dec 2011. [Online]. Available: http://www.mdpi.com/1422-0067/20/1/

205http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a005058

[61] J. T. Oxford, J. C. Reeck, and M. J. Hardy, “Extracellular Matrix in Development and Disease,”

International journal of molecular sciences, vol. 20, no. 1, 2019.

[62] L. Li, Q. Zhao, and W. Kong, “Extracellular matrix remodeling and cardiac fibrosis,” Matrix

Biology, vol. 68-69, pp. 490–506, aug 2018. [Online]. Available: https://linkinghub.elsevier.com/

retrieve/pii/S0945053X17303980

[63] J. Herrera, C. A. Henke, and P. B. Bitterman, “Extracellular matrix as a driver of progressive

fibrosis,” Journal of Clinical Investigation, vol. 128, no. 1, pp. 45–53, jan 2018. [Online].

Available: http://www.embase.com/search/results?subaction=viewrecord{&}from=export{&}id=

L620167302{%}0Ahttp://dx.doi.org/10.1172/JCI93557https://www.jci.org/articles/view/93557

[64] P. Lu, V. M. Weaver, and Z. Werb, “The extracellular matrix: A dynamic niche in cancer progres-

sion,” Journal of Cell Biology, vol. 196, no. 4, pp. 395–406, 2012.

[65] J. Gross and C. M. Lapiere, “Collagenolytic activity in amphibian tissues:

a tissue culture assay.” Proceedings of the National Academy of Sci-

ences of the United States of America, vol. 48, no. 6, pp. 1014–22,

jun 1962. [Online]. Available: https://www.ncbi.nlm.nih.gov/pubmed/13902219https:

//www.ncbi.nlm.nih.gov/pmc/PMC220898/http://www.ncbi.nlm.nih.gov/pubmed/13902219http:

//www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC220898

[66] W. Bode, F.-X. Gomis-Rüth, and W. Stöckler, “Astacins, serralysins, snake venom

and matrix metalloproteinases exhibit identical zinc-binding environments (HEXXHXXGXXH

and Met-turn) and topologies and should be grouped into a common family, the

‘metzincins’,” FEBS Letters, vol. 331, no. 1-2, pp. 134–140, sep 1993. [Online]. Available:

http://doi.wiley.com/10.1016/0014-5793{%}2893{%}2980312-I

[67] W. Stöcker, F. Grams, P. Reinemer, W. Bode, U. Baumann, F.-X. Gomis-Rüth, and

D. B. Mckay, “The metzincins - Topological and sequential relations between the astacins,

adamalysins, serralysins, and matrixins (collagenases) define a super family of zinc-

peptidases,” Protein Science, vol. 4, no. 5, pp. 823–840, dec 1995. [Online]. Available:

http://doi.wiley.com/10.1002/pro.5560040502

[68] E. S. Radisky, M. Raeeszadeh-Sarmazdeh, and D. C. Radisky, “Therapeutic Potential of Matrix

158

http://www.jcb.org/lookup/doi/10.1083/jcb.200509124
http://www.mdpi.com/1422-0067/20/1/205 http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a005058
http://www.mdpi.com/1422-0067/20/1/205 http://cshperspectives.cshlp.org/lookup/doi/10.1101/cshperspect.a005058
https://linkinghub.elsevier.com/retrieve/pii/S0945053X17303980
https://linkinghub.elsevier.com/retrieve/pii/S0945053X17303980
http://www.embase.com/search/results?subaction=viewrecord{&}from=export{&}id=L620167302{%}0Ahttp://dx.doi.org/10.1172/JCI93557 https://www.jci.org/articles/view/93557
http://www.embase.com/search/results?subaction=viewrecord{&}from=export{&}id=L620167302{%}0Ahttp://dx.doi.org/10.1172/JCI93557 https://www.jci.org/articles/view/93557
https://www.ncbi.nlm.nih.gov/pubmed/13902219 https://www.ncbi.nlm.nih.gov/pmc/PMC220898/ http://www.ncbi.nlm.nih.gov/pubmed/13902219 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC220898
https://www.ncbi.nlm.nih.gov/pubmed/13902219 https://www.ncbi.nlm.nih.gov/pmc/PMC220898/ http://www.ncbi.nlm.nih.gov/pubmed/13902219 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC220898
https://www.ncbi.nlm.nih.gov/pubmed/13902219 https://www.ncbi.nlm.nih.gov/pmc/PMC220898/ http://www.ncbi.nlm.nih.gov/pubmed/13902219 http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC220898
http://doi.wiley.com/10.1016/0014-5793{%}2893{%}2980312-I
http://doi.wiley.com/10.1002/pro.5560040502


Metalloproteinase Inhibition in Breast Cancer,” Journal of Cellular Biochemistry, vol. 118, no. 11,

pp. 3531–3548, 2017.

[69] V. S. Golubkov, P. Cieplak, A. V. Chekanov, B. I. Ratnikov, A. E. Aleshin, N. V. Golubkova, T. I.

Postnova, I. A. Radichev, D. V. Rozanov, W. Zhu, K. Motamedchaboki, and A. Y. Strongin,

“Internal Cleavages of the Autoinhibitory Prodomain Are Required for Membrane Type 1 Matrix

Metalloproteinase Activation, although Furin Cleavage Alone Generates Inactive Proteinase,”

Journal of Biological Chemistry, vol. 285, no. 36, pp. 27 726–27 736, sep 2010. [Online].

Available: http://www.jbc.org/lookup/doi/10.1074/jbc.M110.135442

[70] H. E. Van Wart and H. Birkedal-Hansen, “The cysteine switch: a principle of regulation of

metalloproteinase activity with potential applicability to the entire matrix metalloproteinase gene

family.” Proceedings of the National Academy of Sciences, vol. 87, no. 14, pp. 5578–5582, jul

1990. [Online]. Available: http://www.pnas.org/cgi/doi/10.1073/pnas.87.14.5578

[71] I. Yana and S. J. Weiss, “Regulation of Membrane Type-1 Matrix Metalloproteinase Activation

by Proprotein Convertases,” Molecular Biology of the Cell, vol. 11, no. 7, pp. 2387–2401, jul

2000. [Online]. Available: http://www.molbiolcell.org/doi/10.1091/mbc.11.7.2387

[72] A. Page-McCaw, A. J. Ewald, and Z. Werb, “Matrix metalloproteinases and the regulation of

tissue remodelling,” Nature Reviews Molecular Cell Biology, vol. 8, no. 3, pp. 221–233, mar

2007. [Online]. Available: http://www.nature.com/articles/nrm2125

[73] C. M. Overall, “Molecular Determinants of Metalloproteinase Substrate Specificity: Matrix Met-

alloproteinase Substrate Binding Domains, Modules, and Exosites,” Molecular Biotechnology,

vol. 22, no. 1, pp. 051–086, sep 2002. [Online]. Available: http://link.springer.com/10.1385/MB:

22:1:051https://linkinghub.elsevier.com/retrieve/pii/S0891584904004617

[74] K. K. Nelson and J. A. Melendez, “Mitochondrial redox control of matrix metalloproteinases,”

Free Radical Biology and Medicine, vol. 37, no. 6, pp. 768–784, 2004.

[75] M. D. Sternlicht, M. J. Bissell, and Z. Werb, “The matrix metalloproteinase stromelysin-1 acts

as a natural mammary tumor promoter,” Oncogene, vol. 19, no. 8, pp. 1102–1113, feb 2000.

[Online]. Available: http://www.nature.com/articles/1203347

[76] D. Rodríguez, C. J. Morrison, and C. M. Overall, “Matrix metalloproteinases: What do they

not do? New substrates and biological roles identified by murine models and proteomics,”

Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, vol. 1803, no. 1, pp.

39–54, jan 2010. [Online]. Available: http://dx.doi.org/10.1016/j.bbamcr.2009.09.015https:

//linkinghub.elsevier.com/retrieve/pii/S0167488909002407

[77] S. Ricard-Blum and R. Salza, “Matricryptins and matrikines: biologically active fragments of

the extracellular matrix,” Experimental Dermatology, vol. 23, no. 7, pp. 457–463, jul 2014.

[Online]. Available: http://doi.wiley.com/10.1111/exd.12435

159

http://www.jbc.org/lookup/doi/10.1074/jbc.M110.135442
http://www.pnas.org/cgi/doi/10.1073/pnas.87.14.5578
http://www.molbiolcell.org/doi/10.1091/mbc.11.7.2387
http://www.nature.com/articles/nrm2125
http://link.springer.com/10.1385/MB:22:1:051 https://linkinghub.elsevier.com/retrieve/pii/S0891584904004617
http://link.springer.com/10.1385/MB:22:1:051 https://linkinghub.elsevier.com/retrieve/pii/S0891584904004617
http://www.nature.com/articles/1203347
http://dx.doi.org/10.1016/j.bbamcr.2009.09.015 https://linkinghub.elsevier.com/retrieve/pii/S0167488909002407
http://dx.doi.org/10.1016/j.bbamcr.2009.09.015 https://linkinghub.elsevier.com/retrieve/pii/S0167488909002407
http://doi.wiley.com/10.1111/exd.12435


[78] M. D. Sternlicht and Z. Werb, “How Matrix Metalloproteinases Regulate Cell Behavior,” Annual

Review of Cell and Developmental Biology, vol. 17, no. 1, pp. 463–516, nov 2001. [Online].

Available: http://www.annualreviews.org/doi/10.1146/annurev.cellbio.17.1.463

[79] P. Cieplak and A. Y. Strongin, “Matrix metalloproteinases – From the cleavage data to the

prediction tools and beyond,” Biochimica et Biophysica Acta (BBA) - Molecular Cell Research,

vol. 1864, no. 11, pp. 1952–1963, nov 2017. [Online]. Available: http://dx.doi.org/10.1016/j.

bbamcr.2017.03.010https://linkinghub.elsevier.com/retrieve/pii/S0167488917300642

[80] L. A. Hite, J. D. Shannon, J. B. Bjarnason, and J. W. Fox, “Sequence of a cDNA clone

encoding the zinc metalloproteinase hemorrhagic toxin e from Crotalus atrox: evidence for

signal, zymogen and disintegrin-like structures,” Biochemistry, vol. 31, no. 27, pp. 6203–6211,

jul 1992. [Online]. Available: http://pubs.acs.org/doi/abs/10.1021/bi00142a005

[81] N. Giebeler and P. Zigrino, “A Disintegrin and Metalloprotease (ADAM): Historical Overview

of Their Functions,” Toxins, vol. 8, no. 4, p. 122, apr 2016. [Online]. Available:

http://www.mdpi.com/2072-6651/8/4/122

[82] K. Kuno, N. Kanada, E. Nakashima, F. Fujiki, F. Ichimura, and K. Matsushima,

“Molecular Cloning of a Gene Encoding a New Type of Metalloproteinase-disintegrin

Family Protein with Thrombospondin Motifs as an Inflammation Associated Gene,” Journal

of Biological Chemistry, vol. 272, no. 1, pp. 556–562, jan 1997. [Online]. Available:

http://www.jbc.org/lookup/doi/10.1074/jbc.272.1.556

[83] T. G. Wolfsberg, P. Primakoff, D. G. Myles, and M. White, Judith, “ADAM, a novel family

of membrane proteins containing A Disintegrin And Metalloprotease domain: multipotential

functions in cell-cell and cell- matrix interactions,” The Journal of Cell Biology, vol. 131, no. 2,

pp. 275–278, oct 1995. [Online]. Available: http://www.jcb.org/cgi/doi/10.1083/jcb.131.2.275

[84] J. M. White, “ADAMs: modulators of cell–cell and cell–matrix interactions,” Current

Opinion in Cell Biology, vol. 15, no. 5, pp. 598–606, oct 2003. [Online]. Available:

https://linkinghub.elsevier.com/retrieve/pii/S0955067403001108

[85] R. Kelwick, I. Desanlis, G. N. Wheeler, and D. R. Edwards, “The ADAMTS (A Disintegrin and

Metalloproteinase with Thrombospondin motifs) family,” Genome Biology, vol. 16, no. 1, p. 113,

dec 2015. [Online]. Available: http://genomebiology.com/2015/16/1/113

[86] J. S. Bond, K. Rojas, J. Overhauser, H. Y. Zoghbi, and W. Jiang, “The structural genes, MEP1A

and MEP1B, for the α and β subunits of the metalloendopeptidase meprin map to human

chromosomes 6p and 18q, respectively,” Genomics, vol. 25, no. 1, pp. 300–303, jan 1995.

[Online]. Available: http://linkinghub.elsevier.com/retrieve/pii/0888754395801429

[87] P. Marchand, J. Tang, and J. S. Bond, “Membrane association and oligomeric organization of

the α and β subunits of mouse meprin A,” Journal of Biological Chemistry, vol. 269, no. 21, pp.

160

http://www.annualreviews.org/doi/10.1146/annurev.cellbio.17.1.463
http://dx.doi.org/10.1016/j.bbamcr.2017.03.010 https://linkinghub.elsevier.com/retrieve/pii/S0167488917300642
http://dx.doi.org/10.1016/j.bbamcr.2017.03.010 https://linkinghub.elsevier.com/retrieve/pii/S0167488917300642
http://pubs.acs.org/doi/abs/10.1021/bi00142a005
http://www.mdpi.com/2072-6651/8/4/122
http://www.jbc.org/lookup/doi/10.1074/jbc.272.1.556
http://www.jcb.org/cgi/doi/10.1083/jcb.131.2.275
https://linkinghub.elsevier.com/retrieve/pii/S0955067403001108
http://genomebiology.com/2015/16/1/113
http://linkinghub.elsevier.com/retrieve/pii/0888754395801429


15 388–15 393, 1994.

[88] J. S. Bond and R. J. Beynon, “The astacin family of metalloendopeptidases,” Protein Science,

vol. 4, no. 7, pp. 1247–1261, 1995.

[89] J. Tang and J. S. Bond, “Maturation of Secreted Meprin α during Biosynthesis: Role of the Furin

Site and Identification of the COOH-Terminal Amino Acids of the Mouse Kidney Metalloprotease

Subunit,” Archives of Biochemistry and Biophysics, vol. 349, no. 1, pp. 192–200, jan 1998.

[Online]. Available: http://linkinghub.elsevier.com/retrieve/pii/S0003986197904537

[90] J. L. Arolas, C. Broder, T. Jefferson, T. Guevara, E. E. Sterchi, W. Bode, W. Stocker,

C. Becker-Pauly, and F. X. Gomis-Ruth, “Structural basis for the sheddase function of

human meprin metalloproteinase at the plasma membrane,” Proceedings of the National

Academy of Sciences, vol. 109, no. 40, pp. 16 131–16 136, oct 2012. [Online]. Available:

http://www.pnas.org/cgi/doi/10.1073/pnas.1211076109

[91] T. Jefferson, U. auf dem Keller, C. Bellac, V. V. Metz, C. Broder, J. Hedrich, A. Ohler, W. Maier,

V. Magdolen, E. Sterchi, J. S. Bond, A. Jayakumar, H. Traupe, A. Chalaris, S. Rose-John, C. U.

Pietrzik, R. Postina, C. M. Overall, and C. Becker-Pauly, “The substrate degradome of meprin

metalloproteases reveals an unexpected proteolytic link between meprin β and ADAM10,”

Cellular and Molecular Life Sciences, vol. 70, no. 2, pp. 309–333, jan 2013. [Online]. Available:

http://link.springer.com/10.1007/s00018-012-1106-2

[92] C. Broder, P. Arnold, S. Vadon-Le Goff, M. A. Konerding, K. Bahr, S. Muller, C. M.

Overall, J. S. Bond, T. Koudelka, A. Tholey, D. J. S. Hulmes, C. Moali, and

C. Becker-Pauly, “Metalloproteases meprin and meprin are C- and N-procollagen proteinases

important for collagen assembly and tensile strength,” Proceedings of the National

Academy of Sciences, vol. 110, no. 35, pp. 14 219–14 224, aug 2013. [Online]. Available:

http://www.pnas.org/cgi/doi/10.1073/pnas.1305464110

[93] C. Broder and C. Becker-Pauly, “The metalloproteases meprin α and meprin β: unique

enzymes in inflammation, neurodegeneration, cancer and fibrosis,” Biochemical Journal, vol.

450, no. 2, pp. 253–264, mar 2013. [Online]. Available: http://www.biochemj.org/cgi/doi/10.

1042/BJ20121751

[94] R. Khokha, A. Murthy, and A. Weiss, “Metalloproteinases and their natural inhibitors in

inflammation and immunity,” Nature Reviews Immunology, vol. 13, no. 9, pp. 649–665,

sep 2013. [Online]. Available: http://dx.doi.org/10.1038/nri3499http://www.nature.com/articles/

nri3499

[95] A. Winer, S. Adams, and P. Mignatti, “Matrix Metalloproteinase Inhibitors in Cancer Therapy:

Turning Past Failures Into Future Successes,” Molecular Cancer Therapeutics, vol. 17, no. 6,

pp. 1147–1155, jun 2018. [Online]. Available: http://mct.aacrjournals.org/lookup/doi/10.1158/

161

http://linkinghub.elsevier.com/retrieve/pii/S0003986197904537
http://www.pnas.org/cgi/doi/10.1073/pnas.1211076109
http://link.springer.com/10.1007/s00018-012-1106-2
http://www.pnas.org/cgi/doi/10.1073/pnas.1305464110
http://www.biochemj.org/cgi/doi/10.1042/BJ20121751
http://www.biochemj.org/cgi/doi/10.1042/BJ20121751
http://dx.doi.org/10.1038/nri3499 http://www.nature.com/articles/nri3499
http://dx.doi.org/10.1038/nri3499 http://www.nature.com/articles/nri3499
http://mct.aacrjournals.org/lookup/doi/10.1158/1535-7163.MCT-17-0646
http://mct.aacrjournals.org/lookup/doi/10.1158/1535-7163.MCT-17-0646


1535-7163.MCT-17-0646

[96] J. Hedrich, D. Lottaz, K. Meyer, I. Yiallouros, W. Jahnen-Dechent, W. Stocker, and

C. Becker-Pauly, “Fetuin-A and Cystatin C Are Endogenous Inhibitors of Human Meprin

Metalloproteases,” Biochemistry, vol. 49, no. 39, pp. 8599–8607, oct 2010. [Online]. Available:

https://pubs.acs.org/doi/10.1021/bi1004238

[97] M. Berman, E. Manseau, M. Law, and D. Aiken, “Ulceration is correlated with degradation of

fibrin and fibronectin at the corneal surface,” Investigative Ophthalmology and Visual Science,

vol. 24, no. 10, pp. 1358–1366, 1983. [Online]. Available: http://ovidsp.ovid.com/ovidweb.cgi?

T=JS{&}PAGE=reference{&}D=emed1a{&}NEWS=N{&}AN=1983246827

[98] B. Shenkman, T. Livnat, I. Budnik, I. Tamarin, Y. Einav, and U. Martinowitz, “Plasma

tissue-type plasminogen activator increases fibrinolytic activity of exogenous urokinase-type

plasminogen activator,” Blood Coagulation & Fibrinolysis, vol. 23, no. 8, pp. 729–733,

dec 2012. [Online]. Available: http://content.wkhealth.com/linkback/openurl?sid=WKPTLP:

landingpage{&}an=00001721-201212000-00009

[99] Z.-L. Chen and S. Strickland, “Neuronal Death in the Hippocampus Is Promoted by

Plasmin-Catalyzed Degradation of Laminin,” Cell, vol. 91, no. 7, pp. 917–925, dec 1997.

[Online]. Available: https://linkinghub.elsevier.com/retrieve/pii/S0092867400804833
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Figure A.1: Rheological measurements of matrices composed for rBM and type I collagen (0, 0.5, 1, 2,
and 4 mg/ml). Plot shows a oscillatory time sweep that was performed at 37°C using a 0.2% constant strain
(within the linear viscoelastic region) and at a frequency of 3.14 rad/s. y axis: shear modulus G’ in Pa.
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Figure A.2: Raman spectra from MCF10A cells cultured at different densities (a confluent, and b sparse)
24 hours post seeding. Mean ± SD (represented by the shaded area). Raman spectra were collected by Conor
Horgan and Fergus O’Brien.
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Figure A.3: Raman spectra from MCF10A cells 24 hours post TGF-β treatment (a control, and b 10 ng/ml
TGF-β), 48 hours post seeding. Mean ± SD (represented by the shaded area). Raman spectra were collected
by Conor Horgan and Fergus O’Brien.
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Figure A.4: Raman spectra from MCF10A cells on rBM/collagen I matrices, 1 week post seeding. a 0, b
0.5, c 1, d 2, e mg/ml collagen I. Mean ± SD (represented by the shaded area). Raman spectra were collected
by Conor Horgan and Fergus O’Brien.
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LV1 LV2 LV3a b c

Figure A.5: Latent variable plots for PLS-DA model from MCF10A cells cultured at different densities
(confluent and sparse) 24 hours post seeding. a LV1, b LV2, and c LV3. LV - latent variable.
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Figure A.6: Latent variable plots for PLS-DA model from MCF10A cells 24 hours post TGF-β treatment,
48 hours post seeding. a LV1, b LV2, and c LV3. LV - latent variable.
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Figure A.7: Latent variable plots for PLS-DA model from MCF10A cells on rBM/collagen I matrices (0, 0.5,
1, 2, and 4 mg/ml collagen I), 1 week post seeding. a LV1, b LV2, and c LV3. LV - latent variable.
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Figure A.8: Latent variable plots for PLS-DA model from MCF10A cells on rBM/collagen I matrices (0, 0.5,
2, and 4 mg/ml collagen I), 1 week post seeding. a LV1, b LV2, and c LV3. LV - latent variable.
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Figure A.9: Latent variable plots for PLS-DA model from MCF10A cells on rBM/collagen I matrices (0, and
4 mg/ml collagen I), 1 week post seeding. a LV1, b LV2, and c LV3. LV - latent variable.
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Figure A.10: Latent variable plots for PLS-DA model from MCF10A cells 2D culture - sparse versus con-
fluent and TGF-β1 treatment. From PLS-DA model to classify the spectra of epithelial (confluent and TGF-β1-)
and (quasi-)mesenchymal states (sparse and TGF-β1+) a LV1, b LV2, and c LV3. LV - latent variable.
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Figure A.11: Latent variable plots for PLS-DA model from MCF10A cells 2D and 3D culture. From PLS-
DA model to classify the spectra of epithelial (confluent, TGF-β1-, and 0 mg/ml collagen I matrix) and (quasi-
)mesenchymal states (sparse, TGF-β1+, and 4 mg/ml collagen I matrix) a LV1, b LV2, and c LV3. LV - latent
variable.
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EPEFSYGC AEGSCYPATG DLLIGRAQKL SVTSTCGLHK PEPYCIVSHL QEDKKCFICD
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KTFRPAAMLI ERSSDFGKAW GVYRYFAYDC ESSFPGISTG PMKKVDDIIC DSRYSDIEPS

TEGEVIFRAL DPAFKIEDPY SPRIQNLLKI TNLRIKFVKL HTLGDNLLDS RMEIREKYYY
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Figure B.1: Laminin β1 fragment - plasmid structure and amino acid sequence. a general structure of the
plasmid carrying the laminin fragment gene for transfection of 293F HEK cells in suspension. As depicted in the
figure, the fragment is produced with two flanking tags, one being a BM40 secretory peptide and the other a
6XHistidine tag for downstream purification. b amino acid sequence of the laminin fragment used in this study,
which corresponds to a molecular weight of approximately 60kDa.
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Figure B.2: Western blotting analysis of subcellular fractions from MCF10A cells treated with soluble
laminin fragment. a His tag antibody, and b laminin fragment custom-made antibody. Cyt - cytoplasmic fraction;
Mb - membrane fraction; Nuc - nuclear fraction; ChrB - chromatin-bound fraction; CytS - cytoskeletal fraction.
Precision Plus Protein Dual Color Standards from Bio-Rad are shown to aid visualisation and analysis of the
membranes.
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Figure B.3: Laminin Fragment Chemical Modification. a schematic representation of the laminin fragment
chemical modification, using a SPAAC click chemistry strategy. Due to the chemical nature of the sequence of the
fragment, the modification via lysine results in more fluorophore covalently attached. b UV-Vis curves. Lys Mod
and Cys Mod mean lysine modified and cysteine modified, respectively. c SDS-PAGE with chemically modified
fragment. Lanes: 1 - native laminin fragment, 2 - lysine modified fragment, 3 - lysine modified fragment with Cy5,
4 - cysteine modified, 5 - cysteine modified with Cy5. Chemical modification of the fragment was carried out by
Dr. Daniel Richards.
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Figure B.4: Fluoraldehyde assay raw data and linear fit to determine the degree of functionalisation of
GelMA. GelMA solution was prepared in PBS at 0.5 mg/ml (green datapoint). Known solutions of GelMA were
prepared in PBS at different concentrations (0, 0.02, 0.1, 0.25, 0.5, 0.75 and 1 mg/ml; black datapoints). A linear
equation was obtained from the known standards.
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Figure B.5: Fluoraldehyde assay raw data and linear fit to determine the degree of functionalisation of
GelMA-Azide. GelMA-Azide solution was prepared in PBS at 0.5 mg/ml (green datapoint). Known solutions of
unmodified GelMA were prepared in PBS at different concentrations (0, 0.05, 0.1, 0.2, 0.5, and 1 mg/ml; black
datapoints). A linear equation was obtained from the known standards.
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Figure C.1: Circular histogram of local orientation of actin fibers of electrically-stimulated MCF10A cells.
Plots show the distribution of orientations of actin fibres (obtained from OrientationJ). Mean ± SD (represented
by the shaded area).
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