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Abstract

Basement Membranes (BiMare specialised extracellular matrix (ECM) structufest
underlieall endothelial and epithelial celland provide structural support to tissues as well
as influence cell behaviour and signalling. Mutations in thes Bidjor component collagen

IV causeeye, kidney anaterebrovascular disease including intracerebral haemandhag
(ICH). Haemorrhagic stroke asunts for 15% adult stroke and 50% paediatric sirakd
carries the worst prognosis atitere are no therapeutic strategies. Mutations in the genes
COL4A1/COL4AZcollagen IV alpha chain 1 and 2) cause BM defects due to mutant protein
incorporationin the BM or its absence by ER retention, and-&Ress due to intracellular
accumulationof collagen IV.Despite this the mechanism(s) of collagen IV mutations

disease remain poorly characterised.

To provide novel insights intmechanisms ofollagendiseases, this study investigatee

effect of defined engineered biointerésoon cell behaviour/signallingollagen secretion in
COL4A2 mutant and wiletype cells.Atomic force microscopy and spectroscopgre
employedtogether withconfocal andiochamical analyss of cells cultured oengineered
synthetic polymers, poly(ethyl acrylate) and poly(methyl acrylate), coated with ECM
proteins, namely laminin, collagen IV and fibronectin. This enabled us to address the
hypothesis that biomaterials may altee behaviour ofCOL4AZ2767%20 mutant cells by
overcoming some of the defects caused by the mutation and rescuing the downstream effe:

of the ER stress.

Of the ECM proteins that were used, only fibronectin was observed to undergo a drastic
structural change depending on the substrate chemistry. On poly(ethyl acrylate), fibronectin
was assembled into fibrillary networks upon adsorption, and these nandcetnducel
increased secretion ofoa2in COL4AZ2/¢792D cells than on poly(methyl acrylate) or
control glass. The behaviour of the mutant cells appeared to be influgntredlunderlying
biointerface,increased levels of molecular chaperones and reddBedrea suggested an
increased collagen 1V folding capacity when the cells were cultured on the FN nanonetworks
compared to the other surfac€0OL4A2/6702D cells interacted with the adsorbed proteins
and were able to mechanically translocate tHemhanced formation of focal adhesions was
also seen on Fdoated polymers, where ligand density and actyosin contractility
accounted for the observed increase in cell adhesion strérglstiffness of the mutant
fibroblasts and of their ECMs was falito be 10 times lower than that of the wiygbe cells;

interestingly mutant cells cultured on FN nanonetworks on poly(ethyl acrylate) were able



to deposit a protein matrix with significantly higher Young modulus than on glass or
poly(methyl acrylate)These findings suggest that biomaterials are able to influence the
behaviour of these mutant cells through changes in the interfacial layer of adsorbed protein:

presented to them.

Collectively, these data provide an understandingthef effect of mutations on cell
characteristic and a basis of concept that material may be employed to modulate effects o
mutations of collagen/ECM moleculésnderstanding the mechanisms through which these
surfaces trigger a change in cell response prilve valuable for the development of new
therapeutic approaches to address pathologies due to collagen IV mutations. In this respec

further investigation is needed to dissect the signalling pathways involved.
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Chapter 1 General Introduction

It is important to have knowledge of the native structure and chemical properties of the
basement membrane (BM) and type IV collagen (Col4) to understand the characteristics of
themutation of Col4 affecting the BM. Therefore, this chapter introduces the structure and

components of the BM and the use of biomaterials in this study.

1. 1 Extracellular Matrix

Mammalsarenot madeup of cellsalone.A substantiapartof their volume,approximately
half of massexcludingfat, is extracellularspace,which is largely filled by an intricate
networkof macromoleculesonstitutingtheextracellulamatrix (ECM) (Avrametal. 2010.

The ECM includesthe interstitial matrix (IM) andthe basemenimembrane¢BMs) (Hynes
2009. The IM consistsmainly of the fibrous collagen type 1, which, togetherwith

fibronectin,confersmechanicaktrengthto tissues.The BMs, unlike the IM, arespecialized
form of sheetlike depositionsof ECM to which epithelial cells can anchorand which

interactdirectlywith theepitheliumandendothelium(CoxandErler2011, ErlerandWeaver
2009.

Thoughfundamentallythe ECM is madeof water,proteinsandpolysaccharidegachtissue
has an ECM with a unique compositionand topology that is generatedduring tissue
developmenthrougha biochemicalandbiophysicaldialoguebetweerthe variouscellular
componentge.g. adipocyte,endothelial,epithelial, fibroblast elements)and the evolving
cellular and proteinmicroenvironmet This matrix is composeddf a variety of proteins,
polysaccharidesand a host of regulatory moleculessuch as cytokines and proteolytic
enzymesthat are secretedocally and assemblednto an organizedmeshworkin close
associationwith the surfaceof the cell thatproducedhem.The majorfibrousproteinsin the
ECM arecdlagens nidogensfibronectinsandlaminins,which all haveimportantstructural
roles(Albertsetal. 2007).

ECM& ®» mp o ndesigh,dsstbibutionandarchitecturearetissuespecificandaredueto
the different cell typesthat secretehemandresultin the varied morphologyof resultant
tissuetypes. The structureand compositionof the ECM are desigied to withstandthe
stressful demandsof the microenvironment,resulting in constant remodelling and
reorganisatiorat variousstagesn cell andtissuedevelopmenttherefore the characteristic
natureof theECM is notonly tissuespecificbuthasadegeeof heterogeneityvithin tissues
themselvesto facilitate proper functionality (Hunziker et al. 2002. The elasticity and

stiffness of the matrix is also important for determining cell behaviourssuch as
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differentiation (Engleret al. 2008, migration (Hadjipanayiet al. 2009, and proliferation

(Provenzanetal. 2009.

The ECM is the non-cellularcomponenpresentwithin all tissuesandorgansandprovides
not only essentiaphysicalscaffoldingfor the cellular constituentgut alsoinitiatescrucial
biochemical and biomechanical cues that are required for tissue morplogenesis,
differentiation and homeostasigJarvelainenet al. 2009. It plays an importantrole in
protectingcellsby actingasa compressiomufferagainsthestresplacedonthe ECM (Cox
andErler2011 ErlerandWeaver2009. ECM functionis influencedby bothits compaosition
and environment.The matrix regulatesa cell's dynamic behaviour providing support,
segregatingissuesfrom one another,and regulating intercellular communication.It is
essentialfor a multitude of biological processesi.e. cell proliferation, growth, survival,
shapemigration,tissuedevelopmentregenerationand stemcell differentiation(Frantzet
al. 2010. Geneticmutationsthat affect ECM compositionor regulation(Batemanet al.
2009 cancausemanydifferentdiseaseglarvelaineretal. 2009; e.g.boneandvasculaand
connectiveissuediseasesThe ECM playarolein commondiseasesuchascancer(Kalluri
2003 andfibrosis(BissellandRadisky2001, Cox andErler2011).

1. 2 Fibronectin

Fibronectin(FN) is a large multidomainprotein of the ECM that regulatescell adhesion,
migrationanddifferentiation(Schwarzbaueand DeSimone2011). It is secretedhasa large
ECM glycoprotein and assemblewia a cell-mediatedprocessinto fibrillary structures
aroundcells(Singhetal. 2010. FN subunitsizesrangesrom 230to 270kDa, asdetermined
by the differencespliceisoformsof the mRNA, andforms dimersthroughtwo disulphide
bondsatthe C-terminusof theprotein.EachFN subunitis foldedinto aseriesof functionally
distinctdomainsseparatedby regionsof flexible polypeptidechaintypel, typell andtype
[l structurerepeatgFigurel.3B) (SchwarzbaueandDeSimone2011, Singhetal. 2010.

Intramoleculadisulphidebondsbetweenthe modulesstabilizethe folded tertiary structure
of the FN subunit,andFN dimersform via antiparalleldisulphidebondsat the C terminus.
FN RGD or Arg-Gly-Asp (a specifictripeptidesequencén oneof thetypelll repeats)s a
centralbinding domainfor binding cell surfacereceptorssuchasintegrins(Schwarzbauer
andDeSimone201], Singhet al. 2010.

There are multiple isoforms of FN, and tn@jor different forms are, plasma or soluble FN

(pFN), all other forms assemble on the surface of cells and are deposited in the ECM as
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highly insoluble FN fibrils, generally callezkllular FN (cFN)(Mouw et al. 2014 cFN is
secreted by cell types, including fibroblasts, endothelial cells, chondrocytes, synovial cells
and myocytes as a dimer in a compact globular structuraesatien assembled into an
insoluble, fibrillar form in a celdependent process. pFN is produced by hepatocytes and
secreted into the blood plasma, where it circulates ad3000 mk ig & soluble, compact,

inactive form(To and Midwood 2011

FN is important for cell adhesion to the matrix as well asgtading cell migration in
vertebrate embryg®ouw et al. 2011 Many of the ECM proteins describbdlowinteract

with cells through crucial connections with the multidomain protein FN to regulate cell
adhesion, migration and differentiation. FN therefore affects cgilafing by being
recognized by the integringb; andU \bs. FN also contains various binding sites for ECM
proteins such as FN, type | and Il collagen, and LM. FN is found to be important for cell
migration during development and has been implicatedriti@vascular disease and tumour

metastasigRozario and DeSimone 201Dsanget al. 2010

1.3 BasementMembranes

Identifiedfirst in skeletaimusclel77yearsago(Bowmanl1840, theelucidationof basement
membranegBMs) constituentsfunctions,geneticsand structurehasrequiredadvancesn
multiple fields over manyyearsincluding biochemistry biophysics cell biology, genetics,
bioengineeringTheseapproachesaveled to our currentundersandingof BMs, yet more

is to beundertakerio understandhe mechanicapropertiesof the BMs.

BMs aredelicate hanoscal@andpliable sheetf specializedECM proteincomplexthatare
50 to 100 nm thick. They are found basolateralto all cell monolayes (epitheliumand
endothelium)n the body (Figure1.1) (Kalluri 2003 LeBleuetal. 2007). The BMs arethe
fusion of two laminae thebasalaminaandanadjacenteticularlaminaof connectivdissue;
thetwo layersareattachedo eachotherwith Col7 anchorindibrils andfibrillin microfibrils
(Paulssori992. Thebasalaminalayeris furtherdividedinto two layers.Thelaminalucida
whichis aclearlayercloserto the epithelium,andthe laminadensaa densdayercloserto
the connedaive tissue.The latter is an eledron-densemembraneof about30-70 nm thick,
consistingdf anunderlyingnetworkof reticularcollagenlV fibrils averagingd0nm (Noonan
etal. 199]).
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Endothelal cells

Blocd vessel/capiliary

Vascular basement
membrane

Muscle

Figure 1.1 Representationof the basementmembrane (BM) in a selectionof tissues
BM locationincludingin the blood vesselsgpithelialcell layers,thelensof the eye,the
testisandin muscle.Theredline signifiesthe BM. Adaptedfrom (Kalluri, 2003).

1. 3.1 Function of the BM

The BMs act as linings or partitionsin organismsand an anchorfor the attachmenof
epithelium, endothelium,and the underlying tissue (reviewed in (Van Agtmael and
BrucknerTuderman2010), to guide developmentanddifferentiationandto functionasa
mechanicabarrierto cells(preventingmalignantcellsfrom invadingthedeepetissuesyand
macromoleculegMouw et al. 2014). BMs do not only provide mechanicalsupportand
divide tissuesinto compartmentsput also influence and modify cellular behaviourvia
outsidein signalling,actingascomplexsignallingplatforms(Paulssor1992), via different
cell surfacereceptorsncludingintegrins(Sunetal. 2016. BMs play variousrolesamongst
which, bloodfiltration, musclehomeostasiggrowthfactorsandcytokinesstoring,controlof
angiogenesiandtumourgrowth,maintenancef skinintegrity, neuromusularstructureand
affecting adipogenesisnd fibrosis (Kalluri 2003 Yurchencoand O'Rear1994). Though
considerablavork hasbeenundertakerto elucidatethe BM role, our understandingf its
functionsandinteractionsis by no meanscomplete.For example,manyquestiongemain
regardingheregulatoryprocessefor the productionof variouscomponent®f theBM, and
themechanismey which BMs influencecell behaviour Nonethelesspur understandingf
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the composition,structureand function of the BM is continuouslyevolving, aidedby the
combineduseof cell biology, novel approacksin syntheticchemistryand glycobiology,

andcutting-edgeimagingtechniquego visualizelarge scalestructures.

Figure 1.2 BM formation. A representationf how the major BM componentsnteract
to form the extracellularBM. A) Intracellularproductionof BM componentsB) initial
laminin network,C) BM componentteractingin theECM to form anetwork.Adapted
from (Kalluri, 2003). Laminins are central organizersof BMs and binds to several
integrins,nidogeng(Nd) and polymerizesvia its LN domains.Type IV Collagen(three
isoforms) and perlecanbind to nidogen, completing the core basementmembrane
scaffold.
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1. 3.2 Composition, structure and assemblyof BMs

BMs arebiochemicallyandmorphologicallydistinctfrom theIM; whichis lesscompaciand
moreporousthanBM (Linsenmayeetal. 1991), theysurroundmuscleandfat cells,line up
aroundthelensin the eye,enfold testesandare presentat neuromusculajunctions(Figure
1.1) (Kalluri 2003 Timpl andAumailley 1989). BMs differ in their compositionin different
tissuetypes,leadingto anabundancef diverseinteractingpartnersandaddedcomplexity,
yet, all have commoncomponentsAbout 50 proteinsare known to make up the BMs,
amongstwhich LMs, Col4, perlecan(a heparansulphate proteoglycan(HSPG)), and

nidogens/entaciflinker proteins)arethe maincomponentgKalluri 2003.

Most BMs componentdiavethe ability to selfassemblento sheetlike structuregKalluri

2002 YurchencoandSchittny199Q Yurchencoard O'Rear1994 Yurchencoetal. 2002.

Col4 and LM contain essentialinformation within their primary sequenceallowing the
initiation of intermolecularselfassemblyand formation of independen{Col4 and LM)

sheetlike structureswhoseinteractionwith eachotheris facilitated by nidogenéntactin
(Aumailley M. etal. 1989 Aumailley M. etal. 1993 Kalluri 2002 Timpl andBrown 1996

Yurchencoand Schittny 199Q Yurchencoand O'Rear 1994 Yurchencoet al. 2002.

However,otherBM componentspidogenandperlecanarenotableto selfassemle (Timpl

andBrown 1996).

Recent studies on BM assembly have shown that, while LM is the centrepiece of the network
and initiates BM formation, Col4 provides the $olf and is required for maintaining its
structural integrityPoschl et al. 2004 Concisely, the initial deation of LM polymers is
facilitated by celsur f ac e proteins Such inegins)iandt e g |
dystroglycan via sitspecific interactions, and then Col4 polymers form a network which
then associates with the LM networks and with the callintegrin and DDR receptors
(Figure 1.2XAumailley M. et al. 2000Charonis et al. 198%illem et al. 2002

In additionto mutationsin genesencodingBM componentgmore further down), changes
in the compositionof the BMs canalsoleadto pathologicalconditions,indicatingthatthe
typeof BM components akey regulatorof tissuefunction (Kalluri 2003. BM components
are alsoinvolved in autcimmunediseasesand tumorigenesisFor example,epitopeson
collagensand laminins aretargetedby autoantibodiesand lymphocytesin Goodpasture's
diseaserheumatoidarthritis, postlung transplantbronchiolitis obliteranssyndrome,and

multiple autoimmunedermatoseg~oster2017).
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The mostcommondefectof BMs is seenin longstandingliabetesnellitus, causingalmost
path@nomonicthickeningof microvasculaBMs in theretina,peripheraherveandkidney
glomeruluswith associatetlindnessneuropathyandproteinuria/chronicenalfailure. The
basisfor the BM thickening,which precedegproteinuria,is not well understoodr studied,

but mayinvolve changesn synthesisdegradation/remodellinPozzietal. 2016).

1.3.2.1Laminin

Laminins(LMs) area family of large,mosaichigh-molecularweight (D400to D900 kDa)
glycoproteins They are heterotrimersonsistingof U, b- anda-chain combinationshased
on sequenceadentity and proteindomainorganization All laminin chainssharea common
domainstructurewith anumberof globularandrod-like domainsThethreechainscombine
via thetriple-helical coiled-coil domainin the centreof eachchainto form structureswith
eitheracruciform(crossshapedthreeshortarmsandonelong coiled-coil arm;e.g.LM111,
LM211,LM511), Y shapedthreearms,dueto absaceof the U-shortarm;e.g.,LM411) or
rod-shapedsinglearm;truncatel shortarms;LM3A32) structure(Figure1.3A) (Timpl and
Brown 1994). Theendof thelong armof the Uchainarefive laminin G-like (LG) domains
that contain the major cell-adhesivesites of laminin. The homologousshort arms are
composeaf adistallaminin N-terminal(LN) domainthatis followed by tandenmrepeatof
laminin-type epidermal growth factorlike (LE) domains, interspersedwith globular
domainsof unknownstructure As discussetbelow,theLN domainsareessentiafor laminin

polymerizationrandBM assemblyHohenesteandYurchenco2013.

T h echdih averages 400 kDa in size and 160 nm in length. The 1@@0n@al amino
acids (AA) residues contribute to five homologous D AA LG domains (globular
motifs), collectively known as the G domain which is the major site for cell adhesion of
l ami ni n. -abBodt kRehhtehaserage 200 kDa, both with short arms of ~50 nm in
length, and lacking the G domdireBleu et al2007). The Gterminal laminintype globular

(LG) domains are the major receptonding domains, located at thet€minal moiety of

t h esublhit; these can interact with lamiinl a s s i bt efg)r bih sbd) (-U U
dystroglycan, sulfated glyapids and heparin. Laminialso binds to several integrins,
nidogens (Nd) and polymerizes via its LN domains. 15 different LMs are expressed in
vertebr at efyis tbefmajorhsofarh in &nbryonic BM®urbeej 201D The
current nomenclature of laminin is based on chain composition, for instance kutinin

cortains(s, 1, b asrchhinspAumailley Monique et al. 2005
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Similar to all secretegrotein,laminin heterotrimersareassemblednsidethe endoplasmic
reticulumof the cell, but further extracellularproteolytic processingnay occurin various
chainsbeforethelamininsreachtheirfinal form. Thisis particularly evidentin laminin-332,
which undergoe&xtensiveandspecific proteolysis(Tzu and Marinkovich2008. LMs are
primarily located in the basal lamina (part of the BM) and some mesenchymal
compartmentd-M mutationsn humansanaffecttissuessuchasskin (Aumailley M. etal.
2006, smoothmuscle (Helbling-Leclerc et al. 1995 and kidney (Zenker et al. 2004).
Defectsof L Mo chain, which is essentialfor embryogenesisis presumedto result in

embryonicdeath,LM beingcentralin initial BMs composition(Pozzietal. 2016).

LM is usedextensivelyin cell cultureto provide a biologically relevantenvironmenthat
mimics the ECM cells. It enhancesa multitude of biological processesncluding cell
adhesion, growth, proliferation, and stem cell differentiation (Baur et al. 1995
Domogatskaya&tal. 2008 Hall etal. 2008 Miyazakietal. 2008 Rodinetal. 2010.

A B Fibrin, Gelatin,
N terminal Coiled coil Globular heparin  collagen FN Integrins Heparin  Fibrin
aehoin (EII@CTTTD0000 v -GREEEREBO0BM08:00000008 CABEE—coon
B chain (((((([(((7«(((( ( O EGF-like 4 EFN assembly [ Variable regions Type | repeat [b)ci)s':;[:hi(
/LM domain 4 _Type ll repeat
¥ chain (((((( K(((((( O LM four domain :Iypc Il repeat

Flbronechn dlmer

. Laminin 332 Q
Collagen Sl {,;V\' I 9 Collagen
binding ] Cl”'" 200 YEBBRAOC0 binding Folded ﬁbronectm dimer
=C0 a3lp1 &
ot S‘q ychain JAG S
1 helica ¢
region i}g} { Cell binding @ L 5

Integrin g | : 2, N &

- ‘—s—s /
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Figure 1.3 BM fibrous components.A) Laminins,formedby the combinationof U p
ando chainsinto acruciform,Y shapearrod-like structure Thechainsarecharacterized
by different domains,as shown. The domain structuresdepictedrepresentonly one
isoformfor eachchaintype;the b ard o chainsare shownwithout the globularregions.
LMs interactwith collagenand alsowith cell surfacereceptorssuchas integrins.B)
Fibronectindomain structureand the domainsto which extracellularmatrix (ECM)
moleculesandcell surfacaeceptordindareindicated Adaptedirom (Mouw etal.,2014)

1.3.2.2 Perlecan

Perlecanis the major heparansulfate proteoglycandHSPQ in BM expressedy many
differentcell types,including endothelialcells. It is a multidomainproteoglycanwith five

domaindabeledI-V, thatbindsto andcrosslinks manyECMscomponentsindcell-surface
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molecules(lozzo 1994). Endorepellin,the C-terminal domainof perlecan plays an antr
angiogenicrole by interactingwith VEGFR2 and is pro-autophagicby promoting the
formation of LC3-positive autophagosomesndependently of nutrition deprivation
(Gubbiottiandlozzo2015 Pozzietal. 2016§. HSPGsn the BM serveasareservoirfor HS-
bindinggrowthfactors,andfacilitate the interactionbetweerthesegrowth factorsandtheir
receptorsHence, HSPGsorchestrateggrowth factor activity andavailability; thesearetwo
keyimportantfactorsin organogenesiandbranchingmorphogenesi@Pozzietal. 2016.

Perlecanis encodedby the HSPG2gene.HSPGZ2" deficient mice are viable, yet, they
demonstratesevereBM deteriorationat sitesof mechanicalktress,and developingblood
vesselan the brain (Costellet al. 1999. HSPG2mutationsin humanandmice havebeen
shownto causetwo allelic disorders,SchwartzJampelsyndrome(SJS)and dyssegmental
dysplasia SilvermanHandmakertype (DDSH). The later dispays chondrodysplasia
characterizedoy severedisorganizationof chondrocytesand reducedECM deposition
(Arikawa-Hirasawaet al. 1999 Rodgersetal. 2007, Van AgtmaelandBrucknerTuderman
2010). JonesandcolleaguehaveshownthatCol4almutationsnotonly affectBM structure
but also alter BM composition,including a D40% reductionin perlecanincorpordion,
indicatingU 1 U 1 U 2s(relqu@dfor perlecandepositionin the BM (Joneset al. 2016
PastorParejaandXu 2017).

1.3.2.3 Nidogen

Nidogen,previowsly known as entactin,is anothercomponenbf BMs, ard the vertebrate
genomeencodegwo typesof nidogen:NID1, nidogenrl andNID2, nidogen2. Both these
glycoproteinsare dumbbelishapedand are essentiacomponentf the BM that interact
with severabtherBMs componentsictingasacentrallink. Like perlecannidogenconnects
the networksformed by collagensand LMs to eachother (Yurchencoand Patton2009.
Nidogenl knockoutmice causesseizurelike behaviour,indicatingthatit is essentiafor
normalneuronalnetworkexcitability andplasticity (Vasudevaret al. 2010. However this
has beenchallengedby resultsshowingthat a loss of function mutation of nidogenin
Caenorhabditiselegansdoesnot affect BM assembly(Kang and Kramer 2000) and that

Nid1-/- micehaveanormalBM structureandno pathologicafeaturegMurshedetal. 2000)
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1.3.2.4 Collagen

CollagengCols) arethe major structuralcomponenof the ECM andmakeup to ~30% of
total protein massin mammals (Rozario and DeSimone2010. Therefore,processthat
resultsin degradationdamageor loss of integrity of this protein has significant health
implications (Watanabe,2004). The vertebrategenomeencodes 29 different types of
collagen(Mouw et al. 2014 Myllyharju andKivirikko 2004, Soderhallet al. 2007 which
are divided into eight subfamilies basedon their supramoleculamand protein domain
structurefibril forming, BM forming, microfibrillar, anchorindibrillar, hexagonahetwork
forming, fibril associatecolswith interruptedriple helices(FACIT), transmembranand

multiplexins(Tablel.1).

The classification of collagensinto these different types is largely basedon their
supramoleculastructure puteachtypeof collagenmoleculeis characterisetly thepresence
of a collagentriple helicalrepeat.This triple helicalrepeatcanbe interrupted,for example
in collagenlV and FACIT type collagen,or be continuousasis the casein the classical
fibrillar collagenssuchastypel andlll. Collagenmoleculesaresecretedy cellsasatrimer
of alphachains.Thesedifferentalphachainstheninteractin avarietyof way of to giverise
to the particularsupramoleculastructure for examplecollagenlV (seefurther below for
moredetails)will form a lattice style of networkin the BM while in the caseof fibrillar
collagensthe differentalphachainscalledpro-collagenmoleculesarecleavedby enzymes
to removethe C and N-terminal pro-peptide. The mature collagenmoleculesthen from
fibrils whichthemselvesirecrosslinkedogetheito form collagenfibres.However collagen
fibrils oftencontaindifferenttypesof collagen for examplecollagenl fibrils oftencontain
smalllevelsof collagenV, Il andXIl. Somecollagenmoleculesareinsertedn the plasma
membraney virtue of their transmembrandomainsandthis classof moleculesarecdled
i c ol |wathgtransreembrand o ma (em.sallagenXlll andXVII) (Mouw etal. 2014,
Myllyharju andKivirikko 2004,Soderhalletal. 2007)

It is thanksto this variety in collagennetwork structurethat collagenplays sucha crucial
andvariedrolein biologythatis notlimited to structurafunctionin theECM. Theyarealso
importantfor tissuearchitectureprganizationandcellular processesuchasadhesiorand
migration (Hanein and Horwitz 2012 Mouw et al. 2014 Van Agtmael and Bruckner
Tuderman2010. They have a dominantrole in maintainingthe biologic and structural
integrity of ECM. Their interactionswith ECM proteinsand cell surfacereceptorsare

importantduring processesuchas developmentgrowth, tissueremodellingand disease
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pathologieqLeBleuetal. 2007, Mouw et al. 2014 Van AgtmaelandBrucknerTuderman
2010. Forinstancetheyassociatavith theintegrinsUib: andU:b; to affectcell signaling.

Each collagen molecule consists of three alpha chains which form: loorneteretrimers.

The structural hallmark of every collagen is the presence of a triple helical collagen
domain(s), which form tight right a n d e d  h e I-dhains, eachfovhich cereistdof

the highly conserved repeating amino acid (AA)-&hY triplet motifs, in which every third
amino acid is a glycine residue. X and Y residues can be anything but is often proline and
hydroxyproline, and are not as highly conserved gsimg (LeBleu et al. 200,7/Prockop
1992. Although highlyconserved and in contrast to fibrillar collagens, the-X5ly motif

IS not present as an uninterrupted motif in any-filorilar collagens, such as collagen IV
(Table 11). All non-fibrillar collagen alpha chains contain imigptions to this helical region
(Mylly harju and Kivirikko 2004 Selectivity of Col trimer formation is controlled by the
non-collagenous (NG domain, that indeed enables only specific alpha chain combinations
to interact(LeBleu et al. 200y

Type Molecular species Class Pathology Diseases
I U1202( 1), Fibrillar Heart,bone, Osteogenesis
ui(l ) 3 dermis, ImperfectaEhlers

tendon, Danlossyndrome,
ligament, osteoporosis
cornea

I uir(11)3 Fibrillar Cartilage, Chondrodysplasias

1] Ul (sl I 1) Fibrillar Heart,skin, EhlersDanlos

vasculature, syndromearterial
reticularfibres aneurysm

throughout
body
\Y U02 (I V) Network BMs Alport syndrome,
usu4 (1 V), Goodpasture
Us (1 V), syndrome,
U5 (4 V) HANAC syndrome
ue (1 V)
s uww2(vVv), Fibrillar Heart,lung, EhlersDanlos
Ul (V) corneapone, syndrome
U4 (v) , foetus
U1 (X1 01 ()
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Type

VIbC

VI

VIl

IX®

X|d

XIl¢®

Xl

XV e

XVe

XVI|¢©

XVII'

XVIII 9

Molecular species Class

U1 U2 U3 ( VI Microfibillar
U10204( VI
U10205( VI
Uuiu2U06( VI
Ui(vll) Anchoring
fibrils

Ua02 U1 ( VI Network
U030 2 ( &l |
U1U2U3( | >FACIT
Ul (3X) Network
U102 U3 ( XIFibrillar
U10103( XI

Ul (X1 1) FACIT
Ul (%I 1 1) MACIT
U1l ( %!l V) FACIT
Ul ( XV) Multiplexin
Ul ( %VI) FACIT
Ul ( XV1 1) MACIT
Ul ( XV I I | ) Multiplexin
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Pathology

Widespread
throughout
body

Skin, dermis

Endothelium

Cartilage eye

Cartilage

Cartilage eye

Ligaments,
tendons

Epidermis,
chondrocytes,
lungs,liver,
hairfollicles

Demis,tendon,
vasculature,
placenta,
lungs,liver

Endothelium,
heart,muscle,
nerveskidney,
pancreas,
fibroblasts

Dermis,
kidney

Dermis

Epithelium,
lungs,

liver, kidney,
muscle eye,
fibroblasts

Diseases

BethlemMyopathy,
Ullrich muscular
dystrophy

Keloid scarring
Keratosispilaris

Dystrophic
Eppidermolysis
bullosa

Fuchsendothelial
cornealdystrophy

Epiphysialdysplasia
Schmid

metaphysical
dyschondroplasia

Chondrodysplasias

None

None

None

None

Eppidermolysis
bullosa

Eppidermolysis
bullosa

Knoblochsyndrome

29



Type
XIX¢©

XX*®
XXI1¢©
XXl €

XX
XXIV

XXV

XXVI

XXVII

XXVII

XXIX

Molecular species Class

Ul ( %l X) FACIT
Ul ( XX) FACIT
U1l ( %XI) FACIT
Ul ( XX1 1) FACIT
Ul ( XX I 1)MACIT
Ul ( XX1 V) Fibrillar
Ul ( XXV) MACIT
Ul( X%VI ) FACIT
Ul ( XXV I | )Fibrillar
Ul ( XX¥ 1 | | possibly

FACIT

Ul ( XX1 X)
ed,possibly
microfibrillar

Uncharacteris Skin, lung,
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Pathology Diseases
Muscle, None
spleen,

prostate,

kidney,

liver, placenta,
colon,skin

Not human None
Vasculature  None
Cartilage hair None
follicles,

muscle

Lung,kidney None

Embryoniceye None
and
skeleton

Neurons,
brain,
heart,testis

Amyloid formation*

Testis,ovaries None

Cartilage,eye, None

colon,lung
Dorsalroot, Neurodegenerative
peripheral disease*
nerves,
dermis
None

smallintestine,
colon,testis.

Table 1.1 The collagenfamily. Summaryof collagenfamily basedntheiralphachains,
the tissuesin which they have beendetected,and examplesof diseasescausedby
mutationsn thecollagentypes.Adaptedfrom (GordonandHahn201Q Kochetal. 2004
Myllyharju and Kivirikko 2004 RicardBlum 2011, Soderhallet al. 2007, Tong et al.

2010.

Individual Uchains molecularspeciesandsupramoleculaassembliesf collagentypes.

aTheU 4 ( c#iginis solelysynthesizedby Schwanrcells.

®TheU 4 ( ®hhindoesnotexistin humans.

‘TheU 5 ( WasbeendesignatecisU 1 ( X X1 X) .
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9TheU 3 ( #hhkinhasthesamesequencastheU 1 ( chdinputdiffersin its
posttranslationgbrocessingndcrosslinking.
°FACIT, Fibril-AssociatedCollagenswith InterruptedTriple helices.

'MACIT, MembraneAssociatedCollagenwith InterruptedTriple helices.
9Multiplexin, multiple triple helix domainsandinterruptions.

*Predictions,not yet experimentallyconfirmed.

1.3.2.5CollagenlVv

Col4 is specificto andis the major structuralcomponenbf the BM, makingup about50%
of all BM proteins,and althoughnot the most abundantcollagen,it is the most widely
distributedin organs(Kalluri 2003 LeBleu et al. 2007, Timpl and Aumailley 1989 Van

Agtmael and BrucknerTuderman2010. It is afi n e t ooningcc o | | algedonits
capacityto selfassemblento organizedattice type structure(Kalluri 2003 LeBleu et al.

2007). The ability to form thesenetworksis mediatedby the presenceof its NC1 and7S
domainthatareretainedwithin the maturemolecule,in contrastto fibrillar collagenwhere
the pro-peptides are proteolytically cleaved Six different Col4 U-chainsare identified in

vertebratesandencodedy thegenesCOL4A1-COL4A6,whicharegenomicallyorganized
into pairsin a headto-headstyle (COL4A1 with COL4A2, COL4A3 with COL4A4, and
COMAS5 with COL4AG6) (Figure 1.4). Col4 self-assemblesnto a networklike polymer
throughN-terminal (7S), lateral, and C-terminal (NC1) domaininteractionsthat become
covalently stabilized through the 7S and NC1 domains (Van Agtmael and Bruckner

Tudermar2010.

Col4 networksarediverselyexpressedtheU 1 . U 1 . bdi@gthé mvostwidely expressed
throughoutembryonicdevelopmentand adulthood(Figure 1.4) (Poschlet al. 2004). The
U3. U4 .dodU5l. V)5 . retbrgridshaye a more discreteexpressiorpatternand in
renalandtesticularBMs U 3 . U 4 . répladed) ¥ ) U 1 . durih@development(Harvey
etal. 2006. Col4, unlike LM whichis requiredfor theinitial BM formation is foundto be
requiredfor BM maintenanceatherthan initial formation (Poschlet al. 2004). Col4 is
normallyfoundonly in theBM, however duringpathogenesist is associateavith organor
tumourfibrosis,andaccumulates thetumourinterstitium(Kalluri 2003. Tumoursstudies
haveshownthat Col4 network formationis vital for BM stability and assembly(Kalluri
2003.
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Figure 1.4 Collagentype IV genesRepresentationf how collagenlV alphachainsare
encodedy 6 genesarrangedn headto headormationsacrosghreechromosomeslhese
alphachainstheninteractat their N termini andfold into threekinds of trimer. Adapted
from (Khoshnoodietal. 2008.

Similar to all secretecand membraneoroteins,Col4 mRNA is translatedby ribosomeson
the surface of the endoplasmicreticulum (ER), and as AAs are added, the nascent
polypeptideis fed into the ER lumen.In the ER, thesenascenpolypeptidesarefolded and
into the secretorypathway The highly conservedroteinstructureof the six alphachains
consistsof a collagenouscentral domain of ~1400 amino acids, a 230 residue non
collagenousddomain(NC1) at the carboxylterminus,and a 25- residue7S domainat the
aminoterminus(Boutaudet al. 2000. Within the ER lumen,NC1 domainsof alphachains
cometogetheiby forming 12 covalentbondsvia cysteineresiduegLeBleuetal. 2007). NC1
domainsare crosslinked by protein disulfide isomerasg(PDI) forms disulphidebonds),
which allows trimerisationto occur.Being highly selective the trimerisationprocessonly
producesghreealphachaincombinationd U1 . U1 U882 Wy wmaUsi( 1 V) 206 (
despitethe 76 theoreticallypossible(Figure1.4) (Borzaetal. 2001, Boutaudetal. 2000.
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Monomer (single «-chain) l
Protomer

NC1 )
Triple-helical domain (Gly-X-Y mot) domain

78 ~1,400 aa ~230 aa

Dimer - NC1 hexamer

NC1 interactions initiate type IV protomer formation

Type IV collagen tetramer

g

Protomer (a trimer of a-chains)
I Type IV collagen suprastructure

Figure 1.5 Type IV collagenfolding and network formation. Type IV collagensin
mammalshavesix geneticallydistinct U-chainpolypeptideg U 1 { U & ( | aighave
similar domainstructuresandsharebetweerb0i 70% homologyat the amincacid (AA)
level. They havethreedomains:an aminoterminal 7S domain,a middle triple-helical
domain,and a carboxyterminal globular non-collagenougNC)-1 domain.The triple-
helical partis the longestdomain1,400AA in length;the NC1 domainof eachalpha
chan is about230AA in length.A trimeris assembledvhenthreeNC1 domainsnitiate
interaction betweenthree U-chains. Two Col4 protomersassociateto form an NC1
hexamervia their carboxyterminal NC1 trimers. Four protomersinteract at the
glycosylatecamino-terminal7Sregionto form tetramerdecominghenucleudor aCol4
scaffold.Thescaffoldevolvesinto Col4 suprastructureAdaptedfrom (Kalluri, 2003).

This trimerizationleadsto the typical collagentriple helix which is formedin a zipperlike
fashionfrom the C to N terminal. The Gly-X-Y repeatsare essentiafor this triple helical
folding of the collagenouslomainwherebyglycineresiduesarelocatedat the centreof the

helix. As eachthird aminoacid of the Gly-X-Y repeatis locatedwithin the centreof the
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helix this hasto be a neutralaminoacid. Furthermorethe sizeconstrainglictatesthatonly
glycine,the smallestaminoacid,canbe accommodatedt this position. Thus theseglycine
residuesandthetriple helix arevery sensitiveto anyaminoacid substitutionsThis canbe
clearlyseenby thefactthatthevastmajority of collagenmutationge.g.>85%o0f col4al/4a2
mutationsaffecttheseglycineresiduegMouw etal. 2014,Myllyharju andKivirikko 2004).
In generalit canbe postulatedthatanysubstitutionis thoughtlikely to affectthefolding of
thetriple helix causingmanyCol disease¢Table1.1).

Severakhaperongroteinssuchasglucoseregulatoryprotein/immunoglobulirneavychain
binding immunoglobulin protein (BIP), and heat shock protein 47 (HSP47) make it
energeticallyfavourablefor alphachainsto twist into triple helices,in a C to N-terminal
direction,in azipperlike fashion,resultingin collagenlV trimers(Khoshnoodietal. 2008.
HSP47 acollagenspecificheatshockprotein,will bindto thecollagenmoleculesn theER
andwill effectively i ¢ o the collagenmoleculesto preventintracellularaggregatiorof
collagenVeryrecently,arolefor HSP47in thesecretiorof collagenhasalsobeenproposed
wherebyit is importantfor loadingof collageninto the secretorywesicles(lshikawaet al.
2016).HSP47dissociatefrom collagenmoleculesn theGolgi dueto achangen pH change
andis thenrecycledto the ER (Dafforn et al. 2001). Thusa large numberof proteinsare
requiredfor collagenfolding, andtransportatiorbetweenorganellesER to the Golgi body
andthento the plasmamembrandor secretionDaffornetal. 2001, Polishchuketal. 2000.

After Col4 trimershavebeensecretedNC1 domainsof the samenetworktype crosslink,

via sulfilimine bonds(Vanacoreet al. 2009, betweenMet-Lys interactionsto form Col4

dimers.Thecysteinerich 7Sdomainsof four collagenlV trimersinteractvia covalentoonds
to form collagenlV tetramersproducinga network structure(Figure 1.5) (Boutaudet al.

2000). Theinteractionsatboth N andC termini of the trimersresultin acollagenlV lattice
networkwithin the BM.

In addition to interactionsbetweenCol4 trimers, Col4 similarly binds to other BM

componentsiM, HSPG,nidogen(Laurie et al. 198§ andto othercell surfaceproteins:
integrins(Kern et al. 1993, discoidin domainreceptorl (DDR1) (Grosset al. 2004 and
alsoto bonemorphogenetiproteins(BMPs) (Paralkaretal. 1992).
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1. 3. 2.6 Diseasedo collagenlV mutations

The description of Alport Syndrome and the identification that it was due to mutations in
collagen IV paved the way for the analysis of basement membrane diseases and the role
collagen IV therein. It has now become clear that many mutations are fo0@dL#4A genes

and (Table 1. 2) lists them with their diseases. As this thesis focuses on Col4al and Col4az
this introduction will be limited to diseases caused by mutations in these genes and will not
cover pathologies associated with the other collagametvorks. Absence of Col4 leads to
embryonic lethality in micgPoschl et al. 2004and in C. elegansmutations lead to
embryonic lethalityGupta et al. 1997

Mutations inCol4al and Col4a2ause a wide variety of clinical phenotypes thatcffe
multiple different organsTable 1.2, reflecting the expression of these alpha chains in
almost every BMFurthermore, a feature of the COL4A1 and COL4A2 mutations is that
they are pleiotropic and causing a broad spectrum of disorders with abnomralitieltiple
organs, including the brain, eyes, kidneys and muscles, both in humans and in mice (Goulc
et al. 2006, Jeanne Marion and Gould 2012, 2016, Van Agtmael and Brieidenman
2010). In additionthe same mutation may cause different pathologies and some mutations
may even appear to be npathogenic in some individuals while causing a severe phenotype

in other members of the same family (Gould et al. 2007, Murray et al. 2014).

The identificationof the human disease was based on the identification and analysis of the
different mouse model@-avor et al. 2007, Gould et al. 2Q08an Agtmael et al. 2005
Mutations in Col4al/Col4a2 lead to eye, kidney, muscle and vascular défaets et al.
2007,Gould et al. 2007, Gould et al. 2Q06an Agtmael et al. 2005The eye defects are
characterised by a complex phenotype consisting of anterior segment dysgenesis, whicl
affects the anterior structures including the lens, cornea, ir{@\etei et al. 2016Favor et

al. 2007 Gould et al. 200y In the kidney in mice glomerular defects, mainly affecting
Bowmans Capsule and tulmldefects which increase in severity with age and lead to the
proteinuria (protein in urine), polyuria (increased urine productoyst formation(Favor

et al. 2007Jones et al. 201&an Agtmael et al. 20)0The muscle defects lead to forms of
congenital muscular dystrophy, such as Wal&rburg syndrome and Musedgebrain
diseas€LabelleDumais et al. 2011 However, most attention has focused on the vascular
defects of tkse mutations, which may also play a significant part in the aforementioned

pathologies.
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Fatherc A A A e € € T € C 6

[P WA WY

Probandh A A 6 6 C € T € € 6
(VAR VYVVW

Mut GLPGPPGPTGARDLREIPGFAGADGGP 716
HS GLPGPPGPTGAKGLRGIPGFAGADGGP 716
MM GQPGPPGPTGAKGVRGMPGFPGASGEQ 711
RN GQPGPPGPTGAKGIRGIPGFPGASGEQ 651
GG GNPGLPGATGTKGARGFPGDPGPVGFP 652

Figure 1.6 Identification of the COL4A27/G702D mutation. A) The spectrogram
sequencef thecDNA from thecontrol (WT), fatherandprobandCOL4A2transcripts*
indicatesthe affectednucleotide.B) The amino acid alignment,displaysthe level of
conservatiorbetweenspecief the affectedaminoacid. Mut: probandandfatherwith
COL4A2mutation,HS: controlhumanMM: musmusculousRN: ratusnorvegicusGG:
gallusgallus. Greenboxesindicate highly conservedylycines.Red arrow indicatesthe
amino acid affectedby the mutation. Note: the father is not affectedby the disease
phenotypeAdaptedfrom (Murray etal. 2014).

Coldalmutationscausecerebrovasculadiseaseaffectingthe smal vesselsof the brain. It
can thus be classedas small vessel diseaseand leads to ICH, which can lead to
porencephalfwhich is the formation of cerebralcavity dueto intracerebrahaemorrhage
(ICH)), white matterhyperintensitieandhaemorrhagistroke(Breedveldetal. 2006 Gould
etal. 2005 Murray etal. 2014 VahediandAlamowitch2011). To dateabout100different
mutationshavebeendescribedthe vastmajority of which affect glycine residuesandlead
to aminoacidsubstitutionsin rarecasesinutationshavebeendescribedhatappeato affect
collagenlV proteinlevelsratherthanproteincompositionbut the effectsof thesenonsense
and extremely rare mutationsremainseven more unclearthan those for the missense
mutations(Gundaet al. 2014, JeanneM. and Gould 2017, Verbeeket al. 2012) While
mutationslead to rare Mendelianforms of cerebrovasculadiseaseyecentevidencehas
confirmedarolefor theseproteinsan commonformsof thesadiseasel-orexamplecommon
variantsin COL4A2arearisk factorfor deeplCH in the generalpopulation,which leadsto
haemorrhagistroke,the strokesubtypewith the worst prognosis(Rannikmaeet al. 2015,
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Traylor et al. 2016) In addition, genetic associationhas also been documentedfor

myocardialinfarctin Japanesmen,coronay arterydiseasendvascularstiffness(Yamada

etal. 2007). Thus,collagenlV is emergingasa major componenfor vasculardiseasesor

which thereis anurgentneedfor treatmentasthereareno specifictreatmentor ICH or for

collagenlV pathologies.

Gene Mutation type and effects | Human diseasesand | Mouse model
pathologies phenotypes
COL4A1 | FrameshiftDisruptionof | Haenorrhagicstroke | Eyedefectsrenal
the C-terminalNC1 domain| HANAC syndrome, disease,
(Galeetal. 2016 Familial porencephaly,| hypotension,
Familial eyedefects, |lungdefects,
G1236R,G749S Heartdefects, haemorrhaging,
G1769A: Kidneydefects porencephaly,
Amino acidchangen the | includingurinary reducedviability,
triple-helicaldomain retentionandatrophy | tendondefects
(JeanneMarionetal. 2012 | of medulla, (JeanneMarionand
Muscle-eyebrain Gould2016
disease,
WalkerWarburg
Syndrome
Smallvesseldisease
COL4A2| Amino acidchangen the | Haemorrhagistroke, | Eyedefects,
triple-helicaldomain Familial porencephaly | Haemorrhaging
(JeanneMarionetal. 2012 | Smallvesseldisease | (Favoretal. 2007)
COL4A3| Splicingvariantsmissense| A | p osyndronse (CosgroveandLiu
mutations Thin basement 2019
(Gouldetal. 2009 membranenephropathy
COL4A4 | Splicingvariants missense | Cataract
mutations:alteredchain (Alavi etal. 2016
expression Al portds s
Thin basement
membranenephropathy
(Hudsonetal. 2003
COL4A5| Splicingvariantsmissense| X-linkedA | p o r t ((CosgroveandLiu
mutations syndrome 2019
COL4AG6 | Splicingvariantsmissense| X-linkedA | p o r t ((CosgroveandLiu
mutations:alteredchain syndrome 2016
expression Leiomyomatosis
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Table 1.2 Genetic diseasesassociatedwith mutations in COL4A genes.Data are
collectedfrom (VahediandAlamowitch2011) andinsertedreferences.

1. 3. 2.7 Mechanismsof cdlagen|V mutations

Despite the increasing research into collagen IV mutatitbres; contribution to disease
pathogenesis arttieir pathomolecular mechanism remain poorly understsdescribed
collagen type IV is folded within the ER and secreted into the matrix. While traditionally it
had been considered that diseases due to mutations in matrix components are due to the
effects on the matrix, recent evidence has emerged that is challemgimgption, with an
increasing role of intracellular consequences and responses to the expression of th
mutations (Bateman et al. 2009). In particular this has been the notion of ER stress due ft
the retention of misfolded protein. Intracellular accurtiataof misfolded proteins causes

ER stress resulting in ER swelling, at the expense of their secretion; and in turn switches or
the unfolded protein response (UPR) (Gould et al. 2007, Jeanne Marion et al. 2012, Murray
et al. 2014). UPR is an ER mechanisnprevent incomplete or incorrectly folded proteins
being released from the ER. It achieves this by effectively reprogramming gene expressior
of the cell via a general reduction in mRNA translation while upregulating the expression of
chaperone proteingn addition the ER stress response also activates by promoting protein
degradation pathways (Tabas and Ron 2011). While this ER stress is a homeostatic respons
when it becomes chronic, ER stress and the UPR induces apoptosis of cells and has bee
shownto be causative factor for disorders such as achondroplasia due to mutations in type
X collagen (Bateman et al. 2009).

For the case of mutations in collagen 1V, mouse models with Col4al mutations were shown
to display extensive structural BM defects ihadfected tissues (Van Agtmael 2005, Gould
2005). This also affected the attachment of endothelial cells to the underlying BM and
smooth muscle cells within the aorta of mice (Van Agtmael et al 2010). While thee defects
may be related to the incorporatiohthe mutant protein, they may also be due to reduced
levels or absence of collagen IV. This is supported by data from mouse models that showet
intracellular retention of mutant protein (Gould et al. 2005) and activation of the ER stress
response (Gouldt al. 2006, Van Agtmael et al. 2010). This has also been observed in patient
cells whereby a marked accumulation of Col4al and Col4a2 was observed (Murray et al.
2014). It has been postulated this retention is due to accumulation of misfolded protein,

although it should be pointed out that this has not been directly tested. No structural or
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biochemical analysis has been performed on mutant collagen IV to confirm the effects of

these mutations on the collagen molecule.

Thusin general, itisassumedthamu t at i on i n U1. U1. Udlfingy) t
and subsequeiritracellular accumulation and ER retent{@ateman et al. 200®urray et

al. 2019. As mentioned His retention can reduce the amount of collagen IV that is secreted,
which may cause BM defects dod ER stress. If mutant protein is secreted, it may cause
BM defects by affecting its interactions with other proteins such as matrix components, cell
receptors et(Bateman et al. 20081urray et al. 2011 These mechanisms are not mutually
exclusive and given the pleiotropy of the effects of different mutations, the possibility that
this can vary between mutations can not be exclfdednne et al. 2012, Jones et al. 2016,
Murray et al. 2014, Van Agtmael et al. 2005, Verbeek et al. 2012)

The BM defects are associated witkerebrovascular disease includitfigH, and eye and
kidney diseas€Jeanne Marion et al. 20lurray et al. 2014Rannikmae et al. 201¥an
Agtmael et al. 201,0van Agtmael et al. 2005However accumulating data support a role

for ER stress in the disease pathogenesis. Previousasnalyhe Van Agtmael laboratory

of cell of patients of a family with porencephaly identified that the disease is associated with
ER stress and ER retention of collagen IV protein due to the COL4A2+G702D mutation
rather than BM defects (Murray et al. 2014 his was confirmed by analysis of an allelic
series of mouse models with Col4al mutations that showed that severity of intracerebral
haemorrhage correlated with ER stress levels and ER retention of collagen IV (Jeanne et a
2015). Intriguingly, recent da suggested that these mutations may have cell dependent
mechanisms as evidence supported that in kidney phenotype of a mouse model the
glomerular disease are associated with BM defects and the tubular phenotypes with ER stres
(Jones et al. 2016Howeve, the relative contribution of these mechanisms remains to be

directly disentangled.

This thesis will focus on a particular COL4A2 mutatiddQL4A2"C7%20 which was
identified previously in the laboratory of Dr. Tom Van Agtmael (Murray et al. 2014). This
mutation causes familial porencephaly (Murray et al. 200l9.mutations result in a single
nucleotidechange thathanges a highly conserved glycine residue of a>Gly repeat for

an aspartic acid (Figure 1.6A & BAnalysis of he COL4A2/¢7920 mutatian revealed the
presence of BM defects in the skin of individuals carrying this mutaticeddition based

on analysis of cells from patients the mutations is liketgrfere with the triple helix 3D
structure of the U1. Ultringm. (TheVnutationrin cells froma n d
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patient leads to ER retention of collagen IV and-$ifeRss (due to protein retention).
Therefore the BM defects may be due to mutant protein incorporation and/or reduced
incorporation due to ER retention (Jeanne iaret al. 2012, Murray et al. 2014, Van
Agtmael et al. 2010, Van Agtmael et al. 2005). While the actual mechanisms remain poorly
defined, as mentioned the intracellular retention rather than BM defects were associated witl

disease development.

1. 4. Biointerfaces

A biomaterialhasbeendefinedwidely asfi a supstancéotherthandrug) or combination
of substancesyntheticor naturalin origin, which canbe usedfor anyperiodof time, asa
whole or partof systemwhich treats,augmentsor replacesanytissue,organs,or function
of theb o d (PPeeetal. 2003);or i anaterialintendedto interfacewith biological systems
to evaluate treat,augmentor replaceany tissue,organ,or functionin theb o d (Black
2006).Traditionallyreferredto asmaterialsusedin medicaldevices,biomaterialthavebeen
usedsinceantiquity, but recentlytheir degreeof sophisticatiorhassignificantlyincreased.
Biomaterials have been widely used for many applicationsincluding, cardiovascular,
orthopaediceamplantdeviceswoundhealing,andothers.Theyalsoprovideinformationrich
datathat enablesthe study of cellular behaviour.Biomaterialsinclude metallic, ceramic,
polymeric, composite,biodegradablgpolymeric and biologic. Theseare widely usedin
different field of medical industries, and continuing researchon them focuses on
biocompatibility,bioinerty,bioactivity, biodegradabiltysterilizability, adequatenechanical
andphysicalpropertiesmanufacturabilityetc.

Biomaterial surfaces,including synthetic polymers combinedwith ECM proteins, are
powerfultoolsto control cell fateandstudya myriad of biologicalprocessefCantini2012
Llopis-Hernandezet al. 2011). They provide cells with well-defined microenvironments
and,asaconsequence&onstituteatool to interrogatehemandprovidefurtherinsightsinto
pathologicaland physiological cell behaviour.Many studies have been undertakento
investigatethe interaction of different ECM protens with various material surfaces,in
combinationwith their effecton cell behaviour(Baetscheetal. 1986,Cantini2012,Coelho
etal.2011ab, Cortiellaetal. 2010,DupontGillain etal. 2004,Llopis-Hernandeztal. 2013,
RodriguezHernandezt al. 2007, SalmerorSanchezt al. 2011, Vanterpoolet al. 2014)
Interfacialproteinlayerconstitutesiointerfaceogethemwith thematerialsurfacethesewill

be usedto culturecellsin orderto investigatetheir responsesBiointerfacescan modulate
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cell behaviourandthusthis mayopenavenueof modulatingcell to collagenmutationsor of

overcomingcell defectsby alteringmatrix.

1.4.1 Cell interaction with biomaterials

To ascertainthe intricacies of cell behaviourand capabilitiesin tissueengineering,an
understandingf cell interactionswith the ECM is of fundamentaimportance With the
intention of replicatinginnatecell behaviourex vivo, a numberof naturally occurringand
syntheticsubstratefiavebeendevelopedor usein tissueengineeringTheseaim to cater
for a rangeof demandsfrom being able to supportadherenceand viability to the more

intricatelytailoreddesigngyearedowardsresearching particular hypothesis.

Proteinremodelling(afteradsorptionat the celli materialinterfaceis animportantfactorto
direct cell behaviouron biomaterialsfor tissueengineeringlt is known that cell adhesion
onto a synthetic surface involves different phenomea in which different biological
moleculegarticipate ECM proteins cellmembrangroteins andcytoskeletorproteinsthat
interactto conveyinformation, transcribefactors, and regulategene expression(Cantini
2012 Vanterpooletal. 2014. ECM proteinsareadsorbedntothe material eitherfrom the
physiolagical fluids in vivo or intentionallydepositedhroughadsorptionof ECM proteins
(FN, Cols, L Mé etc.), or via chemicalattachmentto the substrate.The concentration,
distributionandmobility of ECM proteinsadsorbedn a surfacehenceplay a fundamental
role in the biofunctionality of a syntheticmaterial,and are key factorsfor the biological

responsef asubstrate.

Protein adsorptionon solid surfacesis a phenomenorobservedin various fields. The
changesn proteinsstructuresandfunctionsuponadsorptioraswell astheadsorbe@mounts
havea very importantconsequenc@\akanishiet al. 2001). Despiteconsiderablgrogress
in thisfield, therearestill widely differing and evencontradictiveopinionsonhowto explain
the frequentlyobservedohenomenaProteinadsorptionon a surfaceis affectedby various
factorssuchas propertiesof proteinsand the solid substratesurface,and environmental
conditions.With respecto propertiesof proteinsthe charge size,stability of the structure,
aminoacidcompositionandstericconformatiormayaffecttheadsorbegbrotein.Moreover,
externalparametersuchastemperaturepH, ionic strength,andbuffer compositionareto
beconsideredForsolid substratesurfacessurfaceesnergy polarity, chargemorphologyand
wettability) are someof the propertiesthat may affect the adsorbedprotein (reviewedby
(Rabe et al. 2011)). Surfaceinduced denaturationis one factor that has important
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implications for the developmentof materialsthat are resistantand/or innocuousto
biomoleculesExperimentalesultsthat unequivocallyexplainthe underlyingprinciplesof
thesurfaceinduceddenaturatiorof proteinsaredifficult to find in theliterature.Thisis due
to the limited availability of methodsto resolve protein structureat the solutiori solid

interface.

As mentionedabove the propertiesof solid substratesurface influence protein the
adsorptiorof proteins.Theeffectof surfae chemistryandwettabilityon LM morphologies
wasinvestigatedy AFM usinga seriesof differentcopolymersbasedn ethyl acrylateand
hydroxyethyl acrylate LM molecules showed globular to completely extended
morphologieson the hydrophilic polymer as the amountof T O Hgroups diminished
(RodriguezHernandeztal. 2007). Collagenis shownto form afine networkonhydrophilic
glass and a prominent polygonal network on hydrophobic octadecylsilanethat alters
significantly Col IV activity (Baetscheret al. 1986 Cortiella et al. 2010. Coelho and
coworkershave describedthe arrangemenbehaviour of LM and Col4 using AFM on
substratesvith controlleddensityof i OH groups(Coelhoet al. 2011H. Theyalsoshowed
thearrangemenbehaviourof Col4 usingAFM on NH2 andCOOH functionalizedsurfaces
(Coelhoetal. 20118, andonmodelOH, CH3,NH2 andCOOHsurfacegCoelhoetal. 2013
andon hydrophilicandhydrophobicsubstrat§Coelhoetal. 2010. Thelayerof theadsorbed

ECM proteins(LM or Col4) wasdisplayng structuresnostlyresemblinga network.

DupontGillain and colleagueshave demonstratedhat it was possibleto control the
supramoleculaorganisatiorof adsorbedollagenlayerson polymersurfacesasafunction
of propertiesof the substrategchemicalnature,roughnessind of characteristis of the
collagensolution(concentrationstateof aggregationaswell asdetailsof the preparation
procedure(adsorptiontime, drying rate) (DupontGillain et al. 2004). They also showed,
usinga combinationof X-ray photoelectrorspectroscopyXPS), AFM andwatercontact
angle (WCA), the nancorganised layers of collagen on a series of polystyrene
(PS)/poly(methymethacrylatefPMMA) (ZuyderhoffandDupontGillain 2011).

Many studieshave been dedicatedto the adsorptionof FN. For example,Emch and
coworkeramagedFN with scanningunrelling microscopy(STM) on micashadowedvith
a thin platinum carbide conductivefilm observingthat is well adsorbedon Ti and V
substratedyutis notbiologicallyactiveonV (EmchR etal. 1990. Likewise,usingscanning
forcemicroscopy(SFM) of FN sprayecn micaandPMMA, proteinmorphologywasfound
to beinfluencedby substratesurfacepropertieSEmchRogeret al. 1992. MacDonaldand
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colleaguesalsoimagedFN adsorbednto polishedcommerciallypuretitanium (cpTi) by
using AFM and electronspectroscopyor chemicalanalysis(ESCA) (MacDonaldet al.
1998. Furthermoreusing AFM it hasbeendemonstratedhat whenFN is adsorbednto
biomaterialsjt mayundergoa conformationathangedependingn surfacepropertiesuch
assurfacecharge hydrophilicity, hydrophobicity,andplaysa critical role in mediatingcell
responses-or examplet changedrom a globularstructureon PMA to extendedstructure,
a physiologicallike fibrillary (nano) networkson PEA (Llopis-Hernandezet al. 2016
Llopis-Hernandezt al. 2013 SalmerorSancheztal. 2011, Soriaetal. 2007, Vanterpool
etal. 2014).

Non-(bio)chemical factors such as roughness,texture and surface patterns have an
undeniablanfluenceon proteinadsorptiorandcells on all materials Dynamicinteractions
betweemanoscalsurfaceopographiesindproteinsarecomplexdueto thecombindion of
attractiveand repulsiveforcesthat are governedby local changesn surfaceproperties,
including chemistry, which may lead to spatial changesin the quantity, density and
orientationof adsorbegbroteingWilsonetal. 2005).ForinstancePeligianniandcolleagues
haveshownthatthe adhesiorof scaffoldproteinsandosteoblastfiasbeendemonstratetb
be encouragedoy surfaceroughnessresulting in an increasein surfacemineralization
(Deligianni et al. 2001). The useof ECMs coatedsurfaceshavefound widespreadisein
researchapplications;nonethelessthey are not without their idiosyncrasiesWhile ECM
proteins are able to support cell adhesionand activity on synthetic surfaces,protein
interactionwith biomaterialpolymerscandevelopin its own interactionswvhichin turn can
lead to changesin protein conformationalstate and adsorptionpropertiesresulting in
differential cellular interactionsboth betweerbiomaterialtypesandfrom that observedn
vivo (Cantini2012 Coelhoetal. 2011k DupontGillain etal. 2004 Llopis-Hernandeztal.
2013.

Thedifferentialbehaviourof proteintypesusedto coatsyntheticpolymershaspromptedo

the characterisatiostudiesin which bindingkineticsdemonstratethatthereis anoptimal

concentrationat which cells interact with ECM proteinsto enablecell adhesionand
spreadingCoelhoetal. 20113 Vanterpooletal. 2014. ECM protein/polymeicomposition
hasbeenshownto havethetendencyto affectthetype of proteolyticcleavagehatoccurs
duringadsorption(Coelhoetal. 2013. Furthermorethis effectmayalsoelucidatethevaried

expressiorof cellularintegrinswhencellsareseedednto ECM coatedpolymers(Rezania
andHealy1999.
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Thedensityof adsorbegroteinon the surfaceshasbeenfoundto influencecell behaviour.
FA plaguesare found to dewelop betteron surfacescoatedwith higher FN concentration
(Llopis-Hernandeztal. 2013 Vanterpooletal. 2014, andenhancedaignallingby FAK and
pFAK is observedvhencellsareculturedon highestFN concentratior{Llopis-Hernandez
etal. 2013. Moreover,myogenicdifferentiationis considerablymorerobuston higherFN
density comparedto the lower density (SalmerorSanchezet al. 2011). Apart from the
densityandspatialorientationof surfacdigands,thetopographyof the substratess known
to be a recognisale instructionalcueto elicit specificcell responsed-or example Dalby
andcolleaguesaveshownthe useof nanoscalalisorderto stimulatehumanmesenchymal
stemcells (MSCs)to producebonemineralin vitro (Dalby et al. 2007). Cells respondto
nanopitscoatedFN by forming larger FAs and by mimicking the pit patternswithin their
cytoskeletonnanoimprintingultimatelyachievinghigherlevelsof myogenicdifferentiation
comparedo aflat control(NganduMpoyi etal. 2016. Tissuegossesstructuresvith varied
topologiesfrom smoothor striatedmuscleto theroughenedurfaceof trabeculabone.lt is
possiblethereforethat mimicking thesepatterngn vitro canleadto behaioural changego

closelymatchthatwhich occursin vivo.

Cell adhesionto ECM or surfacegrafted proteinsoccursvia receptorprotein including
integrins(Figure1.7). Integrinsaremajor cell surfacereceptorsandform alargefamily of
U/ teterodimergypically in the size rangeof 9i 12 nm in length. Integrins recognize
specific sequencesf ECM proteinssuchas the arginineglycine-asparticacid tripeptide
(RGD), presenbn fibronectinandvitronectin,VPGVG on elastin,IKVAV onlamininand
GFOGER on collagen; providing a transmembranelink betweenthe ECM and actin
cytoskeleton(Huanget al. 2009 Knight et al. 2000 Mechamet al. 1989 Nomizu et al.
1995. Althoughconstitutivelyexpressednostintegrinsonthecell surfacearein aninactive
state,neitherligand binding nor signalling.Integrinscanbe activatedby ligand binding or
by intracellular signalling, due to effects in its cytoplasmic domains, resulting in
conformationakchangesvhich exposeepitopedor specificactivationantibodiesIntegrins
play a dual role when activatedthrough ligand binding: mediatingcell attachmentand
triggering severalintracellular signalling pathways,which canin turn influence growth,

migration,differentiationor proliferation(BerrierandYamada2007).
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Figure 1.7 Integrins mediate cellsECMs interactions. CellsECMs interactiontakes
placevia integrins,membraneboundreceptorghat trigger severalsignalling pathways
andinfluencescell behaviour Adaptedfrom (Freemar2014).

Integrins cluster and developfocal adhesiongFAs) once boundto their substrate.The
anchoredcells spreaddisplaying a developedactin cytoskeleton,providing mechanical
stability andtransmittingforcesto theintracellularregions FAs arediscretesypramolecular
complexeghatcontainimportantstructuralproteinsandsignallingmoleculesanchoringhe
cell to thesubstrateTheyareflat, smallandelongatedstructureseveralsquaremicronsin
sizeandaremostlylocatednearthecell periphery(SastryandBurridge2000. Theymediate
strongadhesiorno the substratdinking bundlesof actin microfilamentsthrougha plaque
formed by many different proteinsamongstothersvinculin, paxillin, talin and tyrosine

phosphorylategroteins.

FAsarebelievedto actasmechanosensorallowing cellsto sensehysicalpropertieof the
substratesuchas stiffnessand transformthem into specific biological signals(Sunet al.
2016. FAs not only play the role of mechanicaknchorsbetweenthe ECMs andthe actin

cytoskeleton)put after integrin clustering,various signalling moleculessuch as the focal
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adhesionkinase (FAK) and the integrinlinked kinase (ILK) are recruited by adapter
proteins.ThesepecomingactivatedriggerseveraintracellularsignallingpathwaygHanet
al. 200J). FAK is animportantmechanotransducarggeringthemajority of thosesignalling
pathwaygHanksetal. 1992 Rubinetal. 2006. FAK is importantin theregulaton of actin
cytoskeletorand FAs formationon FN-coatedsubstrategParson003. In the absencef
FAK, actin cableslined cell boundaries,in contrastwith organized actin networks
convergingatperipheraFAK-positiveFAKs. Additionally, in theabsencef FAK, thesmall
centralFAs diminisheddramaticallyin numberandarereplacedy largefocal contactgllic
etal. 2004).

Severalauthorshavestudiedthe effectof substratgropertiesn proteinadsorptiorandcell

responsedn particular differentstudieshavefocusedoninvestigatingheinfluenceof these
surfaceparametersn intracellular signaling pathways(reviewedby (Aiyelabeganand
Sadroddiny2017 Burridge 2017, Janseret al. 2017, Weinberget al. 2017). Mechanical
propertiessurfacechemistry andtopographyof the ECM regulatecell behaviow including
cell adhesionspreadng, proliferation, and differentiation,throughactivationof different
signaling pathwaysIn this study,the surfacechemistrywill be manipulatedo controlthe
fate of COL4A2mutantcells.

1.5 Work leadingto project

Recentanalysisby Murray and colleagueshas revealedthat haemorrhagicstroke was
associatedvith collagenlV ER-retentionand ER-stressin a patientcarryinga COL4A2
mutation(glycineto asparticacid (COL4A2/¢792D)) (Murray et al. 2014). Their analyss of
primary patientcells showedthat missensanutationsin the COL4A1/COL4AZyenescan
lead to mis-folding and intracellularaccumulationyesultingin ER and cell stress,UPR
activation, reduced cell proliferation and increasedapoptosis(Murray et al. 2014.
Importantly,theyfoundthattreatmenbf cellscarryingCol4 mutationswith afood anddrug
administration(FDA) approvedchemicalchaperonéphenylbutyric acid, PBA) decreased
intracellular COL4A2 levels, ER stress and apoptosis, demonstratingthat reducing
intracellularaccumulatiortanamelioratehecellularphenotypef COL4A2mutationsThis
suggestghat targeting this intracellular accumulationcan modify diseasedevelopment
(Figurel.8) (Murrayetal. 2014).

However, the effects of COL4A2 mutations on BM function (e.g. influence cell

behaviour/signallingand characteristicge.g rigidity, stiffness),which also contributeto
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diseasalevelopmen{Joneset al. 2016 havenot beeninvestigatedn detail. Thus,thereis
a needto studymore closelythe mechanisnthataffectthe BMs andhow COL4A2mutant
cells respondto the extracellularmilieu to provide novel insightsinto collagendisease
mechanismslmportant questionsremain including but not limited to (1) what is the
secretionstate of ECM proteinsthat make up the BM? (2) What is the physiological
structuralintegrity of the BMs? (3) WhatinfluencehaseachECM proteinon the formation

of theBM? Hence canbiomaterialdbeemployedo getanunderstandingp thesequestions?

Cellsbehaviourandproteinconformationcanbe influencedby the manipulationof surface
substrateghemistryandtopographyBaetscheet al. 1986 Soriaetal. 2007, Wilson et al.

2005. Forthiswork, poly(ethytacrylate)(PEA) andpoly(methytacrylate)(PMA) polymer
substratesvereemployed.Thesesubstratetiavesimilar chemicalstructure consistingof a

vinyl backbonechainwith eitheri COOCH2CH3or i COOCH3side groupsrespectively
(Figure 1.9). The differenceof only one single methyl groupin the lateral chain yielded

substratesvith similar physicochemicabropertie{GonzalezGarciaetal. 2012. Theyhave
athicknessf ~1 um (Vanterpoolketal. 2014). Moreover AFM nancindentationof acoated
layer on glasscoverslipsdetermineddistinct elasticmoduli: P E A & lower than that of

PMA, yet the Y o u n mdildi of both surfaceswere O 1IMPa, greaterthan the 40-kPa
stiffnessthresholdthatcellscandetect(Balabaret al. 2001, Bathawaletal. 2016.
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Figure 1.8 Collagen|V diseasemechanismhypothesis.A representatioof how BM
defectsandUPR couldbe causedy a collagenlV mutation.
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Thesesubstratebavebeenshownto modulateheadsorptionconformatioranddistribution
of coatedproteins.Theadsorptiorof ECM proteinsontodifferentsubstratebasbeenwidely

investigatedn literatureusinga numberof different methodswhich include atomicforce

microscopy(AFM) and scanningelectron microscopy(SEM). For example,the fractal

natureof polymerisedLM on glasswasanalysedusing confocalfluorescencamicroscopy
(CEM), SEM and AFM on glassby HochmanMendezand colleaguegHochmanMendez
etal. 2014.

PEA PMA
Os_O._CHsz Oy _O-CHg

n n

Figure 1.9 Chemical structure of polymers. PEA, poly(ethytacrylate); PMA,
poly(methytacrylate).

In our group (Microenvironmentfor Medicine (MiMe) ResearchGroup, methodologies
have been developedto engineerbiomaterial surfaceswith controlled properties(e.g.
chemistry stiffness,topographythat determinethe conformationanddistributionof ECM
proteinsuponadsorptionln turn, thesecontrol cell adhesioron theseinterfacestriggering
signallingpathwaysanddirectingkey cellularprocessesncludingthesecretiorof theECM
(Llopis-Hernandezt al. 2011, SalmerorSancheztal. 2011). To enableusto addresghe
hypothesisbiomaterialsncludingPEAandPMA syntheticpolymers(Figurel.9) combined
with ECM proteins(suchasFN, LM, COL4)will beused;thesehavebeendemonstratetb

providemicroenvironmentgreatlyinfluencingcellsbehaviour.

Althoughfor mostof thesegeneticBM linked diseasesherearelimited treatmentboptions,
cell-basedherapeutiapproachebasedn deliveringpluripotentand/ordifferentiatedcells
are emergingas a plausible and promising treatmentfor thesedevastatig pathologies
(Nystrometal. 2017). Yet, to usecell-basedherapy the diseasanechanismsnustfirst be

understood.

1.6 Project Aims

The molecularand cellular consequencesf COL4A1/COL4A2mutationsremain poorly
understoodHence this studyproposes$o employengineeredbiointerfacego providenovel
insightsinto Col4 diseasesnechanismsThe hypothesigs thatbiointerfacesanbe usedto
investigateheeffectof Col4 mutationson cell functionandthatbiomaterialcanbe usedto
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modulateand perhapsovercomesomeof the cellular defectscausedby the expressiorof
these mutant proteins. This project will use COL4A2/6792D cells (mutations affecting
Ul. U1l. U® address the effect of defined engineered biointerfaces on cell
behaviour/signallingand Col4 secretion (Figure 1.10. Can engineeredbiointerfaces
influencemutantcells andleadto a morefunctionalBM andrescuedownstreaneffect of

ER-stressalteringdiseasalevelopmenttherebyinforming on the diseasanedanism.
In orderto probethis hypothesisthe aimsof this projectare:

(1) Characterise the biointerfaces: analyse the state of ECMs adsorbed on the polymeri
substrates.
(2) Investigate whether these biointerfaces can ameliorate/alleviate the cellular disease
phenotypes, if so explore signalling pathways.
(3) Investigate the effects of mutant Col4 network on the BM structure and biomechanics
using AFM as a tool.
Combinedtheseaimswill assisin understandingpow mutationin COL4A2affectsthe BM
compositionandstructureandhow eachECM proteinaffectstheformationof theBM. The
resultsof this work will elucidatewhetherbiomaterialscan alter collagen mutant cells
behaviouby overcomingsomeof thedefectscausedndrescuingdownstreaneffectof ER
stress Deepeningour understandingf how thesemutationsaffect cell function/behaviour
will increaseour knowledgeof Col4 diseasanechanismsThis canin thelong-termleadto
thedevelopmenof newtherapeuti@approachetor ICH andpathologis dueto collagenlV

mutations.
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Figure 1.10Biointerfacesconceptmodel. Thechemistryof thesurfacesubstratavill be
manipulatedo modulateprotein adsorption,conformationand distributionin orderto
influence cells (mutated COL4A26792D)  pehaviour and study whether it can
ameliorate/alleviatessome effects of the mutaton effects. PEA: Poly(Ethyl) Acrylate;
PMA: Poly(methyl)Acrylate, consistingof similar chemistry.Thesesyntheticpolymers
havesimilar physicochemicagproperties.
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Chapter 2 Materials and Methods
2. 1 Reagents and Solutions

All other reagents were from Sigafddrich Company Ltd. (Gillingham, Dorset SP8 4XT,
U.K.), except where otherwise specified, and buffer compositions are provided in (Table
2.3). All solutions were warmed in a water bath &C3Gefore use, unless otheseistated.

2. 2 Surface preparation

Polymers were synthesized by radical polymerization of ethyl acrylate (EA) and methyl
acryl ate (MA) (Si gma, St . Loui s, MO) , ir
carried out in ultraviolet light for 24 h. Aftepolymerization, low molecular weight
substances were extracted from the material by drying in vacuum to constant weight, anc
polyacrylate solutions prepared by dissolving bulk polymers in toluene, with a 4% w/v
solution for PMA and a 6% w/v for PEA. 12 85 mm diameter glass coverslips (VWR)
were cleaned by immersing in ethanol then placed in an ultrasonic bath for 20 min before
drying at 60 °C in an oven for up to 30 min. Thin layers of PEA and PMA were prepared
using a spircoater (Brewer Science). gt ast i ng was perfor med
polymer solution to the surface on glass coverslips and spun at 3000 rpm, 3000 rpm/set
acceleration for 30 sec. To remove residual solvent, the spun samples were placed and drie
in a desiccator within a 60 °@ven under vacuum for 2 h, then kept in vacuum before further
characterizati on. The obtained fil ms wer

thickness.

2. 3 Protein adsorption

Polymer surfaces on 12 mm glass coverslips were coated with either hypmdvi tpllagen

(Col4) (Millipore), or natural mouse LM (Invitrogen) or human plasma FN (Sigma)
solutions, in Dulbecco's phosphate buffered saline (DPBS) at concentrations 2, 10, 20, 50
and 100 ¢ g/ ncentrgtienpie figurd caption&®rdminor 1h.

2. 4 Quantification of adsorbed protein

The biochemical assay based on the bicinchoninic acid assay (BCA protein assay, Therms
Fisher Scientific, Waltham, MA) was used following manufacturer instructions to determine
the total amount of protein adsorbed on PEA and PMA substrate surfaces.t@hedat
coated with either Col4, FN or LM for 1h at different solution concentrations and the density

of adsorbed protein was determined by measuring the amount -afdsorbed proteins. A
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stock solution of protei n /mLgspeciticicdnecentratibns a t
for each proteirshownin figure captionsjo determine the exact concentration of the stock
solution and the amount of deposited protein onto the surfaces. After coating for 1 h, the
supernatant was collected and transferoea 96well plate followed by the addition of the
bicinchoninic acid working reagent (Thermo Fisher Scientific, Waltham, MA). The plate
was then placed in an incubator for 2h at 37°C. Then the absorbance was read on a Tece
NanoQuant Infinite M200 Pro pktreader (Mannedorf, Switzerland) at 562 nm. The total
protein adsorbed on the substrates was calculated subtracting the amount of proteir

remaining in the supernatant from the total amount of protein in the initial solution.

2. 5 Immunostaining of adsorled protein

To visualise protein adsorbed on PEA and PMA, Col4, FN and LM coated for 1h at the
indicated concentration were fixed with 3.7% paraformaldehyde (PFA), incubated with
blocking buffer (BB) DPBS/BSA 1% w/v for 30 min, then stained with primaryaotomal
mouseantCol | agen 4U2(1V) 1:300 (Milllipo+e,
LM 1:200 (Sigma, Cat. No. L9393) or polyclonal rabbit &N 1:400 (Millipore,
Darmstadt, Germany) antibodies in BB for 1h at room temperature (RT). Cosevslip
then incubated with sec osmduserabbit@:pdd gCatANof i n
115165062) (Jackson ImmunoResearch Laboratories inc) in BB for 1h at RT and finally
mounted on microscopic slides with mounting medium (VectaShield, Vector ltabesa

Inc., Peterborough, UK) and images acquired with an inverted Zeiss Axio Observer.Z1
epifluorescence microscope (Jena, Germany) (fully motorised fitted with an Andor Luca R
EMCCD camera for fluorescence) fitted with x5, x10 and x40 LD objectiveZaiss set

43 for Cy3. All the samples were in triplicates.

2. 6 Water contact angle

The surface wettability was investigated by water contact angle Qu@&asurements both
statically and dynamically, the latter providing the hysteresis angle of thacsurf
Measurements were carried out on bare and protein coated PEA and PMA substrates usin
the sessile drop method with a Theta optical tensiometer (Biolin Scientific, Stockholm,
Sweden). For each condition, the static contact angle (SCA) of the drotaasied by

pl aci ng a ofdateo g the gurfade usirlg a needle and stabilization alldl (

s) and recording the images at 12 frames/sec for 30 sec while measuring the angle of th

drop with the substrate surfaces. Also advancing contaa éaGlA), and receding contact
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angle (RCA) were determined, the neeslésplaced in the original static volume previously
deposited and water i s added or removed ¢
or decrease in the length of the baselidysteresis is the difference between the ACA and
RCA. All these measurements were performdd@Taand average values were obtained from

3 measurements of at least three different samples (n=9).

2. 7 Atomic force microscopy

Atomic force microscopy (AFM) experiments were performed with a JPK Nanowizard® 3
BioScience (JPK Instruments, Berlin, Germanf)*M was used to analyse protein
organization on material surfaces. Polymers were adsorbed with a solution concentration o
2,0, 20, 50, and 100 e€g/ mL of Col IV, FN
captions) for 10 min and 1h in DPBS. After adsorption, the samples were rinsed with DPBS
and Milli-Q water and dried with N2. The difference in time is to aid in the imgagf the
network via AFM, which can reduce in clarity at higher time points due to adsorption of
more protein.The images were acquired in tapping mode in air using silicon cantilevers
(MPP-21120 Bruker AFM Probes, Billerica, MA) with a pyramidal shap@&rce constant

of 3 N/m, a resonance frequency of ~75 kHz, a radius of curvature below 10 nm. The AFM
i mages wer e s ¢@ ) éaka sizes arddllirfe ratesnunless specified). The
surface height, lockn phase, and loeckh amplitude magnitudeswere recorded
simultaneously for each image. Acquired images were analysed using JPK data processin
software (v4.3.21) to observe the initial topography of-ocoated surfaces, as well as, the

distribution and confirmation of protein on the different poéys.

2. 8 Calculus of the fractal dimension

ImageJ fractal analysis plugins Fracl@bramoff et al. 2004Karperien 201Bor Fractal

Box Counting(Russell et al. 1980were used to determingattal dimension (FD) of
adsorbedCol4, FN and LM proteins and alsi secreted Coldn the polymer surfaces
obtained by immunofluorescence. The "capacity" fractal dimension algorithm called, in
fractal parlance, the "box counting” methwds usedThe boxcounting dimension is an

estimate of the Hausdorff dimension based on covering the investigated set with a fixed grid

of size(Soille and Rivest 1996 heiler 1990 usingthe formula,0C % where

k(r) is a number of grid boxes that contain any part of the investigatedisistknown as

the Hausdorff dimension, the MinkowsRpuligand dimension, the Kolmogorov capacity
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or dimension, or simply the becounting dimensiorin short, the routine counts the number

of boxes of a given size needed to cover a one pixel wide, binary (black on white) border.

The procedure is repeated for boxes that are 2,3,4,6,8,12,16,32,&4vptelon a black
background. The output consists of two columns labelled "size" and "count”. A plot is
generated with the log of size on thexs and the log of count on theayis and the data is

fitted with a straight line(Smith et al. 1996 Before applying the begounting algorithm,

the original image was equalized and the resulting image was bindfigade(2.}. Finally,

the boxcounting estimate was calculated on this image; a graph plot is produced showing
the measurement. All this process was performed on four different images of the same siz
(256 pixels 256 pixels,-Bit).

Original image Binary Fractal Box Count plot

D=1.9808
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[=] w
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Figure 21 Image processing in order to prepare the image for the
fractalboxcounting.

2.9 Cell Culture

COL4AZ"%2P primary dermal fibroblast cell cultures from an affected patient were
established from skin biopsies collected from the upper inner arm. This Wzt by

the Medical Genetics Department of the Hopital Erasme at the Université Libre de Bruxelles
(Belgium). For control cells, age, sex, and ethnicity matched cells were purchased from
Tissue Culture Solutions Cell Works (UK). Cells were cultured inEMMsupplemented
with 1% Glutamax (lnvitrogenE), 1% peni ci
concentrat imbns aonfd 11000% cFgBS (1l nvi trogenkE)
with 5% CQ. L-ascorbic acid phosphate sesquimagnesium salt hydrate (0.25 mM; Sigma)
was administered for 72h to standardise collagen expression andrapsitional

modifications.

Cell counting, preservation and thawing Cells were counted using a haemocytomaiel
preserved in freezing media (10% DMSO, 45% DMEM and 45% FBS) af 2gll§/mL in
cryovials and placed in isopropanol c¢ham
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and placed ir80° C freezer overnight for 24h, then transferred to liquidgén for long

term storage. To defrost, frozen vial of cells was placed in 37°C water bath for ~1 min until
completely thawed then contents transferred tewaemed media into flask and cells
incubated at 37°C with 5% GO

2. 10 Cell proliferation analyss

To measure the proliferation rates of cell cultures, cells were seeded at 5,000 €ells/cm
density onglass andPEA and PMA (sterilised under UV for 20 min into 24 well plates)
coated for 1h with 20 eg/ mL FN and wadsef't
changed after every 2 days to discard-adherent cells. For each time point, adherent cells
were washed and fixed with 3.7% PFA for 20 min at 4°C. Cells were stained with DAPI and
nucleus of each sample were countisthg or ImageJ (1.47v) aridenaveraged for each

time point.

2. 11 Cell attachment assay

This was done according to the protocol by Humphfiiismphries 200p UV-sterilized

glass, PEA and PMA sampleswere at ed wi th CoROI ¥gbtLegfr n
eg/ mL for 1h and washed twice wit-tdendluR& S .
BSA 1% w/v (Roche, Basel, Switzerland) for 30 min at RT. During this period, cells were
harvested, trypsinized, and-saspended in complete medium (containing 10% FBS). The
cells suspension was then incubated for 10 min at 37°C. Cells were seeded suitfates

at a seeding density of 8.5¥1¢ells/cn? for 20 min at 37°C. Surfaces were washed twice
with DPBS to remove cells that were not firmly attached, fixed with PFA 3.7% for 20 min
at 4°C, and washed again. Samples mounted with vectashield with ®afirn the nuclei.
Images were taken using an inverted epifluorescence microscope (Zeiss AXIO Observer Z1
and the number of cells attached was determined using CellC total cell count analysis
(Selinummi et al. 200%0r ImageJ (1.47v).

2. 12 Early Adhesion Assay

Cells were seeded at 5,000 cells?aensity on the substrates (sterilised under UV for 20
min in 24 well pl ate) coated for 1h with
2, 20, 50, 100 e€g/ mL L M. Samples were f|
incubation for 3h without FBSpermeabilised for 5 min using a Triton-200 based
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permeabilisatiouffer (0.5% v/v Triton X100, 10.3 w/v% saccharose, 0.292% w/v NaCl,
0.06% w/v MgCI2, and 0.476%w/v HEPES adjusted to pH 7.2), and blocked with 1% v/v
DPBS/BSA for 30 min. Then samplegere stained for 1t room temperature (RT) with
primary antibodies against mouse vinculin hVINL:400 (Sigm#&Aldrich, St. Louis, MO)

or polyclonal rabbit paxillinl:400 (Thermo Fisher Scientific, Waltham, MA) in BB, which
stains the focal adhesions. @fivards, the samples were washed 3 times with
DPBS/tween20 0.5% w/v, then incubated fo
AffiniPure anttmouse seawdary antibody or Chicken aftabbit Alexa Fluor 647 (Thermo
Fisher Scientific) (in BB), coupleditih BODIPY FL phallacidin 1;100 (Invitrogen B607)

which stains for actin filament.

Finally, the coverslips were washed three times with DPBS then mounted on microscopy
slides using VECTASHIELD® Mounting Medium -H000 (Vector Laboratories), and
sealed undrneath with clean nail varnish. Slides were kept in the dark, analysed within 24h,
and stored at 4°C when not in use. Samples were visualized using an epifluorescenc
microscope. Images were taken and channels merged using ImageJ (1.47v) to localjze nucle
actin, and focal adhesions. The latter were quantified using the focal adhesion analysis serve
(Berginski and Gomez 20)3Data such as focal adhesion size, count, area and cell size,

were obtained from the server

For integrin staining, primary antibodiesratamt u s e C D 2 9; (BDBibseignces)n b
and human integrin alpha V/CD51 antibody (R&D systems) were used combined with
secondary antibodies chicken argt Alexa Fluor 488 and donkey afgibat Alexa Fluor 568
respectively. These were also combined to Alekeor® 350 Phalloidin for actin staining

(Thermo Fisher Scientific).

2. 13 Cell adhesion strength measurements

Cell adhesion strength to adsorbed FN on the polymer surfaces was measured using
spinning disk device, in other term, a cell detachment apparatus ((@#gia et al. 1998
Garcia et al. 1997 This assay was carried out at Georgia Institute of Technology, Atlanta,
Georgia, USA; under the supervisiohProf Andrés J. Garcia. Substrates were incubated
wi t h 2, mlbohumag BN far 80/min at RT and then incubated with 1% BSA for 30
min at RT. 10,000 cells/chwere seeded onto 25 mm substrates and allowed to uniformly
attach for several hours (as iodied in legends) in media with/without serum in the

i ncubator . Then, some substrates -8igmae tr
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Al drich) (inhibitor of2768%dhgdrochlorid&igmay05031 0 ¢
Aldrich) inhibitor; finally, adheent cells were mounted on the spinning disk device. The
experiment was performed with over eight coverslips per condition and repeated at leas
twice.

2o
“ Baffles
4 r
——2smp Coverslip
—====""with cells

1// attached
Ll
11.4 cm

To DC Motor

Figure 2.2 Spinning disk device. A)lmage of amssembled cell detachment apparatus
(CDA). B) Crosssectional drawing of the device. 1, bioactive material sample; 2,
spinning disk; 3, fluid chamber; 4, side baffle; 5, sleeves; 6, d.c. n@téiull spinning

disk with the monitorsD) Schematic opinning disk assay) Shear orientationF)
Schematic view of stained cells (with ethidium homodimer) after spinning. G) Schematic
representation of cell counting by an automated microscope.

The CDA consists of a fluifilled poly(methy metbacrylate)PMMA) cylinder in which a
poly(tetrafluoroethylene) (PTFE) disc containing the sample substrate spins, (sample 25 mn
diameter disc)Figure2.2A). Thedisc is driven by a d.c. mot¢Figure 2.2B-D) and the

speed of the spinning disc is controlled by an optical sensor connected to a tachomete
(Figure2.2C). The machine applies a lineange of forces to adherent ce{lRigure2.2D-

E). The chamber apparatus is filled with DPBS with 2 mM glucose, and disk was spun for 5
min at constant speed with controlled acceleration rates at RT. After spinning, cells were
immediately fixed in 3.7% PFApermeabilisedvith 1% Triton X100, and stained with
ethidium homodimer (Molecular Probes, Eugene, OR, USA), a 9p&Xific fluorescent
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probe. Cells were counted automatically at specific radial positions using a Nikon TE300
equipped with a Ludl motorizestage, SpeRT camera, and Imagero analysis system, at
x10 magnification.

Sixty-one fields (80100 cells/field before spinning) were analysed and cell counts were
normalized to the number of cells present at the centre of the disk, where negligiblis for
applied(Figure2.2G). Using a nodinear computer algorithm, the fraction of adherent cells

(f) was calculated by dividing the number of cells in each field by the number of cells at the
centre of the array,véhr e negl i gi bl e forces are appli
was then fit to a si-gbdi)d )cumherfe AU Ti/s( 1
Gois the inflection point (shear stress for 50% detachment or the mean adhesigth $tren

a population of cells define as the adhesion strength) and b is the inflection slope.

Many assays are widely used to investigate the adhesion strength of cells, amongst othet
radial flow, hydrodynamic flow, parallel plate, washing, micromanipaoitatiand
centrifugation(Garcia and Gallant 2003The spinning disk has advantages that it high
throughout, large linear range of applied forces for each experiment and uniform surface
chemical properties. A significant feature of the CDA is the application of detachment forces
under constant anchiform surface chemical conditions. This system applies adedihed

range of hydrodynamic forces to adherent cells and provides sensitive measurements ¢
adhesion strength. Factors taken in account for steady laminar flow: the velocity,

temperature andoncentration boundary layer thicknesses, must be constant for a given

rotational speed and independent of radi
surface varies linearly with radial distance and is givertby:= 0 . 8Y2r U gadisdk 3 )h ¢
di stance from the centre of the disc, |}
and ¥ is the angul ar velocity of the dis

the centre of the sample experience negligible forceramsecell numbers decrease toward

the outside of the disk as the applied force increases.

2. 14 Extracellular matrix analysis
2. 14. 1 Immunofluorescence to quantification secretes matrix

Cells were seeded at 5,000 cells’fanto PEA and PMA coated fohwith either Col4 (50
eg/ mL) or FN (20 e©€g/mL) or LM (-Zé& medummL)
condition at 37°C, 5% Cgafter which the medium were replaced with medium with 10%
FBS considering the importance of serum proteins for the reoegammzprocess (loosening
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the potein to substratum interactiqAltankov et al. 201)). Samples were then fixed at
different time points, 2h, 1, 3 and 7 days with 3.7% PFA at 4°C for 20 min and permeabilised
for 5 min, blocked with DPBS/BSA 1% for 30 min.

The ability of cells to secrete and deposit the ECM Col IV, FN and LM was exawnimed
immunofluorescence staining. For that, samples were stained with either primary
monoclonal mouse arBGo | | agen 4U2(1 V) 1:300 (Mill 1l
polyclonal rabbit antLM 1:200 (Sigma, Cat. No. L9393) or polyclonal rabbit &l 1:400
antibodies in BB for 1h at RT, washed 3x DRB&ween20 0.5% v/v, then incubated for

1h with secondary CalibB (Ca.fNO.1HIB5P08) ce gogtandit a
mouse IgG 1:200 (Cat. No. 111%55062) (Jackson ImmunoResearch Laboratories inc) o
Alexa Fluor 488 1:200 (Jackson ImmunoResearch Laboratories inc). If the primary
antibodies were not estained, the secondary antibodies were coupled with actin filament
staining BODIPY FL Phallacidin 1:100 (Invitrogen) or Rhodarvittelloidin 1:100 (Lié
Technologies). The samples were washed 3X then mounted with Vectashield with DAPI to
stain the nuclei and visualized using an epifluorescence microscope. Images were taken ar
channels merged using ImageJ (1.47v) to localize FN, €4 nuclei, and aé. ImageJ

was also used to calculate the total amount of secreted matrix using the fluorescence
integrated intensityBerthod et al. 200@rewitz et al. 2016

2. 14. 2 ELISA assay for secreted collagen

The levels/concentrations of secreted extracellular mllag 4 U2 (| V) was me
indirect ELISA using an ELISA kit in accordance with the manufacturer's instruction. 5,000
cellsicnrfwer e seeded on 20 e€g/mL FN substrate:
for 7 days.Samples were washed and treated wath mM ammonium hydroxide to
decellularize and get intact ECMs on the surfaces. Then all the samples were blocked witt
1% DPBS/BSA for 30 min and incubated with primary monoclonal mousecalfdgen
4U02(1V) diluted 1:200 i nre®ahed with washing buffer i p
then incubated for 1h at RT with HRP conjugated goatrantise antibody diluted 1:10000

in BB. Colour was developed by the addition of the substrate solution (1:1 mpOefHd
tetramethylbenzydine) following 20-min incubation at RT. At the end of the time, 1/2
volume of stop solution (¥$Q: 2N) was added. Plates were then read in a
Microspectrophotometer, Tecan NanoQuant Infinite M200 Pro platgere(Mannedorf,
Switzerland) andhe fluorescence were measured at 450 ndh580 nm. All reagents were

provided in the Kkit.
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2. 14. 3 Incell Western assay

Cells were cultured as abolar 7 days then fixed with 3.7% PFA and th@ermeabilised

with 0.1% Triton %100 for 5 min, blocked with DPBS/BSA 1% for 30 min for 2h followed
by 3 x 10min washing with 0.1% PBS/Tween 20. Cells were then incubated with primary
monoclonalmouseanrGo |l | agen 4U2(1 V) at 1:200 dil ut
After 3 x 5min washing with 0.1% PBST buffer, cells were incubated with DS5hidited
infraredlabelled secondary antibody IRDye 800CW {CIOR, 92632211) and 1:2000
diluted CellTag 700 StaifLI-COR, 92641090) at RT for 1h, followed by 5 x-rhin
washing with 0.1% PBST. Substrates were then dried on white paper for irdigned
reading using an Odyssey infrared imaging system.

2. 14. 4 Passaging of mutant cells from Fioated interfaces to glass

Cells were cultured on glass aRcE A PMA coated with FN 20
trypsinized, resuspended in medium with FBS and seeded onto the glass. Samples were thel
incubated for a further 7 days. Then, samples were fixed in 3.7% PFA and processed fol
indirect immunofluorescerc Primary mouse ar€ol | agen 402(1V)
polyclonal rabbit antlaminin antibody were used coupled with corresponding secondary

antibodiesand processed as in section 2. 14. 1.

2. 14. 5 ER stress analysis in primary dermal fibroblasts

To study the cellular effect ofCol4a2 accumulationin mutant fibroblasts, cells were
processed as previously described in section 2. 14. 1. Samples vataged with primary
monoclonalmouseanrBGo |l | agen 4U2 (1 V) arP®I1d@(Syresdgp n a |
anti bodies in BB for 1h at RT; then i1incul
antirabbit 1:100 (Jackson ImmunoResearch Laboratories inc) and Alexa Fluor 488 anti
mouse 1:100 (abcam). The samples were washed 3X DPBS+/+ /tween20 0.5% thiea moun
with Vectashield containing DAPI to stain the nuclei and visualized using an epifluorescence

microscope. Images were taken and channels merged using ImageJ (1.47v).
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2. 15 ERK1/2 phosphorylation

Levels of phosphorylation of ERK1/2 in cells seeded &Naoated surfacesese assessed
after 30 min incubation using DuoSet ELISA kit following manufacturer's instructions
(DuoSetDYC1018B, R&D Systems).

2. 16 Matrix reorganisation and formation

The ability of cells to reorganise previously adsorbed ECMswastored by seeding 5,000
cellsicnfon substrates coated with Col IV 50
serum freemedium for 2h before incubation for 3 h, 1, and 3 days in serum containing
medium and fixing with 3.7% PFA. Samples were stained wgblyclonal rabbit antLM
antibody, or polyclonal rabbit asiN or monoclonal mouse afio | | agen 4U2( |
anti bodies dissolved in 1% BSA/ DPBS for
AffiniPure goat antrabbit or mouse IgG secondary antiboady h coupled with actin
filament staining Rhodamir@halloidin 1:100 before washing and mounting with

Vectashield containing DAPI and visualising using an epifluorescence microscope.

2. 17 Protein quantification by Western blot

Cell scraping and proten extraction. Protein was extractedsing3 0 ¢ | o f r
immunoprecipitation assay (RIPA) buffer (Table 2.3) containing 1x EDTA free protease
(Roche) and 1x phosphatase inhibitors (Roche). Cells on ice were scraped using cell scrape

(Falcon®). Samples we centrifuged at 14,000 rpm and the supernatant stor2a°at.

BCA assay.To quantification protein concentration, the BCA assay (Sigma Aldrich) was
used as per manufacturerds instructions.
€ g p e rdH2®D0AIl stdndards and samples were analysed in triplicate in EIA/RIA 96
Well Plates (Costar®) and the colorimetric changes were analysed on the Anthos 201C
machine (at 595 nm wavelength) wusing ADA
instructiors. Protein levels were corrected for using zinc stain of sample gel to assess total
protein in each lane of the gel and band intensity was measured using ImageJ softwar

analysis.

SDSPAGE Electrophoresis.Sodium dodecyl sulphate polyacrylamide gel etgatioresis
(SDSPAGE) was used to separate proteins. The-BBGE gel compositions are described

in (Table 2.1). All the SDEAGE gels were placed in a Mini PROTEAN® Tetra Cell
(BIORAD) tank, and submerged in running buffer (Table 2.3) and ran at a covsitage

of 80V until the protein samples reached the bottom of the gel (~2h) or until sufficient size
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separation for protein of interest had been achieved. Blots were transferred for 60 min a

350mA constant Amps.

Composition

6% 8.65mL dH20

2.25mL 40% Acrylamide

3.8mL 1.5M Tris

150eL 10% SDS
150eL 10% Ammoni
12e¢L TEMED

10% 4.8mL dH20

2.5mL 40% Acrylamide

2.5mL 1.5M Tris

100eL 10% SDS
100eL 10% Ammoni
4¢L TEMED

Table 21 Polyacrylamide separating gecompaosition

Composition

Top gel 3.65mL dH20

76CeL 40% Acrylamide
76CL 1M Tris

50eL 10% SDS
50eL 10% Ammoni a
5¢L TEMED

Table 22 Polyacrylamide stacking gel composition

Coomassie protein loading control sample preparationin orderto obtain a protein
loading control, SDAGE coomassie stained gels were used. To prepare for protein
samplesrangingfromb5 e€g, 4 x NuPAGELaemml i Buf fer
DTT (to a 0.1 mM final concentration) (v/v) were added, then desdtatr 95°C for five
min and kept on ice until they were | o

(IlnvitrogenE) was included as a size mar |
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Fixing and staining the Coomassie geSDSPAGE coomassie gels were fixed fod2

hours by mild agitation iniXing solution (Buffer conditions (Table 2.3). Praten the gel

was stained for-2 hours by mild agitation in staining solution (Table 2.3), thestdmed

by multiple 10min washes with mild agitation in destain solution (Table 2.3) until the
stained protein bands were clear and background staining was minimal. Gels were

photographed on a light box using Canon EOS Digital Rebel camera.

Western blot protein preparation. To obtain protein samples for western blot analysis
ranging from166 0 ¢ g, weraahprépared by adding 4 x NUPAGE LDS (Invitrogen)
(v/v). DTT (v/v) was also added (to a 0.1 mM final concentration) to reduce protein samples
if required. The proteins were denatured by incubation at 95°C for five min, and stored on
ice, whilenonden at ured proteins were just stored
(Il nvitrogenE) or Spectra Multicolor Broa:

used for size reference.

Wet transfer. Gels were incubated in western transfer buffer (WTB)1f®min. PVDF
membranes were washed in 100% methanol for one min, dH20 for 5 min, and WTB for three
min to hydrate it. The membranes were sandwiched with the gel, sponge and blotting paper
the cassette was placed in the Mighty Small Transphor (Amershasci@ices) transfer

tank filled with WTB. 400 mA were passed through the stack for 2h.

Semtidry transfer. Gels were incubated in semity WTB (Table 2.3) for 15 min.
Immobilon® PVDF transfer membrane (Millipore) was washed in 100% methanol for one
min, dH2) for five min, and sermiry WTB for 3 min to hydrate. Thick blotting paper (Bio

Rad) were soaked in semiy WTB and stacked together on the transfer machine base
(Fisher V20SDB, SCIEPLAS) and compressed to remove air bubbles. The hydrated PVDF
membranevas added to the stack and the gel was positioned on top of the membrane. 0.¢

mA/cn? was passed through the stack for 2h.

Blocking, antibody incubations and developmentAfter protein transfer, membranes were
blocked with 5% milk (Marvel) diluted into TBSbuffer (m/v) (Table 2.3) for 1h at RT.
Membranes were incubated with the primary antibodies diluted in 5% milk on a rocking
platform or roller machine overnight at 4°C. Membranes were then washed 3X witfi TBS
(0.1%) for 10 mins before addition of theceadaries. Blots were washed before licor
development in a dark room for a range of times depending on signal strength to obtain the

correct level of exposure using the MihMammography Processor (Kodak).
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1 For BIP and Calnexin blots were probed ugmmgnmary antibodies mouse monoclonal
antiBIP (1/40000, BD Transduction) or rabbit polyclonal &lnexin (1 in 1000, Cell
Signalling), secondaries were anibuse (1/15000) or antabbit (1/15000) antibodies
conjugated to fluorescent molecules dilutacbD% TBST (0.1%) and 50% Seablock
with 0.01% SDS and incubated for 1h at RT.

1 For FAK and phosph&AK, the polyclonal mouse anti FAK (Upstate), diluted 1:2500
and polyclonal rabbit anti-pAK (Tyr 397) (Merck Millipore) diluted 1:500 in 2% BSA
TBST were ged coupled to HREnked donkey monoclonal anthouse and rabbit
antibody (GE Healthcare) diluted 1:10000 in 2% BBBST as secondaries for
chemiluminiscent detection.

1 For DDR1 activity, the primary DDR1 (20, se532, dilution 1:100) antibody was
used capled with a secondary HRP antibody.

Densitometry analysis of Western blot, coomassie geBensitometry was carried out
using ImageJ (National Institutes of Health (NIH)) software. Images were converted to grey
scale, and the band of interest was setkotnsuring the entire band was included. ImageJ
removed background so only true signal was converted to a numeric representation of the
band density. The selected protein bands were corrected for loading differences using ¢
densitometry analysisofacpmar at i ve coomassi e or a Memc

the tot al protein gel, PierceE Zinc Revel

Buffer Composition

Quick Lysis (QL) Buffer pH 8.5 0.5M Tris base,

6M EDTA

0.2% SDS

1M NaCl

RIPA Buffer 0.05M Tris base

0.15M Sodium chloride

0.1% SDS

0.01M Sodium deoxycholate
1% Triton X 100

2 PhosSTOP Phosphatase Inhibitor
Cocktail Tablets (Roche)
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2 PierceE Proteas

Tablets (Thermo Scientific).

Western Blot Running buffer

0.25M Tris base

(10x) 2.5M Glycine
0.5% SDS

Western Wet transfer Buffer 0.06M Tris base

(wet WTB) 0.45M Glycine

20% Methanol

Western sermdry transfer
buffer (semi dry WTB) (5x)

0.2M Tris base

0.2M Glycine

0.2% SDS

Working Solution: 1:1:3
Western Transfer Buffer:
Methanol:dHO

Blocking buffer 5% milk in TBST

10 x TBS 1.5M Sodium chloride
0.5M Tris base

1IX TBST 0.15M Sodium chloride

0.05M Tris base
0.2% Tween20

Sample Loading Buffer (LDS
4X)

0.05 M Tris base

10% SDS

40% Glycerol

0.05M Bromophenol blue

TBE buffer (5x)

0.5M Trisbase
0.5M Boric acid

0.01 M EDTA
TE buffer pH 5.5 0.1M Tris base

0.004M EDTA

0.01M Coomassie Brilliant Blue (Bio
Coomassie blue stain Rad)

50% Methanol
10% Glacial acetic acid
40% H20
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Coomassie staining solution 0.1% Coomassie blue
10% Acetic acid

60% Methanol

40% dH20
Coomassie detain solution 10% Acetic acid

30% methanol

60% dH20

Table 23 Buffers

2. 18 Mechanical properties of cells and ECMs by AFM

To study mechanical properties, AFM imaging was performed using a JPK Nanowizard® 3
BioScience(JPK Instruments, Berlin, Germany). All measurements were taken in liquid
(DPBS or CQ independent media) at 7. Images were acquired in contact quantitative
imaging (QI) mode at scan frequencies of 1Hz orUs#sg a cantilevefas detailed below)

with a resonance frequency ~75 kHz, a spring constant of ~5 N/m, and a tip radius below 1(
nm. The AFM images were 256 x 256 pixels unless specified. Force spectroscopy curves
were obtained, after calibration of tip sensitivity andragprconstant, with a setoint of 5
nN, a zetalength ofuptoee5m, a ¢ o n st aandat@TuAnalysis wererfarmhed 1 s
using the JPKlataprocessing software (v4.3.21), and force curves were fitted with a Hertz
model at 500 nm indentation totain the elastic/Young's modulus; more details are found

in section AFM as a tool for elasticity measurements in AppeldikMeight, phase and

amplitude magnitudes were recorded simultaneously for each image.

Cells were cultured on Finterfaces for 7 dgs after which part of the samples were used

for AFM nanoindentation on cells. Stiffness of cells was acquired using a tipless cantilever
(Arrow TL1, k = 0.03 N/m, NanoWorld, Neuchatel, Switzerland) mounted with a silica 4.83
nm sphere bead (previously imgated in 1% BSA for 30 min). The otlgartof the samples

was used to measure the stiffness of ECMs secreted by the cells on the surfaces. To do s
the samples were decellularised to obtain intact matrix deposited by cells by treatment with
20 mM ammonim hydroxide (NHOH) 0,5% (w/v) in warm watel(Robinson and
Gospodarowicz 1984until all the cells debris could not be senremove all cellular
material except the insoluble ECMs. The ECMs were immunostained for the different

proteins inorder to observe the structurEhe samples were also stained with DAPI to
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confirm whether te procedure was successful. The ECMs were then scanned using a
pyramidal cantilever (PNHB-20, k = 0.42 N/m, NanoWorld, Neuchétel, Switzerland).

2. 19Microscopic analysis of tissues

Col 4U1 mutation was (VadAgtmael étal.@a)5SV@ nmcd Webe mi ¢
inviable homozygotes, henceforth, all animal tissues Wee used in this studyvere
heterogygous. Control animals were WT littermatest C57BI/6. Murine tissues were
collected by Dr Tom Van Agtmael and Dr Frances Jones at The Central Research Facility a
the University of Glasgow and stored-8D°C. Sections were cut from O.C.T. bledk 15

em thickness usi ng al5CeCryosactionswere fixedaddr 10manc h
in acetone at RT followed by antigen retrieval using 0.1 M HCI/KCI solution in PBS (v/v)
for 10 min at RT; and then by 3 x 5 min PBS washes. After blockiRg@® containing 10%

FBS for 1h, sections were incubated with primary monoclonal mous€anti | agen 4 U
1:300 (Milllipore, Cat. No. MAB1910) and polyclonal rabbit abk 1:200 (Sigma, Cat.

No. L9393) diluted in 10% FCS at 4°C overnight to visualise BMe structure. Then,
samples were washed and incubated with fluorescently conjugated secondary antibodies fc
1h at room temperature (JacksonLaboratories). Finally, the samples were washed 3 time
then mounted with Vectashield with DAPI before visualizirsjng an LSM 510 confocal
microscope (Zeiss) using a fixed exposure time.

2. 20Statistical analysis

All images were analysed using ImageJ softwre48). The data were statistically
analysed using GraphPad Prism 6 (GraphPad software, La Jolla, @A)e Vlevant, one

way or Twoeway ANOVA tests were performed using a Bonferroni post hoc test to compare
al | columns, and the differences between
**p O 0.01, ***p O 0. 001, weestandard*déviatpNo@®@ 0 . (
thatnot all comparisons that are statistically significant are showre main textonly ones

that apply to the hypothesis, differences between the WT and theeN&bn the different
substratesA complete list of significant differences for figures with multiple comparisons

is shown in Appendix I.
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3. 1 Introduction

It is of fundamental importance to understand the nature of the surface onceltschre
grown in order to provide them with a reliable and robust microenvironment. Understanding
and controlling the interaction of cells with synthetic materials is of great importance for
regenerative medicine afuiblogical research in generg@ipe 2002 Yet, it is established

that cells do not directly interact with the material surface on which they are growing, but
that their interaction depends a layer of extracellular matrix (ECM) proteins previously
adsorbednto the material for anchora@g@rinnell F. 1986Pompe et al. 20Q4&almerén
Sanchez and Altankov 2018ipe 2002 This layer of ECMs, such as collagen type IV
(Col4), fibronectin (FN), fibrinogen, lamin (LM) and vitronectin (VN) may come from
physiological fluidsn vivo(soluble matrix proteins of the blood) or culture mediamitro.
Alternatively, current biomaterials functionalisation strategies involve covalent binding and

presentation of proteior adhesion peptides to enhance cell adhesion.

The composition of this adsorbed protein layer is a key mediator of cell behd@arria

2006 Pompe et al. 20QRico et al. 2014SalmerérSanchez and Altankov 20L0The
concentration and distribution of adsorbed ECM proteins play an important role in the
biofunctionality of a synthetic material and in the understanding of the biological response
to the substratesn vitro, upon adsorption on substrates, E@teins rearrange at the dgell
material interface and this is a significant phenomenon that must be considered in the desig
of advanced biomtterials for tissue engineerifigopis-Hernandez et al. 20)L3This aspect,

i.e. the blaviour of the main components of the ECMs, namely Col4, FN and LM, upon

adsorption on polymeric substrates, is examined in this chapter.

As outlined in Chapter 1, ECM proteins can adopt different morphologies depending on the
substrate surface onto whittey are adsorbed. Specifically, the adsorption of proteins on
material surfaces is a process driven both by entropy (the release of bound water molecule
of the protein as it unfolds to adsorb on the surface means a significant entropy increase) an
byener gy (sever al noncovalent interactions
surface and of the protein, such as hydregending, electrostatic, or van der Waals
interactions). Both of these mechanisms eventually determine the amount and the

conformation of the adsorbed proteifGarcia 200%

In this study, we have used two poly(acrylates), PEA and PMA, which have been previously
employed to modulate FN adsorption and cell response in our @rtogs-Hernandez et

al. 2016 Llopis-Hernandez et al. 201%almerorSanchez et al. 201Vanterpool et al.
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2014. They are polymers of similar chemical structure, consisting of a vinybbaekchain

with either T COOCHCHs or TCOOCH side groups respectivel{Figure 3.2. The
difference of only one methyl group in the lateral chain yields substrates with similar
physicochemical properti€g&onzalezGarcia et al. 2012 The polymers we synthetized

by radical polymerization of ethyl acrylate and methyl acrylate (Sigma, St. Louis, MO),
initiated by benzoin at 1 wt%, and solutions in toluene 4% w/v for PEA and 6% w/v for
PMA were prepared as described in the material and method secBo8#ncoated PEA

and PMA on 12 mm glass coverslips were smootbt{meansquare(Rims) < 1 nm) and
homogeneous, with a thickness of ~1 (Manterpool et al. 20)4ECM proteins, Col4, FN

and LM were adsorbed on these polymers for 1 h at different concentrations (as indicated ir
the figure captions).

These substrates have been shown to modulate the @Boisocpnformation and distribution

of coated proteins. For instance, FN adsorbed on PMA adopts a globular conformation,
whereas on PEA FN has a network or fibrillar conformafldapis-Hernandez et al. 2016
Llopis-Herndndez et al. 2013almerorSanchez et al. 201Vanterpool et al. 2D4).
Moreover, this difference in protein organisation results in the differential behaviour of
cultured mesenchymal stem cells (MSCs) and other cells, such as myoblasts or fibroblasts
On fibrillar FN, MSCs tend to differentiate to osteoblasts, whereas on globular FN, MSCs
are maintaine@GonzalezGarcia et al. 2012 lopis-Hernandez et al. 20).6Therefore, these
polymer substrates were used in this study.

3. 2 Aims and Obijectives

This chapter presents a detailed characterisation of ECMs on PEA and PMA substrate

polymers.The aims were to:

1 Measure the water contact angle of the interface as the wettability of the material
interface is known to influence cells attachment and adhesion.

1 Quantify and analyse the density of adsorbed ECM proteins on the substrate polymers
using BCA

1 Employ AFM © follow the nanoscale behaviour of adsorbed Col4 (a unique
multifunctional matrix protein involved in the organisation of BMs including vascular
ones), of FN (one of the earliest ebihding proteins of the ECMs) and LM (a self

assembling heterotrimerahinitiates the assembly of the BMs).
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Chapter 3 Characterisations of the Biointerfaces
3. 3 Results and Discussions
3. 3. 1 Wettability

Wettability refers to the tendency of a fluid to spread on, or adhere to, and interact with a
solid phase. It is defined by the contact angle of the fluid with thd pbase. Surface
wettability by water has long been recognised as an important factor for protein adsorption
and cellular interaction. Generally, hydrophilic surfaces support cell adhesion and spreading
usually attributed to the appropriate conformatbadsorbed ECM proteinfAltankov and

Groth 1997 Grinnell Frederick and Feld 198Bernandez et al. 200Kk owal c zy Es k a
2005 Rico et al. 200¥

To study how a liquid like water interacts with substrate surfaces coated-ooataa with

ECM proteins, water contact angle (WCA) n
drop were used to measuratit and dynamic WCASs as detailed in Chapter 2. Contact angle
hysteresis, the difference between advancing and receding CAs, can be interpreted as
measure of molecular mobility for flat surfaces with homogeneous chenfisighashi et

al. 1997 Van Damme et al. 1986In theory, if aliquid (like water)forms a drop with low
WCA ( d ,tke s@rfack )s said to be hydrophilic, otherwise the surface is hydiophob

i f the WCA i s(Fighre 8 (Takatiashket &.Q199yHowever, generally
surfaces with WCA > 70° are considered bo#lilee hydrophobic.

The spincoated surfaces of PEA and PMA used in this study were found to be smooth, with
similar (Rms) roughness oD35 + 7.5 x 16pm and thickness of 7.5 + 2.5 x 20m.
Moreover, AFM nanoindentation determined
MPa, greater than the 4Pa stiffnesghreshold that cells can det¢&alaban et al. 20Q1
Bathawab et al. 20}6

0>90 0 <90

X P

solid solid solid

Figure 3.1. Typical states of the liquiddroplets on a solid surface.Left image

demonstratestypical hydrophobic surface withtheoreticakontact angle over 90The

middle image shows a hydrophilic surface with a contact angle undar0right image
shows a surface with contact angle96f.
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The data presented ifrigure 3.2A-B) showed static contact angle (SCA) and hysteresis
above 70. The advancing contact angle (ACA) and recediogtact angle (RCA) are also
shown Figure3.2GD). In addition, after coating with LM solutions of concentrations of 2,
20, 50, and 100 g/ mL, the WCA increasec
polymers, although higher on PEA than PMA, suggesting PEA is more hydrophobic than
PMA and might present a different state of the adsorbed protein layer.
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Figure 3.2 Characterization of LM-coated PEA and PMA surfaces(A) SCA, B)
hysteresigdifference between advancing and receding contact angl3sAQA and D)
RCA on PEA and PMA coated from solutions with concentrations of 2, 20, 50, and 100
eg/ mL L M. Each figure represents an avel
times. E) Surface density of LM on PEA and PMA coated from solutions of 2, 20, 50
and 3/m0of EM. (F) Immunostaining of LM after adsorption from a solution
concentration of 2, 20, 50 and 100 eg/
poly(ethyl acrylate); PMA, poly(methyl acrylate); LM, laminin; SCA, static contact
angle. Data presenteds mean +SD, N =9; and analysed with an ANOVA test;
***n<0.001. Scale bar: 50 pm.
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Wettability of PEA and PMA polymers coated with FN solutions of concentratiobs5f

10, and 20 ¢Rgumi.3A-B)saand simitany mo L polymer interfaces, FN
interfaces behaviour in dynamic contact angles differ on the two polymers. The contact angle
hysteresis of FAtoated samples was higher on PEA (e.g.,€8Bpared to ~ 7on PMA,

for concentrationsintheraeg of 5 eg/ mL to 20 eg/ mL) .
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Figure 3.3. Characterization of FN coated PEA and PMA surfaceqA) SCA, (B)
hysteresis, @) ACA and O) RCA on PEA and PMA coated from solutions with
concentrations of , 5, 10, and 20 eg/ mL FN. Each
samples per experiment; repeated 3 timey Surface density of FN on PEA and PMA
coated from soluti ons Fplmmudostanng of N afterg / m
adsorption from a solutionfo 2 0 eg/ mL, I nset : hi gh m
fibronectin. Data presented as mean £SD, N =9; and analysed with an ANOVA test
***n<0.001. Scale bar: 5@m.
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Finally, the wettability of the substrates coated with Col4 showed SCA remaining constant
~75’; yet the hysteresis increased with Col4 solution concentrations coating (Figure 3.4A
B). In general, Figure 3:2A-B showed that the SCA of both polymers coated with ECM
proteins solution concentrations were similar with no significant differences W@
suggesting that cell s wild@ not O60sensebbd
with these interface polymers. On another note, the differences noted for the hysteresis
between PEA and PMA suggest a different state of the adsorbed protein.

3. 3. 2 Quantification of adsorbed proteins

Surface chemistry has beemumnstrated to modulate proteiadsorption (such as FN) in
terms of the total amount adsorption and its conformation on the material surface
(Vanterpool et al. 2004In order to determine the total amount of protein adsorbed on PEA
and PMA substrate surfaces, the biochemical assagchioninic acid assay (BCA) was
used. ECM proteins LM, FN and Col4 were adsorbed on the substrates and the surfac

density calculated by measuring the depletion of protein from the coating solutions.

The surface density of LM adsorbed on PEA and PMAtsales increased with solution
concentrations of 2, 20, 50, and 100 pg/mL with statistically significant differences, yet
remained constant between the substrates, (e.g. ~ 6502mayidPEA and ~ 260 ng/chon

PMA when LM is adsorbed from a 20 pg /mL sabml) (Figure3.2E). The measurements
from the 2 ug/mL solution were negative as they were outside the working range of the BCA
kit used.

Similarly, FN density increased with solution concentrations afi®20 pug/mL, although
remaining constant between surfaces, with no statistically significant differences,
approximately 250 ng/cffPEA) and 150 ng/cA{PMA) for the 2 pug /mL, and 1250 ng/ém
(PEA) and 1050 ng/cfn(PMA) (Figure3.3E). In addition, Col4 surface density increased
with solution concentrations of 2, 10, 20, and 50 pg/mL with significant differences and
remained constant between substrat€§ ng/cm, 1500 ng/cri 3500 ng/crh and 8500
ng/cnt for concentration solutions ranging from 2 to 50 ug/rRlg@re3.4E). In summary,

these resultsh®wed that the total amount of adsorbed ECM proteins increases with the
concentration of the coating solution, as expected; on the other hand, no differences in the

surface density were observed between PEA and PMA substrates.
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Figure 3.4. Characterization of Col4 coated PEA and PMA surfacegA) SCA, (B)
hysteresis, ¢) ACA and O) RCA on PEA and PMA coated from solutions with
concentrations of 2, 10, 20 and 50 e€g/ ml
samples per expenent; repeated 3 time<k) Surface density of Col4 on PEA and PMA
coated from solutions of F)2mmurb$aininod Codn d
after adsorption from a solution concen
magnification imags. Col4, collagen IV. Data presented as mean +SD, N =9; and
analysed with an ANOVA test; ***p<0.00B5cale bar: 5@um.

3. 3. 3 Immunostaining

The microscale distribution and structure of the proteins adsorbed on the polymers were
assessed via stainin@rigure 3.24F). LM showed regular network structures on PEA
independeny of the protein concentration.n®@he other hand,M on PMAseemed to form

a more uniform layerHigure 3.2F, top row compared to lower row). FN formed densely
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packed networks on PEA, while globular aggregates apgesr PMA (Figure 3.3F) in

accordance to previous repoftéanterpool et al. 2004 Col4 staining displayed a similar
structural distribution on both substrat€sgure 3.4F). Although microscale distributions
and structures could be observed by immunostaining dE@id protein components, the

network structures were not very clear.

3. 3. 4 Organisation of ECM proteins on substrates

Since immunostaining of the ECM proteins adsorbed on the polymers did not show detailed
structures, atomic force microscopy (AFM) wased to analyse the distribution and
conformation of the proteins at the nanoscale. The AFM is an exceptional tool to explore the
conformation and distribution of matrix proteins at the biomaterial interface. The
conformation and distribution of differenCiM proteins adsorbed on various substrates have
been previously studied using AH@antini 2012 Coelho et al. 20114, Hernandez et al.

2007, Hudson et al. 1993Khoshnoodi et al. 20Q8Rodriguez Hernandez et al. 2007
SalmerorSanchez et al. 201Timpl and Brown 1996

The current work confirms these studies. For imaging using the AFM, Rico and colleagues
have shown that the phase magnitude in tapping mode AFM is a good approach to obtair
significant information on protein configuratigRico et al. 200 Nonetheless, advances

in imaging have proven that AFM height images that are combined with the phase magnitude
are even excellent wag present these BM components and obtain Saamit information

on protein configuratiofXu and Siedlecki 2007 AFM imagesshowed Col4, FN and LM

at different solution concentrations adsorbed for 10 min orrilthe polymer substrates
(Figure3.5A-C). AFM imaging revealed clearly the naswucture and organisation of the
adsorbed protein layer compared te itmmunofluorescenimages, which were limited to

microscale details.

Col4 is a networkorming triple helical molecule composed of three alpha chains, which
selfassembles by antiparallel interactions and extensive disulphide bounding, as explainec
in Chater 1(Timpl and Brown 1996 Its monomers associate with tha&minal globular

NC1 domains to form dimers or with-términals to form tetramers in the Bifiludsonet

al. 1993 Khoshnoodi et al. 2008 impl and Brown 1996 Col4 molecule structure has been
extensively studied over the past decd#ksglson et al. 199¥Khoshnoodi et al. 2008 impl

et al. 198% and AFM has been providing significant insight, showing its structures on
different surface¢Chen and Hansma 2000oelho et al. 2011)b
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Col4 formed similar network structures on both substrates at concentrations of 20 and 5
eg/ mL, after 10 niigure36A). THele seeddto bedsmiglermplécules n  (
arrangement of Col4 formed in dimers observed after adsorption of a solution concentration
of 20 g 0/mmlon PEA and not on PMA. Furthermore, globular aggregates also
appeared on the substratEgyure3.5A, shown by the green arrows). As alreadgntioned,

in the BM, dimers form when two Col4 monomers associate with th&srr@inal globular

NC1 domains, thiss maybe what is observed on PEA with lower Col4 concentration 20
eg/ mL, ot herwise they for m ttermimab observed avh e

hi gher concentration 50 g/ mL.

Globular features connected with long arms can be easily distinguished on PEA comparec
to PMA at time 10 min. These observations have been previously shown after adsorption or
mica; typically Col4 forms dimerghrough intermolecular interactions of two Col4
monomers via the globular NC1 domai(@Ghen and Hansma 200®owever, the globular
structures disappeared after 1h adsorption time, suggesting an increase in the amount «
adsorbed protein and complete saturation after extended adsorption time and distinctly

intercomected network structures of tetramers laid on both substrates.

The formation of tetramers via interactions of 7S domains is presumably involved in the
formation of these networks. Higher conce
networksanchi gher i nterconnectivity than Col 4
This is in accordance with the amount of proteins accumulating on the surface after
adsorption figure3.4) (Gugutkov et al. 200BalmerorSanchez et al. 20)1.1Col4 formed
network like structures regardless of concentration solutions on the substrates. This is
characteristic for hydrophobic substrai®oelho et al. 2013)b although higher
hydrophobicity of PEA lead to formation of an augmented network structure than on PMA.

The adsorption dfFN has been extensively studied on different surf@&ésnkov and Groth

1997, K o w a | skazey &E 2005Llopis-Hernandez et al. 2011 lopis-Hernandez et al.

2013 SalmerorSanchez et al. 201$chwarzbauer and DeSimone 20%ihgh et al. 2010
Vanterpool et al. 2024t is found in both soluble and insoluble forms in extracellular fluids
and connective tissues, respectively and is also a main component of the ECMs. AFM
images confirmed structural differences of FN at the nanodégleré 3.5B) showing FN

20 eg/ mL distribution on bl N was sebnsunfolded e s
leading to physiologicdike interconnected fibrillar nannetworks on PEA, a (nano)

network (e.g., materiadriven FN fibrillogenesis). Meanwhile PMA promoted completely
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different nanostructures: globular conformation; this iadoordance with previous reports
(Llopis-Hernandez et al. 201$almerorSanchez et al. 201 $oria et al. 200/A/anterpool
et al. 2014.

A 20 pg/ml 50 pg/ml 20 pg/ml
1 hour

b :
16 34deg W 72.62deg |l o L P
4 W
>
4 ‘ . o 5

Figure 3.5. AFM images of ECM proteinsA) Col 4 (20 anBJFNs(BO € g/
eg/ mLX)LMand2, 20 and 50 e€g/ mL concentrat.i
and PMAadsorbed for 10 min and 1 h. Green arrows show praiggnegates; hite

arrows show crosshaped molecules of LM (two to fived)M, laminin; Col4, type IV
collagen;AFM, atomic force microscopy.

The assembly of the BM is proposed to be initiated by ILM. is a selfassembling
heterotrimer that binds to the cell surface via integrin recefBask et al. 1990Durbeej

201Q Tzu and Marinkovich 2008Like other ECM proteins, the structure of LM molecules
has been extensively characterised in recent decades employing electron microscopy an
AFM (Chen et al. 1998Coelho et al. 2011bHernandez et al. 20p.7 The maximal
dimensions of the completely extended diaron of LM molecule are expected to be 125nm
long, 72nm wide, and 2.2nm thi¢iChen et al. 1998Coelho et al. 201)bIn accordance

with these values, it was found that LM molecules adsorbed on PEA from lower

concentrations (2 ¢€g/ mL) f eshmaped Molegulesnwitho r
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approximate size of 9025nm (depending on their conformatiomigure 3.5C, yellow

arrows).

LM chains are known to combine at the centre of each chain to form crudikerm
structures (crosshaped), Y shaped (three arms) orsbdped (single arnifHohenester and
Yurchenco 2013Timpl and Brown 1994Yurchenco et al. 1992/urchenco et al. 1985

The structures on PEA were similar to two to five linked crosses like rods clustered together
resulting in lamellardeposits measuring 7I00nm (Hohenester and Yurchenco 2013
Yurchenco et al. 1992Yurchenco et al. 1985 Some globulatike proteins were also
observed deposited on the substrate and little is known to why this happens; however, thi:
has been previously reported by Hernandez andar&ers(Hernandez et al. 20D.7Coelho

and colleagues suggested that this occurrence stresses the importance of the competitic
between proteiiprotein versus proteimaterial interactions to determine the conformation

of LM at the material interfac&oelho et al. 2011b

Similarly, to Col4 and FN, at higher concentrationusbli ons from 20 ¢€g/
networklike nanostructures on both substrateBiggre 3.5C). Densely packed
interconnected LM networks appeared on PEA, while truncated branches appeared on PMA
At even higher concentration, 50 €9/ mL,
PEA than on PMA. AFM images correlate with both the quantificatand the

immunostaining.

When compared, Col4 50 e€g/ mL networks we

FN 20 eg/ mL, and as observed in the i mmur
protein. The ECM proteins were adsorbed for 1h to semeilistribution would differ, but

no significant differences were found for LM and Col4, although the network chains seemed
thicker than at time 10 min.

In general, the ECM proteins showed similar distribution at higher concentration solutions
for both D min and 1h of adsorption. However, these networks varied in their thickness and
organisation: they formed more distinct densely packed network structures on PEA than or
PMA. The prominent structures on PEA rather than the subtle protein deposition
charateristic on PMA could be due to their difference in chemical composition.
Nevertheless, the formation of molecular assembly in network structures by these ECM
proteins could be attributed to the hydrophobicity of the substrates as reported by Coelhc
and cdleagues on the arrangement of Col4 on substrates with controlled dens@Hof
groups(Coelho et al. 2011)b
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3. 3. 5 Fractal dimension analysis

It has been shown that BM proteins possess a fractal iadtacemanMendez et al. 2014
Zouein et al. 2014 Since the coated proteins on the substrédased nanenetwork
structures and displayed some fractal propertiea)ysis of the connectivity information
(more precisely, numbers of tunnels and their homological (co)cycle classification) of fractal
polyhedral were determined using fractal dimension measurements with ImageJ plugins
FracLac)(Smith et al 199§. Before analysis with the plugins, AFM images were processed
as shown inFigure 2.). Fractal dimensions of increasing complexities were found with
increasing LMconcentrations, 20 to 50 pgL, while it remained similar for Colén both
polymes (Figure 3. & It should be mentioned that neither LM nor Col4 formed network
structures at lower concentrations, 2mb/ therefore the images did not present fractal
features from which a fractal dimension could be obtained. Furthermore, FN didmot for
network on PMA.

a b ¢

- PEA

2.0 a=———q 2.0 2.0 - PMA
. ° . :><¥

1.5 1.5 1.5

1.0

1.04 1.01

Fractal dimension
Fractal dimension
Fractal dimension

0.59 0.59 0.54

0.0 —mrT—/ 0.0 T 0.0 T T
20 50 20 20 50
Cold (mg/ml) FN (mg/ml) LM (mg/ml)

Figure 3.6. Fractal dimension analysis(A) Image processing in order to prepare the
image for the fractalboxcounting3) Calculation of the fractal dimension usilmgageJ
plugins FracLador a) Col4,b) FN c) LM, on both polymers athown concentration for
1h time.

Col4 fractal dimension was similar with no significant differendes both protein
concentrationKigure3.6Ba). Fractal dimension of FN on PEA looked similar to that of Col4
and LM on PEA and PMAKigure3.6Bb). Yet its organization on PMA resulted in lower
fractal dimension (<1) due to its globular form. Likewise, LM fractal dimension was higher
on PEA at 20 pghL nonetheless lower at 50 mgl, as the network structures lost its
defined and clear polymerlike shape caused by the amount of protein adsorbed. In
contrast, the fractal dimension on PMA increased with higher concentrations, showing more
interconnected networked then at lower concentrations where the chains showed shor
truncated branches of LMFgure3.6Bc).

80



Chapter 3 Characterisations of the Biointerfaces
3. 4 Conclusions

In this chapter, the surface characteristics of prateated materiahterfaces have been
described. The behaviour of theaim components of the ECM30l4, -FN and LMon two
synthetic polymeréPEA and PMA)was examined.

The polymer substrates showed similar wettability even after the adsorption with ECM
components. The wettability of theaterialinterface was assessed it is known to
influence cells attdunent and adhesion. It showed that the wettability (static angles) of both
polymers coated with different ECM proteins solution concentrations were similar with no
significant di fferences in the WCA sugg
differences in wettability upon contact with the these biointerfaces. The density of adsorbed
ECM proteins on the substrate polymers and their subsequent distributions and organisation
were analysed using BCA and AFM. Density increased with solution conoemsravith
statistically significant differences, yet it remained constant between the substrates.

AFM studies confirmed the differences in microstructure suggestétedgnmunostaining

of the proteins, and further revealed that the distribution andwruafion of the ECM
proteins on the substrates was influenced by the concentration of the coating solutions an
most importantly by the physicochemical properties of the surfaces. AFM imaging showed
substraturrinduced assembly of ECM proteins from a siaglelecule arrangement (from

low concentration solutions) to the specific networks, which were more distinctive on the
more hydrophobic polymer, PEA especially fibronectin. They formed -nahwork
structures for the high concentration solutions as linkgdsn individual molecules caused

a tendency for network assembly.

The formation of protein networks on tiselbstrates mape the result not only of the
different conformation of the molecule on the substrates, but also of the surface density of
adsorbedrotein. This also showed the role of the hydrophobicity of the polymers as the
networks varied significantly in their thickness and were densely displayed on PEA than on
PMA, the latter being less hydrophobic. These adsorbed ECM proteins showed fractal
naure, with similar fractal dimension independently of the solution concentrations (for
values higher than 20 pgL), except for FN that presented nametwork structures only on

PEA and not on PMA. The fracthke organization of these ECM proteins retietheir role

as structural basis of the BMs. The results stress the importance of the underlying syntheti

substratebés surface chemistry for the bi
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Chapter 4

Interaction of Wild Type Cells with Biointerfaces
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4. 1 Introduction

As shown in chapter 3, surface chemistry modulates protein aidsojpicluding LM, FN

and Col4)in terms of the total amount of protein adsorbed and of its distribution and
conformation on the material surface. This implies a modulation of ECMs activity at the
material interface, which has been shown to influence cell behaviour. Therefore, after
suface characterisation of the substrates, cell response to these biointerfaces wa

investigated.

It has been established, and outlined in chapter 1, that cell response to a surface is controlle
by the state of the interfacial layer of adsorbed proteimsekample, FN assembly results

in protein conformation and distribution at the material interface that influence cell
behaviour in focal adhesion assem@hanterpool et al. 2004 protein remodellingLlopis-
Hernadndez et al. 20),3cell differentiation(SalmerorSanchez et al. 201Z&nd in cells
viability (Soria et al. 200 Likewise, luman endothelial cells and fibroblasts bind more
avidly to single molecule arrangements of Col4 on hydrophilic (OH) and positively charged
(NH2) substratun{Coelho et al. 20114, Coelho et al. 2010than on hydrophobic CH3
substratdCoelho et al. 2016

Here, this chapter focused orethnalysis of adhesion, matrix secretion and remodelling
using wild type cells cultured on ECM®ated polymer substrates as illustrated in (Figure
4.1). Indeed, the next chapter will be focussed on matrix secretion by mutant cells and how

the interfacialprotein layer can control the behaviour of the mutant.

A Control prinm
A COLAKE WPt an

SubsPohvye

07> 0CH, 0% 0CH,CH,

EC rot e
PMA PR M

Col |l agen
e — = Fi bronec

Lami ni

Gl ass

Figure 4.1Simplified sketch of the celiprotein-material interaction. Cells interaction

with the adsorbed protein layer is through integrins, transmembrane receptors that are
involved in multiple cellular processes such asesdn, migration, proliferatiomatrix
secretion and organisation. The chemistry of the surface substrate was manipulated to
modulate protein adsorption, conformation and distribution in order to influence cells
behaviour. PEA: Poly (Ethyl) Acrylate; PMA: Poly (methyl) Acrylate, consisting of
similar chemistry.
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4. 2 Aims and Objectives

This chapter presents assays optimisation and characterisation of cell response to th

biointerfaces. The aims were to:

1 Optimise cell culture and assays using wild type fibroblast cells (to miningsestige
of the limited mutant (MT) primary derm@OL4A2/6792P fiproblasts).

1 Identify differences in cell responses to the ECdated substrates
1 Analysematrix secretion and adhesion behaviour of wild type fibroblasts.

Control cells, age, sex, and ettity matched, were purchased from Tissue Culture Solutions
Cell Works (UK) and used in this chapter. These cells are identified throughout this thesis
as wild type (WT) fibroblasts. The mutant (MT) primary der@@IL4A2/7%?C fibroblasts

were used in the following chapters.
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4. 3 Results and Discussions

For all the experiments, cells were cultured in seftea medium for the first 2h to avoid

the interference and to ensure that the only proteins availableéha¢@eviously coated on

the substrates (Altankov G. et al. 2001), although these cells are not protiéizusd in the
mid-term will secrete, create and eventually reorganize matrix network. Cells were seeded
at a low density (5,000 cells/@rto maxinize cell material irteractions and to minimize
cell-cell interactions. Beside protecoated PMA and PEAglass was used as another

control.

4. 3.1 Cell Adhesion

Surface wettability has long been recognized as an essential parameter for protein adsorptic
and cellular interactiofAltankovand Groth 199,/Grinnell and Feld 198Hernandez et al.
2007). Generally, hydrophilic surfaces support cell adhesion and spreading, and this is most
often attributed to the appropriate conformation of adsorbed matrix pr¢&imsell and

Feld 1982Ko wa |l c z y (Es k, Ricoeet al. 2000. Non2the=gs, some materials with
very high wettability, which bind much watéke hydrogels, do not support protein
adsorption and cell adhesigilamada and lkada 1994Surfaces used in ighstudy are
considerechydrophobicandincrease theihydrophobiity when absorbed with ECMs as
observed in chapter 3.

To study how cellsespond to the ECNbolymer interfaces, a 3 h adhesion experiment was
peformed in serumfree conditions,focusing on the overall cell morphology, the
development of focal adhesions (FAs) and actin cytoskeleton. Cells were cultured on
substrate surfaces a@i@d with different concentrations of ECM proteins and then fixed and
stained for vinculin (foFAs) and actinFAs are supramolecular structures that link adsorbed
ECM at the material interface (such as PEA and PMA) with the actin cytoskeleton. Their

composition, dynamics, size, and structure, depend on the surrounding matrix.

Availability of key domains from the coated protein can promote integrin clustering, which
in turn can determine cell signalling and fééenaout et al. 200/Hanein and Horwitz 2012
Schiller and Fassler 2018VehrleHaller 2012ab). Besides the composition, the size of
FAs, ~1 um, are correlated with their function. FAs complexes are involved in migration
and lowtension phenotypes and contain proteins such as paxillin, vinculin, and

phosphorylated proteins. FAs size ofi51um areinvolved in intermediate tension
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phenotypes; supenature adhesions, > 5 um, are involved in Higision phenotypes
(Biggs et al. 2000

Original Image Binary Images

Highlights

Cell Mask

Focal Adhesions

Figure 4.2 Steps of image processing for focal adhesion analysBcale bar: 50 pum.

To quantify the maturation level of FAs on the different surfaces with the different
concentration of LM, FN and Col4 coating, frequency distributions for their size (defined as
thelength of the major axis of the FA plague) were obtained through image analysis of the
vinculin images as shown ifigure4.2). FA complexes (delike complexes shorter than 1

€ m) wer e di scar dé¢Qbigef et al.n200l Toeavorl ralkeled araa sand
roundness values that cell overlapping would have produced, only isolated cells were used
Images were analysed with ImageJ couplét an inhouse macrprocessoand the values

of each condition were compared.

4. 3. 1. 1Adhesion and attachment on LMcoated substrates

Shortterm cell culture experiments were performed to investigate attachment and initial
adhesion of fibroblasts to the interfaces. Shemn cell attachment to LMoated substrates

(20 pg/mL) was measured using a standard protocol, allowing 20 min for attackigare.

4.3F showed thialLM coating is essential for sheterm cell attachment, as no cells were
found on both bare polymer surfaces. The attachment of cells to PEA and &4k with

LM 20 pg/mL and to glass was similar (~85%), even when samples were washed extensively
with DPBS before cell counting. This indicates that LM is important in dleont

attachment of cells to surfaces.
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Images of representative inverted binary representation of FAs of WT fibroblasts on PEA
and PMA coated with LM from solutions of 2, 5, 10, anqu@0mL (Figure4.3A). It showed

high FAs distribution throughout the whole cell at lower concentration on both surfaces.
Analysis of the FAs showed thttere was no difference in the number of smaller FAs of
fibroblast cells on both surfaces at lower LM concentration, although few differences were
observed for the higher concentratio”rsg(re4.38 ) . Similarly, t he ¢
were seen in increasing number at higher concentrations than at lower ones, and also on bo
surfacesCell size/area, FAs size, and count were also studied. There tgagdemncyof
increasing fibroblast size on threreasing solutiononcentrations of LM on both substrates,

although no statistical significant differences were foufidure4.3C).
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Figure 4.3 Focal adhesion quantification and cell attachment on LM coated PEA
and PMA substrates. (A) Representative invertetlinary representation of focal
adhesions of WT fibroblasts on PEA and PMdéated with different concentrations of
LM. (B) Images in (A) were quantified to build size distribution of focal adhesions on
both polymers.C) Cell size on PEA and Pidoated fronlLM solutions of 2, 20, 50 and
100 pg/mL. D) Number ofFAs per cell, E) size ofFAs on PEA and PMA.K) Cell
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attachment on PEA and PMA coated from a
WT, wild type. Data present etanaASOVats;n NS
*p<0.05, **p<0.01, ***p<0.001 Bar: 50 um.

FAs were counted for at least 10 cells for each condition and no significant differences were
observed for both substrates and at all the solution concentraimseg(4.3D). There
seemed to be fewer FAs count on PMA than on PEA. Bizarrely, these results do not suppor
the increasing size of FAs as the protein concentration increased as well as the differenc
between FA sizes on both substrates as reported by anothe(\¢tudgrpool et al. 2004

FAs size was sigficantly different only between PEA an@MA-coated with LM50
(**p<0.01) and also PEAoated with LM20 and LM50 (*p<0.05F{gure4.3E).

4. 3. 1. 2Adhesion and attachment on FNcoated substrates

Fibroblast adhesion on Fbbated substrates was also analygeghortterm attachment
assay to 20 pg/mL of FN showed that FN is important for cell attachment to the substrates
as cells did not ath in the absence of FN and extensive wasttigufe 4.4F). Similar

results have been reported by Vanterpool and colleqyiaeserpool et al. 20)4Adhesion

assay of ells on polymerc oat ed with FN from solution:
performed.Images of representative inverted binary representation of FAs of WT cells on
PEA and PMAcoated with FNare showrn(Figure4.4A). The images showed FAs mainly
located at the cell boundaries.

Quantification of the FAs distribution showed a higher fraction of the smaller FA$1l)

with no significance difference dooth substrates-{gure4.4B). The fraction of greater FAs

( 03 wemJower in number yet similar on both substra@sdls size on both substrates
was similar independently of the concentration of FN, although at higher FN concentration
(20 pg/mL) it was relatively higher on PMA than on PBAgure4.4C). FAs count also
revealed that the concentration of FN did not affect the number of FAs on both surfaces
(Figure 44D). Likewise, FAs size wasot affected igure 44E). These observations
correlated with previous reports (Llogiternandez et al. 2013, Vanterpool et al. 2014).
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Figure 44 Focal adhesionassembly and cell attachmenbn FN coated PEA and

PMA substrates. (A) Representative inverted binary representation of focal adhesions
of WT fibroblasts on PEA and PMA coated with different concentrations of BN. (
Images in (A) were quantified to build size distribution of focal adhesions on both
polymers. C) Cell size @ PEA and PMA coated from FN solutions of 2 and 20 pg/mL.

(D) Number of FAs per cellH) size of FAs on PEA and PMAF) Cell attachment on
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4. 3. 1. 3Adhesion and attachment on Col4oated substrates

Finally, cells were cultured on polymersated with Col4 from solutions of 20, and 50
eg/ mL. The attachment assay Cslhooatiregdh shoi c e
term cell attachment (20 min), as no cells were found on both bare polymer suffgaes (
4.5F). The data indicated that Col4, FN and LM are important for initial fibroblast adhesion.
Imagegepresentative inverted binary representation of FAs from cells on substrated

wi t hg/mL®f Cold Figured4.5A). Similarly to results seen ifrigure4.3A) and Figure

44A), images showed higher FA distribution throughout the whole cell especially at
periphery. No apparent FAs distribution differences were observed on both polymers at
both concentrations, as confirmed by the quantified distributieigsife4.5B).

Cells size were found to be similar at both concentrations on both subdtigtee4.5C).
FAs count was higher on PEA than on PMA
concentrationKigure4.5D). This showed that cells on PE#oated with Coldadhere and

interact more with this surface employing more FAs, although the cell size remained similar
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to PMA substrate. FAs size were similar on both polymers but were found to be greater at
50 e€g/ mL ion@iguwed.5E). r at
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Figure 4.5Focal adhesion assembly and cell attachment on Col4 coated substrates.
(A) Representative invertdoinary representation of focal adhesions of fibroblasts on
PEA and PMA coated with different concentrations of CdB). Ilnages in (A) were
guantified to build size distribution of focal adhesions on both polynt@y<¢ll size on
PEA and PMA coated frorBol4 solutions of 20 and 50 pg/mLD) Number of FAs per

cell, (E) size of FAs on PEA and PMAF] Cell attachment on PEA and PMA coated
from a 50 e€g/ mL Col 4 sol ut iNenomber*1pBar0500 5 ,
pm.

4. 3. 2Matrix study

To investigate matrix secretion, immunocytochemistry (ICC) was performe@didiaZ2
LM and FN after cells culture on PEA and PMA substratsted with ECM proteins
(Figure4.l). Cells were supplemented with 0.25 mMagcorbic acid phosphate (as2-P,
a more stable isomer) for 72 h to increase reproducibility between experanenpst
translational modificationsAscorbic acid has an essential rofe the synthesis of all
collagens as it induces the latter expression and ensure proper {dcanga et al. 2004

Different time points were used to quantify the amount of the secreted ECMs proteins.
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4. 3. 2. IMatrix secretion on LM interfaces

Figure 4.6A-B showed WT fibroblasts matrix secretion after culture on LM (20 pg/mL)
coated polymers at different time points. Cells were stained for FICald&2to visualise

the deposited/secreted pems. The images of the stained proteins showed that WT cells
began secreting matrix, especially FN, at very early time points (3h), on both PEA and PMA
coated with 20 pgnL of LM. The secreted FN matrix also formed fibiiilse networks from

day 1 on bdt polymer surfaces. Similar observations have been previously reported

(GonzalezGarcia et al. 201,@sonzalezGarcia et al. 2012lic et al. 2004 Llopis-Hernandez
et al. 2011Llopis-Hernandez et al. 2013
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Figure 4.6 Matrix secretion by WT fibroblast cells on LM coated polymersFN (red)
andCol4a2(green) secreted by WT cells grown on LM (20mb) coated PEAA) and

PMA (B) substrates fa2 h under serum free conditioisen with serum before fixation

at different time points (3h, 1 day, 3 and 7 days). Note: no images for glass staining is
shown; only the quantification is indicated in the graphs. Cells were simultaneously
stained also with actin (blue). ImageJ was usequantify protein deposition/secretion

by calculating the total fluorescence intensity. Integrated density measurements of FN
(C) andCol4a2(D) proteins from full size images on PEA, PMA and glass at different
time intervals. WT, wild type fibroblastBar-50 um. Data presented as mean £SD, and
analysed with an ANOVA test, **p<0.00NO 5 .

In contrast, staining of secret€ml4a2was very limited on both polymers until day 7 when

it looked higher. The secretébl4a2at day 7 was observed forming netk:lik e structures

on both substrateshese arrangements resembled the netwkekstructures in the BMs
(Aumailley et al. 2000Charonis et al. 198%alluri 2003. FN andCol4a2fibrils co-
localised at day 7, demonstrated hg tyellow colour in (Figure 4. 68). Co-localisaton

at this time point suggests some denaturation of both proteins increasing affinity to each
other(Coelho et al. 2013

ImageJ was used to calate the total amount of secreted matrix using the fluorescence
integrated intensityBerthod et al. 20Q@Prewitz et al. 2016 Quantification of secreted FN

was observed to increase with time (as celisity also increased) on all the surfaces,
although it was highreon glass than on the polymdFgure4.6C). These results correlate

with other studés (Llopis-Hernandez et al. 201 Billat et al. 2012 ConverselyCol4a2
secretion remained constant until day 7 on both PEA and PMA, while it was higher on glass
and increased with timé&igure4.6D).

In general, FN andCol4a2 matrix secretion increased with time on glass and on the
substrates coated with LM. These observations are in line with previous studies which
indicated the increase of secreted matrix with time. For both proteins, secretion was
significantly higher on glass than on the polymeric substrates. The secreted LM was not
stained as this would have alstained the coated LM proteipet the later could haveen
labelled with GFP and a specific antibody to the secreted LM used

4. 3. 2. 2Matrix secretion on FN interfaces

SecretedCol4a2and LM by WT cells on FMoated substrates were stainBayre 4.7A
B). The images showed LM secretion increasing with time from 3 to 7 days as cell density

increased, but no apparent differences were observed between the surfaces. Time points :
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and 1 day are not included as the staining intensity was not good. SecrebedANMtoated
interfaces did not form fibril networks on any surfaces at any time, and the staining remained
mostly where the cells adheré&tbl4a2secretion also increased with time, yet unlike LM, it
formed fibriklike network at day 7, especially on gta Secreted LM an@ol4a2 co-
localised as shown by the yellow colour in the merged images. Being the major components
of the BMs, LM andCol4a2interact with each other forming the scaffold that provides
specific interaction sites for the other BM compatseand creates a fully functional BM
(Miner et al. 2004Poschl et al. 2004

Quantification indicated thafol4a2secretion increased significantly with time on REA
coated with FN and on glass, while it remained constant endated PMA(Figure 4.7G.
Colda2secretion by the WT cells on glass was comparable to secretion endEedl with

FN. On the other hand, LM secretion on all the surfaces increased significantly with time

from 3 to 7 days; except on PEAN where it remained constant
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Figure 4.7 Matrix secretion by WT fibroblast cells on FN coated polymersWT cells

were grown on FN (20 pgiL) coated PEA and PMAubstrates for 2 h under serum free
conditions; then with serum before fixation at different time points 3 dgyand 7 days

(B) and staining for the ECM3ol4a2(green) and LM (red). ImageJ was used to quantify
protein deposition/secretion by calculating total fluorescence intensity. Integrated density
measurements @@ol4a2(C) and LM D) proteins from full size imges on PEA, PMA

and glass at different time intervals. a0 Om. Data presented as
analysed with an ANOVA test; **p<0.001

4. 3. 2. 3Matrix secretion on Col4 interfaces

WT cells secretion of FN and LM was also investigated on -Coéted PEA and PMA
substratesnd on glassHigure4.8A-C). Similarly to substratesoaed with LM, FN was
secreted from an early time (3h) and secretion increased with time forminglikiril
structures on all the surfaces. Likewise, LM was observed from time 3h, but did not form
fibril -like structures with time. Similarly to LM secreted BN-coated polymers, stained

LM was mostly where cells were located. Quantification of the staining showed FN secretion
on Col4coated interfaces increased with time without significance differences on all the
surfaces. On the other hand, LM secretiongased with time yet with significance on glass
and PMA.

The investigation of the secretion of ECMs by WT cells was an important step in
understanding how fibroblasts respond to these biointerfaces. The most differences observe
from these results were 6iN-coated substrate€ol4a2was highly secreted with time with
significance difference on glass and REN (similar on both) compared to PMAN. Yet,
Colda2was significantly secreted only on glass compared tecblted substrates. On the
other substratesoated with either LM or Col4, secretion on the ECMs were similar
independent of the surfaces. FN started to form {lileél network structures from day 3 on

all the surfaces; whil€ol4a2only formed fibril at day 7 mainly on glass. LM did not form

anyfibrils at any time on any of the surfaces and it remained mostly where cells were located.
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Figure 4.8 Matrix secretion by WT cells on Col4 coated polymersCells were grown

on Col4 (50 pghL) coated PEAA) and PMA B) substrates and on gla€3) for 3h, 1

day, 3 and 7 days before staining for FN (red) and LM (green) and also stained with actin
(blue). Integrated density measurements of BNafnd LM E) at different time intervals.
Performed with Image J. B&0 um. **p<0.01, ***p<0.001NO 5.
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4. 3. 3 Fibroblasts reorganisation of adsorbed ECMs proteins

Cells have been shown to remodel the matrix they interac{@itélho et al. 201,3laneva
Radicheva et al. 2008Here, fibroblasts were grown on PEA and PMA coated with LM 20
pg/mL, FN 20 pg/mL or Col4 50 pg/maét different time points. The typical morphology of

WT fibroblasts adhering on LMAgure4.9A), FN (Figure4.10A) and Col4 Figure4.11A)

coated polymer substrates are shown. The low magnification images allowed to observe cell
size and morphology. Thhigh-resolutionimages for early time ir(Figure 4.911B)
indicated that cells on all the interfaces represented their regular flatt@ngkdatogy.
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Figure 4.9 Remodelling of adsorbed laminin on the substrates by WT fibroblasts.
(A) Low magnification images to follow the overall morphologyfiliroblast cells
remodelling adsorbed LMB{ High magnification images. First and third columns show
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fibroblasts stained with actin (Green) reorganising the coated LM, (Red). The dark zones
representhe places from where the protein was removed to beged. Substrates were
coated with LM 20 ugnL, for 1h then cells were seeded and cultured for different time
points: 3h, 1 day, and 3 days. Bars: 50 um.

It was noted that cells on Col4 showed less efficient adhesion with appearance of both rounc
and flatened cells suggesting delayed spreadiigure4.11A). Cells on Col4 were more
elongated after day 1 on both polymers compared to cells on LM amdb&iEd polymers.

With the low magnification images, WT proliferating and density was observed increasing

with time, yet the rate was slow for cells on Golfated interfaces.
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Figure 4.10 Remodelling of adsorbed fibronectin on the substrates by WT
fibroblasts. (A) Low magnification images to follow the overall morphology of
fibroblast cells remodelling adsorbed FB) High magnification images. Actin (Green)
and FN (Red)Substrates were coated with FN 20mg/ for 1h then cells were seeded
and cultured for different time points: 3h, 1 day, and 7 days. Bars: 50 um.

The dark zones seen iRigure 4.911B column 2 and 4) represented the areas from where
the coated proteinsere removed to be reorganised by cells. It was clearly seen that where
the cells were located, the adsorbed LM, FN or4Qolatrix were rearranged. As time
elapsedcells started to secrete their own ECMs as the dark patches were seen being covere
withhi gh density f | uor e slikereomanizaiondlt isftthoughhthat a fi c
possible mechanism for matrix reorganization (especially Col4) is its tethering by other
molecules (FN) during fibrillogenes{€oelho et al. 201)3

There seemed to be no specific patterns observed in which the WT cells rearrange the ECM:
although LM showed more reorganisation by cells on PEA than on PMA. In general, the
cells did not differentiate the rearrangement of the coated Col4, FN or LM oof ding
substrates. However, it is known that the reorganisation depends on the materials surfac
properties. Conversely, since the polymers used have similar chemical properties, it coulc
also be possible to get similar results although AFM coating optbieins had proven

distinctive differences in the arrangement of these adsorbed ECMs, especially for FN.

Studies have reported that two types of cell activities might happen when cells adhere ontc
these biomaterial interfaces: substratum (Col4, FN oy tedrganization and its degradation

via enzymatic cleavag@Coelhoet al. 2013 Coelho et al. 2016Llopis-Hernandez et al.
2011). In agreement with previously reported stud(@selho et al. 2013 lopis-Hernandez

et al. 2011ManevaRadicheva et al. 2008imilar results were observed in this study.
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Figure 4.11Remodelling of adsorbed Col4 on the substrates by WT fibroblast§A)
Low magnification images to follow the overall morphology of fibroblast cells
remodelling adsorbed Col4B) High magnification images. Actin (Green) and Col4
(Red). Substrates were ¢ed with Col4 50 pgnL, for 1h then cells were seeded and
cultured for different time points: 3h, 1 day, and 3 days. Bars: 50 pum.
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4. 4 Conclusions

Various studies have shown how different cells respond when in contact with various
substrates. Here, Wiibroblasts responses on specific biointerfaces were investigated. The
results showed the importance of the coating of the different ECM proteins (Col4, FN and
LM) in the initial and shorterm attachment of cells to surfaces. Cells adhesion on all the
ECM proteinscoated substrates showed a higher fraction of the smaller FAgr{l) with

no significance difference on both subst
Results also showed that substrateated with LM of increasing concentratidesl to an
increase in cells size on both surfaces despite the FAs sizes remaining constant. Cells siz
FAs count and size were independent of the different concentrations of-Edatad both
substrates. Substrategating with Col4 resulted in higher FBount on PEA, and
significantly affected cells FAs count and size when coated with 50 pg/mL.

In general, the data showed that cells matrix secretion significantly increased with time and
also formed fibrillike networks. FN was secreted at very early tipoants (3h), on both

PEA and PMAcoated with LM and the matrix also formed fibililse networks after 1 day

on both polymer surfaces. SecretionGifl4a2by the cells on LMcoated substrates was
very limited until day 7 when it became higher. WT cellgeted higher amount @ol4a2

on PEAcoated with FN and the amount was comparable the amount on glass. Noteworthy,
the fibroblasts did not secrete high amountQil4a2 when cultured on LMoated
substratesThe study of matrix remodelling of LM, FN andl@@n PEA and PMA indicated

that within a short culture time e.g. 3 h, WT fibroblasts not only adhere and interact with
adsorbed ECMs on the biomaterial interfaces, but they are also able to mechanically
translocate and remodel/reorganize the adsorbedxn@some extent.
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5. 0 Introduction

5. 1 The basement membrane

The behaviour of cells within tissues is strongly dependent on the-&GMrarchically
organized structure consisting mostly of proteins, glycoproteins and proteoglycans. This
includes the basement membrane (BM}pecialized type of ECM that underlies al
epithelial and endothelial cells, providing structural support to tiggladsiri 2003 LeBleu

et al. 200J. The BMs contain various spatiotemporal cues that virtually impact all aspects
of cell functionality, including cell signalling, growth, survival, migration, and
differentiation. The BM is highly dynamic structure that is continuously being remodelled
by resident cellsduring development, homeostasiad tissue repair. This remodelling
comprises the production, deposition, and organization of BM molecules balanced by the
degradation and remodelling of existing BM. Dysregulated BM remodelling may result in
pathologies such as fibrosis, inflammation, or tumour progre¢kmituri 2003 LeBleu et

al. 2007.

A large and growing body of evidence show that cells need to acceptidmstichanical
stimuli from the surrounding structures to strengthen their connections with the cytoskeleton,
and thus responding to the mechanical properties of the enviroi@®eiger et al. 2009
Geiger et al. 2001 As the stiffness of the surrounding EGMvivois in the same order of
magnitude as cells, they tend to reorganize it mechanically in a way optimal for their
functioning(Grinnell F. 1986Hubbell 2003. Alternatively, cells can degrade the excess of
ECM triggering the process of pericellular proteoly§isx and Erler 2011

ECMs undergo remodelling also in contact with biomaterés the molecular events that
take place at biomaterials interface mimic to a certain extent the natunde@®ll
interaction (Altankov George et al. 201Qlopis-Hernandez et al. 20)11Celli materials
interaction starts with the adsorption of matrix proteins from the surrounding medium
(Grinnell Frederick and Feld 198that bind integrin with distinct integribinding site (e.g.
RGD, GFOGER, etc.fArnaout et al. 200,/Garcia 2005Garcia ¢ al. 1998 Hynes 2002
Kalluri 2002 Sun et al. 2016 When integrins bind their ligand they cluster in focal adhesion
complexes where specific bidirectional signalling converges with other signalling pathways
(Garcia 2005Hynes 2002 It involves a common tyrosine phosphorylation mechanism
(Geiger etal. 200) that include focal adhesion kinase (FAK), Src, Cas, and paxillin within
other important signalling moleculé€ary and Guan 199%orton et al. 2015Schaller
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2001, Schaller et al. 1994Zouq et al. 200Q On the level otelli biomaterials interaction
however, depending on the conformation of adsorbed proteins, different cellular response
may occur(Altankov Georgi and Groth 199Keselowsky et al. 2002004).

5. 2 Pathology of mutations affecting U1,

The phenotypes due @ol4almutations were first observed in mouse mo@@éisuld et al.

2005 Van Agtmael et ke 2005. This demonstrated that mutations disrupting the collagenous
region caused a high occurrence of haemorrhagic stroke at birtikiavitly and eye defects
(Gould et al. 200pvVan Agtmael et al. 20Q5Similarities were found between these mouse
models and groups of humaatients leading to the identification GOL4Almutations in
human diseas¢Breedveld et al. 200650uld et al. 2005Gould et al. 2006Plaisier et al.
2007). Then,Col4a2mutations (with two glycine mutations) were described in three mouse
models a few years after the identification@dl4al mouse modelgFavor et al. 2007
Since U1(lV) and a2(l1V) are oblCol4pamuantpr o

mice have an apparent absence of kidney defects, and reduced haemorrhagic stroke severi

Collagen IV is a major structural component of the extracellular m@&@¥) and as such,

It is Iikely that a mutation affecting ¢t
the ECM. The presence of BM defects in animal models and human patients affected by
mutations of glycine residues of G¥+Y motifs confirmsthat this is the case f@OL4Al
andCOL4A2mutations(Gould et al. 200,/ Jeanne Marion and Gould 2QD&anne Marion

et al. 2012Murray et al. 2014Van Agtmael et al. 2010/an Agtmael et al. 20Q5It is now
recognised that BM defects contri ha2(Md t o
mutations. These BM and matrix defects can be due to incorporation of mutant protein in
the matrix and/or intracellular retention of mutant alpha chains in the ER, which can lead to
swelling of the ER and activation of ER strésturray et al. 201% this does not exclude

that some mutant protein may bersted and affect interaction with other protein.

However, the discovery that environmental eve(@ould et al. 2006 and genetic
backgroundGould et al. 200)’can also influence phenotype development in Col4al mouse
models suggest that BM defects are not the only contributing factor. In addition, BM defects
are found in both affected and unaffected tissues iddlomouse mode(¥an Agtmael et

al. 2005 suggesting that another mechanism may influence the pathology.
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The activation of ER stressaswelkknown response t6OL4AlandCOL4A2mutations in

both humangGunda et al. 2014eanne Marion et al. 201®urray et al. 2014Verbeek et

al. 2012 and mouse mode(§&ould et al. 2005Gould et al. 2006Murray et al. 2014Van
Agtmael et al. 201,0Van Agtmael et al. 2005 ER stress is a homeostatic response to
inappropriate levels of unfolded or misfolded protein in the ER, evolved to protect the
organism, and is often characterised by swollen ER vesicles. The ER stress response aims
protect the organm from the toxic effects of misfolded proteins by reducing general
translation, increasing chaperone specific expression, and elevating protein degradatior
pathwaygqTabas and Ron 2011

ER stress due to accumulation of misfolded protein leads to activation of the unfolded
protein response (UPR). The UPR is a homeostatic mechanism evolved to minimise damag
to the organisnthat may be caused by the release of incomplete or incorrectly folded
proteins (See revieWabas and Ron 20))1 It is controlled by three ER membrane bound
receptors, PERK, ATF6 and IRE1, that under-stressed conditions are bound to the ER
chaperone BIP, via their ER luminal domafhsarding et al. 199%Haze et al. 1999 While

the UPR is protective and will ensure that ER homeostasis is returned in the event of transier
ER stress, when chronic ER stress occurs it can activate apoptotic pathways to preven
incomplete or incorrectly foldegroteins being released from the ERutkowski et al.

2006. Moreover, it has become increasingly clear that chronic URRa&ribute to disease
pathogenesis in a variety of disorders including diseases due to mutations in matrix proteins

(for review se€Bateman et al. 2009

5. 3COL4A276702Dmytation and phenotypes

COL4A2 mutations penotypes result imany cardiovascular diseas&3VD) including
haemorrhagic stroke and familial porenceph@unda et al. 2014Ha T. T. et al. 2016
Jeannéviarion et al. 2012Murray et al. 2014van Agtmael and Brucknefuderman 2010
Van Agtmaelet al. 2010Verbeek et al. 20)2In additionto CVD, COL4A2mutations are
confirmed to cause ocular, cerebral, renal and muscular defects (See r@uenst al.
2012 Meuwissen et al. 2015/an Agtmael and BruckneFuderman 201)). This thesis
focuses on a particul@OL4A2mutation,COL4A2/6702P, Sequence analysis lfiman skin
dermal fibroblastsffom a patientarrying theCOL4A2/¢7%2C mutatior) showeda single
nucleotide change, a substitution mutation that changes the highly conserved glycine residu
of a Gly-X-Y repeat for an aspartic adi@OL4A2'¢792D) (Figure 16A-B in chapter 1). The
glycine residue is located within the collagenous domain oC@&4A2 which in turns
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forms the triple helical(Mdrayetal. 201YoGiventthee U
size and neutral charge of the glycine residue in)Gl repeats, it is critical for the
formation of the triple helical collagen domain; any substitution is thought to affect the
folding of the triple helix.COL4A2/¢792P mutation is therefore expected to interfere with
the triple helix 3D structure of the U1.

The pathogenicity resulting fro@OL4AlandCOL4A2mutatiorsis generally attributed to

a mixture of intracellular defects and extracellular matrix defect, but their relative
contribution to disease remains unclear and may be mutation and/or cell or tissue dependen
Moreover, previous data from the Van Agtmael lab has shown that the ihitiarcel
accumulation of collagen in the presence of a mutation can be influenced by the presence c
genetic modifiers within the genome (Murray et al. 2014). For most if not all glycine
mutations, they are associated witkracellular accumulation and extedlular deficiency

of mutant heterotrimer@eanne M. and Gould 201¥eaine Marion et al. 20)2Zaused by
COL4 U1 . U1 ) migf¢ldiny. The observed BM defects may thus be due to the reduced
secretion and incorporation of collagen but also mutant protein may be secreted and interfer
with BM function. To this day it remains to be proved the extent to which Col4al disease is
due to the maix defects and or ER stress but recent data support at least a contributing role

for ER stress in the vascular phenotypes and at least some kidney defects.

Different clinical phenotypes @@OL4A2in human with same mutations are now emerging.
Likewise, atered phenotypes in mice with different genetic background have been reported.
These data support the idea that disease outcome may be mdifigsl hypothesised that
culturing the mutan€COL4A2/67°2P cells on substrates coated with ECM proteins LM, FN

or Col4 can have effects on the cells behaviour, secretion of matrix and its degrdtation.
should be noted that these cells are primary cells from patients expressing the full
complement of collagens such as collagen typetd. Previous analysis haBosvn that
secretion of other BM components such as perlecan appeared to be unaffected by th
COL4A1 G702Dmutation (Murray et al. 2014). Howevetudy of the secreted/deposited
matrix was necessary to investigate whether the retention of Col4 allowedeniiél
secretion of other major BM proteins. Does the intracellular accumulation of COL4A2
encompassed by the increaseretiorof other ECM proteins or tHattersecretion remains

the same? These are questions that are aimed to be answered isithis the
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5. 4 Effect of biointerfaces on cell behaviour

Fibroblasts are the most abundant cell type in connective tissues and are the primary cell
that lay down the first provisional ECM that is rich in fibronectin (FNynes 2009 The

focus on FN is motivated by the differences in the results observed in chapter 4. WT cells
secreted higher amount©bl4a2when cultured on FMoated substrates compared to when
cultured on LMcoated substrates. FBl also of great interest by the fact that it is the major
component of early ECM in matrix remodelling by fibroblasts, and the fact that it changes
forms dramatically on the substrates used in this study (See chapter 3) greatly influencing
cell behaviour(Cantini 2012 GonzalezGarcia et al. 2012 lopis-Hernandez et al. 2016
Llopis-Hernandez et al. 201SalmerorSanchez et al. 201Vanterpool et al. 2004

FN is a multidomain protein of the ECM consisting of two almost identical FN monomers,
each approximately 22@50 kDa in molecdr weight. Each FN subunit contains three
modules of repeating units, each of which has distinct structures: type I, type Il and type Il
structures(Figure 5.1A). These modules contain binding motifs that are important in
facilitating the interaction of FN with cell surface receptors, such as integrins, collagen, LM
and gelatin, and intramoleculanits that enable selissembly of the molecu(&ingh et al.
2010.

Initial binding of integrin receptors to FN dimers leads to the activation and clustering of
these receptorsk{gure 5.1B). This clustering promotes further HRN intermolecular
interactions, and tethering of FN molecules to the cell surface enablemeckiited
contractility to exert force on the FN molecule and to change its conforma@himchange

in conformaton exposes cryptic binding sites within the FN molecule and also enables it to
take a form that is more conducive to ssdembly into fibriland in conversion of fibrils

into a stabilize and insoluble fornrigure5.1C) (Frantz et al. 2010, Singh et al. 2011)
hasbeen shown that FN foraependent unfolding (stretching of a single) exposes its cryptic
integrinbinding sites (Klotzsch et al. 2009, Smith et al., 20@&Xposed cryptic integrin
binding results inpleiotropic changes in cellular behaviour and impledEN as an

extracellular mechanmegulator(Frantz et al. 2010, Singh et al. 2010)

FN fibril assembly involves interactions between its RGD (Gig-Asp) and synergy
sequences with corresponding binding sites within cell surface receptors such assintegri
FN is mostly recognized by b3 and Usb; integrins. The primary receptor for FN matrix
assembly idkb; integrin, which binds to the RGD sequence in domaip dihd the synergy
site in Ills (Singh et al. 2010 FN seltassembly following integrin binding is mediated by
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the Nteminal assembly domain and organizes the actin cytoskeleton to promote cell
contractility(Mouw et al. 2013 The assembly of FN matrix impacts tissue organization by
contributing to the assembly of other ECM protdide®uw et al. 2014Singh et al. 2010

A ) FN
FN Heparin
Fibrin Collagen FN F N ( ell Syndecan Fibrin
N HH HeHeHH MW‘“G““[H}DT c
Assemblv Synergy site binding integrin a;Bl

RGD-Loop binding multiple integrins

A Variable
Region

Figure 5.1 Modular protein domain structure of fibronectin. A) FN consists 12 type

| modules (Yellow rectangles), 2 type Il modules (Red diamonds) anti7 ltfype lI
modules (Blue ovals). Model for the interaction between FN@@bdL i n t he ge |
of FN fibrils. The formation of dimer is through a disulphide 8an the CGterminal

region. Integrin binding sites are indicated, as well as other binding domains for FN and
other proteinsB) Compact soluble FN bindstgb 1 ( Red) via its ext
The exact organization of FN seems to depend on intramlaleinteractions between

Il 2.3 and llli2.14, amongst other FN binding sites (blu@).Binding of integrins and other
receptors (black bars) to FN induces the reorganization of the actin cytoskeleton (green
lines) and leads to the activation of intrdglar signalling complexes (circles). Changes

in cell shape allow conformational changes in FN exposing previously sequestered FN
binding domains. Fibrils form through FRN interactions (modified fronfjMao and
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Schwarzbauer 200b FN forms a (nano)network on PEA via the EdlHomains D),
whereas a glaular conformation on PMAK).

As shows in chapter 3, FNndergoes a conformational change depending on surface
properties. It changes from a globular structure on PMi§ufe 5.1E) to an extended
structure, a physiologicdike fibrillary (nano) networks on PEA={gure5.1D). Thisfibrillar
conformationstructure has been shown to expose cryptic binding sites within the FN
molecule Using an ELISAthe availability of the RGD (located within FNd)Icell bindirg
domainhas been shown a@xposedPEA and PMAandalsothe PHSRN (located within
FNIll10) synergy domaiimore exposed on PE@athawab et al. 2016/anterpool et al.
2014) A cell attachment assaycluding integrin blockingonfirmed the availability of the
cryptic binding site¢SalmerorSanchez et al. 2011, Vanterpool et al. 20iapccordance
with the theory of the exposure of these sites by FN (Klotzsch et al. 2009, Smith et al., 2007)
These exposeddhesive patchesfluence their cell behaviour, as already mentioned above
(Llopis-Hernandez et al. 201Reilly and Engler 201,0vVanterpool et al. 2004

5. 5 Aims and Obijectives

The objective othis chapter wat study whether the biomaterials can alter collagen mutant
cells behaviour by overcoming some of the defects caused and rescuing downstream effec
of ER stress. Completing our understanding of how these mutations affect cell
function/behaviour will prowde novel insights into Col4 disease mechanisms and increase

our knowledge of Col4 mutations phenotypes.

To provide insight into effects @OL4A2/¢792P mutation and whether modification of the
matrix can modulate their consequences, this chapter aimeesiigate the effect of defined
engineered biointerfaces on cell behaviouCiBL4AZ2/¢79?P cells. To achieve this, these

were carried out:
f Analysis of the biomechanical propertiesG®L4A2¢792D cells.
f Investigation in the secretion of ECM BYOL4AZ2/6792D cells,

f  Analysis of the effect of biointerfaces on ER stress d@Qb4A2/6792P mutation.
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5. 6Results and Discussions

5. 6. 1 Effect of COL4A27G702Pmutation on proliferation

Cells were cultured on glass and-Ebiated PEA and PMA for 7 days. While culturing the
fibroblasts, it was apparent that the cultures were markedly different between the control
(wild type: WT) and cells harbouring tf@OL4AZ/¢7020 mytation (MT) after 7 dys of
culture on glass, PMA and PERiQure5.2A). The WT cells formed dense confluent sheets

of cells on the substrates, whilst MT cells shape wemnaenlarged on all the surfaces,
especially glass and PMPBAN. These cells showed formation of patchy populations
indicative of cell deathapoptosisThese observations were similar to previous reports of
mutant cells on glass onfiurray et al. 2013 Here, it was observed that the MT cells death

was redued by culture on substratesated with FNand especially on PEA

A
WT Gl as PEAN PMAFN
100pm
MT
2
BNA 2001 Glass WT
PEA FNWT
150- PMA FNWT
-+ Glass MT

- PEA FN MT
- PMA FNMT _~

Time (d) 0 1 3 5 7
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