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Abstract
Embryonic stem (ES) cells have the ability to form all 122 cell types found
in the body, and therefore, could potentially be used to develop novel
applications in therapeutics, pharmaceuticals and developmental biology.
However, two current problems with human ES cell researchis thatfirstly,
it is difficult to expand ES cell populations to generate the large numbers
required for many of the potential applications, and secondly,it is difficult
to direct the differentiation of ES cells so that they only generate the
required cell-type. At present, it is difficult to address these problems
because ES cells tend to be grown onill-defined culture substrates, which
makesit difficult to investigate the mechanisms that regulate self-renewal
and differentiation. The aim of this project was to develop a defined culture

substrate for the propagation of mouse and human ES cells (mES, hES),
and to devise improved methods for promoting hEScell self-renewal and
directing differentiation using modified heparan sulphate (HS) derivatives.

A range of synthetic biocompatible substrates that varied in their chemical
composition, porosity, degree of surface roughness and surface charge,
were tested for their ability to support mEScell self-renewal. It was found
that the hydrophobic substrate, PLGA [Poly(L-lactide-co-glycolic acid)],
the postively charged substrate, Zetag™, and negatively chargedacrylic
acid substrate, were able to support mES cell attachment. Whilst PLGA
substrates were unable to support mEScell propagation in the long term,
propagation wasobservedin a serum-free/feeder-free culture system in the
short term. Both Zetag™ and acrylic acid substrates enabled cell
attachment and propagation of mES cells in excess of 6 passages.
Furthermore, following extended culture on these charged substrates, the
mEScells remained pluripotent, as evidenced by the fact that they were
able to generate derivatives of the three embryonic germ layers. However,
although mEScells could be maintained on these substrates, it was found
that after 3-4 passages, many colonies started to detach from the substrates,
making it difficult to expand the population. Further investigation showed
that addition of serum to the culture medium prevented the detachment of
cells from the substrates, suggesting that serum-derived matrix proteins
might be required for cellular attachment to the substrates.
Although synthetic substrates were, at least to some extent, able to
maintain mEScells, it was found that they were unable to support hEScell
propagation. Extra cellular matrix proteins (ECM) proved to be more
successful, and the ECM proteins, fibronectin and vitronectin were able to
support hEScell self-renewal in excess of 10 passages.

Using this relatively defined culture system, the role of specific HS
saccharides in promoting self-renewal and directing differentiation was
investigated. The HS molecules tested were heparin, 6ODS
(undersulphated) and persulphated heparin (oversulphated). The main

findings were that 60DS promoted hES cell self-renewal, whereas

persulphated heparan promoted differentiation. Further analysis showed
that persulphated heparin-induced differentiation was accompanied by a
down-regulation in levels of B1-integrin protein, and detachment from the
fibronectin substrate. In order to investigate the developmental fate of these
differentiated cells, QPCR and immunostaining were performed to
determine the expression levels of various embryonic germ layer
derivatives. These results showed that the persulphated heparin was a
potent neural inducer, evident by the dramatic increase in levels of TUJ-1
mRNAandprotein.
In summary, this study showsthat while synthetic substrates can maintain
mES, albeit to a limited extent, such substrates are unable to support hES
cell propagation. hES cells can be successfully propagated in a relatively
defined culture system comprising the ECM molecule, fibronectin, and a
serum free culture medium. Using this system, it is demonstrated that the
HS analogue, 6ODS, promoted hES cell self-renewal, whereas
persulphated heparin promotes neuronalcell differentiation.

ABSTRACT......cccssscsscscsessccecssccsnssesssonsssceosererseesseccsseacssenesseassssssassssossssssosess 1
"CABLE OF FIGURES..........00.0-<nssastansaerecsevexesseewcececetansvearvesvesvereverseveuerenneses 9
ABBREVIATIONS.........ccccssssssssscccssccsssccsssscsssscssssccsssccesssccesscsssessesesosessees 13
CHAPTER 1

sone

sacs

sacassssunscuaausesasvescacceveavesseseseusesesusseneasessesses, 14

INTRODUCTIONwassssiscssssscesssscssesevcsusssecevssevevensassnsvsosenosssossnsesennssoncsssoonseee 14
1.1 GENERAL INTRODUCTION.....ccccccessccessccesscceessceeeseeeesseeeeesaeeeesneeessneeenaes 14
1.2 FOETAL STEM CELLS......ccccccsssccesssccesseccesecesseceeseeceseeecesacecssaaeceseeeesaees 14
1.3 ADULT STEM CELLG...........:..0sssvessereesnnesesnsseeeeemeremeeereeeereseeeess 15
1.4 EMBRYONIC STEM CELLS. ....cceccccsessscecessssecesssseeeesseneeeeeeseseeeeeesssaeesenea 16

1.5 INDUCED PLURIPOTENT STEM (IPS) CELLS. ........::ccsssesceseesseesseeseeeseeaes i”
1.6 MECHANISMSINVOLVEDIN THE REGULATION OF ES CELL SELFRENEWAL.....sevevecsocesvessscncscvoecccscusnsccsacssenenessennstdesbsuteddapddnn totvsvsansadseesvvesees 19

1.6.1. BMP signalling. ......cccccceccccceccce ese ee tees eeeeeseeeaetecessenseseneesesenens 23
T6.2 WNT SOGUTAS cnsceneesnsranccsuremucomanenacesommcncncarn mr sear erecaiormcens 26
1.6.3. Pluripotency transcriptionfactors in ES Cells. .......c0ccccccccecee 28

1.6.4. Epigenetic control ofES cell differentiation...........c0cccccc 29

1.7 CONDITIONS TO PROMOTEES CELL SELF-RENEWAL.......csesccceeeseeeesees 30
1.8 SERUM-FREE CULTURE SYSTEM.«..sssecssscscsssesesesstesessaseveneanerenscosseseooees 31

1.9 ROLE OF CELL SHAPE......ccsccsssseesecesecesecessceseeceeeeeeceneeeseeeseneseeeeesaseasens 33

1.10 CELL-CELL AND CELL-SUBSTRATE INTERACTIONS. ........ssseceeesseeeeeees 37
1.11. THE EXTRACELLULAR MATRIX......ccccsscccsesseeceeeesneeeeeeesssaeeeeeeesseesenses 39

1.11.1 Proein components ofthe ECM .u.....c.cccccccccceeee eet ete eet eetees 40
1.11.2 ProteOglyCN......cccccccccceccce tee e eens eee eeeeececceeseseesetenesenensenenenees 4]
LULL3 ECM (ecepiore Gnd S12ACsemomarncemacarseereyqensmmrsnersmaaunie 42
1.12 EFFECT OF SURFACE CHEMISTRY AND TOPOGRAPHY(MICRO/MACRO
TERTURE)'ON CELL SHAPE cncnnnnenssrenvanansnnncennsnnaniiisiisi sienna sabinvemeraneesd 43
1.13. ES CELL DIFFERENTIATION.......cccccccecssscceesesteeeeeeeneeeeseesssaeeeeeeesseeeesea 44
1.14. HEPARAN SULPHATE AND ESCELLS. .0......::cceseceeeseeeeeesseeetesseeeeeseeenes 46
1.15. HEPARAN SULPHATE STRUCTURE. .....ce:ccceesceceeeeeeseeeeesseesessseeseeeeee47
1.16. HEPARAN SULPHATE BIOSYNTHESIS. .......::::eceeeeeeseeeeeceeesseeeceseeseeees49
1.17. MODIFIED HEPARINS AND THE SACCHARIDELIBRARY. ....cccsceeeessseees 52
1.18. NEURONAL DIFFERENTIATION AND HEPARAN SULPHATE. .......s000008 54
1.19. FGF SIGNALLING AND HEPARAN SULPHATE........:sssccceseesseeeeesesseeees 54
1.20 AIMS-AND OBJECTIVES..........-c0cssssnenssveessacwaesvencevaanse opeerervenmescosveseeness 56
CHAPTER 2

ecccsemescou

wee

acos upeves

siasbsvncessrunremmnanal 58

MATERIALS AND METHODS.cccsscssssssscsssscsssensssssescovvsonessoossnenseonessnssnes 58
2.1. MATERIALS. ...ccecccccesessssscccecessceecceessccecesseeeecsseseeeeeesssnaeeceesessseeeesenaaees 58
Q.1.1. SOLVENTS ....ccccseccccesseessecscccesscecceessseeccsssseccesseneeeeesessseeeeeesessseeeeeeeea 58
DD. WATERcevecneccreevenocossesssoceesenesnnancined6U0essvaxutereeesesteeor euvereneesumeevernsenenset 58
2.1.3. GENERAL BUFFERS. ...cssccsscssssessseceesseeeceesseeeecseeneeeeeeeessnaeeecesseseeeeesenea 58

2.14 GENERAL REAGENTS...........-sccsssssssssesecescvenneodssassuvsanencsecneucacdveeveassvene 59

2.1.5 CELL LINES. ....cceesssessessescssesceseessessesecseeessessecsesecsecseeecseesensenseneenenges 59
Died, WARIO, neni ca... i SRT NEVE ON SESE REPO 60
Zdieke CELL CULTURE apensencacscrncnveronucen unnennrmnannncsnnnsnnsinanasia sticks StRasaetaninit 60

2.2.1.1. Preparation of0.1 % gelatin SOLUTION. .........ccccccecece ete ccc 60
2.2.1.2 Preparationoffibronectin, laminin and vitronectinfor use in
COL] CULLULEC. oo. cececccccccccccescscecseseseeecsesecsesenseseeeseneeseesieeseiteesssesesseieeesatees 60

2.2.1.3 Advanced Medium (AV). .....cccccccccccccesccseeeteeeeteenseneeestnseeseens 61
2.2.4 4 AMG FEC CAIN (AF) rannaneainnnsasnisrasssvanauseconmncacavencesia 61
Q.QA.S 1O% FCS vccccccccccccccccsccsceescseteeseneesesenseseneeseeeusesessiseseaseessenesssieees 61
2.2.1.6 Serum replacement Medium. ......c.ccccccccecese tees ete ee eeteeeeeees 62
Daidead P SPUR GPCG CROATIAN, oreo snrniccinsbteth Sia SASSO TSILRA ETRE TRISTE 62
2.2.1.8 Routine MES Cell CULure .....ccccececececee eset ets eeeseee est esteeeeeseees 62
2.2.1.9 Routine HES cell Culture. .........ccccccccecceeee eee tes cnet ese ee ee tneeeee 64
2.2.1.10 Derivation ofmouse embryonic fibroblasts (MEF'S)............ 64
2.2.1.11 Routine STO and Mouse embryonic fibroblasts (MEFs)
CULLULE oe cecccccccsccsescesssceseeseseeseueeseeseecseeseeseaeceeeececsssscesssesseesieeseesseeateas 65
2.2.1.12 Preparation ofMEF and STOfeeder Cells ........ccccccccecees 65
2.2.1.13 Preparation offrozen stocks ofES Cells. .......1cccccccesseseeees 65
2.2.1.14 Recoveringfrozen Cell lines. ........c.c.cccccceceece ec ee tet etseeteteees 66
2.2.2 SYNTHETIC SUBSTRATE PRODUCTIONS ssnsssicranccentxenscenrmnecennerenresensones 66

2.2.2.1. Production ofthe positively chargedpolymer Zetag............. 66

2.2.2.2. Production ofthe negatively charged carboxylic acid
PRONUTIOP.evsecrnnnnmnrersnnare iene iiss Sit B68 SSCS NEES ERLE NESTE 67
2.2.2.3. Formation ofPLGA RESOMER® polymeP’s. -...c0+cc00+00000000000 67
2.2.2.4. Formation ofPLGA Cast POlyMeP's......c.ccccceccece cece tees eete tenes 68
2.2.5 CELL ANALYSIS comsnanssomasermascsssumunanmarecensncasneamermeresnereronvrennsenseen 68
2.2.3.1 Counting cells using a haemocytometer...........cccccccciieees 68
DDBek LEBFOVOMeacveneswenweencsnvsnernnsnmnnnsanarnnninecensanensannnnss sisaievtnie 69
2.2.3.3 Fixation OfEBS ...cccccccccccccececeeecetee eee ee tees eeeteeesteceseeeeseneesseees 70
2.2.3.4 Gelatin embedding andpreparation offrozen sections.......... 70
2.2.9.5 PREPGPALON OfSUDDEA SUGESsevsssivecsescisavcsmenxensnvinsresmenccees 71
Dh D0 TIVOONTIRS: occur none ncnrconsornnnnnnaneee ie tts LEASE EAE 71
2.2.3.7 Alkaline phosphatase Staining. ......0..0c0cccccccccecccccseeeeeetetetseee 73
2.2.3.8 AANCSIVE ASSAY oo. cccccccececccectetceteeceeeeeenecescestestesecseesestectesteetaenaey 77
2.2.4 MOLECULAR BIOLOGY TECHNIQUES. ....:ccccccsessseceeessseeeeeeesssseeeeenees 77

224.1, Isolation Of10tG1 RNA... orccrenoranmannannsnssiinsi seis SSeDeoesnteenesi 77
2.2.4.2 DNAS€ tr@QtMen. .......cccccceccceseet eee eee e teens cece eeeeaeenseeeensesneetaes 78
D243 GONNA BYES. was anecscsommmmemmmarencammeanannasris evmemaress won sentences 79
2.2.4: PHUINEP SOQUCOOS...0ncnenennnnnetinisin SiC BARA TEIE PELE TEETER 80
2.2.4.5 Polymerase chain reaction (PCR)........ccccccccccccieeeteeteteens S1
2.2.4.6 Quantitative PCR ..ccccccccccccceccereece eee eesceeeeiesseienseteneeseeeneees &1
2.24.7 AQAFOSE Bel CISCIFOPNOPESIS vcvcrsssnsavesenessneeereeovescomneenremennee 8]
2.2.4.8 Purification ofPCR productfor S@QUueNnCing.........0cciee &2
2.2.5. PROTEIN ANALYSIS, .......ssscsccsssssecssessssssncsecsssncsnenssagenessensnsesestonsoess 85

2.2.5.1.
2.2.5.2.
ED, Nn,
2.2.5.4.

Preparation oftotal cell protein LySAtCS.........ccccc cece eee 85
Bradford Protein ASSAY. ....cccccccccccccceeceteeseeecsteeeeeeeeeeeseeeseseeess 8&5
MENTI, cnuurcnnennnosnnnnanaansoainannnsiv ison iil iSGettalt ict mmr anaer 56
Western BlOUING. ......ccccceccccecccee tee et eee tees eteeeeeeeeeessnecnessteasieens 87

2.2.6. PHYSICAL ANALYSIS OF SYNTHETIC CULTURE SUBSTRATES. .......... 88

2.2.6.1 Scanning Electron Microscopy (SEM) .........0cccccccseeeteseees &8
2.2.6.2 Light InterferOMmetry.......cccccccceccccccecscseeseeeteeseesseseseeesseeeeesseees 8&9
2.2.7. STAINING FOR GLYCOSAMINOGLYCAN (GAG)DERIVATIVES........+ 89
Die Dad, PLCTOI UBB. ene conarmernnsannnnenennnneannesnrssenansumesonaiiaen 88 thst Ps teihsesis 389

2.2.7.2. Fluorescent labelling ofmodified HS saccharide’...............: 90
2.2.8. ANALYSIS OF FIBRONECTIN-CELL INTERACTION. .......sseceesseesseeeseeees 92

2.0. Bid. COPPUQAEA FOGCTION.5....2.ncorean censnanasinis sh QAR SESS 92
2.2.8.2. PUPIfICALION. .o..ccccecccceccececceeeseteesenecceeseeeeneeseesceseesseestesteesaeeaees 92

CHAPTERSvssiesscssnccnncaanmmmanasanasanaens

.

-

93

EFFECT OF SURFACE CHEMISTRY AND TOPOGRAPHY
(MICRO/MACRO TEXTURE) ON CELL BEHAVIOUR.................93
3.1. INTRODUCTION. .....ccccccsssccessscceessecsssceeeseeeeeseeeessaeeceeneeeesseeeeessseseasossges 93

B11 TOPOQPAny iecceccecccccceceeseveseeeeseceee es eneeeeeessesensesseessieeaseeeseeseesseees 93
Sd 2. EICOPOMAIG CROCO ies siasa ini casas anes. ormancemmecameumememamscoumsens 93
3.2 CHEMICAL COMPOSITIONS OF POLYMERIC SUBSTRATES WITH
DIFFERENT TOPOGRAPHICAL FEATURES. ......sscceseeeseeeeereeeeseeeseeeeseeeesseeeeenes 95
3.5 STRUCTURE OF PLGA, ZETAG™ AND ACRYLIC ACID« sccunvceemvercauees 98
3.3.1 PLGA SUDSIIVACCS. .o.ececccceccccccc cece cee ceeeecesseeesseceseeeseeesseeeneeenseenaees 98

3.3.2 Positively chargedpolymer; Zetag™......c.cceccccecseseeeeeeeeeeeeee 98
3.3.3 Negatively charged polymer; Carboxylic acid substrates........ 99

8. 8b, METHODS asccvccevsssacersenavennnanennnanannnananannmnenensnainasns tiie tis ails Sis C6SERNHSO 100
3.4.1. FABRICATION OF POLYMERS........sscceesseeeeeseeeeeseecessneeceeeeeensasesenes 100
ha PSA,ese mmc emma reenaan me eoNm serene 100

3.4.2.1 Fabrication ofPLGA polymers with different porosities. ... 100
3.4.2.2 Fabrication ofnon-porous PLGA polymers with varying
FOUQDNCSS. ...ccccccecceeseecevevseeeeceeseeeceesesecsessceessessessesseseseseeasiecsecseeeseeeiey 101
5.2 ANALYSIS OF PLGA SURFACES ceremecmenaerm nner ennencamenncneicennnninsinnn 101
3.5.1 LIGHT INTERFEROMETRY s sassesssmnsnmansenenancwenecsemrnarsrmrererueverernees 101
3.5.2. SCANNING ELECTRON MICROSCOPY (SEM). .......c:cssssssssesssseeeeseees 102
DG RESULTS. cnccmmverscu une erereercneeeceennomeocnmananemnennnaassanesnaniinnn ite ietadetht 103
3.6.1 ANALYSIS OF R1 MES CELLS PROPAGATED ON PLGA POLYMERS.
saniencraniommicnonatemas scented $8 ES i STC oS REE ENRE RESIN 103
3.6.1.2 Air-dried PLGA substratesto allow visualisation ofmEScells.
cccecueesvevesvassassevstvasvssstssesaesassessesecseessiecseeeeseesenseeseeeceeeeeeesesseteasesteetsteaees 108
3.6.1.3 Fabrication ofPLGA polymers with reducedporesize. ..... 108
3.6.1.4 Fabrication ofrough non-porous PLGA substrates using
SILICONE FELCASC PAPCV'S. ....eccecccccccceeeec ese esc enc ee testes cescesessseneeeaesseteeneens 111
3.6.1.5 Quantification ofthe degree ofsurface roughness ofPLGA
CdS! pOlyMers USING WHCTLEPOMEIY: woscmarexramommmsmner err ee eeanees 113
5

3.6.1.6 Analysis ofmES cells PLGA samples which variedin their
degree OfVOUGHNESS. .....c.cccccccececceeseee ects es eseeetseeeetieiseetittesseieeaeiens 116
3.6.1.7 The effect ofcoating PLGA cast polymers with 2.5% serum on
mEScell attachment and subsequent propagation...........cc0ccccce 12]
3.6.2 ANALYSIS OF R1 MES CELLS PROPAGATED ON NEGATIVELY
CHARGED ACRYLIC ACID POLEMER wnnsscemenuseneeremananammamennoremners 123
3.6.2.1 Analysis ofcarboxylic acid surface gradient dishes andits
effect on MEScell attachment andpluripotenc).........0.ccccccccccceees 123
3.6.2.2 Self-renewal ofmEScell on low, medium and high % carbon
dishes determined by Zrowth CUIVES.....ccccccccccceteeese ects tteeeeteeseeeeees 126
3.6.2.3 Determining ifmEScells cultured on carboxylic acid
SUDSTTOILS MAINA PLUTIPOLEACY,ox. sicerersmncsmmnsvencemmmanmameassssmn 132
3.6.2.4 Determining pluripotency ofmES cells propagated on 14.2 %
carboxylic acid dishes via embryoid body (EB) formation.............. 135
3.6.2.5 Maintenance ofmEScells on carboxylic acid substrates
without the addition OfLIF. ........ccccccccccscceseteeeseeeeeteee ee eseeseeeeneeseeees 142
3.6.2.6 Confirming pluripotency ofmEScells after maintenance on 19
% carboxylic acid dishes in advanced medium withoutLIP. .......... 144
3.6.3 ANALYSIS OF R] MES CELLS PROPAGATEDON POSITIVELY CHARGED
ZETAG™POLYMER,.o.ssceseessseesesseseeseseesesesecsecseeassecseesseeeseeseesseeseeeeaeeaengs 146
3.6.3.1 Analysis ofvarying concentrations ofZetag™andits effect on
MEScell attachment and pluripotency.........cc0ccccececeeeieeeee tees teeenes 146
3.6.3.2 Comparison ofmEScells growth rates on 100 % and 80 %
Zetag™in Adv and AF media with and without the addition ofLIF.

EERIE OSES RR HP re Former cee coneeesicrnasramemanminaninemns eens 149

3.6.3.3 Stainingfor undifferentiated ES cell markers in mEScells
propagated on 100 % Zetag™in Adv and AF media with and without
the addition ofLIFfor 6 PASSAQCS. .......c.cccccecece tees ce eenseseeteeeenens 153
3.6.3.4 Verifying pluripotency ofmEScells after maintenance on
positively charged Zetag™substratesfor 6 PASSAZCS........ccccce 155
3.6.3.5 Comparison ofmEScells maintainedin either serum-free
medium or serum containing medium on 100 % positively charged
Zetag™Coated dishes. .......cccccccccccccececseceeeseseeeeseseseseseeeeeneeesseseneey 159
3.6.3.6 Testing offibronectin substrates to determine which
component/s ofserum containing medium are able to enhance mES
cells propagation on synthetic SUDSIALCS. ........cccccceeettet tee 162

3.7 DISCUSSION. ...cccccceccsseceeceeceeccceceececeeccececccceceeseceeeseuaeauaeaaaaaaaaaaaaaaaaaaens 164
CHAPTER 4hniee.cccccccscsccccccsccccccsscsccccssssscccssscccceccesssceecesssccsssssssscessssossees 172
EFFECT OF SYNTHETIC SUBSTRATES AND HEPARAN
SULPHATE DERIVATIVES ON HES CELL FATE...................000 172
A.1. INTRODUCTION.(...0.....00c--.cssessssonnanecececenneasndesieseasnastandecensenssawetenesenens 172
4.2. MATERIALS AND METHODS. .....eeccccccsscccceescceceeesnsneeeeeeeeseesessssneeaees 173

4.2.1. Quantitative PCR analysis ofhuman Embryoid Body (EBs)
formed in medium with or without the addition ofpersulphated
POTTITIaccra nctniancnrnaminane nerenninsetannassnsanceinis SEAS NSS ta i73
4.3. RESULTS. ..eceeeeeeceseeseseesceecsseseecsesscsecsesesssssecseassesseessassesseeassesseeasegs 176
4.3.1. Characterisation ofhEScell lines on feeder layer in serum
replacement-CONLGINING MEAIUM. 0.0... cceceeere eects este eeteeeteeees 176
4.3.2. Preliminary experiments to remove feeder layersfrom hEScell
PILING anmeeon mca emetcnronnnsecassnsin nies 14 8 8 SSE aE NBT 79
4.4 TESTING HES CELL SELF-RENEWAL ON SYNTHETIC SUBSTRATES,

WHICH VARIED IN TWO PHYSICO-CHEMICAL PROPERTIES; CHARGE AND

TPOPOIGRATIEYY ne ncnenernoennstn kth 5:5 UAB RAEN EASED VR FI DSLTRZ ON ESBS ENE 183

A.A], TOPOSPNY. ..ccccccccccecceceteeteeeetevseteeeececeeeeeeeeseessseseesseeseeesseees 183
4.4.2. Positively charged substrate- Zetag™ ......ccecceee eee 186
4.4.3. Negatively charged carboxylic acid SUbStrate...........c00000 188

4.5 THE ABILITY OF COMMERCIALLY AVAILABLE CELL CULTURE

SUBSTRATESTO MAINTAIN HESCELLS IN AN UNDIFFERENTIATED AND
SELF-RENEWINGSTATE. ...cccssssccsssccsssccessecceseccceseecesseeeseseeeceseecesneeeesneeons 191

4.6 THE ABILITY OF EXTRACELLULAR MATRIX PROTEINS TO MAINTAIN

HES CELLS IN AN UNDIFFERENTIATED AND SELF-RENEWINGSTATE...... 194

4.6.1. Maintenance ofhEScell lines in the long term in serum and
feeder-free CONILIONS. ....c.cecccecccececesecece ieee eseeneeeeeeeeseeeeteeseeesesenenees 198
4.6.2. Comparing the ability offibronectin to maintain hEScells in an

undifferentiated state to another ECMprotein, laminin.................. 201
4.6.3. The morphological characteristics ofhES cells maintained on

laminin Coated AisheS. ......cccccccccccccceceeseese tsetse eeeeeseeteeeeesnsenseneeseeneeness 203
4.7 THE EFFECT OF HS ANALOGUES ON HES CELL SELF-RENEWAL....... 211
4.7.1 Effect ofHS analogues on hEScell propagation..............00-+. 213
4.7.2 Cell attachmentto fibronectin with or without the addition of
persulphated Heparin 17 SOMMION, cccnsimnnmmemmammannanmmawes 217
4.8 DETERMINATION OF POLYSACCHARIDE ATTACHMENTTO FIBRONECTIN
COATED DISHES, necrecensenpavererneeeceeeeniesansnssssousonesnsosssnnnossnconansdssttsnasineiawiva 220
4.9. ELUCIDATING THE EFFECT OF ADDITION OF PERSULPHATED HEPARIN
ON ES Cel. PROPAGATO erccarsersesnessesessxermenammecmmmmenemmanernnewewsmecaeen 225
BOP CetOE OTIGCD, os seseerss coxesonasrerameone menmirorecsnmmemcccm ean wee 225
4.9.1.2. Developmentofthe three embryonic germ layers in EBs
formedfrom different MCI. .......ccccccccccce cece eee tenets tee eeeteneeetetees 230
4.9.1.3 Quantification ofdifferences in expression levels ofmarkers of
the three embryonic germ layers in EBs formedfollowing culture in
Aifferent MOCIC.......ccc.ceccccecececeteetesete esse ee eeeseeeteeeetseeieeenseseseienenenseieess 237
4.9.2 Cell-substrate CONACH....ccccccccccccccccceccsscececneeeeeescesseeeeeetseetentees 243
4.10 HOW DOES THE ADDITION OF PERSULPHATED HEPARIN IN SOLUTION
AFFECT CELL-SUBSTRATE CONTACT?......ccccsscsceesceeeeseeeeesrecesseeeessseseseees 246

4.10.1. Localisation ofpersulphated heparin on Cells. ....ccccccc0 249

4.11 DIFFERENCES IN THE EXPRESSION OF CELL-CELL AND CELLSUBSTRATE ADHESION MARKERSIN CELLS TREATED WITH PERSULPHATED

HEPARIN. ...cscesceseseeseseesceecseescsecseseesecseeecsessecseseecessecseesssessecscessessseasieeaseasy 254
4.11.1 Down regulation off1-integrin afier persulphated heparin
addition, at the protein and MRNA levels........cccccccece cette terete 261
4.12 SPECIFICITY OF THE EFFECTS OF PERSULPHATED HEPARIN ON HES
CELLS tannscsacisnmsunamronme msn vermantnmn Roc ERr RRL ORNMENN IE 264

4.13 DISCUSSIGNN....nsmecarsunscncnuncnavennennnnnnenensemnnsnnenannenniciss bik iis is cisRR Tot 271

4.13.1 Synthetic substrates do not support attachmentofhEScells.
essai si fh rt a tS SG ra 271
4.13.2 Testing ofECM components to support hEScell attachment,
proliferation and self-renewal. .......cccccccccesscseesccee tees eeneeeeeeeeeseetey 273
4.13.3 Laminin does not support hES cell attachment andself
FONCWAL, oo. cccccecccccccsescesseseseeseseeseeecseeseeseeseneeecseeseieesensesseeeesnseaeeeseeeaees 273
4.13.4 Integrin interactions are importantfor hES cell attachment and
selfrenewalonfibronectin andvitronectin Substrates. ..........0:0000++ 275
4.13.5 Modified heparins influence hEScell self-renewal and
iffCVCNIAHION. ......ccccccceccesecceseeseeeeseeseeseeeceeeeeeeceeveceecseesessseeesseseneesteaees 276
4.13.6 Persulphated heparan addition affects cell adhesion........... 278
4.13.7 Persulphated heparan addition affects neuronal differentiation.
cevceucsasasuasusssessessssesessesscsessessssessesacseesesesesseesecseeecieeseneceeseeeseeeeaeessereeeeas 280

CHAPTER6...

A eSATA

EROOR MONEE 283

GENERALDISCUSSION...........ccsssssssssssssssscsssscsssssssssssscessesscesseneeseenees 283
5.1. The ability ofsynthetic substrates to support ES cell propagation.
beceucutsessssvassassesaesessesecsesseuessesecsesseseesecseeseeseeeseeseeceeeeceeceeersiteateeseeasens 284
5.2 Addition ofserum enables long term adhesion ofmEScell on
SPPPMAIG SUDSTICTOR,... nncnreaanemensnnnnsisieshibiv dh the sh te Sh Se avatar raN rea 287
5.3 ECM components do not promote mEScell propagation but do
promote HES cell propagation. .........ccccceccecee eect eset e eset teens eteeeeetees 288
5.4 Alterations in cell cytoskeleton could result in detachment...... 289
5.5 The effect ofHS analogues on ES cellfate...........ccccccccssecees 290
5.6 Undersulphated heparin addition increases hES cell number. . 292
5.7 Oversulphated heparin addition results in cell detachment and
iffCNIALION. ...ccccccecccccvececeeeseeeeteeeeseeeeeceeesesteeeseseeseststeesititeesseeetienees 292
5.8 Cell detachment and subsequent differentiation resultfrom a
downregulation OfB1-inteSrin.......cccccccccecc eee cence eects teeeeteeeeeeees 293
5.9 FUture WOPK. ...cccccccccccccccccecseeeeeesetseeeeeescssceesesscsecseeesseesteessteateases 294
5.10 Closing remarks....cccccccecccececceeteee ects eseeeeeecseceeseisseseneeetieeeseees 295

REFERENCES jsiiciccscsenncnonasennnennenamannomammammemnmnens 296

Table of Figures
PRUE Fa ecnicensomnoencnnnorsinsmernauinnnnsnennisimivnlnicasnsn ih WASEDA 1 SR ST ES TAETET ZI
Figure 1.2.........scsssscsseesssccscossscssssoes sosvesssoesscessussseussseusnesanscsseeenenee coseeenessseenes es 22
PAGES TSG acca casa na 5 ca. iowa wuss ae sncnsrnicesn Dima WREST A ONES URRT SH RONEN 25

Figure 1.4 oo. ceecesseseeseeeseeseeseeecsceee ceseseeseeseese ceseeseescesceeeseseesesaseesseseseesesecneeeee es 27
PS? 15 weccccamasnonasnne anuancceaseanes wmcenammasn nme nee neamEReEray arenes 36
PAG1G ceccscsenesernasvnonsannnnnenseunenion smnannnanneaiainnns xian iinsuisil 6s ¥iis it 25 ai aiae Sd 38

Figure 1.7 ..eceesccecceseeseeeeeseeseeecseesees seceesecsessess sessessesesseesesesesassasseesseesesaeasseees 45
FIG0H6 28 isccnicceearin mmc ncaa wenn nr ENe RnERRONNREREERENTR TONE 48
Figure 1.9 ec ceeecseeseecesesecseesceessecsecseesssees ceceassecsecseeaseeseesesaenees caeeeeeesasereae es 51

Fete Le ceememcccnscsce emreseneuns emEmeeomanomnecnsmnmesmreree anemone 53
PEREBoek ereveccin even enncenenneanennewniiemamans anonenneennnssonnesiiii isi ORES 95
PSUS B.D ersscceprceercecenenyr meeansusermenens comnnwenaemsnnciscrnesnaneontemmennnssiinishdsSainaiiiaa th 104
Fig9.3 wsaisussse ancora onmoeerms aemensac re URsrennemmm EE meeermnenoeee 105
Figure 3.4 ...ceececceesseseesseesessessesecse ceseeseessseeseseeeeeeeseesenaesesecsesseneese seesaeeaeeeeae® 107
FUSES 300 seconcansessecercaseme cremmcemmncenr ecemmemecrnece wre meer er errr =eemenennoncnnensmarnainnns 110
FUE BG wevcrimemarninennnnannonninnonisanesinilisnnt anil iS RNRDAIRRI 0 TAGS GEER SRSA ANON RETR 112
PHBUES BT cceneverroncy capers enseomroneneernneensesmnansaniassnnn sc taennindisCastiiD ESTE iG SRSETSESTSEESES 114
FiQht6 3:8 sxsssssssasncssacenessseenerc samen exneencwveanessoneuremcenmmememiencoe sereyenveresersomeenes 117
Figttt? 3.9 ccsissssnssasssssany mera anaeemamansnamsmmeananm armneennnes senna emer nnernryeeresooes 120
FIQUrS B10 seecceryecaeereeyeevenierswenennecemnnerannornnecennessonnennnnsiidi CED Eb SERS 122

Figure 3.1 1 occ ceceeccceeeseesseeceseseseeseseeescseeecseses cossscsessssesasseaseeesseseesseneneeseeeaees 124
Figure 3.12 .A ce eececesceecsscsscssceseese seeseeecessesee ceseesecseensees caecneceeeneeessaeneesaesaesaes 129
Fu B02 B, a xnnsnsisarceanas ans eons naiet ase nat Rat RU CHS ETT NEAT RSIDOC ESR n> MERLOT EET 130

P fear31 G sin wmecnn sei SST aS TS SERVATIONS SLUR CNET? 131
Figure 3.14.00... ..sccssssseoessecessssssscsses sssssensssevses cosseeceseenenes csseescensessnseneesseneneses 133
Figure 3.15 voce ceeesceseseeeeceeesesceseseses coeecscseeecassesseeesesesseseseneeeeeeeeenee caeenaneeeeess 134
PUQUIS: 3. 16...nveenensmnannnne mann nia st RNa Sia iS NSENSNGD SSSR ARRESERE WSPEEPEEESE SESE 136
Figure 3.17 ....0:.cscescescssesrssessssoosesvsevevevsscesscssee sonseasaensenanncnsnsnssnenazanaeanonsnssnsnes 138

Figure 3.18.A ....ececesesessessessescsessessesscseessesee coeacseesseneeceesseecseeeesaeeeraenenesaees 139
F tpt 3.18 Biv nnennnnnonninnnsnnnnnniiindiek <5 esOERSC HGS SE GESREANDRT ATONE TALES SURE NEY TET 140

Pigar): BUG IC... nnnnnnnannannnsnsstnSa isis 6c SR aERES TSCA ATS NEAERNTEEIS 141
FIQUrE 3.19 .....00ceseroreesesesccessoeorertsesesrreressoreeserseeseeeneneneseneenessenensanen sssenesbenuesitee 143

9

FUGUT6 B20 5 conxcomrcrannsnananensnanensnnnannensicannnnn scntaenienntih SiGe AGIAN NE See ae awa NERA 145
Figure 3.21. A coc cccecseceesceseesscesecssceseceseeeescssseseseseesesaseseessesseessecneeeneeseeeeneesas 147
Figntre) 52 1B) naneonncnronnsnnamnnnnmnnnnnnnt ii sii seta SR NERS NSP EES HSA RREAG 148
Figure 3.22.A ....cceecceesceeseeesecessceeseceseeessecesseceseseseseseseseseseeenseesesenseeseareneaeenss 151
Figuie’: 3022. Bi wisssicaascnanncsnncnnnseamononcnnes sonra asm Rano mM RV GTS MELINA eR 152
FUGUE 2.22 ccercesgrepncamemsencemvmsennnecenesnennnasemacrnanennnanannccnensn atin ind tS SESRIE THR 154
PiGUPE B24 ccc csenesniamaasnnannssanneomencremnnenansnasarere nen EEUasermERNerecernerenrerenes 157

PRE FDS annnewnanaernnneoinannnnnannsesnmrnnnciniinih tins bili ie SRGKE TR ERGa AAS RENE SERENE 158
Figure 3.26 ......ccccceccescssscesceseceseeseesseeseeeseseseessecssseseceeesecseeesesneeseseeseneenaeennees 160

FiggF6. 5.27 sscssscesssxcommmnnmaeorcanamnmmancmamceannenmenmmmnenteereresncowes 161
PIQUE ceesccvnnnnnnonaannansscenansmannanannnninnsanianmansi SAX CESS TER SEAE RE ARSERSERRSRRTR AREY 163
Figure 3.29 ....ccecceeccsscceseeseessceseceeesseeeseesesesesesecnssesesasesecseeseeeeesesesesneeeeeeeneees 167
Pig6-46. wisansnnia cara sazenscaza ascii ETA ARRAN ETH PE 175
FIGCAD ccceceenencesneervossonsancnronvocnrnereenccrmenncemmensanessancsesnnnseneeinnnnntlAtasiTRRiTeR tHe 177
PGT43 sesccascarscucaneuerneeneenesearimn armen cenaemneesemeteaseennecneninenennmmmenene 178
PICOSAA ce evenenceesrnansnenieanenumnn conn nunmancnemessnnnnmnsnisi iii SSNS HRS R Ae IS ATES ERR 180
Figure 4.5 .o..eceeceeseceeceeesseeeeeeeeseeeaeeeseceescseecseseaeesaseseeeeeseseesseseeesteseaeeeneenaeens 182
FERIA. cneersnmnsisnnsnnnnnnmntinin i ib NI EO AAR SRST SEE 185
FiQuire A, 7 2. -00seorsorcneseveveenscenevnenneencannoauanapaanassnsonessnennetenstadsiesnieiaiaaaabis sebevouness 187
PTE rarer eececer cece seman ceeeromernciramaonaseis 189
Fige4...cannnnnnoannnnsonnaneniinn’ ih Sia ii aX ini R SST NSRESRATARATU SER NRE EME ERR TINS 190
PIQUE 41D cvcvenvconenonmnnvnesvencnnainnnnnnnmenninnianannin anAaisihihi tediei5 Ga UReRSNxSH EMSS MRS ERSN HB 193
Figure 4.11... ce esessecssecsesesseesssessesssnessesveseeessesseesseesseeessreessessoeseneaseneesonnenes 196
PFS 4) pcaseascemearsomanennasanssoomencerceimareenrererreennucumnmmvenenmnennnnennsnenmnssnmaaoine sol 197
FugA 13 a innein twa sh. sais ms ca anise sen eseeSEr ERE ETURRREEEraCeeREREEREEEREEEEFOHToremeromcrmmns 199
PU414 venceeenennnsnousnencanenennnnunanasnesinnn tinsinsinaieiasinsndilesaceaAiina esienuenaiRsaeaiSR TREE HS Se 200
Fe Bierce er reessansucnemecmeanme ner weer prune yrensnnwnemensnconenanennnnmennnnenmmnnABShiS i 202
Figtite 4.1 sis si. onsmsusaseaeesnscaenesesmsessamaancercuamnmsrmacrscneererenemenncnennasoannwenconnms 204
Figure 4.17 .....cnnncnoonnsinan anne annnnnatinsio ih sais sei iat Sienxa sn URaSnNNS CMRERRMETE REE DENN ere 206
Figure 4.18 ..........:ssecsssssssssccsssssssssssseescrsseecnssensesssssseseessecensasoessnsoassssassneeseenes 207
Fh) css senwasceenmcenemeaneameneseens se mmvanres pcennencetmenaennmmrmnnnemmen samme nants Tile 209
PRUE ADO ..onncnnnanvnnnsinenniionn snsitiis lech sitet onuss caSKaRa ECan Er Se RNEREEE RENAME TeSevoenerex Tours 210

10

FIgQure?4. 21... .ncccemanennnnisenne tisha ws leon 0s sg ss 20m2 te ua seg Renesas tasweeeR eeeeeeEeree oem ER eeE URES 212
PT20 paceeee sere cre ns enverscanvennemcususenenense nennanmccrmunamasinensnannennanasaninitndnicn sina 215
Pig4.23 csscomcnssanmmmanccnanmranmmencermaaemen mn eLEeROREEEEEOrecnEEEeeN: 216

PED ee secrneranmnarnormennnnoirnininnannaninnannannnonsnan iene iis din iS iii WE TRIESTE T RE ERTAE 218
FC 2S creecesen rm ceapercerannenenanasmrsansemenenar te tr Er Eyer ean coneummnenenensmerenmeenennti 219
Fr begpn4 DIG emeennnmresitcn i Aci SS MRE CECE ESE SSL ACER SETAC 222
Figure 4.27 ......eceecceeceeseeseceseeseceseesssesesssceseesecsaseseseaeeseceseeeecsecesessecneeeeeeaeenas 224
PIQ00G 4228 veccccun seme nemaninameararean name eRSEET EE ore ErerEN es pemeernerenen 226

PU I rc ecrcrrsearinanmcnsanemnensnancnonmnnannannesn sient th hae Cau 228
Figure 4.29.B ...ccecceeccssccssceseeseesseeseesscesecesesesceeseseensecsesesesneseaecneesseseeeeneeseees 229
BegaA BA enon 0s VETS TR EAC NEE EOE 231

FHQURG 6.311 mcsconeesnereryersnenesrenemesesnenmnnssevmtnanisomesnnnannasenssansamuei niet it hihi 3 SS 233
PAGE 83 2 sccacocscamseerommeennaannsanneennsrenenmrenmreerresceneeecwananniersnomananennennciconmnins 234
PUgU0G 4.39 ..eneceannnnanenensnaienennnanisii site 5 W§ MENA TAI SR SGI OHS a RES RA CARINSE 236
FiQUtG 4:34 ccenscynsceenevesmrevrervceenssnnewevenwonmccnnsanseneasanennennasnananacadihdni shih sine Seaiiseal 239
Fignte 4.35 A csassccemcanmensamia a EERE RELIC ero 241

PIG? 435 ecsrrnennencunsnnoransnvenswnnananmancsinnnas iii i CLAS BANS HRA et 242
Figure 4.36 ......cccccceescceseeeceeseceeeesecseceseessecsecesesessessseseseseeseseaecsesesesseseeeeneeeaeenas 244
Pigute 4. 3,7 «2.2 sssssssineamasneccemmasmn rea mereresereeeeneeens 245
PigUte 4.3.8 ccencnnncenesannnnrnnnmnnenenenonnianwiii ai isi ai S155 Ge Si URE SERRA SEAN IT UN 248
Figure 4.39 .......esecssseceeeecesscesesssssesscsscsscssessecsscseeseseensesssseesnseeseeseessessaseeessees 250
Pig440 eecesccasmnnmemeemeomecsnmmrene errr mse erence nneennnnnenimanhsamnsonnnns 253

Figure 4.41... ..cissnacnnicmemennenemancsnanmumnunnnenmseanearamnererarireegeresuencenmwens 256
BIgure 4AZ.... enennnonnrnannnennnamnnnnn ih inia ivi Wit ARN OSASHEN HDX ESEINR SE REAESNS ARR OPW ras 257
Figure 4.43... essessssssessssscsssscsessensessecnseeeseesnessessneseessaseeessessossassseseeseeeaaes 259
Fea cree aecrrserseescrseaceereewmee recmmeeaemmea eens eregeentnmacccnanc nocenoninacvnwnninnanimi 260
Figut4AS ..ovecnevnnnnsnannsnenanonnnnnnihsiina iii et Nae HSS ENA REEE RE ER TERETE FETE 262
Figure’ 446 ....cccccescssenensssvenrsesenenarnnnnnaenncanssendtn se cauesninenaa shana aseeia nen enKe eneneneeiees 263
Figure 4.47 oo... cecssscessessseseesecsseesssesesssecseeeseeeseensecseeseessesneseaesseseeneseesseenseaes 265
Figure 4.AB A... sisnssasnsmsmmwomeensenanasecasmiemimemeaxemavan momar rgereenereereexnomnnonerane 266
FAsFAB D .ccceceencnnnennnrnnensrennnnnnesnansihnai tthiisins nti anW ewes Ooea RANE SEND ASMNSwHEAe KHON EE NS 267
Figure 4.49... eeecscessseesseesccsseeseseseessecseecseesseeeseseeeseeeseesesesesseessseseseneessaaes 269

11

Tables

Table 2.1 ....cccccesecsscsscsssesscssecscesseeeseesseceeeeeaeceeessecseessesseeeaeseeeaessescaseseeeseaeeten 76
[CS 80
TiREWE 2G oeconerncnnesesencnxeesnannomzccemnssnoasnatne ich a Se OSS 84

Table 3.1 ooccccccccccccccsscesseceteeeeeeceeeceeeeeneeecceeeeeresereseeeeseesseeceeeseaeeesseseneeeeneese 115
Table 32 ancctss serene ae enero ne REE EKREENERERRRNETN 125
TR escent encnmrerrmenineneinenrnnennenennenionnmnnnennacinmcnmnnamnnens iin Sista ERAS 263

12

Abbreviations
AD

Air Dried

PBS

ADV Advanced medium

PLGAPoly(L-lactide-co-glycolic acid)

AP

Alkaline phosphatase

PSI

AF

Animal Free medium

R,

AFP

Phosphate buffered saline

Alphafeta protein

Phase-shifting interferometry
Roughness average

RQ1 RNAQualified

BMP Bone morphogenic protein RT

Room temperature

DAPI 4-6-diamidino-2-phenylindol
DEPCDiethyl! pyrocaronate

SA

Strong adhesive

DMEM Dulbeccos modified eagles medium
ECM Extracellular matrix

SD

Standard deviation

ES

Embryonic stem cell

SE

Standard error

FCS

Foetal calf serum

SEM Scanning electron microscopy

FD

Freeze dried

VSI

Vertical scanning interferometry

FGF

Fibroblast growth factor TUJ-1 f-3-Tubulin

STO Mouse feeder layer

GMP Good manufacturing practice
h

Hour

VWF Von-willebrand factor

HNF3B Hepatocyte nuclear factor 3B
HNP Human nuclear protein

WA Weakadhesive

ICM Inner cell mass
LIF Leukaemiainhibitory factor
MEF Mouse embryonicfibroblasts
Min Minutes
o/n

Overnight

OPD Optical path difference
13

Chapter Il
INTRODUCTION
1.1 General Introduction

Stem cells have great potential for treating refractory diseases; but the
development of these applications have been hampered bytheill-defined
conditions in which these cells can be efficiently grown. The aim of this
project was to develop improved culture conditions for mouse and human
ES cells and investigate the effect of heparan sulphate on their attachment,
self-renewal and differentiation.

A stem cell is defined as a cell that can both self-replicate for prolonged
periods producing identical copiesof itself, or differentiate to give rise to
projenitor cells of specific cell types (Winslow, 2001). When a stem cell
divides, each new cell has the potential to either remain a stem cell or
becomeanother type of cell with a more specialized function, such as a
muscle cell, a red blood cell or a braincell.

One of the chief goals of medicine has been to overcome the debilitating
effects of organ andtissue loss. For many centuries removal of the diseased
tissue was the only option, but the therapeutic potential of stem cells offers
hope for the treatment of manyclinical challenges such as diabetes and
cardiovascular or neurodegenerative diseases. The vast growth in stem cell
research has resulted in a number of stem cell types being identified,
including foetal stem cells, adult stem cells and embryonic stem cells.

1.2 Foetal stem cells.

Although many stem cell populations are present in the foetus during
gestation and their roles in normal development have been extensively
14

studied, their possible clinical usefulness has barely been explored. Foetal
stem cells can be isolated from foetal blood, bone marrow and other
tissues. They can give rise to an array of stem cell populations that are
multipotent, i.e. can give rise to a numberofcell types, principally those
cell types closely related to the original tissue or cell. There are two main
types of foetal stem cells; haemopoietic and mesenchymal stem cells, these
cells are believed to have similar properties to adult tissue derived stem
cells (O’ Donoghueef al., 2004).

A mesenchymal stem cell population (cells classically obtained from bone
marrow) has been extracted from foetal blood within the first trimester
giving rise to bone and cartilage cells (Campagnoli et al, 2001).
Furthermore, cells have been isolated from foetal liver and expanded to
form hepatocyte cells (Oertel ef al., 2008). Whilst foetal stem cells have
shown some stem cell properties, the ethical issues involved in acquiring
these populationsofcells are of great concern.

1.3 Adult stem cells.

The ability of some tissues in the adult e.g. skin, bone andliver, to repair or
renew indicates the presence of stem or progenitor cells. Progenitor cells
are found in many organs andare thoughtto replace lost cells and maintain
the integrity of the tissue but, in contrast to stem cells they are thought to
be at a further stage of differentiation, and are pushedto differentiate into a
specific target gene. It is often difficult to distinguish adult tissue-specific
stem cells from progenitor cells. Many tissues have been reported to
possess adult stem cells an example being lung stem cells, which giverise
to bronchiolar and alveolar cells (Kim ef al., 2005). Stem cells from muscle

have also been isolated and these are thought to assist in muscle
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regeneration (Le Grand et al., 2007); however, these are not thought to be
able to differentiate into othercell types.
Recent research has suggested that the plasticity of adult stem cells may be
broader thaninitially thought. Undercertain conditions, adult stem cells are
able to form lineage cell types, distinct to those from which they were
originally isolated. Cells that have characteristics of mesenchymal stem
cells have been isolated from adult bone marrow andthese adult stem cells
were then induced to form multi-lineage phenotypesincluding, adipocytic,
chondrocytic

and

osteocytic

cell

types

(Pittenger

et

al,

1999).

Furthermore, bone marrow and blood derived cells have been directed to

give neuronalcell types [(Brazeltonef al., 2000; Mezeyer al., 2000)].
The ability of adult stem cells to contribute to tissue repair and renewalis
the process that scientists hope can be harnessed for therapeutic use. An
Advantage of using adult stem cells harvested from an individual being
treated, would mean autologous transplants could be carried out reducing
the risk of tissue rejection with no ethical issues surrounding acquisition of
these cells.

1.4 Embryonic stem cells.
Scientists interested in human development have been studying animal
models for many years. It was this research that led to the discovery of the
embryonic stem cells (ES) (Evans, 1981).
Embryonic stem cells (ES) are pluripotent because they have the capacity
to self-renew and differentiate into progeny representative of all three
primary embryonic germlayers: ectoderm (central and peripheral nervous
system and epidermis), mesoderm (skeletal, smooth and cardiac muscles,
structures of urogenital systems and blood derivatives) and endoderm
16

(epithelium for digestive and respiratory tract and other associated organs).
All of the many different kinds of specialised cells that make up the body

are derived from one of these germ layers (Smith, 2001). This endows
human embryonic stem (hES) cells with the potential to provide
regenerative therapies for several diseases e.g. diabetes (Soria et al., 2000),
neurodegenerative diseases (Svendsen ef al., 1999) and myocardial repair
(Klug et al., 1996).

However, before this application can become reality, there are many
problemsthat need to be overcome: one of the majorissuesis that all hES
cell-lines cultured to date have been grown in the presence of animalcells
such as mouse feedercells which promote self-renewal but posethe risk of
pathogen transfer (zoonosis) and preventing the use of hES cells
therapeutically. In order to circumvent this problem, it is necessary to
develop conditions of Good Manufacturing Practice (GMP) where the
animal and other undefined components are replaced with synthetic
substrates and chemically defined media. Unfortunately one of the major
obstacles in developing GMP conditionsis that the mechanisms requiredto
promote self-renewal and inhibit differentiation of the cells are not fully
understood. The need for immune-suppression in patients treated with ES
cells is a problem which is compounded by the ethical issues surrounding
the acquisition of these cells, making the use of ES cells a great concern.

1.5 Induced pluripotent stem (iPS)cells.
To circumvent the ethical issues surrounding hES cell derivation, attempts
have been made to derive autologous embryonic stem cells. Nuclear
transfer and cell fusion are two methods used to accomplish complete
nuclear reprogramming of somatic cells.
17

Somatic cell nuclear transfer (SCNT) involves the transplantation of a
somatic cell nucleus into an enucleated unfertilized oocyte, to generate
SCNT- derived stem cells (Munsie ef al., 2000). Mouse derived SCNTstem cells are indistinguishable in their proliferative, developmental and
therapeutic potential from ES cells. Furthermore, mouse SCNT- derived
foetal liver stem cells have been shown to repair myocardial infarction
(Lanzaet al., 2004). However, difficulties in obtaining appropriate human
oocytes has meant no human SCNT- derived stem cell has been produced.
In addition to SCNT, other methods such ascell fusion have been used to
convert adult somatic cells into a more pluripotent state. A number of
examples with mouse and human cells have occurred (Tada er al., 2001,
Cowan ef al., 2005). The resulting fused hybrids were morphologically

indistinguishable from normal EScells. Whilst cell fusion doesnot involve
ethical issues, the resulting hybrids from cell fusion experiments are
tetraploid i.e. the ES cell genome cannot be separated from its somatic
partner, limiting the numberof cells formed fortissue repair.
The reprogramming of somatic cells into induced pluripotent (iPS) cells
was a breakthrough discovery for Takahashi and Yamanaka 2006. IPS
cells were initially isolated using transduction of transcription factors, for
the reactivation of ES specific pluripotency genes in mouse embryonic and
adult fibroblasts. Four factors were identified; Oct 3/4 and Sox 2
(pluripotency markers), c-Myc (proto-oncogene) and KIf4 [transcription
factor (Kruppel-like factor 4)] to induce iPS cells which exhibit the
morphology and growth properties of ES cells (Takahashi and Yamanaka,
2006; Okita ef al., 2007; Wernig e al., 2007). Theefficiency of this process
however,is less than 0.1%. The same approach has been used to derive iPS

cells from human fibroblasts (Takahashi et al., 2007; Yu ef al., 2007).
18

Furthermore, iPS cells have recently been usedto treat sickle cell anaemia
in mice (Hanna ef al., 2007), indicating the potential of iPS cells for
treating humandiseases.
1.6 Mechanisms involved in the regulation of ES cell self-renewal.
Thefirst pluripotent mouse embryonic stem cell (mES) lines wereisolated
in 1981 by two groups (Evans and Kaufman, 1981 and Martin, 1981). In
1995 Thomson and co workers demonstrated that ES cells could be
isolated from a non-human primate and then from humans in 1998
(Thomsonet al., 1995, 1998). Extensive work in mouse ES cells and more

recently, human EScells, has highlighted the importance of understanding
ES cell self-renewal, in order to develop defined conditions for the
isolation and expansion of these cells in culture. An important difference
between mEScells and hES cells are; their propagation requirements, mES
cells can be maintained without mouse embryonic feeder cell layers or
extracts if the cytokine leukaemia inhibitory factor (LIF) is added to the
culture medium (Humphreyet al., 2004). LIF is a haematopoietic regulator
(Williams et al., 1988) that has been shown to promote self-renewal of
pluripotent mES cells via the JAK-STAT3 pathway (Figure 1.1). LIF
signalling is initiated via the dimerization of the cytokine receptors gp130
and LIF-R following LIF engagement. The activation of the intracellular
tyrosine

kinases,

JAK

kinases

(Heinrich

ef

al,

1998)

via

autophosphorylation, occurs when the LIF cytokine binds to the
heterodimeric receptor complex. Subsequent phosphorylation of the
receptors at tyrosine residues by JAK kinases results (Boultonef al., 1994).
Phosphorylated receptor sites bind the SH2 transactivation domain ofthe
STAT3 protein, which in turn triggers phosphorylation of the STAT3
proteins by JAK kinases. Dimerization of the STAT3 complex, via
phosphorylated tyrosine residues and SH2 domains, occurs together with

subsequent translocation into the nucleus resulting in induction ofself19

renewal genes (Niwa ef al., 1998). Furthermore, the binding of LIFto its
receptor complex also initiates signalling pathways antagonistic to selfrenewal, such as the ERK pathway which promotes differentiation (Figure
1.2), suggesting a balance between the antagonistic signalling pathways of
STAT3 and ERK plays an importantrole in regulating ES cell fate (Burdon
et al., 1999).

hEScells express both LIFR-B and gp130 and functional activation of the
STAT3 pathway by human LIF has been reported (Daheronef al., 2004).
LIF activation is not sufficient to maintain hES cell self-renewal
(Humphrey er al., 2004). The difference between the response of mouse
and human ES cells to LIF may be due to diapauses in the mouse:
Diapauseis the process by which implanting of mouse embryosisarrested
at the late blastocyst stage preventing implantation from occurring until the
current litter is weaned (Mantalenakis ef al., 1966). The essential role of
LIF and gp130 in maintaining the blastocyst during this process, and the
observation that this phenomena does not occur in human embryonic
development, could explain the insignificance of LIF signalling in
maintaining hEScells in a self-renewing state (Nichols ef al., 2001).
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Figure 1.1. Schematic diagram portraying the self-renewal pathway of mES cells via the JAK-STAT3 pathway after
activation by the IL-6 interleukin cytokine LIF. (A) LIF binds to the cytokine receptor causing a conformational change in the
receptors. (B) JAKS are activated by autophosphorylation, triggering phosphorylation of the cytokine receptors. (C) STAT3
monomersbind to the phosphorylated sites on the receptors, resulting in phosphorylation of the STAT3 monomers by JAK kinases.
Phosphorylated STAT3 monomersare released from the receptors, dimerize and translocate to the nucleus activating self-renewal
genes.
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Figure 1.2. Schematic diagram of the LIF/ERK signalling pathwayresulting in differentiation. Following gp130 stimulation
via LIF, receptor bound SHP2is phosphorylated and recruits a complex containing growth factor receptor binding protein (Grb2)
and SOS guanine-nucleotide-exchange factor. Localization of SOS to the cell membrane activates G-protein Ras, which recruits
Raf-1 from the cytosol to the membrane. Raf-1 is phosphorylated and activates a cascade involving MEK (MAPK/ERK Kinase) and
extracellular-signal-regulated kinase (ERK), which translocates to the nucleus and initiates transcription of genes associated with
differentiation.
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1.6.1. BMPsignalling.
Interestingly, LIF function is only effective for maintenance of mEScells
when serum is present in the culture system. Ying et al 2003 published

data showing both LIF and BMPs(bone morphogenic protein) are required
for efficient mES cell self-renewal under serum-free conditions. BMPs
belong to the transformation growth factor beta (TGFB) super family,
which are involved in the regulation of proliferation, differentiation and
apoptosis and therefore play essential roles in embryonic development
(Massague, 1998).
ES cells grown without serum develop spontaneously into neural
phenotypes (Ying ef al., 2003.b); it was considered possible that an antineurogenic factor could play a role in maintaining ES cell self-renewal.
BMP4is knownto inhibit neuronal differentiation in embryos (Wilson and

Hemmati-Brianlou, 1995) and in ES cells, possibly by blocking the
MEK/ERK signalling cascade (Qiet al., 2004) and was chosen asthe antineurogenic factor. When LIF and BMPact individually the induction of
neural (via FGF signalling) and mesodermal differentiation, are induced
respectively (Yinget al., 2003.b; Johansson and Wiles, 1995). In contrast,
when

LIF

and

BMP

are

combined

in

vivo,

mES

cells

remain

undifferentiated even in the absenceof serum.

BMPfunctions through receptor mediated signalling. Whilst there are four
types of receptor; BMPRII, Alk2, Alk3 (BMPR1a) and Alké (BMPRIB),
which form a variety of dimer combinations at the cell surface, only two
receptors BMPRla and BMPRII are required for the canonical BMP
signalling pathway (Ying et al., 2003; Qi et al., 2004). The binding of
BMPRla and BMPRII leads to activation of cytoplasmic proteins
(SMADs), SMAD 1/5/8 are activated by phosphorylation and form
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heterodimers with SMAD4 andaretranslocated to the nucleus (Burdon et
al., 1999, Massague and Wotton, 2000). Transcription and subsequent
expression of members of the Id (Inhibitor of differentiation) family
results, preventing the partnership of E proteins (basic helix-loop-helix
transcription factors) and pro-neural helix loop helix (HLH) factors from
occurring, by sequestering E proteins, thereby preventing neuronal
differentiation (Yinget al., 2003.b) (Figure 1.3).

In a similar mannertothe situation of LIFR activation, engagement of the
BMPRcanactivate pro-self renewal pathways (Id protein prevention of
neuronal differentiation) or inhibitory pathways (mesoderm/endoderm
differentiation).

While LIFR activation selectively drives

neuronal

differentiation in the absence of serum,signalling via the STAT3 pathway
can block mesoderm/endoderm differentiation, suggesting a balance occurs
between STAT3 and SMADactivation (Ying ef al., 2003). In contrast to
mEScells, BMPsignalling in hEScells does not contributeto self-renewal
but promotes downregulation of Nanog and Oct-4 expression, influencing
trophectoderm and endoderm differentiation (Beattie et al., 2005) (Figure

1.3).
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Figure 1.3. BMP signalling
pathway. The binding of BMP
to heterodimers BMPRla and

1.6.2 WNTsignalling.
Signalling via the WNT cascade in both human and mouse EScells has
been shown to assist self-renewal (Sato et al., 2004). In the absence of

WNTsignalling, the cytoplasmic protein B-catenin associates with the
proteasome complex containing a variety of proteins including axin,
glycogen synthase kinase-3B (GSK3B) and adeomatosis polyposis coli
(APC). B-catenin is subsequently phosphorylated and ubiquitinated,
marking it for proteosomal degradation (Aberle et a/., 1997). Binding of
WNTto the frizzled (Frz) surface receptor, results in the activation of
dishevelled (Dsh) which inhibits the destruction complex (Reya and
Clevers, 2005). B-catenin accumulates in the cytoplasm and is then
translocated to the nucleus, where it acts as a co-activator of TCF/LEF
(Lymphoid enhancefactor) (Figure 1.4). Hao et al., 2006 have indicated a

further link between WNTsignalling and mEScell self renewal, as the
LEF/B-catenin complex in the nucleus stimulates the transcription of
STAT3. However, WNTs have also been implicated in differentiation
(Dravidet al., 2005) suggesting complexity in WNTsignalling in EScells.
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Figure 1.4. WNT signalling
pathway. In the absence of
WNT signalling, f-catenin
and the destruction complex
associate resulting in 6catenin being phosphorylated
and ubiquitinated marking it
for proteosomal degradation.
In the presence of WNT
binding to its frizzled (Frz)
receptor, dishevelled (Dsh) is
the
inhibiting
activated,
Bcomplex.
destruction
catenin can accumulate in the
cytoplasm with subsequent
translocation into the nucleus
and acts as a co-activator for
TCF/LEF. WNTsignalling in
mEScells has been shown to
be involved in self-renewal.

1.6.3. Pluripotency transcription factors in ES cells.

Oct-4 has an essential role in establishment of pluripotency in the early
pre-implanted embryo (Nichols et al., 1998). The Pou homeodomain
transcription factor is expressed in cells of the inner cell mass (ICM),
epiblast

and primordial

germ

cells

and is

down-regulated upon

gastrulation. Although Oct-4 is required for ES cell pluripotency, over
expression of Oct-4 promotes differentiation of primitive endoderm and
mesoderm lineages, while under expression results in trophectoderm
differentiation, showing that quantitative levels of expression are important
for pluripotency (Niwaet al., 2000).
Nanog, a homeoboxcontaining gene is expressed in the ICM andepiblast
and is down-regulated upon further differentiation of most cells.
Interestingly, Nanog maintains the pluripotent state of human and mouse
ES cells in the absence of LIF and feeders (Chamberset al., 2003; Mitsui
et al., 2003). Sox 2, another essential regulator for pluripotency,is different
from Nanog and Oct as the expression of Sox 2 is not restricted to
pluripotentcells andis also detected later in primitive ectoderm and neural
ectoderm cells. However, loss of Sox 2 function results in defective
epiblast differentiation and is therefore classed as a regulator for
pluripotency (Avilion et al., 2003).

Genome-wide location analysis of both mouse (Loh et al., 2006) and
human (Boyer et a/., 2005) ES cells have revealed Nanog, Sox 2 and Oct-4
share substantial overlap in their target genes. Furthermore, auto-regulation
of each other (Chew et al., 2005) and the synergistically regulated
downstream target genes (Torres et al., 2008) form a complex tight
regulatory network.To further highlight the complexity, other transcription
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factors have also been identified in the regulation of ES cell self-renewal,
for examples see (Kim et al., 2008; Chenet al., 2008).

1.6.4. Epigenetic control ofES cell differentiation.
Intrinsic and extrinsic

signalling do not act alone in

governing

transcriptional regulation of ES cell self-renewal; epigenetic modifications
such as histone modifications or DNA methylation also influence cell fate
(Tada and Tada, 2001; Geiman and Robertson, 2002).
ES cells are characterized by high levels of activating histone 3 lysine 4
trimethylation (H3K4me3), while differentiation is accompanied by an
increase in repressive histone modifications such as H3K9me3. This

supports the model that structural proteins are loosely attached (loose
chromatin) in pluripotent EScells, and are therefore more readily available,
whilst during differentiation a rapid reorganization of the chromatin may
occur

(Meshorer

and

Misteli,

2006).

Relaxed

chromatin

enables

transcription of genes to occur: analysis of hES cells has shown
transcriptionally active genes involved in cellular processes and selfrenewal like Oct-4, Sox and Nanog are marked by the H3K4me3
methylation (Zhaoet al., 2007; Pan et al., 2007). A role for de-methylation
in reversing differentiation has been shown wherebycells present in mouse
embryoid bodies (EBs) exhibited an increase in SSEAI, alkaline
phosphatase, Oct-4, Nanog and Sox markers (Tsuji-Takayama er al.,
2004). Polycomb group (PcG) proteins have also been implicated in
chromatin remodeling and gene specific transcriptional regulation,
whereby PcG proteins form complexes at target sites and stably repress
genetranscription through chromatin modificationsi.e. control epigenetic

inodifications in haematopoietic stem cells (Valk-Lingbeeker a/., 2004).
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1.7 Conditions to promote ES cell self-renewal
Many advances have occurred over the last few years in identifying
conditions which best promote hES cell self-renewal and inhibit
differentiation; e.g., propagation of hES lines on mouse embryonic
fibroblast feeder cell layers (MEFS) (Reubinoff et a/., 2000), undefined
mouse cell extracts (Kimanskaya et al., 2005; Orkin et al., 1977) and
humanfeedercells (Richards etal., 2002).
In order to develop more defined conditions for hES cell culture, a number

of attempts have been madeto try and identify the feeder cell-derived
factors that promote self-renewal. For instance, a proteomic approach to
characterise MEFfeedercell layers was used by Bodnar and co workers to
determine the protein-protein interactions that could be manipulated to
regulate hEScell self-renewal (Lim et al., 2002). Many different proteins
were foundto be secreted from MEFS, someof which appeared to promote
self-renewal; e.g. extra-cellular matrix proteins, growth factors etc. This
knowledge enabled the application of matrigel, [a soluble andsterile
extract of basement membraneproteins derived from the mouse Engelbreth
Holmes Swarm tumour (Kleinmanet al., 2005)] and laminin extracellular
matrices (Xuet al., 2001) to aid in hEScell propagation.
Laminin promotes cell adhesion by binding to integrin and other receptors
(a-dystoglycan) onthe cell surface; it is these adhesiveinteractions that are
critical for the proliferation, and therefore survival, of most cells (Kumar,
1998), butit is not clear if this is the case for ES cells. The complex matrix
found in matrigel contains collagen, fibronectin and proteoglycans e.g.
heparan sulphate (Kleinman eta/., 1982) which binds and presents growth
factors to the cell surface, thereby influencing ES cell behaviour.
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While the aforementioned culture substrates have enabled hEScells to be
established and propagated, the fact that most of the substrates contain
animal products renders the hES cells unsuitable for therapeutic
application. Furthermore, the ill-defined nature of the substrates meansthat
it is not clear whether the matrix proteins themselves are promotingself-

renewal or the myriad of growth factors that are bound to them, for
example the many growth factors present in matrigel (Kleinman efal.,
1982). Substrates were used from humanfoetal and adult cells such as,
human placenta, muscle and skin feeder layers (Miyamoto et al., 2004;
Richards et al., 2002) but, these feeder layers are not suitable for hEScell
culture due to problems with human contaminants. The problem is

compounded by the fact that these ill-defined matrices are usually used
with media containing bovine serum or serum replacer (a proprietary
product from Invitrogen of unknown composition) which contains animalderived components (Amitet al., 2004).
Therefore, the aim to propagate stem cells in feeder cell-free conditionsis
not the only challenge; a serum-free culture system in which hEScells can
be maintained in an undifferentiated state is also required.

1.8 Serum-free culture system.
Serum contains many components that promote cell growth, survival and

attachment. For instance, a major component is albumin which binds
cholesterol and fatty acids (which in large amounts are toxic) in addition to
several types of hormones whichare released in a controlled manner (Hu,
2004). Serum also contains extra cellular matrix molecules that promote
cell-substrate attachment, e.g. vitronectin and fibronectin, and a range of

growth factors, including members of the Transforming Growth Factor
beta (TGFB) family. However, serum has two major drawbacks. First,
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because it is ill-defined, it is often the case that different batches can yield
different results. Secondly, bovine serum can potentially introduce animal
pathogens into the cell culture, or other contaminants such as proteases
(Hu, 2004). Consequently, cells grown in bovine serum-containing media
cannotbe usedtherapeutically.

This problem has partly been redressed by replacing bovine serum with
human serum, but while this eliminates the risk of animal pathogen
transfer, there is still potential for human to human pathogen transfer and
problems with batch to batch variation. Human serum also proved to be
unsuitable because it had a tendency to promote EScell differentiation
rather

than

self-renewal,

partly

mimicking

the

effect

of bone

morphogenetic proteins (BMPS) which are knownto induce differentiation
(Xu et al., 2005).
As a result, serum-free and feeder cell-free systems have been devised
using (matrigel or laminin) supplemented with growth factors e.g. Activin
A (Beattie et al., 2005), fibroblast growth factor (FGF) (Wangef al., 2005),
Wnts (Sato et al., 2004; Lu et al., 2006) and BMPs (Ying et al., 2003)
which are capable of maintaining EScells in a self-renewing state. Whilst
roles for these growth factors have been determined in a wide range of
biological activities for example Activin A can regulate cellular
proliferation andalso differentiation (Chen et al., 2006), FGFs have broad
roles in development and organ homeostasis in the adult (Omitz et al.,
2001) and during development. Wnts havediverse roles in governingcell
fate, proliferation, migration, polarity, and death. It is not clear how these
factors affect mES and hEScell behaviour. Furthermore, the addition of
the aforementioned supplements does not replace the requirement for
bovine albumin.
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Undefined matrices and the addition of supplements in cell culture media
are problematic for two reasons.First, culture supplements and feedercells
expose the EScells to potential pathogen infection or retroviral transfer
which could be transmitted to patients. Another problem is the possibility
that hES cells will take up and express an immunogenic non-human form
of a sugar such as sialic acid N-glycolylneuraminic acid (Neu5GC) to
which humans havecirculating antibodies. Transplantation of these cells
could result in anaphylactic reaction (Martin et a/., 2005). Hence, vigorous
screening procedures would need to be employed to ensure pathogen and
non-immunogenic proteins were not present before therapeutic use.
Second, the use of undefined culture conditions meansit is impossible to
know exactly which factors are regulating ES cell behaviour.

1.9 Role of cell shape.
The self-renewal and differentiation of most cell types including EScells is
determined by their environment, where their behaviour is regulated by
local soluble factors and solid-state interactions involving cell-cell contact
and cell-extracellular matrix contact (Flemmingetal., 1999). However, the
role of such interactions in regulating ES cell self-renewal is poorly
characterized. In order to devise GMPconditions for hES cell propagation,
it is necessary to have some understanding of how these interactions
regulate self-renewal.

Oneof the most striking differences between mESand hEScells is that the
former can be maintained in the absence of feeder cells by adding LIF to
the culture medium, whereas this cytokine has no effect on hEScell selfrenewal. However, despite the differences in LIF responsiveness, it has
now been established that mES and hEScells share commonsignalling
pathways, which play important roles in promoting self-renewal. For

instance, both mES and hESrequirethe src-related kinase c-Yes a member
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of the Src family of tyrosine kinases (Annerén et al., 2004) and theselfrenewal of both is promoted by inhibition of glycogen synthase kinase-3
beta (GSK3), implicating the canonical Wnt-signalling pathway (Sato et
al., 2004). In the absence of these signalling pathways the cells undergo
dramatic shape changes from tightly packed rounded cells to flattened,
spread cells (Annerénet al., 2004; Sato et al., 2004).
Changesin cell-shape can regulate commitment of human mesenchymal
stem cells to adipocyte or osteoblast fates (McBeath et al., 2004). A flat
adipogenic morphology was observed when expression of Rho [A GTPbinding protein which aids in the formation of focal adhesions (Ridley and
Hall, 1992)] was decreased, whilst active Rho caused a rounded osteogenic
morphology. This work demonstrates cell shape regulation is vital in
maintain a balance between self-renewal anddifferentiation of mEScells.

Work with mEScells in our laboratory shows that withdrawal of LIF
causes down-regulation of the pluripotent ES cell markers, alkaline
phosphatase and Oct-4 [a POUtranscription factor family member,
whereby the POU-domain binds DNAto regulate self-renewal genes (Pan
et al., 2002)]. Prior to down-regulating these markers, the cells spread,
becoming more strongly attached to the substrate and less to each other,
suggesting that differentiation might result from increased substrate
adhesivity, and thatthe role of LIF in promotingself-renewal might be due
to its inhibitory effect on cell spreading.
To test this hypothesis, weak and strong adhesive substrates were used to
comparethe effect of substrate adhesion with or without LIF. With strong
substrate adhesion and no LIF, cells became more spread, had reduced cellcell contact and had reducedlevels of the pluripotent ES cell markers, Oct4, Nanog and the enzyme alkaline phosphatase. With weak adhesive
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substrates the cells remained undifferentiated, even in the absence of LIF
(Figure 1.5) (Trish Murray, University of Liverpool). Staining of F-actin in
cells maintained on a weak adhesive substrate occurred mainly around the
periphery (cortex) ofcells at the edge of the colony. However, staining on
strong adhesive substrates showed F-actin expression to be around the
periphery ofevery cell within the colony highlighting the disruption ofcell
shape (Figure 1.5). Furthermore, by inhibiting Rho kinase, an effector of
the small GTPase, Rho,that has been shownto play role in cell spreading
(Xu et al., 2007), a rounded morphology was observed, and mEScells

remained undifferentiated even in the absence of LIF. These results are
consistent with the hypothesis that LIF acts to maintain pluripotent mES
cells by restricting their spreading.
From these results it was reasoned that if mES cells could be maintained
without LIF by culture on a low adhesive substrate, it might be possible to

maintain hEScells under the same conditions and thus removethe need for
co-culture with feeder cells. In the aforementioned experiments, substrate
adhesivity was regulated by coating culture

dishes with various

concentrations of bovine serum, which wouldstill not be acceptable for
culture of therapeutic-grade hES cells. Therefore, one of the main
objectives of the study in this thesis was to regulate substrate adhesivity
using synthetic substrates with different surface charges and topographies
in order to develop GMP conditions for maintenance of pluripotent hES
cells in culture.
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Figure.1.5. Test of weak and strong adhesive substrates to maintain
mES cells in an undifferentiated, self-renewing state. Differentiation
was determined by the loss of the ES cell marker Oct-4 and the
structural filamentous protein F-actin. mES cells were grown without
LIF on strong adhesive (SA) (10% serum-coated dishes) and weak
adhesive (WA) (2.5% serum-coated dishes) substrates for 8 days in serum
free media. Cells grown on the SA substrate were spread and expressed
little Oct-4 (green) andall cells within the colony were positive for F-actin
(red), whereas cells on WA substrate were tightly compact and maintained
high levels of Oct-4 and F-actin was only present at the periphery of the
colony (Trish Murray, unpublished observations).
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1.10 Cell-cell and cell-substrate interactions.

Cell adhesion is a defining feature of multi-cellular organisms underlying
the organisation ofcells, tissues and organs (Gumbineret al., 1996). This
process does not only occur between cells but also between cell and their
substrates. Understanding this process andits effect on cell morphology
and behaviour will assist the development of substrates and enable the
propagation and/or differentiation of hES cells for therapeutic use.
For cell adhesion to tissue culture substrates to occur, proteins are first
adsorbed to the surface of the substrate forming a monolayerof proteins,

this has been measured to occur in less than 1 second. Within a few
minutes, cells can then adhereif appropriate adhesive proteins are adsorbed
(Horbett et al., 1996). Feeder cell layers used in ES cell culture express
their own molecules to assist adhesion, but it is not clear at present what
these molecules are. In an attempt to develop more defined substrates, a
number of extracellular matrix (ECM) proteins including laminin,
fibronectin and collagen have been used as substrates for ES cells, but
generally, these substrates alone have not been able to maintain selfrenewal over the long term (Ludwig et al., 2006). A number of ECM
molecules are present in serum, and it has been shownthat for certain cell
types, they are essential for cell-substrate adhesion (Healyet al., 1994). In
vivo, most cells are in contact with ECM molecules which play an
important role in regulating cell attachment, survival, proliferation and
differentiation. ECMsregulate these processes by interacting directly with
cell surface receptors such as integrins, and also by binding secreted
growth factors such as FGFs and BMPs (Ginagotti et al., 1999). In vitro,
when cells are plated onto a substrate, it is likely that they deposit their
own ECM molecules in order to provide themselves with an optimal
substrate.
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ww Cell adhesion substrate
OOo Cell adhesion ligands

YY Cell adhesion receptors
Figure 1.6. Progression of anchorage-dependent mammalian cell
adhesion.(A) Initial contact with solid substrate. (B) Formation of bonds
between cell surface receptors and cell adhesion integrins. (C) Cytoskeletal
reorganisation via signalling pathways resulting in cell growth or
progressive spreadingresulting in increased attachment strength (Ratneret

al., 2004).
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Functional adhesions control not only the local signalling environmentbut,
also convey essential mechanicalstability to provide the cell with support.

The heterodimeric transmembrane receptor family of integrins are
predominantly involved in mediating stable adhesion of cells to their
substrate by providing a physical link between ECM molecules including
collagen, fibronectin, vitronectin and laminin, and the cytoskeleton (Hynes
et al., 1992). Figure 6 showsa cartoon ofthe interaction of integrins to the
pre-absorbed proteins on a substrate surface resulting in recognition (A)
adhesion (B) and subsequent cell spreading and proliferation (C).

Recruitment of actin-binding proteins to the cytoplasmic face of integrins
provides both the scaffold and signalling platform from which a mature
adhesion develops. Integrins act as signalling receptors which relay
information to the interior of the cell allowing growth differentiation or
survival signals to be produced. Talin, a-actin andfilamin areall examples
of linker proteins (Calderwood, 1999/2001). Each linker protein confers
their own signalling properties and in turn leads to recruitment of key
kinases and adaptorproteins such as focal adhesion kinase (FAK)andSrc,
which form the basis of the adhesion signalling cascade (Zamir and Geiger,
2001). These signals have, in turn, been shown to be regulated via
pathways such as JAK-STAT or MAPKsignalling cascades (Gianocotti et
al., 1999; Miranti et al., 2002). The most characterized example of integrin
regulation is MAP kinase pathway whereby integrin mediated adhesion
can interact at multiple points of this pathway enhancing the signal
(Schwartz and Ginsberg, 2002).

1.11. The extracellular matrix.

The extracellular matrix (ECM)is the extracellular part of animal tissue
that provides structural support to cells in addition to performing various

other important functions for example, a role in differentiation and
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growth factor binding. The ECM is the defining feature of connective
tissue in animals and, includes the interstitial matrix and the basement
membrane. Basement membranesare sheet-like depositions of ECM on
which various epithelial cells rest. The ECM is composed of an

interlocking

mesh

of

proteins;

collagen,

fibronectin

etc

and

glycosaminoglycans (GAGs).

1.11.1 Protein components of the ECM.

Collagens are, in most animals, the most abundant protein in the ECM
and are presentasfibrillar proteins and give structural support to resident
cells. There are several different types of collagens; basement membranes
contain type IV collagen, which is a network forming 3D collagen, whilst
collagens I, II and III in connective tissues are fibril-forming collagens
(Hulmes, 1992). Elasticity of the ECM surrounding certain tissues such
as arteries, skin and tendons, is vital to ensure these tissues spring back
into shape after deformation. Fibrillins 1 and 2 are two very similar
proteins that make fine microfibrils in connective tissue.

These

microfibrils form a scaffold on whichelastin is laid down to makeelastic
fibres and give the ECMitselasticity (Kielty et al., 2002).

Fibronectin is another important protein found in the ECM.Fibronectins
are a family of proteins produced byalternative splicing of a single gene.
Some forms of fibronectin remain soluble and may be found in blood
plasma, while cellular fibronectin is assembledinto disulfide-bondedfibrils
in the ECM. Fibronectin matrix assembly begins when soluble compact
fibronectin dimers are secreted from fibroblast cells. These soluble dimers

bind to a5B1 integrin receptors onthe cell surface andaid in clustering the
40

integrins. As the level of integrin-bound fibronectin increases, fibronectin
molecules are more readily able to interact with one another. Short

fibronectin fibrils then begin to form between adjacent cells. As matrix
assembly proceeds, the soluble fibrils are converted into larger insoluble
fibrils that comprise the extracellular matrix (Chernousov et al., 1985).
Each fibronectin molecule contains binding sites for a variety of other
molecules, such as heparan sulphate proteoglycan (at its heparin binging
site), integrins (at its RGD site) (Ruoslahti and Pierschbacher, 1987) and

collagens. Fibronectins therefore serve to bind different componentsof the
ECMtogether, and to serve as sites on the ECM to which cells can bind.
They are involved in a number of processes including cell adhesion,
growth, migration and differentiation; for example, fibronectin plays a
crucial role in wound healing and embryogenesis (Ruoslahti, 2006).

Laminins are large ECM proteins that are composed of three different

types of chain, a, B and y. They are a family of glycoproteins that are an
integral part of the structural scaffolding in almost every animal tissue.
Laminins bind other ECM components such as collagens and nidogens
(Timp! and Brown, 1994).
1.11.2 Proteoglycans

Proteoglycansare a diverse set of molecules characterized by having very
large and complex carbohydrates attached to a protein core. The complex
carbohydrates are known as glycosaminoglycans (GAGs). There are
several types of protein core, and many types of GAGs. GAGsare
classified into various families which vary in their sugar sequence
(Hardingham and Fosang, 1992). Proteoglycans have a variety of
functions, promoting cell-ECM adhesion by binding receptors or ECM

Al

molecules such as fibronectin. Most can take up water to form hydrated
gels to fill space in the ECM, and some, particularly the proteoglycan
heparan sulphate, bind to a variety of growth factors, concentrating them
in the ECM and preventing their diffusion to other parts of the body.
Examples of matrix proteoglycans include heparan sulphate (involved in
coagulation), chondroitin sulphate (contributes to the tensile strength of
cartilage, tendons and ligaments) and keratin sulphate (present in the
cornea and bones) (Iozzo, 1998).

1.11.3 ECM receptors and signalling.

Cells bind to specific ECM components using a variety of receptors on
their plasma membranes.
proteoglycans,

These receptors

membrane-bound

lectins

are of various types;

(proteins

that

bind

to

carbohydrate groups in the ECM) and integrins (Heino and Kapyla,
2009). Integrins exist as heterodimers of two transmembranepeptides, an

a integrin chain and a f integrin chain. There are manydifferent versions
of the a and f chains,andthe precise binding specificities of an integrin
heterodimer are determined by the nature of these chains (Humphries,
2000). Integrins bind the ECM andcluster on the cell surface inducing
the formation of a protein plaque, including talin and paxillin on the
cytoplasmic face of the integrin, which in turn connect to the actin

microfilament cytoskeleton of the cell, resulting in a focal adhesion
anchoring the cell to the ECM. Integrins therefore act as mediators
through which the mechanical properties of the cytoskeleton can be
connectedto those of the extracellular matrix (Vicente-Manzanaresetal.,

2009).
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Integrin binding to the ECM and their resultant clustering in the cell
membrane allows them to form associations with various signal
transducing molecules. One of these, which co-localizes in focal adhesions
with integrins and the actin-associated proteins, talin and paxillin, is focal
adhesion kinase (FAK). Activated FAK can phosphorylate a variety of
targets that control cell survival, differentiation and proliferation (Sieg ef
al., 1999). The clustering of integrins can also activate intracellular
pathways involving the small GTPases Rac and Rho, which are involved in
organising the actin cytoskeleton and cell movement, further highlighting
the importance of the ECM andits receptors (Palazzo etal., 2004).

1.12 Effect of surface chemistry and topography (micro/macro
texture) on cell shape

It is known that surface texture influences induced cellular responses. For
example, micro-texturing can have an effect on cell growth, migration and
attachment (Curtis et al., 1997; Folch, 2000). It is also known that the
degree of substrate adhesivity regulates cell shape which in certain cell
types, such as mesenchymal stem cells (MSCs), has been shown to

regulate differentiation (McBeath et al., 2004). Work from our laboratory
showsthat cell spreading is correlated with differentiation in mEScells,
which leads to the hypothesis that the design of substrates that allow
attachmentbut inhibit spreading may promoteself-renewal.

Totest this hypothesis, a range or substrates with varying physicochemical
properties i.e. charge density (positive polymer Zetag™ and negative
polymer Plasso) and topography, (hydrophilic/hydrophobic polymers,
PLGA[Poly (L-lactide-co-glycolic acid)], PCL (Poly caprolactone), PVA
(Polyvinyl acetate) and SCMC(carboxymethyl cellulose, sodium salt) will
be fabricated to see whether self-renewal of both human and mouse ES
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cells can be promoted by substrates that allow cell attachment but inhibit
cell spreading. In order to develop a defined culture system serum-free
medium will be developed for both human and mouse ES cells, with ECM
proteinsalso beingtested for their ability to support hEScell self-renewal.

1.13. ES cell differentiation

It has been known for many years that mEScells can be maintained in an
undifferentiated state on feedercell layers with or without the presence of
LIF. However, if the mES cells are removed from the feeder cells and
cultured in suspension in the absence of LIF, they form aggregates known
as embryoid bodies (EBs) (Figure 1.7) and begin to differentiate. The early
stages of EB development bear a close resemblance to that of the preimplanted mouse embryo (Robertson, 1987). In both cases, primitive
endoderm cells differentiate at the periphery and deposit a basement
membrane[a thin epithelium containing majorstructural proteins such as
collagen type IV, laminin, heparan sulphate (HS) proteoglycans, nidogen
and perlecan involved in compartmentalisation and differentiation (Timp,
1989; Murray et al., 2001)]. Cells in the middle of the EB or ICM in
contact with the basement membrane polarise to form the primitive
ectoderm epithelium from which the 3 embryonic germ layers ectoderm,
mesoderm and endoderm are derived at gastrulation. The primitive
ectoderm cells are required for subsequentcavitation of EBs (Murray etal.,

2000).
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and the primitive endoderm cells on the surface of the inner cell mass (from were ES cells are derived) which deposit a basement

Embryoid body(left) and a mouse embryo(right red stain represents Blimp-1) (Ohinataef al., 2005), showing the proamiotic cavity

effectiveness of embryoid bodies as a model system for mouse development. Representation of a typical mEScell-derived

Figure 1.7. Diagram portraying the relationship between mouse embryoid bodies and mouse embryos highlighting the

Day 6 mouse embryoid body

1.14. Heparan sulphate and ES cells.

The molecular mechanisms that regulate pluripotency and differentiation
of ES cells are largely unknown and therefore, a better understanding of
these mechanismsis essential if ES cell are to be used therapeutically.
Heparan sulphate (HS) is found both on the cell surface and in the
extracellular matrix of virtually all mammalian cells (Stringer, 1997).
Heparin and heparan sulphate share commonbiosynthetic precursors, with
the same underlying disaccharide repeat unit forming their backbone. They
share the same O-sulphate, N-sulphate and N-acetyl modifications but in
different proportions (Gallagher 1985). Due to their structural similarities,
along with the difficult nature of isolating HS, and heparin being
abundantly available as a pharmaceutical product, heparin is commonly
used as a substitute for HS. HS is an important member of the
glycosaminoglycans (GAG) family of linear, anionic polysaccharides
(Stringer, 1997). HS has the highest degree of variability of any GAG
family memberdueto its sequence diversity, allowing specific intra-chain
sequences to interact with a wide range of proteins for example,
extracellular matrix proteins, growth factors, enzymes etc, resulting in
regulation of their activities (Bernfield, 1999). It has recently been shown
that HS chains contribute to the maintenance of ES cell self-renewal via
extrinsic factors such as Wnt, FGF and BMPsignalling (Sasaki er al.,
2008). Furthermore, recent work (unpublished) from our laboratory has
shownthat the primitive endodermal basement membranefails to form in
EBs derived from mEScells cultured for several passages in the absence of
feeder cell layers. It is now known that ES cells synthesise very little
sulphated HS but feeder cells produce copious amounts, which accumulate
on the surface of ES cell colonies (Johnson ef al., 2007). It is therefore

possible that feeder cell-derived HS is required to induce FGFsignalling in
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EBs, which is necessary for primitive endoderm differentiation (Feldman
et al., 1995). It has also been shown that exogenous HS rescues BM
formation and EB differentiation (Trish Murray, unpublished data). From
this it is clear that HS is involved in ES cell pathways and could therefore,
be manipulated for control of ES cell differentiation and self-renewal.

1.15. Heparan sulphate structure.

The HS polysaccharide chainis a linear co-polymerconsisting of repeating
1-4 linked hexuronic acid and a-D glucosamine residues, which form the
backbonedisaccharide units (Stringer et al., 1997). The hexuronic acid unit

can either be a C-5 epimer B-D glucaronic acid or its a-L iduronic acid
(GlcA or IdoA). Figure 8 represents the sulphation patterns that are most
commonly identified in HS structure. O-sulphation occurs on the C-2 of
the hexuronic acids and C-6 of the glucosamine with the C-3 on the
glucosamine residues being sulphated more rarely. Glucosamine residues
can also be N-sulphated (GlcNS) or N-acetylated (GlcNAc) on the C-2
residue (Lindahlet al., 1994).
Subsequently, regions of varying sulphation densities are formed creating
domains, for example, NA domains, with low or no sulphation and NS
domains with a heavy sulphation pattern. Intermediate regions of these
domains exist with structurally diverse saccharides containing both NS and
NAc disaccharide units (Maccarana et al., 1996). Organisation of these
domainsis thought to be specifically generated by the cells from which the
polysaccharideoriginates. This organisation is highly regulated,butnot yet
fully understood (Lindahletal., 1998; Lyon etal., 1994; Kato et al., 1994).
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Figure 1.8. The general disaccharide repeating unit of Heparan Sulphate. A) The uronic acid moiety is shown as a-L iduronate
acid (IdoA), whilst (B) shows its C-5 epimer B-D glucuronic acid (GlcA). The three positions where modifications can occur are
indicated by Rj, R2 and R3. Ry or C-2 position on the hexuronic acid or the C-6 on the glucosamine (R2) can be O-sulphated (SO3)
whilst the glucosamine residues at C-2 (R3) can be either N-sulphated or N-acetylated. A rare O-sulphation modification at the C-3 of
the glucosamine residue can also occur.

B

A

1.16. Heparan sulphate biosynthesis.
The diversity of HS results from variable degrees of modification ofits
constituent sugars i.e. not all potential sites that can be sulphated or
acetylated are modified. This produces a vast array of HS saccharides. The
control of the biosynthetic pathway is poorly understood and therefore the
mechanism outlined below for the biosynthesis of heparin and HSis a

proposed model(Figure 1.9).
HSsynthesis is initiated with the attachment, via an O-linked glycosidic
bond, of a xylose monosaccharide to a specific serine residue within a core
protein. This covalent attachment is formed by xylosyltransferase within
the endoplasmic reticulum (Bourdonet a/., 1987). A terasaccharide linkage
region is then assembled on the protein (GlcA betal-3Galbeta1-3Galbetal 4Xylbetal-). Attachment of two galactose (Gal) residues is acheived by
galactosyltransferases I and II (GalTI and GalTII) and the glucuronic acid
(GlcA) by glucuronosyltransferase I (GlcATI) (Kitagawaet al., 1999; Fritz
et al., 1994). Not all attachment sites undergo linker attachment and the
linker region itself can be modified e.g. by phophorylation.
GAG chain extension then occurs in the Golgi apparatus, via the
alternating addition of GlcA and GlcNAcresidues from the precursors Nacetylglucosamine (UDP-GlcNAc) and glucuronic acid (UDP-GlcA). HS
co-polymerase (Ext-1 and Ext-2 enzymes) carry out this processresulting
in a repeating disaccharide chain [-4)-D-GlceA-(B1-4)-D-GlcNAc-(a1-]
with no modifications (McCormicket al., 2000).

The uniform chain is then modified to give a variety of HS/Heparan
saccharides. First, N-de-acetylase/N-sulpho-transferase (NDST) removes
the N-acetyl group (NAc) from the GlcNAc and replaces it with an Nsulphate (NS) group (Gullberg and Kjellén 2003; Duncan et al., 2006).
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However, this does not occur uniformly throughout the chain and the
reaction may not go to completion 1.e. de-N-acetylation may occur without
subsequent N-sulphation (Kamiyama et al., 2004), resulting in GlcNH2
residues.For this reaction and all subsequent sulpho-transferase reactions
phosphoadenosine-phosphosulphate (PAPS)is the sulphur donor.

A further modification, epimerisation, occurs after N-sulphation but before
O-sulphation, whereby, glucuronosyl C-5 epimerase acts on some
glucuronic acid (GlcA) residues within the region of previously Nsulphated residues, resulting in the conversion of the residue to the C-5
epimer iduronic acid. This is thought to add flexibility and encourage
various protein reactions (Backstrom at al., 1979; Casu et al., 1988;
Hagner-Mewhirteret al., 2004). As a result of NDST and epimeraseaction,
increased regions of GlcNS and IdoA result, which allows further O-

sulphation and subsequent formation of highly sulphated “S” domains
(Gallagheret al., 1992).
The sulpho-transferase 2OST can act after epimerisation on iduronic acid
residues at the C-2 position to add a 2-O-sulphate (Kobayashi etal., 1997).
On rare occasions GlcA residues can also be 2-O-sulphated. The sulphotransferase 6OST can then act on GlcNAc or GIcNS at C-6 to add a 6-Osulphate (Habuchiet al., 1995). 3-O-sulfation of the glucosamine is a rare
modification that constitutes the last step in the biosynthesis of HS; the
30STcan act on GIcNSresidue at C-3 to add a 3-O-sulphate (Schworak ef
al., 1996; Jacobsson et al., 1980). Multiple isoforms of most of these
enzymesexist with different species showing different substrate activities
(Nogamiet al., 2004; Habuchietal., 2000). However,notall sites that can
be modified are, and since the process is not template driven, molecular
diversity results.
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(EXT1-2; EXTL1-4)

(UDP-GIcA)

HS copolymerases

mt i~—@ -UDP

Figure 1.9. Schematic of the biosynthetic pathway of Heparin and Heparan sulphate. Chain extension occurs with the addition
of GlcA@® and GlcNA_] residues from the precursors N-acetylglucosamine (UDP-GlcNAc) and glucuronic acid (UDP-GlcA).
This is carried out by HS co-polymerase (Ext-1 and Ext-2) enzymes. Chain modifications result whereby, N-de-acetylase/N-sulphotransferase (NDST) removes the N-acetyl group (NAc) from the GlcNAcand replaces it with an N-sulphate (NS\_] . Furthermore,
C-5 epimerase acts on some glucuronic acid (GlcA) residues, resulting in the conversion of the residue to the C-5 epimer iduronic
acid. The sulpho-transferase 2OSTcan act on iduronic acid residues at the C-2 position (and rarely on glucuronic acid residues) to
add a 2-O-sulphate@. . 6OST can then act on GlcNAc or GIcNSat C-6 to add a 6-O-sulphate® . Based on a figure by Turnbullef al.,
2001.
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1.17. Modified heparins andthe saccharidelibrary.
The production of semi-synthetic chemically modified heparins (an

analoguelibrary) allows the bioactivity of structural motifs to be identified
whilst providing an answer to the challenge of workable amounts of
oligosaccharides derived from heparin and HS. They also provide useful
detail with regard to the need for the presence or absence ofcertain groups

for particular activities.
Thus, modification of heparin and HS molecules enables the creation of
polysaccharide or oligosaccharide fragments in useful amounts for the
explorationof its sulphation pattern and activity properties. For the purpose
of this work only chemically modified polysaccharides were used. Yateset

al 1996, produced 120 kDa(Patey et al., 2006) semi-synthetic chemically
modified analogue libraries consisting of intact heparin and seven
chemically modified polysaccharides, each with a single or combinedset
of (specific desulphation) modifications carried near to completion (Figure

1.10).
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Figure 1.10. Predominant disaccharide structures of eight chemically modified heparin polysaccharides. Porcine intestinal
mucosal heparin is N-acetylated to give N-acetyl PMH. N-acetyl PMH and PMHcan then be chemically modified with the removal
of either their 2, or 6-O-sulphate groups or both sulphate groups. Over sulphation of the un-sulphated OH groups on the heparin
polysaccharide can also be achieved (persulphated heparin **). This serves as a control that a given activity is not simply correlated
with the overall charge of the molecule
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1.18. Neuronaldifferentiation and heparan sulphate.
The present focus of HS research today is relating its highly diverse

structures to their functions. The use of the polysaccharide HSlibrary has
enabled us to investigate their structure and involvement in certain
processes more clearly. HS has been shown to be involved in neuronal
differentiation of embryonic stem cells (Johnsonet al., 2007). This is most
likely dueto its effect on FGF signalling. FGF is knownto be involved in
neurogenesis during development (Coumoul eta/., 2003; Partanen, 2007).
Furthermore, FGF inhibitors prevent neuronal differentiation indicating
that FGFsignallingis essential for neuronal differentiation (Stavridisetal.,
2003). It has been previously shown that HS oligosaccharides that vary in
structure and/or degree of sulphation can either promote or inhibit FGF
signalling (Ford-Perriss et al., 2002; Moodyet al., 2002; Guimondet al.,

1999). Recent unpublished work from our lab has shown that addition of
specific soluble modified heparins which vary in their sulphation pattern
will either inhibit or enhance differentiation of mES cells. Addition of
under-sulphated heparin (60DS) induces an increase of neuronal cells,
whilst persulphated heparin saccharides reduce the number of TUJ-1
positive neuronalcells, suggesting differential regulation of differentiation
pathways.

1.19. FGF signalling and heparansulphate

A group ofstructurally related polypeptides, the fibroblast growth factors
(FGFs) are knownto stimulate a numberof processessuchas proliferation,
migration and differentiation (Tumovaef al., 2000). There are twenty two
known signalling FGFs and four FGF receptors (FGFR 1,2,3 and 4)
together with multiple mRNAsplice variants, which maintain homeostasis
and development of virtually every human tissue (Orintz et al., 2001;

Powers et al., 2000). The formation of a ternary complex of FGF, FGFR
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and HSis essential for FGF signalling to occur (Ibrahimi et al/., 2004)
however, not all FGFs bind all FGFRs.
Whilst the need for HS in the FGF/FGFRinteraction is essential for an
array of signalling pathways (Yayon et al., 1991), HS can be replaced by
exogenous (saccharides) fragments. The sequencing of heparin and HS
fragments has elucidated specific interactions between FGF FGFR
complexes and HSsulphation patterns (Guimondef al., 1999; Kreuger et
al., 2001). For example; activation of FGF-1 and FGF-2 was found to be
dependent on oligosaccharide length and sulphation pattern (Guimondet
al., 1999; Pye et al., 2000). Therefore, the FGF FGFR complex has
requirements for the saccharide to which it binds allowing regulation of

biological processes by alteration of the structures of cellular HS (FordPerris et al., 2002). This led to the hypothesis that specific oligosaccharides
could be usedto direct differentiation of neuronal cells from EScells.
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1.20 Aims and objectives
The aim of this project is to develop a defined culture system using
synthetic polymers with controlled topography and surface chemistry and
ECM components which will (i) enable mES and hES cells to be
propagated and isolated under GMP conditions and (ii) in combination

with specific HS species, investigate the role of HS in hES cell neuronal
differentiation.

The specific objectives of this project are to:-

I. Design synthetic polymeric tissue culture substrates with defined
chemistries; PLGA [Poly(L-lactide-co-glycolic acid)] and PCL
(Poly caprolactone) to give hydrophobic surfaces, PVA (Polyvinyl
acetate) and SCMC (carboxymethyl cellulose, sodium salt) to give
hydrophilic surfaces, Zetag™ to give a positive surface and gas
plasma treated tissue culture plastics (Plasso) to give a negative
surface, in order to test their abilities to promote self-renewal of
mEScells.

10m Define growth media for self-renewal of mES cells on synthetic
substrates using Advanced® and Animal Free (AF) media.
Advanced DMEM*®is a medium from Invitrogen, whichis defined
to a certain extent, but still contains the animal product bovine
albumin. AF media is made from defined DMEM without the
albumin supplement. Following identification of substrates that
support self-renewal, attempts will be made to improvethe rate of
cell proliferation on these substrates by modifying the architecture
of the polymer (by varying the chemical composition and
topography).
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Properties of EScells will be investigated after long term culture in
defined medium on synthetic substrates by:
A) Investigating pluripotency of cells grown on polymers by
marker analysis [OCT4/Alkaline phosphatase (Wobus et
al., 2003; Venableet al., 2005)].
B) Determining whether ES cells cultured for prolonged

periods on synthetic substrates retain the ability to
differentiate when grown in suspension as EBs.
Il. Analysis of growth of a hES cell line on promising polymers
including extracellular matrix proteins.

To investigate the role of specific heparan sulphates in regulating
self renewal/differentiation hEScells by:
A) Propagation of hES cells in a defined culture system
developed previously (III).

Addition

of various

HS

saccharidesto the culture system, followed byidentification
of changes in cell morphology, attachment, proliferation
and differentiation.
B) In particular the up or down-regulation of neuronal markers
in the presence of modified HS derivatives.
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Chapter 2
MATERIALS AND METHODS.

2.1. Materials.
2.1.1. Solvents

General solvents
Ethanol: redistilled; Department of Chemistry, University of Liverpool.
All other solvents were of AnalaR grade from BDH Ltd., Poole, Dorset,
UKunless otherwisestated.

2.1.2 Water

Water was purified by reverse osmosis using a Direct-Q System (Millipore
Corp., Mass. USA). Asa final purification step, the water is passed through
a 0.22 um filter, and has resistivity of 18.2 MQ cm or greater. This water
was used for all procedures, including cell culture experiments. For
molecular biology experiments nuclease free water (sigma) was used.

2.1.3. General buffers.

Phosphate Buffer Saline (PBS): 8 g sodium chloride, 0.2 g potassium
chloride, 1.44 g di-sodium hydrogen orthophosphate and 0.24 g potassium
di-hydrogen orthophosphate in 800 ml sterile distilled water. When
completely dissolved the pH was adjusted to 7.4 with hydrochloric acid.
Sterile distilled water was added to a final volume of 1 L, which was
autoclaved for 20 min on a liquid cycle. PBS was stored at room
temperature until used (Sambrook ef al.,
experiments, PBS from Invitrogen wasused.
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1989). For cell culture

HEPES

buffer:

0.037

M

N-(2-hydroxyethyl)

piperazine-N-(2-

ethanesulphonic acid (HEPES, Sigma), 0.3 M sucrose (for isotonic buffer)
or 0.05 M sucrose (for hypotonic buffer), adjusted to pH 7.5.

4 % paraformaldehyde (PFA): PFA was prepared for fixing cells and
embryoid bodies (EBs) by adding; 4 g PFA (Sigma) in 100 ml | x PBS
(Invitrogen). The solution was warmed on a 40 °C hot plate until all the
PFA had dissolved. 4 % PFA wasstored at 4 °C for | week before being
discarded.

2.1.4 General reagents
All reagents used for general experiments were of normallaboratory grade
and supplied by Sigma, unless otherwise stated. Molecular Biology
reagents were usually molecular biology grade supplied by Sigma.

2.1.5 Cell lines.

R1 mouse embryonic stem (mES)cell lines and the STO mouse embryonic
fibroblast cell line were a gift from Neil Smith, Cardiff University, Wales.
Hues7 and Hues! human embryonic stem (hES)cell lines were from the

Harvard Stem Cell institute, Harvard University, Cambridge, USA. Hes-3
hEScell line was purchased from EScell International, Singapore.
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2.2. Methods.

2.2.1 Cell culture

2.2.1.1. Preparation of 0.1 % gelatin solution.
0.1 % (w/v) porcine gelatin solution was prepared for coating dishes used

in cell culture by adding; 0.1 g of porcine gelatin (Sigma) to 100 ml of 1 x
PBS. Autoclaving ensured the gelatin solution was dissolved whilst
sterilizing the solution.

2.2.1.2 Preparation offibronectin, laminin andvitronectin for use in
cell culture.

hEScell lines Hues7 and Hues! were maintained on 50 j1g/ml of human
plasma derived fibronectin (Chemicon). Fibronectin was diluted in 1 x
PBS to give a working concentration of 50 pg/ml, 700 ul offibronectin
wasplated onto 35 mmtissue culture dishes for 1 h at 37 ° C. Following
aspiration offibronectin dishes were washed twice (1 x PBS, 2 min). hES
cells were subsequently seeded onto prepared fibronectin dishes. Hues-1
cells were also maintained in serum-free medium on humanvitronectin (R
& D systems) at a working concentration of 5 ng/ml and human Laminin
(Invitrogen) at a working concentration of 10 ng/ml. Vitronectin and
Laminin werediluted in 1 x PBS with dishes being coated for 1 h at 37 °C
as with fibronectin coated dishes.

Saccharides were attached to dishes previously coated in fibronectin, and
poly-L-lysine. Three chemically modified heparin saccharides which
varied in their sulphation pattern; Heparin control, 6O0DS (undersulphated)
and persulphated heparin (oversulphated) were used. They were diluted to

give a working concentration of 100 jg/ml and plated over previously
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coated dishes for 1 h at RT. 35 mm dishes were rinsed with | x PBS prior
to use.

2.2.1.3 Advanced Medium (Adv).
ESC medium is compromised of Advanced DMEM® (Dulbeccos modified
Eagles medium) (Invitrogen) supplemented with 2 mM L-glutamine, 1
mM 2-mercaptoethanol, with or without 250 U/ml leukaemia inhibitory
factor (LIF) (Chemicon).
2.2.1.4 Animal Free medium (AF).

AF media was adapted from the media used by Wiles and Johnson, 1999
and is composedof high glucose DMEM(Invitrogen) supplemented with 2
mM L-glutamine, 5 uM 2-mercaptoethanol, 1 mM monothioglycerol, 0.1
% PVA (polyvinyl alcohol), 0.1 mM non-essential amino acids, 1 ml/100
ml

essential

amino

acids

(Invitrogen),

1

m/l/100'

ml

insulin/transferrin/selenium (Invitrogen), 1 ml/100 mllipids (Invitrogen),
0.5 U/ml penicillin/streptomycin (pen/strep) antibiotics, 1 mM sodium
pyruvate. Whenrelevant, LIF was added at 250 U/ml.
2.2.1.5 10% FCS

10 % FCS medium used for coating tissue culture dishes and neutralising
trypsin comprised, 10 mlfoetal calf serum (FCS) (PAA)in 100 mlof high
glucose DMEM.10% FCS medium used in EB formation consisted of 10
% FCS medium supplemented with 2 mM L-glutamine (Invitrogen). For
STO medium 0.5 U/mlof pen/strep was added.
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2.2.1.6 Serum replacement medium.
hEScell lines Hues-7 and Hues! were maintained on MEFsin Harvard
medium consisting of Knockout medium (Invitrogen) supplemented with 2
mM L-glutamine (Invitrogen), 0.1

mM non-essential amino acids

(Invitrogen), 2.5 pM 2-mercaptoethanol (Invitrogen), 20% Knockout

serum replacer (Invitrogen), 10 ng/ml basic fibroblast growth factor
(Sigma), 12 ng/ml LIF (Chemicon) and 0.5 U/ml pen/strep antibiotics
(Invitrogen).
2.2.1.7 Serum free medium.
The base components of the Serum-feeder free medium consisted of (1:1,

v/v) DMEM:F12 medium with the addition of 2 mM L-glutamine, 0.1%
bovine serum albumin (BSA) (Sigma), 0.01 mM B-mercaptoethanol and
0.1 mM NEAA. Base components were prepared in Advanceandstoredat
2 °C. Aliquots were defrosted when needed and additional supplements
added, which included 1 x N2 supplement (Gibco), 1 x B27 supplement

(Gibco), 40 ng/ml FGF2 (Autogen Bioclear), 10 ng/ml Activin A (R&D
systems) and 2 ng/ml NT4 (Peprotech). Complete medium wasstored at 4
°C for a maximum of | week. For saccharides in suspension, serum free
media was prepared with the addition of saccharides to a working
concentration of 100 pg/ml.
2.2.1.8 Routine mEScell culture

mEScell line R1 were routinely maintained on 35 mmtissue culture dishes
(Nunc) coated with 0.1 % (w/v) porcinegelatin and 10 % (v/v) FCS. 1 ml
0.1 % (w/v) gelatin was transferred to each culture dish and incubatedat

room temperature for at least 15 min. The gelatin was aspirated and
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replaced with 1 ml 10 % (v/v) FCS andincubated at room temperature for
a minimum of 15 min. The 10 % (v/v) FCS solution wasaspirated and the

dishes were washed once with PBS, which wasaspirated immediately prior
to transferring the cell suspension to the dishes. For routine maintenance,
ES cells were cultured in Adv medium and cells were typically split 1:4
every 3 to 4 days using the following procedure: the culture medium was
aspirated and following | wash with PBS to removetraces of medium,a |

x solution of trypsin/EDTA (Sigma) in PBS wastransferred to the culture
dish and incubated at 37 °C for 3-5 min. The trypsinized cells were then
transferred into a 15 ml conical tube containing an equal volume of
DMEM(Invitrogen) supplemented with 10 % (v/v) FCS to stop the trypsin
reaction. The cells were pelletted by centrifugation at 800 x g for 2.5 min

in a desk top centrifuge. The supernatant was aspirated andthecellpellet
resuspended in the appropriate medium. Cell suspension wastransferred to
35 mm gelatin-coated dishes and medium addedto give final volume of
2.5 ml. The dishes were gently agitated before replacing in the incubator.
All solutions were preheated to 37 °C before use.
mEScell line Rl was also maintained on either 80 %, 100 % Zetag™

coated dishes, carboxylic acid (Plasso) coated dishes, 0.1 % (w/v) gelatin
on its own or with 10 % (v/v) FCS coated dishes or RESOMER®polymers
(see section 2.2.2) in Adv or AF medium in a humidified atmosphereat 37
°C with 10 % (v/v) COQ)in air. For cell dissociation, a non-enzymatic
technique was used whereby | ml of 1x cell dissociation buffer (Sigma)
was added to 35 mm tissue culture dishes and left at 37 °C for 5 min, an
equal amount of Adv or AF medium was added andcells pelletted,
resuspendedandplated as described above.
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2.2.1.9 Routine hEScell culture.

hEScells were dissociated from MEFsusing | % trypsin (Sigma) and in
serum-free conditions (for media see section 2.2.1.7 and for substrate
preparation see 2.2.1.2) cells were subcultured using | % dissociation
buffer. Cells were split as previously described in section 2.2.10 with a few
exceptions; cells were typically split 1:3 every 4-6 days, and were spun at
600 rpm in a desk top centrifuge and kept in a humidified atmosphereat 37
°C with 10 % (v/v) CO)in air. Media was changed on these cells every
other day.
2.2.1.10 Derivation of mouse embryonic fibroblasts (MEFS).
CD1 13.5 day pregnant female mice were killed by a schedule 1 cervical

dislocation. 70 % ethanol was liberally sprayed over the abdomen.
Incisions were made through the skin and the peritoneum to expose the
uterine horns. The uterine horns were dissected and placed in a Petri dish
containing PBS (w/o Ca** and Mg”’) (Invitrogen).The embryos were
removed from the embryonic sac and the placenta and extra-embryonic
membranes

were

discarded.

Embryos

were

then

decapitated

and

eviscerated and the remaining carcases washed 3 times in PBS. Carcases
wereplacedin a clean Petri dish and then minced with a scalpelblade. 2 ml
of 0.25 % trypsin (Sigma) was added for 10-20 min and incubated at 37 °
C. 5 ml of DMEM(Invitrogen) supplemented with 10 % foetal calf serum
(PAA Laboratories), 2 mM L-glutamine (Invitrogen) and antibiotics [0.5
U/ml pen/strep (Invitrogen)] was added and the sample wastransferred to
a 15 ml conical tube and pipetted vigorously. Cells recovered from 1-2
embryos were transferred to a 120 mm culture dish (Nunc) in 15 ml of

DMEM medium supplemented with 10 % FCS and incubated at 37 ° C
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overnight. The next day the medium wasreplaced in order to remove
floating cellular debris. Cells were passaged when they had reached ~ 90 %
confluency. After the third passage, cells were used to make feedercells.

2.2.1.11 Routine STO and Mouse embryonic fibroblasts (MEFs) culture
Feeder layers (STO and MEFs) were maintained on 120 mm tissue culture
dishes (Corning) in 10 % FCS medium described in section 2.2.7 on 0.1 %
gelatin coated dishes. Coating of dishes with gelatin and subculture of
feeder layers were carried out as described above (mES cells routine
culture). However, 4.5 ml of PBS and 0.5 ml of Trypsin/EDTA (Sigma)

was used to remove feeder cells from the dish and 5 ml of DMEM
(Invitrogen) supplemented with 10 % FCS (PAA laboratories) was used to
neutralise the trypsin reaction.

2.2.1.12 Preparation ofMEF and STO feedercells
Prior to incubation with mitomycin C, the feeder cell medium was reduced
to 5 ml and 20 pg/mL of Mitomycin C (Sigma) was added for 2-3 h at 37
°C in a humidified incubator. Media containing mitomycin C was removed
and cells were washed in Sml of PBS (3 times ,1 min). PBS was removed
and the cells were trypsinized (as described above). Gelatinization of 35
mm tissue culture dishes (Nunc) occurred as described above, inactivated
feeder cells were resuspended in the appropriate medium andplated onto
gelatinized dishes.
2.2.1.13 Preparation offrozen stocks ofES cells.

For freezing ES cell cultures, a recovery cell culture freezing medium
(Invitrogen) containing DMEM,foetal bovine serum and bovine serum and
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10 % dimethyl sulfoxide (DMSO). Cells in mid-log growth were harvested
by centrifugation at 1000 x g for 2.5 min. The cell pellet was resuspended
in the freezing medium to obtain approximately 5 x 10° cells/ml. 1 ml
aliquots of cell suspension were transferred into sterile freezing vials. The
cells were frozen by placing in a freezing pot containing isopropanol at -80

°C overnight to ensure freezing occurred at a rate of 1 ° every min. The
following daythe vials weretransferred to a liquid nitrogen storage bank.
2.2.1.14 Recoveringfrozen cell lines.
A vial of cells was removed from liquid nitrogen storage and thawed in a
37 °C water bath. When only a small ice pellet remained, the vial exterior
was sprayed with 70 % ethanol and the contents were transferred to a 15
ml conical tube containing 10 ml 10 % FCS medium. The cells were spun
as described above and the cell pellet resuspended in the appropriate
medium. Once the culture approached confluency, the cells were
subcultured as normal.

2.2.2 Synthetic substrate production.
2.2.2.1. Production of the positively charged polymer Zetag.

Zetag’™ (7689, Ciba Speciality Chemicals) dishes were prepared by
coating 3.5 cm Nunc”tissue culture dishes with 3 ml of 0.3 % (w/v) of

Zetag™ (7689, Ciba Speciality Chemicals) for 10 min. Dishes were then
rinsed with ddH,Ofor 1-3 min to achieve a uniform coating and allowed to

air-dry in a laminar flow hood overnight. Treated dishes were sterilised
with two cycles of ultra violet (uv) light (265 nm) each cycle lasting
approximately 30 min.
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2.2.2.2. Production of the negatively charged carboxylic acid polymer.
Varying gradients of carboxylic acid dishes and homogenousdishes were
supplied by Plasso Technology Ltd and were prepared by a process of
plasma polymerisation. The monomerused wasacrylic acid which wascopolymerised with Octadiene.

2.2.2.3. Formation ofPLGA RESOMER*®polymers.
RESOMER™ Poly(L-lactide-co-glycolic acid) (PLGA) polymers were
purchased from Boehringer Ingelheim and used without further treatment.

RESOMER®LR708 (Poly(L-lactide-co-glycolic acid) 70:30,i.v. [dl/g 5.56.5]), RESOMER® LR 503 (Poly(L-lactide-co-glycolic acid) 50:50, i.v.
[dl/g 0.32-0.44]), RESOMER® LR 504 (Poly(L-lactide-co-glycolic acid)
50.50, i.v. [dl/g 0.45-0.60]), RESOMER® LR 756 (Poly(L-lactide-coglycolic acid) 75:25, iv. [dl/g 0.7-1.0]). Please note: i.v. = inherent
viscosity measured at 0.1 % (w/v) in CHCl; at 25 °C. Polymers were
dissolved in dichloroethane (DCE) at 1 % and 3 % (w/v) concentrations.
Typically, 1.0 ml polymer solution was dropped and spread on 3 glass
cover slips which were then frozen and the DCE removed using a freeze
dryer (VirAdvantage) at — 55 °C for 20 minutes. Polymers weresterilised
with two cycles of UV light (as above) and washed with ddH2O and 70 %
ethanolprior to subculture use. To fabricate coverslips containing islands
with polymerand islands without polymer, PLGA was addedin droplets

aroundthe glass coverslip, and freeze dried as described above.
Samples which were air dried (AD) were prepared in the same way but
without the freeze drying step. Instead the glass coverslips coated in the
Iml of PLGA were left to air dry in a fume cupboard for 48 h. For
67

fabrication

of

less

porous

polymers,

PLGA

was

dissolved

in

dichloroethane as above but, whilst being dissolved, the lids of the glass
bottle containing the solution were removedfor a time course consisting of
30 min, 4 h and 24 to allow evaporation and further concentration of the
solution. Samples were plated on glass coverslips and freeze dried (FD) as
described above.
2.2.2.4. Formation ofPLGA cast polymers.

Casting papers which varied in degrees of roughness, were a gift from
Biomer Technology Ltd and Cortex Ltd. 2 ml of PLGAin dichloroethane
and or PLGAin acetone were cast against the rough side of the paper and
left to air dry as described above. Dried polymer films imprinted with the
pattern of the template were then peeled from the casting papers.
RESOMER® LR 708 PLGA (3 and 5 %) was dissolved in acetonerather
than dichloroethane to prevent the polymer seeping through the casting

papers.
2.2.3 Cell analysis
2.2.3.1 Counting cells using a haemocytometer.

A sample ofcell suspension wasused to prepare duplicate 2-fold dilutions
in Trypan Blue solution (0.4 % Trypan blue in PBS) (Sigma). A small
volume of the stained cell suspension was withdrawn using a Pasteur
pipette. The tip of the pipette was placed onto the slot of the
haemocytometer (Hausser Scientific Company, Horsham, PA; USA) and
the cell suspension was allowed to pass under the coverslip bycapillary
action. The average numberofcells per 1 mm” was determined using a
Nikon Diaphot inverted microscope. Cells that had stained dark blue were

counted as non-viable. The viable cell number per ml was calculated by
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multiplying the average number ofviable cells per 1 mm? by factor of
10° (according to manufacturer’s instructions). To determine the total
viable cell number in the original cell suspension, the volume (ml) of the
original suspension was multiplied by the viable cell number per ml.
Percentage growth of the population (taking into consideration the factor
by which each dish had been split at passaging; typically 1:2) was
determined by;
% growth = final corrected population

x 100

start population
To determine the actual cell number using the % growth of the population
the equation below wasused.
actualcell no.= No. ofcells from previous passage

x % growth

2.2.3.2 EB formation.
To generate EBs hES and mEScells were cultured in suspension in 10 %
(v/v) FCS medium in petri dishes (Starstedt) in order to promote aggregate
formation. After 4 days of suspension culture, the resulting EBs were
plated on 0.1 % (w/v) gelatin and 10 % (v/v) FCS coated 8 well Permanox
chamberslides (Nunc). To promote neuronal differentiation, attached EBs
were cultured for 7 days in Advanced DMEM® without LIF. For
differentiation of all other cell types 10 % (v/v) FCS medium wasused.
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2.2.3.3 Fixation ofEBs
EBs were transferred to a 15 ml conical tube and were allowedto settle

under gravity, or were centrifuged at 600 x g for 1 min. The supernatant
wasaspirated and 4 ml of 4 % PFA was added. Incubation in the fixative
was performed at RT for various time periods, dependent on the size and
age of the EBs: i.e. for 1-3 day EBs; 10 min, for 4-7 day EBs; 20 min and
for EBs older than 7 days; 30 min. PFA was removed after the appropriate
incubation time had occurred and EBs were washed 1x PBS (3 times,

Imin). EBs could bestored for a maximum period of 1 week at 4 °C before
gelatin embedding and immunostaining.
2.2.3.4 Gelatin embedding and preparation offrozen sections

Following fixation, PBS was aspirated from EBs and 10 ml of 15 % w/v
sucrose [15 g sucrose in 100 ml RO water (Sigma)] was added. Following
o/n incubation at 4 °C the sucrose solution wasaspirated and replaced with
7.5 % wiv 37 °C (molten)gelatin solution (7.5 g gelatin (Sigma) in 100 ml
15 % sucrose solution heated to 60 °C until all gelatin dissolved). Gelatin
solution was cooled to 37 °C and 4 ml of 7.5 % gelatin solution was added
to EBs and EBsincubated in a 37 °C water bath until the EBs collected at
the bottom of the conical tube under gravity. During the incubation period
20 ml of gelatin solution was transferred to 5 cm’ weighing boats and
allowed to set at RT. Most of the gelatin solution was then carefully
removed from the EBs, leaving approximately 100-500 pl in the conical
tube. The EBs were pipetted in 100 pl droplets onto the set gelatin in
weighing boats and allowed to set at RT. Using a razor blade, a | cm”
chunk ofgelatin containing a single EB droplet, was cut from the weighing
boat and mounted on a cork disks (Raymond A Lamb) using cryomount

(Bright Instrument Company Ltd). The EBs were then frozen by
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transferring the cork discs into liquid nitrogen chilled isopentane (Sigma).
Samples were wrappedin foil and stored at -80 °C.
Samples were sectioned using a Micron HM 505 cryostat set at -20 °C
and were cut at 7.5-10 um. Sections were transferred to ‘subbed’ slides
(see section 2.2.7) and were stored at -20 °C. For measuring EB sections
the Leica application imaging software wasused.

2.2.3.5 Preparation ofsubbed slides

Frosted microscope slides (76 x 26 mm) (VWR)wereplaced into slide
holders and cleaned by soaking in 100 % Ethanol for 10-15 min. Slides
were washedinsterile distilled water five times, and were storedin sterile

distilled water whilst the subbing solution was prepared. Subbing solution
consisted of 500 mldistilled water being heated to 60 °C, 2.5 g of gelatin
type A (bloom 300) was addedto give a 0.5 % solution, this solution was
mixed vigorously. The solution was allowed to cool to 40 °C and 0.25 g of
chromium potassium sulphate (CrKSO4.12H20) (BDH)to give a 0.05 %
solution. Slides were added to subbing solution for 25 sec and allowed to
drain overnight at RT in a dustfree environment before being packed into
slide boxes. Slides were stored at RT for up to two years.

2.2.3.6 Immunostaining.

Cells were fixed with 4 % (w/v) paraformaldehyde freshly made in | x
PBS, for 5 min at room temperature and washed times in 1 x PBS. Cells
were incubated in a humidified chamberfor 1 h at RT in blocking solution,
consisting of 10 % (v/v) serum (Sigma) and 0.1 % (v/v) Triton X 100
(Sigma) in PBS. The serum was either goat, bovine or chicken serum
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depending on the antibody used. The blocking solution was aspirated and
the primary antibody solution consisting of primary antibody [see Table for
concentrations used (page 15)] in 1 % (v/v) FCS and 0.1 % Triton X 100 in
PBS wasapplied and incubated in a humidified chamberat 46 °C o/n. The
primary antibody solution was aspirated and the samples were washed x 3

in PBS(thefirst and second wash occurring for 1 min andthe third for 5
min). The secondary antibody was then applied, which consisted of the
appropriate fluorescent secondary antibody (1:1000) 1 % (v/v) FCS and
0.1 % Triton X 100 in PBS and incubated in a humidified chamber at RT
for 2 h. Fluorescent labelled secondary antibodies had different fluorphores
attached to allow dual staining, 488 (green) and 594(red) (see table). The

secondary antibody solution was aspirated and the samples washed x 3 in
PBS (as described above). Samples were then counterstained with DAPI
(10 ng/ml, Molecular probes, Invitrogen) as follows: DAPI solution was
added for 3 min after the secondary antibody incubation and then aspirated
and washed x 2 in PBS. PBS was removed and a drop of mounting
medium (Dako) was added. After mounting with a 0.13-0.17 mm thick
coverslip, immunostained samples were visualised using a Leica DMIL

fluorescent microscope. Blocking solution, primary and secondary
antibody solutions were centrifuged in a Micro centaur desk top centrifuge
at 13,400 x g for 5 min. All secondary and primary antibodies are listed in
Table 2.1.

For immunostaining of EB sections the gelatin was removed prior to
blocking by placing slides in a Coplin jar containing 1 x PBS and
incubating in a water bath at 37 °C for 20 min. The EBsections were then
encircled with a hydrophobic pen (Dako) prior to application of the
blocking solution. Immunstaining was performed as above but without the
addition of 0.1 % (v/v) Triton X 100 because samples did not require
permeabilization.
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For every experiment a primary antibody control was performed to ensure
no non-specific binding of the secondary antibody was occurring. This
control was carried out by omitting the primary from the staining
procedure. If any background staining was observed in control samples
only fluorescence observed above these levels were considered to be
positive staining. Whilst a primary antibody control would indicate non-

specific binding of the secondary antibody, an isotype matched
immunoglobulin control would have been a more precise methodto use.
2.2.3.7 Alkaline phosphatasestaining.

Alkaline phosphatase (AP) staining was carried out based on the method
described by Paling et al., 2004. Cells were fixed with 4 % (w/v)
paraformaldehyde for 10 min and equilibrated with 0.1 M Tris HCl, pH
9.2. Cells were incubated in 0.2 mg/ml of Naphthol AS-MX phosphate and
Img/ml of Fast Red TR (Sigma) dissolved in 0.1 M Tris HCl pH 9.2 and
incubated for approximately 30 min, following which, the samples were
counterstained with DAPI as described above.
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Table 2.1. List of antibodies used for immunostaining. Identification of the marker detected by the antibody both, primary and
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2.2.3.8 Adhesive assay

Cells were trypsinised and pelleted as described previously (section
2.2.1.9) counted and plated to give the same numberofcells in each dish.
Dishes were previously coated with fibronectin and varying concentrations
from 500 pg/ml to 0.1 pg/ml of heparin analogues. HS waseither attached
to the dish i.e. previous coating of 50 pg/ml of fibronectin for 1 h and

subsequent HS coating occurred for 1 h or in solution; i.e. analogues
incubated with the cell suspension for 5 min. Cells were left to attach for 1
h (previously determined time for hES cells to attach to fibronectin) and
those that remained floating after this time were removed and counted as
described in section 2.2.3.1. The percentage of non-adherent cells was
determinedfor cells treated with heparin and modified heparin saccharides,

6ODSand persulphated, which were either attached to the fibronectin
coated dishes or added in solution. The equation used to determine this
was;
°% non-adherentcells = numberofcells floating after lh

numberofcells plated at start

2.2.4 Molecular Biology techniques.
2.2.4.1. Isolation of total RNA.
All equipmentusedfor the isolation and purification of RNA wasnuclease
free. Total cellular RNA wasisolated from Hues-1 cells and EBs. Total
cellular RNA wasextracted using the acid phenol-chloroform extraction
method of Chomezynski and Sacchi (Chomezynski and Sacchi, 1987),
with some modifications. Sterile, disposable plastic ware was used

throughout the procedure. Cell cultures were rinsed twice with DMEMand
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the medium thoroughly removed with a suction pipette. Cells were lyzed
with

1

ml of Trizol” (Invitrogen) and transferred to a

1.5 ml

microcentrifuge tube. 200 ul of chloroform (Sigma) was added and mixed

by shaking for 5 seconds. Phase separation was achieved bycentrifugation
for 15 min at 12 g in a Jouan bench top centrifuge MR23i at 4 °C. The
upper aqueousphase wasthen carefully removed and placed in a fresh 1.5

ml microcentrifuge tube containing 1 pg of glycogen (Sigma). To this 500
ul of isopropanol (Sigma) was then added and the contents mixed five
times by inversion, and incubated at room temperature for 10 min. The
RNAprecipitate was pelleted by centrifugation at 12 x g for 10 min at 4
°C. The supernatant was discarded and the RNApellet washed in Iml of 75
% (v/v) ethanol diethyl pyrocarbonate (DEPC)-treated water (Sigma)

followed by centrifugation at 500 x g for 5 min. For long-term storage, the
RNApellet was stored under ethanolat -20 °C.

2.2.4.2 DNase treatment.

The ethanol was removedbyaspiration with a sterile pipette tip and RNA
pellets were air dried for 2-3 min and dissolved in 15-30 yl of nuclease free
water (Sigma) depending on thesize of the pellet. Before cDNA synthesis,
RNA wastreated with DNase I (Promega) to degrade any contaminating
genomic DNA. 8 ul of RNAsolution was transferred to a fresh 0.2 ml
microfuge tube and the rest stored at -20 °C. 1 wl of DNase buffer [400
mM Tris-HCl (pH 8.0), 100 mM MgSO, and 10 mM CaCl] (Promega)
plus 1 pl of RQ1 DNase [supplied in 10 mM HEPES (pH 7.5), 50 %
glycerol (v/v), 10 mM CaCl, and10 mM MgCl] (Promega) was added to
the RNA and incubated at 37 °C for 30 min. Tostop the reaction, 1 pl of
STOP buffer [20 mM EGTA (pH 8.0)] (Promega) was added and the
solution was incubated for a further 15 min at 60 C.
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2.2.4.3 cDNA Synthesis
For cDNAsynthesis, 5 1 of DNase-treated RNA were mixed with 5 pl of
nuclease free water (Sigma) and 200 ng/ul random hexamers (Abgene),
incubated at 80 C for 3 min to denature RNA secondary structure and any
hexamerduplexes, then chilled on ice and pulse centrifuged at 13,400 x g
in a micro centaur desk top centrifuge, to collect all the contents. 4 pl of 5
x 1strand buffer (250 mM Tris-HCl, pH 8.3, 375 mM KCl; 15 mM

MgCh, Invitrogen), 2 1 dithiothreitol (DTT, 0.1 M, Invitrogen) and 1| ul
dNTP mix (10 mM,Invitrogen) were then added,the final solution gently
mixed by pipetting and incubated at 42 *C for 2 min to allow random
hexamers to anneal to template RNA. 1 pl of reverse transcriptase
(SuperScript II, 200 units, Invitrogen) was added and the reaction was
incubated for 50 min at 42 C for cDNA synthesis. The reaction was

terminated by heat inactivation of the reverse transcriptase at 70 ‘C for 15
min. Thesolution wasthen pulse centrifuged to collect all contents and the
concentration of cDNA wasdetermined by adding 1 pl of cDNA to the
Nanodrop ND-100 spectrophotometer and diluted to 200 ng/l in nuclease
free water (Sigma) andstoredat -20 °C.

29

NM 002211

NM 001134.1

NM 031944.1

U39840

NM 006086

NMO002046

ACCESSION

SIZE
(bp)
122(504626)
118(327445)
94(683777)
66(442508)
74(359433)
176(510686

House keeping marker

TGTGAACCATGAGAAGTATGAC
ATGAGTCCTTCCACGATACC
GACAATTTCATCTTTGGTCAGAG
CAGTTTTCACACTCCTTCCG
AGTGGATCATGGACCTCTTC
GACGAAGCAGTCATTGAAGG
TCCTTCCAACCTTTGGCTAG
GCTTCAGACATTTCGTTTCAG
TTTGGAGAAGTACGGACATTC
TTGTGTGCAAGAAAACAGTTAG
CAAAGGAACAGCAGAGAAGC
ATTGAGTAAGACAGGTCCATAAG

ECMreceptor

Endoderm marker

Mesoderm/endoderm

Endoderm marker

Neural marker

Lineage Marker

SEQUENCE 39’-3’
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Table 2.2 Primer Design. Primer sequences with accession numberand size of amplified product.

PRIMER
NAME
HGAPDHF*
HGAPDH R
6 3-tubulin F*
6 3-tubulin R
HNF3ALPHAF
HNF3ALPHR
MIXL1 F
MIXLIR
AFP F
AFP R
B1 Integrin F
B1 Integrin R

Primers designed for the amplification of neuronalcell types and other embryonic cell typesare listed in the table below

2.2.4.4 Primer sequences.

2.2.4.5 Polymerase chain reaction (PCR)

A final reaction volume of 25 yl was used which contained the following;
5 ul 10 x NHg, Reaction Buffer [(160 mM (NH,),SOq, 670 mM Tris-HCl
(pH 8.8 at 25 °C), 0.1 % Tween-20], 1 mM MgCh, 0.2 mM dNTP mix,5
U of Taq DNA polymerase (BIOTAQ™ DNApolymerase, Bioline), 200
ng cDNAand 0.25 4M forward and reverse primers and the reaction mix
was made up to final 25 pl reaction volume with nuclease free water
(Sigma). Amplifications were carried out over 40 cycles with an annealing

temperature of 58 °C for all primers on an Applied Biosciences 2720
thermal cycler.

2.2.4.6 Quantitative PCR

A final reaction volume of 10 pl was used which contained the following;
100 ng of cDNA,5 ul 2 x Jumpstart TAQ ready mix (Sigma), 0.25 uM
forward and reverse primers, and the reaction mix was made upto final
10 pl reaction volume with nuclease free water (Sigma). Amplifications
werecarried out over 40 cycles with an annealing temperature of 58 °C for
all primers. The reaction wascarried out on a Corbett, Rota Gene RG-300.
Data were analysed using Rota Gene6 software.

2.2.4.7 Agarose gel electrophoresis
PCR products were analysed by electrophoresis on a 2.5 % (w/v) agarose
gel in 1 x TAE buffer prepared by dilution of a 50 x TAEstock(1 litre: 54

g Tris buffer; 57.1 ml Acetic Acid; 20 ml 0.5 M EDTA, pH8.0). 2.5 g of
agarose (Sigma) was heated in 100 ml of 1 x TAE until fully dissolved.
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The gel was allowed to cool to approximately 60 °C and 0.5 pg/ml of
ethidium bromide (EtBr) was added before being poured to a depth of 1 cm
in a gel tray. An appropriate volume of DNA loading buffer [6x DNA
glycerol loading buffer: 5 ml sterile distilled water, 1.5 ml glycerol, 0.25 %
(w/v) bromophenolblue, 5 pl 0.5 M EDTA] was added to the DNA sample
prior to loading. Gels were run at 50 mA in | x TAE.Following
electrophoresis, visualisation of DNA occurred using a Biorad Quantity
One System. Size of DNA was estimated using a DNA mass ladder
ranging from 25 bp-500 bp (Hyperladder V, fully quantitative 25-500 bp
DNAladder, Bioline).

2.2.4.8 Purification ofPCR productfor sequencing
A miniElute PCR purification kit (Qiagen) was used following PCR (see
section 2.2.12.5) to purify the PCR product for sequencing analysis. 1
volume of PCR product was added to 5 volumes of PB buffer. The
adsorption of nucleic acids to silica surfaces depends on pH. Adsorption

is typically 80 % if the pH is < 7.5, and is reduced drastically at higher
pH. When PB buffer was added to the PCR product a yellow colour
resulted indicating the sample was at the correct pH of < 7.5. If the
sample colour had turnedorange/violet then the pH wastoo high and the

pH wascorrected with a small amount of 3 M sodium acetate, pH 5.0.
A MiniElute column wasplaced into a 2 mlcollection tube and the PCR
sample added to the MiniElute column. The binding of DNA to the
MiniElute column occurs by centrifugation at > 10.000 x g in a
conventional tabletop centrifuge for 1 min. Flow through (unwanted
primers and other impurities such as enzymesetc) was discarded and the
bound DNA sample was washed with 750 pl of buffer PE and centrifuged
for 1 min and flow through discarded. Residual Buffer PE was removed

82

by an additional centrifugation step for 1 min at > 10.000 x g. The
MiniElute column wasthen placed in a clean 1.5 ml microcentrifuge tube
and to elute DNA, 10 pl of buffer EB (10 mM Tris-Cl, pH 8.5) was added
to the middle of the membrane. The columnwasleft to stand for 1 min,

and then centrifuged at > 10.000 x g for 1 min. The volumeofthe final
eluate was 9 ul, with the maximum elution efficiency being achieved
between pH 7.0 and 8.5. The concentration of the purified PCR product
was determined by adding lul of cDNA to the Nanodrop ND-100
spectrophotometerand diluted in water (nuclease free, Sigma) to give 1-3
ng/y1. Primers were diluted in Sigma water to give a concentration of 3.2
uM in a volumenoless than 10 pl and sent with the purified PCR product
for sequencing. Sequencing was carried out by The Sequencing Service,
MSI Building, College of Life Sciences, University of Dundee, Dundee,

Scotland. To further ensure the specificity of the qPCR amplification,
sequencing of the PCR products was carried out. Sequenced data were
analyzed

using

the

BLAST

search

engine

(http://www.ncbi.nlm.nih.gov/BLAST/) to identify the parent gene. The
expected (E) value is a parameterthat describes the numberofhits that can
be expected by chance whensearching a database ofparticular size i.e. the
closer to zero the E value the more probable the sequencing is correct. E
values

obtained

for

sequenced

samples
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is

shown

in table

2.3.

2X10°7

NT004559.13
NT009759
NT026437.11
NT006216.14
NT010542.15

Chromosome1
Chromosome 12
Chromosome 14
Chromosome 4
Chromosome 16

MIXL1

HGAPDH

HNF30

AFP

BETA3TUBULIN

searching a databaseofparticularsize.
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the blast search. The expected (E) value is a parameter that describes the number of hits that can be expected by chance when

Table 2.3. Blast search results for qPCR sequenced products. The chromosome, accession number and E value are quoted from

4x10°°

7™X10%°
8x1078

9x1071°°

E Value

Accession
number

Blast hit for sequenced
PCRproduct

Amplified Gene

2.2.5. Protein Analysis.

2.2.5.1. Preparation of total cell protein lysates.
Cell culture medium was removed from 35 mm dishes and ice-cold
isotonic HEPES buffer was added to remove any excess serum and other

culture components. Isotonic HEPES buffer was removed and 60 pl of
hypotonic HEPESbuffer was added (0.03 7M HEPES, 0.05 M sucrose, pH
7.5). Total cell protein was extracted by scraping the cells off the dish in
hypotonic HEPESbuffer and pelletted by centrifugation at 1,100 x g for 5
min at 4 °C. The pellet was homogenised to ensure all protein was
extracted and the homogenate wasre-centrifuged at 12000 x g for 5 min at
4 °C. Theresulting protein lysates were stored at -80 °C for later western
blotting analysis.

2.2.5.2. Bradford Protein assay.
Protein concentration was determined by the method of Bradford (1976)

using the Bradford Protein Assay Reagent (Bio-Rad). A series of protein
standards were prepared from known amounts of immunoglobulin G
(IgG). 10 pl of each protein standard was added to 1mlof Bradford Protein
Assay Reagent, which had been previously diluted 1:4 (v/v) with sterile
distilled water. 10 ul of water was added to Imlof reagent as a blank. The
samples were allowed to equilibrate at room temperature for 10 min to
allow colour development to occur. The absorbance of the samples was
measured at 595 nm using a Varian, Cary 300 Bio spectrophotometer. A
standard curve of absorbance versus IgG concentration was constructed to
allow the amount of protein in unknown samples to be estimated from
measured absorbance values.
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2.2.5.3. SDS-PAGE

A 10 % (w/v) resolving gel for Tris-glycine SDS-PAGE wasprepared as
described by Sambrookegal. (2001). 15 ml of resolving gel was sufficient
for two 0.75 mm minigels and was composed of 5.9 mlsterile distilled
water, 5.0 ml 30 % acrylamide/bis solution (Severn Biotech), 3.8 ml 1.5M
Tris (pH 8.8), 0.15 ml 10 % (w/v) SDS and 0.15 ml 10 % (w/v) ammonium

persulphate. Polymerisation was initiated by the addition of 64] TEMED
(N, N, N’, N’-tetramethyl-ethylenediamine; Bio-Rad). The mixture was
rapidly but gently swirled and poured between the plates of the MiniProtean III gel electrophoresis apparatus (Bio-Rad), leaving sufficient
space for the stacking gel (the length of the comb teeth plus lcm). The
acrylamide solution was overlaid with isobutanol and left at room

temperature for approximately 30 min to allow complete polymerization.
After this time, the overlay was poured off and the top of the gel rinsed
several times with deionised water to remove any unpolymerised
acrylamide. The water was drained and any excess water was removed
with the edge ofa pieceoffilter paper. A 5 % stacking gel was prepared by
mixing 5.5 mlsterile distilled water, 1.3 ml 30 % acrylamide/bis solution,

1.0 ml 1 M Tris (pH 6.8), 80 ul 10 % (w/v) SDS, 80 pl 10 % (w/v)
ammonium persulphate and 8 pl TEMED. The mixture was quickly
swirled and poured directly onto the surface of the polymerized resolving
gel. A clean Teflon comb was immediately inserted into the stacking gel
solution and the stacking gel was allowed to polymerise. Protein samples
to be analysed by SDS-PAGEwere prepared bythe addition of an equal
volumeof 2 x SDS gel loading buffer [4 % (w/v) SDS; 125 mM Tris-HCl,
pH 6.7; 30 % (v/v) glycerol; 0.002 % (w/v) bromophenol blue; 2 % (v/v)
B-mercaptoethanol] and heated for 10 minutes at 95 °C to denature the
proteins, followed by centrifugation at 12000 x g for 1 min. Following

complete polymerisation of the gel, the wells were rinsed with deionised
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water and mounted in the electrophoresis apparatus. Up to 20 ul of 10
ug/l of each protein sample was loaded alongside 10 yl of prestained
protein markers (New England Biolabs). The gel was run at 200 V in Trisglycine electrophoresis buffer (25 mM Tris; 250 mM glycine, pH 8.3; 0.1
% SDS) for approximately 45 minutes or until the bromophenolblue had
reached the bottom oftheresolving gel.

2.2.5.4. Western Blotting.

Proteins to be analysed by Western blotting were separated by SDS-PAGE
as previously described, alongside pre-stained protein markers (New
England

Biolabs).

Following

electrophoresis,

proteins

were

electrophoretically transferred to a nitrocellulose membrane using a MiniTransblot transfer apparatus (Bio-Rad). The gel, a piece of nitrocellulose

membrane (BDHLtd.) cut to the size of the gel, two pieces of Whatmann
3MMfilter paper and two transfer pads were soakedin pre-chilled transfer
buffer(1 litre: 14.4 g glycine, 3.03 g Tris, 200 ml methanol) for 30 min at 4
°C. The cassette of the transfer apparatus was used to assemble a
“sandwich” in the following order: transfer pad, filter paper, gel,
nitrocellulose membrane,filter paper, transfer pad. It was ensured that each
layer was saturated with transfer buffer and that all air bubbles were
removed. The cassette was inserted into the transfer apparatus that had
been filled with pre-chilled transfer buffer and an ice pack to maintain a
cool temperature. Transfer wasallowed to proceed at 70 Volts for 1 h ona
stir plate. Following completion of electrophoresis, the nitrocellulose
membrane was immersedin blocking buffer [Tris-buffered saline (TBS: 20

mM Tris-HCl, pH 7.5; 500 mM NaCl), 5 % (w/v) dried milk, 0.05 % (w/v)
sodium azide] and left stationary overnight at 4 ° C. The membrane was
washed for 2 x 5 minutes with Tween-20 Tris-buffered saline [TTBS: TBS
plus 0.05 % (v/v) Tween-20]. Immunoblotting was performed by
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incubating the membrane with a suitable primary antibody. In this study,
humanactin antibody, mouse clone AC40 (Sigma) was used at 1:10.000
diluted and f1-integrin antibody (Chemicon) was used at 1:1.000 in
TTBS/1 % (w/v) dried milk. Incubations proceeded at room temperature
on a rotator for approximately 1 h. The membrane was washed in TTBS (4
x 4 min). The immunoblots were developed by incubation with alkaline
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG1 and goat
anti-mouse IgG2a, at a final dilution of 1:150 in TTBS/ 1% (w/v) dried

milk, for one hour at RT with shaking. The membrane was washed(5 x 5
min) with TTBS followed by TBS (2 x 5 min) to remove excess secondary
antibody and Tween-20.

An equal volume of ECL detection reagent 1 (Thermo Scientific) was
mixed with detection reagent 2 to give a total volume sufficient to cover
the entire membrane. Excess buffer was drained from the membrane and
the ECL reagentapplied to the side of the membrane with protein bound to
it. After incubation for 1 min at room temperature, excess ECL reagent was
allowed to run off the membrane, which was then wrapped in ‘Saran
Wrap’ and securedprotein side upin a film cassette. The membrane was
exposed to X-ray film (Fuji RX X-ray film) for varying amounts oftime,
dependingon the strength ofthe signal produced. Films were scanned and
analysed using photoshop.

2.2.6. Physical analysis of synthetic culture substrates.
2.2.6.1 Scanning Electron Microscopy (SEM)

Hydrophobic RESOMER®polymers were spread on an aluminium stub

and subjected to freeze-drying as above(section 2.2.2.5). The sample was
then coated with gold using a sputter coating machine for 2 min at a

current of 25 mA. Samples were imaged using a Hitachi S-4800 scanning
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EMat 3.0 KV.Scanning electron microscopy was performed with the help
of DR. Zhang (Chemistry Dept. University of Liverpool).

2.2.6.2 Light Interferometry

Samples of cortex coated PLGA substrates were coated in gold to ensure
the laser light used would not pass through the sample due to the thinness
of the sample. Samples were mounted on stubs and fixed to the WYKO
NT3300 interferometer stand for visualisation. The light intensity was
adjusted to just below saturation and broughtinto focus by visualization of

interference fringes. In this study only the VSI mode was used and
therefore, two or three fringes werein the field of view. Vision 32 software
(Veeco Instruments,

USA)

controlled the

data capture

from the

interferometer and enabled the data to be displayed in the form of contour
and three-dimensional topographical representations. Line scans were
extracted from these data giving a series of 480 co-ordinates, which were

plotted to give a height profile or used to calculate surface roughness
parameters (Kearns, 2007). Light Interferometry was carried out with the
help of Dan Jones (Engineering Dept. University of Liverpool).

2.2.7. Staining for glycosaminoglycan (GAG) derivatives
2.2.7.1. Alcian blue.

Staining of heparan sulphate derivatives on fibronectin coated tissue
culture dishes and Hues1 EScells was carried out with two GAGstains;
Acian blue 8GX ( dissolved in 3% acetic acid) and Azure A (dissolved in
distilled water plus 40% ethanol) (Sigma). Dishes were incubated for 3
min at RT with 3 % acetic acid (diluted in water). Following removal of

the acetic acid, samples were incubated with the GAGstain for 30 min at
RT. Dishes were washed with either 0.6 M sodium acetate or 70 % ethanol
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to remove excess GAGstaining. Dishes were visualised using a Molecular
Devices spectra max plus spectrophotometer at 620 nm.
2.2.7.2. Fluorescent labelling of modified HS saccharides.

Removal of HS saccharides from fibronectin coated dishes was achieved
with sodium chloride (3 M, 5 min) with agitation to ensure all of the

saccharide was removed. Asit was likely that fibronectin would also be
removed along with the saccharide control, dishes containing fibronectin
only were treated in exactly the same way as HS samples. In order to desalt
the sample, a PD-10 column (G.E.Healthcare) was used. PD-10 columns
contain Sephadex G-25 medium, which can separate samples with

molecular weights between 1 and 5 kDa. Columns were pre-washed with
sterile water before adding the sample. Samples were added and the
column washed (5 x) in water andfractions collected. To determine which
fractions contained salt and which contained saccharide samples were
spiked with sodium bicarbonate (NaHCO3, pH 8) to change the pH and
allow the position of salt elution to be monitorised- the pH ofthe fractions
was determined.

Samples were freeze dried using a Heto Power Dry 3000 freeze dryer O/N.
Freeze dried samples weretreated with 10 x Trypsin (Sigma), proteinase K
(Sigma) and Heparinase1, 2 and 3, (Ibek pharmaceuticals) o/n in orderto
digest the saccharide into disaccharides ready for labelling. At this stage

pure heparin was digested to verify that the digesting and subsequent
labelling procedure wascarried out correctly. Samples were run through a
PD-10 column as before, to remove impurities from the digestion mixture,
samples were freeze dried o/n.

90

Freeze dried samples were resuspended in 10 yl of 5 mg/ml BODIPY
hydrozide (Sigma) in methanol and the sample added to a SPD 121P
SpeedVac® speed vacuum to removethe solvent and concentrate down the
sample ready for labelling, samples were spun at 35 °C for 30 min. After
concentrating samples with acetic acid:DMSO (Sigma, 3:17 v/v, 10 wl)
samples were left to incubate in the dark room (RT, 4 h). Samples were
spun on a desktop centrifuge at 1000 x g for 2 min before being frozen and
freeze dried.

In order to clean up labelled lyophilized saccharide samples were
resuspended in 10-50 ul of sterile water, depending on the size of the
sample, if samples could not be resuspended in water then butanol was
used. Thin layer chromatography (TLC) was used to separate labelled

saccharide from excessively labelled components of the sample. Samples
were spotted onto Silica coated aluminium TLCplates (0.2 mm,Kieselgel
60, Machery-Nagel) andleft to dry, this was repeated until all the sample
had been spotted. The TLC plate wasrun in butanol (3 accents). Labelled
saccharide remainsat the bottom of the TLC plate duetoits affinity for the

TLCplate whilst hydrophobic, free label will move towardsthe top of the
TLC plate. After TLC separation, samples remaining at the bottom ofthe
TLC plate were removed by scraping the silica from the plate and
dissolving the labelled product in 100 yl ofsterile water. Samples were
stored at -20 °C until visualization was carried out. Samples were run on a
HPLC (Cecil Instruments, Cambridge, UK) with a Propac column
(Dionex, 25 cm x 4 mm)at a flow rate of Iml/min (0-2 M NaClover 60
min).

Detection was by laser-induced fluorescence (LIF detector,

Picometrics, Toulouse, France) at a wavelength of 520 nm.

ai

2.2.8. Analysis of fibronectin-cell interaction.

2.2.8.1. Conjugated reaction.
Fibronectin

was

fluorescently

labelled

using

a

fluoReporter

®

Tetramethylrhodamine protein labelling kit from molecular probes.
Manufacturer’s instructions for the labelling of Fibronectin were followed
and described in brief here. 200 ul of fibronectin (1 mg/ml) was added to
200 yl of bicarbonate solution (1 M). While stirring the protein solution,
192 yl of prepared 10 mg/ml reactive dye solution was added to the

protein solution andstirred on a magnetic stirrer at RT for 1 h, avoiding
exposure to light. Reactive dye was prepared prior to use by adding 50 ul
of DMSO(pre-warmedto RT)to the tetramethylrhodaminedye.

2.2.8.2. Purification.
Spin columns [30,000 MW size exclusion resin in PBS with sodium azide
(2 M)] were prepared prior to use by rinsing the column with column
buffer. Columns wereplaced into a 2 ml collection tube and spun for 3 min
at 1100 x g. Buffer was discarded and samples loaded to the spin column.
Solution was allowed to absorb into the gel bed before the column was
spun for 5 min at 1100 x g. After centrifugation, labelled protein was
present in 200-250 p11 column buffer. Absorbance of labelled protein was
measured at 280 nm and 555 nm to determine the degree of labelling.
Labelled fibronectin was stored at 4 °C for several months.

92

Chapter 3
EFFECT OF SURFACE CHEMISTRY AND TOPOGRAPHY
(MICRO/MACRO TEXTURE) ON CELL BEHAVIOUR.
3.1. Introduction.

3.1.1 Topography
Initial attachmentof cells to surfaces can occur via a number mechanisms,
such as interactions between cell surface receptors (integrins, and
components of the extracellular matrix) or through charge-charge
interactions. The mechanism by whichcells interact with the substrate has
a major influence on cell proliferation, differentiation, migration and
survival. Therefore, varying the surface features of a substrate can have a
profound effect on cell behaviour. For example; surface roughness and
topography have a distinct influence on cellular interaction: this

phenomenon is knownas ‘contact guidance’. Contact guidance refers to
the orientation of cells according to the topography of the substrate (Weiss,
1985). Human fibroblasts have been shownto undergo contact guidance on
grooved surfaces (Brunette, 1986). Grooved surfaces were formed with
shallow, close spaced grooves and major grooves in either titanium or
silicone surfaces. When fibroblasts were exposed to major and minor
groovesthey preferentially aligned along major grooves (Brunette, 1986).
However, epithelial cells preferentially aligned along the smaller grooves,
highlighting that substrate topography has a major influence on cell
behaviour, andthis influenceis cell-type dependent (Brunette, 1986).
3.1.2. Electrostatic charge

Theeffect ofthe electrostatic charge of a substrate on cell morphology has
been investigated with a numberof different cells and various substrates.
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For example, osteoblasts from neonatal rats have been shown to respond
differently to positively and negatively charged substrates. Davies et al.,
1986 showedosteoblasts were able to attach and migrate over both positive
and negative surfaces, however, on positive surfaces cells exhibited a
flattened morphology with such a close cellular approximation to the
substrate that no ventral cell membrane could be visualised, whilst the cells
on negative substrates had a ‘stand off morphology, whereby space
between the cell and the substrate enabled ventral cell membrane
visualisation (Sheltonet al., 1988).

The effect of serum as a mixture of positive and negative polymers was
investigated with mouse fibroblasts. The negative substrate caused a
roundingofthe cells with small pseudopodiaprotrudingout ofthe cell and
therefore had a low degree of adhesivity i.e. a low degree of contact. The
positive substrate encourageda flattened morphology with a high degree of
contact further suggesting that the electrostatic interaction at the cell
surface is an important factor in controlling cell adhesion and locomotion
(Sugimoto, 1981). Furthermore, the effect of serum in the media has been
shownto influence the type of charged polymer to which cell will attach.
Human endothelial cells were unable to attach to positive polymer when
serum wasnotpresent in the media, suggesting adsorption of proteins from
the serum is essential for initial adhesion (Van Wachem et al., 1987).
These experiments indicate the need to investigate a variety of substrates

and media when looking for a biomaterial on which to propagate cells.
As described before, the growth of cells in a serum-free and animal
componentfree system is essential to circumvent problems associated with
these components. This chapter investigates the effect of surface
topography and charge density on ES cell behaviour and their suitability
for use in a serum-free animal componentfree culture system. This was
achieved byculturing cells on different polymeric substrates which varied
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in their physico-chemical properties; namely, PLGA (poly (L-lactide-coglycolic acid), Zetag™andacrylic acid, which have been shownto be both
non-toxic and cytocompatible.
3.2 Chemical compositions of polymeric substrates with different
topographicalfeatures.

A range of chemical compositions and processing mechanisms were used
to fabricate 96 polymeric substrates with different topographical features.
Both hydrophobic and hydrophilic polymers were fabricated using
different techniques to give a range of surfaces which varied in their
chemical composition and topography. Preliminary screening of four
different polymer types PCL (poly caprolactone), PVA (polyvinyl alcohol),
SCMC(carboxymethylcellulose, sodium salt) and PLGA (poly (L-lactideco-glycolic acid) for their ability to support mES cell attachment was
carried out.

PCL is manufactured by hydrolysis of its ester linkages; a slow process
making PCLsuitable as a long term implantable biomaterial. Furthermore,
degradation of PLC does not result in an acidic environment being
generated and is, therefore, a Food and Drug Administration (FDA)
approved material. PCL has beentested as a drug delivery device, with a
variety of drugs being encapsulated within PCL beads for controlled

release and targeted drug delivery (Sinha ef al., 2004). PCL films were
formed as described in section 2.2.2.3. however, these substrates were
unable to support mEScell attachment.

PVA is a vinyl acetate monomer which has film forming and adhesive
properties. PVA synthetic polymers can be formed with varying sized

95

porous channels and can be fully degraded makingit an ideal polymerfor
cell encapsulation, a process which aims to enclose viable cells within
semi-permeable membranes to transplant cells across an immunological
barrier (Li et al., 1998).
Carboxymethyl celluloses (CMCs) are very important derivatives of
cellulose; they have good solubility, high chemical stability, and are non-

toxic. The unique absorbent gelling properties of CMC dressings appear
to provide an ideal environment for immobilising bacteria preventing
spreading of infection in open wounds (Walkeretal., 2003). Hydrophilic
polymers PVA and SCMC were prepared using an emulsion templating
technique which produces highly interconnecting macroporous materials

by varying the volume of surfactant concentration (Zhang et al., 2005a).
However, these hydrophilic polymers proved problematic because, they
dissolved duringsterilisation with 70% ethanol or in the media used to
propagate R1 mEScells. PVA and SCMC monolithic block polymers,
produced using a directional freeze drying technique previously described
by Zhang and co-workers (Zhanget al., 2005b), were also not stable under
culture conditions.

PLGAhas been used extensively in biomaterials research. For example,
endothelial cells have been propagated on PLGAscaffolds (Niklason and
Langer,

1997). Furthermore, chondrocytes have been cultured for

cartilage restoration on 50:50 PLGA co-polymer (Shi ef al., 2002).

However,their acidic degradation products and lack of functional groups
for further modification, limit their usefulness (Bostman ef al., 2000).
Despite a range of substrates being tested, only PLGA enabled EScell
propagation.
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Figure 3.1. Structures of synthetic substrates. Structure of synthetic
substrates PLGA(A), Zetag™(B) andacrylic acid (C), that were tested for
their ability to propagate mEScells in an undifferentiatedstate.
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3.3 Structure of PLGA, Zetag™and acrylic acid.
Both natural and synthetic polymers are extensively used in medicine, in
applications such as surgical devices, implants, drug delivery systems,

biosensors, and tissue engineering (Chen et al., 2002). The synthetic
polymers used for this investigation vary in their charge and their degree
of roughness.

3.3.1 PLGA substrates.

Polylactides, polyglycolides and their random copolymers [poly(lactideco-glycolic acid)(PLGA)] (Figure 3.1A), belong to the family of aliphatic
a-hydroxy polyesters. The properties of the co-polymer PLGA depends
on the ratio of polylactide and polyglycolide present. The chemical
structure of polylactides and polyglycolides are similar except that the

lactide has a methyl pendent group instead of a hydrogen group in the
backbone. Furthermore,lactic acid is a chiral molecule which exists in an
L stereoisomer form or a D amporphous form. These structural
differences result in different properties of the resulting co-polymer. For
example, the D isoform of the lactide causes the degradation of the
polymer to occur more quickly as it is more susceptible to water uptake.
If the polymer contains a higher proportion of lactide, it will be more
hydrophobic due to the presence of more methyl groups (Gilding et al.,
1979; Reed et al., 1981). Thus, a number of PLGA polymers were

obtained which vary in the ratio of lactide:glycolide to test mES cell
propagation.
3.3.2 Positively charged polymer; Zetag™.
Zetag™ is composed of a co-polymer containing acrylamide and

quaternised dimethylaminoethylacrylate. Hence 80% Zetag™ has 80%
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cationic content due to the quaternary groups present (Figure 3.1B right)
and 20% of the acrylamide monomer (Figure 3.1B left). The polymeris
highly cross-linked to extend the molecular weight and structure andis
non-toxic

due

to

the

acrylamide

being

polymerised

(personal

communication with Brian Cousins).
3.3.3 .Negatively charged polymer; Carboxylic acid substrates.

The continuous variation of a surface chemical features i.e. a gradient has
been shown to be important in investigating a variety of chemical and
biological processes. For example, Zelzer et al., (2008) formed chemical
gradients from a hydrophobic polymer to a hydrophilic polymer. The
responseof fibroblasts to this surface was analysed, showing howthecell
density decreased towards the hydrophobic end of the surface. Whilst such
surface chemical features are advantageous for many applications, the
challenge with such substrates is the reproducibility of such features on the
millimeter and sub-millimetre scale.

In the current study, gradients of varying carboxylic acid densities were
used to investigate their effectiveness to propagate mEScell self-renewal.
The plasma method used for the fabrication of 1.3cm length gradients of
carboxylic acid on glass coverslips utilised plasma polymerisation to form
surfaces that contained specific functional groups which could be mass
produced (Whittle er al., 2003). This method enables control over the
precise shape and density of the gradient.

Negative substrates were prepared from carboxylic acid polymers (Figure
3.1C). Acrylic acid (C3H4O>) is the simplest unsaturated carboxylic acid
and was the monomerused in this study. Carboxylic acids are polar and

negatively charged. Polymers varied in negativity due to a varying
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percentage of carboxylic acid i.e. % carboxylic acid = numberof carbons
per 100 carbonsin the carboxylic/ester group of the carboxylic acid, being
coated onto the dish.

3. 4. Methods
3.4.1. Fabrication of polymers
The three polymers tested were PLGA (poly (L-lactide-co-glycolic aicd),

Zetag™andacrylic acid. The technique used to fabricate PLGA substrates
was a novel freeze drying technique developed in the department of
chemistry at the University of Liverpool (Zhanget al., 2005) whilst acrylic
acid substrates were fabricated using plasma deposition by Plasso

Technology Ltd (Becket al., 1995).
3.4.2. PLGA surfaces.

Fabrication of PLGA substrates occurred as described in section 2.2.2.3.
However, modifications to this technique were employed to form a variety
of PLGA substrates which varied in pore size or roughness.

3.4.2.1 Fabrication ofPLGA polymers with different porosities.
PLGA samples were dissolved in dichloroethane and concentrated:- by air
drying. Air drying occurred for a specific amount oftime (either 30 mins,
4h or 24h) and the freeze-drying procedure wascarried out as normal(see
section 2.2.2.3). By concentrating the sample, both the size of the pore and
the pore number wasdecreased.
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3.4.2.2 Fabrication of non-porous PLGA polymers with varying
roughness.
To obtain a substrate with no pores, samples were air-dried using acetone
as the solvent (as dichloroethane is only essential for the freeze drying
process and is more toxic than acetone). PLGA solutions were formed and
coated onto rough surface cotex papers(a gift from Cotex Papers Ltd). The
Cotex papers used were a sample of different silicone coated surfaces.
Cotex papers (owing to their silicone release properties) facilitated removal
of the PLGA sample from the paper. However, samples had to be at a
minimum concentration of 3% PLGA, otherwise the samples leaked
through some of the cortex papers (data not shown).
3.5 Analysis of PLGA surfaces
Surface topography is the three-dimensional representation of geometric
surface irregularities i.e. a surface can be curved, waved, and rough or
smooth, depending on the magnitude and spacing of the peaks and valleys.

Roughnessrelates to the closely-spaced irregularities left on a surface and
is the focus of this investigation. Two methods wereusedto investigate the
surface topography and roughness of PLGA substrates; light inteferometry
and scanning electron microscopy (SEM).
3.5.1 Light Interferometry.

Interferometry can be used to measure a wide range of surface heights

whereby two techniques are widely used:- phase-shifting interferometry
(PSI) allows measurements of smooth surfaces and small steps up to
approximately 160nm whilst, vertical scanning interferometry (VSI) mode
(Lamb and Zecchino, 1999) allows the characterization of rough surfaces
and steps up to approximately 2mm.In these experiments however, only

the VSI modewasused to analyse the surface roughness.
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Interferometry was used to measure surface roughness, Ra, which is one of
the parameters that is commonly used to measure surface roughness. R,
represents the ‘roughness average’, the arithmetic mean height calculated
over the entire measured array. Whilst R, is the most common value
referenced and is sufficient for the measurement of surface roughness,
differences in spacing or the presenceor absence ofinfrequently occurring
high peaks and deep valleys, which could be found on the surfaces in this
study, could not be determined. Therefore, the X and Y values were used

to identify specific regionsof interest i.e. peak or valley to give an idea of
the features that may be present on the surface (Yang, 2001; Steel, 1983).
3.5.2. Scanning electron microscopy (SEM).
Scanning electron microscopy (SEM) provides 3D-like topographical
information of bulk specimens at nanometre resolutions due to the

advantage of large depth of focus. SEM’s large height range and good
lateral resolution makeit ideal for investigating rough surfaces.

SEM functions by focusing a high speed, monochromatic electron beam
onto a sample. The beam is focused by lenses and can be scanned over the
sample in a series of lines and framescalled a raster. Scanningcoils are
used to deflect the beam from side to side to accomplish the rastering of
the beam along the sample. The sample is inundated with electrons over a
very small area, with several measurable signals being producedresulting
in a number of analytical imaging techniques being used to derive
information. Steep surfaces and edges tendto be brighter thanflat surfaces,
giving a uniform 3-Dimensional image. Samples are made conductive by
coating with a thin layer of metal, Au (Ratneref al., 2004; Lyman et al.,

1990)
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3.6 Results.

3.6.1 Analysis of R1 mES cells propagated on PLGA polymers.

Initial screening of these polymers identified three PLGA polymers which
were able to support mES cell attachment. Three grades of PLGA
polymers; 1 % 708, 3 % 503 and 3 % 756 were identified to enable mES
cell attachment in Advanced medium with and without LIF. Furthermore,
mEScells were found to remain undifferentiated after 7-14 day culture
when grown on these polymers in Advanced DMEM medium without the

addition of LIF, indicated by the positive staining of colonies with the
undifferentiated marker alkaline phosphatase (Figure 3.2.A.B.C). These
colonies were of a rounded morphology, which is representative of the
morphology undertaken whencells are grown under controlled conditions
i.e. on gelatin coated dishes in 2 % FCS Advanced DMEM medium with
LIF added. SEM imagesofthe three PLGA polymers were taken and pore

sizes of about 20 um were determined by SEM software however,it should
be noted that this measurement is not quantitative (Figure 3.2.D.E.F)
(indicated by theasterisks).

Interestingly, when mEScells were seeded on strong adhesive substrates
(0.1 % gelatin/10 % FCS) and PLGA (Figure 3.3.A) and maintainedfor 14
days, mEScells differentiated on the strong adhesive substrate, indicated
by the loss of alkaline phosphatase (Figure 3.3.B.). Furthermore, twocell
types were visualized on strong adhesive substrates; single cells which did
not express the pluripotency marker, alkaline phosphatase, and clumped
colonies which only expressed alkaline phosphatase in the centre of the
colony (Figure 3.3.B). In comparison, one colony type was observed on
PLGAsubstrates; rounded multi-layered colonies with all cells within the

colony expressing alkaline phosphatase (Figure 3.3.A).
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RG 503 (50:50)
A

RG 756 (75:25)
33

RG 708 (70:30)
re

whichfacilitated maintenance of R1 mEScells for 7 days, after which
cells stained positive for alkaline phosphatase. Synthetic substrates with
varying hydrophobicity were analysed with SEM analysis to show
substrates with pores of about 20um (indicated by the asterisks) (D,E,F).
R1 mEScells were maintained on the aforementioned substrates in
Advanced medium for a 7 day culture period. Cells stained positively for
alkaline phosphatase, a plasma membranestain for pluripotency (A,B,C).
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RG 708 (70:30)

10%FCS/0.1%GELATIN

B

Figure 3.3. Comparison of mES cells grown on a weak adhesive
substrate (Hydrophobic

RG 708 PLGA polymer) and a strong

adhesive substrate (Serum coated dishes). R1

mES cells were

maintained on either a weak adhesive substrate, hydrophobic polymer (A)
or a high adhesive substrate 10 % FCS/0.1 % Gelatin (B) for 7 days. Cells
sustained on the hydrophobic polymer remained positive for the
pluripotency marker alkaline phosphatase while, cells on the serum coated
dishes lost this marker.
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To test the ability of PLGA polymers to sustain mES cells in an
undifferentiated state, mES cells were seeded onto PLGA. As shown in
Figure 3.4, cells seeded onto the PLGA polymerislands (*) remained
undifferentiated with a rounded colony morphology, as indicated by the
positive alkaline phosphatase staining of the colony (Figure 3.4.A).
Formation of rounded colonies on the non-polymercoated surface was not
observed on the islands of non-polymer (glass-coverslip), whilst single
cells were which did not appear to stain for the undifferentiated marker
alkaline phosphatase(figure 3.4.C). The lack of cell-cell contact essential

for self-renewal could explain why cells on glass were not positive for the
pluripotency marker suggesting, PLGA provided a suitable environment
for cell colony formation.

Whilst mEScells could be maintained on PLGA freeze dried polymers for
a culture period of 14 days, SEM imagesof the 3 PLGA polymers (Figure
3.2), highlighted two problems which made them unsuitable for use as
culture substrates. First, the polymers were several mm thick, causing
problems with visualisation of cells on the polymer surface using
microscopy. Second,the cells had a tendency to lodge in the pores, making
it impossibleto replate cells onto fresh substrates.
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BRIGHTFIELD

DAPI

Figure 3.4. Synthetic substrates were designed with islands of
hydrophobic polymer and islands of no polymer and stained for the
undifferentiated marker alkaline phosphatase. Islands of polymer (RG
708 70:30) allowed mES cell propagation and maintenance of the
undifferentiated cell marker alkaline phosphatase (A) (shown in red) whilst
islands with no polymer (*) appeared to loose the undifferentiated cell
marker (autofluoresence of the polymer can be seen) (C). Cells were
counter-stained with the nuclear stain DAPI (shown in blue).
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3.6.1.2 Air-dried PLGA substrates to allow visualisation ofmEScells.
In an attempt to circumvent the aforementioned problems, mEScells were
seeded onto air-dried PLGA substrates, which in contrast to the opaque and
porous freeze-dried PLGA substrates, were thin, transparent and non-

porous, thereby facilitating visualisation and subculture of the cells.
Interestingly mEScells did not attach to these substrates (data not shown),
possibly due to a lack of pores and surface roughness.

3.6.1.3 Fabrication ofPLGA polymers with reduced poresize.

To enable cells to be recovered from the PLGA freeze-dried PLGA
substrates at the endof the culture period, a method wasdevised to reduce
the pore size of the polymerto below that of the average EScell diameter
(10 pm). A technique combining air-drying and freeze-drying was
designed to form a polymer with fewer pores by air-drying the solution
before it was plated and freeze-dried. It was envisaged that air drying the

solution would make it more concentrated, so that upon freeze-drying, the
pores that formed would be smaller. However, an unwanted effect of this
technique was that in addition to decreasing the pore size, the polymers
also had fewer pores, and it was not possible to devise a method for
altering poresize that did not also affect porosity.

SEM wasused to evaluate the surface features, SEM images of freezedried polymers were analysed to determine the time needed to concentrate
downthe sample to give the thinnest substrate with smaller sized pores, 3
% 708 (70:30) and 3 % 503 (50:50) PLGA polymers weretested (Figure

3.5). Qualitative analysis suggested samples that were concentrated for 24h
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were found to give the fewest number of pores with 3 % 708 samples had
fewer pores over the surface area of the sample compared with 3 % 503. 4
h samples of 3 % 503 and 3 %708 had a greater numberofpores than at 24
h but, the pores formed had a more elongated shape, with the length ofthe
pores observed to be approximately 20-30 wm. 30 min concentrated

samples of 3 % 708 illustrated some rough features, whilst 3 % 503
samples were smooth with a greater number of pores over the substrate
surface area. Despite a difference in pore shape, pore diameter in all cases
ranged from 2um-10ym. Cells were seeded on both 3 % 503 and 708 in
both Adv and AF media: however, cells were unable to attach and
subsequent clumpingin suspension resulted (data not shown).

mEScells may not have attached to these substrates for the following
reasons: - (i) the pore density across the substrate surface was very low and
the areas in between were smooth,so the inability of cells to attach might
have resulted from

an insufficient degree

of surface roughness.

Furthermore, proteins secreted by cells which are vital for cell attachment

may not be recognised by the cells if proteins are embedded at the nm
scale; (ii) in order for cells to attach, they must become embeddedin the
pores, indicated by mEScells embeddingin pores within poroussubstrates
and being maintained for 14 days therefore, if the pores are smaller than
the diameter of the cell they cannot attach (Figure 3.5). It must also be
considered that the degradation of the PLGA polymerat physiological pH,
depending on howitis treated i.e. freeze dried or air dried, mayaffect cell
attachment and therefore further analysis of the polymers properties need
to be evaluated.
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Figure 3.5. SEM images of small pored polymers by freeze drying. To
obtain polymers with a reduced pore size, 3 % 708 (70:30) (A,B,C) and 3
% 503 (50:50) (D,E,F) solutions were air dried. Air drying occurred over
the following time course of 24 h (A,D) 4 h (B,E) and 30 min (C,F). After
air drying, samples were plated on glass coverslips and freeze dried as
normal and SEManalysis was carried out on each of the samples.
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3.6.1.4 Fabrication of rough non-porous PLGA substrates using
silicone release papers.

Cotex papers, which varied in their degree of roughness, were used as
templates for PLGA solutions; i.e. PLGA was cast against the paper and
left to air dry. Following removal of the paper, SEM analysis confirmed
that the pattern on the paper had becomeimprinted on the polymer surface

to give a range of PLGA polymers with various degrees of roughness
(Figure 3.6).

Qualitative characterisation of cast polymers by SEM analysis enabled the
polymers to be grouped into 3 categories; (i) low degree of roughness
(Figure3.6.A), (ii) medium degree of roughness (3.6.B),(iii) high degree of
roughness (Figure 3.6.C). Although polymers could be grouped in this
way, it is possible that some characteristics of the cast polymers could be
overlooked or altered by the SEM procedure because SEM involves
coating the polymerwith layer of gold to allow conductivity through the
sample. Although only a thin layer was applied, it is possible this
procedure caused subtle artefacts that were not readily detected; therefore,
quantification of the degree of roughness of cast PLGA polymers was
undertaken by interferometry.
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Figure 3.6. SEM imagesto visualise surface profiles of PLGA coated
cortex papers. Cotex papers were coated with a layer of 3 % 503 PLGA
dissolved in acetone. After air-drying for 48 h Cotex papers were peeled
off the polymer surface to be visualised by SEM. (A) an example of a
relatively smooth surface, B) an example of a surface with a partially rough

profile C) showsa rough surface.
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3.6.1.5 Quantification of the degree of surface roughness of PLGA cast
polymers using interferometry.

Interferometry was used to quantify and group samples bytheir degree of
roughness. Figure 3.7 showsthe images and data retrieved from (I) a rough
polymer and(II) a smooth polymer. Figure 3.7.A represents the surface
profile in a 3D image enabling each area of smoothness (blue) or
roughness (red) to be visualised. Interferometry is therefore a superior

technique compared to SEM for analysing surface roughness, whilst SEM
would have shown A.II to be smooth, interferometry showsthatthere are in

fact some indentations found along the polymer surface. Furthermore, the
surface shown in A.1 is clearly rough but has some smooth areas onits
surface. The contour images formed from the data (Figure 3.7.B) were

used to construct a series of 480 co-ordinates to give the height profiles
shown in 3.7.C. The contour lines on the plot are interactive enabling the
user to movethe point of origin at which the height profile is compiled,
effectively allowing any particular feature along the sample area to be
analysed further e.g. it is possible to determine the average height of a
particular feature. There are limitations to this method; namely, that rough
areas of the samples above approximately 2 microns could not be
measured which resulted in gaps in the X and Y height profile plot.
However, for this study only average surface roughness or R, value was
essential. The characteristics of the surface are summarised in Table 3.1.
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Figure 3.7. Quantification of 3 % 503 Cotex coated PLGA rough

surfaces. Light interferometry was used to analyse the degree of surface

roughness on Cotex papers. The software represented the data as a 3-D
image (A) and a contour image (B) where red represents the highest peak
and blue the lowest trough. From this data a series of 480 co-ordinates
were taken andplotted to give a height profile (C). An example ofthis data
is shown for a rough sample(I) and a smoother sample(II). The limitations
of the software meant that occasionally the X, Y measurements of the
rough surface were beyond the range of the instrument, resulting in
missing information.

114

SAMPLE
A

RA VALUE(nm)
n=3
247.70

FEATURE
1 or 2 grooves along the

sample area measured.

B

565.70

Small grooves with some
smooth areas

Cc

526.60

Grooved areas

D

831.00

Rough grooved texture

E

245.52

Mainly

F

122.31

Somegrooves very small

G

241.21

H

2000

Varying height ranges of

I

68.15

Small grooves

J

279.82

Thin raised areas rather
than grooves.

K

233.65

L

219.81

Grooved areas

M

208.67

Smooth with
grooved areas

N

6000

smooth

grooved areas

some

1 or 2 grooves in the

sample area measured

grooves with few smooth
areas

Some small holes but

mainlyflat

|

or

2

Manyhigh grooves

Table 3.1. Determining surface roughness using Light Interferometry.
Samples were coated with chromium to increase conductivity of the sample. Ra
values were derived by the software allowing samples to be grouped by their
surface profile. Features of each surface were analysedto try andretrieve a more
detailed analysis of the surface, X and Y contour lines were manipulated to
measure and analyse specific features.
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3.6.1.6 Analysis of mES cells PLGA samples which varied in their
degree of roughness.

Fourteen samples were analysed by light interferometry and their R, values
recorded (Table 3.1), allowing samples to be sorted into smooth and rough
groups. Samples N and H were the roughest with surface roughness
measurments of >2000 nm. The next set of samples B, C and D were found
to have the next largest Ra value ranging from 900 nm-500 nm,although
SEManalysis would not have highlighted this trend.

Samples A, E, G, J, K, L, M all had similar R, values with a range of 300-

200 nm andsimilar features including small grooves, which were few in
number. J had the highest R, value whilst G was found to have an R,value
whichfell in the middle of this range. I and F were the smoothestofall the
samples with R, values < 150 nm.

Thirteen samples of the Cotex casting papers, A-M, were used to prepare
polymers from both 3 % 503 and 3 % 708. mEScells were seeded on to all
13 samples of 3 % 503 and 708 in Adv medium to determineif cells could
attach and remain undifferentiated for a culture period of 7 days (Figure

3.8).
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as a negative control (E). (A) represents a sample with an R, value < 200 nm,(B) represents 200-600 nm, (C) represents 600-1000
nm whilst (D) represents > 1000 nm. As surface roughness increases the number of colonies/cm’ decreases with colonies not
being maintained on the roughest sample (D).

Figure 3.8. mEScell maintainence in Advanced - LIF medium on RG 503 polymers prepared using Cotex cast papers. Pluripotency of
mEScells on 3 % 503 PLGAcast polymers was determined by alkaline phosphatase staining whilst a similarly treated glass slide (GS) was used

KH

200 um

No differences were observed in colony morphologies between samples
503 and 708 therefore only examples from 503 are shown (Figure 3.8).
Sample images are shown from each group, A represents a sample with an
R, value < 200 nm, B represents 200-600 nm, C represents 600-1000 nm
whilst D represents > 1000 nm (Figure 3.8.A-D). Whilst colonies on
samples A-C remained pluripotent with a rounded colony morphology,
colonies on the roughest substrate (D) appeared bigger forming aggregates
of colonies on the substrate, as a result colony number decreased as
substrate roughness increased, suggesting smoother substrates could

maintain mEScells better than rough surfaces. A glass slide was used to
show cell attachment only occurred on the textured surface i.e. attachment
would not occur on the smooth surface ofthe glass slide (E).

Previous experiments had shownthatair-dried polymers were unable to
support mEScell attachment however,the results obtained with the casting
papers showed that by increasing the degree of surface roughness, the
polymers were able to support attachment and short-term culture of mES
cells. The following fourpolymers wereselected to investigate their ability
to support long-term mEScell cultures:- the two roughest samples, D and
H (>800 nm); one sample of medium roughness, J (300-200nm); and the
smoothest samples, F (<125 nm).

mEScells were seeded on 3% 503 cast polymers in both Adv and AF
media without LIF. In all four samples where mES cells were cultured in
AF medium, cells began to float off after the second passage. Alkaline
phosphatase staining of the remaining cells was weak, approaching
backgroundlevels, and no clear colonies were observed (Figure 3.9.C).
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Cells propagated in Adv medium remained alkaline phosphatase positive
after the second passage with clear rounded colonies present. D and F had
large colonies suggesting that the cells had adhered strongly to the dish
after the second passage. However, these 2 samples represented a range of

rough (D) and smooth (F) substrates, suggesting the cells did not have a
preference for smooth or rough substrates. This trend wasalso seen at the
third passage as a mixture of smooth (F) and rough (D and H)substrates
supported mEScell attachment after 3 passages (21 days). However, the
cells on these substrates did not stain positively for alkaline phosphatase,
indicating that the cells had differentiated (Figure 3.9.B).
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following the second passage (14 days),
of
number
limited
a
only
undifferentiated cells could be detected.
Round colonies could not be identified
under AF conditions after 2 passages
and Advanced conditions after 3
passages with only debris showing a

after the first passage (7 days) and

Figure 3.9. Maintenance of R1 cells on
3% 503 PLGApolymercast papers in
Advanced and AF media. R1 cells
were cultured in Advanced medium
without LIF (A-B) for 21 days (3
passages) with alkaline phosphatase
staining after every passage [passage 2
(A) and passage 3 (B)]. R1 cells were
also maintained in AF medium without
LIF for 14 days [2 passages (C)] with
alkaline phosphatase being used as a
measure of the differentiation status of
mEScells. Debris was found underall
conditions and the cell number depleted

3.6.1.7 The effect of coating PLGA cast polymers with 2.5% serum on
mEScell attachment and subsequent propagation.

Prior to seeding on PLGA cast polymers, mES cells were maintained on

0.1 % gelatin coated dishes in Adv medium supplemented with 2 % FCS.
Carry-over of serum components such as fibronectin and vitronectin from
this culture system might have enabled initial attachment and subsequent
subculture for 3 passages on the PLGA substrates, but was probably
insufficient to maintain cells in the long term. It was therefore decided to
investigate whether coating PLGA substrates with 2.5 % FCS would
promote cell attachment and propagation on the PLGAsubstrates.

Figure 3.10 showsalkaline phosphatase staining of mES cells on (A,C)
rough substrates (B,D) smooth substrates, with (A,B) and without (C,D)
serum. Whilst no difference could be established between those with and
without serum, there was a difference between colony morphology on

rough or smooth surfaces after the 7 day subculture period; i.e., colonies
appearedlarger on rough surfaces whilst on smooth surfaces, colonies were
smaller in size. After 3 passages, cells detached,resulting in a loss of cells
under both conditions:- thus, coating PLGA polymers with FCS did not
enhance EScell propagation (data not shown).
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Figure 3.10. Short term maintenance of R1 cells on PLGA cast
polymers with or without 2.5 % FCScoating. R1 cells were stained for
the pluripotency marker alkaline phosphatase after 7 days in Advanced
medium without LIF on rough (A,C) or smooth (B,D) with (A,B) or
without a 2.5 % FCScoating (C,D) of 3 % 503 PLGA Cotex cast papers
[rough (D) and smooth (F)]. Colonies present on rough surfacesat the end
of the culture period under both conditions were larger and less rounded
than those on smooth surfaces.
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3.6.2 Analysis of R1 mES cells propagated on negatively charged
acrylic acid polymer.

3.6.2.1 Analysis of carboxylic acid surface gradient dishes and its effect
on mEScell attachment and pluripotency.
The carboxylic acid used to fabricate gradient dishes was acrylic acid

(fabrication was carried out by Plasso Technology Ltd). Gradient dishes
were tested for their ability to support mEScell attachment and sustain
pluripotency. Figure 3.11.A shows an example of gradient carboxylic acid
coverslips, % carbon in carboxylic acid ranged from 0-12 % and was
divided into 5 regions. The 5 regions are indicated on the graph by arrows
(Figure 3.11.B). The graph highlights the specific % carbon in the
carboxylic acid at a particular distance (mm) or region along the coverslip
for example, region 2 overa distance of 1.5 mm hasa range of % carbon in
carboxylic acid of approximately 1.9-2.5 %. The measurment of % carbon
wascarried out by Plasso using x-ray photoelectron spectroscopy.
mEScells were seeded onto gradient dishes in both Adv (Figure 3.11.C)
and AF (Figure 3.11.D). In Adv medium, mEScells attached and formed
rounded colonies at the more concentrated regions of the gradient; 1.e.,
regions 4 and 5. At the endofthe culture period, the cells were strongly
alkaline

phosphatase

(AP)

positive,

showing

that

they

were

undifferentiated. Furthermore, the average colony area increased as the %

COOHincreased, indicating a degree of colony spreading is needed for
self-renewal but shouldberestricted to preventdifferentiation (Table 3.2).
Cells propagated in AF medium also attached at regions 4 and 5 and were
APpositive.
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medium however, encouraged a stronger

attachmentto the coverslip. C) Advanced
medium allowed a weak attachment
enabling cells to self-renew, indicated by
the strong alkaline phosphatase staining
and rounded morphology. D) Animalfree

media influenced the strength of the

higher acid density (region 4 and 5) the

Advanced medium (C) and animalfree
medium (D), whilst cells attached at the

the exact % carbonat a particular region
on the coverslip e.g. region 4 has a range
of % carbon of 5-7.5. Cells were plated in

represent the boundaries of % carbon
which varies along the distance of the
coverslip. The 5 regions are indicated by
the arrows on the graph (B) representing

cells were plated on gradient coverslips,
which varied in the concentration of %
carbon along the coverslip for 4 days. A)
The coverslip was split into 5 regions to

Figure 3.11. Analysis of the effect of
carboxylic acid surface gradient mES
cell attachment and self-renewal. mES
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Table 3.2. Measurment of colony area after maintenance on gradient “% COOHdishes after 4 days. Rl mEs cells were
maintained for 4 days on gradient % COOHdishes in Advanced medium and colony measurements obtained using adobe software.
Regions 1-5 correspondto those in figure 3.12. and A and B represent two biological replicates. The average area increased as the %
COOHincreased suggesting that colonies at higher % COOH were more spread when compared to colonies maintained on lower %
COOH,a students t-test showedthat the difference in average colony spreading wassignificantly different between regions 4 and 5
(Coverslip A P <0.0001 and coverslip B P <0.02). Colonies at region 4 and 5 in Advanced medium remained alkaline positive
suggesting a degree of spreading is needed for self-renewal.

0

98.6 + 10.6

0

A2

0

0

Average Area + SD (um’)

Al

Number of colonies

Number ofcells
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3.6.2.2 Self-renewal of mES cell on low, medium and high % carbon
dishes determined by growth curves.

The results from mEScells being propagated on gradient plates suggested
that in both media cells preferred to attach to high carboxylic acid
densities. However, the degree of colony spreading (colony morphology)
varied depending on which media was used for cell propagation. To test

the effect of acid density over a longer term culture period (6 passages),
mEScells were propagated on homogenousdishes which were coated in a

single percentage of carboxylic acid. Three homogenousplates were used
which varied in their % carbon; 7.4, 14.2 and 19 % carboxylic acid
substrates were provided.

After 7 days on the lowest carboxylic acid (7.4 %) substrate, cells in both
media had begunto float off and the density of cells which remained was
not sufficient to allow propagation, thus no attempt was madeto passage
the cells. Lack of cell growth with two different cell culture conditions
suggested that low acid densities did not facilitate a strong enough cellsubstrate attachment, which resulted in cell-cell contact and subsequent
floating ofcells. At the higher cell densities on gradient dishes, cells were
able, at least in the short term, to attach to the surface in Adv medium
withoutloss of pluripotency. However, when cells were propagated on 19
% homogenousdishes in Adv media cells could no longer be maintained
and detached from the substrate, forming clumps in suspension (11
days/passage 1). Interestingly, in AF medium, cells were able to be
propagated for longer on 14.2 % dishes, suggesting a stronger cell-

substrate attachment in AF medium at higher carboxylic acid dishes. In AF
medium at the highest acid density tested (19 %), cells were propagated
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over 5 passages (approximately 41 days) before cell number was found to
decrease (Figure 3.12). Independent experiments were produced for each
treatment (n=3), and means and standard errors are presented graphically
(Figure 3.12.A). Differences between R1 mES cells growth rate when
propagated on 14.2 % and 19 % carboxylic acid in AF medium
supplemented with LIF were assessed by ANOVA (a=0.005). In order to

perform ANOVA,only the data points from the exponential part of the
growth curve were analysed. ANOVA wasfollowed by Student-NewmanKeuls post hoc comparisons to determine differences between these
samples (SigmaStat; Sysstat Software Inc., USA). The data were both
homoscedastic and normally distributed (SigmaStat) making ANOVA

possible. ANOVA (n=3, a=0.005) revealed significant differences in the
rate of exponential growth between mEScells propagated on 19 % and
14.2 % carboxylic acid coated dishes. Student-Newman-Keuls post hoc
test revealed that cells maintained on 14.2% carboxylic acid coated dishes
grew faster compared to cells maintained on 19% carboxylic acid coated
dishes.

However,in the longerterm,cells lost the ability to attach to the carboxylic
acid coated dishes in both types of media. For cells on 14.2 % carboxylic
acid coated dishes in Adv medium, this occurred at around 28 days (4
passages) whilst loss of cell attachment in AF medium on 19 % dishes
occurred at around 41 days (4 passages) (Figure 3.12). However, cells
maintained on 14.2 % dishes in AF medium did not show loss ofcell
attachment, but the doubling time of cells grown on this substrate was
slower (72 h doubling time) than that of cells grown on 14.2 % in Adv
medium (32 h doubling time) (Figure 3.12). It was also found that in
addition to the effect of growth medium, the concentration of carboxylic

acid also affected population doubling, because mEScells maintained on
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19 % coated dishes in AF medium had a more prolonged doubling time
than that observed on 14.2%.In all cases, including mEScells cultured in
control medium (Adv+ LIF+ 2 %FCS). It was found that after several
passages, the doubling time increased to >100 h on all carboxylic acid
substrates: this was probably due to cell detachment rather than to a

decrease in the proliferation rate (Figure 3.12).

A comparison of mEScells maintained on control dishes (0.1 % gelatin
coated dishes and 2 % FCS Adv medium) and those grown on carboxylic

acid dishes, highlighted that whilst the latter could maintain the cells in an
undifferentiated state, they had an adverse effect on mEScell growth. The
control substrate enabled mEScells to be subcultured at a rate that is
commonly seen whenthese cells are grown on STO feeder cell layers i.e.
every 3 days. ANOVA (n=3, a=0.005) revealed significant differences in
the rate of growth between mEScells propagated on 19 % and 14.2 %
carboxylic acid coated dishes and control substrates. Underall conditions;

cells maintained on 14.2 % Adv medium and AF medium and 19 %
carboxylic acid coated dishes in AF medium, grew at a significantly
reduced rate when comparedto cells maintained on control dishes (Figure

3.12).
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Figure 3.13. Oct-4 expression of mEScells grown for a short period on varying grades of cayboxylic acid coated dishes. mEScells were
cultured for 7 days in Advanced and AF media with the addition of LIF on 14.2 % carboxylic acid coated dishes and stained for the pluripotency
marker Oct-4. Cells grown on 14.2 % dishes in Advanced (A) and AF (B) media and 19 % dishes in AF media (C) expressed Oct-4 whilst
remaining attached to the dish. Arrow indicates cells around the periphery of the colony on 19% dishes in AF medium havelost Oct-4 staining
due to differentiation. The antibody control can be seen with no backgroundstaining observed (D) (Scale- 100um).

3.6.2.3 Determining if mES cells cultured on carboxylic acid substrates
maintain pluripotency.

Cells which were propagated on 14.2 % in both Adv (Figure 3.14.A) and
AF media (Figure 3.13.B) for 7 days formed rounded colonies which
expressed Oct-4 in all cells within the colonies, whereas peripheral cells of
colonies maintained on 19 % dishes in AF medium (Figure 3.13.C), did not
express Oct-4 , as indicated by co-staining nuclei with DAPI.

This

indicates, as seen with the alkaline phosphatase staining on cells

maintained on gradient dishes, that cells in AF medium attach strongly to
the dish resulting in peripheral differentiation

To determine if the cells remained undifferentiated following longer term

culture, cells maintained for 6 passages on 14.2 % dishes in Adv and AF
media were observed andstained for a variety of pluripotency markers i.e.
alkaline phosphatase (Figure 3.14), Oct-4 (Figure 3.15.A.C) and Nanog
(Figure 3.15.B.D). Control dishes (0.1% gelatin Adv +2 % FCS +LIF)
(Figure.3.15.A.B) were also stained to represent the morphology and
typical of mES cells under normalculture conditions. Nanog staining has
been shownto produce a heterogenous expression in mEScells which can
be seen in both control and experimental conditions. Cells around the
periphery of colonies on AF 14.2 % dishes did not express alkaline
phosphates. Furthermore, colonies stained for Oct-4 and Nanog in AF
medium were small cells fragmented with copious amounts of debris
present on the dish and therefore pluripotency of colonies maintained in
AF medium on 14.2 % dishes could not be determined.
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Figure 3.14. Expression of alkaline phosphatase (AP) in mEScells grown long term on 14.2 % cayboxylic acid coated dishes. mEScells
were cultured for six passages (38 days) in Advanced (B) and AF media (C) with the addition of LIF on 14.2 % carboxylic acid coated dishes
and stained for a variety of pluripotency markers, in this figure alkaline phosphatase staining is shown,control conditions (0.1%
gelatin/2%FCS/Adv+LIF)are also shown (A).
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Figure 3.15. Expression of Oct-4 and Nanog in mEScells grown long term on 14.2 % carboxylic acid coated dishes. mEScells were
cultured for six passages (38 days) in Advanced and AF media with the addition of LIF 14.2 % carboxylic acid coated dishes and stained
for Oct-4 (A,C) and Nanog (B,D). Cells grown on 14.2 % dishes in Advanced medium (C,D) and control dishes (0.1% gelatin in
adv+LIF+2%) (A,B) were positive for Oct-4 and Nanog. Nanog expression is not seen in every cell within the colony because of
heterogeneous expression (Singh ef al., 2007) (Scale-20 ym). However, cells remaining on 14.2 % carboxylic acid dishes in AF+LIF
medium were small and fragmented compared to those grown in Advanced mediumandtherefore pluripotency of these cells could not be
maintained (Scale-20 um). The nanog antibody control can be seen with no background staining observed (E)(secondary antibody
wasperformed with both Nanog and Oct-4secondary antibodies) ot 100um).

3.6.2.4 Determining pluripotency of mES cells propagated on 14.2 %
carboxylic acid dishes via embryoid body (EB) formation.
To corroborate whether mEScells cultured for prolonged periods on 14.2
% substrate maintained their pluripotency, embryoid bodies (EBs) were
generated directly from cells cultured for 38 days on 14.2 % carboxylic
acid dishes. In addition, some of the cells previously grown on 14.2 %

dishes were cultured for 7 days on STO feedercells in the same medium
i.e. either Adv or AF with the addition of LIF, prior to EB formation. The
reason for prior culture on feeder cells was due to recent results from our
laboratory using El4 mES cells that showed EB development is

compromised if mEScells are cultured for several passages in the absence
of feeder cell derived factors. More specifically, results suggested that
differentiation of the primitive endoderm at the EB periphery was
adversely affected by prolonged growthin the absenceoffeedercells.

Surprisingly, the results with R1 cells showed that after prolonged culture
(28 days) on 0.1 % gelatin coated dishes in Adv 2 % FCS medium, with
the additional passage on feeder layers were not observed to contain extraembryonic endoderm, ectoderm or a cavity. However, the control EBs

formed without the additional feeder layer had a thin extra-embryonic
endoderm, ectoderm and cavity present in the absence of feeder cells,
suggesting that the primitive endoderm had differentiated normally and
deposited a basement membrane (Figure 3.16). EBs formed from cells in
Adv medium either with or without the additional feeder layer culture,
were larger than control EBs.
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EBs formed from cells in AF medium when cultured with or without the
STO feeder layer had no clear evidence of extra-embryonic endoderm,

ectoderm or a cavity present. Whilst EBs formed from cells maintained in
Adv medium with the extra feeder step, appeared to have an extraembryonic

endoderm

layer no

ectoderm

or

cavity was

present.

Furthermore, EBs formed in Adv medium without previous culture on a
feeder layer had no evidence of peripheral differentiation and the cells
appeared unhealthy (Figure3.16).

After 14 days in suspension culture, EBs derived from mEScells that had
not been previously passaged on feeders were plated onto gelatin coated
chamberslides for 7 days in either serum containing medium or serum free

medium to promote differentiation. EBs were then stained with antibodies
to detect derivatives of the three embryonic germ layers (Figure 3.18A-C)
and Oct-4 (Figure 3.17) to determine whether any undifferentiated cells
remained. Control EBshad lost Oct-4 staining aroundthe periphery of the
cells indicating the presence of the extra-embryonic endoderm layer
(indicated by arrows).

Inner cells from EBs formed in Adv medium

remained Oct-4 positive whilst cells around the periphery appeared to be
dying (as seen with bright field images, figure 3.16) resulting in a loss of
Oct-4 staining. As seen in Figure 3.16, cells around the periphery of AF
EBs remained pluripotent and no extra-embryonic endoderm could be
visualised, further highlighting the abnormal EB morphology of EBs
formed from AF 14.2 % dishes (Figure 3.17). However, when EBs were
plated in medium used to drive differentiation (see section 2.2.3.2)

derivatives of all three embryonic germ layers were present. These EBs
were derived from ES cells cultured for 6 passages on carboxylic acid
substrates in both Adv and AFindicating that there had been no adverse
effect on pluripotency (Figure 3.17).
137
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in AF medium were expressing OCT4 within the outside of the EB as well as the inside, suggesting abnormal EB formation (C) (Scale-20 um).

Figure 3.17. Oct-4 immunostaining of frozen sections of EBs generated from mEScells previously propagated on 14.2 % carboxylic acid
coated dishes for six passages. EBs shown were formed without the additional feeder step. Undifferentiated cells within the innercells of
control EBs (A) and EBs formed in Adv medium (B) remained Oct-4 positive (red) with extra-embryonic endoderm cells loosing Oct-4
expression and only DAPIstain present (blue) (arrows). However, cells on the periphery of Adv EBs appear to be dead (fragmented nuclei
observed with the DAPIstain) suggesting a reason for the loss of Oct-4 expression (arrows). However, EBs formed from cells previously grown
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Figure 3.18.4. Expression of Tuj-1 in EBs on chamberslides formed from mEScells previously propagation on 14.2 % carboxylic acid
coated dishes for six passages. EBs shown were formed without the additional feeder step plated on chamberslides for 7 days and stained for
the three embryonic germ layers. The neuronal marker TUJ-lwas used to show differentiation of the ectodermal lineage,the merged image is
shown with Tuj-1 (red) and the nuclear stain DAPI (blue). Control (0.1% gelatintADV+2%FCS+LIF) (A), 14.2% Advanced (B) and AF (C)
allowed ectodermal differentiation with more differentiation being seen in cells previously grown in Advanced media (Scale-20 um). The
antibody control is shown (D).

For
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and AF (C) conditions allowed mesodermal differentiation (Scale-20 um), the immunological control is shown (D).

Figure 3.18.B. Expression of VWF in EBs on chamberslides formed from mEScells previously propagation on 14.2 % carboxylic acid
coated dishes for six passages. EBs shown were formed without the additional feeder step plated on chamberslides for 7 days and stained for
the three embryonic germ layers. Merged images are shown the marker Von-Willebrand Factor (red) was used to show differentiation of the
mesoderm lineage and the DAPI stain (blue)is also present. 0.1% gelatin Advanced+LIF+2%FCS (control conditions) (A) 14.2% Advanced (B)
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Advanced (B) and AF (C) growth conditions allowed endodermaldifferentiation, the immunological control is shown (D).

Figure 3.18.C. Expression of the endodermal marker HNF3-f in EBs on chamberslides formed from mEScells previously propagation
on 14.2 % carboxylic acid coated dishes for six passages. EBs shown were formed without the additional feeder step plated on chamberslides
for 7 days and stained for the three embryonic germ layers. The marker HNF3-f was used to show differentiation of the endoderm
lineage,merged images are shown, HNF3-f (red) and DAPI (blue). 0.1% gelatin Advanced+LIF+2%FCS (control conditions) (A) 14.2%

3.6.2.5 Maintenance of mEScells on carboxylic acid substrates without
the addition ofLIF.

To test the ability of mEScells to be maintained on carboxylic acid coated
dishes in the absence of LIF, mEScells were cultured in Adv-LIF media

on control dishes (0.1% gelatin Adv+LIF+2%), 14.2 and 19 % dishes for 6
passages and growth rates determined for each substrate. As previously

seen in the presence of LIF, low (7.4 %) carboxylic acid dishes were
unable to maintain mEScells for longer than 3 days before cells started to
clump and float in suspension. In contrast to the results obtained with
media supplemented with LIF, 14.2 % dishes were unable to support mES
cell propagation for more than 14 days (2 passages) resulting in cell loss
occurring after this time point. Surprisingly, mEScells cultured on 19%
carboxylic acid for 6 passages (26 days) had a shorter population doubling
time when compared to control dishes (Figure 3.19). Due to a limitation of

dishes, only 2 biologicalreplicates were performed,therefore, nostatistical
analysis wascarried out.
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onto 19, 14.2 % carboxylic

Figure 3.19. Growth curves
determined for mES cells
maintained on 19 and 14.2
% carboxylic acid coated
dishes. mEScells were seeded

3.6.2.6 Confirming pluripotency of mES cells after maintenance on 19
% carboxylic acid dishes in advanced medium without LIF.

Positive staining of all markers (Oct-4, Nanog and alkaline phosphatase)
wasseen, together with maintenance of the rounded morphology expected
of mEScells, indicating that self-renewal had been sustained (Figure 3.20).
Furthermore, whilst mES cells could be maintained without LIF on 19 %
carboxylic acid coated dishes, a substrate which enabled mES cells to
attach and propagate without differentiation, mES cells were unable to be
maintained on a highly adhesive substrate (0.1% gelatin/10 % FCS coated
tissue culture plastic). After two passages on these strongly adhesive
substrates in the absence of LIF, mES cells had differentiated and no
longer expressed Oct-4

and Nanog (Figure 3.20 G, I), suggesting that

carboxylic acid substrates are weak adhesive substrates able to support self
renewal of mEScells i.e. carboxylic acid substrates allow R1 mEScell to
attach, but inhibit their spreading.
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after
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coated dishes in Advanced medium
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were propagated on control dishes (0.1

3.6.3 Analysis of R1 mES cells propagated on positively charged
Zetag™ polymer.

3.6.3.1 Analysis of varying concentrations of Zetag™andits effect on
mEScell attachment andpluripotency.

Varying concentrations of Zetag™ (100, 80 and 60 %) were tested. 60 %

Zetag™ did not allow attachment of mEScells, which after 1 day of
plating, were observed as single colonies in suspension (data not shown).
Both 100 and 80 % Zetag™ allowed propagation of RI mEScells for a
short term culture period of 7 days in Adv (Figure 3.21.A.) and AF (Figure
3.21.B) media with and without the addition of LIF. Cells cultured in the

aforementioned conditions stained positively for the pluripotency marker
Oct-4 and Nanog. mEScells maintained in Adv medium in the presence of
LIF on both 100 % and 80 % Zetag™ formedlarger colonies than that seen
under Adv-LIF conditions, whilst cells maintained in AF media, regardless
of LIF addition, formed colonies of a similar size (Figure 3.21.B).
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Figure 3.21.B. Oct-4
and nanog expression
in mKES cells cultured

3.6.3.2 Comparison of mES cells growth rates on 100 % and 80 %
Zetag™in Adv and AF media with and without the addition ofLIF.

Growth rates were determined for RI mEScells cultured on 100 and 80 %
Zetag™ on average cells reached confluency under all conditions in 3-4
days. Furthermore, a general trend was found underall conditions whereby
after 3 passages, cell number decreased because colonies increasedin size,
resulting in the detachmentof colonies and the formation of cell aggregates
in suspension. However, whencells were maintained on 100 % Zetag™ in

Adv medium with or without LIF and in AF medium with the addition of
LIF, cell number began to increase again after 4 passages, with cells
remaining attached to the dish for over 6 passages (Figure 3.22.A.B). It
took cells which were propagated on 100 % Zetag™ in AF

medium

without the addition of LIF 5 passages before an increase in cell number
was observed (Figure 3.22.B). Furthermore, it was observed that growth
rates (cell number) were generally higher with Adv medium compared to
AF medium and higher on 100 % Zetag™ dishes compared to 80 %
Zetag™ dishes. ANOVA (n=3, a=0.005) revealed there wasnosignificant
difference between 80 and 100 % Zetag™ dishes when cells were
maintained in Advanced medium with the addition of LIF, whilst, the

growthrates of cells maintained in Adv medium without LIF were shown
to be significantly greater for cells maintained on 100 % Zetag™ (Figure
3.22.A.B). Furthermore, when cells maintained on 100 % and 80 %
Zetag™dishes in Adv medium with and withoutthe addition of LIF, there
was a significant difference between control growth rates and the
aforementioned samplesi.e. R1 cells in this medium grew slowerthancells
on control dishes.

Cells maintained on 80 % Zetag™ in both AF and Adv media, with or
withoutthe addition of LIF, could only be propagated for 5 passages dueto
149

colonies detaching from the dish. Despite this, cells were propagated better
in Adv medium than those grown in AF medium (Figure 3.22). Colonies
on 80% Zetag™ were bigger than that on 100 % Zetag™after short term
culture of 7 days, bigger colonies detached resulting in EB formation
therefore, an increase in cell number was not seen as it was with 100 %
Zeatg™ dishes. ANOVA (n=3, a=0.005) revealed significant differences

in the rate of exponential growth between mEScells propagated on 100 %
and 80 % Zetag™ dishes in AF medium with LIF, (Figure 3.22.A)
wherebycells maintained on 100 % Zetag™ dishes in this medium grew
faster. Interestingly in AF medium without the addition of LIF no
significant difference was observed between 100 and 80 % Zetag™ dishes
(Figure 3.22.B). A statistical comparison of Adv and AF medium with and
without LIF on 100 % and 80 % Zetag™coated dishes revealed Adv and

AF with the addition of LIF and regardless of the substrate, had
significantly higher growth rates when compared respectively to Adv and
AF medium without LIF.

Counting the cell numberat each passage highlighted that cells maintained
in Adv medium had an increase in cell number when compared to AF
medium. Under all conditions, doubling time slowed after an initial
increase (Figure 3.22.A.B). This observation could be due to cell death,
differentiation or non-optimal culture conditions.
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had a slower growth rate compared
to control dishes (0.1% gelatin AdvLIF+2%FCS)(green).

—— 80% AF —#— 100 % AF —t=— 100% ADV tt 80% ADV —t—0.1%adv-LIF+2%FCS maintained in Adv, all conditiond

Oo
iO

3.6.3.3 Staining for undifferentiated ES cell markers in mES cells

propagated on 100 % Zetag™ in Adv and AF media with and without
the addition ofLIFfor 6 passages.

Despite initial decrease in cell numbers, there were sufficient numbers of
colonies remaining at the end of the culture period to allow staining for

undifferentiated ES cells markers. Cells maintained in Advanced medium
remained undifferentiated, expressing all 3 markers (Oct-4, Nanog and
Alkaline phosphatase) (Figure 3.23. A,B,E,F,LJ), suggesting the positively
charged 100 % Zetag™ substrate provided a sufficient degree of adhesion
to support cell attachmentin the short term. However, cells maintained in
AF medium had loss of alkaline phosphatase and nanog around the

periphery of the colonies suggesting differentiation had started to occur
(Figure 3.23. C,D,G,H,K,L indicated by the arrows). Furthermore, after
several passages, cell growth on these substrates was not sufficient to
enable the population to be expanded.
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Figure 3.23. Expression of pluripotency markers in mEScells on Zetag™ coated dishes after maintenance for six passages. mEScells
were subcultured for six passages on Zetag™coated dishes in Advanced (A,B,E,F,IJ), and AF (C,D,G,H,K,L) media with (A,C,E,G,I,K) and
without LIF (B,D,F,H,J,L). mES cells remained alkaline phosphatase positive (A-D), Oct-4 (E-H) and Nanog (I-L) in Advanced medium after
passaging, confirming that cell number was not decreasing due to differentiation. However, a loss of nanog and alkaline phosphatase in AF
medium can beseen aroundthe periphery of the colonies (indicated by the arrows).
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3.6.3.4 Verifying pluripotency of mES cells after maintenance on
positively charged Zetag™substrates for 6 passages.

To confirm the pluripotency of mEScells after maintenance on charged
substrates, ES cells were induced to form embryoid bodies. As before, EBs

were either generated directly from cells cultured on Zetag™, or were first
cultured once on STO feeder cells (Figure 3.24). EBs grown without
feeders werestill able to cavitate (represented by a dark centre) and form

an

extra-embryonic

endoderm (indicated by the

white

arrows).

Highlighting a difference between negatively and positively charged
substrates i.e. cells removed from Zetag™ dishes form normal EBs, whilst
EBs formed from cells maintained on carboxylic acid dishes do not. EBs
formed from cells maintained in AF medium were larger then EBs formed
from cells previously propagated in Adv medium.

EBs were then stained with antibodies to detect derivatives of the three
embryonic germ layers and Oct-4 (Figure 3.25) to determine whether any
undifferentiated cells remained. Oct-4 expression in EBs was detected in
the inner cells as expected. Furthermore, laminin staining was used to
detect the presence of a normal basement membrane. Lamininstaining of
the basement membrane observed around the periphery of the EB was
detected underall conditions, with a weaker signal being maintained with
EBs formed from cells previously maintained in AF medium without the
addition of LIF. Furthermore, these EBs had a weak Oct-4 signal in cells
surrounding the outside of the basement membrane (differentiated
endodermal cells) suggesting full differentiation of these cells had not
occurred, similar to the results obtained with EBs formed from cells

maintained in AF media on carboxylic acid dishes. However, when EBs
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were plated in medium used to drive differentiation (see section 2.2.3.2),

derivatives of all three embryonic germ layers were present in EBs derived
from EScells cultured for prolonged periods on 100 % Zetag™ substrates
in both Adv and AF with or without the addition of LIF indicating that
there had been no adverse effect on pluripotency.
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day period. The white arrows indicate the presence of extra-embryonic endoderm.

form EBsorfirst cultured on a feeder layer for 3 days and then cultured in suspension to form EBs. EB formation occurred over a 7

previously propagated on Zetag™coated dishes in Advanced or AF media with or without LIF were either plated in suspension to

Figure 3.24. EB formation from mES

100%X6
+ Feeder

100%X6
- Feeder

ADV+LIF

allowed normal EB

formation indicated by the staining of
undifferentiated cells within the inner
cells represented by OCT4 staining, and
formation of a normal basement
membrane (laminin staining) under all
conditions (A-D), except for cells
previously grown in AF-LIF, which
exhibited relatively little laminin staining.
TUJ-1 (E-H) a neuronal marker was
found under all conditions with an
increase of neuronal cells observed in AFLIF. Von Willebrand Factor (VWF) (I-L)
was used to show differentiation of the
mesoderm lineage, less differentiation
evident in cells previously grown in AFLIF supplement. Staining for HNF3B (MP) indicated all conditions were able to
differentiate to the endodermal lineage
(Scale -20um).

AF-LIF (D,H,L,P)

Figure 3.25. Inducing differentiation of
mES cells previously propagated on
Zetag™ coated dishes for six passages,
via EB formation. mES cells were
subcultured for six passages on Zetag™
coated dishes in Advanced and AF media
with and without LIF and then induced to
form EBs. EBs shown were formed
without the additional feeder step. All
growth conditions [Adv+LIF (A,E,I,M)
AF+LIF (B,F.J,N) Adv-LIF (C,G,K,O)

3.6.3.5 Comparison of mES cells maintained in either serum-free
medium or serum containing medium on 100 % positively charged

Zetag™coated dishes.

To establish whether serum had role in determining mEScell fate when
propagated on synthetic substrates, mES cells were maintained in mEScell
medium

(Adv+2%FCS-LIF).

mES

cells,

unlike

under

serum-free

conditions, were able to propagate on 100 % Zetag™ coated dishes in the
presence of serum without the addition of LIF without any cell loss
reaching confluency every 3-4 days (Figure 3.26), whilst doubling time of

cells on 100 % Zetag™ in serum medium slowed with time ranging from
28 h at passage 1, to 72h at passage 6. Furthermore, an ANOVA(n=3,
a=0.005) revealedsignificant differences in the rate of exponential growth

between mEScells propagated on 100 % Zetag™ dishes in Adv +2 %
FCS-LIF and control dishes 0.1 % gelatin in Adv 2% FCS-LIF in which,
control dishes had a slower growth rate when compared to 100 % Zetag™
dishes.

mEScells stained positive for the pluripotency markers Oct-4 and Sox 2
(Figure 3.27) after 6 passages on 100 % Zetag™ in serum containing
medium. mEScolonies hada flatter morphological shape, more commonly
seen with control conditions, compared to the rounder loosely attached
morphologypreviously seen in serum-free conditions.
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Figure 3.26. Growth rate
for mEScells maintained
on 100 % Zetag™ in
serum medium. mES
cells were subcultured for
six passages on 100 %
Zetag™ coated dishes in
serum
Advanced
medium
containing
without the addition of
LIF (blue). mES cells
were able to propagate
without any decrease in
cell number and at a
higher growth rate when
control
to
compared
conditions (0.1% gelatin
Adv+2%FCS-LIF) (red)

for Oct-4 (red) (C).
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with a flattened morphology compared to the rounded morphology seen when mEScells were maintained in serum-free conditions and stained

containing medium without the addition of LIF subsequent, positive staining with pluripotency markers Sox2 (green) (A) and Oct-4 (red) (B)

containing medium without the addition of LIF. mEScells were propagated on 100 % Zetag™ coated dishes for six passages in serum

Figure 3.27. Expression of pluripotency markers in mES cells previously propagated on 100 % Zetag™ coated dishes in serum

3.6.3.6

Testing

of fibronectin

substrates

to

determine

which

component/s ofserum containing medium are able to enhance mEScells
propagation on synthetic substrates.

It was considered that if the interactions which normally occur when serum
proteinsare adsorbedto the dish, could be mimicked, this might enablecell
recognition and attachment. Then serum could be substituted in the
medium for a serum component suchas fibronectin, to act as a substrate,

eliminating the need for serum in the medium.
mEScells in Advanced medium with the addition of LIF on fibronectin
attached after 1 h of plating and were able to propagate for 3-6 days whilst
still maintaining a rounded multi-layered morphologyandthe pluripotency
marker alkaline phosphatase (Figure 3.28.C). However, cells grown in
Advanced media without the addition of LIF were dead and floating after
3-6 days in culture (Figure 3.28.D). Furthermore, cells maintained in
Advanced media with LIF were propagated for 3 passages (12 days).
However, the loss of the pluripotency marker alkaline phosphatase after
this time was seen aroundthe periphery of the colonies (indicated by the
arrowsin 3.28.E) suggestingthe cells were beginning to differentiate under
these conditions.
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Figure 3.28. mEScells grown on fibronectin in Advanced media with
or without the presence of LIF. mES cells were plated on fibronectin
coated dishes in a single cell suspension (A,B) in Advanced media with
(A,C,E) or without (B,D) LIF. In Advanced media with LIF addition mES
cells after 3-6 days still maintained the pluripotency marker alkaline
phosphatase (C) whilst cells grown in Advanced media without the
addition of LIF were dead and floating after 3-6 days in culture (D).
Furthermore, cells maintained in Advanced media with LIF were
propagatedfor 3 passages (12 days). However, the loss of the pluripotency
markeralkaline phosphatase after this time was seen around the periphery
of the colonies(indicated by the arrows in E) suggesting that the cells were
beginningto differentiate under these conditions.
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3.7 Discussion.

The aim of these experiments wasto test a range of synthetic substrates to
see whether any could support attachment and subsequentself-renewal of
mEScells. For initial tests, LIF was added to the culture medium and
experiments were then repeated on the substrates that support self-renewal
in the absence of LIF. Two different types of media, Advanced ®

(containing albumin) and animal free (serum-free medium) were designed,
to provide a serum and animal componentfree culture system, in which to
propagate mES cells. Two varying physico-chemical properties were
tested; topography and surface charge density.

Porous PLGAsubstrates, fabricated by a process involving freeze-drying
PLGA,wereable to allow cell attachment and propagation, but it was not
possible to visualise cells on this substrate by transmission light
microscopy due to the opacity of the substrate, nor was it possible to
recovercells from the pores, making replating impossible. In an attempt to
overcome these problems, non-porous, thin PLGA substrates were
fabricated using an air-drying process, but, unfortunately, the cells did not
attach to these substrates. To test whether the critical topographical feature
for cell attachment wasporosity, or just surface roughness, textured casting
papers from Cotex were used to fabricate non-porous PLGA substrates
with varying degrees of surface roughness. These substrates supportedcell

attachmentandself-renewal overa period of several days, with cells being
amenableto replating, but after prolonged culture periods 2-3 passages, the
cells either detached from the substrates, died, or differentiated.
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Reports have suggested that rough surfacesassist cell adhesion (Degasneet
al., 1999; Lampin et al., 1997; Washburn et al., 2004). It is likely

therefore, that mES cells were able to attach to the paper cast PLGA
substrates, but not the air-dried substrates because of the increased surface
roughness of the former. However, although cells initially responded well
to the rough surfaces, self-renewal could not be maintained in the long
term (21 days) even on the roughest paper cast PLGA substrate. This could
have been due to serum carry-over or to cells not receiving enough

supplements from the medium to enable attachment and propagation.

It was hypothesised, therefore, that a coating of serum to the PLGA rough
surfaces may provide the adsorbed proteins, which are normally provided
for attachment by a serum containing medium, enablingcell attachment to
re-occur after each passage/replating. However, an additional coating of
serum did not enhancecell attachment or self-renewal over a longer time
period (> 3 passages, 21 days), andresulted in cells floating off or dying.
Washburn and co-workers have reported that osteoblasts propagated on
rough poly-L-lactic acid surfaces were sensitive to roughness (micro-

patterned channels) of values less than 5 nm. Interestingly, a decrease in
proliferation was found not to be mediated through changes in serum
protein adsorption (Washburn et al., 2004). Additionally, cells propagated
on hydrophobic and hydrophilic substrates have been shownto alter, or
have the surface charge of the cell membrane altered, depending on the
substrate used and whether serum or serum-free conditions were employed.
As a result of changesin cell surface charge, cell morphology, attachment
and proliferation was effected (Wang et al. 2007), encouragingly
suggesting serum-free conditions could be possible for growth of EScells
with the correct substrate.
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It is possible that porous substrates might provide an optimal environment
for ES cell culture, but at present, it is not known whetherthese substrates
can support long term cell culture because of the difficulties with

subculturing the cells. To test this, thin substrates with a porous/rough
texture only alongthe surface of the substrate would haveto be fabricated.

mEScells were able to attach to both positively and negatively charged
substrates. At present, it is not known how the cells interact with the

surface. Cousins and co-workers in 2004 investigated the interaction of
murine fibroblasts and a retinal pigment epithelial cell line with the
cationic polymer Zetag™ (Figure 3.29). It could be assumed that the
interaction could be similar with mEScells as it was observed by Johnson
and co-workers in 2007 that EScells had a higher degree of over sulphated
HS ontheir cell surface, indicating they would have a negative charge

along the cell surface therefore, an electrostatic interaction between
Zetag™ and the cell surface would occur similar to that seen with
fibroblast cells. As mES cells can attach and proliferate on both negative
and positive surfaces, it can be assumed that a simple electrostatic cellsubstrate interaction is not the only interaction occurring betweenthecell
and its substrate. A variety of different proteins, integrins and forces will
be participating in cell attachment.
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mannerin which EScells interpret the surface (Diagram adapted from Cousins, B. Thesis).

assumedthat these are the only interactions by which ES cells interact with Zetag™, however, as medium supplements may also alter the

could be supposed that ES cells would interact via electrostatic interactions with the quaternary groups along the Zetag™ polymer. It cannot be

the interaction was assumedto be oneofanelectrostatic interaction. Owing to ES cells having a higher degree of sulphated HSonits surface, it

Figure 3.29. Schematic of Zetag™interaction with cells and glass surface. Zetag™ was coated on a negatively charged surface and therefore

N°Rs NR; NR; NVR:
O- OH O- OH O- OHO: OH
a

100 % and 80 % Zetag™ coated dishes enabled propagation of mEScells
for short term cell culture, whilst cells could not attach to 60 % Zetag™
resulting in cell death after 24 h of plating. It has been shown by

Sennerfors et al., 2002, that by reducing the concentration of Zetag™
reduces its overall surface coverage suggesting there was not enough
Zetag™presentfor the cells to attach. Another explanation could be due to
more acrylamide being presented to the cells preventing attachment and
not due to a toxicity effect, as acrylamide has been shownto be non-toxic

to cells. Interestingly, a further observation made by Sennefors and coworkers was that increasing the cationic strength increased surface
roughness of the polymer coating, suggesting surface roughness could be
applied to ES cell culture in a number of ways to enhance propagation.
This is complicated by the fact that surface chemistry at the nm scale i.e.
roughness can belimited.

Cell proliferation began to decrease after passage 3 whilst mES cells
maintained on 80 % Zetag™ dishes floated off forming aggregates in
suspension. As a result, cells propagated on these dishes could not be
maintained after passage 5. However, cells propagated on 100 % Zetag™
dishes after an initial decrease in cell number, cells began to proliferate at
around passage 5. It is possible that a modified cell type could have been
selected which has adapted to grow on Zetag™ dishes, whilst these cells
remained pluripotent (indicated by a number of pluripotency markers) it
does not determine whether the genetics of the cell has altered. To
determine this, karyotyping could be carried out but, to determine whether
the cells are still completely pluripotent the formation of teratomas would
have to occur. The decrease in cell number was seen at around passage
three in both media whencells were also propagated on negatively charged

carboxylic acid coated dishes. It was hypothesised that mES cells
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maintained in Adv medium would attach and propagate better then those
maintained in AF medium however, similar growth rates and cell
detachmentoccurred, this could be due to the albumin component of the
Adv medium which is used to prevent cells from attaching to the dish
(REF). The decrease in cell number could also be due to serum carry-over,

suggesting that the cell medium is lacking components needed forcell
attachment or containing components preventing cell attachment. To test
the hypothesis, that serum is needed in the medium for cells to attach mES
cells were propagated on Zetag™ dishes in Adv medium +2 % FCS.
Serum contains a number of components which could aid in cell

attachmentnot just albumin that could inhibit cell attachment. Under these
conditions mEScells were able to propagate on 100 % Zetag™ dishes for
6 passages without any obvious cell number decrease, suggesting, at least
on positively charged Zetag™ dishes, that it is necessary to culture mES
cells with serum to prevent cell loss. Further experiments would determine
whetherthis is the same for negatively charged substrates.

It is knownthat the serum proteins fibronectin and vitronectin are adsorbed
onto tissue culture surfaces allowing the surface to be recognised bya cell.
In order to establish what components of serum were promoting mEScell
attachment, mEScells were propagated on fibronectin coated dishes. The
effect of fibronectin altered depending on whether mES cells were
propagated with or without the supplementLIF. In the presence of LIF and
serum fibronectin, cell adhesion is promoted while, in the absence of LIF
mEScells attach but, die after 3 days in culture (an observation also seen
by Hayashi et al., 2007). This is probably due to cells using alternative
intracellular mechanismsto self-renew. Interestingly, LIF addition changed
the ability of the cell to stick to negatively charged dishes i.e. in the

presence of LIF, mEScells attached and propagated on medium negatively
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charged dishes irrespective of the medium used, while, in the absence of

LIF mEScells attached and propagated on the highly negatively charged
substrate.

Cell colonies propagated in AF medium,on both positively and negatively

charged substrates, were noticeably smaller in size i.e. less proliferation
had occurred then seen with Adv medium. Furthermore, for mES cells

maintained on carboxylic acid coated dishes in AF medium pluripotency
could not be determined, suggesting these cells were not maintained by
carboxylic acid coated dishes. It is possible that the medium lacked the
supplements

needed

for

cell

proliferation,

preventing

cells

from

propagating and therefore, preventing cells from remaining attached.
However, cells maintained on 100% Zetag™ coated dishes in AF medium
remainedpluripotent, a recent observation from Professor Welhams’ group
suggests that down-regulation of a particular isoform of PI3 kinase affects
mES cell proliferation i.e. smaller cell colonies, without affecting
pluripotency. It is possible that the cells propagated on positive and
negative substrates in AF medium changetheir responsiveness/function of

signalling pathways depending ontheir culture conditions (Welham et al.,
2007).

Despite a decrease observedin cell attachmentonall substrates,it

has been shown here that mES cells can be maintained in the absence of
LIF andfeedercells, without any adverse effect on pluripotency.

Negatively charged substrates were tested with Rl mES cells and El4
mEScells (data not shown for E14 mEScells). Importantly, the degree of
adhesion, at least in the short term (4-7 days), depends on the negativity of
the substrate and the line used. Whilst RI mEScells attached to the higher
negative dishes and in AF media the attachment wasstronger, E14 cells

maintained in Adv medium attached to moderately negatively charged
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dishes, whilst, E14 cells maintained in AF medium attached more weakly
to higher negatively charged dishes. Despite initial observations, which

suggested a difference between the cell lines and their ability to attach to
negatively charged substrates, long term culture found both R1 and E14
cells preferred to propagate on moderately negatively charged dishes.
Interestingly, on one of the highly negatively charged substrates, the cells
had a shorter doubling time than on control substrates. Furthermore
differences were observed between EBs formed from either positively
charged substrates (Zetag™) and negatively charged substrates (carboxylic
acid) whereby, without an additional feeder step of feeders no extraembryonic endoderm could be visualised in EBs formed from cells
maintained in AF medium on carboxylic acid coated dishes. Interestingly,
when EBs were formed from Zetag™ dishes in AF medium without the
additional feeder step, extra-embryonic endoderm could be visualised.
However, in both cases endoderm failed to differentiate (remained Oct-4
positive). Despite this the three embryonic germ layers werestill observed,
suggesting endoderm differentiation is not essential in embryoidbodies. It
should be noted that the markers usedto identify the three embryonic germ
layers were specific to a certain cell type of the particular lineage i.e. VWF
is only expressed in blood derivatives and therefore, other markers for
different cell types within a lineage should be tested to confirm that mES
cells maintained on synthetic substrates are truly pluripotent.

However, whilst we had some success in identifying defined, synthetic
substrates capable of supporting mEScell culture, there are still problems
to overcome and the possibility that manipulating the polymer surface
could enhancecell growth remains. It will be interesting, therefore, to see
if this substrate could support hEScell propagation.
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Chapter 4
EFFECT OF SYNTHETIC SUBSTRATES AND HEPARAN
SULPHATE DERIVATIVES ON HES CELL FATE.

4.1. Introduction.

Previous results from our lab (unpublished observations) had shown that
cell spreading can promote differentiation, and that if mES cells are
cultured on weakly adhesive surfaces (2.5% FCS coated dishes), cell
attachment occurs but the degree of spreading is restricted, and selfrenewal can be maintained over prolonged periods. Furthermore, as

previously discussed (chapter 3) we have also shown by using synthetic
substrates that the degree of adhesion of mEScells could be restricted
thereby preventing differentiation. The aim of the work described in this
chapter was to test whether hES cells could be maintained under similar
conditions.

Attempts to replace feeder cells in hES cell culture systems have shown
that hES cells can be maintained onill-defined substrates such as Matrigel
(Xu et al., 2001). Further advances have shown that hES cells can be
maintained on a human extracellular matrix mixture of collagen IV,
fibronectin, laminin and vitronectin (Ludwig et al., 2006). Recombinant
sources of matrix molecules would be an ideal substrate for culturing hES
cells because batch-batch variation would be lower. Two extracellular
matrix (ECM) components, fibronectin and laminin were tested for their
ability to support hEScell self-renewal.

It was reported in 2007 by the University of Wisconsin-Madison
(unpublished

data)

that physical

topography
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influences

hES

cell

differentiation and self-renewal. Werationalized therefore, that PLGA

micro-patterned surfaces would enable hES cells to be maintained in a
pluripotent state. These substrates along with the synthetic substrates
described previously (chapter 3), which varied in their surface charge
[Zetag™ (positively charged), and carboxylic acid dishes (negatively
charged) (Plasso)] were tested for their ability to support hES cell selfrenewal.

In order to develop a defined culture system, a feeder-free medium was
also developed (Baxter et a/., stem cell research 2009 in press)(see section
2.2.1.2 and 2.2.1.7). Construction of a defined culture system would enable

testing of modified heparin saccharides andtheir ability to affect hES cell
self-renewal [via extrinsic factors such as Wnt, FGF and BMPsignalling
(Sasaki

et

al.,

2008)]

and

differentiation

[specifically

neuronal

differentiation (Johnsonet al., 2007)].

4.2. Materials and methods.

4.2.1. Quantitative PCR analysis of human Embryoid Body (EBs)
formedin medium with or without the addition ofpersulphated heparin.

Total RNA was extracted from hEBs formed in 10 % FCS (normal
conditions used to generate EBs and therefore, used as a control) and
serum-free media with or without the addition of persulphated heparin to

detect differences in transcript levels of genes specific to derivatives of the
three embryonic germ layers were investigated via reverse transcription
PCR (RT-PCR). RT-PCRis the most sensitive method for the detection of
low abundance mRNA,often obtained from limited tissue or cell samples
(Bustin, 2000). Real-time, or quantitative, PCR (Q-PCR) allows the

measurement of PCR products as they accumulate, or in ‘real-time’. It is
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possible to measure the amount of PCR product at a point in which the
reaction is in its exponential range (Ginzinger, 2002), thus eliminating the

unreliability of end-point quantification.

The threshold cycle (Ct) indicates the fractional cycle numberat which the
amount of amplified target reaches a fixed threshold. Ct values were
generated by Rotor-Gene Real-Time analysis software 6.0 (build 14)
(Corbett Research).
The equationthat describes the exponential amplification of PCRis:
Xn= Xo° (1+ E,)"

Where X, is the numberoftarget molecules at cycle n of the reaction, Xo is

the initial number of target molecules. E, is the efficiency of target

amplification (in this case, efficiency is 2 as the number of target
molecules doubles after every cycle) and n is the numberof cycles (Livak
at al., 2001). From this equation, a method for determining relative
changes in amountsoftranscript (R) can be derived:
R= pact (Control TPx Ct — Treated TPx Ct)act (Control Actin Ct — Treated Actin Ct)

The formulafor the delta-delta method ofestimating the relative change in
expression of each test gene relative to the reference gene, in this case,
GAPDHis shown above. A relative change of 1 indicates no change,
anything above | is an increase and anything below | is a decrease.
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conditions hEScell lines formed the characteristic flat colonies seen for hEScells on feeders.

lines; Hues-7 (B) and Hues-1 (C) were maintained on MEFs whilst Hues-3 (A) were maintained on STOs. Underall

Figure 4.1. Maintenanceof hEScell lines on feedercell layers. hES cell lines were maintained on mouse feedercell

4.3. Results.

4.3.1. Characterisation of hES cell lines on feeder layer in serum
replacement-containing medium.

Hues-1, Hues-7 and Hes-3 were maintained on feeders for initial expansion
(Figure.4.1). The Hes-3 cells were difficult to culture as they required manual
re-plating and they also had a high rate of spontaneous differentiation, even
when cultured in serum-containing medium (data not shown). This might have
been dueto the fact that the cells had already been passaged (x 90)at the time
of purchase.
The Hues-7 and Hues-1 cells, however, were less problematic because they
could be sub-cultured via trypsinisation and had a low rate of spontaneous
differentiation, with the majority of cells expressing the pluripotency markers,
Oct-4 and Sox-2 (Figure 4.2). Furthermore, the Hues-7 and Hues-1 lines had
only been passaged (x 10) at the time of arrival. Expression of the human
nuclear protein (HNP) marker was detected in all nuclei of the Huescell lines
(Figure 4.3). HELA cells were also stained as a positive control. For all
antibodies a control was performed to ensure no non-specific binding of the
secondary antibody was occurring. Low levels of background staining was,
observed with the Sox-2 secondary antibody. The fluorescence observedin the
control sample acted as a baseline and any fluorescence observed abovethis
level was regardedaspositivestaining.
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Figure 4.2. Verifying pluripotency of Huescell lines. Hues-1 (A,C) and Hues-7 (B,D) cell lines were maintained on a
MEF feeder layer in serum-replacement medium. Cells were passaged (x10) and stained for pluripotency markers Oct-4
(A,B) and Sox2 (C,D). Both cell lines under these conditions remained pluripotent indicated by the positive nuclear
staining. (Scale bar -20um). The immunological control for Sox2 is shown (G) (brightfield E, and DAPI are also
shown)for the immunological control for Oct-4 see figure 3.14 (Page 125).

sie

i”

50 pm

178

Figure 4.3. Expression of the human specific marker HNP by hEScell lines. Staining for the human specific marker
HNP wascarried out on the humancell lines HELAs (A) Hues-1 (B) and Hues-7 (C), a positive staining was observed in
all cell lines. The secondary antibody control is shownin (F), with brightfield (D) and DAPI (E) images also shown.

Bie

4.3.2. Preliminary experiments to remove feeder layers from hES cell
culture.

Hues-1 and Hues-7 cells were tested for their ability to grow in the absence of
feeder cells on gelatin coated dishes. Cell counts were taken for Hues-1 and
Hues-7 hES cell lines whilst being propagated on 0.1 % gelatin in serum
replacement medium (Figure 4.4). Population expansion occurredoverthefirst
two passages (20 days), but this was probably dueto the presence offeeder that
were replated along with the hEScells, because after the 2™ passage,

the cell

number of both cell lines decreased. Differences between the growth rate of
Hues-1 and Hues-7 cells when propagated on 0.1 % gelatin were assessed by
an ANOVA (a=0.005). In order to perform an ANOVA only the data points
from the exponential part of the growth curve were analysed. ANOVA was
followed by Student-Newman-Keuls post hoc comparisons to determine
differences between these samples (SigmaStat; Sysstat software inc., USA).
The data were both homoscedastic and normally distributed (SigmaStat)
making ANOVApossible. ANOVA (n=3, a=0.005) revealed there were no
significant differences in the rate of exponential growth between the two hES
cell lines on 0.1 % gelatin coated dishes.
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Figure 4.4. Growth curves
determined for hES cells
maintained on 0.1 % gelatin
coated dishes. hEScells were
seeded onto 0.1 % gelatin
coated
dishes
in
serum
replacement
medium
and
growth rates determined.Intial
growth of Hues-1 (red) and
Hues-7 (blue) cell lines
occurred for 2 passages,
however, cell number began to
decrease due to differentiation.
The
mean
of
three
independent experiments was

Given that the feeder cells are unable to proliferate; their numbers are greatly
reduced at every passage, so that at the end of the second replating, there are
very few remaining, resulting in a decrease in cell numberof hEScells. The ES
cell morphology at this time was not flattened (which is observed when cells
are maintained on feeders) but, condensed nuclear morphology was observed
(A). At this time, the hES cells began to spread on the substrate and
differentiate, indicated by the loss of Oct-4, Tra-1-60 (C) and Nanog (D).
Further evidence ofdifferentiation was indicated by the positive staining ofthe
neuronal marker Tuj-1 (E) (Figure 4.5). It was reasoned therefore, that the
differentiation of hES cells on gelatin coated dishes may have been dueto the
fact that cells readily spread on this substrate.
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Figure 4.5. Staining of Hues-7 cells previously maintained on gelatin coated dishes, with pluripotency and
differentiation markers. Hues-7 cells (A) are shown but similar results were found with Hues-1 (B) cells when they
were maintained for 4 passages on gelatin coated dishes in serum replacement medium. No large nuclei with a flat
morphology was observed whenthese cells were maintained on gelatin. Staining with pluripotency markers Oct-4, Tra-160 (C) and Nanog(D)indicated that differentiation had occurred due to a decrease orloss (in the case of Nanog and TRA1-60) in staining (indicated by arrows). Furthermore, positive staining with the neuronal differentiation marker Tuj-1 (E)
wasobserved. Immunological controls for Oct-4, nanog and Tuj-1 are shownin figures 3.14, 3.16 and 3.19 respectively.
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4.4 Testing hES cell self-renewal on synthetic substrates, which varied
in two physico-chemical properties; charge and topography.

To test whether synthetic substrates could support hES cells self-renewal,
Hues-7 cells were cultured on the synthetic substrates previously described in
chapter3.
4.4.1. Topography.
hEScells were tested on PLGA substrates (for structure and properties see
section 3.3) in serum-replacement medium (see section 2..2.16). As with mES
cells,

Hues-7

cells

attached

to

the

porous

substrate

and

remained

undifferentiated for up to 14 days. However, it was not possible to test the
ability of the freeze-dried PLGA to support self-renewal in the longer term
because the cells had a tendency to lodge within the pores and consequently,
could not be re-plated onto fresh substrates (Figure 4.6.A). As a result, Hues-7
cells were tested on PLGA micro-patterned surfaces, which eliminated the
problem ofcells lodging in pores.
hES cells were plated onto micro-patterned surfaces, which varied in their
degree of roughness. However,after 1 day the cells had died onall but 2 of the
substrates (data not shown); these substrates were determined to have the
roughest surface (Figure 4.6.B.D) (substrate N) and a rough surface with
smooth areas (Figure 4.6.II) (substrate C.E). hES cells were propagated on
these surfaces for 3 days before cells were stained for the pluripotency marker
alkaline phosphatase (Figure 4.6. B.C). Hues-7 cells on the roughest surfaces
formed bigger colonies than that seen on the smoother surface, possibly
indicating a greater ability for hES cells to proliferate on rougher surfaces.

However, under both conditions hES cell number decreased after 7 days and
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only a small numberof colonies remained. Most of these colonies did not stain
positively for alkaline phosphatase, showing that the cells were no longer
undifferentiated (Figure 6 .D.E, indicated by arrows). In all cases,staining, of a
small numberofsingle cells, was found together with | or 2 colonies, which
remained a similar size throughout their time on the substrate. As a result, it
was concluded that hES cells could not be maintained long-term on PLGA
micro-patterned surfaces. As previously discussed in chapter 3, because mES
cells were maintained in the long term (6 passages) on charged substrates
[Zetag™ (positively charged) and carboxylic acid dishes (negatively charged)
(Plasso)], these substrates were tested for their ability to support hES cell
growth.
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Figure 4.6. Maintenance of hES cells on PLGA substrates. Hues-7 EScells
were plated onto freeze dried PLGA porous substrates (A) whereby, cells
remained undifferentiated for 14 days (Indicated by the positive alkaline
phosphatasestaining). Due to difficulties in re-plating hES cells maintained on
the aforementioned surfaces, micro-patterned surfaces which varied in their
degree of roughness were tested for their ability to support hES cell selfrenewal. Twosubstrates; 1 rough (B.D) and 1 smooth (C.E) were able to allow
hES cell attachment and after 3 days hES cells expressed the pluripotency
marker alkaline phosphatase (B.C). However,after 7 days, only a small number
of ES cells remained on both surfaces with most of the colonies not expressing
alkaline phosphatase (indicated by arrows) (D.E).
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4.4.2. Positively charged substrate- Zetag™
Hues-7 hEScells were tested on 80 % and 100 % Zetag™ substrates in serum
replacement medium (Seesection 3.3 for structure and properties). After 7 days
hES cells become rounded on 100 % Zetag™. Furthermore, flat feeder-like
cells could be seen around the periphery of the colonies. Immunostaining
showed that these cells did not express Oct-4 or Tuj-1, suggesting that they
were feeder cells, rather than ES cell derivatives (Figure 4.7.B). hES cells
remained pluripotent on these substrates (N.B. no clear cell nuclei can be
observed in these images due to the thickness of the colony) whilst, no positive
staining of Tuj-1 expression could be seen in either the ES cell colonies or the
feeder-like cells (data not shown). It is therefore likely that these cells were in
fact feeder cells carried over, which ensured cells attached to this substrate.

However, no colonies could be seen on 80 % Zetag dishes after 7 days and only
debris was observed (data not shown).
The experiment was repeated andafter 14 days (2 passages) only a few cells in
contact with feeder cells remained, cells that were not in contact with these

feeder cells had floated off the substrate (data not shown). These cells were
stained and found to have lost their pluripotency marker, Oct-4 (data not
shown). In the absence ofthe feeder layer, the ES cells were unlikely to have
attached and therefore 100 % Zetag™ dishes were unsuitable for hES cell
propagation.

186

187

Figure 4.7. Maintenance of hEScells on 100 % positively charged Zetag™ substrates. (A) hES cells were plated onto
100 % Zetag™ dishes and after 7 days, feeder-like cells were observed protruding from hEScell colonies (Indicated bystars,
on the brightfield image A), colonies remained pluripotent, indicated by the positive staining with Oct-4 (B). No clear
staining was observed with the neuronal marker Tuj-1 in either ES cell colonies or the feeder-like cells, suggesting the cells
were in fact feeder layer carry over (data not shown). Howeverafter 14 days, 2 passages, only a few feeder cells remained,
resulting in hES cell colonies floating off the dish, forming clumps which did not express the pluripotency marker Oct-4
(data not shown).

7%

4.4.3. Negatively charged carboxylic acid substrate.
A range of carboxylic acid coated dishes were tested; i.e. 14-16-19%
carboxylic acid (for properties and structure see section 3.3) in serum
replacement medium. After 7 days there were only a few colonies on the 16
and 19 % dishes with larger sized colonies on the 19 % dishes, whilst 14 %
carboxylic acid coated dishes had many large multi-layered rounded colonies.
The cells were stained for the pluripotency markers, Oct-4 and TRA-1-60
(Figure 4.8).
After 14 days (2 passages) it was found that cells at the periphery of the
colonies developed neurite-like outgrowths (Figure 4.9). Therefore, cells were
stained for Oct-4 and Tuj-1 to determine whether the peripheral cells had
differentiated to neurons (Figure 4.9). Large colonies on both the 16 (Figure
4.9.A) and 19 % carboxylic acid (Figure 4.9.B) dishes had floated off, leaving
only a few flat, spread cells which hadlost their Oct-4 staining butstained for
Tuj-1. However, cells on 14 % carboxylic acid coated dishes (Figure 4.9.C)
remained as multi-layered rounded colonies that still had Oct-4 expression.
Cells around the outside of these colonies had begun to spread out forming
neuronal progenitors, which stained positively for Tuj-1. Interestingly the
highest percentage carboxylic acid dishes 16-19 % could not support cell
attachment whilst the lowest percentage carboxylic acid (14 %) was able to
support hEScell attachment and maintenanceatleast in the short term of 14
days. This suggested that weak adhesive, negatively charged substrates are able
to support hEScell propagation. Dueto a limitation with these substrates, long
term maintenance of hES wasnottested.
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Figure 4.8. Maintenance of Hues-7 cells maintained on varying percentage carboxylic acid-coated dishes for 7 days.
hEScells were seeded onto 14-16-19 % carboxylic acid coated dishes and maintained for 7 days. hES cells stained positively
for the pluripotency markers Oct-4 (red) and TRA-1-60 (green) after 7 days, with smaller colonies being observed on 16 %
carboxylic acid (B) coated dishes compared to 19 % carboxylic acid (C) coated dishes, whilst on 14 % carboxylic acid (A)
coated dishes multi-layered rounded colonies were formed.
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Figure 4.9. Differentiation of hES cells on 14-16-19 % carboxylic acid coated dishes for 14 days (2 passages). Hues-7 cells were maintained on a
varying range of carboxylic acid coated dishes (14-16-19 % dishes) for 14 days (2 passages) and stained for the pluripotency marker Oct-4 (red) and
the differentiated marker Tuj-1 (green). Cells maintained on 16 % (A) and 19 % (B) Carboxylic acid coated dishes showeda loss of Oct-4 staining and
subsequent neuronal differentiation suggesting adhesion to these dishes was stronger than that on 14 % carboxylic acid coated dishes. Cells grown on
14 % carboxylic acid coated dishes (C) remained pluripotent with only the outside cells of the colony beginning to differentiate (indicated by arrows)
(Scale 20 pm).

4.5 The ability of commercially available cell culture substrates to
maintain hES cells in an undifferentiated and self-renewing state.

Previous observations with mEScells highlighted the importance of maintaining
cell/colony morphology on synthetic substrates in order to maintain self-renewal
i.e. MES cells under normal conditions (on STOs in serum containing medium)
grow in rounded multi-layered colonies, this morphology was also obtained
when mEScells were propagated on synthetic substrates. Hues-7 hEScells under
normal conditions (on MEFSin serum-replacement medium), grew in flattened
colonies. Therefore, it was reasoned that Hues-7 cells grown on synthetic
substrates would also maintain their flattened morphology. Whilst Hues-7 cells
were ableto attach they failed to remain as flattened colonies on these substrates,

resulting in the cells becoming roundedandfloating off (data not shown).
It is reasonable to say that for hES cells to attach and propagate on synthetic
substrates these substrates must encourage a greater cell-substrate interaction
than mEScells, enabling them to maintain their flattened characteristics, as seen
when maintained on feeders. In order to test this hypothesis, a variety of
substrates, previously usedin cell culture experiments weretested. Tissue culture
plastic has been used within ourlab to culture mES cells when serum is present
in the medium but, under these conditions mEScells begin to spread (data not
shown), suggesting the cell-substrate interaction was too strong for mEScells
but might be sufficient for hES cells to maintain their flattened morphology.
Another substrate which was considered for use in providing sufficient culture
conditions for hES cells was poly-L-lysine. Poly-L-lysine is acknowledged as a
substrate that allows cells that have started to become neurons to adhere in
culture (Gerrard et al., 2005). Poly-L-lysine is considered to improve cell

attachment whilst not being susceptible to breakdownby proteases (Fedoroff and
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Richardson, 2001). It was envisaged therefore, that the strong cell attachment
observed when mEScells are plated on poly-L-lysine would enable hEScells to
attach whilst maintaining their spread, flattened morphology.
Hues-1 cells on tissue culture plastic and poly-L-lysine were unable to remain
attached after 7 days, as cells began to detach after 24 h (data not shown). To try
and prevent hEScells detachment from the surface ofthe tissue culture and polyl-lysine dishes specifically modified HS saccharides; namely, Heparin, -6-Odesulphated (6ODS)and persulphated heparin (oversulphated) were coated onto
the dishes as described in section 2.2.1.2. HS and other proteoglycans have been
shownto assist cell adhesion and, therefore, it was assumed that using a variety
of modified HS saccharides would encourage ES cell attachment. However,
additions of HS saccharides were not successful in maintaining hES cell
attachment, and subsequentcell rounding and detachment occurred after 7 days
(data not shown).
Evaluation of the poly-L-lysine and tissue culture dishes showedthat after 7 days
approximately 3-4 colonies out of approximately 25 colonies remained attached
and, therefore, subsequent staining for pluripotency and differentiation markers
was carried out (Figure 4.10). Under both conditions a loss of the pluripotency
marker Oct-4 was seen, whilst expression of the differentiated marker Tuj-1 was
observed. Furthermore, colonies remaining on poly-L-lysine dishes (Figure
4.10.B) had higherlevels of Tuj-1 staining than those remaining ontissue culture
plastic alone (Figure 4.10.A). Detachmentof cells from tissue culture and polyL-lysine coated dishes suggests hES cell attachment was not strong enough for
cells to be maintained. Furthermore, the limited number of colonies remaining on
the dish had differentiated, suggesting that, for ES cells to remain attached,cell-

substrate interactions neededto beso strongthat differentiation resulted.
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Figure 4.10. Differentiation of hES cells remaining on poly-I-lysine and tissue culture plastic dishes after 7 days. Hues1 cells were propagated on poly-L-lysine (B) and tissue culture plastic dishes (A) for 7 days. On both substrates, Oct-4
staining (Red) showed that no pluripotent cells were present, and Tuj-1 staining (green) indicated that many cells had
undergone neuronal differentiation (Scale 40 tm).
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4.6 The ability of extracellular matrix proteins to maintain hEScells in
an undifferentiated and self-renewingstate.
Hues-1 and Hues-7 ES cell lines were plated onto human recombinant
fibronectin-coated tissue culture dishes in serum-replacement medium. Cells
were plated at a high density (8x10°/1.5ml) to ensure maximumcell attachment
could be obtained. Removal of feeder cells was achieved by sub-culturing the
cells. Therefore, at passage 2, feeders can still be seen (Figure 4.11.A.B)
(indicated by arrows) but, after 3-4 passages all feeders were removed. Under
these conditions hES cells maintained a flattened, elongated morphology
(observed whencells are maintained on feeders) with large nuclei.
In order to test the ability of ECM components to maintain hEScells in a selfrenewingstate, the variability of serum needed to be excluded from the culture
system. A review ofthe literature highlighted two cases in which a serum-free
culture system for hES cells had been attempted (Vallier et a/., 2005; Liu et al.,
2006). The components from each of these papers were eliminated one by one to
see whether eliminating a particular component, such as FGF, would adversely
affect hEScell pluripotency and self-renewal (Baxter ef al 2009 in press). The
resulting medium is shownin section 2.2.1.7 and will be referred to as serumfree medium. Cells were re-plated onto recombinant fibronectin with serumreplacement medium being substituted for serum-free medium (Figure
4.11.C,D).

Under both conditions, hES

cells

maintained their flattened

morphology as previously seen when co-cultured with feeder cells. Colonies
were stained at passage 2 to see whether cells removed from feeders and replated in serum-free medium remainedpluripotent on fibronectin coated dishes.
Figure 4.12 showsthat the remaining feeders did not express any pluripotency

markers whilst Hues-1 (Figure 4.12.B) and Hues-7 (Figure 4.12.C) colonies
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present on these dishes expressed the pluripotency markers Oct-4 (red) and
Nanog (green).
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Figure 4.11. Testing of Fibronectin as a substrate for hES cells maintenance.
Hues-7 (A, C) and Hues-1 (B, D) cells were re-plated in the absence of feeders
onto human recombinant fibronectin. Serum replacement medium (A, B) was
used first to ensure maximum cell recovery from feeders was achieved.
Following success with this medium, the experiment was repeated with serumfree medium (C.D). After 2-3 passages a small numberof feeder cells were still
present (represented by the arrows) under both conditions. However, after 3-4
passages, all feeders were removed and hES cells were found spanning the
whole ofthe dish.
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markers (indicated by stars) (Scale -200 um).
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Figure 4.12. Short term culture of hES cell lines on fibronectin coated dishes in serum-free medium. hES cell lines
Hues-1 (B) and Hues-7 (C) were maintained on fibronectin coated dishes for 2 passages (6 days) and stained for the
pluripotency markers Oct-4 (red) and Nanog (green). (A) Shows a lower power magnification of hES cell colonies on
fibronectin dishes, feeder cell carry-over can be seen around the colonies but, these cells do not express the pluripotency
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4.6.1. Maintenance of hEScell lines in the long term in serum andfeeder-free
conditions.

hEScells were maintained in excess of 10 passages with the numberofdays for
the cells to reach confluency being every 3-4 (Figure 4.13). Previous work from
Dr. Baxter (Baxter et a/., 2009 in press) has shown Hues-7 cells maintained a
similar growth curve to Hues-1 cells, indicating the ability of the system to
support two hEScell lines. Furthermore, Hues-1 cells after 10 passages still
remained pluripotent, expressing the pluripotency markers Oct-4 (C) and Nanog
(B) (Figure 4.14). Flat colonies were observed when cells were propagated on
fibronectin, as seen whenthesecells were maintained on feedercells, suggesting,
that feeder and serum-free culture conditions had no adverse effect on hEScell
pluripotency.
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Passage number

10

seeded onto fibronectin coated
dishes in serum-free medium
and growth rates determined.
Hues-1 cells under these
conditions reached confluency
after 3 days in culture, with
proliferation continuing past
10 passages. The results show
the means and SEM ofthree
independent experiments.

maintained on_ fibronectin
coated dishes. hEScells were

Figure 4.13. Growth curves
Hues-1
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the pluripotency markers Nanog (B) and Oct-4 (C), nuclear stain DAPI (A) is also shown.

Hues-1 cells were maintained on fibronectin coated dishes in serum-free medium for 10 passages (30 days) and stained for

Figure 4.14. Pluripotency of hES cells after long term culture in serum-free medium on fibronectin coated dishes.
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4.6.2. Comparing the ability of fibronectin to maintain hES cells in an
undifferentiated state to another ECM protein, laminin.

Given that hES cells could be successfully maintained on fibronectin an attempt
to propagate the cells on another ECM component, laminin, was carried out.
Cells plated on laminin coated dishes after 1 h had attached to the dish and
formed the characteristic flat, elongated cells with large nuclei seen when hES
cells were maintained on fibronectin (Figure 4.15.A). Cells grew as normal and
by 72 the cells were approximately 90 % confluent. Interestingly, after 1 h cells
plated on laminin coated dishes (Figure 4.15.B) had attached and a ‘spiky’
morphology could be seen aroundthe periphery of the cells (highlighted on the
bright field image). Furthermore, after 24 h the flat cells had started to clump
forming multi-layered colonies, the ‘spiky’ morphology wasstill observed
around the colonies. At 72 h most colonies had begun to float off. However,
those that remained had formed what wasconsidered to be a feeder layer.
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Figure 4.15. Comparison of Hues-1 cells maintained in the short term (3 days) on two different ECM components. Hues-1 cells
were replated onto laminin (B) and fibronectin (A) to form a serum/feeder-free system. Bright field images were taken at various time
points after replating; 1 h, 24 h and 72 h. hEScells seeded onto fibronectin coated dishes (A) propagated as previously observed with a
flattened morphology and large nuclei, cells were approximately 90 % confluent at 72 h. Interestingly, hES cells plated onto laminin
coated dishes had begun to show different morphological characteristics after 1 h whereby, cells had a ‘spiky’ morphology (indicated by
the circles). This morphology was seen throughout the time course until the colonies begun to round at 72h (Scale -100 pm).

SINGLE CELLS

4.6.3. The morphological characteristics of hES cells maintained on laminin
coated dishes.

To determine whether cells maintained on laminin coated dishes remained
pluripotent and if the ‘spiky’ feeder-like layer were differentiated cells or simply
a cell-adhesion characteristic, hES cells were propagated on laminin coated
dishes for 4 days and cells were stained with a variety of pluripotency, celladhesion anddifferentiation markers.

Further examination of cells maintained on laminin coated dishes showedthat
two distinct cell morphologies were present; round multi-layered colonies and
flat spread colonies. Both cell types were stained for the pluripotency markers
Oct-4 (data not shown) and Sox2 (Figure 4.16). Cells which formed round multilayered colonies remained pluripotent whilst, spread flat colonies did not express
Oct-4 or Sox2. Furthermore, higher magnification images of ‘spiky’ feeder-like
cells protruding from colony peripheries were also found to be negative for these
two undifferentiated markers (Figure 4.16.C).
It was hypothesized that the morphological changes observed when hEScells
were plated onto laminin coated dishes could be due to the cells adapting to their
environmenti.e. using different adhesion moleculesto assist in attachment. Cells
werestained for B-1-integrin, B-catenin and vinculin to investigate if there were
any changesin the expression of these molecules.

203

Erna

SOX2

eet

MERGE

204

Figure 4.16. SOX2 staining of hES cells maintained on laminin coated dishes. hES cells were propagated for 4 days on laminin
coated dishes, two distinct cell types were found to be present after this time; (A) represents rounded multilayered colonies, which
remained Sox2 positive, whilst (B) the more flattened spread morphologyhadlost expression ofthis pluripotency marker. (C) a higher
magnification image to highlight the non-pluripotent ‘spiky’ morphology (indicated by stars) (Scale A/B-50um C-20um).
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To determine how adhesion was occurring in both cell types, a focal adhesion
stain for vinculin wascarried out. Figure 4.17.B showsthe expression of vinculin
in multilayered colonies formed on laminin coated dishes. Vinculin staining in
can be seen in the cytoplasm ofthe cells surrounding the periphery of the colony
and therefore, the presence of focal adhesions within the colonies can not be
determined. Furthermore, observations by Dr Baxter (Manchester University)
indicate that vinculin staining is only prominent when hEScells differentiate.
Interestingly, spread flattened, feeder like cells, which were assumed to be more

strongly attached by their morphology, did not stain positive for this marker
(indicated bystars).
Staining of cells propagated on fibronectin coated dishes with B-1 Integrin
antibodies (Figure 4.18.B) gave a strong positive result at cell-cell contactsites
but, not as strongly at cell-substrate contact sites. A similar staining pattern was
observed for rounded multi-layered colonies found on laminin coated dishes.
However, feeder-like cells did not stain for B-1 integrin (indicated by arrows)
(Figure 4.18.D). B-catenin, a markerfor cell-cell contact wastestedto seeif cell

contact had altered, resulting in the change in cell morphology (Figure 4.19).
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Figure 4.17. Cell-substrate adhesive properties of cell types formed when hES cells are maintained on laminin coated
dishes. Hues-1 cells were maintained on laminin coated dishes for 4 days and cells stained for adhesive marker vinculin (red)
(B). Vinculin staining was performed to determine if focal adhesion points were presentat the surface of the cell colonies and
the feeder-like cell layer. Cells around the periphery of the colony were positively stained, suggesting that adhesion was
occurring at these points. Attachment at these points was weak as colonies floated off after 4 days, if cells remained in
culture. Interestingly, the feeder-like cell layer did not show any positive staining for vinculin. Staining of control dishes
(fibronectin) indicated strong adhesive sites aroundall cells of the colonies (A).
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Figure 4.18. Expression of cell contact markers in cells maintained on fibronectin or laminin coated dishes. Hues-|
cells were maintained on fibronectin and laminin coated dishes for 4 days and stained for the integrin, B1-integrin (green) and
DAPI(blue), with brightfield images shown (A, C). Cells on fibronectin coated dishes stained positively for B1-integrin at
cell-cell junctions (B). Staining of colonies on laminin coated dishes stained in the same region as cells maintained on
fibronectin coated dishes (D). Furthermore, feeder-like cells (indicated by arrows) did not stain for Bl-integrin at cell-cell
contact sites or at cell-substrate contact sites. The immunological control is shown in G, brightfield E and DAPI are also
shown (Scale 50 um).

Figure 4.19.B shows the expression of B-catenin in hES cells propagated on
fibronectin coated dishes. Positive staining at cell-cell contact sites was
observed, whilst feeder-like cells did not express any B-catenin (Figure 4.19.A).
The morphological changes observed in the feeder-like cells, compared to
control cell conditions (fibronectin coated dishes), suggest that cell-cell and even
cell-substrate interactions have altered. These results do not show whether the
change in cell morphology or adhesion are a cause or consequence of
differentiation.

Significantly, the feeder-like cells found when EScells were plated on laminin
coated dishes expressed the neuronal marker Tuj-1 (Figure 4.20), indicating that
they are derived from the hEScells rather than being contaminating feedercells.
Differentiation of hES cells on laminin could be a consequence of maintaining
these cells on a substrate regularly used to drive neuronal differentiation.
Furthermore, this pattern was also observed when hEScells were maintained on
carboxylic acid coated dishes.
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Figure 4.19. Expression of B-catenin in cells maintained on fibronectin or laminin coated dishes. Hues-1 cells were
maintained on fibronectin and laminin coated dishes for 4 days and stained for B-catenin (green) and DAPI(blue). Cells on
fibronectin coated dishes stained positively for B-catenin at cell-cell junctions (B). As did colonies on laminin coated dishes
(A). Furthermore, feeder-like cells (indicated by arrows) did not stain for B-catenin at cell-cell contact sites or at cellsubstrate contact sites.The immunological control is shown in E, brightfield, C and DAPI, D, are also shown.
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Figure 4.20. Expression of Tuj-1 by feeder-like cells formed on laminin coated dishes. Cells maintained on laminin
coated dishes were stained for the neuronal marker Tuj-1 to determine whether the feeder-like cells were differentiated ES
cells. Colonies of varying sizes were observed on laminin coated dishes and therefore two images were taken (A and B).
Feeder-like cells and cells around the periphery of the colony stained positive for the neuronal marker Tuj-1 (green) with no
Oct-4 (red) staining observed, indicated by the nuclear DAPI stain (blue), whilst the cells in the centre of the coloniesstill
expressed the undifferentiated marker Oct-4.

4.7 The effect of HS analogues on hES cell self-renewal.

Owing to the involvement of HS in many different pathways and the recent
discovery that HS may havea role in ES cell self-renewal (Sasaki et al., 2008;
Furue ef al., 2008), experiments were carried out to determine the potential of
HS analogues (modified heparins) to enhance or reduce hEScell self-renewing
capabilities.

Two modified heparins were tested which varied in their sulphation pattern
6ODS (undersulphated) and persulphated heparin (oversulphated) along with
heparin to act as a control. Heparins were either coated onto the fibronectin
dishes at a concentration of 100 pg/ml (as described previously in 2.2.1.2) or
added to the serum-free medium (see section 2.2.1.7). Incubation with heparins
was carried out for 4 days and bright field images were recorded (Figure 4.21).
Cells maintained on dishes treated with the heparins did not undergo any
morphological changesi.e. a flattened morphology was obtained. Attachment
occurred at a similar rate (around 1 h) to cells maintained on control dishes
(fibronectin) and no obvious difference was observed oncell proliferation i.e.
cells reached confluency every 3-4 days. Furthermore, addition of the heparin
control and the 6ODS saccharidesin solution had no effect on the maintenance
of hues-1 ES cells. Interestingly, addition of persulphated heparin to the serumfree medium caused cells to form multi-layered rounded colonies (indicated by
the arrows).
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Figure 4.21. Bright field images of Hues-1 cells maintained on fibronectin coated
dishes with modified HS saccharides added. Hues-1 cells were propagated for 7 days
on fibronectin with the addition of 100 g/ml modified heparinsin solution (B,D,F) or
attached to the dish(C,E,G). Cells were replated on fibronectin coated dishes under
normalconditions to show cell morphology. The treatment of dishes with heparin (B,C),
60DS (D,E) and per-sulphated heparin (F,G) had no effect on cell morphology.
Interestingly, persulphated heparin added to the medium caused the cells to assume a
round shape(indicated by arrows).
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4.7.1 Effect ofHS analogues on hEScell propagation.

Whilst the addition of persulphated heparin in solution had an effect on cell
morphology, it was not clear whether addition of the HS analogues was having
an effect on ES cell proliferation therefore, growth rates were determined.
Control dishes of hES cells maintained on fibronectin coated dishes (Figure 4.22
blue line) were used as a comparison. When hEScells were propagated on dishes
coated with fibronectin and then treated with modified heparins, the addition of
6ODS(Figure 4.22 green line) enabled cells to proliferate at a higher rate when
comparedto othertreatments, cells treated with 60DS remained pluripotent (data
not shown). Furthermore, a similar growth rate was observed for heparin (Figure
4.22 purple line) and persulphated heparin (Figure 4.22 red line) treatments,
which were slower than control dishes and treatment with 6ODS. Differences
between saccharide treatment of the dish, on the growth rate of Hues-1 cells
were assessed by an ANOVA (a=0.005). ANOVA (n=3, a=0.005) revealed no
significant differences in the rate of exponential growth of Hues-1 cells when
dishes were treated with heparin, 60DSand persulphated heparin.
Interestingly, when heparins were added to the medium, addition of 60DS
(Figure 4.23 green line) causedcells to proliferate at a greater rate than control
dishes (Figure 4.23 blue line). Addition of heparin (Figure 4.23 purple line)
resulted in a similar growth rate to control dishes whilst addition of persulphated
heparan (Figure 4.23 red line) caused a decrease in cell number after 4 days,
apparently dueto cells rounding andfloating off. An ANOVA (n=3, a=0.005)
revealed significant differences in the rate of exponential growth in Hues-1 cells
when persulphated heparin and 60DS were added to the medium. Heparin
addition had no significant difference on Hues-1 propagation when compared to

control dishes, whilst the Hues-1 cells propagated in medium supplemented with

213

60DSgrew significantly faster then cells maintained on control dishes or dishes
with heparin added to the medium.
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dishes,
control
passages
[Fibronectint+serum-free
medium (blue)] and dishes with
heparin added (pink) grew at a

4.7.2 Cell attachment to fibronectin with or without the addition of
persulphated heparin in solution.

As most colonies on dishes with persulphated heparin added were rounded and
subsequently floated off from the dish, the characteristics of cell attachment and
the time point at which cells began to form rounded multi-layered colonies was
determined. Cells were plated on fibronectin coated dishes in serum-free
medium with or without the addition of persulphated heparin. Under both
conditions after 1 h, cells had attached to the dish with no obvious differences in
cell morphology. Furthermore, images taken at 4 h did not show anydifferences
between cells maintained with or without the persulphated heparin saccharide.
After 3 days, however, cells began to round forming multilayered colonies which
detached from the dish (Figure 4.24).
Aspersulphated heparin addition in solution has an effect on cell morphology,it
was important to determine if the change in cell morphology was having an
effect on pluripotency. It was found that the cells had begun to loose the
pluripotency markers Oct-4 (Figure 4. 25 D) and Sox-2 (Figure 4. 25 B)
indicated by the asterisks, arrows highlight a few cells within the colony which
remained positive for these markers.

217

“A

. oe

ty

F 7

218

Figure 4.24. Addition of persulphated heparin sulphate andits effect on cell morphology. Hues-1 cells were replated
onto fibronectin without persulphated heparin (A) and with persulphated heparin (B). Bright field images were taken at
various time points after replating; 1 h, 24 h and 72 h. hEScells seeded onto fibronectin coated dishes (A) propagated as
previously observed with a flattened morphology and large nuclei, cells were approximately 90 % confluent at 72 h.
Interestingly, hES cells plated onto fibronectin coated dishes with the addition of persulphated heparin in the medium began
to show different morphological characteristics after 72 h whereby, cells formed multilayered colonies (indicated by arrows),
with no other differences in cell morphology observed until this time (Scale -100 um).
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still
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asterics,

Oct-4 (C,D). Rounding of
multi-layered colonies when
the HS saccharide was
resulted in a loss of Sox-2
[green (B)] and Oct-4 [red
(D)]
indicated by the

stained for Sox-2 (A,B) and

persulphated heparin (A,C)
the addition of persulphated
were
Colonies
heparin.

with

hES cells were plated on
fibronectin coated dishes

modified heparins. Hues-]

coated dishes with or
without the addition of

maintained on fibronectin

Figure 4.25. Determining
pluripotency of hES cells

4.8 Determination of polysaccharide attachment to fibronectin coated
dishes.

It was surprising that the persulphated heparin only had an effect when it was
present in the medium during culture, and appeared to have no effect when
attached to the fibronectin substrate. It was therefore important to confirm if the
heparin wasindeed attaching to the fibronectin. To detect the saccharides on the
dish, Alcian blue was used as a general glycosaminoglycan (GAG)stain. Alcian
blueis a cationic dye which detects sulphated GAGsvia electrostatic forces with
negatively charged macromolecules (Whiteman, 1973).
Dishes coated with 50 ug/mlof fibronectin solution were incubated with a range
(100-0 pg/ml) of heparin concentrations. Sterile water, 1x PBS, 0.6 M sodium
acetate and 70 % ethanol were used to wash off excess unbound Alcian blue
stain. The titration was used to indicate whether the concentration of heparin
used would determine the level of attachment to fibronectin coated dishes.
However, the backgroundstain observed onthe plastic 96 well plate alone when
washed with sterile water or 1 x PBS, was too high to gain any significant
reading for the detection of saccharide addition to the dish. 0.6 M and 70 %
EtOH removed enough background staining to give a positive reading.
Furthermore, fibronectin staining was also reduced under these conditions.
0.6 M sodium acetate removed staining of fibronectin whilst still giving a
positive reading for heparin alone. Furthermore, when heparin wasattached to
fibronectin coated dishes, a weak positive reading was obtained, suggesting that
heparin wasattaching to the fibronectin. Whilst 70 % EtOH was able to remove
excess fibronectin staining and give a high reading of heparin staining when it
wascoated alone, the coating of fibronectin and heparin gave a negative reading.
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This could be due to the removal of fibronectin by 70 % EtOH resulting in the
removal of heparin (Figure 4.26). Thus amount of heparin boundto the dish was
not accurately quantifiable by Alcian bluestaining.
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Figure 4.26. Attachment of
fibronectin
to
heparin
coated dishes. 50 ug/ml
fibronectin coated dishes
100 ug/ml
(blue) and
heparin alone (pink) and
fibronectin plus heparin
(red) were stained to try and
determine whether heparin
was attached to fibronectin
coated dishes. All values
background
had
have
staining from alcian blue
subtracted. 0.6 M_ acetate
fibronectin
ll
removed
Furthermore,
staining.
staining of fibronectin with
heparin attached gave a
positive reading suggesting
that heparin was attached to
the dish. 70 %_ ethanol
fibronectin
removed
no
However;
staining.
was
reading
positive
observed when fibronectin
and heparin were stained
together despite, heparin
giving a strong positive
result.

Alcian blue staining of saccharide treated dishes was unable to determine
conclusively whether saccharides were attaching to the fibronectin coated dishes,
therefore an alternative technique, developed in our laboratory, was subsequently
used to attempt a measurement of bound heparins (Skidmore ef al., 2006).
Labelling with a Bodipy fluorecsent tag enabled detection of disaccharides
removed from the dish (Figure 4.27). The black line represents peaks that
corresponded to standards of heparin, formed when heparin is digested. i.e.
specific disaccharides found in heparin. The pink line represents the saccharides
removed from the dish, standards 6 and 4 are present in this sample indicating
saccharide addition to fibronectin coated dishes was occurring. Peaks observed
outside of the standards correspondto the trace formed with fibronectin (data not
shown), suggesting both saccharide and protein are labelled and subsequently
detected in this technique. However, the method did not provide accurate
quantification of the amount of bound material.
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Figure 4.27. Fluorescentlabelling of saccharides attached to fibronectin coated dishes. Saccharides were removed from
fibronectin coated dishes, digested and labelled. Labelled samples (pink) were run against disaccharide standards (1-8
labelled in red) (produced by digestion of modified heparin polysaccharide). Peaks in the sample correspond to peaksin the
standard indicating saccharides were removed from the dish.
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4.9. Elucidating the effect of addition of persulphated heparin on ES cell
propagation.

In order to determine how the addition of persulphated heparin to the medium
caused changesin cell morphology, it was necessary to determine whethercellcell contact and orcell-substrate contact was being affected.

4.9.1 Cell-cell contact.

As multi-layered rounded colonies were observed on these dishes, it was
hypothesized that the persulphated heparin did not inhibit cell-cell contact. To
test this, EBs were formed from Hues-1 cells previously maintained on
fibronectin coated dishes in serum-free medium. EBs were formed in 3 types of
medium; 10 % FCS(normal EB conditions), serum-free medium and serum-free
medium with the addition of 100 pg/ml persulphated heparin. EB formation
occurred by disaggregating cells from the dish and replating 14x10* cells in a
suspension of the three aforementioned media. The EBs remained in suspension
for 7 days before observations were made.
ES cell aggregation was observed under all conditions, indicating that the
addition of the persulphated heparin did not inhibit cell-cell contact. However,
there were differences in both EB size and number between the conditions.
Figure 4.28 showsbright field images of EBs underall conditions at 7 days. EBs
formed under normal conditions (10 % FCS) appeared smaller then EBs formed
in serum-free medium.
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in serum-free medium (scale-100 um).
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addition of persulphated heparin (C). After 7 days EBs formed in 10 % FCS were considerably smaller than those maintained

maintained in suspension for 7 days in either, 10 % FCS (A), serum-free medium (B) and serum-free medium with the

Figure 4.28. Bright field images showing differences in EB size when cultured in different medium. EBs were

A

Further analysis of EBs was performed to determine the average size and number
of EBs formed in the different medium. EBs were sectioned and measured as
described in section 2.2.3.4 to determine EB area. EBs formed in 10 % FCS
(conditions for normal EB formation) appeared smaller compared to EBs formed
in serum-free medium with and without persulphated heparin addition (verified
to be significant with an ANOVA). This could be due to ES cells being
maintained in serum-free medium previous to EB formation therefore, the
change in medium could explain the difference in EB size. However, EBs with
the addition of persulphated heparin to the serum-free medium were smaller in
size compared to EBs formed in serum-free medium alone, (verified to be
significant by an ANOVA)suggesting that the addition of persulphated heparin
whilst not affecting cell-cell contact, could be affecting EB formation (Figure
4.29.A).
EBs were found to vary in number depending on which medium wasused. For
EB formation 14x10* cells were seeded for every condition, in 10 % FCS around
25 EBs developed, whilst in serum-free medium around twice as many (45-50)
EBs were formed. A substantial amountofcell debris was observed in 10 % FCS
conditions suggesting cell death was occurring, causing EBsto be reducedin cell
number andsize. Interestingly, EBs formed in the presence of persulphated
heparan formed the most EBs (50). Despite the fact that the overall number of
cells present in each condition was the same, EBs in serum-free conditions
formed bigger aggregates therefore, fewer EBs were formed (Figure 4.29.B).
There was significant difference in the number of EBs formed with or without
the addition of persulphated heparin compared to 10 % FCS and serum-free
medium.
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medium and 10 % FCS (three

persulphated heparin caused a
significant increase in EB
number when compared to
EBs formed in serum-free

Furthermore, the addition of

Figure 4.29.B. Measuring
differences in the number of
EBs formed under different
conditions. EBs were cultured
in suspension for 7 days in 10
% FCS (control conditions),
serum-free medium (ES cell
culture conditions) and serumfree medium with the addition
of 100 ug/ml persulphated
heparin. EBs formed in 10 %
were
medium
FCS
significantly fewer in number
compared to EBs formed in
medium.
serum-free

4.9.1.2. Development of the three embryonic germ layers in EBs formed
from different media.

EBs developing under the different conditions were stained with a variety of
markers for pluripotency and the three embryonic germ layers to determineif
any difference in expression could be detected. It is known from mouse EBs
that the outside cells around the periphery of the EB differentiate first to form
a basement membrane,therefore staining of human EBs for laminin and Oct-4
was carried to determine if this also occurred in human EBs. EBs formed
underall conditions formed a basement membranewith less laminin staining
being observed in 10 % FCS EBs and persulphated EBs (Figure 4.30 A.C
indicated by the green staining). Staining of human EBs formed from the
Hues-7 or Hues-1 cell line when formed in feeder-free or feeder conditions,
have a thin basement membrane, whichin all cases was discontinuous. Oct-4

staining (Figure 4.30 indicated by the red staining) can be seen in patches
within the inner cells (indicated by white asterisk) of EBs formed in serumfree medium with and without the addition of persulphated heparin. EBs
formed in 10 % FCS were smaller when compared to those formed in serumfree conditions and therefore, ES cells may havealreadydifferentiated.
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EBs formed in serum-free medium with and without the addition of persulphated heparin.

(green) can be seen in EBs formedin all conditions whilst, patches of Oct-4 (red) (white asterisks) can only be seen in

Figure 4.30. Differentiation capability of EBs underthree different growth conditions. Hues-1 cells were cultured as
before in serum-free conditions on fibronectin coated dishes prior to being suspended in 10 % FCS (A) and serum-free
medium with (B) or without the addition of persulphated heparin (C). EBs were maintained in suspension for 7 days and
stained for markers for derivatives of the three embryonic germ layers and Oct-4 and laminin wascarried out. Laminin

OCT

To further characterize the EBs formed under the three different conditions,

staining for the presenceofderivatives of the three embryonic germ layers was
carried out. High levels of the endodermal marker, Alpha Feta Protein (AFP)
(Figure 4.31) was detected in EBs formed under normal conditions (10%
FCS). This supports other work carried out with the Hues-7 cell line, which
showshigh levels of AFP expression in normal EBs (Dr. Baxter, University of
Manchester). Less intense expression was observed in EBs formed in serumfree medium with no detection in EBs formed in serum-free medium with the
addition of persulphated heparin.
The neuronal marker, Tuj-1, a derivative of the ectodermal lineage (Figure
4.32) was detected at low levels in EBs formed in 10 % FCS and in serum-free
conditions however, high levels of expression could be seen in EBs formed
with the addition of persulphated heparin. In order to determine whether other
neuronal markers would show similar trend,staining for the neuronal marker
nestin was carried out. No staining was observed in any conditions (data not
shown) however, nestin is an early neuronal marker and therefore, expression

levels could have decreased concomitant with the upregulation of Tuj-1.
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immunological control is shownin F, brightfield, D and DAPI, E are also shown.

Figure 4.31. Expression of the endodermal marker AFP in EBs formedin three different growth conditions. Hues1 cells were cultured as before in serum-free conditions on fibronectin coated dishes prior to being suspended in 10 %
FCS (A), serum-free medium with (B) or without the addition of persulphated heparin (C). The endodermal marker AFP
(green) was observed in EBs formed in 10 % FCS medium with a low amountofstaining seen in serum-free conditions,
whilst EBs formed in serum-free conditions with the addition of persulphated heparin did not express this marker. The
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Figure 4.32. Expression of the ectodermal marker TUJ-1 in EBs formedin three different growth conditions. EBs
were maintained in suspension for 7 days and stained for markers for the ectodermal marker Tuj-1 (green). Tuj-1 was
barely detectable in EBs formed in 10 % FCS medium (A) and serum-free conditions (B), whilst EBs formed in serumfree conditions with the addition of persulphated heparin expressed high levels of this marker(C).

EBs were analysed for expression of the mesoderm marker, brachyury.
However; expression of this marker could not be seen in the EB samples.
Workfrom our laboratory suggests that the optimal time window for detecting
brachyury in human EBs may have been missed (unpublished observations,
Dr. Dolt).
Owingto the different expression levels of lineage markers between different
conditions, staining for HS saccharides wascarried out to determine whether
higher levels of HS could be detected in EBs with the addition of persulphated
heparin, in order to address the question of whether the saccharides were
attaching to the EB periphery.

The antibody, 10E4, was used to detect

sulphated regions of HS. Staining was observed in EBs grown in all three
conditions, indicating the presence of endogenous HS, but the pattern of
staining was different in the sample supplemented with persulphated heparin.
For instance, in samples cultured in 10% FCS or serum free medium, 10E4
tended to stain the EB periphery and cells within the EB, whereas in the
sample with persulphated heparin added, there waslittle staining observed at
the EB periphery, and high levels of staining present inside the EB (Figure
4.33). It is likely that the peripheral cells that stain positively with 10E4 are
extra-embryonic endoderm cells, as AFP staining suggests that there is more
extra-embryonic endoderm present in EBs cultured in the presence of serum,
whereasin the presence of exogenous saccharide, no AFPstainingis detected.
Theperipheral 10E4 staining observed in the presence of serum is likely to be
due to endogenous HSexpression
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Figure 4.33. Expression of 10E4 in EBs formed under three different growth conditions. Hues-1 cells were cultured
as before in serum-free conditions on fibronectin coated dishes prior to being suspended in 10 % FCS (A), serum-free
medium with (B) or without the addition of persulphated heparin (C). EBs were maintained in suspension for 7 days and
stained for a marker for HS. All conditions expressed binding sites for 10E4, with higher levels observed wihtin EBs in
which persulphated heparin was added.

4.9.1.3 Quantification of differences in expression levels of markers of the
three embryonic germ layers in EBs formed following culture in different
media.

Immunostaining of EBs highlighted differences in the expression of markers
for the three embryonic germ layers. To determine whether this was only a
difference in protein levels, quantitative PCR was used to determine if
differences occurred at the mRNAlevel. Figure 4.34 showsthe data obtained
from qPCR, for the markers of the three embryonic germ layers measured in
EBs formed in three media, 10 % FCS and serum-free medium with and
without the addition of persulphated heparin. The delta-delta method (Livak
and Schmittgen, 2001) for calculating the change in gene expression in EBs
was used, whereby 10 % FCS (normal EB formation conditions) acted as the
reference (control). The average of three biological replicates was taken and
plotted (Figure 4.34).
The endoderm marker HNF3a (blue) had a single fold increase in serum-free
EBswithout the addition of persulphated heparin and a 3-fold increase in EBs
treated with persulphated heparin, compared to control EBs. However, no
significant difference in HNF3a between these two samples was detected by
an ANOVA,whilst, a second endoderm marker AFP (red) showed a decrease
in EBs formed under serum-free conditions. Furthermore, AFP could not be
detected in EBs with the addition of persulphated heparin. The amount of
fluorescence seen under these conditions did not reach the threshold,

suggesting that not enough PCR product was being made to be detected. There
was a significant difference between the levels of AFP in serum-free medium

2a]

with and withoutthe addition persulphated heparin i.e. more AFP was detected
in serum-free medium without the addition of persulphated heparin, indicating
a down regulation of endoderm markers in the presence of persulphated
heparin.
An increase was detected in the mesodermal marker MixL]1 (yellow) in both
samples with more being detected in serum-free EBs.

No significant

difference in the level of MixL1 between the samples could be detected. A
decrease in levels of the neuronal marker B3-tubulin (pink) was also observed
in EBs formed in serum-free medium. However, an 80-fold increase was

observed in EBs formed with the addition of persulphated heparin, for the
neuronal marker $3-tubulin, similar to that seen at the protein level with
fluorescence. An ANOVArevealed the increase in $3-tubulin expression to be
significant however, data was logged prior to analysis in order to normalize
the data.
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Figure 4.34. The relative change in
gene expression for differentiated
markers. Markers for the three
embryonic germ layers were detected
by qPCRin three biological replicates
of EBS maintained for 7 days in 10 %
FCS and serum-free medium with and
without the addition of persulphated
heparin. The control in this experiment
is normal EB conditionsi.e. 10 % FCS
therefore all results are a_ relative
increase or decrease comparedto 10 %
FCS EBs. HNF3a (blue) showsa slight
increase in both conditions when
compared to 10 % FCS control EBs.
AFP(red) decreased in levels in these
conditions. B3Tubulin (pink) showed
an increase of about 80 fold when
persulphated heparin was added.
MixL1 (yellow) showed anincrease in
both conditions when compared to 10
% FCS. (*=significant difference
detected between conditions by an
ANOVA,bars =SEM).

To determine whether the qPCR products were of the correct sizes,
electrophoresis was conducted on agarose gels with a ladder of known
standardsin order to determinethe size of the PCR product; all gels are shown
in Figure 4.35.A. and 4.35.B. All products for every condition were of the
expected size suggesting that only the desired product was being amplified.
Furthermore all sequenced PCR products gave E values close to zero
indicating that the amplified genes were as expected(see table 2.3).
Overall, these experiments highlight a role for HS in the differentiation of ES
cells into the neuronal lineage. Incubating aggregating ES cells (EBs) with
persulphated heparin induces an 80-fold increase of the neuronal marker $3tubulin.
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Figure 4.35 .A. Agarose gel electrophoresis of PCR product. qPCR
products were run on a 3 % agarose gel to determine the size of PCR products.
HGAPDHwas determined to be 122 bp as expected with HNF3a at 94 bp. No
bands were seen in the non-template control (NTC) indicating no
contamination had occurred. No differences can be visualized by eye, whichis
why qPCR post-analysis is essential, to pick up any subtle changes in
expression.
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Figure 4.35.B. Agarose gel electrophoresis of PCR products. qPCR
products were run on a 3 % agarose gel to determine their size. HGAPDH was
determined to be 122 bp as expected with MixL1 and $3-tubulin as 66 and 118
bp respectively. No bands were seen in the non-template control indicating no
contamination had occurred. A difference can be seen in band intensity
between 10% FCS and serum-free medium, with and without persulphated
heparin added. Post analysis is essential to quantify this change in expression.
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4.9.2 Cell-substrate contact.

Following the observation that addition of persulphated heparin did not
prevent EB formation and so permitted cell-cell adhesion, it was hypothesised
that the addition of this saccharide might affect cell-substrate contact. To test
this hypothesis, cells were incubated with the saccharidepriorto plating.
When hEScells were cultured in serum-free medium on fibronectin coated
dishes (control conditions) it was found that most cells becomeattached after 1
h. To quantify the degree of attachment, cells were left to attach for 1 h and the
percentage of non-adherent cells was calculated. Under control conditions,
approximately 10 % of cells had not attached after 1 h (Figure 4.36). The
addition of heparin and 6ODSinsolution, or attached to the dish, increased the

degree of cell attachment compared to control dishes; 1.e., a lower percentage
of non-adherent cells was observed.

The percentage of non-adherent cells on dishes coated with persulphated
heparin also decreased, while addition of this saccharide to the medium caused
a significant increase in the percentage of non-adherent cells when compared
to control dishes (fibronectin), revealed to be significant by an ANOVA. At
the highest concentration tested (500 ug/ml), 60 % of the cells plated on the
dish were not attached to the substrate. As the concentration of persulphated
heparin decreased, so did the percentage of non-adherent cells, showing that
the addition of this saccharide had an adverse effect on cell-substrate adhesion.
A dose response curve was determined for persulphated heparin in solution, to
determine at what concentration, 10 % non-adherent cells (as with control
conditions) could be achieved (Figure 4.37); this was observed to be 2 g/ml.
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10 % of cells did not attach. However,

carried out to determine their effect on
cell-substrate contact. After 1 h of
plating, the average % of non-adherent
cells was determined from three
Four
experiments.
independent
concentrations were tested; 500 pg/ml
(blue), 100 pg/ml (red), 50 g/ml (green)
and 10 pg/ml (purple). On control dishes

in solution or attached to the dish, was

Figure 4.36. Effect of persulphated
heparin on cell-substrate adhesion.
Testing of all saccharides (heparin,
6ODSand persulphated heparan) either
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Figure 4.37. Dose response
persulphated
for
curve
heparin added to serum-free
medium. An adhesive assay
was carried out with varying
concentrations of persulphated
heparin (0-10 g/ml) added in
solution. Cells were incubated
with the saccharide before
plating andleft for 1 h to attach;
the percentage of non-adherent
cells was recorded. Control
dishes had 10 % of cells plated

4.10 How does the addition of persulphated heparin in solution affect
cell-substrate contact?

Cell adhesive assays have highlighted the effect that persulphated heparin in
solution has on cell-substrate contact. It was hypothesized that persulphated
heparin caused this effect by bindingto the cells rather than the substrate, and
inhibiting cellular interaction with the substrate; the following experiments
were designedto test this.
Hues-1 cells were trypsinised and the cell suspension split into two vials; one
vial was spun as normal and plated in normal culture conditions (Figure
4.38.A). The second was treated with 100 pg/ml persulphated heparin and
spun as before; the cell suspension was then re-suspended in fresh serum-free
medium without persulphated heparin and addedto fibronectin coated dishes.
After preincubation with persulphated heparin, Hues-1 colonies began to
round approximately 24 h after an initial weak attachment to fibronectin
coated dishes (Figure 4.38.B; indicated by arrows), with multilayered colonies
forming at around 3 days. The formation of rounded multilayered colonies
underthese conditions suggests that persulphated heparin hadattachedto cells
causing them to detach from the dish. The fact that the persulphated heparin
did not prevent cells from attaching, but instead, caused colonies of cells to
detach following a period of 3 days, suggested that the saccaharide was not
simply blocking interactions between fibronectin andcell surface receptors.
In order to determine whetherthe presence of persulphated heparin only exerts
this effect if it is added prior to cell plating, cells were plated under normal
conditions andleft to attach to the fibronectin coated substrate. After cells had
attached, persulphated heparin was added. After 3 days, colonies had begun to
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round (Figure 4.38.C; indicated by arrows). Thus, persulphated heparin caused
the colonies to round and detach, regardless of whether cells had previously
attached to the substrate, which was expected if persulphated heparin was
attaching to cells around the colony.
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nt time points to determine if there is an effect on cellsubstrate adhesion. Hues-1 cells trypsinised and re-suspended into equal volumes,after pelleting, cells were plated onto
normal culture conditions (fibronectin/serum-free medium) (A). To determine whether persulphated heparin only had an
effect if it was added whencells were plated, cells were allowed to attach for | h before adding persulphated heparin,
however, colonies rounded (C) as seen previously. To determine if persulphated heparin caused colonies to round by
sticking to cells persulphated heparin was addedpriorto pelleting (B).

eH

4.10.1. Localisation ofpersulphated heparin oncells.

In order to establish whether persulphated heparin boundto the cell surface,
cells were stained with the general GAGstain Alcian blue. Although it was
expected that some expression of endogenous HS would be visualized by this
technique, it was anticipated that an accumulation of persulphated heparin on
the surface of multilayered colonies would be detected. Hues-1 cells were
typsinised and re-suspended into two vials; one vial was treated with
persulphated heparin whilst the other was treated as normal. Cells were plated
onto fibronectin coated dishes and stained after 3 days. Staining of control
cells, which had been maintained in normalculture conditions with alcian blue

revealed weak labelling on the surface ofall cells, with strong staining being
observed on debris (indicated by arrows) (Figure 4.39.A). A similar weak
staining was seen on flat colonies. In contrast, cells pre-treated with
persulphated heparin displayed strong staining on and around multilayered
colonies with weakerstaining on flat colonies. However, the strong staining
could be due to the multi-layered effect of the colony i.e. more cells staining
closer together producing a stronger stain (Figure 4.39.B) (indicated by
arrows). However, staining of flat colonies suggests the binding of exogenous
persulphated heparin is occurring.
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100 pm

FIBRONECTIN

PERSULPHATED
HEPARIN
Figure 4.39. Alcian blue staining. Hues-1 cells were plated onto fibronectin
and after 3 days were stained for alcian blue to determine if persulphated
heparin was accumulating on the outside of multi-layered colonies. Debris can
be seen staining on dishes with no persulphated heparin was added with a light
staining being seen all over the cells. Rounded multi-layered colonies on
dishes with persulphated heparin added had a stronger staining around the
periphery ofthe cells, whilst flatter colonies observed less intensestaining.
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To investigate further whether persulphated heparin binds at the cell surface
causing cells to form rounded multi-layered colonies, fluorescent fibronectin
was used to determine whether its binding to the cells was inhibited in the
presence of persulphated heparin, thereby explaining the effects on cell
adhesion (see section 2.2.16). Hues-1 cells were re-suspended in serum-free
medium and incubated with fluorescent fibronectin for a range of times to
determine the time needed to get maximum cell-fibronectin attachment.
Because 90 % ofcells attached to fibronectin substrates within 1 h this was the
maximum incubation time used. Cells were washed and fixed at 5,10,15,30

min and 1 h. After visualizing slides, no difference in the amount of
fluorescent fibronectin on the cell surface was observed between time points
and, therefore, a 10 min incubation was used for further experiments (data not

shown). Cells incubated with persulphated heparin prior to incubation with
fluorescent fibronectin were treated with the saccharide as the cells were
pelleted. Treated and control cells were incubated with fluorescent fibronectin
for 10 min at both 37 °C and 4 ° C,thelatter to prevent any complications due
to re-localisation of label during the experiment. No difference in fluorescence
was observed between the two different temperatures. Furthermore, no
difference was observed in the distribution of fluorescent fibronectin on cells,

with or without pre-incubation with persulphated heparin. Fluorescent
fibronectin was found to accumulate on only a few cells on the periphery of
the colonies: it appeared that the fibronectin was forming aggregates, which
might have been an artefact due to the fluorescent label. These results were
therefore inconclusive (Figure 4.40).

Larger cell aggregates were found to have a weaker staining of fluorescent
fibronectin when cells had been pre-incubated with persulphated heparin
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(Figure 4.40.A). The stronger signal observedin control dishes (Figure 4.40.B)
could be due to the numberofcells within the aggregate and therefore, it is not
clear if the addition of persulphated heparin in solution has an effect on cell
morphology due to the accumulation of the saccharide on the surfaceof cells.
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Figure 4.40. Incubating cells with persulphated heparin to prevent binding of fluorescent fibronectin to cells.
Hues-1 cells were pre-incubated with persulphated heparin (with control cells having no pre-incubation step) with
subsequent incubation with fluorescent fibronectin for 10 min occurring at 37 ° C. In both conditions the distribution of
fibronectin on the cells was the same i.e. not all cells stained positively. Cells in aggregates plated under normal
conditions (b) had a higher staining compared to those in aggregates which had been pre-treated with persulphated
heparin (a), whilst smaller aggregates expressed similar staining suggesting, the amount of fluorescence could be due to
the numberofcells presentin the cell aggregate.

Persulphated Heparin

4.11 Differences in the expression of cell-cell and cell-substrate
adhesion markersin cells treated with persulphated heparin.

In order to establish whether persulphated heparin addition affected cellsubstrate interaction by altering cell attachment mechanisms, staining of cellcell and cell-substrate adhesion markers was carried out. From previous
experiments, it was determined that cells maintained under control conditions
expressed B1-integrin (a cell surface receptor that interacts with the ECM
aiding in cell-cell and cell-substrate adhesion), B-catenin (catenins link
cadherins which a play a role in cell adhesion) and vinculin (membrane
cytoskeletal protein involved in focal adhesion) as some of the markers for
cell-cell andcell-substrate attachment. Owing to the morphological difference
of cells seen when persulphated heparin was added, it was hypothesised that
expression ofcell -cell adhesion molecules would be over expressed asa result
of cells becoming moretightly packed i.e. strongercell-cell contact.
Hues-1 cells were plated onto fibronectin coated dishes with and without the
addition of persulphated heparin in the medium for 4 days. Initial staining of
cells for the pluripotency marker Oct-4 was carried out to determine whether
cells after addition of persulphated heparin remained pluripotent. hES cells
maintained on control conditions expressed the undifferentiated marker Oct-4
(Figure 4.41.A), whilst, most cells from multilayered colonies formed, when
persulphated heparin was added to the medium, did not express the
pluripotency marker Oct-4 (Figure 4.41.B). In order to determine whether hES
cells maintained on dishes with persulphated heparin expressed other
pluripotency markers, Sox2 was used to stain for pluripotent cells (Figure

4.41.C.D). All cells under control conditions express Oct-4 and Sox2 (A.C)
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whilst, cells in the colonies treated with persulphated heparin had lost Sox2
expression suggests the saccharide is inducing differentiation (D).
To determine how adhesion to the substrate was occurring in cells treated with
persulphated heparin, cells were stained for the focal adhesion marker
vinculin. In persulphated heparin treated and untreated samples, cytoplasmic
staining for vinculin was observed with intense staining occurring between
cell-cell contacts and a weakerstaining betweencell-substrate contacts (Figure
4.42). As the staining of treated and untreatedcells is similar it can be assumed
that attachmentofcells to fibronectin is occurring on treated dishes asit is in
control dishes.
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multilayered colonies formed undertreated conditions lost Oct-4 and Sox-2 expression (B,D).

maintained under normal conditions expressed the Oct-4 (A) and Sox-2 (C) pluripotency marker in all cells whilst, cells within

persulphated heparin to the medium) (B,D) and stained for the pluripotency markers Oct-4 (A,B) and Sox-2 (C,D). hES cells

days under normal conditions (fibronectin/serum-freemedium) (A,C) or treated conditions (control conditions with the addition of

Figure 4.41. Pluripotency of hEScells after addition of persulphated heparin. Hues-1 cells were maintained in culture for 4
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vinculin. In both cases cytoplasmic staining occurred betweenthecells and at cell-substrate contact points.

conditions with the addition of persulphated heparin to the medium) (B) had similar staining for the adhesion marker

Expression of vinculin in control conditions (fibronectin in serum-free medium) (A) and treated conditions (control

were plated on fibronectin coated dishes with or without addition of persulphated heparin to the culture medium.

Figure 4.42. Cell adhesion properties of hES cells with and without the addition of persulphated heparin. hES cells

Pec
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To further determine any differences between hES cells treated with
persulphated heparin, cell-cell adhesion marker B-catenin and cell-substrate
adhesion marker f1-integrin were examined. Previous staining of control
dishes had shown strong staining of Bl-integrin at cell-cell contact sites
(Figure 4.43.A). The intensity of staining was much lowerin persulphated
heparin samples, suggesting that the expression levels of B1-integrin were
reduced (Figure 4.44.B).
It was possible that the persulphated heparin blocked binding ofthe antibody,
reducingits signal. To test this, cells were incubated with persulphated heparin
at 4 ° C, to prevent any down regulation of Bl-integrin. Under these
conditions, a positive signal was observed with Bl-integrin antibodies,
indicating that the antibody binding is not being blocked by the persulphated
heparin and that addition of persulphated heparin caused a downregulation of
B1-integrin at physiological temperatures (Figure 4.44.C).
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(blue).
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marker B-catenin, in both cases positive expression was seen between cells. The nuclear marker DAPI is also shown

medium. Expression of B-catenin in control conditions (A) and treated conditions (B) had similar staining for the adhesion

hES cells were plated on fibronectin coated dishes with or without addition of persulphated heparin to the culture

Figure 4.43. B-catenin expression in hES cells maintained with and without the addition of persulphated heparin.
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Figure 4.44. Expression of B1 integrin in hES cells maintained with and without the addition of persulphated heparin.
hEScells were plated on fibronectin coated dishes with or without addition of persulphated heparin to the culture medium.
Distribution of Bl integrin in control conditions (fibronectin/serum-freemedium) (A) and treated conditions (control
conditions supplemented with persulphated heparin) (B) had a similar staining. However, a more intense staining was seen in
control conditions. Testing of the antibody to be blocked by persulphated heparin resulted in a positive as observed before
(C) suggesting persulphated heparin is not blocking the antibody but, down regulating B1-integrin.

4.11.1 Down regulation ofB1-integrin after persulphated heparin addition,
at the protein and mRNAlevels.

Downregulation of f1-integrin protein was verified by western blotting. hES
cells were plated on control dishes with or without persulphated heparin
addition. Cells were maintained for 3 days and protein extracted (see section
2.2.5) from 4 replicate dishes which were pooled to obtain enough protein for
blots.

The level of Bl-integrin was observed to be lower in cells treated with
persulphated heparin (Figure 4.45). An ANOVA (n=3, a=0.005) revealed
significant differences in the levels of §1-integrin between control dishes and
those treated with persulphated heparan. Student-Newman-Keuls post hoctest
revealed that Hues-1 cells maintained on control dishes had a 3-fold higher
level of B1-integrin than persulphated heparin treatedcells, relative to total cell
protein determined by a Bradford assay.
To determine if the decreased fl-integrin protein level observed after
persulphated heparin treatment was due to reduced levels of transcription,
qRT-PCR wasused to determine f1-integrin steady state levels (Figure 4.46).
Figure 4.46 showsthat the PCR product was the correct size, and sequencing
of the PCR product verified the product being amplified was B1-integrin
(Table 4.1). However, no obvious differences in transcription levels were
observed by qPCR (Figure 4.46).
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Figure 4.45. Differences in the levels of B1-integrin between Hues-1 cells
with and without the addition of persulphated heparin. The intensity of
each immunoblot was measured using Kinetic Imaging AQM Advance
software (Kinetic Imaging Ltd, Notts., UK). Data analysis was performed
using (Sigma Stat; Sysstat software inc., USA). Data represent the mean of 3
biological replicates + S.E.M.

262

xy

0.9 4

S

0.8 5

%@ 07 4
z
wo
0.6 5
-

£

%
<
oe

05 4

S04 |

$

&

03

2

0.2 -

&

+

oO. 4
0
1

2

3

Biological replicates

>

o
J

<<

s
3s

a
S
x=

£€ ££

c
3
O

c
oO
O

c
3S
oO

&€e2e
oS

Oo

Co

@
©
e

S
2
-

bse)
©
Ee

O
E
Zz

B1-integrin 168 bp

HGAPDH122 bp
Table 4.1
Amplified Gene

Blast hit for sequenced Accession
PCR product
number

E
Value

Bl-integrin

Chromosome 10

3X10-38

NT008705.15

Figure 4.46. Relative change in the expression of B1-integrin in Hues-1 cells with
or without persulphated heparin addition. A small decrease in Bl-integrin was
observed when persulphated heparin is added. 3% agarose gel was used to determine
the size of the PCR products. Bl-integrin was determined to be 168 bp as expected
and HGAPDH was 122 bp as expected. No bands were seen in the non-template
control indicating no contamination had occurred. Table 4.1 shows the blast search
results for sequenced PCR products.
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4.12 Specificity of the effects of persulphated heparin on hEScells.
In order to determine if addition of persulphated heparin was only having an
effect on one specific integrin (f1-integrin), cells were plated onto vitronectin.
Braam and co-workers have shownthat hEScells attach to vitronectin via a
specific integrin aVB5, whereas «581 integrin has been shown to be the
integrin specific for hES cell attachmentto fibronectin (Braam ef al., 2008). It
was hypothesised that if persulphated heparan specifically affects only the
2581 integrin then its addition would not cause a changein cell morphology
when the Hues-1 cells were plated onto vitronectin coated dishes. After
previously being grown onfibronectin coated dishes for 3 passages, Hues-1
cells could be maintained on vitronectin coated dishes in excess of 10
passages. After 1 h, 90 % of hES cells on fibronectin coated dishes had
adhered strongly, indicated by the flattened colonies. However, after 1h on
vitronectin coated dishes, cells had not attached to the dish and remained
rounded (Figure 4.47.A). After 24 h, cells had begun to attach to vitronectin,
forming flattened colonies similar to those on fibronectin coated dishes.
Furthermore, cells on vitronectin coated dishes reached confluency every 3-4
days as on fibronectin. After 3-4 daysofcell culture on vitronectin, colonies in
the centre of the dish had begun to round (Figure 4.47.C) whilst colonies on
the outside of the dish were of a normal morphology (Figure 4.47.B). The
rounding of these colonies in the centre of the dish did not affect the growth
rate of hES cells being propagated on vitronectin coated dishes (data not
shown). Furthermore, cells maintained for 10 passages on vitronectin
remained positive for the pluripotency markers Oct-4 and Sox2 (Figure 4.48
A.B). Thus, while vitronectin and fibronectin have broadly similar effects on

hEScell behaviour, the delay in cell adhesion on vitronectin is likely to be
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Figure 4.47. hES cells morphology on vitronectin coated dishes. Cells were maintained on fibronectin coated dishes
for 3 passages in serum-free medium prior to plating on vitronectin coated dishes. After 1 h under normal culture
conditions 90 % of hES cells had attached with a flattened morphology being observed. However, cells plated onto
vitronectin coated dishes remained rounded andloosely attached. After 24 h cells had resumedthe flattened morphology
and reached confluency at around 3-4 days (A). Differences in cell morphology were observed dependingonif the cells
were found in the middle of the dish or at the periphery, cells at the periphery retained the flattened cell morphology (B)
whilst, cells in the middle of the dish had begun to round (C) (indicated by arrows).
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Figure 4.48.A. Pluripotency of hES cells propagated on vitronectin coated dishes for 10 passages. Hues-1 cells were
maintained on vitronectin coated dishes for 10 passages in serum-free medium and stained for the pluripotency marker
Oct-4 (red) (B.D). Twocell morphologies were observed on these dishes, flattened cells around the periphery of the dish
(A.B) and multi-layered colonies in the centre of the dish (C.D) interestingly, all cells retained the undifferentiated marker
Oct-4 (Scale -50 um) (B.D), DAPI imagesare also shown(A.C).
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Figure 4.48.B. Pluripotency of hES cells propagated on vitronectin coated dishes for 10
maintained on vitronectin coated dishes for 10 passages in serum-free medium and stained
Sox2 (green) (B.D). Two cell morphologies were observed on these dishes, flattened cells
dish (A.B) and multi-layered colonies in the centre of the dish (C.D). Interestingly, all cells
marker Sox2 (B.D), DAPI images are also shown (A.C) (Scale -50 pm).

passages. Hues-1 cells were
for the pluripotency marker
around the periphery of the
retained the undifferentiated

It was difficult to distinguish whether persulphated heparin addition to the
medium had anyeffect on cell morphology dueto cells roundingin the centre
of the dish under normal conditions (fibronectin coated dishes in serum-free
medium). Attachment of cells occurred as seen with control conditions i.e.,
after 1 h cells displayed a round morphology and did not adhere strongly to the
dish, forming a flattened morphology only at 24 h (Figure 4.49.A). One
difference observed was that addition of persulphated heparin caused a lot
more debris in the dish however, cells remained positive for the pluripotency
marker Oct-4 and Sox2 (Figure 4.49.C.E).
Similar numbers of cell aggregates (detached colonies) were found to be
floating in samples treated with or without the addition of persulphated
heparin, with only cells in the centre of the dish rounding in both cases. This
suggests that persulphated heparin did not increase the number of nonadherent cells, and therefore did not interfere with cell-substrate contact, as
seen with hES cells maintained on fibronectin coated dishes. Furthermore,

replating floating cells on vitronectin enabled cells to form flattened normal
cell morphologies, which was not seen when floating colonies were replated
onto fibronectin (Figure 4.49.A). Detachment ofcells in the centre of the dish
could have been dueto the coating procedure, as only 800 pl was used to coat
the dish; whilst this is sufficient to cover the whole of the dish, a meniscus

effect of the liquid may have occurred causing a thinner coverage occurring in
the centre of the dish. Overall, these data are consistant with the effects of

persulphated heparin beingspecific to fibronectin substrates.
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Figure 4.49. Effects of persulphated heparin addition to cells maintained on vitronectin. Hues-1 cells were maintained
on vitronectin dishes and persulphated heparin addedin solution. After 1 h, cells displayed a rounded morphology. After
72 h, cells at the centre of the dish had begun to round. Replating of rounded cells on fresh vitronectin encouraged once
multi-layered colonies to form flattened colonies (A). Persulphated heparin addition did not affect pluripotency ofcells
maintained onvitronectin, highlighted by the expression ofthe pluripotency markers Oct-4 (c) and Sox2 (E), DAPIis also
shown (B.D).
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4.13 Discussion.

The aim of these experiments described in this chapter was to test a range of
synthetic substrates and extracellular matrix (ECM) components to see
whether any were able to support the self-renewal of hES cells and,
furthermore, to investigate the effects of heparan sulphate (HS) on hEScell
behaviour in culture. The ECM proteins fibronectin and vitronectin were
identified for their ability to support long-term hES cell self-renewal in excess
of 10 passages. Addition of differing heparin derivatives to this culture system
resulted in either an improvement in ES cell maintenance, or differentiation
during which an increase of neuronal cells and a decrease of endoderm cells
were observed. Furthermore, a decrease in the expression levels of the
Blintegrin subunit was observed in hEScells treated with heparins.
4.13.1 Synthetic substrates do not support attachment ofhEScells.
As described in Chapter Three, mES cells cultured under normal conditions
i.e. on STO feeder cells in medium containing serum, grow in rounded multilayered colonies. This morphology was also seen when mEScells were
propagated on synthetic substrates. However, Hues-7 and Hues-1 cells under
normal conditions i.e. on MEFs in serum replacement medium, grow in
flattened colonies. Therefore, it was speculated that Hues-7 cells grown on
synthetic substrates would also maintain their flattened morphology. But while
Hues-7 cells were able to attach to PLGA, Zetag™ and carboxylic acid
(Plasso) substrates, they failed to remain as flattened colonies on these
substrates. As a result, cells became rounded on PLGA and Zetag™ substrates
tested, and the majority detached after 7 days, the few cells which remained on
the dish differentiated. The 14% carboxylic acid, negatively charged substrate,
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was able to maintain hEScell attachmentfor at least 14 days. It is noteworthy
that colonies present on the 14% carboxylic acid substrate, underwent
peripheral neuronaldifferentiation. It was not, howeverpossible to test further
if this substrate could support long term growth because Plasso, the company
providing the substrate, was taken over bya large international company.
It may be speculated that synthetic substrates do not support hES long term
maintenance dueeitherto insufficiently strong interaction with the substrate or
alternatively due to a more indirect cytoskeletal effect. Either way, there is a
correlation between lack of spreading and maintenance on both feeder cells
and synthetic substrates. The role of cellular morphology in regulating
differentiation has previously been demonstrated by McBeath and co-workers,
who showedthat mesenchymalstem cell differentiation could be controlled by
regulating the extent ofcell-surface contact (McBeath ef al., 2004). Previous
work from our laboratory has shownthat, at least in the case of mEScells, a

weak interaction betweencell-substrate maintains self-renewal, whilst a strong
substrate interaction results in cell spreading and differentiation. However, on
laminin or 14 % carboxylic acid dishes, the hES cells at the periphery of the
colonies flatten and differentiate, possibly indicating that microheterogeneity
in adhesivity may be generated as the cultures develop. An alternative
explanation for the ability of ECM molecule but not synthetic substrates to
promote long term maintenance could be that other factors besides the
substrates, for example growth factors maybe necessary for both mouse and
humanEScells to adhere, proliferate and self-renew.
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4.13.2 Testing of ECM components to support hES cell attachment,
proliferation and self-renewal.
Components of the ECM weretested for their ability to maintain hEScell selfrenewal. There is a number of examples of hES cells being maintained on
ECM components (Ludwiget al., 2006). As feeder cells express most ECM
proteins (Lim et al., 2002) it was hypothesised that these might be at least one
of the factors by which they influence ES cell behaviour, and thus matrix
molecules would be an appropriate substrate for culturing hES cells.
Fibronectin, vitronectin and laminin were tested for their ability to support
hEScell self-renewal. In order to produce defined culture conditions for hES
cells a defined serum-free medium (developed by Dr. Baxter, Manchester
University) was used containing the growth factors, FGF, Activin A and NT4.
Under serum-free conditions, Hues-1 and Hues-7 cells maintained their

flattened, elongated morphology with a high nuclear:cytoplasmic ratio on
fibronectin and vitronectin substrates. Furthermore, the hES cells remained
undifferentiated for at least 10 passages evident by their expression of the
pluripotency markers Sox-2 and Oct-4. Fibronectin and vitronectin were able
to maintain hEScell morpholgy, attachment and self-renewal suggesting these
substrates provide a strong enough attachment for maintenance but a weak
enoughattachment to prevent differentiation.
4.13.3 Laminin does not support hES cell attachment andself renewal.
In contrast to their behaviour on fibronectin and vitronectin, when cultured on
laminin, hES cells attached, but after 24 h, formed rounded multi-layered

colonies with cells around the periphery beginning to spread. Further
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investigation showedthat ‘cells in the centre of the colony remained Oct-4
positive whilst cells at the periphery of these colonies had lost their Oct-4
expression and begun to express the neuronal progenitor marker, Tuj-1. As
most protocols for neuronal differentiation of ES cells involve culturing cells
on laminin coated dishes (Maet al., 2008) it is perhaps not too surprising that
this substrate caused neuraldifferentiation of hES cells. ECM proteins interact
with cells primarily via integrins. Recruitment of actin-binding proteins to the
cytoplasmic face of integrins provides both the scaffold and signalling
platform from which a mature adhesion develops. The resulting focal
adhesionsorfocal contacts are important in maintaining cell/tissue architecture
and for supporting many cellular processes (Jamora and Fuchs, 2002).
Integrins havea specificity for ECM components,it is known that integrins act
as receptors that relay information to the interior of the cell allowing
differentiation or survival signals to be produced, for example integrin
regulation of the MAP kinase pathway (Schwartz and Ginsberg, 2002).The
implication

that

on

fibronectin

and

vitronectin

hES

cells

remain

undifferentiated but on laminin the cells differentiate suggests that the
different integrin receptors used by the cells to interact with the substrate,
results in different pathways being initiated. Furthermore, vitronectin specific
integrins are also able to recognise fibronectin substrates, indicating a possible
reason for hES cells being able to be maintained on both fibronectin and
vitronectin.
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4.13.4 Integrin interactions are important for hES cell attachment andself
renewalon fibronectin and vitronectin substrates.
An important question raised by this work is why ECM substrates are able to
maintain long-term hEScell self-renewal but synthetic substrates do not.
Generally, the hES cells were able to attach to most of the synthetic substrates
on plating, but later became detached, floating cells from Zeatg™ and PLGA
coated dishes appeared dead but, BRDUstaining would haveto be carried out
to confirm this. Initial attachment could be a result of feeder cell, ECM

component and growth factor carry over, for example, proteolytic fragments of
laminin have been shown to themselves display growth factor like activity,
influencing attachmentand proliferation (Kariya et al., 2004). Remaining cells
on these substrates had differentiated, as the few cells remaining on the
substrates no longer expressed markers of pluripotency. The most likely
reason is that the ECM components used interaction with cell surface
receptors, mostlikely integrins, wherebythey not only play a role in adhesion,
but are also likely to trigger signalling pathways that promote self renewal.
Integrins are heterodimers which contain two distinct chains, alpha (a) and
beta (f) subunits, resulting in a specificity for different ECMsi.e. aVB5 is the
vitronectin receptor whilst a5B1 is the fibronectin receptor. Whilst adhesion of
hES cells occurs on all substrates, laminin, fibronectin and vitronectin, only

laminin substrates results in hES differentiation, highlighting a specificity for
integrin/ECM interactions. Integrin and substrate interactions subsequently
influence signalling pathways in hES cells. Future experiments investigating
the long term maintenanceof hEScells on carboxylic acid coated dishes may
highlight a substrate able to maintain hES cells in a self-renewing state,

furthermore a synthetic substrate which mimics the specific region of the ECM
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protein to which the integrin is binding may encourage hEScell attachment
and subsequent long term survival
Interestingly, B1-integrin, a marker for cell-substrate adhesion is expressed
primarily at cell-cell contact points when these cells are maintained on
fibronectin coated dishes. Focal adhesions are not obvious but some vinculin
staining was observed at cell-cell contacts. However, it is known that B1integrin(s) is required for initial adhesion because of functional blocking
studies carried out by Dr. Baxter (Manchester University). Furthermore, Dr
Baxter has shownthat focal adhesionsat cell-substrate contact points are only
observed when hEScells differentiate. At present it is not clear what the
function of the integrin is at cell-cell contact sites, it is possible it is involved
in cell signalling or the integrin may be sequestered at cell-cell contact points
in order to prevent the formation of focal adhesions, which could promote
differentiation, or possibly both.
4.13.5

Modified

heparins

influence

hES

cell

self-renewal

and

differentiation.

In order to determine if modified heparins have an effect on hEScells selfrenewal or differentiation, heparin, 60DS and persulphated heparin were added
to either the culture medium,or to the dish. No effect on hEScell proliferation
or differentiation was observed when heparin and modified heparin derivatives
were attached to the dish. Experiments for determining if saccharides were
attached to the dish involved using a technique developed in our laboratory
adapted for the specific requirements of our experiment (Skidmore et al.,

2006). Although some di-saccharide sequences were detected in samples
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removed from treated dishes; (indicating heparins were attaching to
fibronectin coated dishes). Taken together with the known interaction of
heparin and fibronectin, these experiments suggest, but do not conclusively
confirm, that the heparins were attaching to the fibronectin coated dishes, but
had no significant effect on cell attachment, proliferation or differentiation.
Due to small amounts of saccharide present, it was difficult to quantify the
amountof saccharide attachedto the fibronectin.

Interestingly, addition of 6ODS in the serum-free culture medium causedcells
to proliferate more rapidly than that seen with cells maintained on untreated
fibronectin coated dishes. Furthermore, addition of persulphated heparin in
solution caused cells to form rounded multi-layered colonies, resulting in
detachmentofcells from the dish and a loss of Oct-4 from a numberofcells
within the colonies, indicating that differentiation was occurring. Recent
reports have suggested that the addition of heparin promotes hES cell
maintenance (Sasaki et al., 2008; Furue etal., 2008). It is likely that heparin
concentration and the degree of sulphation of the heparin molecule determines
the cellular effect, because in this study, it was found that unlike the

persulphated heparin, which promoted differentiation, the low sulphated
heparin derivative, 60DS, was able to maintain the hES cells in an
undifferentiated state

It was considered that the rounding of cells could be due to an accumulation of
heparins on the cell surface, with Alcian blue staining confirmingthis to be
true. An adhesive assay indicated that persulphated heparin did indeed reduce
the initial adhesion of hEScells to fibronectin, suggesting that treatment with
persulphated heparin alters or interferes with cell attachment possibly by

sticking to the cell surface as opposedto the fibronectin substrate. It is known
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that fibronectin has specific HS binding sites (Walker et al., 1996). It was
hypothesised; therefore, that persulphated heparin directly blocks the
interaction of hES cells to fibronectin. Fluorescent fibronectin was produced
and assayed to determine whether persulphated heparin interfered with
fibronectin binding to cells. While detectable fluorescent fibronectin bound
only to few cells within a colony under either condition, a slight decrease in
the numberofcells staining for fluorescent fibronectin was observed in cells
treated with persulphated heparin. The staining of only a numberofcells with
fluorescent fibronectin could be an artefact i.e. fibronectin was already
clumpedor clumpedin culture conditions independentofcells, or alternatively
there is a heterogeneity in subpopulations of cells, only some of which bind
fibronectin. It would be interesting to determine if different heparins
differentially bind to fibronectin and therefore, block hEScell and fibronectin
interactions to a varying degree.
4.13.6 Persulphated heparan addition affects cell adhesion.
A comparison ofcell and focal-adhesion markers (1-integrin, B-catenin and
vinculin) were tested to determine whether a difference in the way cells adhere
to the fibronectin surface had altered with addition of persulphated heparin to
the medium. Whilst all markers tested were found to stain the same regions,
(ie. Bl-integrin and B-catenin stained cell-cell contact points) of the cells
maintained ontreated or untreated dishes, a decreasein the level of B1-integrin
expression was observed in treated hES cells. While samples showed a
difference in fluorescent levels: i.e. protein levels of Bl-integrin expression
between samples, quantification of these levels was not possible by
immunofluoresence.Western blot analysis confirmed there was a 3 fold

decrease of B1-integrin in treated cells. Furthermore, Dr. Baxter (Manchester
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University) has shown that a similar change in cell morphology of Hues-7
cells and a subsequent decrease in B1-integrin compared to untreated dishes
when functional blocking antibodies to the integrin are used. qPCR indicated a
slight decrease of B1-integrin mRNA steady state levels in treated cells but not
enoughto be significant.
At present, the mechanisms whereby the persulphated heparin reduces B1integrin levels are not clear. It has been shownthat similar mRNA levels may
occur although at the same time as protein levels vary by more than 20-fold
(Gygi et al., 1999). There is emerging evidence, which suggests that an
increase in mRNAlevels may not necessarily cause an increase in protein
translation and vice versa. This evidence includes discoveries of posttranscriptional mechanismscontrolling the protein translation rate (Harford
and Morris, 1997), changes to the half-lives of specific proteins or mRNAs
(Varshavsky, 1996) and theintracellular location and molecular association of
the protein products of expressed genes (Urlinger et al., 1997). Cells treated
with persulphated heparin lose Oct-4 staining, indicating that differentiation is
occurring. It has been shown that a down regulation of f1-integrin is needed
for keratinocyte differentiation (Hotchin and Watt, 1992) whilst in ES cells a
down regulation of Bl-integrin results in an acceleration of neuronal
differentiation and a delayed expression of BMP4 (Rohwedelef al., 1998).
Therefore, it might be the case that persulphated heparin induced hEScells to
differentiate due to a downregulation in the levels of B1-integrin.

The effect of persulphated heparin blocking cell adhesion to fibronectin
resulted in a morphological change in hEScell shape. Asa direct result of the
cell shape change the level of Bl-integrin expression was down regulated.

Analysis of B1-integrin mRNAlevels indicated nodifference betweentreated
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and untreated samples suggesting down regulation of f1-integrin is a result of
post translational modifications i.e. degradation (Kaabeche ef al., 2004),
phosphorylation and alternative splicing. In order to determine if persulphated
heparin addition specifically affects Bl-integrin levels, hES cells were
maintained on vitronectin. It has been shown that hES cells attachment to
vitronectin occurs via an aVB5-integrin (Braam ef al., 2008), therefore, if
persulphated heparin is having a specific effect on only f1-integrin, no
rounding of cells would be expected to occur. hES cells were maintained on
vitronectin without addition of persulphated heparin for in excess of 10
passages. However, rounding ofcells in the centre of the dish resulted even
under normal conditions, and no obvious difference was observed in the

numberof rounded cells was observed when persulphated heparin was added.
Thus, it is likely that persulphated heparin specifically affects B1l-integrin
expression and its subsequent interaction between hEScells and fibronectin,
resulting in differentiation.
4.13.7 Persulphated heparan addition affects neuronaldifferentiation.

The ability of persulphated heparin to affect EB formation wasinvestigated to
elucidate whether it affected cell-cell interactions as well as cell-substrate
contact. Cellular aggregation and subsequent EB shape was not affected by
persulphated heparin addition. Therefore, it was concluded that treatment was
only affecting cell-substrate contact. However, a difference in the expression
of derivatives of all three embryonic germ layers was observed when
persulphated heparin was added after EB formation. Fluoresence and qPCR
indicated a significant decrease in the expression of the endodermal marker
AFP. Furthermore, a dramatic upregulation was observed in the expression of

beta3tubulin (Tuj-1) (a marker for neuronal cells, which are derived from
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ectoderm), was observed. This work suggests a role for HS in promoting
differentiation.

This is consistent with the observations that, persulphated

heparin also caused a loss of Oct-4 in monolayer culture. Neuronal
differentiation is dependent on FGF in mEScells (Stavridis et al., 2003).
Furthermore, neuronal cells can be generated from hEScells in serum free
medium supplemented with growth factors, such as, sonic hedgehog, FGF and
retinoic acid (Schuldiner et a/., 2001 and Itsykson et al., 2005; Schulz etal.,
2003, 2004). It has previously been shown that HS oligosaccharides that vary
in structure and/or degree of sulphation, can either promote or inhibit FGF
signalling (Ford-Perriss et al., 2002, Moody et al., 2002). Furthermore,
persulphated heparin both increases neuronal differentiation whilst decreasing
endoderm differentiation. In mEScells, the differentiation of AFP-expressing
visceral endoderm is dependent on BMPsignalling (Coucouvanis and Martin,
1999). HS is knownto regulate BMPsignalling; specifically, sulphated groups
were identified to impair BMP differentiation (Khan ef a/., 2008). Thus
persulphated heparin selectively promotes neuronal differentiation while
inhibiting self-renewal via FGF and BMPsignalling. NT4 (neurotrophin
factor) which plays important roles in neuron survival (Huang and Reichardt,
2001) was anotherfactor used in the serum-free medium,it is known that HS
binds NT4 andtherefore, could be aiding in the increase of neuronalcells in
EBs treated with persulphated heparan. Furthermore, mES cells cultured in
N2B27 medium without growth factors such as BMP-4 and LIF revert to Sox1 positive neuronal precursors (Yinget al, 2003).

In summary, no synthetic substrates have been identified for their ability to
maintain long-term hES cells self-renewal. However, there was success in
identifying matrix proteins; for instance, fibronectin and vitronectin were
found to be able to support human EScells in an undifferentiated state in
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excess of 10 passages, whilst maintenance on another ECM component,
laminin, resulted in differentiation. Interestingly, addition of modified heparin
derivatives can affect both self renewal and cell-adhesion and it was observed
that addition of persulphated heparin affected B1-integrin interactions. Further
investigations are clearly warranted to determine how persulphated heparin is
affecting expression of integrin levels, and by what other mechanismsit may
be acting to regulate stem cell behaviour.
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Chapter 5

GENERAL DISCUSSION.

Althoughit is unlikely that hES cells will be used to treat human diseases in
the foreseeable future, there is much optimism that hES cell research will
expedite progress in drug discovery. At present, >92% of drugs entering
clinical trials fail due to lack of efficacy or toxicity, highlighting the fact that
the animal models currently used for screening human drugs are not ideal.
Given that hEScells are pluripotent and can generate all cell types present in
the adult, it is possible that they could be used to generate specific cell types
for in vitro drug screening, thereby providing a superior test system than the
current animal models. A further advantage of hEScells is that they could be
used to generate cell types that cannotbe readily derived from human subjects
due to their inaccessibility; an obvious example being the neurons of the
central nervous system. However, before this can be achieved, it is necessary
to understand the mechanisms that regulate hES cell self-renewal and
differentiation, in order to facilitate their expansion for high throughput drug
screening. A current obstacle to progress is that hES cells are routinely cocultured with mouse feeder cells, which provide various unidentified factors
that support hEScell self-renewal. Therefore, an important goal in hEScell
research is to develop defined culture systems in order to investigate the
signalling pathways required for self-renewal and directed differentiation.
Despite ES cells being considered to be superseded by induced pluripotent

stem cells (iPS) cells for use in therapy and disease, it will be necessary to
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control the behaviour of iPS cells and maintain them under GMP conditions.
Given that iPS cells are the same as EScells it is thought work with EScells
will be transferrable for the use in controlling iPS cell behaviour. The two
main aimsof this work were as follows: -

1. To develop a defined culture substrate capable of supporting hES cell
self-renewal in serum free medium.
2. To develop an improved method for directing hES cell differentiation
to the neuronallineage using heparan sulphate analogues.

5.1. The ability ofsynthetic substrates to support ES cell propagation.
Previous work from our group has suggested that differentiation could be
inhibited by preventing mEScell spreading on the substrate. mES cells were
cultured on a weakly adhesive substrate (2.5% FCS coated dishes) and on a
strongly adhesive substrate (10% FCS coated dishes) in the absence of LIF.
LIF is essential for mES cell self-renewal but is not required for hES cell
maintenance andtherefore, substrates which are able to maintain mEScells in

the absence of LIF would enable hEScell propagation. With strong substrate
adhesion and no LIF, cells became more spread, had reducedcell-cell contact
and had reducedlevels of the pluripotent ES cell markers, Oct-4, Nanog and
the enzyme alkaline phosphatase. With weak adhesive substrates the cells
remained undifferentiated, even in the absence of LIF (Dr. Murray,
unpublished observations). The problem with this work was that substrate
adhesivity was controlled by coating with various concentrations of serum,
therefore, not ideal due to its undefined nature. Therefore, the aim of this study
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was to develop defined substrates that would support mES growth, and then
test the ability of these substrates to support hES cell growth,
Thefirst objective was to test a range of substrates with different adhesivities,
to test their ability to support mES cell growth, from previous results it was
anticipated that substrates with low adhesivity would be moreeffective in
maintaining mouse and human EScells in a self-renewing state. Synthetic
substrates which are non-toxic to cells and varied in their physico-chemical
features (hydrophobic PLGA, positively charged Zetag™ and negatively
charged carboxylic substrates) were tested for their ability to support mouse
and human EScell self-renewal. A variety of topographical features such as
grooved, porous and rough werealsotested as substrates with a topography of
nanoscale grooves and ridges had been shownto aid in hEScell attachment
(Unpublished observations by the University of Wisconsin).
Theresults showed that while hydrophobic substrates were unable to maintain
mEScells after only three passages, both positively and negatively charged
substrates could maintain mEScells in an undifferentiated state following
longerterm culture (6 passages) in serum free medium,irrespective of whether
LIF was present or not. Furthermore, following extended culture on these
substrates, cells remained pluripotent and could generate derivatives ofall
three germ layers. However, it proved difficult to expand the mEScells on
these synthetic substrates because the colonies had a tendency to detach.
Colonies that detached did not appear dead but were forming aggregates in
suspension, although a tunnel assay would confirm this. As no differentiation
occurred it can be assumed that the substrates were weakly adhesive

preventing strong attachments and subsequent spreading ofcells; however the
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interaction between cell-substrate was not strong enough to maintain mEScell
adhesion.

As some success had been seen with mEScells being maintained on synthetic
substrates in the absence of LIF, hES cells were tested on these substrates. hES

cells were able to attach initially to hydrophobic and positively charged
substrates, but after 7 days, most cells formed compact colonies and detached
from the substrate: the cells remaining on the dish no longer expressed their
pluripotency markers. Interestingly, hES cells could be maintained on
negatively charged substrates for 14 days (2 passages) without a loss in
expression of the pluripotent marker Oct-4. It is possible that the negatively
charged substrate would be suitable for supporting long-term culture of hES
cells, but due to difficulties in obtaining sufficient samples, it was not possible
to perform further tests during this study. Both mouse and human EScells
appear to perform reasonably well on negative substrates, but hEScells could
not be supported on positively charged substrates. It is possible that the
difference in ES cell behaviour observed between species could be due to
differences in surface charge of the mES and hEScells. It is known that a
number of epitopes on proteoglycans and associated proteins that are
recognized by characterizing antibodies including TRAs (TRA-1-60) and
stage-specific embryonic antigens (SSEAs) expression is different for mouse
and human EScells, i.e. hES cells are positive for SSEA-3 and SSEA-4 but
lack SSEA-1 (Thomsonet al., 1998), whilst mouse ES cells have the opposite
expression pattern. This suggests that mouse and human EScells vary in their
surface saccharides/proteoglycans and subsequently the charge on the cell
surface may vary, altering the way in which they interact with positively and
negatively charged substrates. These results suggest that the features of the

substrates (topography and positive charge) are not sufficient for both mES
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and hES cell maintenance in the long term and that simple electrostatic and
hydrophobic forces are not the only interaction essential for ES cell
attachment. As positive, negative and hydrophobic substrates all allowed
initial mouse and human EScell attachment, it can be assumedthat adsorption
of proteins to all three substrates occurred at a similar degree but, after 3
passages the substrates lose their stickiness causing cells to detach. It is also
plausible that the cells are losing stickiness, as they are unable to produce the
proteins needed for adhesion due to components lacking from the medium.
5.2 Addition ofserum enables long term adhesion of mEScell on synthetic
substrates.

The initial attachment and propagation observed when mES cells were
maintained on positive, negative and hydrophobic substrates could be
attributed to serum componentcarry over from theoriginal culture conditions.
The requirement for serum within the culture system was highlighted by the
fact that mEScells could not be maintained on Zetag™positive substrates in
excess of six passages in a serum-free medium without LIF (as before) but,
with the addition of 2% serum.It has been shown that serum and the growth
factor bone morphogenic protein (BMP4) are both needed to maintain ES cells
pluripotency in the absence of LIF on gelatin coated dishes (Ying ef al.,
2003.b) and therefore, it is surprising that mES cells remain pluripotent
without LIF in the presence of serum alone,this could beattributed to the low
adhesive substrate used. What is interesting from our experiments is that no
additional soluble growth factors were added, and yet mEScells remained
pluripotent, but detached from the dish, suggesting a possible role for growth
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factors or ECM molecules in ES cell adhesion which are found in serum,
feeder cells and ill-defined matrices.

5.3 ECM components do not promote mEScell propagation but do promote
hEScell propagation.
Work from our laboratory has suggested that components from feeder cell
layers are essential for mES cell self-renewal whereby, mES cells cultured
long term off feeders are unable to form morphologically normal EBs i.e. no
endoderm is observed. However, normal EB formation can be rescued by
culturing these cells back on feeders or with feeder cell conditioned medium
(unpublished observations, Ji Zhang). The decrease in cell attachment after
three passages is assumedto be dueto the depletion of serum or growth factors
(GF) and ECM components from serum (carried over from the original culture
system). One explanation could be that mEScells were unable to produce their
own ECM componentsora limited number of ECM components for long term
adhesion. In order to elucidate the effect serum is having on the adhesive
properties of the substrates it would be useful to analyse the adsorbed proteins
on the surface of the substrate after each passage and proteins present on the
cells, to see if specific proteins are depleted after every passage, and also, the
difference in proteins adsorbed to the dish with and without the addition of
serum. Protein adsorption tests on Zetag™ dishes have demonstrated that
fibronectin is poorly adsorbed to the substrate (Cousins, 2005), indicating
fibronectin is probably not aiding in mES cell adhesion on these substrates.
Testing of mEScells on fibronectin coated dishes resulted in detachment and

cell death after 3 days in culture if LIF wasnot present, despite the addition of
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serum suggesting fibronectin is not an essential component for mES cell
adhesion.

Interestingly, fibronectin and vitronectin were able to maintain two hEScell
lines in the flattened, elongated morphology observed when hEScells are
maintained on feeders, in a serum-free medium, for at least 10 passages

without any loss of cell attachment, cell number or pluripotency, indicating a
difference between mES and hEScell attachment to ECM components, such
as, fibronectin. Work from Manchester University has further indicated the
importance of growth factors in hES cell maintenance, as removal of specific
growth factors simultaneously, for example FGF from the hES cell serum-free
culture system resulted in differentiation (Dr. Baxter et a/., 2009 in press),
indicating Activin A, NT4 and FGF, in this serum-free culture system are
essential for cell adhesion and maintaining pluripotency.

5.4 Alterationsin cell cytoskeleton could result in detachment.
Attachmentofcells to a substrate is vital for the maintenance of manycellular
processes, and the cytoskeleton plays an important role in this process. It is
plausible that the detachment of mEScells from the substrates was due to a
rearrangement in the cytoskeleton, resulting in a loss of cell number rather
than a decrease in cell proliferation; however, proliferation rates would have to

be determined by BrdU assay and not by simply cell counting experiments. It
has been shown that upon serum withdrawal mEScells do not undergo cell
cycle arrest, but display altered cellular morphology, reducedlevels of cortical
actin expression (important in focal adhesions) and an impaired plating

efficiency on gelatin (Schratt et a/., 2001). Furthermore,fibroblasts maintained
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on micro-topographical substrates also show a decreased ability to adhere to
the substrate in the long term due to poorly formed focal adhesions with no
Rho/Rac association (Dalby ef al., 2004). In order to determine if mEScells
maintained on negatively and positively charged substrates had a decreased
level of focal adhesions, staining with cell-substrate markers and cytoskeletal
markers of mEScells on these substrates prior to detachment (3 passages) and
after detachment (4-6 passages) could be performed. Furthermore, proteomic
and molecular biology techniques (2-D-page/qPCR) would aid in the detection
of changes in cell substrate adhesion molecules by comparing cells that are
attached to the dish and cells that have detached, in order to determine the

components needed for ES cell adhesion.
5.5 The effect ofHS analogues on EScellfate.
The second objective of this project was to investigate if heparan sulphate
(HS) could affect hES self-renewal or differentiation. It is well-documented
that HS plays an important role in regulating key signalling pathways, such as
FGF (Guimond and Turnbull, 1999), BMP (Khan et al., 2008) and Wnt(Lin,
2004), that are known to play an importantrole in regulating the EScell selfrenewaland differentiation (Sato et al., 2004; Ying et al., 2003.b). Recently,it
has been shown that HS can promotethe self-renewal of hES cells (Sasaki et
al., 2008; Furueet al., 2008), while another report has demonstrated that HSis

required for the differentiation of mEScells to the neuronal lineage (Johnson
et al., 2007). It is now knownthat the structure and degree of sulphation of
HS molecules determines the effect on various signalling pathways; for
instance, Turnbull and co-workers have demonstrated that some HSspecies
could promote FGFsignalling, whereas others had an inhibitory effect (FordPerriss et al., 2002, Moodyet al., 2002). The different effects of HS on EScell
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self-renewal and differentiation could therefore be dependent on the source of
HSused andthe degree of sulphation.
In this study, three HS analogues that varied in their structure and degree of
sulphation were tested for their ability to promote hES self-renewal and/or
direct differentiation. Previous unpublished work from Turnbull’s group has
shownthat the highly sulphated, persulphated heparin analogue, promotes the
differentiation of neuronal cells from mEScells, whereas the undersulphated,

6ODS, appeared not to affect neuronal differentiation. The aim of this work
was to investigate if these analogues had similar affects on hES cells. The
results showed that mES and hEScells responded in a similar way to the HS
analogues, because that when added to the culture medium, 6O0DS promoted
hES cell self-renewal, whereas persulphated heparin promoted neuronal
differentiation.

These results were a little surprising because it is known that the
differentiation of neuronal cells and extra-embryonic endoderm from mES
cells is dependent on FGF signalling (Stavridis et al., 2003; Itsykson ef al.,
2005; Lin et al., 2000), and furthermore, mES cell self-renewal can be

promoted by inhibiting components of the FGFsignalling pathway. Therefore,
the effect of persulphated heparin on promoting mES cell neuronal
differentiation is likely to be brought about through stimulation of FGF
signalling. With hES cells, on the other hand, instead of promoting
differentiation, FGF signalling is required for self-renewal and survival
(Dvorak et al., 2005). It was therefore anticipated that persulphated heparin
might promote hES cells self-renewal through stimulating FGF signalling,
however the opposite effect was seen, possibly due to an inhibitory effect of
persulphated heparin on FGFsignalling.
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5.6 Undersulphated heparin addition increases hEScell number.
Interestingly addition of 60DS (undersulphated heparin) in the serum-free
culture medium, caused hEScells to increase in number morerapidly than that
seen with cells maintained on untreated fibronectin coated dishes, indicating a
role for undersulphated heparin saccharides in proliferation. It is known a
requirement for FGFis essential in hES cell culture (Dvoraket al., 2005) and
is an essential requirement to maintain hES cell self-renewal in the culture
system used in our study. It was described recently that hES cells maintained
in a serum-free culture system in the presence of FGF and heparinresults in an
increase in Cyclin D1 expression and subsequent increased proliferation of
hEScells (Furue et al., 2008) suggesting a role for 60DS and FGFsignalling
in enhancing proliferation of hES cells in our study. Furthermore, hES cells
maintained without FGF have been prevented from differentiating when
heparin is present (Furue et al., 2008). Indicating a role for heparin and
undersulphated heparin (6ODS)in EScell proliferation and self-renewal.
5.7. Oversulphated heparin addition results in cell detachment and
differentiation.
Apart from inducing neuronaldifferentiation, addition of persulphated heparin
in solution causedcells to round resulting in detachmentofcells from the dish.
It was observed that this effect was due to an accumulation of HS on the cell
surface. An adhesive assay indicated that persulphated heparin did indeed
reduce the initial adhesion of hES cells to fibronectin, suggesting that
treatment with persulphated heparin alters/interferes cell attachment by
sticking to the cell surface opposed to the fibronectin substrate. Furthermore,

persulphated heparin addition to hES cells does not affect cell-cell contact
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during cell aggregation (EB formation), indicating the effect of persulphated
heparin is only on cell-substrate contact.

5.8

Cell detachment and subsequent differentiation result from a

downregulation ofB1-integrin.
Staining of cells treated with persulphated heparin for cell-cell and cellsubstrate adhesion molecules highlighted no differences in amountor location
of B-catenin and vinculin, compared to cells maintained under control
fibronectin conditions. Cell-cell adhesion was occurring, indicated by Bcatenin expression occurring at cell-cell contact points. Interestingly,
immunofluorescent staining of persulphated heparin treated hES cells for B1integrin highlighted a decrease in its expression when compared to control
dishes, consistent with the addition of persulphated heparin affecting cellsubstrate contact; mES cells deficient in Bl-integrin have been shownto have
an altered cell morphology on a numberof substrates (Fassler et al., 1995).
Interestingly, in control conditions (fibronectin and serum-free medium) B1integrin expression is predominantly at cell-cell contact points, with weaker
expression found at cell-substrate contact points. This expression of B1integrin could indicate a significant protein in cell signalling or maintaining
self-renewal by preventing focal adhesion formation. Western blotting
indicated a 3 fold decrease in B1-integrin protein levels in cells treated with
persulphated heparin when compared to control dishes, with no significant
difference observed at the mRNA level, suggesting a post translational
modification of the B1- integrin could have occurred. It has been shownthat a

down regulation of Bl-integrin is needed for keratinocyte differentiation

2o3

(Hotchin and Watt, 1992) whilst in ES cells a down regulation of B1-integrin
results in an acceleration of neuronal differentiation and a delayed expression
of BMP4 (Rohwedel et al., 1998) and therefore, it might be the case that

persulphated heparin induced hEScells differentiation because of it causes a
downregulation in the levels of Bl-integrin. At present, the mechanisms
wherebythe persulphated heparin reduces B1-integrin levels are not clear.

5.9 Future work.

Future work would include the illucidation of the pathways involved in
neuronal differentiation of hES cells, when treated with persulphated heparin.
Work published previously showinga role for heparin in hEScell self-renewal
were carried out with lower concentrations of heparin saccharides then was
used in the experiments presented here. As a result future experiments would
involve repeating differentiation experiments of hES cells with lower
concentrations of persulphated heparin, to determine if the results obtained
were a consequence of high amounts of modified heparin saccharides. FGF
signaling is considered to be the pathway in which persulphated heparin
induces hEScells to form neurons, to confirm this siRNA knockdown of

FGFR on the surface of hES cells would be carried out. HS is knownto play
role in other signaling pathways including; WNT and sonic hedgehog (SHH)
signaling. Furthermore, these pathways have been shown to be involved in
neuronal differentiation and therefore would also be investigated as targets for
persulphated heparin. As §3-tubulin is an early neuronal marker it would be
interesting to determine if specific neuronalcell types i.e. glial, dopamenergic
and adrenergic are being formed and at what percentage. This would establish

a specific protocol for differentiating a particular neuronalcell type, which
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could be formed without contamination of other cell types makingit ideal for
transplantation and drug screening therapies.

5.10 Closing remarks
Whilst some success was achieved on the short-term maintenance of mES
cells on synthetic substrates, improvements are still needed to ensure both
mESand hEScells can be maintained long-term on these substrates. This will
involve the elucidation of the growth factors needed to maintain mES and hES
cell adhesion and self-renewal. Addition of HS derivatives have been
identified to aid in hES cell proliferation (6ODS), preventing hES cell
attachment by disrupting integrin expression (persulphated heparin) and
enhance neuronal differentiation of hES cells in suspension (persulphated
heparin). Whilst persulphated heparin is not known to be naturally occurring,
(it is chemically sulphated at sites not normally sulphated), the effects
observed due to this saccharideare likely to be useful in the delineation of a
link between HSstructure and function. Before iPS cells can be used for
therapy and disease it will still be necessary to control their behaviour and
keep them under GMPconditions. Given that increasing evidence showsthat
iPS are the same (or can be the same) as ES cells ic. having the same
properties, then work carried out on ES cell maintenance, self-renewal and
differentiation will be applicable to iPS cell propagation.
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