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“Science never solved a problem without creating ten more”

George Bernard Shaw.
1856-1950.
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Summary

Wound healing is a complex process broken down into five main stages fibrin clot
formation, re-epithelialisation, granulation tissue formation and wound contraction,
and finally angiogenesis. In the second stage, re-epithelialisation over fibroblast-
derived matrix occurs which is necessary for wound closure. During this process,
TG2, a multi-functional enzyme with both cross linking and GTP signalling ability
is involved in both stabilisation of the extracellular matrix by cross linking and by
allowing downstream signalling events to occur which lead to the wound closing.
This thesis has investigated the mechanisms by which re-epithelialisation occurs
with regard to TG2. In the first stage of wound healing, an influx of growth factors
and metalloproteinases occurs, that through the initial interaction of TG2 are able to
stabilise the matrix and stimulate keratinocyte cells to migrate and proliferate to
close the wound. Experiments have indicated that TG2 is able to stimulate
proliferation and migration of keratinocyte cells both directly and indirectly by
modulating metalloproteinase signalling, leading to the activation of the EGFR by
EGF ligands liberated from the ECM. Furthermore, through the course of altering
TG2’s conformation and activity experiments have determined that TG2 must be in
an open and active conformation in order for it to affect keratinocyte signalling
leading to proliferation and migration. Finally, a G protein coupled receptor has
been investigated as to whether it may be involved in TG2 driven proliferation and
migration in keratinocytes. Previous work by Xu et al., 2006 had shown TG2 to be
a binding partner of GPR56 and this GPCR has been shown to be involved in
proliferation and migration of cells located in the brain and heart. Although
investigations of GPRS56 are at this time inconclusive regarding keratinocyte
proliferation and migration this thesis confirms the presence of GPR56 in
keratinocytes. Therefore GPR56 may be involved in keratinocyte migration and

proliferation.
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1.0 Transglutaminases General introduction

Transglutaminase was introduced as a term in 1957 by Clarke et al, 1957 to
describe the transamidation (cross linking ability) seen in guinea pig liver.
Further study indicated that transamidating enzymes were able to stabilize fibrin
monomers during blood clotting through a cross- linking acyl transfer reaction
(Pisano et al., 1986). Since these discoveries were made transglutaminase
activity has been seen in many organisms from microorganisms and plants up to
higher invertebrates and vertebrates. Transglutaminases are multi-functional;
they are able to act as both a transamidating enzyme and as a GTPase through
activation via calcium (Ca2+) binding. Transamidation allows transglutaminase to
modify glutaminyl side chains in protein substrates. Post-translational
modification of glutamine residues occurs by protein crosslinking by the
formation of N-y-glutamyl &-lysine isopeptide bonds between the donor lysine
residue of one polypeptide and the acceptor glutamine residue of another
polypeptide. This leads to the formation of covalently cross-linked protein homo
and hetero polymers. Alternatively, primary amines can be incorporated at
selective peptide bound glutamine residues where the incorporation of either a
negatively charged glutamic acid residue or positively charged amine group can
have biological consequences. It is however more complicated than the
incorporation of single molecules. After the glutamine containing the first
substrate (or acceptor) is bound to the enzyme a y-glutamylthiolester is formed
with the active centre cysteine residue of the transglutaminase (acyl-enzyme
intermediate). This is accompanied by a release of ammonia or amine. The
second substrate (the donor in the transamidation reaction) then binds to the

enzyme acyl-enzyme intermediate and attacks the thiolester bond. This allows
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the active centre cysteine residue of the enzyme to return to its original form
allowing another cycle of catalysis to occur. It is the covalent acyl-enzyme
intermediate which is the rate limiting step of the reaction. This is determined by
the ability of the transglutaminase to bind the second substrate of the acyl-
enzyme intermediate coupled with the active site Cys-His-Asp catalytic triad and
a crucial tryptophan residue located 36 residues upstream of the active centre
cysteine (Folk and Finlayson 1977, Lorand and Conrad 1984; Lorand and

Graham, 2003).

Nine transglutaminase (TG) genes have been identified, eight of which code for
functioning enzymes. The TG family comprises of intracellular TG1, TG3 and
TGS isoforms which are expressed predominantly in epithelial tissue, TG2 which
is expressed in various tissue types and occurs both intra and extracellularly,
TG4 which is found in the prostate gland, factor XIII (FXIII) which is expressed
in haematopoietic cells and TG6 and 7 which are not yet tissue assigned. The
final TG gene encodes a protein called band 4.2, which is a component protein of
the membrane that has lost its enzymatic activity and serves to maintain
erythrocyte membrane integrity (Lorand and Graham 2003). There is a high
degree of sequence homology between transglutaminases and domain
conservation and these proteins are thought to have evolved from cysteine
proteases occurring early in evolution (Pedersen et al., 1994). TG genes have
been discovered clustered on five different chromosomes and are thought to have
evolved by successive duplications (Grenard et al., 2001). The active site of the
TG family comprises a catalytic triad of cysteine (Cys), histidine (His) and

aspartate (Asp) that is functional in all but one (Pedersen et al., 1994); band 4.2,
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which has a Cys to Ala substitution resulting in deficient crosslinking (Korgren

et al., 1990).

Transglutaminase activity results in changes in physical and chemical properties
of the cross-linked proteins which in turn lead to changes in biological activity
and function. This manifests by the formation of protein polymers resulting in
increased protein stability and resistance to degradation, be it mechanical,
chemical or physical, and is therefore highly important in extracellular matrix
(ECM) functionality. If the amine is incorporated into the acceptor protein via
glutamine transamidation or by glutamine undergoing deamidation this results in
the conversion of glutamine to glutamic acid. This can alter stability,
conformation, molecular interaction or the enzymatic activity of the target

protein.

TG enzymes have thus been shown to be involved in a wide range of
physiological processes. These include fibrin clot formation (Pisano et al., 1986,
Chen and Doolittle, 1971, Shainoff et al., 1991), semen coagulation (Williams-
Ashman, 1984), wound healing (Raghunath et al., 1996; Haroon et al 1999,
Stephens et al., 2004) and generation of cornified envelopes in keratinocyte
differentiation (Steinert and Marekov, 1995, 1997, Candi et al., 1999).
Transglutaminase family members have also been shown to fulfil a specific
function where their expression is limited. For example Band 4.2 has a specific
structural role in the cytoskeleton of hematopoietic cells (Aeschlimann et al.,
2001). In contrast transglutaminases 2 and 5 can be found ubiquitously expressed

(Thomazy and Fesus 1989; Grenard et al., 2001; Candi et al., 2004, Esposito and
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Caputo, 2009). In addition, more than one transglutaminase is expressed within
a tissue, therefore it has been suggested that there is redundancy within the
family. In support of this, the TG2 knock out mouse has no overt phenotype

(De Laurenzi and Melino 2000).
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1.1Transglutaminase Family Structure.

Early structural studies of transglutaminases were performed using high
resolution crystallography. The first to be identified was enzyme FXIII (Yee et
al., 1994, 1996, Weiss et al., 1998). This showed that each factor XIII subunit
was composed of 4 domains (Figure 1). An N-terminal B sandwich, combined
with a largely a-helical active domain 2, forms a 450 amino acid residue core
domain containing both the catalytic and regulatory sites. The C terminal 8 barrel
domains 1 and 2 are linked to the catalytic domain by a flexible loop, which is
susceptible to proteolytic cleavage. Studies showed that two monomers assemble
into the native dimer through surfaces in domains 1 and 2 in opposite orientation.
This organisation into the four domains is highly conserved amongst the TG
family where minor variations in additional N or C terminal sequences
incorporate the functionality of each enzyme, which, in turn impacts on substrate
selection (Greenberg et al., 1991). For example it has been suggested that the
acyl donor approaches from the C terminal B barrel region ensuring a larger
degree of enzyme specificity while the acyl acceptor is believed to dock from the
catalytic domain (Lorand and Graham, 2003). It has also been proposed that non-
proline cis peptide bonds present adjacent to the active site may be involved in
transglutaminase activation (Weiss et al., 1998). This is dependent on the binding
of Ca®" and/or substrates that trigger a conformational change from cis to trans
isomerisation of these peptide bonds (Weiss et al., 1998). Furthermore, Trp™*!
plays an essential role in activating TG2. This is suggested to occur by stabilising

241 is conserved

the transition state of the enzyme. It has been shown that Trp
throughout the entire TG family with the exception of band 4.2 which is

catalytically inactive (Murthy et al., 2002, Ilismaa et al., 2009). Studies have
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shown that different TGs may interact with the same substrate with different
affinity, and may target different residues. This has been attributed to structural
and charge properties of flanking residues of the active site (Esposito and

Caputo, 2004).

barrel 1

Figure 1. The secondary structure of transglutaminase enzymes is conserved: The domain
structure between isoenzymes are observed to conserve the N-terminal sandwich domain,
catalytic domain and two C-terminal (3-barrel domains as demonstrated by the backbone
structure of a) the FXIII monomer (Yee et al, 1994) and b) TG2, where the domains are
coloured magenta, orange, blue and green respectively. The flexible loop connecting the
catalytic domain and the 1st (3-barrel domain is coloured red and the amino acids involved
in the active site (Cys27], His336 and Asp383), Ca2+ binding (Ser49, Pro#a Glusl and Glu4®)
and interaction with GTP (Ser17l, Lys13 Argd4® Val4® and ArgS) are coloured yellow,
black and grey respectively (Griffin et al., 2002).
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1.1.1 Transglutaminase Regulation by Nucleotide Binding.

In order for cell communication to occur there must be a system of signal
recogniser, mediator and acceptor. The guanine nucleotide binding proteins (G
Proteins) are signal mediators that transfer receptor signals to acceptors. They are
effector enzymes that produce biologically active molecules or second
messengers (Im et al., 1997). There are over a thousand types of G protein, which
share a common GTP binding motif, and which are split mainly into 3 classes.
These are heterodimeric G Proteins, Ras like G proteins and small molecular
weight G proteins. TG2, 3, 4 and 5 have been shown to be regulated by GTP
binding and are capable of hydrolysing these molecules (Ilismaa et al., 2009). It
has been shown that although the amino acid sequences binding GTP are not
conserved between TG family members, a hydrophobic pocket forms the GTP
binding site for all isoforms. This GTP binding site is located in the cleft between
the catalytic core and [-barrel domain close to the dimerization interface
although the specific amino acid sequence involved differs depending on the TG
(Liu et al., 2002; Ahvazi et al., 2004,). Isoforms TG2, 3, 4 and 5 can bind GTP
but only TG2 is able to utilise it for GTPase signalling activity (Ahvazi et al.,
2004). X ray crystallography studies undertaken by Liu at al., indicated that
when TG2 is bound to GDP the transamidation site is obstructed by two loops
within the B barrel domain and the active Cys reside from the catalytic triad is
hydrogen bonded to a Tyr residue (Liu et al., 2002). This inhibition is reversed
by the binding of Ca®* causing a conformational change to an open configuration
and resulting in an active enzyme (Figure 2). This Ca®* dependence for
functionality may explain the nature of TG2 and its activity depending on its

location. In the cytoplasm high concentrations of GTPs can be found
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accompanied with a low Ca** concentration favouring GTP cycling and GTPase
activity of TG2 whereas in surrounding matrices a high Ca®>* concentration may
support transamidation activity of TG2. Furthermore it has been suggested that
local concentrations of Ca®>* and nucleotides influences TG2 regulation (Haroon
et al., 1999). This also suggests there may be a direct link between nucleotide
and Ca** levels and the regulation of the other isoforms of transglutaminase. /n
vitro TGS has a lower sensitivity for Ca’*-mediated activation and GTP
inhibition than TG2 (Candi et al., 2004). Therefore at physiological levels of
Ca®* TGS retains 25% of its maximal transamidation activity compared with
75% for TG2 while at physiological GTP levels, up to 55% of TGS enzyme

activity is lost compared to 90% of TG2 activity (Candi et al., 2004).

10
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Transamidation

Protein
Protein Protein
- © (13 >
GTP OOP
NH?
TG2 TG2 Protein
Deamidation

Figure 2: Transglutaminases are capable of catalysing various post-translational
modifications: In the presence of Ca2tthe TG2 active site cysteine (Cys 277 thiol attacks
the y-glutaminyl side chain of a protein or peptide bound glutamine residue forming a
thioester intermediate with the release of ammonia. In transamidation a primary amine
nucleophile attacks the thioester carbonyl displacing the TG2 thiol and resulting in an
isopeptide crosslink between glutamine side chain and the primary amine. In deamidation,
water acts as the thiol-displacing nucleophile resulting in the net conversion of glutamine to
glutamate. The presence of GTP or GDP inhibits transglutaminase transamidation activity.
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TG Alternative Chromosome Gene Function Size aa | Location
designations location (kDa)
Factor |Fibrin stabilising 6p24-25 FI3A1 Blood clotting and 732 (83) Cytosol,
XIII factor,plasma TG wound healing extracellular
Band 4.2 Erythrocyte 15q15.2 EPB42 Structural protein in 690 (72) Membrane
membrane erythrocytes — no
protein activity
1 Keratinocyte TG, 14q11.2 TGM 1 Comified envelope 814 (92) Cytosol,
particulate TG assembly in surface Membrane
epithelia
2 Tissue TG, liver 20q11-12 TGM2 Cell 686 (80) Cytosol,
TG death/differentiation, nucleus,
adhesion, matrix membrane,
assembly cell surface,
extracellular
3 Epidermal TG 20q11-12 TGM3 Comified envelope 692 (77) Cytosol
assembly in surface
epithelia
4 Prostate TG 3q21-22 TGM4 | Semen coagulationin | 683 (77) Unknown
rodents
5 TGx 15q15.2 TGMS5 Epidermal 719 (81) Nuclear
differentiation matrix,
cytoskeleton
6 TGY 20q11 TGM6 Unknown 706 (80) Unknown
7 TGZ 15q15.2 TGM7 Unknown 710 (80) Unknown

Table 1: Summary of the nine isoforms.
The nine TGs are summarised here to briefly illustrate their position, function, size and location.
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R-—----- GMPYGGRGDPVNVSRVISAMVNSLDDNGVLIGNWSGDYSRGTNPSAWVGSVE
S-—-—---- SLKPTDRRDPVLVCRAMCAMMSFEKGQGVLIGNWTGDYEGGTAPYKWTGSAP

ol A * **
ILRRWKNHGCQRVKYGQCWVFAAVACTVLRCLGIPTRVVTNYNSAHDONSNLLIEYFRNE
ILRQWLTGRGRPVYDGQAWVLAAVACTVLRCLGIPARVVTTFASAQGTGGRLLIDEYYNE
ILKNWKKSGFSPVRYGQCWVFAGTLNTALRSLGIPSRVITNFNSAHDTDRNLSVDVYYDP
ILQKWLKGRYKPVKYGQCWVFAGVLCTVLRCLGIATRVVSNFNSAHDTDQNLSVDKYVDS
ILKQWNATGCQPVRYGQCWVFAAVMCTVMRCLGIPTRVITNFDSGHDTDGNLIIDEYYDN
ILQOWSARGGQPVKYGQCWVFASVMCTVMRCLGVPTRVVSNFRSAHNVDRNLTIDTYYDR
ILLEYRSSE-NPVRYGQCWVFAGVFNTFLRCLGIPARIVTNYFSAHDNDANLOMDIFLEE
ILLSYLRTG-YSVPYGQCWVFAGVTTTVLRCLGLATRTVTNFNSAHDTDTSLTMDIYFDE

ILQQYYNTK-QAVCFGQCWVFAGILTTVLRALGIPARSVTGFDSAHDTERNLTVDTYVNE

* %k H * *k  kkoe ok *k ek kka ek ee e Kk e *
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TG2 FGEIQGD-KSEMIWNFHCWVESWMTRPDLQPGYEGWQALDPTPQEKSEGTYCCGPVPVRA

377 D3
B4.2 EGLONGEGQRGRIWIFQTSTECWMTRPALPQGYDGWQILDPSAPNGGGVLGSCDLVPVRA

369

TG3 MGNPLD-KGSDSVWNFHVWNEGWEFVRSDLGPSYGGWQVLDATPQERSQGVFQCGPASVIG
373

TG6 FGRTLEDLTEDSMWNFHVWNESWFARQDLGPSYNGWQVLDATPQEESEGVFRCGPASVTA
375

TGS TGRILGNKKKDT IWNFHVWNECWMARKDLPPAYGGWQVLDATPQEMSNGVYCCGPASVRA

TG7 NAEMLSTQKRDKIWNFHVWNECWMIRKDLPPGYNGWQVLDPTPQQTSSGLFCCGPASVKA
3BOFXIII DGNVNSKLTKDSVWNYHCWNEAWMTRPDLPVGFGGWQAVDSTPQENSDGMYRCGPASVQA
416TGI NMKPLEHLNHDSVWNFHVWNDCWMKRPDLPSGFDGWQVVDATPQETSSGIFCCGPCSVES
478'1‘G4 NGEKITSMTHDSVWNFHVWTDAWMKRPDLPKGYDGWQAVDATPQERSQGVFCCGPSPLTA
369

* .. e ke Kk * o kkk ek o s . *

s <. . . .. e e e o

TG2 IKEGDLSTKYDAPFVFAEVNADVVDWIQQDDG---SVHKSINRSLIVGLKISTKSVGRDE
434;%%2 VKEGTVGLTPAVSDLFAAINASCVVWKCCEDG-~--TLELTDSNTKYVGNNISTKGVGSDR
426TG3 VREGDVQLNFDMPFIFAEVNADRITWLYDNTTG--KQWKNSVNSHTIGRYISTKAVGSNA
431TGG IREGDVHLAHDGPFVFAEVNADYITWLWHEDES--RERVYS-NTKKIGRCISTKAVGSDS
432TG5 IKEGEVDLNYDTPFVFSMVNADCMSWLVQGGK---EQK-LHQDTSSVGNFISTKSIQSDE
435TG7 IREGDVHLAYDTPFVYAEVNADEVIWLLGDGQ---AQEILAHNTSSIGKEISTKMVGSDQ
437FXIII IKHGHVCFQFDAPFVFAEVNSDLIYITAKKDG-~--THVVENVDATHIGKLIVTKQIGGDG
473TGl IKNGLVYMKYDTPFIFAEVNSDKVYWQRODDG---SFKIVYVEEKAIGTLIVTKAISSNM
535TG4 IRKGDIFIVYDTRFVFSEVNGDRLIWLVKMVNGQEELHVISMETTSIGKNISTKAVGQDR
429

TT.x 3 T Tk, - :* * kk - -

TG2 REDITHTYKYPEGSSEEREAFTRANHLNKL-———-—-—=-—==——=——— AEKEE-—-——---—-
469 D3

B4.2 CEDITONYKYPEGSLQEKEVLERVEKEKME-——-———==—————w—-— REKDNGIRP----
465

TG3 RMDVTDKYKYPEGSDQERQVFQKALGKLKP——————-———————= NTPFAATSSMG-—-———
472

TG6 RVDITDLYKYPEGSRKERQVYSKAVNRLFG-—-—-—-———--—-————~— VEASGRRIWIRRAGGR
478

TGS RDDITENYKYEEGSLQERQVFLKALQKLKARSFHGSQRGAELQPSRPTSLSQDSPRS---
492

TG7  RQSITSSYKYPEGSPEERAVFMKASRKMLG----—========—== PORASLPFLDL--~
478

FXIII MMDITDTYKFQEGQEEERLALETALMYGAKKP-—-~—-=---———- LNTEGVMKSRS----
516

TGl  REDITYLYKHPEGSDAERKAVETAAAHGSKP-———-=-=-====—-- NVYANRGSAE----
576

TG4  RRDITYEYKYPEGSSEERQVMDHAFLLLSSE-———=======—==- REHRREVKEN---~
470

* * % * * *
2

TG2 —————m———————————
469 D3

B4.2 -—-—————-—- PSLETA--
471

T3 - LETEEQEPS--
681

TG6 CLWRDDLLEPATKPS--
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—————— LHTPSLRPSDV
—————— LESGGLRDQ--

TGMAMRIRVGQSMNMGSDFDVFAHITNNTAEEYV-~~-~ CRLLLCARTVSYNGILGPECG
SPLYLLLKAPSSLPLRGDAQISVTLVNHSEQEKA-~--~ VQLAIGVQAVHYNGVLAAKLW
-- IIGKLKVAGMLAVGKEVNLVLLLKNLSRDTKT-~--~ VTVNMTAWT I IYNGTLVHEVW
--IAGKFKVLEPPMLGHDLRLALCLANLTSRAQR--~-~ VRVNLSGATILYTRKPVAEIL
VQVSLKFKLLDPPNMGQDICFVLLALNMSSQFK----- DLKVNLSAQSLLHDGSPLSPFW

-PAQLOQLHLARIPEWGQODLOLLLRIQRVPDSTHPRGPIGLVVRFCAQALLHGGGTQKPFW

~-NVDMDFEVENAVLGKDFKLSITFRNNSHNRYT----— ITAYLSANITFYTGVPKAEFK
~-DVAMQVEAQDAVMGQODLMVSVMLINHSSSRRT——--- VKLHLYLSVTFYTGVSGTIFK
~-FLHMSVQSDDVLLGNSVNFTVILKRKTAALQN~----- VNILGSFELQLYTGKKMAKLC

TKYLLNLNLEPFSEKSVPLCILYEKYRD---CLTESNLIKVRALLVEPVINSYLLAERDL
RKKLH-LTLSANLEKIITIGLFFSNFER---NPPENTFLRLTAMATHSESNLSCFAQEDI
KDSAT-MSLDPEEEAEHPIKISYAQYEK---YLKSDNMIRITAVCKVPD-ESEVVVERDI
HESHA-VRLGPQEEKRIPITISYSKYKE---DLTEDKKILLAAMCLVTK-GEKLLVEKDI
QDTAF-ITLSPKEAKTYPCKISYSQYSQ---YLSTDKLIRISALGEEKSSPEKILVNKII
RHTVR-MNLDFGKETQWPLLLPYSNYRN---KLTDEKLIRVSGIAEVEETGRSMLVLKDI
KETFD-VTLEPLSFKKEAVLIQAGEYMG---QLLEQASLHFFVTARINETRDVLAKQKST
ETKKE-VELAPGASDRVTMPVAYKEYRP---HLVDQGAMLLNVSGHVKESGQVLAKQHTF

DLNKT-SQIQG-QVSEVTLTLDSKTYINSLAILDDEPVIRGFIIAEIVESKEIMASEVFT

YLENPEIKIRILGEPKQKRKLVAEVSLQONPL
AICRPHLAIKMPEKAEQYQPLTASVSLQNSL
ILDNPTLTLEVLNEARVRKPVNVQMLFSNPL
TLED-FITIKVLGPAMVGVAVTVEVTVVNPL
TLSYPSITINVLGAAVVNQPLSIQVIFSNPL
CLEPPHLSIEVSERAEVGKALRVHVTLTNTL
VLTIPEIIIKVRGTQVVGSDMTVTVQFTNPL

RLRTPDLSLTLLGAAVVGQECEVQIVFKNPL
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TG4 SFQYPEFSIELPNTGRIGQLLVCNCIFKNTL
612

* Kk
.

TG2 PVALEGCTFTVEGAGLTEEQKTVEIPDPVEAGEEVKVRMDLLPLHMGLHKLVVNFESDKL
672;252 DAPMEDCVISILGRGLIHRERSYRFRS-VWPENTMCAKFQFTPTHVGLQRLTVEVDCNMF
672'I‘G3 DEPVRDCVLMVEGSGLLLGNLKIDVPT-LGPKEGSRVRFDILPSRSGTKQLLADFSCNKF
679TG6 IERVKDCALMVEGSGLLQEQLSIDVPT-LEPQERASVQFDITPSKSGPRQLQVDLVSPHF
690TG5 SEQVEDCVLTVEGSGLFKKQQKVFLGV-LKPQHQASTI ILETVPFKSGQRQIQANMRSNKF
704TG7 MVALSSCTMVLEGSGLINGQIAKDLGT-LVAGHTLQIQLDLYPTKAGPRQLQVLISSNEV
692FXIII KETLRNVWVHLDGPGVTRP-------------———— MKKMFREIRPN----- STVOWEEV
694'I‘Gl PVTLTNVVFRLEGSGLQRPKILNVGDI--GGNETVTLRQSFVPVRPGPRQLIASLDSPQL
774TG4 AIPLTDVKFSLESLGISSLQTSDHGTV--QPGETIQSQIKCTPIKTGPKKFIVKLSSKQV
670

*

TG2  KAVKGFRNVIIGPA--——=--=—-—————mmmmmmmmmmmmo o

686 D5

B4.2 QNLTNYKSVTVVAPELSA----=========-==-=--————
690

TG3  PAIKAMLSIDVAE------——=—=—===-———————o———
692

TG6  PDIKGFVIVHVATAK----———=——==—==———m—m——— o
705

TGS  KDIKGYRNVYVDFAL--=--=====—===—= ===
719

TG7  KEIKGYKDIFVTVAGAP-----—=——===——=——mmmomoen
709

FXIII CRPWVELDVQIQRRPSM--—-——==—====————mmmmmee
711

TGl  SQVHGVIQVDVAPAPGDGGFFSDAGGDSHLGETIPMASRGGA
816

TG4  KEINAQKIVLITK-—--—-==========-———ooo— o
683

Figure 3: Multiple alignment of the nine human transglutaminase sequences: An alignment
of the nine characterised TG human gene products, TG2 (Gentile et al., 1991), band 4.2
(Korsgren et al., 1990), TG3 (Kim et al., 1993), TG6 long form (Thomas, H., Thesis, 2004),
TGS (Aeschlimann et al, 1998), TG7 (Grenard et al., 2001), factor XIII a-subunit
(Grundmann et al., 1986; Takahashi et al., 1986), TG1 (Phillips et al., 1990; Kim et al.,
1991) and TG4 (Grant et al., 1994) are shown. Dashes indicate gaps inserted for optimal
sequence alignments. Residues conserved in all sequences are designated “*”, those
demonstrating conserved substitutions are designated “:” and semi-conserved substitutions
are marked “.”. The sequences are arranged to reflect the transglutaminase domain
conservation based on the crystal structure of factor XIII a-subunit (Yee et al., 1994): N-
terminal propeptide domain (D1), B-sandwich domain (D2), catalytic core domain (D3), and
B-barrel domains 1 (D4) and 2 (D5). The active cysteine residue, required for
transamidation reactions is shown in blue. Identified cleavage sites are indicated with
arrowheads (blue); (1) sites identified in FXIII and TG1 (2) sites identified in FXIII, TG1
and TG3.
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1.2 Summary of Nine Isoforms.
The nine TG isoforms are summarised in table 1 and multiple alignments of the
TG family are shown in figure 3 however the following sections summarise

function and activity of each of the nine isoforms.

1.2.1 Factor XIII

Factor XIII can be found in several tissues and cells with a molecular weight of
320 kDa. Factor XIII is a tetramer composed of two alpha and 2 beta chains
which are non-covalently associated (Lorand, 1986). Inactive Factor XIII (FXIII)
is converted into an active transglutaminase (FXIIIa) by thrombin and Ca®* in the
terminal phase of the clotting cascade. Activation of Factor XIII occurs by
proteolysis of the serine protease thrombin in the presence of Ca®*. Thrombin
cleaves a scissile peptide bond between Arg37 and Gly® near the amino terminus
of the alpha (a) chain (Lorand, 1986). The activation peptide (residues 1-37) is
then thought to dissociate from the protein thus activating it (Weiss et al., 1998).
It is believed to circulate as a heterotetrameric ensemble made up of plasma
coagulation factor XIII, PFXIII-a2B2 or fibrin stabilising factor where the a
subunit belongs to the transglutaminase family and the B subunit is related to the
small consensus (sushi) repeat family (Lehtinen et al., 2004). The a subunit is
protected in the circulation by the richly sialylated § subunit. The a chain mature
protein consists of 730-31 amino acid residues with a molecular weight of
approximately 83 kDa. The typical N-terminal hydrophobic linker sequence for
secretion is absent in this isoform, which may account for its presence in the
cytoplasm. The B chain contains 641 amino acids and has a molecular weight of

approximately 80 kDa after addition of carbohydrate (Weiss et al., 1998).
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Factor XIII plays an important role in haemostasis, wound healing, and
pregnancy. By cross-linking fibrin chains and o (2) plasmin inhibitor to fibrin,
FXIIla mechanically stabilizes fibrin and protects it from fibrinolysis. Showing
the importance of this function, severe deficiency of the potentially active A
subunit (FXIII-A) results in a rare but severe hemorrhagic diathesis (Karimi et
al., 2009). The main role of Factor XIII is to catalyse the formation of isopeptide
bonds between the side chains of glutamine and lysine residues, thus stabilising
the fibrin soft clot and rendering it resistant to fibrolysis either by crosslinking
fibrin itself or crosslinking a2 antiplasmin, a potent inhibitor of the protease
plasmin, into the fibrin clot (Muszbek 1996, Uchino et al., 1991, Sakata, 1980).
In addition, it protects clots from plasminolysis by covalently linking a2
antiplasmin and a-monoglobulin and the a chain of fibrin (Mortensen, 1981).
The pro-coagulate protein Von Willebrand factor is anchored via TG mediated
crosslinking of serotonin on the surface of activated platelets thereby forming
coat platelets which can be found either when there is haemostatic need or in
thrombotic plaques (Esposito and Caputo, 2004). Factor XIII can however, also
have a negative effect if a fibrin clot is established and causes thrombosis —

therefore inhibitors that specifically target Factor XIII are in development.

In wound healing, crosslinking of fibrin, fibronectin and collagen at the site of
injury may facilitate wound closure by providing a scaffold for fibroblasts to
proliferate and spread (Akagi et al., 2002). Deficiencies in factor XIII can be
acquired or inherited. They lead to prolonged coagulation time and can lead to an
increased occurrence of late bleeding. Furthermore, wound healing deficiencies

have been linked with deficiencies of Factor XIII (Seitz 1996). Vitronectin,
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PAI-2, lipoprotein (a), Von Willebrand factor and platelet vinculin have also
been reported to be substrates for factor XIII however the role of this

modification is not clear (Esposito and Caputo, 2004).

1.2.2. Band 4.2.

Band 4.2 was characterised by analysis of cDNA which revealed a protein of
mass 77 kDa and 691 amino acids (Korsgren et al., 1990). A Cys to Ala
substitution at residue 268 produces a crosslinking deficient isoform. Post-
translational modifications include the cleavage of the terminal Met and
myristylation of the penultimate Gly (Cohen et al., 1993). Cohen et al also
suggested that band 4.2 is stabilised by phosphorylation (Cohen et al., 1993).
Band 4.2 was the first member of the TG family where alternative splicing was
identified; a 30 amino acid insertion following GIn® has been observed in some
forms of the enzyme and has been designated B4.2L (Cohen et al., 1993). The
loss of transamidating activity apparent in Band 4.2 highlights the potential
structural function of TG enzymes. Band 4.2 is associated with the face of
erythrocyte membranes forming part of the cytoskeleton (Lorand and Conrad,
1984; White et al.,, 1992; Cohen et al., 1993). Mutations in this gene are
accompanied by abnormally shaped blood cells and anaemia. As yet no
functional difference has been seen between the two splice variants, however it
has been suggested that post translational modifications take place within the
additional N- terminal sequence as observed with TG1 (Aeschlimann and

Paulsson,1994).
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123 TG1

Kim et al., identified TG1, otherwise known as keratinocyte transglutaminase, by
preparing a synthetic oligonucleotide encoding the consensual active site
sequence of known transglutaminase sequences and comparing that with the
newly seen TG (Kim et al., 1991). A pro enzyme with a predicted size of 92 kDa
was identified, made up of 814 amino acids. When this was compared with the
corresponding rat sequence, a homology of 92% was observed (Aeschlimann and
Paulsson, 1994). The TG1 protein has proven difficult to purify (Thacher, 1989)
therefore studies have been conducted using a recombinant form of the enzyme
(Kim et al., 1994; 1995a; Nemes et al., 1999a, Hitomi et al., 2000). TG1 is post-
translationally modified within its N terminus to incorporate the fatty acid
palmitate or myristate via a thioester linkage (Phillips et al., 1993). Treatment
with protein synthesis inhibitors suggested that myristylation occurs co
translationally while palmitate labelling is a post-translational process (Steinert et
al., 1996b). A number of Ser residues in the N terminus are also phosphorylated
however there is no corresponding alteration in activity indicating a function in
substrate interactions (Rice et al., 1996). A 106 kDa form of TG1 has also been
detected, suggesting that the enzyme may undergo further modifications (Kim et
al., 1995a). The presence of a fatty acid anchor localises 95% of TG1 to the
membrane fraction of the cell (Steinert et al., 1996a) and it has been suggested
that this anchorage of the enzyme promotes further enzyme processing (Kim et
al., 1995a). Studies have indicated approximately 50% of the membrane bound
enzyme is present in its zymogen form while the remaining enzyme undergoes
cleavage to produce 3 fragments with calculated masses of 10 kDa (N-terminal

membrane anchoring region), 33 kDa (C terminal B-barrels) and 67 kDa (active
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domain) (Steinert et al., 1996a). Edman degradation sequencing identified these
cleavage sites as residing between Arg’”>-Gly’™* and Arg”-Gly’* (Kim et al.,
1995a; Steinert et al., 1996a). Alignment with other human TG sequences
demonstrated the first of these sites correlates with the thrombin activation site of
FXIII and the second with the inactivating cleavage of the same enzyme.
However the second site also aligns with the cleavage site of TG3 by an
unknown enzyme to generate the active form (Kim et al., 1995a). Studies with
antibodies distinguishing the N terminus of the two TG1 fragments suggested
cleavage first occurs between residues 573-574 and then between residues 93-94.
It has also been suggested separate enzymes may be involved or that this may be
the result of differential control of a single protease (lizuka et al., 2003). A
smaller pool of soluble TG1 has also been studied identifying both the full length
enzyme and cleavage products. The ratio of cleavage products compared with
full length enzyme increased in keratinocytes committed to differentiation,
suggesting this process of activation is regulated by differentiation signals (Kim
et al., 1995a, b, Steinert et al., 1996a, b). Complexes between the 67 kDa with
either the 33 kDa fragment or full length enzyme have been obtained by co-
elution from Mono Q fast protein liquid chromatography (FPLC) or co-
immunoprecipitation followed by calculating the specific activities of each
component. The full length enzyme is active; however when the 67 kDa and 33
kDa fragments are associated, an increase from 5 to tenfold activity is seen. The
67 kDa fragment can also be negatively regulated by binding of the full length
enzyme which reduces enzyme activity (Kim et al., 1995a). The processed forms
of TG1 have a significantly shortened half-life of 7 hours in comparison to 20

hours for the full length fragment. The enzyme responsible for cleavage and
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activation of TGl is likely to be cathepsin D as studies using cathepsin D
knockout mice revealed TG1 activity within the epidermis was severely reduced
when compared with wild type controls (Egberts et al., 2004). Furthermore, this
study also indicated the addition of exogenous cathepsin D increases TGl

activity in cultured keratinocytes (Egberts et al., 2004).

Studies carried out by Baumgarter et al., suggested TGl has a function in
controlling the barrier properties of microvasular monolayers via its crosslinking
activity within the intercellular junctions of myocardium endothelial cells
(Baumgarter et al., 2004). Nevertheless it is the role of TG1 in N-terminal
differentiation of squamous epithelia that is best characterised (Simon and Green,
1985; Kim et al., 1995a; 1995b; Steinert et al., 1996a). Furthermore, TG1 is
expressed in the differentiated layers of the epidermis and its expression is
associated with transglutaminase activation and cornified envelope (CE)
formation (Eckert et al., 2009). In vitro studies indicate TGl is capable of
crosslinking several proteins expressed during terminal differentiation including
involucrin, loricrin and small proline rich (SPR) proteins (Candi et al., 1999;
2001). These proteins are cross linked to form a shell like macromolecule
cornified envelope which contributes to an effective barrier against water loss
and infection. A recent study also indicated that an additional protein named
tazarotene-induced gene 3 (TIG3) is associated with TG1 activation (Candi et al.,
1999). In addition to its role in CE formation TG1 appears to have a unique
function within the TG family. Within an in vitro vesicle system TG1 has been
demonstrated to catalyse formation of ester linkages between a -

hydroxyceramide analogue and a number of CE precursors including involucrin
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(Figure 4) (Nemes et al., 1999). Similar linkages involving involucrin have also
been isolated from ex vivo samples as well as envoplankin and periplankin
(envelope precursors) (Marekov and Steinert 1998). In conjunction with CE
formation the sequestering of covalently bound lipids (CBLs) to the surface of
differentiating keratinocytes is an important step in the transition of cells into a
hydrophobic environment. TG1 ablation produces a lethal phenotype in mice due
to their defective skin barrier formation, resulting in death within hours of birth,

indicating the key role of TG1 in skin homeostasis (Matsuki et al., 1998).

OH

Figure 4. Schematic representation of lipids covalently bound to the envelope precursor
involucrin: It was determined that a number of lipids within the stratum corneum are
attached to (CE) via ester linkages. Primarily these cross-links occur with involucrin
molecules (grey rectangle) and the reaction is thought to be catalysed by TG1l. Two
examples shown here include (a) a w-hydroxyl linkage (b) a sphingosine-1-hydroxyl ester
linkage (Swartzendruber et al., 1987)
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1.2.4 TG2.

TG2 has been identified and cloned from a number of mammals including
humans, mice, guinea pigs and cows. TG2 is approximately 80 kDa and contains
between 685 and 691 amino acids (Ikura et al., 1988; Gentile et al., 1991). Some
conservation was seen between species (65-88% when compared with the human
sequence) (Aeschlimann and Paulsson, 1994). TG2 is expressed as an active
enzyme that is predominantly localised to the cytosol (80%), but is also localised
in the nucleus (5%) or membrane associated (15%). The latter is likely mediated
by fatty acid linkages (Harsfalvi et al., 1987). There is no evidence for
glycosylation or inclusion of disulfide bonds (Ikura et al., 1988) and the N
terminus of this enzyme can be blocked by the removal of the initiator Met and
the acylation of the flanking Ala residue. Furthermore, TG2 can be externalised,
localising at the cell surface or in association with ECM components in a number
of tissues (Aeschlimann and Paulsson; 1991; Barsigian et al., 1991; Martinez et
al., 1994; Aeschlimann et al., 1995; Gaudry et al.,, 1999). As with FXIII, a
hydrophobic leader sequence is absent and it has been suggested that the N°-
Acetyl group may target the enzyme to an alternative secretory pathway (Muesch
et al., 1990). Alternative methods of secretion of this enzyme include specialised
pores within the plasma membrane or passive diffusion following transient
stress-induced membrane ruptures (Kuchler and Thorner, 1990; Steinhardt et al.,
1994; Elliot and O’Hare, 1997). It has been hypothesised that the presence of cis
peptide bonds conserved within the TG family may be essential for the secretion
of TG2 into the ECM (Balklava et al., 2002). TG2 mutations of the active Cys
residue (Cys?’’Ser) or targeting the proposed cis bond (Ty1274Ala) have
demonstrated that only the active form is retrieved in culture medium or detected
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in the ECM, and both mutant forms are able to localise to the plasma membrane
(Balklava et al., 2002). This indicates that transamidation activity and/or the

tertiary conformation of the active site is required for complete secretion.

TG2 is ubiquitously and constitutively expressed at high levels in both
endothelial and smooth muscle cells (Thomazy and Fesus, 1989). It is regulated
at the translational level and/or at the rate of protein turnover indicated by
discrepancies between relative mRNA (high levels in lung, heart, kidney and
blood vessels) and protein quantities (higher in liver and spleen) (Clarke et al.,
1959; Aeschlimann and Paulsson, 1994). Two alternative spliced variants of TG2
have been identified within exons VI and X (Fraij and Gonzales, 1997). Studies
of the neurodegenerative condition progressive supranuclear palsy have detected
significantly raised levels of mRNA encoding a short form of TG2 implicating a
functional role for this splice variant (Zemaitaitis et al., 2002). This shortened
form lacks the nucleotide binding cleft and in the absence of negative regulation,
demonstrates high levels of crosslinking activity. TG2 was the first TG family
member identified capable of NTP cycling, specifically ATP and GTP
(Achyuthan and Greenberg, 1987). The inactive GDP bound form has been
analysed by X ray crystallography (Liu et al., 2002; Pinkas et al., 2007). Protein
dynamics simulation indicates that binding of this divalent ion produces major
conformational changes moving apart domains 2 and 3 between which the active
site is situated (Casadio et al., 1999). Despite being the first member of the TG
family to be identified (Clark et al., 1959) its physiological function is still not
completely understood. This is a consequence of its ubiquitous expression and

the necessary delinearisation of its opposing activities as both a transamidation
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enzyme and a G protein. TG2 has been implicated in signal transduction
(Nakaoka et al., 1994), cell adhesion, spreading and differentiation (Gentile et
al.,, 1992; Aeschlimann et al., 1993; Jones et al., 1997 Stephens et al., 2004)
wound healing (Bowness et al., 1988; Haroon et al., 1999) and apoptosis
although conflicting reports on the role of TG2 in this process exist since
cytosolic transamidation activity can be pro-apoptotic corresponding to raised
Ca’* levels in late stage apoptosis whereas nuclear GTP cycling proves to be

anti-apoptotic (Jeong et al., 2009)

1.2.4.1 Intracellular TG2 Function.

1.Cytosol.

TG2 is thought to be capable of targeting a number of cellular proteins, as loss of
its Ca®" regulation in 3T3 fibroblasts results in large insoluble protein shells
analogous to those formed in keratinocyte differentiation (Nicholas et al., 2003).
These structures may play a role in vivo by stabilising cells prior to clearance by
phagocytosis, and limiting harmful release of cellular components into the
surrounding tissue. The absence of this activity has led to reports of
inflammatory and autoimmune responses (Pireda et al., 1997). Experiments
involving over-expressed TG2 in fibroblasts and neuroblastoma cells have
indicated an increase in both spontaneous and induced apoptosis (Gentile et al.,
1992; Melino et al., 1994; Piredda et al., 1997). Conversely antisense silencing of
TG2 in neuroblastoma and human pro-monocytes resulted in a decreased
susceptibility to retinoic acid induced apoptosis (Oliverio et al., 1999).

Further to its function in apoptosis, TG2 has been implicated in cell adhesion,

spreading and migration. TG2 has been implicated in vimentin recruitment to
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stress fibres via retinoic acid induced transamidation of RhoA. This occurs via
ROCK-2 and is accompanied by increased cell adhesion (Singh et al., 2001).
Stephens et al., compared fibroblasts stably transfected with antisense, over-
expressed and a crosslinking deficient mutant TG2 revealing normal cell
attachment in TG2 deficient cells although spreading of cells was delayed
(Stephens et al., 2004). TG2 deficient fibroblasts also displayed defects in
motility which was not attributed to its crosslinking function. Blocking antibody
experiments failed to induce similar defects in the wild type fibroblast indicating
the involvement of intracellular TG2 (Stephens et al., 2004). Further experiments
revealed these TG2 deficient cells had defective- focal adhesion turnover and
stress fibre formation, accompanied by alterations in phosphorylation of focal
adhesion kinase (FAK) and failure to activate protein kinase C a, a key enzyme
involved in cell spreading (Stephens et al., 2004).

2. Membrane.

As a membrane associated G protein, TG2 couples a;,- and a,4. adrenoreceptors,
and thromboxane and oxytocin receptors to phospholipase C, thus mediating
inositol phosphate production in response to agonist activation (Nakaoka et al.,
1994; Feng et al., 1996).

3. Nucleus.

Peng et al., suggested the nuclear pool of TG2 may be transported with the help
of importin-a3 (Peng et al., 1999). The ability of TG2 to cross link histones
(Ballestar et al., 1996; 2001), retinoblastoma (Oliverio et al., 1997) and Spl
proteins has also led to the hypothesis that this enzyme may have a direct role in

chromatin modifications and/or gene expression regulation.
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4. Extracellular TG2.

It has been shown that TG2 may be involved in cell adhesion (Stephens et al.,
2004). Fibroblasts over-expressing TG2 have been reported to demonstrate a
decreased susceptibility to trypsin treatment (Gentile et al., 1992; Verderio et al.,
1998). Furthermore, the use of antisense silencing techniques in endothelial cells
resulted in a reduction in adhesion and spreading (Jones et al., 1997). It was first
thought that the transamidating activity of TG2 and its remodelling of the
pericellular matrix may be responsible for this function (Jones et al., 1997).
Studies have demonstrated TG2 is capable of binding fibronectin with high
affinity, with the recognition sites for this glycoprotein residing within the N-
terminus (Jeong et al., 1995). TG2 co-localises with pericellular fibronectin (FN)
whilst truncated TG2 lacking the fibronectin binding site is not sequestered to
this region (Gaudry et al,, 1999). More recent studies have discovered the
existence of cell surface TG2/B integrin co-receptors for fibronectin (Figure 5).
The predominant complex forms with a581 integrin, but despite TG2 functioning
within this complex it cannot substitute for the action of these integrins in
fibronectin assembly (Akimov and Belkin, 2001). The TG2/B integrin receptors
are calculated to be a 1:1 ratio and dependent on cell type; up to 40% of B1
integrins may complex in this way (Akimov et al., 2000). Further, these co-
receptors have been found to facilitate cell adhesion and spreading (Isobe et al.,
1999) and motility (Balklava et al., 2002). Much of this work has been carried
out on fibronectin and these co-receptors may play an important role on this
substratum. This could explain disparities with studies established on alternative
ECM components or tissue grade plastic (Stephens et al., 2004). Despite the

ability of TG2 to cross link fibronectin (Barsigian et al., 1991; Martinez et al.,
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1994; Jones et al., 1997) these functions are independent of transamidation
activity (Akimov et al., 2000; Balklava et al., 2002) indicating a structural role
for TG2. In vitro studies carried out using transgenic mice also indicated a role
for cell surface TG2 in fibroblast migration (De Laurenzi et al., 2001; Verderio et
al., 2005). Fibroblasts isolated from TG2” mice were found to repopulate
wounds at a slower rate than their wild type controls. However this could be
partly counteracted by the addition of exogenous purified guinea pig liver TG2.
Furthermore this was found to improve the stability of the cell sheets and shifted
the pattern of healing toward the control phenotype (De Laurenzi and Melino,

2001).

Although original sequence data suggested TG2 was a cytosolic protein,
significant quantities of TG2 have been detected associated with ECM of certain
tissues. TG2 found here has been implicated in wound healing, angiogenesis,
remodelling and stabilisation (Upchaurch et al., 1991; Haroon et al., 1999;
Aeschlimann and Thomazy, 2000). TG2 and its role in wound healing will be
discussed in detail in section 1.4.5 however its ability to remodel ECM tissue has
been attributed to its crosslinking activity. This has been demonstrated in vitro by
its ability to contract floating collagen lattices where crosslinking deficient forms

277 to Ser residue demonstrates a

of the enzyme produced by a substitution of Cys
reduced rate of contraction accompanied by reduced levels of MT1-MMP and
active MMP2 (Stephens et al., 2004). TG2 substrates within the ECM vary;
fibronectin (Jones et al., 1997), vitronectin (Sane et al., 1988), collagen (Kleman

et al., 1995), osteonectin (Aeschlimann et al., 1995), osteopontin (Kaartinen et

al., 1997) and nidogen (Aeschlimann and Paulsson 1991) have all been found to
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be TG2 substrates. Furthermore TG2 has demonstrated a high affinity for several
basement membrane components leading to its proposed stabilisation of the
dermo-epidermal junction (DEJ). TG2 may also affect matrix deposition
indirectly; the secreted enzyme is found to impact on the activation of TGF-f
possibly through covalent modification of activating factors (Kojima et al., 1993;
Nunes et al., 1997). This produces a positive feedback mechanism for TG2
expression and that of several other ECM genes (Ritter et al., 1998; Akimov and

Belkin, 2001)
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Figure 5. Schematic representation of the role of extracellular TG2: Transglutaminase 2
(TG2) acts as an integrin co-receptor and binds fibronectin with a high affinity, thereby
aiding the organisation of the extracellular matrix (ECM). Through interactions with
adhesion components such as paxillin and FAK, the aSpi integrin receptor can influence
intracellular signalling and the cytoskeleton. Unlike the more reversible processes of cell-
matrix interactions (a) that are dependent only on non-covalent associations with TG2,
irreversible mineralisation (b) requires the covalent cross-linking of connective-tissue
substrates (osteonectin/osteopontin and collagens) by the Ca2tactivated enzyme (Figure
courtesy of D. Aeschlimann, University of Wales, Cardiff, UK), (c) TG2 also stabilises the
dermo-epidermal junction. This enzyme catalyses the covalent attachment of TGFp,
through its latent TGFP protein (LTBP) subunit, to the microfibrils. As such, large stores of
this growth factor can accumulate in the connective tissue from where it can be liberated by
the action of proteases. Hemidesmosome-mediated attachment of cells to the basement
membrane and the underlying connective tissue proteins (anchoring fibrils, microfibrils
and collagen fibrils) - all of which are substrates for TG2 - are shown. (Lorand and
Graham, 2003).
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1.2.4.2 Murine TG2" model.

To date, TG2 mutations have not been found within the human TGM2 gene. In
addition, TG2 multifunctionality led to the hypothesis that TG2 knockout in mice
would produce a lethal phenotype. However, generation of TG2 knockout mice
resulted in a normal phenotype at mendelian frequency (De Laurenzi and Melino,
2001; Nanda et al., 2001). Initial experiments revealed no obvious alterations in
apoptosis (De Laurenzi and Melino, 2001), ECM structure or heart function
where GTPase activity is thought to be important (Hwang et al., 1996). These
findings suggested there may be redundancy within the TG family indicating a
compensatory mechanism, however only FXIII is localised to the ECM and this
is not capable of GTP cycling. Further investigation of these mice identified a
decrease in primary fibroblast adhesion (Nanda et al., 2001) and impaired wound
healing (Mearns et al., 2002). Furthermore, following dexamethasone induction
of apoptosis, phagocytic clearance by macrophages is defective within the
thymus and the liver (Nanda et al., 2001). This concurs with previous studies
indicating TG2 crosslinking is important in stabilising apoptotic cells prior to
clearance (Piredda et al., 1997). Finally knockout mice have also demonstrated
glucose intolerance as a result of reduced insulin secretion that correlates

strongly with maturity onset diabetes in humans (Bernassola et al., 2002).
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1.2.5 TG3

TG3 is a virtually inactive zymogen of 77 kDa and 692 amino acids that localises
to the cell cytosol (Kim et al., 1993; Hitomo et al., 2003). Activation of the
enzyme is a result of cleavage at Ser*® to produce a 50 and 27 kDa fragment
(Kim et al., 1990; 1993). The 50 kDa cleavage products which consists of the N-
terminal sandwich and catalytic domains is capable of catalysing transamidation
reactions (Chung and Folk, 1972; Ogawa and Goldsmith, 1976) however when it
is complexed with the 27 kDa C-terminal B barrel domain this activity is
increased and it is thought that the two fragments stay associated (Kim et al.,
1990). The enzyme responsible for this cleavage in vivo has not yet been
identified but in vitro studies have utilised the bacterial protease dispase to
produce correlating cleavage products (Kim et al., 1993). The cleavage site is a
unique sequence of 12 polar amino acid residues residing in the flexible loop
connecting the catalytic and p barrel domain 1 (Kim et al., 1993) and correlates
strongly with cleavage sites found in TG1 and FXIII (Thibaut et al., 2009).
Conservation of TG3 between species ranges from 50-75% indicating this
enzyme is still undergoing rapid evolution (Kim et al., 1993; Aeschlimann and
Paulsson 1994). The protease cleavage site has particularly low homology and
may be evident of species evolving alternate activation mechanisms (Kim et al.,
1993). Resolution of several TG3 crystallographic structures has indicated the
conformational changes which accompany activation. A total of three Ca**
binding sites have been identified within the enzyme (Ahvazi et al., 2002). The
first (Asn***-Asn?®) demonstrates constitutive binding (Kd 0.3uM) and has a
role in enzyme stabilisation, the second (Asn*°-Asn**®) and third (Asn3 5., Glu*?

and Glu *“**) Ca®* binding sites occur after zymogen cleavage and cooperate to
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produce a movement of the B-strand (Gly**-Ser’®

). This conformational change
opens a channel through the enzyme and exposes two (Trp) residues near to the
active site (Figure 6). This is thought to stabilise the transition state of the
enzyme. The conformational change also makes Asp324 accessible for
coordination to the Ca?* ion at site 3. Ca>* ions at sites 2 and 3 can be substituted
for lanthamides and for site 3 Mg”*. Despite this, Ca** binding at site 3 is
required to activate the enzyme. Therefore it has been suggested that the Mg**
binding of the cleaved zymogen provides a mechanism to stop aberrant
crosslinking activity in the absence of increased Ca®" concentration (Ahvazi et
al., 2003). Biochemical and crystallographic evidence has been shown to indicate
that TG3 can undergo GTPase cycling; however unlike TG2 this enzyme does
not target ATP (Ahvazi et al., 2004, Thibaut et al., 2009). In order for GTP/GDP
binding to occur there must be a substitution of Ca®" ion at site 3 for Mg2+
accompanied by regional conformational changes producing movement of the
30DKGSDS*? sequence motif. This indicates therefore this structural alteration

targets the same sites involved in the activation of the enzyme and indicates the

negative regulatory role of nucleotides.
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Figure. 6 The electrostatic surface potential comparison of the TG3-GDP complex when
bound to Ca2t+or Mg2+at site 3: The front and back view represent images rotated 180° with
respect to each other. The acid and basic regions are coloured red and blue respectively. An
open channel is clearly evident in the Ca2 bound form and is lost following Mg2+
substitution (Ahvazi et al., 2004).
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1.2.6 TG4

Currently, the most extensive studies carried out with TG4 have included the rat
form of the enzyme, and no knockout mouse has been reported (lismaa et al.,
2009). TG4 is a 74 kDa protein made up of 692 amino acids that exists as a
homodimer (Wilson and French, 1980). It has been identified as a major
secretory product of rat dorsal prostate and coagulating glands (Ho et al., 1992).
TG4, like other secreted TGs, contains no recognised signal peptide and is N-
terminally blocked. Immunogold electron microscopy has detected TG4 in
apocrine secretory vesicles, however its absence from golgi apparatus suggest
direct entry from the cytoplasm (Seitz et al., 1990; 1991). TG4 has been shown
to be mannosyl linked and has a phophotidyl anchor post modification (Seitz et
al., 1991) however its best characterised function is its rapid catalysis of

polyamines to produce seminal plugs (Williams-Ashmann 1984).

1.2.7 TGS

TGS has been shown to be ubiquitously expressed in low levels in human tissues
with the exception of both the lymphatic and central nervous system
(Aeschlimann et al., 1998; Candi et al., 2004). TGS is an 81 kDa protein made up
of 720 amino acids, is expressed in its active form and has been shown to be N-
terminal acetylated (Rufini et al., 2004). TG5 mRNA isolated from human
keratinocytes indicates 3 alternative splice products in addition to the full length
enzyme, in which exons III, XI or III or XI are absent. In vitro studies have
determined that exon III is required for enzyme activity (Candi et al., 2001).
Splice products lacking exon XI produce a frame shift mutation resulting in a

novel sequence of 25 amino acids followed by premature termination (Candi et
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al., 2001). Due to its slow expression several TGS studies have utilised
keratinocytes that over-express the protein; such studies have shown this enzyme
to be resistant to extraction and retrieval has only been possible by treatment
with SDS or urea. This is similar to the profile of insoluble proteins and cell
fractionation studies have demonstrated that TGS associates with the nuclear
matrix and cytoskeleton. Like TG2, TGS is capable of binding ATP and GTP,
which has been demonstrated to inhibit the enzymes crosslinking ability (Candi
et al,, 2004) although its GTPase activity and subsequent affect on cellular
function is not yet known. TGS expression is increased several fold in induced
differentiating cultured keratinocytes, leading to its investigation in CE formation
and consequent binding to CE components such as involucrin and loricrin (Candi

et al., 1995).

1.2.8 TG6.

TG6 has remained elusive for study due to its insolubility, despite extreme
measures. Consequently, little data has been published on TG6 except that
concerning its role in gluten sensitivity in celiac disease (Hadjivassiliou et al.,
2010). TG6 is calculated to be an 80 kDa protein consisting of 708 amino acids.
TG6 has been shown to undergo alternative splicing of exon XII, the absence of
which produces a frame shift and premature termination within exon XIII. TG6
was first amplified from the small lung carcinoma cell line H69 (H Thomas PhD
thesis, 2004) and subsequent northern blot analysis identified widespread
expression at low levels in human tissues. High expression levels have been

determined in gluten sensitivity sufferers in brain tissue (Hadjivassiliou et al.,
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2010) and in addition, murine in situ data suggests that this isoform is also

localised to the epidermis (Hadjivassiliou et al., 2010).

1.2.9 TG7

TG7 is the most recently discovered member of the TG family. It was first
isolated from a prostate carcinoma cell line, and is an 80 kDa 710 amino acid
protein. Northern blot analysis has indicated this TG7 is expressed at low levels
in many human tissues with the highest concentrations found in testis and lung
tissue (Grenard et al., 2001). TG7 has been amplified from a number of cell lines
by RT-PCR including dermal fibroblasts (TJ6F and HCA2), primary
keratinocytes and mammary epithelium (Grenard et al., 2001). Although
physiological functional data of this enzyme is limited and there is no knock out
mouse currently reported, data concerning neurodegeneration has linked
mutation in this enzyme with activated microglia leading to severe brain

vacuolation and neurodegeneration (Kercher et al., 2007).

Metalloproteinases are cited in literature as being responsibly for extensive
changes in tissues caused by proteolytic activity and remodelling. Therefore the
following section details the metalloproteinase family and their potential role in

mediating Transglutaminase affects on re-epithelisation
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1.3 Metalloproteinases General introduction.

Proteinases are implicated in many processes in tissue remodelling; cell motility,
morphogenesis and cell and organ growth and development, through the
degradation and processing of matrix components. This mechanism allows
tissue and organ turnover through removal and replacement of cellular or matrix

components (Fowlkes and Winkler, 2002).

The Metzincin superfamily is a diverse and expansive group of zinc peptidases,
from both eukaryote and prokaryote families. Of the four sub-families the
Astacins (crayfish collagenolytic enzyme and bone morphogenic protein 1
(BMP-1), Serralysins (bacterial proteinases), Adamalysins, (snake venom
proteinases and a disintegrin- and metalloproteinase (ADAMS) and Matrix
Metalloproteinases (MMPs) (Stocker and Bode, 1995) only the
metalloproteinases, MMPs and ADAMS, will be discussed in this review due to
the volume of research available on these four subfamilies and the relevance to

this study.

The metalloproteinase family share several characteristics. They display a high
level of sequence homology and all but the membrane type (MT)-MMPs are
secreted from cells in a non active state known as a zymogen and termed a pro-
MMP. They are activated by the removal of the propeptide sequence and they
can be secreted as soluble proteinases or inserted into the cell membrane (MT-
MMPs). Their activity is highly dependent on both zinc and Ca®* ions, and once
activated, MP activity is controlled by the tissue inhibitor of metalloproteinases

(TIMPs) of which there are four family members (Nagase et al., 1999). Since
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metalloproteinase activity is highly dependent on both zinc and Ca®" ions, they

can also be readily inhibited chemically, by chelating agents such as EDTA.

1.3.1 Structure of Metalloproteinase Family.

Classification of proteases is generally based on whether they cleave terminal or
internal sites within peptides or proteins and are therefore referred to as
exopeptidases or endopeptideases respectively. Further classification involves
examining their catalytic mechanism and/or their specific inhibitor sensitivities.
They can then be further divided into serine, cysteine, aspartic or
metalloproteinases (Stocker and Bode, 1995). A typical metalloproteinase
consists of a propeptide of around 80 amino acids, a catalytic metalloproteinase
domain of around 170 amino acids, a linker peptide of variable length (also
referred to as the hinge region) and a hemopexin (Hpx) domain of around 200
amino acids. The zinc binding motif HEXXHXXGXXH in the catalytic domain
and the cysteine switch motif PRCGXPD in the propeptide are common
structural signatures where the three histidines in the zinc binding motif, and the
cysteine in the propeptide co-ordinate with the catalytic zinc ion (Bode et al.,
1993). This Cys-Zn®* coordination inhibit metalloproteinase activity by
preventing a water molecule essential for catalysis from binding to the zinc ion.
The catalytic domain also contains a conserved methionine which forms a Met
turn eight residues from the zinc binding motif, providing a base to support the
structure surrounding the catalytic zinc (Bode et al., 1993). The zinc binding
motif and the Met turn are also conserved in members of the ADAMs family,

ADAMTS sub family, the Astacins and the Serralysins and while these
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subfamilies have little homology in their primary structures, the overall protein

folds are similar (Gormis-Ruth, 2003).

1.3.2 Metalloproteinase Family and Domain Structure.

In 1962, Gross and Lapiere first reported vertebrate collagenolytic activity in
tadpole tissues (tailfin, skin, intestine and gill) undergoing metamorphosis (Gross
and Lapiere, 1962), prompting the investigation of remodelling in further tissues,
as the deposition and remodelling of collagen is important in tissue turnover,
structure and function. The first human collagenase to be purified was from
rheumatoid synovium (Woolley et al., 1975) which has similar properties to
tadpole collagenase, cleaving triple helical type I collagen at a single site about
three quarters away from the N-terminus (Woolley et al., 1975). It took another
11 years to deduce the primary structure of human collagenase (MMP-1) from

fibroblasts by cDNA cloning (Goldberg et al., 1986).

To date, the MMPs now comprise a family of over 20 members which are all
highly homologous zinc dependent matrix degrading proteinases. By comparison
of the domains and their preferred substrates, metalloproteinases are grouped into
collagenases, gelatinases, stromelysins, matrilysins, membrane-type (MT)-
MMPs and others. Figure 7 shows the variations in metalloproteinase domain

arrangements and Table 2 describes the composition of each member.

The collagenases are active against fibrillar forms of collagen. The collagenases
are able to cleave interstitial collagens I, II and III into characteristic % and Y4

fragments but they are also able to digest other ECM molecules and soluble
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fragments (Woessneer and Nagase, 2000; Visse and Nagase, 2003). Although
MMP2 and MMP14 (MT1-MMP) also have collagenolytic abilities, these are
grouped differently due to their domain composition. The gelatinases have high
activity against denatured collagens (gelatin), and bind to gelatin and collagen
via their 3 fibronectin type II repeats. They are also able to digest collagens IV,
V and XI, laminin, aggrecan core protein amongst others (Aimes and Quigley,
1995). MMP 2 is also able to digest collagen I, II and III similarly to the
collagenases (Aimes and Quigley, 2005). The stromelysins exhibit activity
against a wide range of non collagen components of the ECM; they have a
domain arrangement similar to the collagenases but they are able to digest
interstitial collagens as well as digestion of some ECM molecules and
participation in proMMP activity (Murphy et al., 1993). The Matrilysins lack a
hemopexin domain. As well as processing ECM components, MMP 7, a member
of this family, is able to process cell surface molecules such as pro-a- defensin

and Fas-Ligand (Nagase et al., 2006).
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Figure 7. Domain structures of the metalloproteinase family, ss, signal sequence; pro, pro-
domain, FNII, fibronectin type II motif; LI, linker 1; L2, linker 2; Mb, plasma membrane;
TM, transmembrane domain; CT, cytoplamic tail; CysR, cysteine rich; Ig, immunoglobulin

domain; GPI, glycosylphosphatidylinositol anchor; C, cysteine. Taken from Murphy and
Nagase. 2008.
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The MT-MMPs all contain a furin recognition sequence RX[r/k]R at the C
terminus of the propeptide. MT-MMPs are transmembrane MMPs that have
some activity against some ECM components and can activate other MMP
family members. They are activated intracellularly and active enzymes are likely
to be expressed at the cell surface. All MT-MMPs except MT4-MMP can
activate proMMP2, and MT1-MMP has collagenolytic activity for collagens I, II
and III (Ohuchi et al., 1997). Although several MMPs are not listed this is
because they display characteristics similar to those seen in these groups. All are
still capable of digesting various ECM components by similar modes of action

(Nagase et al., 2006).
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Enzyme MMP Chromosome SS [ Pro | CS | RX[R/K]JR | Cat | FN2 | LK | Hpx | Lk2 [ TM | GPI | Cyt | CysR-Ig
location(Human)

Collagenases

Interstitial collagenase; | MMP-1 11q22-q23 * * * * * *

Collagenase 1

Neutrophil collagenase; | MMP-8 11q21-q22 o B * * * *

Collagnease 2

Collagenase 3 MMP-13 | 11g22.3 *

Collagenase 4 (Xenopus) MMP-18 | Not in humans * *

Gelatinases

Gelatinase A MMP-2 16q13

Gelatinase B MMP-9 | 20qll.2-ql13.1

Stromelysins

Stromelysin 1 MMP-3 11923 *

Stromelysin 2 MMP-10 | 11922.3-923 *

Matrilysins

Matrilysin 1 MMP-7 11q21-q22 o

Matrilysin 2 MMP-26 | 11pl5 O

Stromelysin 3 MMP-11 | 22q11.2 ™[ * * *

Membrane Type MMP

Transmembrane type

MT1-MMP MMP-14 | 14ql1-ql12 o ¥ * * * * * * *

MT2-MMP MMP-15 | 15q13-q21 ¥ * O * * * * * *

MT3-MMP MMP-16 | 8qg21 o * | * * * * * *

MT5-MMP MMP-24 | 20q11.2 W o * * * * * *

(B) GPI-anchored

MT4-MMP MMP-17 [ 12q24.3 * * *

MT6-MMP MMP-25 | 16p13.3 * * *

Others

Macrophage elastase MMP-12 | 11g22.2-q22.3 o * * * *

- MMP-19 | 12ql14 * % * * * *

Enamelysin MMP-20 | 11g22.3 o * * * *

- MMP_2 I * * * * * *

CA-MMP MMP-23 | 1p36.3 ¥ | * * *

- MMP-27 | 1124 ¥ * *

Epilysin MMP-28 | 17q21.1 * | * * * * *

Table 2: Metalloproteinases listed with their alternative names, location and alternative splicing arrangements.
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1.3.3 Control of Metalloproteinases.

MP activity is tightly regulated at 3 levels; they are expressed at low levels, by
transcription control either positively or negatively controlled by cytokines and
growth factors, and post transcriptional control where their activity can be
restricted. A number of inflammatory cytokines [interleukin-1-f (IL-1B), IL-6],
growth factors [platelet derived growth factor (PDGF)], hormones
(corticosteroids) and tumour promoters [tumour necrosis factor-a (TNFa)],
control the gene expression and the secretion of MMPs (Dollery et al., 1995;

Thompson and Parks, 1996).

Inhibition of proteolytic activity of metalloproteinases occurs by endogenous
inhibitors of matrix metalloproteinases (TIMPS). The tissue inhibitors of matrix
metalloproteinases (TIMPs) are the dominant inhibitors of MMPs (detailed in
section 1.3.4), they are a family of 4 proteinase inhibitors which bind to MMPs
rendering them inactive while aj-macroglobulin and tissue-factor pathway
inhibitor-2 inhibit MMPs to a lesser extent. TIMPs bind either active or latent
forms of MMPs in a molecular 1:1 ratio (Visse and Nagase, 2003). The balance
of relative concentrations of active MMPs and their inhibitors determines the net

proteolytic activity (Knox et al., 1997).

MMPs are synthesised as latent pro-enzymes that require activation by disruption
of cysteine-zinc interaction of the cysteine switch and the removal of the pro-
peptide for full activity (Visse and Nagase, 2003). The signal peptide is removed
during translation and the proMMP is generated. Activation of the zymogen

(proMMP) is an important regulating step. Thirteen of the MMPs are secreted as
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proMMPs. Within the propeptide there is a susceptible bait region which allows
tissue and plasma proteinases to activate the proMMP. The removal of the bait
region cleaves only a part of the propeptide; complete removal often occurs in
trans by the action of a MMP intermediate or by another active MMP. This
process has been termed Stepwise Activation (Nagase et al., 1990). Ten more of
the proMMPs possess a furin-like proprotein recognition site RX[K/R]R at the
end of the propeptide and are activated intracellularly before secretion or
association with the cell surface. The activity of these MMPs is regulated by their
tissue position and inactivation by either endogenous inhibitors such as a TIMP
or by proteolysis (Nagase et al., 2006) MT1-MMP is unique in that it becomes
rapidly endocytosed and partially recycled to the cell surface (Stawowy et al.,
2005). Furthermore, MMPs can be readily activated by treatment with mercurial
compounds, Sh reagents and chaotropic agents, thought to be due to perturbation
of the molecule. Alternatively oxidants such as HOC1 and ONOO- can activate
proMMPs by reacting with the cysteine (cys) of the cys switch in the propeptide;
this mode of activation may therefore occur under inflammatory conditions

(Peppin and Weiss 1986; Gu et al., 2002).

1.3.4 Endogenous Regulation of MMPs (including TIMPS).

MMPs are regulated endogenously in two ways; firstly they can be regulated by
a2-macroglobulin; a plasma glycoprotein of 725 kDa containing four identical
subunits of 180 kDa each. a2-macroglobulin inhibits proteinases by entrapping
the proteinase within the macroglobulin and the complex is rapidly cleared by a
low density lipoprotein receptor related protein 1 which endocytoses the complex

(Strickland et al., 1990). This process usually occurs for MMPs which are active
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in the fluid phase. Secondly, TIMPs can also inactivate MMPs. TIMPs are
proteinase inhibitors usually consisting of 184-194 amino acids and are
subdivided into an N-terminal and a C terminal subdomain. Each domain
contains three conserved disulphide bonds and the N-terminal domain folds as an
independent unit with MMP inhibitory activity. TIMPS have been shown to
inhibit all MMPs thus far, however, some are more effective against specific
MMPs than others. For example TIMP-1 is a poor inhibitor of MT1, 3 and 5 -
MMP, but is effective against the other MMPs and ADAMI10 (Nagase et al.,
2006). The mechanism of TIMP inhibition of MMPs has been determined based
on crystal structures of the TIMP-MMP complex (Gomis-Ruth et al., 1997). The
overall shape of the TIMP molecule is ‘wedge-like’ which allows the N terminus
four residues Cys'-Thr-Cys-Val* and the residues Glu67-Ser-Val-Cys70 in the
case of TIMP1, to be slotted into the active site of the MMP via a disulphide
contiguous bridge. This region accounts for 75% of the protein-protein
interaction in the case of the complex of the catalytic domain of MMP3 and
TIMP1. The catalytic zinc atom is bidentately chelated by the N-terminal amino
group and the carbonyl group of Cysl which expels the water molecule bound to
the zinc atom and therefore inactivates the MMP (Nagase et al., 2006).
Furthermore a mutation of the position 2 residue (Thr in TIMP-1) can greatly
affect the affinity of the TIMP for the MMP. A substitution to glycine in this
position inactivates TIMP1 in MMP inhibition (Meng et al., 1999). Further
amino acid changes can affect the four TIMPs’ affinity to regulate the MMPs and
depending on the substitution can render them ineffective as a means of MMP

control.
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1.3.5 ADAMS Sub Family.

ADAMS (a disintegrin and metalloproteinase) are membrane bound enzymes
that make up a further sub family of the metzincin superfamily, and whose
function is closely related to that of the snake venom metalloproteinases. Their
structure consists of multidomains; proproteinase, metalloproteinase, disintegrin,
cysteine-rich, epidermal growth factor-like, and cytoplasmic domains.
Mammalian ADAMs are involved in regulation of cell-cell fusion, adhesion, and
intracellular signalling as well as in sperm egg binding and fusion (Van Goor et
al., 2009). To date, 34 ADAM proteins have been identified in different species
and the human family contains 23 members (Zhong et al., 2008). Approximately
half have a consensus metalloproteinase catalytic sequence, rendering them
proteolytically active; indeed, several ADAM family members have been found
to release cytokines, growth factors, receptors, adhesion molecules, and other
membrane proteins from the cell surface, a process termed ectodomain shedding.
The remainder are likely to primarily have roles in cell adhesion, through their
interaction with integrins via the disintegrin/cysteine-rich domains (Zhong et al.,

2008).

1.3.6 ADAMS Structure.

An ADAM is a single span transmembrane protein that comprises a pro domain,
a zinc metalloproteinase domain which faces extracellularly, a disintegrin
domain, a cysteine rich region, an EGF like sequence, a transmembrane region
and a cytoplasmic tail (see Figure 8). The N terminus of ADAMSs contains a

signal sequence
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that directs ADAMs into the secretory pathway and a prodomain that functions in
maturation. Primarily however the purpose of the prodomain is to maintain the
metalloproteinase site of ADAMs in an inactive conformation, through a cysteine
switch (Van Wartand Birkedal-Hansen 1990; Becker et al. 1995). A conserved
cysteine residue within the prodomain preferentially coordinates the required
active site zinc atom, which sequesters the metalloproteinase domain in an
inactive conformation. The second main function of the prodomain is to
chaperone the proper folding of ADAMs, in particular the metalloproteinase
domain. This has been suggested by studies showing that the removal of the
prodomain of ADAM17 generates a protease-inactive protein (Milla et al. 1999).
The crystallization of several metalloproteinase domains of metzincin family
members, including ADAMI17, has allowed the mechanism of proteolytic
activity to be elucidated (Maskos et al., 1998). Similarly to matrix
metalloproteinases, the active site of the ADAM contains zinc and water atoms
that are necessary for hydrolytic processing of protein substrates. This is
coordinated by three conserved histidine residues and a downstream methionine.
The methionine lies in a Met turn motif that loops around to face the consensus
HExxHxxGxxH site. This region is highly conserved amongst the various
Metzincins. However, individual proteins can be distinguished by other
structural features that may impart specificity for substrates and protease
inhibitors (Stocker et al., 1995). Not all ADAMS are enzymatically active, as

some individual ADAMs lack the characteristic catalytic zinc binding signature.

The disintegrin domain of ADAMs proteins is around 90 amino acids long.

Structurally, there is little known about the disintegrin domain of ADAMs,
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although a comparison with structural studies of Snake venom
metalloproteinases (SVMP) crystals and other integrin receptor ligands may
allude to its function (Gomis-Ruth et al., 1994). The disintegrin domains of
SVMPs mimic the ligand site of matrix proteins like fibronectin for integrin
receptors. Like fibronectin, many have an RGD consensus sequence within a 13
amino acid stretch called the disintegrin loop, which projects from the surface of
the protein and confers binding to allbp3 and avp3 integrin receptors (Blobel et
al., 1992). The cysteine-rich and EGF-like domains have been described as the
black box of the ADAM (Seals and Courtneidge, 2003). What is known of these
domains does not appear to indicate a functional theme that would characterize
these domains in the same manner as the metalloproteinase and disintegrin

domains.

ADAMs 1, 3, 12, and 14 have a motif in their cysteine-rich domain that is very
similar to sequences found in viral fusion peptides (Blobel and White, 1992).
This, coupled with the observations that ADAMs 1, 3 and 12 participate in cell
fusion reactions, led to the proposal that the cysteine-rich domain is involved in
membrane fusion, although this hypothesis has not been experimentally tested
(Seals and Courtneidge, 2003). It is also postulated that the cysteine-rich domain
complements the binding capacity of the disintegrin domain, and potentially
confers specificity to disintegrin domain-mediated interactions. Furthermore,
another theory suggests a cysteine-rich domain-specific function as a ligand for

the cell adhesion molecule syndecan (Iba et al., 1999, 2000).
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The cytoplasmic tail of the ADAM is variable both in sequence and length. This
domain contains specialized motifs that are thought to be involved in the inside-
out regulation of metalloproteinase activity, the outside-in regulation of cell
signalling, and/or the control of maturation and subcellular localization. The
most common motifs are PxxP binding sites for SH3 domain-containing proteins.
Several ADAMs also have potential phosphorylation sites for serine-threonine
and/or tyrosine kinases. This may regulate ADAM function directly, as well as
the resulting phosphotyrosine residues providing ligands for SH2 domain-
containing proteins. Consequently, ADAMs may serve adaptor functions to
assemble complexes of proteins at critical sites of functional activity (Seals and
Courtneidge, 2003). ADAM structure and types of ADAMs are shown in figure 8

and described in table 3.
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ADAM HEXXH "1 Cys-Rich  Spacer
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Figure 8. The domain structure of a typical ADAM protein. SP, signal peptide; Pro, Pro-
domain, including cysteine switch region; Catalytic, catalytic domain, including the zinc-
binding HEXXH consensus sequence; Dis, disintegrin domain; EGF, epidermal growth
factor domain; TM, transmembrane domain; Cyt, cytoplasmic domain. In the ADAMTS
family, the EGF, transmembrane and cytosolic domains are absent and are replaced by one
or more thrombospondin type-1 (TSP1) motifs. The central TSP1 domain is highly
conserved among the ADAMTS proteins but the number of C-terminal TSP1 domains can
vary from zero (ADAMTS4) to 14 (ADAMTS9 andADAMTS20). Some ADAMTS contain
additional C terminal extensions (not shown). The disintegrin-like domain in the ADAMTS
proteins lacks the typical arginine-glycine-aspartic acid (RGD) integrin-binding motif of
ADAMs proteins and of the snake venom disintegrins (Van Goor et al, 2009).
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No. Common name Potential functions Expression Alternative splicing | MP Active | Integrin Binding SH3 binding site
cytoplasmic tail
2 Fertilin-B, PH-308 Sperm/egg binding fusion Testis *
7 EAPI Epididymis *
8 MS2, CD156 Granulocytes/monocytes *
9 Meitrin-y, MDC9 Sheddase, Cell migration Somatic *FLS * * *
10 Kuz, MADM, SUP-17 Sheddase, cell fate determination Somatic *L/S * *
11 MDC Putative tumour repressor Brain *
12 Meltrin-a Sheddase, Myoblast fusion Somatic *L/S * * *
15 Metargidin, MDC15 Cell/Cell binding Somatic * * *
17 TACE Sheddase Somatic *
18 tMDCIII Testis *
19 Meltrin-B, MADDAM | Sheddase, dendritic cell development Somatic * *
20 Testis *
21 Testis *
22 MDC2 Brain *1,8,¢ *
23 MDC3 Cell adhesion/Neural development Brain *
28 MDC-L Immunosurveillance Epididymis, Lung, Lymphocytes *M/S * *
29 Testis *q,B,y *
30 Testis *a,p *
33 Genetically linked to asthma Somatic * * *

Table 3: ADAMS found in humans and their associated position, function and splice variations.
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1.3.7 ADAM Family Function.

Unsurprisingly, since ADAMSs have a complex domain structure, they have been
shown to be involved in several proteolytic driven processes via their
metalloproteinase activity, adhesion to integrins via a disintegrin domain, cell-
cell fusion potentially through a hydrophobic fusion peptide present in the
cysteine rich domain and cell signalling involving the SH3 recognition sequence
sometimes present in the cytoplasmic tail (Black et al., 1997, 1998; Killar et al.,
1999; Yamamoto et al., 1999; Blobel et al, 2000). Approximately half of the all
current known ADAMs have been assigned a function dependent on their
catalytic abilities however the catalytically inactive ADAMs are less well
understood. It has been suggested they could be involved in as acting as peptide
binding receptors to mediate cell signalling (Van Goor et al., 2009). Furthermore
the related ADAMTS family also differ from the ADAMs in that they lack the
EGF like sequences and transmembrane domains and hence function as secreted
proteins. ADAMTS’ also retain the metalloproteinase domain as well as the
disintegrin like domain however the function of this is not yet understood;
potentially the interactions of the disintegrin like domain with integrins seen in
vitro may yet be deemed physiologically relevant (Van Goor et al., 2009).
ADAMS are highly involved in development and therefore have been implicated
in spermatogenesis and sperm egg formation as well as neurological
development and branching morphogenesis in the lung, kidneys and pancreas
(Tousseyn et al., 2006). Furthermore they have also been shown to be
ubiquitously expressed in healthy human tissues, although particular ADAMS
are restricted to specific organs. Furthermore, their presence appears to prevent

diseases such as Alzheimer’s and thrombotic thrombocytopenic purpura, both of
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which have been linked with defects in ADAMs signalling (Van Goor et al.,

2009).

1.3.8 ADAMS as Modulators of the EGF Receptor Signalling.

The epidermal growth factor family (EGF) family have already been mentioned
briefly in section 1.3.5 however their regulation by members of the ADAM
family warrants further discussion. The EGFR family are type 1 receptor
tyrosine kinases that participate in several cellular processes including
differentiation, proliferation, migration and cell survival (Holbro et al., 2003).
EGFR signalling has been implicated in a wide variety of disease including
cancer, inflammation and fibrosis (Melenhorst et al., 2008). The ErbB receptor
family is composed of four members; HER1, HER2 (HER2/Neu), HER3 and
HERA4. All of these are capable of homo or heterodimerizing with one another to
form several combinations of functional receptor. Furthermore they are also
capable of binding to multiple members of functionally and structurally similar
growth factors increasing their activities in diverse cellular function. All EGFR
ligands are synthesized as membrane-bound precursors that require
metalloproteinase mediated proteolytic cleavage to produce the soluble, active
forms. Although paracrine/juxtacrine signalling by transmembrane precursors
has been shown to mediate biological effects in some experimental systems
(Iwamoto and Mekada, 2000; Miyoshi et al., 1997; Singh et al., 2004; Willmarth
and Ethier, 2006), findings from numerous studies strongly suggest that major
EGF-like growth factor functions including cell proliferation depend on
proteolytic release of soluble EGFR ligands from their membrane-bound

precursors (Peschon et al., 1998; Sanderson et al., 2006; Iwamoto et al., 2003).
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Most EGFR ligands are shed by ADAMS including Epidermal growth factor -
EGF, Transforming growth factor alpha -TGFo, Heparin binding-epidermal
growth factor -HB-EGF, amphiregullin AREG, epiregulin EREG, betaceullin
BTC, the neuregulins NRG1-4 and epigen EPGN (Harris, 1997, Singh and
Harris, 2005,). ADAM17 is the predominant sheddase of EGF ligands as
ADAM17 knockout mice display phenotypes similar to both EGF and TGFa
knock outs (Sahin et al., 2004). ADAM17 activity can be stimulated externally
by G protein coupled receptor activation (GPCRs) to induce shedding of cell
surface ligands. When the GPCR is activated signalling takes place via mitogen
activated protein kinases and protein kinase C, resulting in ADAM activation and
ADAM-mediated shedding of EGFR ligands from the cell membrane, allowing
the EGF ligand to bind to the EGFR (Van Goor et al., 2009). This process is
called EGFR transactivation. A relatively recent EGFR transactivation process
was discovered in the activation of EGFR via angiotensin II activation of the

AT]1 receptor which promotes vascular remodelling (Ohtsu et al., 2006).

EGFR ligand binding results in conformational changes of the extracellular
receptor domains (Jorrisen et al., 2003), initiating signalling mechanisms that
regulate multiple cellular responses such as migration, proliferation,
differentiation and survival (Citri and Yarden, 2006; Yarden and Sliwkowski,
2001). Downstream of the EGFR a cascade of distinct signal transduction protein
becomes phosphorylated upon EGFR activation. These include
phosphatidylinositol 3-kinase (P13K), MEK and ERK which regulate gene
transcription via transcription factor activation thereby regulating cell growth,

proliferation and migration (Holbro et al., 2003). There is substantial evidence
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implicating EGF-like growth factor activity in the regulation of cell migration,
proliferation, survival and differentiation of normal and malignant epithelial cells

(Hashimoto et al., 1994; Piepkorn et al., 1998; Yarden and Sliwkowski, 2001).

Human keratinocytes express multiple EGF-like growth factors including AREG,
BTC, EREG, HB-EGF, and TGF-o (Barnard et al., 1994; Coffey et al., 1987;
Hashimoto et al., 1994; Piepkorn et al., 1998; Tokumaru et al., 2000). These cells
also express substantial levels of EGFR, ErbB2, and ErbB3 but no detectable
ErbB4 protein (De Potter et al., 2001; Press et al., 1990; Prigent et al., 1992; Stoll
et al., 2001) suggesting that EGF-like growth factor signalling in keratinocytes
proceeds through the formation of EGFR homo- or EGFR/ErbB2 and/or
EGFR/ErbB3 heterodimers. Although the function of EGFR ligands in human
keratinocytes appears to be highly redundant (Barnard et al., 1994; Coffey et al.,
1987; Cook et al., 1991; Hashimoto et al., 1994; Shirakata et al.,2000; Strachan
et al., 2001), the importance of individual growth factors in specific cellular
contexts has not been identified. Animal models and other experimental systems
have indicated that EGF-like growth factors have distinct roles in various tissues.
For example, HB-EGF has been shown to be important for wound healing
(Marikovsky et al., 1993; Stoll et al., 1997; Tokumaru et al., 2000),
arteriosclerosis (Nakata et al., 1996), blastocyst implantation (Das et al., 1994),
and heart function (Iwamoto et al., 2003; Jackson et al., 2003; Yamazaki et al.,
2003), whereas AREG has been implicated in mammary gland development
(Sternlicht et al., 2005). Targeted expression of AREG in the epidermis results in
a dermatosis with many similarities to psoriasis (Cook et al., 2004; Cook et al.,

1997). Both AREG and HB-EGF have been shown to be important for retinoic
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acid-induced epidermal hyperproliferation (Rittie et al., 2006; Varani et al.,
2001). TGF-a is implicated in hair follicle development and eye formation
(Luetteke et al., 1993) whereas EREG appears to be a mediator of dermatitis and
lung metastasis (Gupta et al., 2007; Shirasawa et al., 2004; Sternlicht et al.,
2005). BTC null mice have no detectable defects (Luetteke et al., 1999) however
in transgenic animals it was recently shown that BTC regulates hair follicle

development and angiogenesis during wound healing (Schneider et al., 2009).

Acute stimulation of keratinocytes with high concentrations of EGF or other
EGFR ligands leads to increased expression of multiple EGF family members
including AREG, HB-EGF and TGF-a (Barnard et al., 1994; Shirakata et al.,
2000; Stoll and Elder, 1999). Although keratinocytes express multiple EGF-like
growth factors, their importance and specific function in different cellular
contexts has been incompletely characterized. Stoll et al., carried out an
investigation to assess the relative expression of EGF ligands in cultured

keratinocytes and normal and organ cultured human skin (Stoll et al., 2010).

Using Q-PCR, they found that proliferating normal human keratinocytes express
at least 19 times more AREG mRNA than EPGN, EREG, HB-EGF or TGF-a,
and that betacellulin (BTC) mRNA was nearly undetectable (Stoll et al., 2010).
This study also demonstrated that the recently discovered EGFR ligand epigen —
(EPGN), is also expressed by keratinocytes (Strachan et al., 2001). Similarly,
using a multiplex EGFR ligand assay, AREG was the most abundant EGF-like
growth factor shed into the culture medium, whereas EREG, TGF-a, and HB-

EGF were very close to the lower detection limit. These findings showed that
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Amphiregullin (AREG) is the most abundantly expressed and shed EGF-like
growth factor in keratinocytes which may largely explain why autocrine
keratinocyte growth and ERK phosphorylation were selectively blocked by
antibodies against AREG but not by antibodies against four other EGF-like
growth factors. Nevertheless AREG has a much lower binding affinity for EGFR
than does EGF, due to the lack of a conserved leucine residue necessary for high
affinity binding to EGFR (Adam et al., 1995). Thus, it is possible that the strong
dependence of keratinocyte proliferation on AREG might be further explained by
relatively weak desensitization of ligand-receptor complexes. Findings from
earlier studies showing that AREG antibodies block growth of cultured
keratinocytes under autocrine conditions (Bhagavathula et al., 2005) was
confirmed by Stoll et al, whereas TGF- o antibodies had no effect under these
conditions (Pittelkow et al., 1993). In support of the importance of AREG in skin
homeostasis, in vivo, overexpression of AREG in transgenic mice leads to a
hyperproliferative skin phenotype with many similarities to psoriasis (Cook et
al., 2004; Cook et al., 1997). Furthermofe, a humanized antibody against AREG
also markedly blocked the psoriatic phenotype of human skin grafts on

immunodeficient mice (Bhagavathula et al., 2005).

Expression of all EGF-like growth factors in cultured keratinocytes from normal
skin was very low; however, HB-EGF, EREG, TGF- o and AREG were strongly
induced in human skin organ culture (Stoll et al., 2010). This in vitro model
displays many similarities to cutaneous wound healing (Bhora et al., 1995; Eisen,
1969; Hebda, 1988; Mackie et al., 1988; Reaven and Cox, 1968; Sarkany et al.,

1965; Stoll et al., 1997; Stoll et al., 2002). Furthermore, Stoll et al., demonstrated
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a sequential regulation of HB-EGF and AREG expression, and suggest that HB-
EGF may be important in the earliest phases of wound healing, with AREG
increasing later during the process (Stoll et al., 2010). This correlates with the
division of wound healing into an early phase during which keratinocytes
migrate but do not proliferate and a later phase characterized by vigorous
proliferation (Bhora et al., 1995; Hebda, 1988; Marks et al., 1972; Stenn, 1978;
Stoll et al., 1997). The importance of AREG for autocrine KC proliferation might
explain its increased expression during the later phase of organ culture.
Interestingly, increased expression of AREG during wound healing has been
reported (Schelfhout et al., 2002). The early expression of HB-EGF in this model
and its importance in scratch wound closure; strongly suggest an important
function of HB-EGF during the early migration phase of wound healing (Xu et
al., 2004). Consistent with this, it has been shown that skin wound closure was
markedly impaired in keratinocyte-specific HB-EGF-deficient mice (Shirakata et
al., 2005). Stoll et al also confirm earlier findings that keratinocyte migration is
sensitive to EGFR, HB-EGF and MP inhibitors (Tokumaru et al., 2000, Stoll et
al., 2010). However, in those experiments keratinocyte migration was assessed
on tissue culture plates coated with type 1 collagen. Although keratinocyte
migration was sensitive to antibodies against several ligands, expression of
soluble HB-EGF markedly improved migration even in the presence of MP
inhibitors (Tokumaru et al., 2000). In contrast, soluble AREG by itself is not
sufficient to promote keratinocyte migration, but instead requires the proteolytic
release of one or more additional growth factor(s) (Tokumaru et al., 2000).
Lysophosphatidic acid (LPA) is an important constituent of blood and serum and

has been implicated in migration, proliferation, cancer and wound healing
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(Watterson et al., 2007). The strong activation of EGFR by HB-EGF depends on
MP-mediated release of HB-EGF suggesting an important role of HB-EGF
during the early phases of wound healing. Metalloproteinase-mediated release of
membrane-bound EGF-like growth factors is required for EGFR-dependent
autocrine ERK phosphorylation, migration and proliferation of normal human
keratinocytes (Stoll et al., 2010). This study indicated that autocrine keratinocyte
proliferation and ERK phosphorylation are selectively regulated by MP-
dependent release of AREG, whereas proteolytic release of HB-EGF is required
for keratinocyte migration as well as LPA-induced ERK phosphorylation. These
data suggest important but distinct functions of HB-EGF and AREG during the

migratory and proliferative phases of cutaneous wound healing respectively.
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1.4 Wound Healing General Introduction.

Wound healing is a complex process driven by molecular events during which
damage occurring to skin is repaired by the interplay of several key cell types.

Several systems are involved including the inflammatory system, circulatory
system and cellular repair which result in the production of “new skin” or wound
closure. Over the previous two decades attempts have been made to understand
the process of wound healing, often using tissues arising from periodontal
surgical procedures (Hakkinen et al., 2000). These tissues represent surgically
wounded sites and incorporate a cascade of cellular and molecular events for
initiating wound repair. The classical description of wound healing comprises an
initial temporary repair characterised by the formation of a clot in wounded
tissues. Inflammation follows, caused by inflammatory cells after which
fibroblasts and endothelial cells migrate to cover the damaged surfaces. Finally a
maturation phase occurs where healing of the tissue matrix is seen alongside
contraction of the wound and scarring. As well as several important cell types
including those belonging to the inflammatory system such as macrophages and
neutrophils, fibroblasts, epithelial cells and endothelial cells release a cascade of
factors which ensure these processes follow on from one another. These include
the enzymes transglutaminases, cytokines such as decorin and biglycan and
growth factors such as TGF beta. However, this is a simplified version of events
and more detail is required on the individual processes that occur during wound

healing.

1.4.1 The Fibrin Clot and Inflammatory Cells
Any injury to the skin or organ can initially cause injury to blood vessels. This

causes a fibrin rich clot to form as a result of blood coagulation and platelet
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aggregation which plugs the cut blood vessels and serves to protect at least
temporarily, the freshly wounded tissue underneath (Clark, 1996). The clot is
formed by platelets enclosed by a network of fibrin fibres. In addition, plasma
fibronectin, vitronectin and thrombospondin is also present (Martin, 1997). The
clot serves as a provisional matrix for cell migration, and provides a rich source
of growth factors and cytokines from degranulated platelets. Initially there is a
recruitment of inflammatory cells to the wound site followed by epithelialisation,
granulation tissue formation and angiogenesis. Neutrophils and monocytes are
recruited into the wound space by signals present within the clot. Neutrophils
cleanse the wound of foreign particles, debris and bacteria; this is accomplished
by both the release of enzymes and toxic oxygen products (metabolites) (Clark,
1996). When there is a large and increasing number of contaminating bacteria
present in the wound, neutrophils can cause additional tissue destruction during
the removal of these foreign objects and bacteria. Neutrophils also fulfil another
role; they are a source of further pro-inflammatory cytokines which signal to the
adjacent fibroblasts to activate them. Keratinocytes then begin the re-
epithelialisation process (Hubner et al., 1996). Neutrophil infiltration of the
wound ceases after a few days, and they become phagocytosed by either
macrophages or fibroblasts (Clark, 1996). Peripheral blood monocytes continue
to be recruited into the wound site and differentiate into macrophages upon
activation. Fibrin, along with fibronectin in the clot acts as a provisional matrix
for the influx of monocytes and fibroblasts (Brown et al., 1993). Macrophages
continue the process started by neutrophils and phagocytose bacteria and cellular
and matrix debris in the wound. Growth factors and cytokines are continuously

synthesised and secreted into the wound environment by macrophages. Thus the
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wound repair signals are initiated by degranulating platelets and neutrophils, and

are maintained by macrophages.

1.4.2 Re-Epithelialisation.

Using gingival tissue as an example, under normal conditions the basal layer of
epithelium is attached to the basal lamina. Keratinocytes use integrins, which are
receptors on the cell surface, to bind to a major component of the basal lamina;
laminin (Hakkinen et al., 2000). Integrins are a family of cell adhesion receptors
that mediate cell surface interactions predominantly with extracellular matrix but
sometimes with other cells (Hynes, 1990). The integrin family is made up of 24
heterodimers composed of 18 a subunits and 8 B subunits where each integrin is
made up of one alpha and one beta subunit in a non covalent complex (Yamada
et al., 1996). A number of combinations of these subunits allow individual
integrins to be specific for a particular ligand, further; many integrins are also
capable of recognising the same substrate. Table 4 shows the ligands for
integrins linked with wound healing.

Migration of cells is potentially dependent on integrin expression and the
changes that occur as a result of changes in the wound environment. In normal
tissue, keratinocytes use the integrins a684 to bind to laminin in the basal lamina,
and these integrins have intracellular links with the keratinocyte cytoskeletal
network. When migration of the keratinocytes is necessary, the keratinocytes at
the wound edge dissolve the hemidesmosome attachment and begin to upregulate
integrins needed to stimulate healing in the wound environment (Hakkinen et al.,
2000). Migrating keratinocytes express integrins aS5p1 and aVB6 to bind the

wound components fibronectin and tenascin, and aVf5, to bind vitronectin. In
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addition integrin a2f1 is reorganised to redistribute collagen receptors (Hakkinen
et al., 2000). This activation of integrins allows the keratinocytes to adhere to
provisional matrix molecules as well as wound debris. Once the migration of
epithelial keratinocytes has begun cells from the basal layer away from the
wound edge begin to proliferate providing a further source of basal cells. The

mechanism driving epithelial migration is not completely understood.
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Integrin Ligands

a, B; a2B1 Fibrillar collagen, laminin

a3pl Fibronectin, entactin, epilgrin, laminin, denatured collagen
a4l Fibronectin, VCAM-1

as5p1 Fibronectin (RGD)

a6pl; a7pl; a6p4 | Laminin

a8pl Fibronectin, vitronectin

a9p1 Tenascin

avBl; avp5s Fibronectin; vitronectin

avP3; allbp3 Vitronectin (RGD); fibronectin,

thrombospondin, denatured collagen

fibrinogen,

von Willenbrand factor,

avp6 Fibronectin, tenascin
a4p7 Fibronectin (IIlcs)
avps Vitronectin

aMB2 Factor X, fibrinogen
aXp2 Fibrinogen

Table 4: A list of the substrates of integrins associated with wound healing.

Growth Factor Source Effect

Fibroblast growth factors | Macrophages, endothelial | Fibroblast  proliferation  and
1,2 and 3 cells angiogenesis

Transforming growth | Macrophages, Re-epithelialisation

factor a Keratinocytes

Transforming growth | Platelets, macrophages Fibroblast and macrophage
factor B1 and B2. chemotaxis; extracellular matrix

synthesis; secretion of protease
inhibitors

Epidermal Growth Factor | Platelets Re-epithelialisation
Platelet derived growth | Platelets, = macrophages, | Fibroblast and macrophage
factor (isoforms | keratinocytes chemotaxis, fibroblast proliferation
AA,AB,BB) and matrix synthesis

Keratinocyte growth factor | Dermal Fibroblasts

Keratinocyte proliferation

Insulin-like growth factor | Plasma, platelets Endothelial and fibroblast
proliferation

Vascular endothelial | Keratinocytes, Angiogenesis

owth factor macrophages

Interleukin 1a and B Neutrophils Activate growth factor expression
in macrophages, keratinocytes and
fibroblasts

Tumour necrosis factor-a | Neutrophils Activate growth factor expression

in macrophages, keratinocytes and
fibroblasts

Table 5: Common growth factors associated with wound healing
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However chemotaxic factors, active contact guidance or an absence of
neighbouring cells and cell to cell contact or a combination of these may
contribute (Hakkinen et al., 2000). Once re-epithelialisation has been completed
the components of basal lamina are deposited starting from the wound edge and
the epithelial cells revert to their quiescent phenotype. In addition to cues from
the extracellular matrix, these processes are highly dependent on growth factor
signalling, summarised in Table 5.

Migration of epithelial cells through the fibrin clot is only possible due to the
creation of a migrating pathway. This occurs as a result of the dissolution of the
fibrin barrier by the enzyme plasmin. Plasmin is derived from the activation of
plasminogen within the clot. The two activators tissue type plasminogen
activator and urokinase type plasminogen activator along with their respective
receptors are up regulated by the migrating keratinocytes. In addition to the
activation of plasmin, several other proteases are also expressed to clear the path
for migrating cells such as metalloproteinases, which was discussed in section

1.3 and in more detail in section 1.5 later in this chapter.

1.4.2 Granulation Tissue and Wound Contraction.

Granulation tissue is usually formed four days after wounding and is made up of
new capillaries, macrophages, fibroblasts and some loose connective tissue.
Granulation tissue is a hub of cytokines that drive chemoattractive, mitogenic
regulatory reactions (Martin, 1997). Growth factors found in this tissue are
derived mainly from macrophages and fibroblasts. Granulation tissue forms in
several stages and depending on the stage may drive the dependent cytokine and

therefore whether migration, chemotaxis, cell proliferation or phenotypic
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expression is supported. During the formation of granulation tissue,
macrophages, fibroblasts and new blood vessels invade into the wound space in a
coordinated manner. Macrophages can stimulate fibroblasts to synthesise a
collagen-rich extracellular matrix by the release of cytokines (Schafer and
Werner, 2007). The extracellular matrix supports cell and vascular growth which
in turn carries nutrients to sustain cellular function. Fibroplasia is the term
applied to the part of granulation tissue made up of fibroblasts and extracellular
matrix. Fibroblasts may in turn secrete cytokines to which they can themselves
respond. The extracellular matrix and fibroblasts function in a reciprocal manner
during wound healing. Fibronectin and collagen facilitate the adhesion and
migration of fibroblasts in the granulation tissue, the fibroblasts synthesise and
decorate the extracellular matrix and in turn the extracellular matrix regulates
gene expression and behaviour of the fibroblasts. The fibroblasts adhere to
fibronectin, collagen and vitronectin via various integrins listed in table 3
(Schafer and Werner, 2007). Similar to keratinocytes, fibroblasts change their
integrin profiles in preparation for migration. Under normal conditions
fibroblasts express primarily collagen-binding integrins as they are usually found
embedded in a collagen rich matrix, however, when wounded, fibroblasts
surrounding the wound down regulate collagen-binding integrins and up regulate
those integrins that adhere to components enriched in the wound, such as fibrin,
fibronectin and vitronectin. When fibroblasts are simultaneously challenged by
signals from both the provisional matrix (fibrin) and a growth factor such as
TGFp the fibroblasts respond by up regulating receptors for the provisional
matrix components. However if challenged by the same growth factors in the

presence of a collagen rich matrix the fibroblasts up regulate receptors for
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collagen and not the provisional matrix components (Xu and Clark., 1996).
Fibroblasts in wounds can also use vitronectin and fibrin directly as substrates
for adhesion in migration. This is facilitated by the availability of cell membrane
receptors for these matrix proteins. Furthermore, fibroblast migration can be
indirectly stimulated by the growth factors themselves such as platelet-derived
growth factor (PDGF) or transforming growth factor beta (TGFB) by up
regulating integrins that support migration in the wound environment (Schafer

and Werner, 2007).

As wound healing progresses, the provisional matrix becomes replaced by a new
collagen rich matrix synthesised by the fibroblasts migrating into the wound. The
synthesis of specific extracellular matrix molecules by fibroblasts in the wound is
regulated by TGFp and other growth factors such as those summarised in table 4
(Clark, 1996., Martin, 1997 Schafer and Werner., 2007). Cytokines such as
interleukin 4 (IL-4) can also induce expression of collagenous matrices in
wounds (Postlethwaite et al., 1992). Once the necessary amount of collagenous
matrix is synthesised signals are given to down regulate collagen synthesis. 7 to
10 days after wounding a proportion of the fibroblasts present in the wound
become myofibroblasts which express o-smooth muscle actin. This
transformation allows the myofibroblasts to generate sufficient contractile forces
to contract the wound. This final stage of fibroplasia is followed by the reduction
of the number of fibroblasts and myofibroblasts present in the wound as a result
of programmed cell death. When embryonic wounds are compared with adult
wounds they heal with relatively little contraction or scarring, as there is no

transformation of fibroblasts to myofibroblasts and the angiogenic response is
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considerably less. In addition, there is less expression of TGFp and this results in
the reduced scarring associated with embryonic healing (Ferguson and O’Kane,

2004).

1.4.3 Angiogenesis.

Angiogenesis is the term used to describe the formation of new blood vessels and
is a crucial final step towards the end of wound healing. The large number of
new blood vessels cause a red granular appearance in the wound promoting the
use of the term granulation tissue. Several growth factors are responsible for
inducing angiogenesis in a wound including fibroblast growth factor 2 (FGF-2)
and vascular endothelial growth factor (VEGF) (Aukhil, 2000). FGF-2 is
synthesised by macrophages and damaged endothelial cells while VEGF is
induced in the wound edge (Aukhil, 2000). Endothelial cells have to activate
specific integrins such as aVPB3 on their surface in order to respond to angiogenic
signals. As the endothelial cells migrate into the provisional matrix they form
tubes surrounded by provisional matrix, and followed by the formation of a
mature basement membrane. Like fibroblasts, endothelial cells involved in
angiogenesis undergo programmed cell death during the final maturation of the
matrix characterised by the regression of capillaries and complete closure of the

wound (Aukhil, 2000).

1.4.4 Mesenchymal-Epidermal Interactions.
Epithelial and mesenchymal interactions have historically been based on their
visual appearance and the morphology of the multicellular structures they create

(Shook and Keller, 2003). Numerous studies have identified the importance of
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epithelial- mesenchymal interactions for epidermal homeostasis and repair
including the identification of cross talk between the dermal and epidermal
compartments necessary for keratinocyte growth and differentiation (Werner et
al., 2007). This signalling pathway is initiated by epithelial interleukin 1 (IL-1)
which subsequently stimulates the release of granulocyte macrophage colony
stimulating factor (GM-CSF) and keratinocyte growth factor (KGF) (Mann et al.,
2001). Keratinocyte migration models utilising cell out-growth over collagen
gels demonstrated that migration over fibroblast populated gels could not be
replicated in the absence of mesenchymal cells, suggesting mesenchymal cells
activate keratinocyte out-growth via a soluble factor, although KGF was
eliminated as a stimulant after its exogenous addition or blocking antibody
produced no effect on migration (Younai et al., 1994). In addition IL-6 deficient
mice indicated mesenchymal requirements for keratinocyte migration as IL-6
deficient mice display significant delays in cutaneous wound healing (Gallucci et
al., 2004). Further proteins and tyrosine kinase receptors have also been
suggested as being involved in epithelial-mesenchymal interactions such as
TGFB (Werner et al., 2007), and EGFR signalling (Lo et al., 2005) although this

is an area under intense investigation and further factors are yet to be identified

(Lee et al., 2009). The wound healing process is summarised in Figure 9 where
the previously described sections have been categorised into inflammation,
proliferation and remodelling phases. Furthermore, the action of

transglutaminases in wound healing is also summarised and discussed in section

1.4.5.
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Figure.9: Schematic representation of the three stages of wound healing in relation to the
actions of transglutaminases: (a) Following the initial wound event, a blood clot comprising
of cross-linked fibrin is rapidly formed. This is followed by invasion of neutrophils
succeeded by monocytes and lymphocytes, thereby triggering the inflammatory phase of
wound repair. Various cytokines and growth factors secreted by these cells, aggregated
platelets and later macrophages (PDGF, TGFP, FGF, and VEGF) mediate the transition to
tissue repair, (b) During re-epithelialisation, keratinocytes undergo extensive alterations,
including the dissolution of desmosomes and hemidesmosomai links. This permits cell
movement into the wound space, between the collagenase dermis and provisional fibrin
matrix. Re-epithelialisation is accompanied by proliferative bursts and migration of dermal
fibroblasts from adjacent tissue into the wounded area. These fibroblasts then participate,
substituting the temporary matrix with collagenous tissue. MMPs play a key role in matrix
remodelling, creating paths for cell migration through their proteolytic activity.
Neovascularization occurs to provide oxygen and nutrients required to sustain the
proliferation of keratinocytes and fibroblasts and the formation of new tissue, (c) During
the transition from granulation to scar tissue, a relatively acellular matrix is generated in
which many cells and blood cells are removed by programmed cell death. The multipoint
actions of various TG isoforms are indicated. Adapted from (Verderio et al, 2005).
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1.4.5 Transglutaminase Role in Wound Healing
The schematic diagram in Figure 9 indicates the roles of the various
transglutaminases involved in wound healing; however a brief summary will follow

here.

1.4.5.1 FXIII

Epithelial wound healing requires the interaction of several members of the TG
family. FXIII has an established role in the initial clot formation and FXIII deficient
mice have impaired clot stabilisation and delayed bleeding arrest (Lauer et al., 2002;
Koseki-Kuno et al., 2003). FXIII has also been implicated in sequestration of
fibrinolysis inhibitors including plasminogen activator inhibitor -2 and a-antiplasmin
(Ritchie et al., 2000), which would further stabilise the preliminary clot.
Furthermore, FXIII has been implicated in matrix re-organisation of granular tissue
following wounding (Cohen et al., 1982; Knox et al., 1986; Mosher et al., 1991;

Corbett et al., 1997).

1.4.5.2 TG1.

Increased TG1 levels have been observed in the epidermal edges of wounds in
murine models (Inada et al., 2000); these raised levels are evident within hours of
wounding and continue until re-epithelialisation is complete (Inada et al., 2000).
Increased levels of TG1 were also found in migrating keratinocytes leading to the
hypothesis that a premature cornified envelope is formed to provide mechanical
strength to migrating cells dissecting the clot or protecting against damage from

proteases within the wound space (Tharakan et al., 2010)
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1.4.5.3 TG2.

The discovery of y-glutamyl-e-lysine isopeptide cross links within the basement
membrane region suggested a potential role for TG2 in stabilising the dermo-
epidermal junction (DEJ) (Aeschlimann et al., 1995) and this was confirmed by
clinical study of human skin grafts. These studies indicated key dermo-epidermal
structures including anchoring fibrils are cross linked by transglutaminases and these
cross links were observed to increase stability at the tissue interface (Raghunath et
al., 1996). The DEJ includes several basement membrane components which have
been shown to be TG2 substrates including nidogen/entactin (Aeschlimann et al.,
1991; 1992), osteonectin/BM-40/SPARC (Hohenadl et al., 1995) fibronectin

(Martinez et al., 1994) and collagen VII (Raghunath et al., 1996).

TG2 involvement is indicated in several stages of wound healing. Models of wound
healing employing punch biopsies in rats were investigated to elucidate the
distribution of TG2 during this process (Haroon et al., 1999). Haroon et al, reported
an up regulation of TG2 that continues up to nine days after wounding and is
accompanied by an increase in isopeptide linkages (Haroon et al., 1999). This
prolonged increase in TG2 levels may suggest a role for TG2 throughout the wound
healing process. TG2 mRNA and protein were detected in migrating epithelial cells,
sites of neovascularisation and granulation tissue within a day of wound healing
(Haroon et al., 1999). Epithelial expression proved to be transient and was found to
return to baseline levels after re-epithelialisation. Conversely, TG2 remained high
within the DEJ (Haroon et al., 1999). Furthermore, clinical studies have identified
TG2 in catalysing the attachment of the epidermis (Raghunath, 1996). TG2

expression is maintained in endothelial cells, macrophages, and muscle cells
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throughout the nine days. These results suggest TG2 involvement in
neovascularisation, stabilisation and remodelling of the provisional clot matrix, re-
epithelialisation and the migration of cells into the clot. Furthermore several studies
have indicated TG2 to be up regulated following wounding in rats (Bowness et al.,
1988), binding the ECM after mechanical injury of fibroblast monolayers (Upchurch
et al., 1991), increasing the breaking strength of wound tissue (Dolynchuk et al.,
1994) and functioning in matrix repair and remodelling (Griffin et al., 2002;

Stephens et al., 2004; Zang et al., 2004).

In addition, Verderio et al., identified TG2 in an integrin independent pathway of cell
adhesion as well as wound healing (Verderio et al., 2003, 2005). It was reported that
extracellular TG2-FN complexes restored lost cell adhesion following the inhibition
of integrin co-receptors with exogenous Arg-Gly-Asp peptides (Verderio et al.,
2003). Further investigation revealed transamidating activity of TG2 was not
required for this function and that the TG2-FN complexes associated with cell
surface heparin sulphate (HS). This pathway is capable of ensuring cell adhesion
following damage to the ECM, since under these conditions ECM fragments are
capable of inhibition of the integrin dependant pathway (Verderio et al., 2003). TG2
is also found at sites of inflammation (Greenberg et al., 1991; Kim, 2006), and is up
regulated by a number of acute phase cytokines such as IL-6 (Ikura et al., 1994),
TGFB (Vollberg et al., 1992; Ritter and Davies, 1998) and tumour necrosis factor

TNFa (Kuncio et al., 1998).
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1.4.5.4 TG2 and Tissue Fibrosis.

TG2 can be further implicated in normal wound healing when the consequences of
its misregulation are examined. Fibrosis is the term applied to a condition arising
from acute tissue repair transmuting to chronic matrix deposition Excessive TG2
cross linking has been reported in numerous fibrotic conditions such as liver
cirrhosis and pulmonary fibrosis (Kunico et al., 1998; Hettasch et al., 1996).
Interestingly the TG2 inducer TGFp is among the inflammatory mediators linked to
these diseases (Ziyadeh et al., 2000). The ability of TG2 to cross link the matrix
resulting in increased stability and resilience to degradation and its activation of
TGFpB and subsequent stimulation of matrix synthesis is still under investigation

(Garcia et al., 2008).

1.5 Metalloproteinase Activity in Wound Healing.

Proteinases have long been known to be involved in the breaking down and renewal
of matrix components. This mechanism allows tissues and organs that are damaged
or impaired to be decomposed and subsequently replaced by new cellular and ECM
components. For example, cell matrix and cell-cell interactions may be modified;
MMP cleavage of laminin 5 generates a fragment (y2-chain fragment) which
enhances cell motility (Schenk et al., 2003). Furthermore, MMPs can cleave cell
surface molecules involved in cell cell interactions such as E-cadherin, and modify
cell surface shedding of proteins such as Fas ligand, thus regulating Fas mediated
apoptosis (Powell et al., 1999). MMPs may also function to modulate the migration
of cells into a given location as has been shown with MMP mediated cleavage of a-
1-protease inhibitor, which acts as a bioactive chemoattractant for neutrophils

(Banda et al., 1988). Finally, several studies have shown metalloproteinases can
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result in the release of growth factors and cytokines, which may affect cellular
growth and proliferation (Imai et al., 1997). Members of the four sub families of
Metzincins have been identified as being involved in matrix turnover and several in
vivo models have been developed to elucidate these mechanisms. For example
studies involving mice deficient in MMP14 (MT1-MMP) or ADAM17 (TACE)
show gross abnormalities in tissue development and growth (Killar et al., 1999;
Zhou et al., 2000) indicating the importance of the metalloproteinase family in tissue

turnover, growth and wound repair.

1.6 EGF and its Role in Wound Healing.

The complex process of wound healing is executed and regulated by an equally
complex signalling network involving numerous growth factors, cytokines and
chemokines. Of particular importance is the epidermal growth factor (EGF) family,
transforming growth factor beta (TGF-B) family, fibroblast growth factor (FGF)
family, vascular endothelial growth factor (VEGF), granulocyte macrophage colony
stimulating factor (GM-CSF), platelet-derived growth factor (PDGF), connective
tissue growth factor (CTGF), interleukin (IL) family, and tumor necrosis factor-a
(TNF-a) family. As a vast amount of information is available about each family
involved in this process a summary of the involvement of EGF and TGF will be
discussed here only. EGF is a polypeptide growth factor that binds to EGF receptors,
which are members of the ErbB receptor family of type 1 tyrosine kinases (Fontanini
et al., 1998). Activation of this receptor has several functions in processes including
cell migration, growth and wound repair. The EGF ligand family is composed of 6
members including EGF (Cohen, 1964), TGFa (Derynck et al., 1984) amphiregullin

(Shoyab et al., 1989), HB-EGF (Higashiyama et al., 1991), betacellulin (Shing et al.,
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1993) and epiregulin (Toyoda et al., 1995). A summary of its regulation in
keratinocytes is shown in Figure 10. All 6 members are synthesised as membrane
anchored forms that are then processed by proteases such as metalloproteinases to
generate bioactive soluble factors. TGFa, Amphiregullin and HB-EGF have all been
identified as autocrine growth actors for keratinocytes (Coffey et al., 1987, Cook et
al., 1991, Hashimoto et al., 1994) and the transmembrane forms of growth factors are
also capable of stimulating the growth of adjacent cells including keratinocytes by
cell to cell contacts (juxtacine stimulation) (Brachmann et al., 1989, Higashiyama et
al., 1995; Inui et al., 1997). Furthermore it was reported in 1993 by Marikovsky et al
that wound fluid from skin also contains EGFR ligands suggesting the regulation of
EGFR ligand shedding is an important physiological step in the wound healing
process. EGF family members bind to one of four ErbB family receptors which
induce homo and heterodimerization (Stoll et al., 2001). Erbl is universally
identified as EGFR and the other family members are identified as ErbB2, ErbB3
and ErbB4 (Pastore et al., 2008). EGFR, ErbB2 and ERbB3 are all expressed in
human skin with the predominant type being EGFR. This can be found in the whole
dermis of skin however it is more accentuated in the basal cell layer (Nanney et al.,
1984; Mascia et al., 2003). EGFR can be activated by several mechanisms under
physiological conditions, apart from direct activation by a specific ligand. EGFR
activation occurs as a result of G protein coupled receptor (GPCR) signalling. This is
a rapid process whereby GPCR induced release of the EGFR ligands induces EGFR
transactivation and downstream signalling (Eguchi et al., 1998). As an example, in
wound healing angiotensin II stimulates keratinocyte and fibroblast migration
through a pathway initiated by the GPCR angiotensin II receptor that leads to HB-

EGF shedding and consequently activation of the extracellular signal regulated
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kinase (ERK) cascade (Yahata et al., 2006). EGFR knockout mice showed
abnormalities such as wavy hair and thin skin when compared with wild type
controls however when individual knockouts for EGF ligands have been produced a
less striking phenotype is seen (Miettinen et al., 1995; Sibilia and Wagner 1995). For
example, the EGF-/- mouse showed no significant abnormalities nor were any
abnormalities detected in the TGFa knock out mouse (Luetteke et al., 1993; Mann et
al., 1993; Luetteke et al., 1999) suggesting a redundancy of EGF ligands within the

family.
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Figure 10: Mechanism of EGFR activation in keratinocytes.

Under unstimulated conditions EGFR contributes to its own activation via an autocrine/
paracrine loop based on denovo synthesis and shedding of mature EGFR ligands. 1. MMP
activation can release a variety of G protein coupled receptor (GPCR) ligands. 2. In addition
pro-inflammatory cytokines are able to bind to their specific receptors (R). 3. GPCR agonists
can cause a promotion of rapid metalloproteinases shedding of EGFR ligands from membrane
precursors (via feedback mechanism). 4.1n addition after cell-matrix adhesion, integrins
associate with the EGFR to trigger downstream signalling from its ligand independent
phosphorylation. 5.Inactivation of protein tyrosine phosphatises can occur by intracellular
generation of reactive oxidative species in response to pro-oxidative stimuli. . Taken from
Pastore et al., 2007.

82



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

1.7 TGFp and its Role in Wound Healing.

TGFp is a member of a family of dimeric polypeptide growth factors that includes
bone morphogenic proteins and activins. Most cells in the human body both produce
TGFB and have receptors for it (Massague, 1998). TGFp regulates proliferation and
differentiation of cells, embryonic development and wound healing. TGFP signalling
pathway has been shown to be essential in wound healing due to experiments
conducted where targeted deletion of the genes encoding members of this pathway in
mice resulted in defective healing (Peters et al., 2005). TGFp has 3 isoforms;
TGFP1, 2 and 3 where each is encoded for by a single gene and is expressed in both
a tissue specific and developmentally regulated fashion (Massague, 1990). TGFp 1
and 3 are expressed earlier in endothelial cell development and TGFp2 is expressed
later in mature and differentiating epithelium (Massague, 1990). TGFp isoforms are
synthesised as part of a larger precursor molecule containing a pro peptide (Wrana et
al., 1994; Nakao et al., 1997). TGFB becomes cleaved from the propeptide before the
precursor is secreted by the cell but remains attached to the propeptide by
noncovalent bonds. After secretion TGF is stored in the extracellular matrix as a
complex of TGFB-propeptide and latent TGFB binding protein which prevents it
from binding to its receptors unless a matrix glycoprotein such as thromobospondin
1 changes the conformation of the latent protein to release TGFB (Wrana et al., 1994;
Nakao et al., 1997). TGFp regulates cellular processes by binding to 3 high affinity
cell surface receptors known as types 1,2 and 3 with the third type being the most
abundant (Wrana et al., 1994; Nakao et al., 1997). These receptors instigate
intracellular signalling via serine threonine protein kinases in their intracellular
domains that phosphorylate several transcription factors known as smads. Smad 2

and 3 can be phosphorylated by activated TGFp1 receptors leading to activation of
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smad 4 or smad 2 or 3 which can either induce a smad complex which then
translocates to the nucleus where it interacts in a cell specific way to regulate
differentiation, deposition of extracellular matrix or apoptosis. Alternatively smad
2/3 can be blocked by smad 6 and 7 to inhibit TGFp signalling (Wrana et al., 1994;
Nakao et al., 1997). TGFp is a potent regulator of production and deposition of
extracellular matrix such as collagen and fibronectin from fibroblasts and other cells
(Sonis et al., 1994) and further, TGFP decreases the production of enzymes that
degrade the extracellular matrix including collagenases and heparinase. Dysregulated
TGFp signalling in human disease can be caused for example by over activity of
TGFp leading to fibrosis and progressive cancers while a decreased TGFp activity

can cause developmental defects and artheroschlerosis (Akagi et al., 1996).
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1.8 Skin General Introduction.

Skin makes up the largest organ of the body covering it completely. The skin
provides protection against chemical and mechanical attack. It prevents ultraviolet
light penetration and damage to internal organs as well as microbial attack.
Furthermore, as the skin is relatively impermeable unless injured it prevents
dehydration of the body. The skin is able to provide sensory detection for the brain
as it is rich in receptors for touch, pain, pressure and temperature, and therefore is
also important in thermoregulation. Skin is covered by hair which is paramount in
the body’s response to both heat and cold as well as subcutaneous adipose tissue
which insulates against heat loss. Skin also synthesises vitamin D within the
epidermis, which is partially able to supplement vitamin D derived from dietary
sources. Mammalian skin is made up of two layers; it is formed from a protective
epidermis and an underlying collagen rich dermis produced by fibroblasts. These two
layers are separated by a basement membrane. Skin tissue regularly undergoes
remodelling and rejuvenation both of which are under stringent regulation. Figure 11
shows a cross-section of the skin indicating its main layers of epidermis and dermis.

The following sections summarise skins components in more detail.
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Figure 11. The tissue architecture of skin: Hematoxylin and eosin (H&E) staining reveals three
distinct domains (a) the avascular epidermal tissue formed by keratinocytes committed to
terminal differentiation. The dermis can be dissected into the papillary and reticular layers. The
former of these layers is immediately adjacent to the epidermis and can be distinguished by the
greater density of fibroblasts. This region is relatively thin and formed by a fine network of
collagen and elastin fibres. The underlying reticular dermis contains coarse collagen and elastic
fibres in addition to the larger blood vessels, which feed into the capillary network of the
papillary layer. The epidermis can be divided into a further four morphologically distinct layers
as seen in a high magnification picture of a region of thin skin (b). The stratum basale is formed
from the deepest layer of keratinocytes and demonstrates a cuboidal or columnar morphology.
Several layers of polygonal keratinocytes comprise the stratum spinosum. In the case of thin
skin regions, the ketohyalin granule-containing stratum granulosum is apparent as a single
layer of dark and flattened cells although this can increase to several layers in regions of thick
skin. Finally the outermost layers form the stratum corneum, containing anuclear, flattened
cells termed corneocytes.
(http://www.lab.anhb.uwa.edu.aU/mb/mbl40/CorePages/Integumentarv/Integum.html#Epider
mis)
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1.8.1 The Dermis

The dermis layer of skin provides a base for the epidermis to adhere to as well as
providing a metabolic function to this nonvascular tissue. The dermis contains
several epidermal appendages including hair follicles and sweat glands which are
embryologically developed from epidermal tissue. The dermal layer is made up of
two distinct zones. Adjacent to the epidermis is the papillary dermis which is made
up of loosely interlacing collagen fibres and is highly vascular. The other more
prominent portion of the dermis is formed by a reticular layer named after the
interlacing arrangement of collagen fibres which are denser than the papillary zone.
TG2 is the dominant TG isoform located within the dermal compartment (De
Laurenzi and Melino, 2001) and is expressed by fibroblasts and secreted into the
extracellular matrix. TG2 has been shown to be linked to regulation of cell adhesion,
spreading and motility as well as ECM remodelling and stabilisation. These
functions have led to TG2 being confirmed as having an important role in wound
healing (Haroon et al., 1999, Stephens et al., 2004). FXIII has also been found in the
dermal ECM and has a putative role in wound healing (Cohen et al., 1982; Knox et
al., 1986; Mosher et al., 1991; Corbett et al., 1997). mRNA of additional TG
isoforms has been amplified from primary fibroblasts including TG1 (Phillips et al.,
1993; Stephens et al., 2004), TGS (Stephens et al., 2004) and TG7 (Grenard et al.,
2001; Stephens et al., 2004) although the physiological role of these enzymes within

wound healing is still under investigation.

1.8.2 The Epidermis
The epidermis by comparison is constantly undergoing tissue renewal every 28 days

(Roop, 1995). The epidermis is comprised of 4 distinct cell layers; the stratum
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basale, stratum spinosum, stratum granulosum and stratum corneum. Each of these
sub layers has been demonstrated to express a distinct set of marker proteins specific

for the cell maturation state (Eckert et al., 1989).

1.8.2.1 Stratum Basale

This is the deepest cell layer made up of keratinocytes with regulated proliferative
capabilities (Cotsarelis et al., 1989; Fuchs and Bryne 1994). Keratin present within
this layer comprises keratin 5 and 14 (Reichert et al., 1993). Transition from this
layer is accompanied by the loss of Bl integrins which are involved in the

stabilisation of the DEJ and committing the cells to terminal differentiation.

1.8.2.2 Stratum Spinosum

The stratum spinosum makes up the biggest epidermal cell layer and contains
extensive desmosomes. These cell-cell connections contribute to the strength of the
tissue and accounts for the spiky appearance of keratinocytes within this layer. At
this stage of differentiation the ability of the cells to proliferate is lost (Fuchs and
Byrne, 1994; Eckert et al., 1997) and keratin profiles are changed to predominantly
keratins 1 and 10 (Fuchs and Green. 1980). These keratins aggregate together to
form intermediate filaments which have an important structural function. It is in the
more superficial layers of the spinous region that components of the cornified
envelope are expressed, including involucrin. The formation of this envelope

structure is a key stage in skin barrier formation.
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1.8.2.3 Stratum Granulosum

Keratinocytes within this stratum are characterised by keratinisation specific lipid
synthesis (Swartendruber et al., 1989; Wertz et al., 1989, Schurer and Elias, 1991;
Elias 1996). There is distinct histology of cells within this region as a consequence
of the granule enclosed storage of proteins and lipids (Matoltsy and Matoltsy, 1966;
Lavker and Matoltsy, 1971; Holbrook and Odland, 1975; Lavker, 1976; Ishisa-
Yamamoto et al., 1993). These transient structures contain cornified envelope
precursors (Steven et al., 1990) including loricrin (Mehreal et al., 1990) and
profilaggrin (Steinert and Marekov 1995) which are both considered markers of late

stage differentiation.

1.8.2.4 Transition zone.

During skin formation there is a transition layer marked by extensive remodelling
between the granular layer and the stratum corneum including the cornification
process. This term describes the process of resorbtion of the cell plasma membrane
and its replacement with the extensively cross linked cornified epithelium. This
structure comprises of a protein and lipid component to be discussed individually. In
addition to this step there is an extrusion of lipids into the inter-cellular space
(Landmann, 1986), stabilisation of keratin intermediate filament bundles and the
destruction of intracellular organelles by the action of proteases and nucleases. These
reactions can cause these cells to be deemed dead however these cells have simply

had their metabolism limited to catabolic reactions only (Eckert et al., 2005).
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1.8.2.5 Stratum Corneum.

The thickness of this layer of epidermis can vary depending on the body site. It has
been shown to be between 4 and 100 cell layers thick (Ya-Xian et al., 1999).
Differentiated keratinocytes form plate like structures and are distinguished by the
term corneocytes. Similarly the unique cell-cell interactions are termed corneosomes
(Allen and Potten 1975; Chapman and Walsh, 1990) and following the breakdown of
these structures, cells are lost by the process of desquamation (Ecket et al., 1997).
These cells are embedded in lipid lamellae and although the stratum corneum may be
dissected into its separate components essentially extensive cross linking creates a

continuous macromolecule providing the barrier function of this tissue.

1.9 The Cornified Envelope.

The cornified envelope (CE) is comprised of proteins and lipids accounting for 90%
(protein) and 10% (lipid) of the stratum corneum dry weight (Swartzenruber et al.,
1988). The protein element makes a 15nm shell that is formed on the cytoplasmic
surface of the plasma membrane (Maltoltsy and Balsamo., 1955; Farbman 1966;
Hashimoto, 1969). This shell eventually replaces the plasma membrane as the lipid
bilayer is penetrated during cornification. The substitution allows the skin to be more
robust against mechanical attack (Marks et al., 1983). A 5nm lipid component has
also been identified by electron microscopy as a lucent band and is located on the
cell surface (Lavker, 1976). This has been characterised as a monolayer of ester
linked w-hydroxyceramides known as covalently bound lipids (CBL) (Wertz and
Downing, 1987; Marekov and Steinhert 1998). These lipids are among those that
extrude into the extracellular space from keratinocytes in the transition zone, the

remaining form unique lipid lamellae with reduced phospholipid content and
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increased fatty acids, cholesterol and ceramides (Shurer and Elias, 1991; Elias 1996).
The hydrophobic nature of the covalently bound lipids provides an environment in
which corneocytes become embedded where they are capable of interdigitating with
the surrounding lamellae to enhance the barrier nature of skin (Wertz et al., 1989).
CE generation begins in the stratum spinosum, where a scaffold forms in inter-
demosomal regions to which further components become sequestered. The resulting
structure is highly insoluble and may only be retrieved by boiling in SDS or a
reducing agent buffer (Sun and Green, 1976, Manabe et al., 1981). Several methods
have been used to investigate the CE. For example, antibodies raised against the
isolated CE have been used to identify CE precursors (Kubilus et al., 1987; Michel et
al.,, 1987, Nagae et al., 1987). Further antibodies have also been raised against
putative CE components and immunohistochemical studies have indicated staining at
the cell periphery of corneocytes (Rice and Green 1979; Lobitz and Buxham, 1982;
Zettergren et al., 1984). Sequencing has also been carried out on peptides retrieved
following extensive proteolysis of the CE (Candi et all., 1995; Steinhert and
Marekov, 1995). Finally the ability of potential precursors to be cross linked by TG
enzymes has been assessed in vitro (Rice and Green 1979; Simon and Green 1984;
Candi et al., 1995, 1999, 2001). The CE has been identified in a range of stratified
squamous epithelia such as oral epithelial or hair cuticles, with variation in CE
composition between epithelial tissue and body site (Steinhert et al., 1998). This
variation is believed to be necessary due to tissue specific requirements (Steinert and
Marekov 1995; Steinhert 2000). Interestingly, the protein shell is not a homologous
structure (Steinert and Marekov, 1995) suggesting spatial and temporal regulation is

involved in its formation.

91



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

1.9.1 Transglutaminases and their role in cornified envelope formation.

Early studies indicated the cross links within the CE macromolecule are disulfide
bonds (Maltoltsy and Matoltsy, 1970) however further studies also identified y-
glutamyl-¢-lysl (Rice and Green, 1977) and y-glutamyl-polyamine isopeptides bonds
within this structure, with y-glutamyl-polyamine isopeptides bonds almost
exclusively involving spermidine (Piacentini et al., 1988; Martinent et al., 1990).
Immunohistochemical studies carried out with antibodies raised against the
isopeptide bond indicated that the number of cross links increase as differentiating
keratinocytes translocate to the epidermal surface causing a rapid increase in
observed staining within the transition zone. This is accompanied by intense
staining across the DEJ indicating TG enzymes in the formation of the CE. Of the
nine TG isoforms, TG1, 2, 3, 5, 6, and 7 are expressed in the epidermis. TG2
expression is limited to the basal layer of keratinocytes (Aeschlimann et al., 1998;
Haroon et al., 1999) where its role is thought to be in the stabilisation of the DEJ.
Contrastingly, TG 1,3 and 5 have indicated differentiation specific expression (Kim
et al., 1993, 1995a;1995b; Aeschlimann et al., 1998; Candi et al., 2001) and have
demonstrated an ability to cross link CE components in vitro with high affinity
(Candi et al., 1995; 1999; 2001). Furthermore it has been demonstrated that these
enzymes target the same Gln and Lys residues involved in cross linking in vivo
although different isoforms were observed to preferentially cross link distinct
residues within the same substrate (Candi et al., 1995; 1999; 2001). Furthermore, the
discovery of TG1 mutations being linked to lamellar ichthyosis (LI) a heterogenous
group of skin diseases exhibiting defective CE formation and compromised skin
barrier formation further indicated TG involvement in CE formation (Huber et al.,

1995; Parmentier et al., 1995; Russell et al., 1995). TG1 is the first isoform to be

92



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

expressed as low level mRNA has been found in the basal layer (Steinert et al.,
1996a) however a rapid increase is observed in the upper spinous layer, terminating
within the transition zone (Yamada et al., 1997). Inmunohistochemical studies have
observed gradient staining with anti-TGS decorating the spinous and granular layers
(Candi et al., 2002). TG3 is expressed in the later stages and is approximate
concomitant with the other late stage differentiation markers loricrin and
profilaggrin. While components of CE vary greatly between epithelial tissues,
several major components have been identified as TG substrates (Eckert et al., 2005)
and are summarised below in section 1.9.1.1 onwards and Figure 12 and 13 as to

their position in the CE and skin.
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Figure 12 Schematic representation of transglutaminase distribution in skin; Transglutaminase
1 and 3 and 5 are expressed in the spinous and granular layer. Image taken from Eckert et al.,

2005.
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Figure 13: Summary of TG substrates and their position in the cornified envelope.
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1.9.1.1 Involucrin.

Involcrin is a rod like protein comprising of predominantly o-helical structures
(Yaffe ela., 1992) and was the first CE component to be discovered and cloned (Rice
and Green 1979). It has been identified as a component of most squamous epithelia
(Banks-Schlegel and Green 1981; Walt et al., 1985; Crish et al., 1993; Steinert and
Marekov., 1997). Ultra-structural studies observed that this soluble precursor
localised to the cytoplasm in deeper keratinocyte layers but became concentrated at
the cell periphery in the more superficial layers (Warhol et al., 1985). Involucrin has
been localised to the external region of the CE (Steinhert and Marekov, 1997) and
protease cleaved peptides have revealed this protein is cross linked to a wide range
of CE components. Furthermore, recovery of lipopeptide fragments after protease
digestion has also identified involucrin as the primary precursor coupled to ceramide

lipids (Marekov and Steinert, 1998).

1.9.1.2 Loricrin.

Loricrin accounts for more than 75% of the total protein content of the CE (Hohl et
al., 1991). Step wise digestion of the CE by proteinase K have localised loricrin to
the inner two thirds of the CE at the cytoplasmic face (Steinert and Marekov, 1995)
which increases to 95% in the final third demonstrating its late stage recruitment and
extent of its incorporation. Loricrin is a highly insoluble protein which has been
detected in granules (L granules) within the stratum granulosum (Steven et al., 1990;
Ishida-Yamamoto et al., 1993, 1996). This insolubility has been partly attributed to
disulfide bonds (Mehrel et la., 1990). Incorporation of loricrin occurs within the
transition zone after its release from L granules, although there is speculation

surrounding its translocation and crosslinking into the CE is due to its insolubility.
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Kalinin et al., suggested that loricrin coupling to highly soluble proline rich proteins
may modify its solubility (Kalinin et al., 2002). Loricrin can be cross linked in vitro
by TGl, 3 and 5. TG1 predominantly catalyses intermolecular cross links whereas
TG3 promotes intra molecular bonds between favoured Lys and Gln residues and is
unable to form the polymers observed with TG1 action (Candi et al., 2001).
Significantly, loricrin has been reported to accumulate in transgenic TG1” mice,
potentially indicating this enzymes’ role in incorporating this protein into the CE

(Matsuki et al., 1998).

1.9.1.3 Small Proline Rich Proteins.

The SPR proteins comprise of a 14 member multigene family (Tesfaigizi and
Carlson, 1999) comprising several proline rich repeats flanked by N and C terminals
rich in Pro, Gln and Lys (Gibbs et al., 1993). The Gln and Lys amino acids present
allow the SPR proteins to participate in cross linking and it has been suggested that
these proteins function as bridges between CE components (Steinert et al., 1998).
Both TG1 and TG3 are capable of using SPR1 as a complete substrate in vitro
however TG2 cross links SPR1 poorly (Candi et al., 1999). Nevertheless, different
residues are targeted by the isoforms and it would seem that the activity of both

enzymes is necessary for the formation of oligomers.

1.9.1.4 Cystatin and Elafin.

These precursors contribute as minor components of the CE structure (Takahashi et
al., 1994) although there has been some speculation as to their physiological role. It
has been hypothesised that members of the cystatin family and elafin may regulate

protease activity required for envelope maturation (Takahashi et al., 1994). Cystatin
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A is a protease inhibitor and elafin functions as a potent inhibitor of elastase and
proteinase 3. Furthermore, mutations in Cystatin m/E another cystatin family
member has been shown to be associated with disturbed cornification and

subsequent impaired barrier formation (Zeeuwen et al., 2002; 2004).

1.9.1.5 Filaggrin.

Filaggrin is synthesised as a pro form containing 2 Ca®* binding EF hand motifs
(Markova et al., 1993). Synthesis as a pro form is characteristic of other envelope
precursors such as S100 proteins (Donato 1999). The processed form of filaggrin has
been shown to be involved in both CE formation and in bundling of intermediate

keratin filaments (Dale et al., 1978, Mack et al., 1993).

1.9.1.6 Desmoplakin, Envoplakin, Perplakin and Type II Keratins

Keratins are the most abundant protein within the corneocyte, where assembled
intermediate filaments are connected to the cell periphery within desmosomal
regions (Green and Gaudry, 2000). As the CE scaffold is formed on the cytoplasmic
surface of the plasma membrane both desmosomal components such as desmoplakin,
envoplakin and periplakin and keratin bundles become incorporated (Steinert and
Marekov, 1995; 1997). A Lys residue situated within the N terminus of type II
keratins is crucial in the cross linking of this protein by TGs (Candi et al., 1998).
Envoplakin and perplakin have been identified as sites of covalently bound lipid

(CBL) linkage although not to the extent of involucrin (Marekov and Steinert, 1998).
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1.9.1.7 S100 Proteins and Annexin 1.

Both S100A10 and S100A11 have both been found within the CE of normal human
keratinocytes (Robinson et al., 1997). They are both members of this Ca** regulated
EF hand motif (helix-loop-helix domain) containing protein family (Donato, 1999).
S100A11 has been shown to translocate to the cell periphery following Ca**
stimulation, a process which relies on a tubulin dependent mechanism (Broome and
Eckert 2004). S100A11 has been shown to form heterotetramers with annexin 1
including 2 molecules of each component (Rety et al., 2000). Most annexins display
Ca®* channel activity in vitro (Chen et al., 1993; Benz et al., 1996; Gerke and Moss
2002) although this activity is not seen under normal intracellular conditions. Gerke
and Moss suggested it may be possible under oxidising conditions and the more
acidic pH observed in epidermal regions that regulates the Ca®* flux (Gerke and

Moss 2002).

1.9.2 Regulation of Keratinocyte Differentiation.

Keratinocyte differentiation is still poorly understood, however a combination of
signals is believed to trigger keratinocyte differentiation including Ca®* ion
concentration and transcription factor activity. Biochemical changes analogous to in
vivo differentiation can be partly induced in cultured keratinocytes with the phorbal
ester 12-0-tetradecanoylphorbol-13-acetate (TPA) or by increasing Ca®* levels in the
media (Hennings et al., 1980; Jakenand Yuspa, 1988) although structural changes
are only observed when increased levels of Ca®" are applied (Dotto, 2000). A Ca**
gradient is reported to exist in vivo where a significant increase in concentration is
seen between the mid and upper granular layers (Menon et al., 1992; Forslind et al.,

1997). Ca®* can affect the intracellular environment in a number of ways. Ca?*
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sensitive receptors may be present in the keratinocyte plasma membrane similar to
those seen in parathyroid cells (Herbert and Brown 1995; Bikie et al., 1996).
Alternatively increased Ca®* levels may affect cell cell and cell matrix interactions.
Ca®* induced human keratinocyte differentiation requires an intracellular Ca’* rise
caused by phosphatidylinositol 3-kinase (PI3K)-dependent activation of
phospholipase C-y1 which ultimately results in differentiation (Xie and Bikle, 2007).
Furthermore, it has been suggested that differentiation pathways converge to induce
p21 expression which arrests the cell cycle resulting in N-terminal differentiation

(Wong et al., 2010)

1.9.3 Proposed Mechanism for Cornified Envelope Formation.

The sequence of events leading to CE formation is slowly being determined (Candi
et al., 1995; Nemes and Steinert., 1999; Steinert, 2000; Kalinin et al., 2001).
Involucrin has been suggested to enrich scaffolds constructed against a background
of membrane associated proteins (Eckert et al., 1993; Steinert, 1995; Steinert and
Marekov, 1997). Nemes et al (1999b) reported that involucrin spontaneously binds
the membrane in a Ca®* dependent manner, and that this initial structure produces
deposition sites for other envelope precursors. Involucrin becomes cross linked to
envoplakin and periplakin (Marekov and Steinert, 1998) succeeded by the
incorporation of SPRs. This amalgen spreads across the cytoplasmic face of the
plasma membrane, consequently incorporating desmosomal proteins (Steinert and
Marekov, 1995; 1997). Maturation of the scaffold primarily involves the
incorporation of loricrin which accounts for the majority of the protein content
(Steinert and Marekov, 1995). This proportion increases towards the cytoplasmic
face of the envelope indicating its importance in the later stages of the process

(Steinert and Marekov, 1995). Studies have indicated that TG3 predominantly
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catalyses intra-molecular cross links in contrast to TG1 and its ability to form
multimers (Candi et al 1995). Potentially, modifications made by TG3 promote
loricrin incorporation by TG1, alternatively TG1 cross links this precursor into the
macromolecular structure where it undergoes further modifications by TG3 (Reichert
et al., 1993; Eckert et al., 1993; Steinert, 1995). When the TG isoforms are compared
for involvement in CE formation it is estimated that loricrin cross links are the result
of 65% TG?3 activity compared with 35% for TG1 (Candi et al., 1995). Despite the
coordinated sequence of events CE generation is both resilient and flexible. If a
known precursor is altered there is no overt phenotype seen or one occurs that is
quickly compensated for (Yoneda and Steinert 1993, Koch et al., 2000). In the case
of loricrin removal in mice, the dry and scaly appearance of neonatal skin is lost
within a matter of days. This has led to the “precursor availability” hypothesis
suggesting the existence of a compensatory mechanism. Fibroblasts have
demonstrated an ability to form pseudo envelopes following the dysregulation of
Ca** However these CE like structures appear to be disordered and non specific

(Simon and Green, 1984; Nicholas et al., 2003).

This chapter has introduced the four areas of interest for this thesis. The current
knowledge of the structure, function and activity of both the transglutaminase and
metalloproteinase families have been discussed and their involvement in the
processes of wound healing and the formation of skin. Further chapters indicate
investigations into specific members of these families namely transglutaminase 2 and
ADAM 17 which may invoke EGFR signalling and consequent cell migration and

proliferation.
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2.0 Aims of Thesis

1. To establish if and how TG2 regulates keratinocyte motility in a co-culture model
of fibroblast and keratinocytes.

2. To ascertain if keratinocyte motility and proliferation is dependent on
metalloproteinase activity in a TG2 positive and TG2 null background.

3. To investigate the role of growth factor receptors in keratinocyte motility and

proliferation in the presence and absence of TG2.
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Chapter 2: Materials and Methods
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2.1 Cell Culture
2.1.1 HCA2 Fibroblast Cell Culture.

Human dermal fibroblasts have been stably transfected with telomerase
amphotrophic retrovirus pPBABE-hTERT (McSharry et al., 2001) to rescue cells
from senescence by expression of the catalytic subunit of human telomerase
(hTERT) along with pcDNA3/human TG2 constructs (Bond et al. 1999;
Stephens et al., 2004). The resulting HCA2 lines are immortalised but not
transformed, are diploid and display characteristic features of normal skin
fibroblasts. Transfection with these constructs produced high-level constitutive
expression of the transglutaminase TG2 sense mRNA, causing an overexpression
of TG2, antisense mRNA which leads to a reduction in TG2 from endogenous
expression as well as a TG2 mutant mRNA. The mutant TG2 mRNA allows for a
high level of expression of TG2 but it is inactive because the catalytic Cysteine
(Cys) residue was replaced by Serine (Ser), generating a cross-linking deficient
form of the enzyme (dominant negative for crosslinking function). A clone
transfected with an empty vector was also produced as a control (mock-
transfected) leading to endogenous TG2 expression from the fibroblasts only.
Cultures were seeded from frozen stocks at a density of 1x10® and grown in
DMEM supplemented with 10 % FCS, 1% PSG - Containing 10,000 units of
penicillin (base), 10,000 pg of streptomycin (base), and 29.2 mg of L-
glutamine/ml in 0.85% saline, in a 10 mM citrate buffer and 400 pg/ml
Geneticin. Subsequent cell maintenance was carried out through a 1 in four ratio
split of the cell culture flask once a week to stop over-confluence and ensure
selection of transfected cells. All cells were cultured at 37°C with 5 % CO;

unless otherwise specified.
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2.1.2 Matrix Production.

Fibroblast cells were seeded into a 24 well plate at a density of 1.5x10°cells/well
(Greiner) and cultured over night in standard HCA2 fibroblast medium for 24
hours. Following two PBS washes fresh HCA2 medium was added without
selection agent (geneticin) and matrix secretion stimulated with the addition of
ascorbate-2-phosphate (2mM). Cells were allowed to reach hyperconfluence over
a period of 48h. Every 48 hours medium was aspirated, cells washed in PBS and
fresh HCA2 medium supplemented with ascorbate-2-phosphate (2mM). This was
continued for a period of 10 days. Conditioned medium for migration assays was
collected on days5, 8 and 10 and frozen. On day 10 medium was removed and
matrices were washed twice in PBS. When experiments including live fibroblasts
were required matrix was taken immediately for experiment, alternatively if
matrix alone was required the matrix was treated by 3 successive freeze thaw
cycles. The matrix was then washed with sodium deoxycholate 1% (0.5g sodium
deoxycholate) to remove cellular debris and again washed in PBS before

experimental setup.

2.1.3 N-Tert Keratinocyte Cell Culture

Immortalised N-Tert human keratinocyte cells (transfected with telomerase
reverse transcriptase gene n-tert) were cultured in Solution/Media A containing
DMEM/ HAMS Fl12 (67.5/22.5%v/v) supplemented with 10% v/v FCS,
0.089mM adenine, Sng/ml insulin, 400ng/ml hydrocortisone, 10ng/ml EGF, 10°
"M cholera toxin, 1% antibiotic/antimycotic containing 10,000 units of
penicillin (base), 10,000 pg of streptomycin (base), and 25 pg of amphotericin

B/ml utilizing penicillin G (sodium salt), streptomycin sulfate, and amphotericin
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B as Fungizone® Antimycotic in 0.85% saline. Keratinocyte cultures were
seeded from frozen stocks at a density of 1x10° and subsequent cell maintenance
was carried out in a 1 in ten ratio split of the cell culture flask weekly to stop
overconfluence. Alternatively for migration experiments where inhibitors were
added keratinocytes were cultured using defined serum free medium, a patent
protected premade medium containing defined growth promoting additives
including Human recombinant Epidermal Growth Factor (EGF 1-53) and Bovine

Pituitary Extract (BPE) (Invitrogen).

2.1.4 Generation of Keratinocyte Spheroids and PKH26 Labelling

Immortalised N-tert keratinocytes cultured in FAD medium (65 % v/v DMEM,
22.5 % v/iv HAMS F12, 10 % fetal calf serum (FCS), 400 ng/ml hydrocortisone,
10" M cholera toxin, 10 ng/ml EGF, 0.089 mM Adenine, 5 ng/ml Insulin and
1% Antibiotic-Antimycotic containing 10,000 units of penicillin (base), 10,000
ug of streptomycin (base), and 25 pg of amphotericin B/ml utilizing penicillin G
(sodium salt), streptomycin sulfate, and amphotericin B as Fungizone®
Antimycotic in 0.85% saline) were grown to 80% confluence. 1.25x10°
keratinocyte cells were labelled using fluorescent PKH26 dye (Invitrogen).
PKH26 dye was prepared and staining was achieved by resuspending the
1.25x10° keratinocyte cells into 25pl of Diluent C. 50p] of PKH26 dye was then
added to this suspension (10% final volume). Keratinocytes were incubated for
five minutes at room temperature before the reaction was stopped with 50ul of
FCS. Cells were pelleted by centrifugation (1500g, 5min) before being
resuspended in 50pl of normal FAD medium as per manufacturer’s protocol.

The keratinocytes were then added to 10ml of 30% methylcellulose (100% stock
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of methylcellulose solution was prepared by adding 100ml FAD keratinocyte
medium pre-warmed to 60°C, to 1.33g methyl cellulose — Sigma). The solution
was agitated at room temperature for 1 h using a magnetic stir bar, followed by
agitation overnight at 4°C. The solution was cleared by centrifugation at 4,000 x
g for 90 min and the supernatant retained as 100% stock solution).
Methylcellulose had been prepared by the addition of 10.5mls of 100%
methylcellulose being added to 35mls of complete FAD medium. This was
sterile filtered through a 0.2um filter. The keratinocytes were then added to the
30% methylcellulose and mixed gently, this was then placed into a trough for
ease of dispensation and a multi-well pipette was used to pipette 100ul of the
suspension (2500 cells) per well and then left overnight in a hydrophobic

microtitre round bottomed 96 well plate to produce spheroids (Greiner).

2.1.5 CalceinAm Fluorescent Labelling

Previous experiments conducted by Dr Sally Rosser-Davies (PhD thesis-2006)
had used CalceinAM green (Molecular Probes) to label keratinocyte spheroids.
CalceinAM is converted to green-fluorescent calcein, after acetoxymethyl ester
hydrolysis by intracellular esterases. This was abandoned in favour of the PKH26
dye method, as PKH26 had the advantage of overcoming photo bleaching and
subsequent reduction in cellular fluorescence seen when hourly photographs
were being taken instead of the 24 hourly photographs taken previously. A brief
summary of the method follows; FAD medium was supplemented with
CalceinAM green at a concentration of 5puM. Iml of FAD medium was

supplemented with 2ul of CalceinAm green and added to 125,000 cells. This
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suspension was left for 30 minutes at 37°C before being added to 30%

methylcellulose as seen with the PKH26 dye.

2.1.6 CHO Cell Culture

Chinese Hamster Ovary (CHO) cells stably transfected to overexpress G protein
coupled receptor 56 (GPR56) were cultured from frozen stocks donated from Dr
Vera Knauper. CHO cells were cultured in HAMS F12 (Invitrogen)
supplemented with 10% FCS (Invitrogen), and 100pg/ml Hygromycin
(Invitrogen) to ensure selection of transfected cells. CHO cells transfected with
L-selectin gene either complete (WT) or delta stalk were used as a control cell
line for GPRS56 expression experiments and were cultured in the same medium

but also containing 100pug/ml zeomycin (Invitrogen).

2.1.7 Primary Human Fibroblast Cell Culture

Human primary oral gingival and periodontal ligament fibroblasts were cultured
in DMEM supplemented with 10 % FCS and 1 % Penicillin, Steptomycin,
Glutamine ( PSG )- Containing 10,000 units of penicillin (base), 10,000 pg of
streptomycin (base), and 29.2 mg of L-glutamine/ml in 0.85% saline, in a 10 mM
citrate buffer as previously described for HCA2 cell lines minus the selection
agent geneticin.

Primary cells were a kind gift from Dr. Matthew Locke (Dental School, Cardiff
University). Cells were derived from patients undergoing tooth extraction or

alternative dental procedures and had gone through 2 population doublings.

2.1.8 Primary Murine Fibroblast Extraction and Culture.
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TG2 wild type and knockout mice aged 3-9 months were euthanized, shaved and
skin removed from their backs by a rectangular incision. The removed skin was
cut into 3 pieces (Icm by 2cm) and placed in chlorhexidine mouthwash for 5
minutes. One piece of skin was minced and placed into a T25 flask and allowed
to air dry for 5-10 minutes. Prior to mincing the second sample underwent an
additional treatment with trypsin (Sigma) for 5 minutes before also being minced
and placed into a T25 flask, and allowed to air dry for 5 minutes. The flasks were
then filled with primary fibroblast medium (DMEM, 10% FCS, S5ml
Antibiotic/antimycrotic; previously described), and care was taken not to disturb
attached cells. Gingival primary fibroblasts were also cultured from the mice.
These were obtained from the upper gum line hard pallet of the roof of the
mouth. This small area of tissue was cut from the mouse and treated by placing it
into chlorhexidine mouth wash, minced and placed into a T25 flask and left to air
dry. Cultures usually took approximately a week to ten days to show signs of
new cell growth. Fibroblasts were used for experiments after 1-2 passages and

subsequently removed from culture to avoid senescence.

2.1.9 Cryopreservation and Retrieval of Cells

Following trypsinisation 5x10° cells were pelleted by centrifugation (1500rpm, 5
min) and resuspended in freezing medium (10% DMSO (v/v), 20% FCS (v/v)
and 70% (v/v) standard cell medium). Cells were then placed into a quick
freezing box and placed in a -80°C freezer overnight. These cells were then

transferred to liquid nitrogen for storage.
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2.1.10 Mycoplasma Testing

Cells were seeded (2 x 10%) onto circular glass cover slips (13mm) within a 24
well plate. Following overnight culture the cells were fixed with two successive
methanol washes (500ul each). Hoechst 33258 stain (Sigma) was applied (at a
final concentration of 0.05 pg/pl in ddH,0) for a period of 15 minute at 37°C.
Following extensive washing with ddH,0, fluorescence staining was visualised
through a DAPI 505 nm filter. This analysis was carried out using a Carl Zeiss
Axiocam camera linked to an Axiovert 200M Zeiss microscope. Hoechst staining

reveals genomic DNA of both eukaryotic and prokaryotic cells.
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2.1.11 Keratinocyte Migration in a Co-Culture Model:

2.1.11.1 Spheroid Migration

Migration assays were carried out by pipetting a 50ul of 30% methylcellulose
containing a single spheroid per well onto matrix derived from HCA?2 fibroblasts
in the presence of FAD medium either alone or mixed 1:1 with conditioned
medium or appropriate inhibitor in chapters 3 and 4. Placement of the spheroid in
the centre of each well was confirmed manually by phase contrast microscopy.
Experimental samples were restricted to spheroids attaching to the centre of each
well. Chapters 3 and 4 required FAD or defined serum free medium alone, with
DMSO or plus inhibitors (see table 6) due to the previous medium set up
interfering with action of the various included inhibitors. The results sections of
chapters 3 and 4 will indicate where medium other than standard FAD medium
has been used. Time lapse microscopy was carried out for 30 hours with both
bright field and fluorescent images being taken every 1 hour. Pictures were taken
using a Carl Zeiss Axiocam camera linked to an upright Axiovert 200M Zeiss
microscope. Improvision Openlab™ 4.1.2 software controlled the time-lapse

microscopy and collected the images.
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2.1.11.2 Inhibitors and Antibodies used in Migration Assays.

Inhibitor Source/Manufacturer Final Concentration
GM6001 BIOMOL International 50uM in DMSO
TAPI 1 BIOMOL International 10uM in DMSO
GI254023X (ADAM10) | GlaxoSmithKline 10uM in DMSO
GW280264X GlaxoSmithKline 10uM in DMSO
(ADAM17/10)
Cub7402 (Monoclonal) | Neomarkers 1pg/ml in FAD/DSFM.
115 TG2 Inhibitor Zedira GmbH 25mM in ddH,0.
TIMP1 Produced by V Knauper | 100nM in ddH,0.
Kind Gift.
TG2 made in house 0.01-10ug/ml in
FAD/DSFM
EGF Sigma 10pg/ml in ddH,0
AG1478 (EGFR) Calbiochem 10uM in DMSO
AG1024 (IGFR) Calbiochem 10puM in DMSO
AG1295 (PDGFR) Calbiochem 10pM In DMSO
CRM197 (HB-EGF) Merck/Calbiochem 50uM in ddH,0
Mouse IgG Jackson 10pg/ml in ddH,0
DMSO Sigma (v/v) in FAD/DSFM

Table 6: A list of inhibitors and antibodies used during spheroid migration assay.
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2.1.11.3 Analysis of Keratinocyte Migration.

Black and white images were analysed using CTAn.exe software (SKYSCAN®).
Following selection of the region of interest, the threshold value was set to mark
migrating cells only. This image was then converted to a binary image and
examined to see the binary image lined up correctly with the furthermost
migrating cells. The same threshold setting was used for all images within an
experiment. SkyScan performed algorithmic analysis to generate a quantitative

value for cell migration as detailed in chapter 3 figure 15.

2.2 Protein Analysis

2.2.1 Ethanol Precipitation of Protein

Protein solutions were precipitated by the addition of 9 volumes of ethanol (24 h,
-20°C). Following pelleting (1500g, 30 minute, 4°C), proteins were resuspended
in 8M urea and spun at 1500g for 5 minutes before the urea was removed and
substituted for SDS sample loading buffer containing 25 mM Tris (pH8.3), 39
mM EDTA, 4 % w/v SDS, 30 % v/v glycerol, 0.3 % w/v bromophenol blue,
supplemented with a 1:50 dilution of B-Mercaptoethanol (Sigma) and boiled for
five minutes before analysis by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS PAGE) and Western blotting.

2.2.2 BCA Assay
To normalise sample loading, protein concentrations were established by
bicinchoninic acid (BCA) protein assay (Pierce Chemical Co.) according to the

manufacturer’s protocols. A bovine serum albumin (BSA) dilution series was
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included as a standard. 10ul of sample along with 10ul of control buffer was
compared with the BSA dilution series at 540nm. Protein concentration was

calculated out to give a 10ug protein in 12pl sample to be run by western blot.

2.2.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis

Each protein sample (10-12ul) was mixed with an equal volume of 1 x SDS
sample loading buffer and boiled for 5 minutes prior to loading onto a pre-cast 4-
20% Tris-Glycine gel, 1.5 mm x 15 well (Invitrogen). Both reservoirs contained
25 mM Tris HCI (pH 8.3), 192 mM glycine, 0.1 % w/v SDS. Proteins were

resolved over a period of 2 h 125 V, 25mAmps.

2.2.4 Western Blotting

Protein was electrophoretically transferred from the SDS page gel to a Protran®
nitrocellulose membrane (Schleicher & Schuell) under a current of 125 mA for 2
h in the presence of transfer buffer 25mM Tris (pHS8.3), 192 mM glycine, 20%
methanol v/v. Protein transfer was assessed using ponceau S staining 5% acetic
acid v/v, 0.1% w/v ponceau S. Non-specific protein binding sites were blocked
by an overnight incubation (4°C) with 5 % w/v non-fat dry milk powder (Marvel)

in Tris Buffered Saline (TBS) 20 mM Tris base, 137 mM NaCl, (pH 7).

All antibodies used to probe Western blots were diluted in TBS with 5 % milk
powder (See table 7). All secondary antibodies used were horse radish
peroxidase (HRP) conjugated. Unless specified otherwise incubations with
primary and secondary antibodies were carried out at room temperature (RT)

under agitation for 1 hour. Each incubation step was followed by three 5 minute
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washes with TBS containing 0.05 % v/v Tween-20 (Sigma). Protein levels were
detected by chemi-luminescence produced following 1 minute incubation with
ECL plus Western blotting detection reagent (Amersham Pharmacia) before
exposing to Hyperfilm™ ECL™ film (Amersham Pharmacia) for up to 20

minutes.
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2.2.4.1Antibodies used in Western Blotting.

Primary Antibody Raised In Dilution/Concentration | Source
(Monoclonal/Polyclonal- M or P)
TG2 (CUB7402) (M) Mouse 1:200-1:1000 Neomarkers
ADAM17 (P) Rabbit 1:200-1:1000 Bioscience
ADAMI0 (P) Rabbit 1:200-1:1000 Bioscience
GPR56 (P) Sheep (Cross | 0.5-1.0pug/ml R and D Systems
reactive-goat)
TGFa (P) Goat 0.1-0.2pg/ml R and D Systems
HB-EGF (P) Goat 0.1-0.2pg/ml R and D Systems
EGF (M) Mouse 1-2pg/ml R and D Systems
V5(M) Mouse 1:5000-1:10000 Invitrogen
GAPDH (M) Mouse 1:1000 — 1:5000 Sigma
GPRS56 (P) Rabbit 1:200-1:1000 Abcam
GPR56N-15(P) Goat 1:200-1:1000 SantaCruz
GPR56N-19(P) Goat 1:200-1:1000 SantaCruz
Secondary Antibody Raised in Dilution/Concentration | Source
Anti-Goat HRP conjugated Rabbit 1:1000 DAKO
Anti-Mouse HRP conjugated | Rabbit 1:1000 DAKO
Anti-Rabbit HRP conjugated | Mouse 1:1000 DAKO
Anti-Mouse non specific IgG | Mouse 1:1000 Jackson

Table. 7 Summary of antibodies utilised in Western blot Experiments.
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2.2.5 Membrane Stripping

In order to remove antibodies from membranes for re-probing, the nitrocellulose
was incubated in stripping buffer 1 M Tris HCI (pH 8.3), 10 % w/v SDS, 0.07 %
2-mercaptoethanol for 30 minute at 50°C under gentle agitation. This was
followed by three washes with TBS containing 0.05 % v/v Tween-20 and three

sequential washes with TBS (5 minute each).

2.2.6 Immunohistochemistry on scratch wounded keratinocytes.

100,000 Keratinocyte cells were plated onto collagen coated sterile cover slips in
a 24 well plate and allowed to reach 80% confluence in complete FAD medium
overnight. The following day these cells were scratched using a sterile pipette tip
200pl yellow tip (Greiner) followed by a medium change to remove detached
cells and their debris. After a 0, 6, 12, 18 or 24 hour incubation period medium
was removed from all samples and cells were washed twice with PBS. The cells
were then fixed in 4% paraformadehyde in PBS for 10 minutes. Cover slips
blocked with 1% fraction 5 BSA (Sigma) took place for 1 hour at room
temperature followed immediately by incubation with GPR56 antibody (R and D
systems) at a dilution of 1pg/ml at room temperature for one hour. The primary
antibody was removed and 3 PBS washes ensured complete removal. The
secondary FITC conjugated anti goat antibody (DAKO) which recognised sheep
IgG was added at a 1:80 dilution and left for one hour at room temperature
followed by a further 3 washes in PBS. Cover slips were then mounted onto
slides using fluorescent mounting reagent (DAKO). GPR56 was visualised using

the time lapse microscope as previously described in section 2.1.11.3
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2.3 Gene Expression and Molecular Biology Methods

2.3.1 Agarose Gel Electrophoresis

DNA samples were mixed with 6X sample buffer 0.05 % w/v bromophenol blue,
6 % v/v glycerol, 12 mM Ethylenediaminetetraacetic acid (EDTA), (pH 8).
Fragments were separated through 1-1.2 % agarose (Invitrogen) gels in 1X
(TAE) buffer [40 mM Tris acetate, 2 mM Na,EDTA, (pH 8.5)] supplemented
with 0.1 pg/ml ethidium bromide (Sigma). A 300ng 1KB ladder was also
separated for calibration of the gel. Electrophoresis was carried out at a constant

voltage (100 V) before the DNA was visualised by exposure to an Ultra Violet

(UV) light source.

2.3.2 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Reverse transcription was carried out using Superscript II system (Life
technologies). 1ug total RNA was extracted from HCA2 fibroblast cultures using
TRIzol (Invitrogen). A total of four 10cm dishes of each cell type were lysed and
following the addition of 10 % v/v chloroform, RNA was isolated in the aqueous
layer using an Eppendorf Phase Lock Gel™ (12000 x g, 30s). RNA within the
aqueous fraction was precipitated in an equal volume of isopropanol and
following washing with 75 % ethanol, the pellet was resuspended by heating in
500 ul nuclease free water (65°C) and stored at -80°C. Total RNA was included
in a reaction mixture which contained 25ng oligo dT primer (invitrogen), 0.5 mM
dNTPs, 10nM DTT, and 100 u DNase H Reverse Transcriptase in supplied
buffer (250mM Tris-HCl, 375 mM KCl, 15mM MgCl,, [pH8.3]). This reaction
took place for 50 minutes at 42°C before the enzyme was inactivated by heating

to 90°C. In order to gain maximum yield of cDNA a second transcription was
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carried out with a further 100 U of reverse Transcriptase. To confirm TG
expression in fibroblast cell lines 1pl of the resulting cDNA was subjected to
PCR with specific TG2 primers (table 8). Amplification was carried out in a
total reaction volume of 25ul (1 x Tagman buffer A, 2mM MgCl,, 0.2mM dNTP,
0.125 U Taq DNA Polymerase (Promega) and 1pl of each primer. The following
conditions were used; 35 cycles of 45 seconds at 95°C (denaturation), 1 minute at
60°C (annealing) and 1 minute 30 seconds at 72°C (extension). The first cycle
contained an extra step to activate Taq polymerase (95°C for 2 minutes) and the
final cycle contained an extended extension period 72°C for seven minutes.
Generated PCR products was then resolved through a 1% agarose gel for

evaluation.

2.3.3 Restriction Digestion of DNA.

Confirming sequence identity restriction digestion took place using various
restriction enzymes. 2ul of PCR product was added to 1ul of appropriate
restriction digestion buffer, 1ul of 10xBSA, 0.5ul restriction enzyme and
remaining volume made up to 10ul with H,0. Reactions were prepared in
eppendorf tubes and left at 37°C for 90 minutes. Subsequent products were run

on a 1% agarose gel, for analysis.

2.3.4 Quantitative Polymerase Chain Reaction (QPCR)

PCR core reagent kit came from Applied Bioscience (Roche, New Jersey).
Quantitative PCR (QPCR) probes were synthesised at PE Life Sciences
incorporating a 5’ 6-carboxyfluorescein (FAM) reporter and a 3’ 6-

carboxytetramethylrhodamine (TAMRA) quencher. QPCR conditions to assay
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TG2 had been optimised in house (Stephens et al., 2004). All assays were carried
out in triplicate with a reaction mixture of 25ul (containing 1 x Tagman Buffer
A, 2mM MgCl,, 0.2nM dNTP, 0.125U Amplitaq gold DNA polymerase). Primer
and probe sequences are summarised below (table 8). Conditions were as follows
40 cycles of 15 seconds at 95°C (denaturation), 1 minute 60°C
(annealing/extension) with the first cycle containing an extra step to allow
activation of the polymerase enzyme (95°C for 10 minutes). Reactions were
carried out in an ABI PrismTM 7000 detection system (Applied Bioscience). The
2-AACT method was used to calculate relative levels of RNA expression,

normalised to housekeeping gene expression (H306B4).

Gene Forward Primer Probe Reverse Primer Concentration
Product (nM) (F,P,R)
TG2 S’ATGAGAAATAC | 5’AGCTACCTGCTG | 5°CAGCTTGCGT | 300, 150, 300
CGTGACTGCCTTA | GCTGAGAGGGACC | TTCTGCTTGG
C TC
H306B4 | S’AGATGCAGCAG | 5’AGGCTGTGGTGC | 5’ATATGAGGC 300,150,300
ATCGCAT TGATGGGCAAGAA | AGCAGTTTCTC
C CAG

Table 8: TG2 primers produced for QPCR.

2.3.5 Preparation of Competent E. Coli.

DH5a E.Coli were cultured in LB medium until an OD650 nm of ~0.35 was
measured using Beckman Coulter DU® 800 spectrophotometer and then
incubated on ice. After 30 minutes the E.Coli were collected by centrifugation
(1600 x g, 8 minutes, 4°C) and the pellet resuspended with 10ml ice cold 100uM
MgCl,. To induce competency, the cells were collected by centrifugation and
incubated in 2mls of 100mM CaCl, over 16 hours. The E. Coli were then flash
frozen in 200ul aliquots in a 25% glycerol solution ready for future

transformation experiments.
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2.3.6 Transformation of E. Coli

Competent E Coli DH5a were thawed on ice and then incubated with 1-5ul of
plasmid DNA (TGFp plasmid (generous gift Dr D Fraser, Nephrology Cardiff
University and Luciferase/Renilla Dual Glow Plasmid —Promega) in the presence
of 20nM B-mercaptoethanol (Invitrogen) for 30 minutes at 4°C. The cells were
then heat shocked at 42°C (exactly 30 seconds) before culturing for 1 hour at
37°C 225 rpm with 800ul SOC medium (Invitrogen) to ensure return of cell
integrity. 50 or 100pul of transformation reaction was spread onto LB agar plates
containing 50pg/ml ampicillin and left overnight at 37°C. The following day 3
colonies were picked from each plate and expanded in 3mls of LB medium and
50pg/ml ampicillin overnight at 37°C while shaking at 225rpm before being

prepared via miniprep kit (Qiagen) for experiments.

2.3.7 Preparation of plasmid DNA.

Bacteria from overnight cultures were collected by centrifugation at 5000g.
Mini-preps of DNA were prepared using a Qiagen miniprep kit and protocol was
carried out as per manufacturer’s protocol. DNA was finally diluted with 50ul of

ddH,0 and stored at -20°C.

2.3.8 SiRNA (small interfering RNA) mediated knockdown of GPRS6.
2.3.8.1 Dharmacon SiRNA Transfection Protocol.

GPR56 expressing CHO cells or N-Tert immortalised keratinocyte cells were
counted and seeded at 5x10* cells per well of a 12 well plate (Greiner) and left
overnight in complete growth medium. The following day the cells were

transfected. 4ul of silencer select SIRNA (either GPR56 variant 1, variant 2) or
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scrambled negative control (Ambion) (Table 8a) was added to 46pl of SiRNA
buffer containing 2.2% potassium chloride (Fisher), 1% Hepes free acid (Sigma)
0.02% magnesium chloride 6H,O (Sigma) in RNase free water added to 2.0M
potassium hydroxide (Dharmacon) For both SiRNA variants to GPR56 and the
scrambled negative control in RNAase free eppendorf tubes. In addition an extra
tube to be transfected with either ADAMI17 or ADAMIO siRNA (Ali and
Knauper, 2007) as a further transfection control was prepared by adding 2pl of
ADAMI10/17 SiRNA to 48ul of SiRNA buffer. The SiRNA and buffer mixture
was added in the presence of 50pul of serum free, antibiotic free medium. In
addition a master mix was prepared containing 99ul per sample of serum free
and antibiotic free medium with 2pl per sample of Dharmafect transfection
reagent (Dharmacon). The buffer/SiRNA/ transfection agent mixture was left for
5 minutes at room temperature. 99ul of the master mix was added into each tube
containing siRNA GPRS56 variant 1 or 2, scrambled negative control or
ADAMI17/10. After mixing the SiRNA transfection complex was left for 20
minutes at room temperature and then added drop wise to cells and mixed side to
side — by rocking the plate. While the samples were incubating, 500ul complete
growth medium was replaced in each well of the 12 well plate (Greiner). The
transfected cells were left for 48 hours before the process was repeated. After the
second transfection cells were harvested using 400ul of cell lysis buffer
containing 1% sucrose/triton by scrapping over ice and BCA assayed to

determine protein concentration prior to Western blot analysis.
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Sense Antisense

Variant 1 AGCCUGGAGUCGAAACUGATT | UCAGUUUCGACUCCAGTCUU

Variant 2 CCGACAUGCUGGGAGAUUATT | UAAUCUCCCAGCAUGUCGGTT

Table 8a: GPR56 Silencer Select SIRNA (Ambion) Sequences for variants 1 and 2 used in
both transfection protocols.

2.3.8.2Interferin Polyplus siRNA Transfection Protocol

N-Tert immortalised keratinocyte cells or stably transfected CHO cells
overexpressing GPR56 were counted and seeded at 5x10* cells per well of a 12
well plate (Greiner) and left overnight in normal culture medium as per
Dharmacon protocol. The following day 4ul of GPR56 silencer select SIRNA
GPRS56 variant 1, 2 or scrambled negative control (Ambion) (shown in table 8a)
were added to 500ul of serum free antibiotic free medium in RNA free eppendorf
tubes. 2pl of Interferin reagent was added to each tube and the tube was vortexed
immediately for ten seconds; then left to incubate for a further ten minutes at
room temperature. While the samples were incubating, medium was replaced in
each well of the 12 well plate (Greiner) with 500ul of fresh complete growth
medium. Each SiRNA mixture was added to the cells drop wise and the plate
swirled. The samples were then left for 48 hours to transfect before being

analysed by cell extraction and western blot.

2.3.9 MTT Test for Cell Viability and Proliferation.

An 80% confluent flask of keratinocytes was washed using PBS. Following
trypsinisation, 5000 keratinocyte cells were seeded per well of a 24 well plate
(Greiner) and left in complete FAD growth medium for 6 hours at 37°C, 5%
CO,. After 6 hours the medium was removed and the cells washed twice in PBS.

This time was determined to be sufficient for cells to adhere and spread.
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Depending on the experiment to be performed different growth media was used.
Normally a basic keratinocyte medium made up of solution A Solution/Media A
containing DMEM/ HAMS F12 (67.5/22.5%v/v) supplemented with 10% v/v
FCS, 0.089mM adenine, 400ng/ml hydrocortisone, 107'°M cholera toxin, and 1%
antibiotic/antimycotic containing 10,000 units of penicillin (base), 10,000 ug of
streptomycin (base), and 25 pg of amphotericin B/ml utilizing penicillin G
(sodium salt), streptomycin sulfate, and amphotericin B as Fungizone®
Antimycotic in 0.85% saline was added. Proliferation assays were carried out
with multiple conditions with either inhibitors or activators and matching
controls. Various inhibitors were used to determine the effects of inactivating
signalling components implicated in keratinocyte proliferation and migration.
Furthermore, the effects of these inhibitors were investigated in the presence of
TG2 (10pg/ml) as well as activators such as insulin (5ng/ml) and EGF (up to
50ng/ml) where appropriate in specific proliferation assays. Each inhibitor was
added at range of concentrations indicated in table 9. Initially samples of a
known cell number were analysed between 0 and 1.2x10° to establish the linear
range of the assay and determine the junction correlating cell number with
absorbance. When an experiment was set up to determine the effect of an
inhibitor cells were analysed at two time points (set of replicate plates), 24 h and
72h, to determine the change in cell number and from this calculate the growth
rate. Triplicates of test and appropriate control conditions were induced on the
same plate. Growth rate in the presence of vehicle only was then compared to
that in the presence of inhibitor only. The effect of conformational arrangement
of TG2 was also evaluated by proliferation assay. The variants of TG2

investigated were TG2, TG2 activated by calcium, TG2ys, TG2-GTP, and TG2I-
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15. These experiments were set up in the same way, for plate preparation. 5000
keratinocyte cells per well, were seeded and left for 6 hours in complete growth
medium. After this time the keratinocytes were washed and the basic 1%
keratinocyte medium was added. Previously, proliferation assays had been
conducted where inhibitors in the presence or absence of TG2 were added to the
basic keratinocyte medium. For TG2 conformational experiments keratinocyte
cells were either left in basic 1% keratinocyte medium as a control or a
concentration of a particular conformational type of TG2 was added. This
allowed the investigation of the effects of the particular TG2 conformation on
proliferation.

When the 24 hour time point or 72 hour time point was reached the medium was
removed from all plates, and the cells washed twice in PBS. 100ul of MTT (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent
(Invitrogen) was added at Smg/ml per well and plates left to incubate for 4 hours
at 37°C, 5% CO,. MTT reagent (Invitrogen) was removed from each well on the
plate after this time. 400ul of MTT Lysis buffer containing 20g SDS, 50ml NN-
Dimethylformamide, 50ml H,O plus 2.5% acid mix 2.5ml 1M Hydrochloric
acid, 80ml Acetic acid and 17.5ml ddH,O was added per well and the plate left
overnight at room temperature covered with saran wrap. The following day cell
extracts from each well was transferred to an eppendorf tube and spun at 1500g
for 5 minutes before being diluted 1 to 1 with ddH,0. The mixture was cleared by
a further centrifugation step. Absorbance readings were measured using a DU800
Spectrophotometer (Beckman Coulter) at wavelengths of 570 and 650nm for
each sample. 650nm is outside of the main absorbance peak of the dye and was

used as a means to identify samples with abnormal readings (light scattering).
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Data was processed by subtracting the 650nm result from 570nm value, and
averages ascertained based on 3 replicates per condition further calculations
(detailed p130) indicated change in cell number and standard error of the mean

calculated.
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2.3.9.1 Inhibitors and antibodies used in MTT Assays.

Inhibitor Source/Manufacturer Range of concentration.
GM6001 BioMOL 5.6-50uM in DMSO
TAPI 1 BioMOL 1-30uM in DMSO
GI254023X (ADAM10) GSK 1-30uM in DMSO
GW280264X GSK 0.1-30uM in DMSO
(ADAM17/10)

115 TG2 Inhibitor Zedira GmbH 0.1-10pg/ml in ddh,0
TG2 Made in house 0.01-10pg/ml in ddh,0
EGF Sigma 10pg/ml in ddh,0
AG1478 (EGFR) Calbiochem 0-30uM in DMSO
AG1024 (IGFR) Calbiochem 0.11-10pM in DMSO
AG1295 (PDGFR) Calbiochem 0.33-30pM in DMSO
CRM197 Merck/Calbiochem 2- 50puM in ddh,0
PD173074(FGF/VEGFR) | Merck/Calbiochem 3.75-30uM in DMSO
DMSO Sigma (volume /volume)
Anti TGF (P) R and D systems 10pg/ml in ddh,0

Anti HB-EGF (P) R and D systems 10pg/ml in ddhy0

Anti EGF (M) R and D Systems 10pg/ml in ddh,0

Table 9: A list of inhibitors and antibodies used during MTT proliferation assays.
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Proliferation values were calculated as relative growth rates compared to control,
where a suitable control of either basic 1% FAD medium minus insulin and EGF
was placed with DMSO (v/v), BSA (50uM) or alone to compare growth rates. A
calibration graph was constructed to process the 570nm readings from both
fibroblasts and keratinocytes to determine an equation to calculate cell number.
Cell number was then calculated as follows:

=1208100/ (17.58/A-1) where A is the OD570nm for 24h

=1208100/ (17.58/B-1) where B is the OD570nm for 72h

24h cell number result was subtracted from the 72 hour cell number to determine
the change in number of cells over 48 hours. This was then expressed relative to
control where the change in cell number sample was divided by the change in
cell number of control. Finally the relative proliferation in the control group was
set to 1 and the cell number from the testing condition was expressed relative to

that.

2.3.9.2 Production of Recombinant Human Transglutaminase and its
Variants.

Complementary DNA encoding TG2 was sub cloned into a prokaryotic
expression vector PJOE2702. A Hise tag was added to the native sequence N
terminally for purification of the recombinant protein by Ni2+'chelating affinity
chromatography. E Coli BL21 transformed with the expression construct was
grown in LB broth in baffled flasks at 37°C and 220rpm to ODsgo of 0.6 before
chilling to 20°C and induction of transgene expression by addition of rhamnose
to a final concentration of 0.5%. After incubation for a further 24 hours at 20°C,

bacteria was collected by centrifugation at 3000g for 20 minutes, resuspended in
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buffer A (50mM Na,HPO,, (pHS8), 300mM NaCl) to obtain a 15% cell
suspension, and the expressed protein harvested by lysis of the cells using a
French Press (1000psi). The lysate was cleared from insoluble material by
centrifugation at 11,500g for 30 minutes and applied to a Iml His-trap HP
column (Amersham Bioscience) equilibrated in buffer A at 4°C and a flow rate
of 0.5ml/minute. The resin was washed initially with buffer A until OD5g of less
than 0.005 was reached, and then with 100ml of buffer A containing 30mM
imidazole before elution of His-tagged protein with buffer A containing 150mM
imidazole. Eluted protein was dialysed (Spectra/Por4; Spectrum Laboratories)
extensively against buffer B (20mMTris/HCL [pH 7.2]), ImM EDTA, 100mM
NaCl) When required enzyme was purified further by ion exchange
chromatography using a HR10/10 column packed with Resource Q10
(Amersham Bioscience) whereby TG2 was eluted as a single sharp peak within a
20 volume gradient of 0.1-0.7M NaCl. Enzyme was dialysed further in buffer B
and concentrated to approximately 2mg/ml using centriprep-YM30 (Amicon)
concentrators and stored at -20°C (Hadjivassilious et al., 2008).

For either GTP, GTPyS (nucleotide) or 115 inhibitor treatment 0.5mg TG2 was
diluted to a final concentration of 1 mg/ml in PBS containing 5mM MgCl,. For
nucleotide treatment TG2 was incubated with a 10 molar excess of either GTP or
GTPyS for 30 minutes at 4°C. 100ul of 2.5mM Inhibitor 115 (Zedira) was added
to 0.5mg TG2 and incubated for 30 minutes at 25°C. After nucleotide/inhibitor
treatment unbound nucleotide/inhibitor was removed using a PD10 column (GE
Healthcare) and treated TG2 pooled and quantified by absorbance (Rose et al.,
2006). Ca2+ loaded TG2 was prepared by the addition of 1mM calcium to 50pg

of TG2 before each individual experiment involving this TG2 preparation.
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2.3.10 TG2 Activity Assay.

A master mix containing 0.1M Tris, HC]l, 5SmM CaCl2 (pH8.3), SmM DTT,
40uM Monodansyl Cadaverine, and 10pg N,N-dimethlcasein/ sample, was
prepared. (200ul final volume per reaction). Wild type TG2 or TG2 treated with
I15 was added into the mixture at different concentrations (10ug to 0.5ug) and
agitated. After vortexing for 10 seconds samples were left at 37°C for 30
minutes. The reaction was stopped by the addition of Trichloroacetic acid( TCA).
Initially a 200ul 50% TCA preparation was added and the samples left for 2
hours at 4°C. Precipitated proteins were collected by centrifugation at 15000g for
10 minutes. A further 2 final washes using a 1:1 ethanol/ether mix (200ul) by
repeated centrifugation were conducted and the resulting pellet was finally
resuspended in 15ul of 1:1 sample buffer and 8M Urea and applied for SDS
polyacrylamide gel electrophoresis. Proteins were subsequently transferred to
nitrocellulose and incorporation of dansylcadavarine into N,N-dimethylcasein
revealed by probing with antibodies to the dansyl group diluted 1 in 300

(Aeschlimann et al., 1993).

2.3.11 Statistical Analysis.

Statistical analysis was carried out on both proliferation assays and migration
experiments. Migration assays are shown as single representative experiments (3
repeats conducted with similar results) and data presented as the mean +/- SEM
of six spheroids. Statistics were calculated using Graph pad Instat for biologists.
Repeated measure ANOVA was conducted with either Tukey or Bonferri post

statistical tests.
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Chapter 3: TG2 and its Role in Re-Epithelialisation.

133



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing

Contents. Page
3.1.Introduction. 135
3.1.1 In Vitro models for re-epithelialisation and wound healing. 135
3.1.2 .Mesenchymal Control of Keratinocyte Migration. 136
3.1.3. TG2 Location and Activity in Wound Healing. 138
3.1.4. Epithelial Migration Model and Aims of Experiments. 138
3.2. Characterisation of Fibroblast Cell Lines. 140

3.3. Re-Epithelialisation Model and Optimisation of Quantification of 142
Migration Data.

3.3a.Comparison of CalceinAm and PKH26 Fluorescent Dye for Intensity 145
and Longevity in Keratinocyte Spheroids.

3.4. The Role of Mesenchymally Expressed TG2 in Cellular Cross Talk. 147
Leading to Migration over Decellularised Matrix.

3.4a Keratinocyte Migration on Extracellular Matrix 149
Containing Live Cells.
3.4b.A Comparison of ECM with and without TG2 in the Presence 151

and Absence of Live Fibroblasts.
3.4¢.The Effect of Conditioned Media from Fibroblasts with Modified 153
TG2 Expression in Migration
3.5. The Role of the Mechanical Environment in TG2 Signalling. 156
3.6. Conclusion. 157

134



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing

3.1 Introduction.

3.1.1 In Vitro Models for Re-Epithelialisation and Wound Healing

In order to study the process of wound healing several in vitro models have been
developed in an attempt to mimic the re-epithelialisation process such as the often
used two dimensional scratch wound (reviewed in Rodriguez et al., 2005), or the
more complex multiple cell skin equivalent (Nakagawa et al 1989). We have adapted
a co culture model developed to investigate endothelial cell differentiation in
angiogenesis (Korff and Augustin, 1998) to investigate this process (Rosser-Davies,
PhD thesis 2006). As wound healing is a complex process involving multiple cell
types and cellular interactions such as an adequate blood supply, fibroblasts, the
major cell type within the dermis, epithelial cells, and circulating cells of the
immune system it is possible to produce a model incorporating some but not all of
these interactions. There must be cell cell and cell matrix interactions that regulate
cellular behaviour to re-establish normal architecture and functionality of damaged
tissues. Fibroblasts deposit a highly organised and tissue specific specialised
extracellular matrix (ECM) which is instrumental in regulating the overlying
epithelium (Locke et al., 2007). Previous studies have required keratinocytes to be
seeded onto collagen embedded fibroblasts to produce a skin equivalent in which
fibroblasts encourage proliferation and differentiation of keratinocytes (El
Ghalbzouri et al., 2002). Positive proliferative effects of fibroblasts have been shown
in numerous studies (Bell et al, 1981, Prunieras et al., 1983, Asselineau et al., 1986,
Xu and Clark., 1996, Florin et al., 2005) indicating fibroblasts are able to stimulate
proliferation by the release of interleukins such as IL-6 (Chedid et al., 1994), and
growth factors appearing in early stage wound healing such as TGFB (Wahl et al,

1989) or PDGF (Pierce et al., 1989).
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3.1.2 Mesenchymal Control of Keratinocyte Migration.

Fibroblasts have been suggested as being responsible for signals regulating wound
healing and therefore keratinocyte migration either by the release of growth factors
or the construction of an adequate extracellular matrix (ECM) providing an adhesive
and instructive support to migrating cells. Previous studies have concentrated on the
release of matrix proteins or soluble factors as contributory to keratinocyte
regulation (see Table 10). TGFB, EGF and MMPs have all been implicated in the
regulation of keratinocyte migration. TGFP suppresses keratinocyte proliferation, but
increases their motility in a Smad-dependent manner (TGF B signalling pathway)
(Choi et al., 2007). However, conflicting data has been shown that TGFp in fact
increases proliferation of keratinocytes especially during the later stages of wound
healing (Zambruno et al., 1995). EGF has also been shown to be up-regulated during
early wound healing and can increase keratinocyte migration (Schultz et al., 1991) as
well as contributing to the production of fibronectin in fibroblasts (Mimura et al.,
2004) therefore aiding stabilisation of the wound and increasing contraction during
healing. Furthermore, additional in vitro studies have indicated that keratinocytes
have an increased ability to bind fibronectin as a result of TGFB and EGF
stimulation of fibronectin production leading to increased keratinocyte motility on

this substrate (Takashima and Grinnell 1985., Nickoloff et al., 1988).

Soluble factors may also regulate signalling by y kinase receptors such as EGFR to
increase keratinocyte proliferation and migration in an acute wound (Martin., 1997)
or secretion of proteolytic enzymes such as MMPI1 (collagenase) and MMP9
(Gelatmase) which remove collagen and other ECM components damaged during

injury, and expose cryptic ECM binding sites.
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Factor Reference
Epidermal growth factor Schultz et al., (1991), Sarret el al (1992),
| McCawley et al., (1998), Yamasaki et |
al., (2003) Takahashi et al., (2009)
Fibroblast growth factor 2 Igarashi et al., (1993),Powers et al.,
(2000),
Fibroblast growth factor 7 Tsuboi et al., (1992)
| Fibroblast growth factor 10 | Matsumoto et al., (1991), Tsuboi et al., |
(1992), Cha et al., (1996), Gibbs et al.,
(2000)
Granulocyte macrophage colony | Barrandon and Green., (1987), Tsuboi et
stimulating factor al., (1992), Aragane et al., (1996), Cha et |
a.,1 (1996), Ghahary et al., (1998)
Hepatocyte growth factor Tsuboi et al., (1992), Sato et al., (1995),
McCawley et al., (1998), Liang (1998),
Gibbs et al., (2000), Tokumaru (2005)
| Insulin like growth factor I | Tsuboi et al., (1992), Sato et al., (1995),
McCawley et al., (1998), Haase (2003),
Pozzi (2004).
IL-1 Tsuboi et al., (1992), Chen (1995), Weng

(1997), Maas-Szabowski { 2000), Lian
(2008)

Platelet derived growth factor

Robsen (1997), Trengove et al., (2000),
Rollman (2003)

Transforming growth factor beta

Kane et al., (1991)., Sarret et al., (1992),
Zambruno et al., 1995, Robsen (1997)

Transforming growth factor alpha

Pittelkow (1993), Chen (1995), Cha et
al., (1996), Klein et al., (2005)

Heparin binding epidermal growth factor

Marikovsky et al, (1993).,Martin,
(1997)., Faull, (2001)., Xu (2004)., |
Higashiyana (2005)., Shirakata., (2005)

Table 10 indicates common soluble keratinocyte proliferative and/or migratory factors
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3.1.3 TG2 Location and Activity in Wound Healing.

Tissue transglutaminase or TG2 is one of five isoforms expressed in human skin.
TG2 is found only in basal keratinocytes within the epidermis (Aeschlimann et al.,
1998; Haroon et al., 1999) contrasting with other TG isoforms which have
keratinocyte differentiation specific expression (Aeschlimann et al., 1998, Candi et
al., 2001). TG2 is also expressed in fibroblasts and is the predominant TG in the
dermal compartment (Aeschlimann et al., 1998). The mechanism for secretion is
elusive, however recent work by Scarpellini et al, indicates heparin sulphate
proteoglycans may assist TG2 by cross linking leading to TG2 secretion and
extracellular activity (Scarpellini et al., 2009). When TG2 is relocated to the
extracellular matrix it has been shown to be involved with extracellular remodelling
(Aeschlimann and Thomazy 2000, Stephens et al.,, 2004) and can function
independently of its cross linking ability by acting as an integrin associated co-
receptor promoting fibronectin fibril formation in the pericellular matrix and
facilitating cell adhesion, spreading and motility (Akimov and Belkin 2001). Tissue
TG is found in granulation tissue twenty four hours after wounding (Haroon et al.,
1999) and is upregulated by acute phase injury cytokines such as IL-6 (Ikura et al.,
1994), TGFB (Akimov and Belkin 2001) and TNFa (Kuncio et al., 1998). TG2
stabilises the extracellular matrix and promotes granulation tissue remodelling. TG2
has also been shown to be expressed in macrophages, skeletal muscle cells and

endothelial cells throughout the wound healing process (Haroon et al., 1999).

3.1.4 Epithelial Migration Model and Aims of Experiments.
Using fibroblasts expressing TG2 at different levels, previous work (Rosser-Davies

S, PhD Thesis 2006) has demonstrated that TG2 may influence cross talk between
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fibroblasts and keratinocytes to regulate epithelial migration. A co-culture model has
been developed in house using fibroblasts and keratinocytes. Our model begins by
the production of matrix for ten days allowing the fibroblasts to produce a 3D matrix
containing collagen and fibronectin fibrils on which keratinocyte cells can be seeded.
Epithelial migration is known to be induced by collagen binding synthesis, in
addition to providing a substratum, the matrix contains fibroblast-derived growth
factors, cytokines and TG2 which could initiate and support keratinocyte migration.
The aim of these experiments was to determine the nature and mechanism of the
signals sent and received between keratinocytes, fibroblasts and the extracellular

matrix, and the relationship to TG2, using our wound healing model.
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3.2 Characterisation of Fibroblast Cell Lines.
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Figure 14: Characterisation of HCA2 Fibroblast cell lines.

(A)mRNA products from the four transfected HCA2 lines (Stephens et al 2004). Antisense (null
for TG2), Sense (Over-expressed TG2), Mock (Normal TG2 expression) and Serine Mutant
(non cross-linking form of TG2) are shown. (B) Q-PCR results indicating mRNA TG2
expression levels in Mock, Sense, Antisense and Serine Mutant fibroblasts. (C) Western blot of
first (sucrose/triton 100x) and second (SDS/ Proteinase inhibitor based) protein extracts from
Mock (Normal TG2 expression) Antisense (null for TG2), Sense (Over-expressed TG2), and
Serine Mutant (none cross-linking form of TG2) using CUB7402 TG2 Monoclonal Antibody,
TG2 detected from 77-85KDa, work carried out by Martin Langley (D)3H putresine
incorporation by the fibroblasts indicates the amount of TG2 activity seen (taken from Stephens
et al., 2004).
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In order to study the process of wound healing in a reductionist environment a co
culture model of fibroblasts and keratinocytes has been developed in house. HCA2
fibroblasts which have been previously transfected to stably express altered levels or
activity of TG2 were characterised to confirm expected TG2 expression and activity
(Stephens et al., 2004). Figure 14a and b indicates mRNA products produced by the
four HCA2 fibroblast cell lines. The presence of TG2 was indicated in over
expressing (sense), mock transfected (endogenous) and serine mutant (cross linking
inactive mutant) fibroblasts. No PCR product was detected in antisense (TG2 null)
fibroblasts. Figure 14b indicates the calculated mRNA levels obtained from
duplicate QPCR experiments. TG2 expression is highest in TG2 over expressing and
serine mutant fibroblasts; approximately 10 fold native levels. TG2 level is reduced
10 fold in TG2 null fibroblasts. Figure 14c shows Western blot analysis of first
(sucrose/triton) and second (SDS) extracts from the four fibroblast cell lines. Both
extracts indicated TG2 was present in increased amounts in TG2 over-expressing
fibroblasts. Endogenous and mutant TG2 HCA fibroblasts express TG2 in lower
amounts and the TG2 pull fibroblasts do not express TG2 protein Figure 14d is taken
from Stephens et al., 2004. This shows TG2 activity seen in the four fibroblast cell
lines, determined by 3H putresine incorporation into N,N dimethycasein. TG2 over
expressing fibroblasts have eight times more activity than the endogenous control
(mock), while the TG2 null (antisense) line has no quantitative TG2 activity. The
TG2 mutant fibroblasts have comparable activity to the endogenous control however

protein expression is considerably higher.
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3.3 Re-Epithelialisation Model and Quantification of Migration Data.
Pilot experiments carried out by Sally Rosser-Davies (PhD Thesis, 2006) indicated
keratinocyte spheroids elicited altered migration when placed onto matrices derived

from each of the described fibroblast cell lines with altered TG2 activity.

In order to derive quantitative results based on the model from Sally Rosser-Davies
preliminary work, the co culture model was optimised with regard to method of
matrix preparation, spheroid visualisation and a method for quantification of
migration. Figure 15a illustrates the preparation of a migration experiment.
Confluent fibroblasts were cultured for a further ten days in the presence of
ascorbate-2-phosphate to stimulate matrix production. During this time conditioned
medium was collected on days 5, 8 and 10 and frozen. After this time the matrix was
either utilised immediately (containing live fibroblasts) or freeze-thawed and de-
cellularised with sodium deoxycholate to remove the cell associated proteins. A
keratinocyte spheroid was prepared by culturing keratinocytes in a hydrophobic
environment (in hydrophobic plates and in the presence of methylcellulose) for 16
hours, to form an aggregated cell “ball” that was transferred onto the matrix.
Keratinocytes were labelled to track their migration. The system was modified to
ascertain the effects of fibroblasts, TG2 and/or conditioned medium on the migration

of the keratinocyte cells over 30 hours.

Migration was initially monitored using a Carl Zeiss Axiocam camera attached to a
Carl Zeiss 200 Axiovert Microscope running Improvision Openlab 4.1.3 time lapse
software (Figure 15b top). Images were processed into greyscale images that could

be interpreted by SkyScan© software and a defined threshold applied to convert the
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image into binary images. The boundary of migratory keratinocyte (irregular shaped
surface) was defined using a rolling ball algorithm which defined an irregular object
the area of which corresponds to the total area covered by cells (figure 15b bottom)
Finally, the distance of migration was calculated from a circle of equal area where
the area of the spheroid at time of plating was subtracted to give a total migration

over the 30 hours (figure 15¢). Values were then converted into micrometres.
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Figure 15: Schematic representation of the co culture model and illustration of method applied
for quantification analysis. (A) A schematic diagram showing the preparation of the migration
model. A confluent fibroblast layer was incubated in the presence of ascorbate-2-phosphate for
ten days and a fluorescently labelled keratinocyte spheroid was placed on top of the matrix and
photographed every hour (B top panel) over 30 hours. (B) Shows the SkyScan© computer
generated binary images of the spheroids pattern of migration (bottom panel B). (C) Shows the
calculated radius calculated by subtracting the original spheroid area from the total area
covered by migrating Kkeratinocytes Ar reflects the average distance migrated by the
keratinocytes
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3.3a Comparison of CalceinAM and PKH26 Fluorescent Dye for Intensity and
Longevity in Keratinocyte Spheroids (Optimisation of Re-Epithelialisation
Model).

Data from Sally Rosser-Davies (PhD Thesis, 2006) had utilised Calcein AM green as
a fluorescent dye to track keratinocytes, however labelling was often heterogenous
and was very sensitive to photobleaching. PKH26 was an alternative more recently
developed fluorescence tracker dye tested to explore whether more consistent and
persistent cell labelling could be obtained. Figure 16a, b and ¢ show keratinocyte
migration from spheroids after labelling with Calcein AM green on matrix derived
from fibroblasts expressing TG2, after matrix decellularisation (removal of
fibroblasts). As migration is tracked over the 48 hours there was a reduction in
intensity of labelling and a diffusion of signal caused by photo bleaching. Moreover,
this effect was further increased when more photographs were taken over the same
time period. In comparison, photographs d, e and f show migrating keratinocytes
labelled with PKH26 cell linker dye over the same time period on matrix without
live cells. These photographs indicate that there was no loss of signal over the 48
hours or diffusion of dye across the spheroid. Figure 16 indicates PKH26 to be a
more stable tracking agent for migrating keratinocytes. In support of this, PKH26
cell tracker dye had been shown to be an effective fluorescent label of live cells over
an extended period of time with no apparent toxic effects (Wallace et al., 1993).
PKH26 is incorporated into the cell membrane lipid bilayer using aliphatic reporter
molecules which do not leak or become transferred, making it a stable fluorescent

indicator of cell migration (Horan and Slezak., 1989).
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Figure 16: Comparison of CalceinAm Green and PKH26 dyes for keratinocyte tracking.

Images A, B and C display migrating keratinocytes over an endogenous (mock) TG2 matrix
fibroblast matrix at 2, 24 and 48 hours labelled with Calcein AM green. These images are
reproduced with permission of Dr Sally Rosser-Davies. Images D, E, and F show keratinocyte
cells also migrating over an endogenous (mock) TG2 matrix mock (normal TG2) matrix
labelled with PKH26 dye at 0, 24 and 48 hours. Both matrices have been treated to remove
fibroblast cells by freeze thaw and deoxycholate treatment.
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3.4 The Role of Mesenchymally Expressed TG2 in Cellular Cross Talk Leading
to Migration Over Decellularised Matrix.

In order to investigate the effects of changes in ECM assembly caused by altered
TG2 expression in fibroblasts on keratinocyte migration, an experiment was set up
where fibroblast ECM from native cells was compared to that from cells
overexpressing or deficient in TG2 with regards to modulation of epithelial
migration. For clarity, matrix derived from sense, mock transfected and TG2
deficient fibroblasts will be referred to as overexpressed (S matrix), endogenous (Mk
matrix) and TG2 null (AS matrix) matrices throughout the document. Figure 17a
shows images from a representative spheroid for each of the three conditions.
Spheroids were allowed to migrate for 30 hours in normal FAD medium containing
10% FCS, 10pg/ml EGF, and 5ng/ml insulin. Migration on over expressed matrix
and endogenous matrix was increased 3 fold and 4 fold respectively when compared
to TG2 null matrix (Figurel7). In actual distance, migration over endogenous TG2
matrix was 300um, 220um for over expressed matrix compared with 75um for TG2
null matrix. However, the keratinocytes did not respond to the increased level of
TG2 present in the over expressed fibroblasts, in fact keratinocytes showed reduced
migration compared to endogenous TG2 matrix. This result was consistently seen
indicating keratinocytes were either unable to utilise the increased TG2 e.g.,
endogenous TG2 was sufficient to facilitate matrix assembly or that TG2 increases
migration up to a certain level, after which its’ increased activity is ineffective at
stimulating keratinocyte migration e.g., high levels of matrix crosslinking may
impede keratinocyte migration. Furthermore, TG2 may act either directly or

indirectly on keratinocytes.
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Figure 17: Migration of keratinocyte spheroids on Over expressed, endogenous and TG2 null
matrix.(A) Panel of fluorescent images taken using epifluorescence showing keratinocyte
spheroid migration over matrix not containing live cells from TG2 null (antisense),
overexpressed (sense) and endogenous (mock) fibroblasts. A single representative experiment is
shown where the data is presented as the mean +/- SEM (standard error) of six spheroids.
Keratinocyte spheroids labelled with PKH26 dye were added to the matrix in FAD medium and
the migration photographed over 30 hours by time lapse microscopy. Images taken at 0, 5, 11,
17 and 23 hours are shown. (B) Corresponding graph showing average migration over the three
different matrices (n = 6). Repeated measures ANOVA statistical analysis was carried out with
a 95% confidence interval. Statistical significance denoted as follows; <***P, 0.0005, <**P,
0.005 compared with control for each point.
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3.4a Keratinocyte Migration on Extracellular Matrix Containing Live
Fibroblasts

In order to test whether the presence of live fibroblasts within the matrix would
affect migration of keratinocytes from spheroids the experiment shown in figure 18
was designed. Part a shows images taken of individual spheroids placed on matrices
from over expressed, endogenous and TG2 null fibroblasts. These matrices were
taken straight from their 10 days of matrix production to experiment. Photographs
from the three types of matrices are shown for five time points over 23 hours (Figure
18a). Migration patterns in the presence of live fibroblasts are similar for all matrices
investigated, although migration seems to be most reduced on overexpressed matrix;
however differences between the three conditions are not statistically significant
(Figure 18a and b). This experiment shows that migration over the three matrices in
the presence of live fibroblasts is similar despite the altered expression of TG2.
These results suggest that when live fibroblasts are present cellular cross talk
between the fibroblasts and keratinocytes occurs that reduces migration irrespective
of TG2 concentration. Therefore it can be hypothesised that a biological signal
originating from the fibroblasts in the matrix may be negatively fedback by the
keratinocytes thereby reducing migration. Alternatively, the fibroblasts present in the
matrix are in some way able to reduce the availability of migration stimulating

factors to the keratinocytes.
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Figure 18: Migration of keratinocyte spheroids over matrix containing live fibroblasts.

(A) Panel of flouresecent images taken using epifluorescence showing keratinocyte spheroid
migration over matrix from TG2 null (antisense), over expressed (sense) and endogenous
(mock) fibroblasts where the fibroblasts have not been removed by freeze thaw and detergent
treatment, therefore still contain live cells. A single representative experiment is shown where
the data is presented as the mean +/- SEM of six spheroids. Keratinocyte spheroids labelled with
PKH26 dye were added to the matrix in FAD medium and the migration photographed over 30
hours by time lapse microscopy. (B) Corresponding graph showing average migration over the
three matrices (n = 6). Repeated measures ANOVA statistical analysis was carried out with a
95% confidence interval.
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3.4b A Comparison of ECM With and Without TG2 in the Presence and
Absence of Live Fibroblasts.

In order to directly compare the effects of live fibroblasts as well as TG2 expression
on keratinocyte migration, a composite graph of the previous experiments is shown
(Figure 19). When TG2 null matrix is used regardless of the presence or absence of
live fibroblasts a similar migration pattern is seen. When TG2 over expressed matrix
containing live fibroblasts is used migration is dramatically reduced compared to in
the absence of fibroblasts. Since migration in the absence of live fibroblasts is
similar on the two different matrices this suggests that TG2 can promote migration
either directly or indirectly. Comparison of TG2 null matrix between the presence
and absence of fibroblasts shows no difference, indicating that in the absence of
TG2, migration may not be under mesenchymal control i.e the cells migrate at a
basic rate suppoted by a collagen I containing ECM. Increased motility on
overexpressed TG2 matrix is likely acheived through synergistic growth factor
mediated signalling. Migration in the presence of TG2 can be affected by the
presence of live fibroblasts suggesting mesenchymal signalling or cross talk is
mediated by TG2. When the fibroblasts have been removed from the matrix
migratory control appears to be no longer mesenchymal and migration is presumably
limited only by the availability of growth promoting factors such as growth factors
sequestered within the matrix, integrin binding sites in the matrix itself, or an

alternative signalling mechanism.

151



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing

skek
250
Antisense ECM
200 Sense ECM
AntisenseECM + Fibroblasts
150 Sense ECM + Fibroblasts
q
100
0 1 5 10 15 20 30

Time ()
Figure 19: Migration of keratinocytes on TG2 overexpressed and TG2 null matrix (sense and
Antisense matrix) in the presence and absence of live fibroblasts.

A graph showing a comparison of averaged migration from both previous experiments.
Migration over TG2 null matrix in the presence and absence of fibroblasts is compared with
migration on TG2 overexpressed matrix in the presence and absence of fibroblasts. ). Repeated
measures ANOVA statistical analysis was carried out with a 95% confidence interval.
Statistical significance denoted as follows; <***P, 0.0005, <**P, 0.005 compared with control for
each point
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3.4c The Effect of Conditioned Media from Fibroblasts with Modified TG2
Expression in Migration

Results have indicated that both TG2 and the presence of fibroblasts within the
matrix can influence migration. An additional hypothesis was considered where
conditioned medium collected from the matrices on days 8 and 10 of matrix
production could influence migration potentially by containing a growth factor or
migration enhancing molecule. Previous results had indicated that the introduction of
conditioned medium from TG2 overexpressing fibroblasts increases migration over a
decellularised fibroblast derived matrix (Sally Rosser-Davies, PhD Thesis, 2006).
Figure 20a shows devitalised matrices (fibroblasts removed) taken from TG2 null,
endogenous and overexpressing fibroblasts with spheroids added in the respective
conditioned medium. Photographs shown indicate migration over the three matrices
at five time points during the 30 hours. Migration was the most extensive on TG2
overexpressed matrix, similar results were obtained for both endogenous matrix/
conditioned medium and TG2 null matrix/ conditioned medium. This suggests that a
stimulatory factor may be present in TG2 overexpressed conditioned medium that
supports increased migration when compared with endogenous and TG2 null
conditioned medium on their respective matrices. Migration in the presence of TG2
null conditioned medium is increased relative to the previous experiment on matrix
only shown in figure 18 suggesting that conditioned medium of any type may
promote epithelial migration to an extent. The increased motility on overexpressed
and endogenous matrix is therefore a consequence of an increase in a promigratory
signal either due to enhanced matrix association or gene expression and not an

antimigratory signal synthesised by TG2 null cells.
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Figure 20: Migration of keratinocyte spheroids over matrix in the presence of relevant
conditioned medium.

(A) Panel of fluorescent images taken using epifluorescence showing keratinocyte spheroid
migration over matrix from TG2 overexpressed (sense), endogenous (mock) and TG2 null
(antisense) matrix in the presence of conditioned medium. A single representative experiment is
shown where the data is presented as the mean +/- SEM of six spheroids. Keratinocyte
spheroids were added to the matrix in a 1: 1 dilution of FAD fresh medium and conditioned
medium of the matching type from days 8 and ten of matrix production and the migration
photographed over 30 hours by time lapse microscopy. (B) Corresponding graph showing
average migration over the three matrices (n = 6). Repeated measures ANOVA statistical
analysis was carried out with a 95% confidence interval. Statistical significance denoted as
follows; <*P, 0.05; <** P, 0.005; <***P, 0.0005, compared with control for each point
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3.5 The Role of the Mechanical Environment in TG2 Signalling.

Cell traction is influenced by the resistance of the substratum to the forces generated;
hence physical strength of the ECM may influence motility. In order to determine
whether the effects seen on keratinocyte migration are the result of mechanical
properties of the matrix the following experiment was conducted by Dr Pascale

Grenard and Dr Sally Rosser-Davies in house.

Panel A indicates the contraction of collagen lattices seeded with the 3 fibroblast cell
lines tracked over seven days. TG2 contributes significantly to the establishment of
tension within these matrices as contraction is evident when lattices are populated
with TG2 overexpressing fibroblasts whereas lattices with either TG2 null or
endogenous fibroblasts present fail to contract (Figure 20 panel A). This suggests
that cross linking is responsible for contraction and that mechanical properties of the
ECM are greatly different in the presence and absence of cross linking. Panel (B)
indicates comparable epithelial migration on matrix overexpressing wildtype TG2
and cross linking deficient TG2. This suggests enhanced migration is not dependent
on changing forces within the matrix and may instead be due to cell-cell cross talk. If
mesenchymal control was only limited to matrix cross linking a similar pattern of
epithelial migration would be expected in the case of both mutant TG2 expressing
and TG2 null fibroblasts which is not the case. Therefore this indicates mesenchymal
control may be influenced by the availability of soluble factors or additional

signalling events.
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Figure 21: Comparison of collagen lattice contraction and keratinocyte migration over various
TG2 matrices. The top 3 pictures indicated 8(A) show collagen gels populated with Over
expressed(S), SerineMutant (SerM) and TG2 null (AS) fibroblasts the amount of contraction
seen over the course of 7 days, experiment conducted by Dr Pascale Grenard reproduced with
permission from Prof Daniel Aeschlimann. The bottom 3 pictures show calcein green labelled
epithelial cell migration on the respective fibroblast matrices after 48 hours (B) images from Dr
Sally Rosser-Davies, (unpublished).
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3.6 Conclusion
Migration of keratinocyte cells on matrices produced by fibroblasts over expressing,
endogenously expressing or not expressing TG2 has been examined in both the

presence and absence of live fibroblast cells (summarised in Figure 22).

When the matrix is devitalised by freeze thaw and sodium deoxycholate treatment no
further cellular cross talk can occur. Stimulatory factors from the matrix may
influence migration depending on whether they remain cross linked within the
matrix or the keratinocytes are able to release them, and whether they are active only
in a soluble form or can signal as a matrix associated form. Keratinocyte migration
on matrices produced by fibroblasts either expressing or over expressing TG2 is
increased compared to the same matrices containing live cells, suggesting that TG2
is important in promoting keratinocyte migration, which may depend on a factor
cross linked to the matrix by TG2 and released by the keratinocytes as they migrate
over the matrix. Keratinocyte migration is reduced on devitalised matrix where the
fibroblasts have been removed, where TG2 is not expressed indicating that TG2
expression is required to sequester growth factors in the matrix or to cross link
matrix constituents in such a way that integrin binding site availability might be
modulated, or that the enzyme itself acts as a signalling factor or alters gene
expression in fibroblasts and directly enhances synthesis of a promigratory signal.
However, if a factor normally sequestered into the ECM were active in a soluble
form when released from the matrix, it would be expected that TG2 null media
would contain more of this factor and so would be expected to support enhanced

motility, which is not the case. This suggests that this factor is only active when
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matrix associated, or that TG2 expression alters the properties of the matrix or

induced expression of the factor.

Keratinocyte migration across a matrix containing live fibroblasts expressing TG2 is
substantially reduced in comparison to matrix with cells removed. The same effect
was observed irrespective of the presence of conditioned medium or the level of TG2
expression, indicating that anti-migratory signals are originating from the fibroblasts.
This suggests that a pro-migratory factor is present within the matrix triggers
signalling in keratinocytes. In the presence of fibroblasts, further signalling occurs
that limits migration. Alternatively, mechanical stimuli originating from fibroblasts
and transduced through the matrix could alter adhesion and migration of
keratinocytes, which is mediated by integrins; (mechanical sensors of the cell
surface). In vitro studies have previously shown that TG2 affects keratinocyte
adhesion, where Taenaka et al., showed that TG2 can, in a dose dependent manner,
increase keratinocyte adhesion on a fibronectin substratum (Taenaka et al., 2003).
This effect was counteracted by the addition of arginine glycine aspartate (RGD)
peptides. The presence of TG2 could therefore modulate integrin-mediated
keratinocyte adhesion to fibroblast-derived matrix. A balance between adhesion and
de-adhesion is critical for cell migration, thus if adhesion is too strong, keratinocyte
migration would be inhibited. Thus, the marginally higher motility on endogenous
TG2 matrix as compared to overexpressed TG2 matrix may be a result of increased
adhesion to the matrix in this environment. However, overexpression of a cross
linking deficient mutant form of TG2 has shown that the signalling pathway

regulating enhanced motility is independent of the mechanical environment.
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When migration is compared in the presence of conditioned medium from each of
the three matrix types when no live fibroblasts are present the level of migration in
the presence of mock and antisense conditioned medium is similar, while sense
conditioned medium (TG2 over expressed) clearly stimulates migration. This would
suggest that the cells respond to stimulatory factors from the conditioned medium
such as a growth factor or other soluble factor. The synthesis of which may depend
on TG2 and this may be dose dependent. Production of active growth factors such as
TGFB has been shown to be regulated by TG2 and shown to influence cell
proliferation (Quan et al., 2005). Alternatively, TG2 may act indirectly through a
signalling pathway causing altered gene expression of factors that promote
migration. Further, TG2 has been shown to interact with beta chains of the integrin
family such as beta 1 and 3, the association of which promotes cellular interactions
with the extracellular matrix resulting in an increase in cell migration, proliferation
and cell survival (Verma and Mehta 2007). However, our lab has shown that TG2
cannot be detected in conditioned medium even when TG2 is overexpressed;
therefore TG2 is unlikely to be solely responsible for increased activity present in

conditioned medium.

From the experimental data shown in this chapter there are clear further aims to
investigate. Initially, it is of interest to determine the nature of the factor driving
keratinocyte migration that is deposited in ﬁbroblést ECM in a TG2 dependent
manner. Furthermore, the mechanism by which the keratinocytes are able to mobilise
this migration factor must be investigated. Therefore it is necessary to investigate
specific factors which could influence migration such as metalloproteinases as well

as growth factors such as TGFP or EGF. It is also crucial to target the associated
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receptors that these molecules signal through in order to determine their involvement
in migration control. Finally then, it has been shown that TG2 influences factors
controlling keratinocyte migration over a fibroblast derived matrix, and subsequent

chapters will aim to delineate the signalling cascade involved.

keratinocyte
Spheroid

Migrating keratinocyte ceils

Live Fibroblastc ‘Il

TG2 Matrix

Migrating keratinocyte ceils

TG2 M atrix

Figure 22: A summary of results from this chapter.

The top half of the figure indicates that in the presence of live fibroblasts keratinocyte
migration is limited. It has been shown that keratinocyte responses in wound healing are under
the control of the fibroblasts. We expect that in our model system cross talk between fibroblasts
and keratinocytes similarly regulate outgrowth of cells from the spheroids. In the absence of live
fibroblasts, the epithelial cell can respond to signals from the ECM but no feedback regulation
is possible. A basal amount of migration is seen which occurs regardless of removal of
fibroblasts from the matrix or the presence of conditioned medium. In contrast ECM of normal
fibroblasts or fibroblasts expressing TG2 substantially enhances migration of keratinocytes
from the spheroids (lower panel). This suggests that TG2 is part of a signalling pathway that
mediates enhanced motility in keratinocyte cells.
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Chapter 4: Characterisation of Metalloproteinase

Activity involved in Re-Epithelialisation
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4.1 Introduction.

The previous chapter indicated that the co culture model of fibroblast matrix and
keratinocyte spheroids is potentially regulated both by the presence or absence of
fibroblasts and the amount of TG2 present within the matrix. Alternatively, TG2
cross-linking activity could modulate integrin binding site availability or indirectly
mediate growth factor signalling. The effect of TG2 can be interpreted in two ways;
either the sequestration of TG2 within the matrix allows the keratinocytes to directly
respond to TG2, or alternatively, matrix-bound TG2 has cross linked a factor within
the matrix which stimulates keratinocyte migration. Either effect of TG2 is a viable
hypothesis to test if a factor is mobilised from the ECM by keratinocytes then it is
likely that this will require a proteolysis step in order to release a soluble factor and
allow binding to its growth receptor. Initially, a candidate molecule or effecter must
be identified. The metalloproteinase family, specifically the matrix
metalloproteinases, may be involved in proteolytic activity on the cell surface and
within the extracellular matrix which leads to cell migration. Matrix
metalloproteinase activity can induce changes in proteins which either activate or
deactivate a protein or dramatically change its functional properties (Blobel, 2000;
Clark et al., 2008). An example is the processing of laminin 5 by either matrix
metalloproteinase 2 (MMP2) or membrane type matrix metalloproteinase 1 (MT1-
MMP) where cleavage by either MMP results in the exposure of an integrin-binding
site that supports cell migration (Koshikawa et al., 2000). Metalloproteinases
therefore are candidates for inducing migration in the co culture model. GM6001 is a
broad spectrum matrix metalloproteinase inhibitor that has been previously shown to

impact on epithelialisation, granulation tissue development and wound contraction
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during cutaneous wound repair (Mirastschijski et al., 2004). Investigation of
metalloproteinase activity in the co culture model was initiated with GM6001 and
TAPI1, an inhibitor of ADAM17 (TACE) as well as metalloproteinases in general.
ADAM 17 is a member of the ADAMS (a disintegrin and Metalloproteinase) family,
a sub-family of metalloproteinases (Hinkle et al., 2004). ADAMs are membrane
anchored metalloproteinases which process and shed the ectodomains of membrane
anchored growth factors, cytokines and receptors (Blobel, 2005). This processing
activity of cell surface molecules makes ADAMs potential candidates for
involvement in keratinocyte migration. For example ADAM 10, (Kuzbanian) has
been identified as the main sheddase of the EGFR ligands EGF and betacellulin in
mouse embryonic fibroblasts leading to activation of the epidermal growth factor
receptor (EGFR) (Sahin et al., 2004). The role of EGFR in promoting keratinocyte
migration is well documented in the literature (Blobel, 2005, Xu et al., 2007). The
literature has indicated a substantial role for a number of growth factors in cell
migration. This chapter investigates the involvement of the three growth factor
receptors (EGFR, IGFR, and PDGFR) specifically implicated in regulation of

keratinocyte migration over fibroblast-derived matrix.

4.1.1 Aims of experiments.

Our previous work has indicated that TG2 is part of a pathway that promotes
keratinocyte motility. The migration model already introduced in chapter 3 will be
used to test the effect of various inhibitors of metalloproteinases, ADAMS and
growth factor receptors to determine whether they play a role in keratinocyte
migration in the presence and absence of TG2. Initial experiments will start with
broad acting inhibitors followed by more specific inhibitors to identify in a
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systematic way specific components that are part of the pathway requiring TG2, with
the aim of identifying pathways important in keratinocyte migration during wound
healing. The specific role of TG2 will also be investigated within these experiments
to determine whether the pathway is dependent on TG2 activity or protein, and
whether altering TG2 levels in the matrix can influence keratinocyte migration or

whether the cellular context of matrix assembly is required for this function of TG2.
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4.2 A Comparison of Media for Migration Experiments.

A set of inhibitors was selected to inhibit metalloproteinase activity, growth factor
receptor activity and growth factor receptor ligand activity. Some of these inhibitors
when prepared for experiments were found to be affected by various components of
the keratinocyte culture media (FAD medium) which contains additives (detailed in
materials and methods) such as EGF, as well as serum e.g. containing protease
inhibitors such as a2-macroglobulin and various growth factor which may render
inhibitors ineffective, secondly where appropriate 1% serum FAD medium was used
where insulin, or EGF or both were removed was used. Nevertheless, there were
occasions where this minimal FAD media was unsuitable; therefore an alternative
media was sought which could be used. Defined serum free medium (DSFM)
distributed by Invitrogen was determined to be a suitable alternative, which has been
developed to support keratinocyte growth in the absence of serum. Note however
that the growth supplement in this formulation contains high concentrations of

various growth factors (details in materials and methods).

An experiment was conducted to test whether the previously observed differences in
keratinocyte migration in response to altered TG2 expression could be reproduced
when using different culture conditions. Figure 23 shows keratinocyte migration in
the presence of either FAD medium or DSFM over TG2 endogenous and TG2 null
matrix. Figure 23a shows that migration is comparable over this time period (thirty
hours) with either media, both in the presence or absence of TG2, indicating that
DFSM media is a suitable substitute. This result also confirms previous findings that
showed substantially reduced migration in the absence of TG2 (Chapter 3, Figure
18). Figure 23b further illustrates that total migration (after thirty hours) of

keratinocytes from spheroids over TG2 null and endogenous matrix is independent
166



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound healing.

of the type of media used since total migration is similar for both FAD and DSFM
media. For all experiments conducted in media other than standard FAD medium
this will be highlighted in the description of the results. To minimise variability, a

single batch of serum was selected, tested and then used throughout all experiments

in this thesis.
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Figure 23: TG2 stimulation of keratinocyte migration occurs in FAD and Defined
serum free medium.

Comparison of migration of keratinocytes from spheroids on TG2 endogenous and TG2 null
matrix in FAD and defined serum free medium. (A) Migration of Kkeratinocytes over TG2
endogenous matrix in FAD and defined serum free medium is shown in blue, migration over
TG2 null matrix in FAD and defined serum free medium is shown in red. A single
representative experiment is shown (3 repeats conducted with similar results) and data
presented as the mean +/- SEM of six spheroids (n=6). (B): A comparison of total migration
over the four conditions at thirty hours. Statistical significance denoted as follows; <*** P,
0.005; comparing FAD with defined serum free medium on TG2 endogenous and TG2 null
matrix analysed by repeated measures ANOVA.
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4.3 Investigating the Involvement of Metalloproteinases in Migration.

All experiments were conducted using decellularised matrix since the presence of
fibroblasts inhibited migration (Chapter 3, Figure 19). In order to study the
requirement for metalloproteinase activity within our co-culture model
metalloproteinase inhibitors have been utilised. GM6001 and TAPI1 are broad
spectrum inhibitors that have both been found to be effective in influencing
metalloproteinase family activity in many cell types. However, TAPI1 shows some
preference towards inhibition of ADAMs, and ADAMI17 in particular (Daniela et al.,
2003). Initially concentrations for the inhibitors were influenced by our experience
with other cell systems and a dose response was later conducted and is given in
chapter 5. The dosages selected were 50uM for GM6001 and 10uM for TAPII.
Figure 24 and Figure 25 shows keratinocyte migration in the presence of these
inhibitors over endogenous (Figure 24 a, b and c¢) and TG2 null matrix (Figure 25).
These experiments were performed in DSFM as the presence of serum interferes
with cell derived metalloproteinase activity. Both GM6001 and TAPI1 reduced
keratinocyte migration over endogenous TG2 matrix compared to vehicle control,
DMSO. In addition, DMSO stimulated migration, compared to medium alone
(Figure 24). DMSO is known to stimulate migration and proliferation in
keratinocytes. Figure 24c further illustrates that total migration is reduced from
270um (vehicle control, DMSO) to 150um (GM6001 and TAPI1). These data
indicate that metalloproteinase activity is involved in keratinocyte migration in the
presence of TG2 (endogenous matrix). In Figure 25 keratinocyte migration over TG2
null matrix in the presence of metalloproteinase inhibitors was compared. Both
migration plots shown in Figure 25a and c clearly show that there is no difference

between keratinocyte migration across DMSO, GM6001 (50pm) or TAPI1 (10pM)
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treatments, which is further illustrated by the images seen in Figure 25b. The
migration seen across control and inhibitor treated spheroids was also found to not
be statistically different (Figure 25 a and c). Furthermore, keratinocyte migration
over TG2 null matrix in the presence of DMSO is comparable to that on endogenous
matrix in the presence of GM6001 or TAPI1 suggesting that this corresponds to
unstimulated migration based on integrin-ECM interaction. This shows that
keratinocyte migration over TG2 null matrix is unaffected by either GM6001 or
TAPI1, indicating that metalloproteinases are not involved in TG2 independent

migration.
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Figure 24: A comparison of migration of keratinocyte cells in the presence of general matrix
metalloproteinase inhibitors over TG2 endogenous matrix

Keratinocyte migration seen over decellularised endogenous TG2 matrix in the presence of
defined serum, free medium. Migration was recorded in the presence of GM6001 (50pM),
TAPI1 (10pM), DMSO (vehicle control for inhibitors) or cells were untreated (Medium).
Migration was photographed using epifluorescence illumination and analysed every hour for 30
hours and the results plotted (A) A single representative experiment is shown (3 repeats
conducted with similar results) and data presented as the mean +/- SEM of six spheroids (n=6).
(B) Shows the corresponding micrographs 0 and 25 hours. The edge of migration of
keratinocyte cells from the spheroid is marked by the red circle. (C) Indicates migration from a
single time point (hour 25) to compare the total migration under each condition. Statistical
significance denoted as follows; ** <P, 0.005; ***<P, 0.0005, compared with DMSO control
analysed by repeated measures ANOVA.
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Figure 25 A comparison of migration of keratinocytes in the presence of general matrix

metalloproteinases inhibitors over TG2 null matrix.

Keratinocyte migration over decellularised TG2 null matrix in the presence of defined serum
free medium. Migration was recorded in the presence of DMSO vehicle control for inhibitors,
with GM6001 at 50pM and TAPI1 10pM in defined serum free medium. Migration was
photographed using epifluorescence illumination and analysed every hour for 30 hours and the
results plotted. (A) A single representative experiment is shown (3 repeats conducted with
similar results) and data presented as the mean +/- SEM of six spheroids (n=6). (B) Shows the
corresponding micrographs taken at 0 and 30 hours. The edge of migration of keratinocyte cells
from the spheroid is marked by the red circle. (C) Indicates migration from a single time point
(hour 30) to compare the total migration under each condition. No significant difference was
seen between these conditions when compared using repeated measures ANOVA.
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To further investigate the requirement for metalloproteinase activity for enhanced
motility in the presence of TG2, keratinocyte migration in the presence of GM6001
and TAPI1 on devitalised TG2 over expressed matrix was examined (Figure 26).
Migration was inhibited by both GM6001 and TAPI1 but only at the last time point
tested (thirty hours, Figure 26) and in the case of TAPIl only after increasing the
concentration to 50uM. The reduced efficiency of inhibition/ increased inhibitor
concentration required may relate to the substantially increased concentration of
TG2. This may indicate dose dependence of TG2 mediated signalling although the
variability in the data was too great to firmly establish that (and given the complexity
of the system). These results suggest that a metalloproteinase is involved in TG2
dependent enhanced keratinocyte motility. Since TAPI1, while being a broad
spectrum inhibitor, shows specificity towards inhibition of the ADAMSs subfamily of
metalloproteinases at low concentrations and seemed as effective as GM6001 at

inhibiting migration. It is likely that a member of the ADAMs family is involved.
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Figure 26 A comparison of migration of keratinocytes in the presence of general matrix
metalloproteinase inhibitors over TG2 over-expressed matrix.

Keratinocyte migration over decellularised over expressed TG2 matrix in the presence of
GM6001 50pM and TAPI1 S50pM and DMSO vehicle control for inhibitors. Migration was
photographed using epifluorescence illumination and analysed as previously described, every
hour for 30 hours. A single representative experiment is shown (3 repeats conducted with
similar results) and data presented as the mean +/- SEM of six spheroids (n=6) (A). (B) Shows
the corresponding micrographs taken at 0 and 30 hours indicating the motility of the
keratinocytes from the edge of the spheroid indicated by the red circle. (C) Indicates migration
from a single time point (hour 30) to compare the maximum migration under each condition.
Statistical significance denoted as follows; 0.0005, <**P, 0.005 compared with DMSO
control analysed by repeated measures ANOVA.
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4.4 Investigating ADAMs 17 and 10 Involvement in Keratinocyte Migration.

Although both GM6001 and TAPI1 were both found to be effective inhibitors of
keratinocyte migration over endogenous TG2 and over-expressed TG2 matrix, the
TAPII1 result indicated a role for ADAMs, in particular ADAMI17, in keratinocyte
migration. A literature search indicated that keratinocytes express ADAMS 9, 10 and
17, all of which have been implicated in keratinocyte motility and are true
metalloproteinases with catalytic activity (Toriseva and Kéhiri, 2008). Based on
their prominent role in regulating B catenin and EGFR signaling, we decided to
initially focus our investigation on ADAMI0 and 17. To confirm expression of
ADAMs 10 and 17 in our keratinocytes, Western blotting was carried out (Figure
27). These antibodies have previously been used by Ali and Knauper, (2007) to
identify both ADAMI10 and 17 in other cell types. However multiple non specific
interactions have been found with both antibodies. Ali and Knauper (2007) identified
the bands corresponding to ADAMI10 and 17 by siRNA transfection and the
subsequent removal of the ADAMI10/17 band when compared with non transfected
cells. This identified bands migrating at approximately 97 kDa and 134kDa for
ADAM 10 and 17 respectively. Some non specific binding was also seen. This non
specific binding has previously been identified with these antibodies in lymph node-
derived prostate cancer cells (LNCaPs) and a human embryonic kidney (HEK293)
cell line over expressing TMEFF2. Presence of the correct bands for both ADAM17
and 10 were visualised by Ali and Knauper 2007 using siRNA to both ADAM17 and
10 which showed removal of the marked bands. However the presence of the same
band in these keratinocyte samples indicated that the keratinocytes express both

ADAMI10 and 17.
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Figure 27: ADAMS10 and 17 protein expression in N-tert keratinocytes in FAD medium.

4.5 x 105 keratinocytes were seeded in each well of a 6 well plate and cultured for 24 hours to
achieve confluence. At this time cells were washed once with PBS and lysed. Protein content was
determined by BCA Assay and lysates analysed by Western blotting (10 pg protein per lane) on
a 2-20% reduced SDS-PAGE gel. Membranes were probed using an anti-human ADAM 10
antibody (Bioscience) and anti-human ADAM17 (Bioscience) antibody both detected with a
HRP-conjugated anti-rabbit secondary antibody. Both ADAM 17 and ADAM 10 are marked on
the blot (arrows) as well as * indicating non specific binding of the antibodies.
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Proprietary inhibitors were obtained from GSK against ADAM 10 andADAM10/17
(GI254023X and GW280264X). Experiments were set up with the three types of
decellularised TG2 matrices, and keratinocyte migration analysed as previously
described. Figure 28 shows migration of keratinocytes over endogenous matrix in
the presence of ADAMI0 and ADAMI10/17 inhibitors. Both ADAMI10 and
ADAM10/17 inhibitors reduce keratinocyte migration substantially in comparison to
DMSO control in the presence of endogenous TG2 (Figure 28). Total migration after
thirty hours was reduced from 225 pm (DMSO control) to 110um by the ADAMI10
inhibitor and 80pm by the ADAMI10/17 inhibitor (Figure 28). This suggests that
either ADAMI10 or both ADAMI10 and 17 are part of the pathway through which
TG2 enhances motility of keratinocytes. Migration of keratinocytes on over
expressed decellularised TG2 matrix is reduced to a similar extent by the inhibitors
to both ADAM 10 and 17 (Figure 29). Migration was reduced from 190pm (DMSO
control) to 100um and 80um in the presence of the ADAMIO inhibitor and
ADAM10/17 inhibitor, respectively (Figure 29). Figure 30 shows the results from an
investigation of ADAM17 and 10 involvement in migration over TG2 null matrix.
Neither inhibitor has any effect on migration in the absence of TG2. These results
suggest that migration in the absence of TG2 is independent of ADAM activity. This
is also consistent with the observation that migration in the presence of ADAMS
inhibitors on over expressed and endogenous TG2 matrix is comparable to that on
TG2 null matrix in the presence of DMSO. These results suggest that TG2 mediated

enhanced keratinocyte motility is dependent on both ADAM10 and 17 activity.
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Figure 28 Investigating ADAM 10 and ADAM 17 involvement in keratinocyte migration using
GSK inhibitors GI1254023X against ADAM10 and GW280264X against ADAM10/17.

Migration of keratinocytes over decellularised TG2 endogenous matrix in the presence of
defined serum free medium with DMSO a vehicle control for inhibitors, ADAMI10 inhibitor
GI1254023X at 10pM or ADAM 10/17 inhibitor GW28064X 10pM. 6 spheroids were analysed per
condition per experiment A single representative experiment is shown (3 repeats conducted
with similar results) and data presented as the mean +/- SEM of six spheroids (n=6) as
previously described (A). (B) Shows the corresponding micrographs at 0 and 30 hours. The edge
of migration from the spheroid is defined by the red circle. (C) Migration from a single time
point (hour 30) is shown to compare the maximum migration under each condition. Statistical
significance denoted as follows; <** P, 0.005; <***P, 0.0005, compared with DMSO control
analysed by repeated measures ANOVA.
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Figure 29 Investigating ADAM10 and ADAMI17 involvement in keratinocyte migration using
GSK inhibitors GI254023X against ADAM10 and GW280264X against ADAM10/17 on TG2

over expressed matrix.

Migration of keratinocytes over decellularised TG2 over-expressed matrix in the presence of
defined serum free medium with DMSO (v/v) as a vehicle control for inhibitors, ADAM10
inhibitor GI254023X at 10pM or ADAM10/17 inhibitor GW28064X 10pM. 6 spheroids were
analysed per condition per experiment. A single representative experiment is shown (3 repeats
conducted with similar results) and data presented as the mean +/- SEM of six spheroids as
previously described (n=6) (A). (B) Shows the corresponding micrographs of DMSO, ADAM 10
and ADAM 17 inhibition of migration at 0 and thirty hours. The edge of migration is indicated
by the red circle. (C) Migration from a single time point (hour 30) to compare the maximum
migration under each condition is shown. Statistical significance denoted as follows; <** P,
0.005; <***P, 0.0005, compared with DMSO control calculated by repeated measures ANOVA.
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Figure 30 Investigating ADAM10 and ADAM17 involvement in keratinocyte migration using
GSK inhibitors GI1254023X against ADAM10 and GW280264X against ADAM10/17 over TG2
null matrix.

Migration of keratinocytes over a decellularised TG2 null matrix in the presence of defined
serum free medium with either DMSO (v/v) as a vehicle control for inhibitors, ADAMI10
inhibitor GI254023X at 10pM or ADAM 10/17 inhibitor GW28064X 10pM. 6 spheroids were
analysed per condition per experiment. A single representative experiment is shown (3 repeats
conducted with similar results) and data presented as the mean +/- SEM of six spheroids (n=6)
as previously described (A). (B) Shows corresponding micrographs of migration from a single
time point (hour 30) to compare the maximum migration under each condition. No statistical
significance was seen between conditions and control in these experiments when tested by
repeated measures ANOVA.
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4.5 Investigating Growth Factor Signalling Pathways Potentially Involved in

triggering Enhanced Keratinocyte Motility.

Results so far in this chapter have implicated the activity of metalloproteinase family
members specifically ADAMS in keratinocyte migration. ADAMs are responsible
for the cleaving of substrates or ligands which bind or interact with growth factor
receptors. Therefore ADAM activity could be responsible for the release of growth
factors from the ECM or keratinocyte cell surface and thereby stimulate
transactivation of signalling pathways. In order to study potential pathways involved
we selected a number of receptor tyrosine kinase inhibitors and tested their effects in
our system. As ADAMI17 and ADAMI10 are able to cleave EGF ligands such as
EGF, HB-EGF, TGFa, amphiregullin, and neuregullin amongst others (Sahin et al.,
2004) we suspected that the EGFR signalling pathway maybe involved. Literature
also reiterates the involvement of EGFR signalling in keratinocyte motility and
proliferation (Li et al., 2004, Koivisto et al., 2006). In addition IGFR and PDGFR
were also investigated as potential signalling receptors for keratinocyte migration.
As DSFM has been shown to contain high levels of growth factors including EGF,
this medium was substituted for FAD medium with reduced serum (1%) and no EGF
for the following experiments. Figure 31 compares keratinocyte migration in the
presence of inhibitors to the three growth factor receptors (EGFR, IGFR and
PDGFR) on both endogenous and TG2 null matrix. These results indicate that
enhanced motility of keratinocytes under these culture conditions is dependent on
EGFR signalling, but not on IGFR or PDGFR signalling in a TG2 endogenous
background (Figure 31a and b). Keratinocyte migration was reduced from 180pm

(DMSO control) to 70um in the presence of EGFR (AG1478) inhibitor compared
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with 150pm and 170um with inhibitors for IGFR (AG1024) (150um) and PDGFR
(AG1295) (170pm, Figure 31b). These results would suggest that EGFR plays a
significant in TG2 dependent enhanced motility of keratinocyte cells. Figure 31 also
shows the corresponding experiment with a TG2 null matrix. Migration is

independent of EGFR, IGFR, and PDGFR signalling in this case.
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Figure 31. Migration experiment over decellularised endogenous and TG2 null matrix in the
presence of growth factor receptor inhibitors for PDGFR, IGFR and EGFR.

Keratinocyte migration was analysed over 30 hours in the presence of growth factor receptor
inhibitors. Spheroids were plated onto matrix and inhibitors added (I0pM) in FAD media
supplemented with 1% FCS and containing no EGF. A representative experiment is shown (1 of
3) and data presented as the mean +/- SEM of six spheroids (n=6) (A). (B) Shows migration
from a single time point (hour 30) to compare the maximum migration under each condition.
Statistical significance denoted as follows; <** P, 0.005; <***P, 0.0005, compared with DMSO
control. (C) shows the comparative migration of keratinocyte cells over TG2 null matrix in the
presence of the growth factor receptor inhibitors and analysed as described for part A. (D)
Migration from a single time point (hour 30) to compare the maximum migration under each
condition. No statistical difference between conditions with and without inhibitors was seen
analysed by repeated measures ANOVA.

183



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound healing.

4.5.1 Investigating the Effects of EGF on Keratinocyte Migration.

Since EGFR is a candidate growth factor receptor involved in TG2 dependent
migration, the EGFR ligands which may be shed by ADAMI17 and/or ADAM 10
were investigated. Much literature is available indicating the role of EGF ligands in
cell proliferation, motility and migration (Barradon and Green., 1987; Joslin et al.,
2007). FAD medium was supplemented with 1% serum to contain minimal EGF. In
order to study the effects of EGF on migration, and further confirm the results with
the EGFR tyrosine kinase inhibitors an experiment was set up where migration was
tracked over TG2 null matrix where 2, 10, 50 ng/ml or no EGF was added in to the
medium (Figure 32a). This experiment indicated that 2 ng/ml EGF did not stimulate
migration compared to control since total migration over 30 hours under both
conditions was 140um (Figure 32 b and c). However, total migration was increased
to 200um for 10ng/ml EGF and 180um for 50ng/ml EGF indicating that EGF
stimulates keratinocyte motility but that a dose above 10ng/ml is not more effective
in stimulating migration (Figure 32 b and c). These results show that EGF can
stimulate keratinocyte migration independently of TG2. Most importantly, these
results show that TG2 null matrix can support enhanced keratinocyte motility if an
appropriate signal is present to induce growth factor receptor signalling (in addition

to integrin signalling).
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Figure 32: EGF induced enhanced motility on TG2 null matrix.

(A) Spheroids were plated onto TG2 null matrix in FAD medium without EGF containing 1%
FCS as described. 2,10 or 50ng/ml of EGF was added into the medium and migration analysed
over 30 hours. This was a single experiment where six spheroids per condition were analysed,
the data presented as the mean +/- SEM (n=6). (B) Shows the corresponding fluorescent images
of a single spheroid per condition photographed at zero and thirty hours. The edge of migration
is defined by the red circle. (C) Migration from a single time point (hour 30) to compare the
maximum migration under each condition is shown. Statistical significance denoted as follows;
<** P, 0.005; compared with growth medium control analysed by repeated measures ANOVA.
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4.5.2 Investigating the Effects of Neutralizing HB-EGF on Keratinocyte

Motility.

The previous experiment had indicated that EGF can stimulate keratinocyte motility.
However, this may not be the physiological ligand. HB-EGF is another EGFR ligand
released by ADAML17. To investigate the potential involvement of HB-EGF in our
model system a commercial inhibitor to HB-EGF - CRM197 was added to spheroids
plated on TG2 over expressed matrix in FAD media with 1 % serum and growth
supplements that did not include EGF (Figure 33). CRM197 is a diptheria toxin
mutant that has been shown to bind to HB-EGF with high affinity and sequester it
(Xu et al., 2004). CRM197 was added to the matrix overnight prior to plating
spheroids to potentially enhance the effectiveness of its inhibition. Migration was
reduced in a dose dependent manner over the 3 monitored time points (Figure 33a).
Figure 33b illustrates that total migration was inhibited in a dose dependent manner.
This result indicated that HB-EGF may be an EGF ligand released by an ADAMs

that causes enhanced migration of keratinocytes in the presence of TG2.

It should be noted that repeats conducted in both FAD containing 1% serum
medium and DSFM was unable to replicate the same result. It is possible that the
concentration of EGF present in the DSFM was able to stimulate migration when

HB-EGF was inhibited.
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Figure 33: Investigating the role of the EGFR ligand HB-EGF in enhancing keratinocyte
motility.

EGFR ligand HB-EGF was investigated in a pilot keratinocyte migration experiment on over-
expressed TG2 matrix. FAD containing 1% serum but no EGF was added with no,3, 10, 30 or
100png concentrations of theCRM197 Note the matrix was pre-incubated with the inhibitor prior
to plating for 16 hours. (A) Indicates the migration seen in a single experiment where five
spheroids were tested per condition and data given as mean +/-SEM. (B) Shows the maximum
migration (at forty hours) seen for the five conditions. Statistical significance denoted as
follows; <** P, 0.005, compared with FAD containing 1% serum control analysed by repeated
measures ANOVA.
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Figure 34: Investigating the role of the EGFR ligand HB-EGF in TG2 dependent and
independent keratinocyte migration.

The role of the EGFR ligand HB-EGF was investigated in 2 migration experiments in FAD
medium containing 1% serum but no EGF. CRM 197 was added at SOpg/ml to TG2 null and
TG2 endogenous matrix. Six spheroids were tested per condition and data presented as the
mean +/- SEM of six spheroids. No significant difference was found by repeated measures
ANOVA.
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Figure 34 shows migration of keratinocyte cells over endogenous and TG2 null
matrix in the presence of CRM197, the HB-EGF inhibitor. In contrast to TG2 over
expressed matrix, CRM197 did not cause a reduction in migration of keratinocytes
when compared with medium only control over endogenous TG2 matrix (Figure 34).
Similarly, CRM197 had little effect on TG2 null matrix as would be expected if
motility is not EGFR dependent (Figure 34). Collectively however, these results
seem to suggest that motility of keratinocytes in the presence of TG2 and CRM197
may be affected. However a further repeat of these experiments would be necessary

to reach a conclusion on the effects of inhibiting HB-EGF-.
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4.6 Conclusion.

The experiments reported in this chapter have led to several interesting observations
when examining keratinocyte migration over a fibroblast produced matrix both in the
presence and absence of TG2. Initial investigations indicated keratinocyte migration
is metalloproteinase dependent in the presence of TG2. Both a general
metalloproteinase inhibitor GM6001 and ADAM inhibitor TAPI1, which has a
preference for ADAMI17, were able to reduce the amount of migration seen in the
presence of TG2 but not in its absence, suggesting that migration in a TG2 null
background is independent of metalloproteinase activity. Further, TIMPI1, a
metalloproteinase inhibitor, was also able to reduce migration on TG overexpressed
matrix (data not shown), confirming an important role for metalloproteinase activity
in keratinocyte migration. Indeed, keratinocyte migration has been shown previously
to be MMP1 dependent (Pilcher, 1997). Collectively, these data implicate both

ADAM and MMP activity in TG2 mediated migration.

When TG2 is present it appears that the inhibition of ADAMs is most effective at
reducing migration, more so than the general inhibition of metalloproteinases by
GM6001. Therefore this led to considering whether a specific inhibition of
ADAMI17 would be affective on its own. When migration in the presence of
GM6001 and TAPII is compared with inhibition using the specific ADAMI10 and
ADAMI10/17 inhibitors over the same endogenous TG2 matrix interestingly, the
inhibitor of ADAM17 is more effective than the inhibitor of ADAMI10 although both
are able to reduce migration. For example migration on over-expressed TG2 matrix
in the presence of GM6001 and TAPI1 is reduced from 300um (DMSO) to 230pum

(GM6001, 50uM) and 210pum (TAPI1, 50uM); a reduction of 23 and 30%.
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Using the same over-expressed TG2 matrix in the presence of the ADAMI0
inhibitor GI254023X (10uM) and ADAMI10/17 inhibitor GW280264X (10uM)
migration is 190um (DMSO control) compared with 100um (ADAM10) and 80um
(ADAMI10/17); a decrease in migration of 47 and 58% respectively. These results
reflect the relative potency of the inhibitors for 1 or more proteases involved in the
pathway that triggers enhanced motility. It also suggests that an inhibition of the
ADAMs within this migration pathway causes down-stream events linked to
migration not to occur. ADAMSs are well known sheddases. It has already been
mentioned that ADAM17 and ADAMI10 are sheddases of EGFR ligands such as
EGF, HB-EGF, TGFa, amphiregullin and neuregullin. Our data has shown that
EGFR ligands (EGF and HB-EGF) might be involved in TG2 mediated migration.
Taken together this data therefore would suggest that the inhibition of this shedding
activity in the presence of TG2 affects the release of EGFR ligands and that TG2
mediated enhanced motility is mediated by EGFR transactivation and downstream

signalling.

EGFR signalling has been documented as being involved with keratinocyte
migration, nevertheless, two further growth factor receptors which could be involved
in cell migration were investigated. (Fang et al., 1999; Pilcher et al., 1999). IGFR
has been implicated in migration of murine keratinocytes (Wertheimer et al, 2000),
whereas PDGFR has been identified as being responsible for cell migration in
wound healing (Kim et al., 1998). Investigation using inhibitors to these growth
factor receptors indicated that EGFR was the more likely growth factor receptor

active in the keratinocytes of our co culture model. However, it is important to stress
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that this again appears to be a TG2 dependent reaction, as all inhibitors had little

effect on migration seen in a TG2 null background.

The next step was to try and identify the EGFR ligand binding to the EGFR to
stimulate migration. Efforts concentrated on HB-EGF and EGF as a literature search
had indicated these as the most likely candidates (Tokumaru et al., 2000; Shirakata et
al.,, 2005). An investigation of EGF as a stimulator of migration in the TG2 null
background demonstrated the presence of EGF directly induces enhanced motility
further supporting the notion that EGF is potentially part of the TG2 dependent
signalling pathway stimulating keratinocyte migration. The experiments showed the
optimal dose of EGF in this model was between 2 ng/ml and 10 ng/ml since there
was no effect at 2 ng/ml but 50 ng/ml was not able to further increase migration
compared to 10 ng/ml. This perhaps indicates a maximum rate of stimulation from

EGF, however further experiments would be required to confirm this.

Migration studies involving the HB-EGF inhibitor CRM197 initially indicated that
this inhibitor was able to demonstrate a dose dependent reduction in migration of
keratinocytes in the presence of TG2 (overexpressed). However, further experiments
were unable to replicate this effect. This discrepancy could indicate that CRM197
may not be a suitable inhibitor of HB-EGF activity in the migration model. The
keratinocytes are added to the matrix in a spheroid which is essentially a 3D ball of
keratinocytes. This arrangement could stop keratinocytes within the centre of the ball
of cells being exposed to the CRM197 inhibitor, and result in only the peripheral
cells being exposed to a high enough dose of the inhibitor to cause a reduction in
migration. Keratinocytes closer to the centre might simply not be exposed for long

enough or at a high enough concentration for inhibition to be effective. Alternatively,
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HB-EGF may not have been the candidate EGFR ligand involved in keratinocyte
migration. That some inhibition was observed however means that its involvement

cannot be ruled out.

It is interesting to see the dependency of migration on the EGFR signalling pathway
in the presence of TG2. In this model keratinocytes appear to utilise ADAM
proteolytic activity to release EGFR ligands to the EGF receptor to allow signalling
to take place to increase migration. When TG2 is not present migration is
independent of this pathway. Although time does not allow further investigation of
this, it would be an interesting next step to investigate what may drive migration in
the absence of TG2. It is likely that this relates to ECM mediated integrin activation.
However, MMP9 and 13 may be involved in stimulating migration of human
keratinocytes since they have been shown to stimulate migration of murine
keratinocytes in excision wounds (Hattori et al., 2009). In addition, the fact that
GM6001, a general metalloproteinase inhibitor, reduced migration in our model
could indicate the involvement of metalloproteinases other than those investigated in
this study in TG2 dependent enhanced motility. Particularly the role of MMP1
should be considered given the potent effect of TIMP-1 and its well established role

in human keratinocyte motility and epithelial growth in wound healing.

In conclusion, this chapter has shown that TG2 is part of a signalling cascade
involving a matrix metalloproteinase, EGFR and EGF ligands to stimulate enhanced
motility (summarised in Figure 35). However, migration occurs in a TG2 null
background and thus can occur completely independent of TG2; although the

migration seen in this situation is greatly reduced when compared with TG2
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stimulated migration. This basal migration is therefore under the control of a

different mechanism.

EGFR
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Figure 35:Summary Diagram of the Chapter.

The two results chapters so far have indicated that in the presence of TG2 ADAM 10 or 17 is
able to release an EGFR ligand, potentially EGF or HB-EGF which binds to the EGFR and
stimulates kerationcyte migration. The linking factor between TG2 and ADAM17 is not yet
known and will be the source of investigation in the next chapter.
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Chapter 5: TG2 mediates Transactivation of the EGFR
pathway in Keratinocytes

195



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

Contents.

5.1. Introduction.
5.2.Aims of Experiments.

5.3.An Investigation of the Effects of TG2 Conformation

on Keratinocyte Proliferation.
5.3.1."0Open Conformation’ TG2 and its Affects on Proliferation.

5.4.Metalloproteinase Inhibition and the Effect on Keratinocyte

Proliferation in the Presence and Absence of TG2.

5.4.1 ADAMI10 and 17 Activities and their Effect on Proliferation

in the Presence and Absence of TG2.
5.5.Growth Factor Receptor Inhibition and the Effect on Keratinocyte

Proliferation in the Presence and Absence of TG2.
5.6.EGFR Ligand Inhibition and the Effects on Keratinocyte

Proliferation in the Presence and Absence of TG2.

5.7.Conclusion.

Page
197

200

201

205

209

212

215

224

229

196



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

5.1 Introduction

TG2 has been implicated in stimulating keratinocyte cells during migration over a
fibroblast derived ECM as shown in chapter 3. TG2 is up regulated during wound
healing (Haroon et al., 1999) and has been shown to associate with the ECM
following injury (Upchurch et al., 1991; Rhagunath et al., 1996). Therefore an
investigation was undertaken to further examine whether the effects of fibroblast
ECM were mediated directly by TG2. The conformation of TG2 changes rapidly
after deposition into the ECM and this has recently been reported to be associated
with a complete loss of catalytic activity (Siegel et al., 2008). TG2 is well known as
a crosslinking enzyme of the ECM and catalyzes the transamidation of peptide-
bound glutamine residues to lysine residues, as well as its ability to function as a G
protein. The two functions use distinct catalytic sites, involve different
conformations and are controlled reciprocally by Ca*"'GTP availability and binding
(Folk and Chung, 1985, Nakaoka et al., 1994, Griffin et al., 2002, Lorand and
Graham., 2003). X ray crystallography studies by Pinkas et al., 2007 on TG2
covalently modified with an inhibitory peptide in its active site revealed a novel
conformation where the active site was exposed. Along with structure-based
mutagenesis, the new TG2 structure provided mechanistic insights into isopeptide
bond formation by TG2 between large substrate proteins and provided proof for the
long suspected shifting of the B-barrel domains during catalysis. (Pinkas et al.,
2007). An earlier study from Liu and co-workers revealed that when GTP is bound
to TG2, TG2 is in a highly compact conformation obstructing access to the active
site and making it catalytically inactive (Liu et al., 2002). Most TG2 under

physiological conditions will be in a Ca®*-bound active form initially as extracellular
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Ca’* concentration is high (about 2mM) but may be inactivated subsequently due to
oxidation (Stamnaes et al., 2010). Furthermore, under physiological conditions TG2
release in an active and potentially ‘open’ conformation may be promoted either by
chemical injury, the removal of GTP or integrin signalling or transiently induced in
response to innate immune signals such as those from toll like receptors (Pinkas et
al., 2007). However, additional experiments conducted independently of this study
found that TG2’s ability to promote adhesion, spreading, migration, or
differentiation in different cell types is independent of catalytic activity (Johnson and
Terkeltaub 2005. Zemskov et al., 2006). In addition, a further study has shown that
extracellular TG2 complexed with GTP can signal, at least in monocytes (Rose et al.,
2006). TG2 therefore does not need to be catalytically active in order to influence
keratinocyte responses. Figure 36 illustrates the 4 domain structure of TG2 and the
changes that can occur to TG2 by altering its conformation. When TG2 is bound to
GTP it is in a closed conformation which does not allow the active site (for
crosslinking) to be utilised. However, when the pentapeptide inhibitor Ac-
P(DON)LPF-NH,, was bound in the active site TG2 was found to be in an extended
conformation, requiring a 180° shift of the B-barrel domains. Ca2+-binding alone is
unlikely to bring this shift about, although no such structure of TG2 is available at
this time. Nevertheless, interactions with the peptide backbone of the inhibitor
stabilise the open conformation and it is therefore likely that substrate binding is

involved in this conformational change.
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Inhibitor

Figure 36. Overall Structures of GTP-Bound and Inhibitor-Bound TG2

Figure taken from Pinkas et al., 2007. The crystal structures are shown as ribbons, and cartoons
are included to show the four main domains. In Figure 1 part A and B the N-terminal p-
sandwich is shown in blue (N), the catalytic domain (Core) in green, and the C-terminal p-
barrels (pi and p2) in yellow and red, respectively. (A) GTP-bound TG2. (B) TG2 inhibited
with the active-site inhibitor Ac-P(DON)LPF-NH2, a synthesized peptide used in Pinkas et al
2007. (C) The N-terminal p-sandwich and catalytic domains of the two structures are
superimposed, highlighting the conformational change. The GTP-bound structure is shown in
blue and the inhibitor-bound structure in gold. When GTP is bound TG2 is in a closed
conformation where access to the active site is not possible. When an inhibitor is bound there is
further change in the conformation of TG2 however TG2 has gone into an open structure where
part of the active site is bound to the inhibitor causing changes in TG2’s transamidation
reactions.
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5.2 Aims of Experiments

To investigate whether TG2 could directly induce responses in keratinocytes, several
assays were designed to investigate the effects of TG2 in various forms. Proliferation
assays were conducted where TG2 was bound to GTP, GTP-yS, 115 inhibitor, Ca*
or in its native conformation without co-factor. These experiments would determine
whether a particular conformation or activity of TG2 was more effective at
stimulating proliferation over another type. In addition, the mechanism by which
TG2 promotes proliferation was investigated by the use of various inhibitors to
metalloproteinases and growth factor receptors/growth factors to identify whether

the same signalling pathway stimulated proliferation and motility.
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5.3 An Investigation of the Effects of TG2 Conformation on Keratinocyte
Proliferation.

Chapter 4 revealed that TG2 may exert its effect on keratinocyte motility by
inducing ADAM-mediated EGFR ligand shedding. However, it is not clear whether
TG2 itself induces this reaction or whether expression of TG2 in fibroblasts
indirectly affects keratinocyte signalling via altered gene expression or post
transcriptional protein modification (altered ECM). TG2 is not present in fibroblast
conditioned medium but is a component of the fibroblast ECM and could therefore
directly interact with cell surface proteins of migrating keratinocytes. As Figure 36
indicates, depending on the binding of GTP, an allosteric inhibitor, Ca** can induce a
large conformational change in TG2 which can influence the ability of TG2 to
interact with other proteins and that regulates its ability to cross link protein
substrates. Therefore, TG2 in a specific conformation may be required for an
interaction with a keratinocyte cell surface protein. As it was not feasible to
investigate this complex problem in our labour intensive migration model, we had to
devise an assay that allowed rapid evaluation of a large number of different
conditions. EGFR signalling is an important mitogenic signal in keratinocytes and if
this was the pathway regulated by TG2, then we expected TG2 to have a strong
effect on keratinocyte proliferation. When this is considered it is possible to
speculate that conformational shape and cellular location of TG2 may alter its ability
to influence proliferation. This chapter therefore investigates whether TG2 itself can
directly stimulate keratinocyte proliferation and whether this relates to a specific

TG2 conformation.
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Initially a proliferation assay was set up to determine the proliferation seen when
TG2 was added in various conformational states such as native TG2 (where it is free
to undergo conformational changes with activation in a physiological context), TG2
pre-activated with Ca**, TG2 bound by GTP, and TG2 bound with GTPyS (which is
resistant to hydrolysis). The results from a single representative experiment are
shown for each TG2 type (Fig. 36). 5000 keratinocyte cells were seeded per well of
duplicate 24 well plates and samples were incubated with 0.01, 0.1, 1.0, or 10pg/ml
of either TG2, TG2 Ca*", TG2-GTP or TG2-GTPyS. Cell numbers were determined
at 24 and 72 hours after stimulation using an MTT assay as described in materials
and methods (section 2.3.9). Results are shown as the relative proliferation compared
with a control relevant to the experiment (e.g. medium containing the carrier of
activator or inhibitor); this is the change in cell number of a test condition
normalised to the change in cell number of the control condition over the same time
period. Figure 37 shows that keratinocyte proliferation is substantially increased in
the presence of TG2 when compared with control (a value of 1.0, an arbitrary value
attributed to the growth rate of the control sample, where every experimental

condition is compared to this control).
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Figure 37: TG2 conformation affects stimulation of keratinocyte proliferation.

Keratinocyte cells were seeded at 5000 cells per well of a 24 well plate. Keratinocytes were
allowed to attach for 6 hours before medium was removed. A 1% basic FAD medium was added
to each well containing 1% serum, antibiotics, cholera toxin and hydrocortisone only. No EGF
or insulin was present in any of the medium used in these experiments unless stated. 1% serum
medium with 0.01, 0.1, 1.0 or 10.0pg/ml of standard TG2, TG2Ca2f; TG2-GTPyS and TG2-
GTP. Each condition was carried out in triplicate and the experiment repeated 3 times. A
representative experiment from each condition is shown. Initial colour development
(absorbance) readings were taken 24 hours after medium change to indicate a baseline level of
proliferation. Readings were taken at 570 and 650nm to exclude light scattering effects on a
Beckmann Coulter Spectrophotometer. After 72 hours a further set of readings were taken to
indicate Final proliferation values. The 72 hour readings were diluted 1:1 with water to allow
the spectrophotometer to analyse the absorbance within its linear range. Subsequently 24 hour
readings were subtracted from 72 hour readings and expressed here as relative proliferation
calculated as described in materials and methods section 2.3.10 compared with control value.
Statistical significance denoted as follows; <** P, 0.005; <***p, 0.0005, compared with
unsupplemented medium control (not shown; value of one) for each point.
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When proliferation at a higher concentration of TG2 (10ug/ml) is compared to
control a fivefold increase in proliferation is seen. At a lug/ml dose of TG2
proliferation is 2.5 fold higher than control. TG2Ca®* also stimulates proliferation;
the binding of Ca®* will allow TG2 to remain in its catalytically active form but this
preparation is very unstable and therefore shortlived. A 0.01pg/ml concentration is
sufficient to stimulate proliferation by 1.5 fold, an increase in proliferation compared
with control, although stimulation is not statistically significant until a concentration
of 1.0pug/ml TG2Ca®" is added to the keratinocytes which increases proliferation by
4.5 fold. No further increase is seen at higher concentrations (4.2 fold at 10.0pg/ml)
(Figure 37). This result not only shows that TG2 can act directly on keratinocytes but
also that the Ca’*-activated enzyme is 10-fold more potent in doing so. In contrast,
when TG2 alone is compared with TG2 bound to GTP or GTPyS, (a GTP analogue
which cannot be hydrolysed), interestingly, neither stimulated keratinocyte
proliferation, with the exception of the highest dose of TG2-GTP (Figure 37). TG2-
GTP can be hydrolysed by TG2 to GMP which is released as affinity for GMP is
very low. Under physiological conditions this normal turnover occurs and at least a
portion of the population of TG2 will be in the same conformation like native TG2.
In accordance with this, the results show that TG2 bound to GTP only stimulates
proliferation at the highest concentration — (10ug/ml by 3 fold). In addition, the TG2
bound with the non-hydrolysable GTP analogue GTPyS is not able to stimulate
keratinocyte proliferation at any concentration. This suggests that TG2 in its closed
conformation is unable to stimulate proliferation and therefore that either a cryptic

protein binding site or catalytic activity is required for this function of TG2.
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5.3.1 I15 ‘Open Conformation’ TG2 and its Effects on Keratinocyte

Proliferation.

Figure 37 showed when TG2 is in its Ca>*-bound active conformation proliferation is
stimulated and when in a closed conformation TG2 is unable to stimulate
keratinocyte proliferation. To examine whether TG2 activity or the open
conformation alone was required for stimulation of keratinocyte proliferation TG2
was incubated with an active site targeting inhibitor similar to that described by
Pinkas et al., 2007, shown in Figure 38. Using a peptide based inhibitor developed
by Zedira: Boc-DON-QIV-OMe (I15) which covalently attaches to the active site
Cys, TG2 is expected to be sterically trapped in the enzymes’ open conformation
although this remains to be experimentally verified. The trapped TG2 was purified
by gel filtration and the degree to which the enzyme had been converted to the
inhibited form was estimated by determining the level of monodansylcadaverine
incorporation into N,N-dimethylcasein. Figure 38 shows the cross linking products
of dimethylcasein as a smear from low to higher Mr complexes, with dimethylcasein
itself being visible as doublet around 25 kDa (marked by the arrow at the bottom of
the gel). Compared with the starting native TG2, the TG2-I15 preparation was

estimated to have less than 10% of its activity remaining (0.5png TG2-115 is

comparable to 0.05 pg native TG2 (1:20) indicating that >90% has been modified.
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Figure 38: activity of native TG2 and TG2-I15 as compared by incorporation of monodansyl
cadaverine.

TG2 and TG2-I15 were compared for activity using a monodansyl cadaverine incorporation
assay previously described in (Aeschlimann and Paulsson 1991, and Aeschlimann et al., 1995).
TG2 was started at a Spg/ml concentration for both TG2 and TG2-I15 and a dilution series was
prepared for both. Dilutions used were: 5jng/ml, then 1:1,1:2, 1:5, 1:10, 1:20,. After a 30 minute
incubation at 37 C, incorporation of the monodansyl cadaverine into N,N-dimethyl casein was
revealed by Western blot analysis with an anti-dansyl antibody (diluted 1:300). The
dimethylcasein band can be seen as a doublet between the 20 and 30kDa (arrow). Migration of
Mr standards is indicated on the right.
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Figure 38 demonstrates that TG2-I15 is not completely inhibited however its activity
is drastically reduced. Therefore, this preparation should to a large extent contain
TG2 in the open conformation. To examine whether TG2 activity or a cryptic site
exposed in the open conformation is necessary to stimulate a response in
keratinocytes a proliferation assay was carried out. Keratinocytes were cultured with
TG2-115 or native TG2 at different concentrations and the effect on proliferation
analysed as previously described (Figure 39). As expected, a strong induction of

proliferation was seen with TG2 at concentrations >1pg/ml.

When 115 inhibited TG2 is compared with native TG2, it is clear that there is no
similar stimulation of proliferation although a small stimulation is seen at the highest
concentration tested. Native TG2, as shown in Figure 37, is able to stimulate
proliferation in a dose dependant manner from 1.0pug/ml concentration (2.5 fold) to
10pg/ml to (5.5 fold). When I15 TG2 is compared, no statistically significant
stimulation of keratinocyte proliferation is seen, even at the highest dose of 10ug/ml.

These results suggest that TG2 must be active in order to stimulate proliferation.
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Figure 39: Stimulation of keratinocyte proliferation requires TG2 crosslinking activity.

TG2-I15 was compared with native TG2 to determine whether any stimulation of proliferation
of keratinocytes occurred. TG2-115 and native TG2 were tested at 3 concentrations 0.1, 1.0 and
10pg/ml. Keratinocytes were seeded in 1% serum-containing FAD medium minus EGF and
insulin and stimulated with the two preparations of TG2 as indicated after 6h. Proliferation
was analysed as has been previously described. 3 replicates per condition of the experiment
were carried out and the data is given as the mean +/- SD. A single experiment was conducted.
Statistical significance denoted as follows; ***,P<0.0005, compared with medium control for
each point.
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5.4 Metalloproteinase Inhibition and its Effects on Keratinocyte Proliferation in

the Presence and Absence of TG2.

Metalloproteinase activity had been found to be necessary in the stimulation of
migration by TG2, therefore an experiment was designed to examine the effects of
the general metalloproteinase inhibitor GM6001 used in Chapter 4 to determine the
requirement for metalloproteinases in TG2 mediated stimulation of keratinocyte

proliferation.

GM6001 has previously been shown to act as a general matrix metalloproteinase
inhibitor as well as inhibit ADAMI10 activity (Maretzky et al., 2005; Reiss et al.,
2006). An experiment was conducted to test at what dose GM6001 was effective at
inhibiting proliferation and whether or not TG2 was able to stimulate proliferation in

the presence of the inhibitor.

Figure 40 shows the dose dependency curve of GM6001 produced in the presence
and absence of TG2 (panel a) and a single dose of GM6001 compared with its
DMSO control to indicate the effect of TG2 (panel b). Figure 40 shows that at least
50uM of GM6001 is required to reduce proliferation in both the presence and

absence of TG2.
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Figure 40: metalloproteinase inhibitor GM6001 is not effective in blocking TG2-mediated
stimulation of keratinocyte proliferation.

GM6001 was used to investigate the effects of inhibiting metalloproteinases in TG2 mediated
stimulation of keratinocytes.. Part A shows proliferation in the presence of GM6001 at 3
concentrations 5.6, 16.7 and S50pM in FAD medium containing 1% serum in the presence and
absence of 10pg/ml native TG2. A representative experiment is shown. A representative
experiment is shown and the results are given as mean +/-SD of 3 replicates. Statistical
significance denoted as follows; <**P, 0.005, compared with DMSO control. Dose curves were
carried out twice and at least one further experiment was conducted at a single effective dose.
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At 50uM concentration there is a 50% reduction of keratinocyte proliferation in the
presence of GM6001 (Figure 40). When TG2 is added at 10pug/ml in the presence of
GM6001, proliferation is increased by 1.5 fold compared to GM6001 alone at 5.6
and 16.7uM GM6001, but is reduced to control levels in the presence of 50uM
GM6001. This can be more easily seen in Figure 40b where the SO0uM concentration
of the inhibitor is compared in the presence and absence of TG2 relative to DMSO
control +/- TG2. Proliferation rate is reduced by a factor of 2 by GM6001 compared
to DMSO control but can be stimulated to control levels with TG2 (GM6001 +TG2).
This result would suggest that metalloproteinase activity may be important in
regulation of proliferation. However, it also shows that GM6001 cannot effectively

block TG2-mediated stimulation of keratinocyte proliferation.

TG2 is only able to induce a low level stimulation in the presence of DMSO
(compared with that seen in Figure 37). This is due to the fact that DMSO itself
promotes keratinocyte proliferation and that proliferation under basal conditions

therefore was already high.
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5.4.1 ADAMI10 and 17 Activities and their Effect on Proliferation in the

Presence and Absence of TG2.

As the previous chapter has indicated a potential role of metalloproteinase activity,
and more specifically ADAM activity, in TG2-induced keratinocyte migration
further experiments were designed to examine the effects on proliferation of
inhibiting ADAM10 and ADAMI10/17. ADAMI10 can be affected by GM6001
suggesting that inhibiting ADAM-10 alone may not be sufficient to block TG2-
mediated proliferation. ADAM17 is structurally similar to ADAMI10 but unlike
ADAMI10 is not constitutively active in many cells (with high levels of activity
present after induction). Therefore a specific inhibitor to this may be a more
promising approach to specifically affect proliferation stimulated by TG2. Figure 41
shows the effects of inhibiting either ADAMI10 alone or ADAMI17/10 in the
presence and absence of TG2. Both inhibitors were tried at several concentrations to

determine an effective dose of inhibitor to cause a reduction in proliferation rate.

Figure 41 shows the dose response curve for the ADAMI0 inhibitor in the presence
and absence of TG2. 3uM of ADAMIO0 inhibitor is sufficient to inhibit proliferation
to 50% of control. Proliferation is dose dependently inhibited up to 10uM (a
reduction of 90%) with no further change at 30uM. When 10ug/ml TG2 is added in
the presence of inhibitors at the same doses there is a substantial increase in
proliferation (by 50% at 1.0uM of ADAMIO0 inhibitor compared with control) and
this level is maintained for concentrations up to 10uM). Interestingly, TG2 is able to
stimulate proliferation even at a 30uM inhibitor dose when compared with the

inhibitor added alone. Part b shows the difference between ADAM 10 inhibitor at
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Figure 41: ADAM17 inhibition blocks TG2-mediated keratinocyte proliferation.

ADAMI10 and 17 inhibitors were used to investigate the effects of inhibiting ADAM 10 and 17 in
TG2 mediated stimulation of proliferation in keratinocytes. Part A shows proliferation of
keratinocytes in the presence of ADAMI10 inhibitor at several concentrations 1,3, 10 and 30pM
in FAD medium containing 1% serum in the presence and absence of 10pg/ml TG2. Part B
shows corresponding proliferation for ADAM 10 inhibitor at a single effective dose of 10 pM
dose compared with DMSO control in the presence and absence of TG2. Parts C and D show
the corresponding results for the addition of ADAMI10/17 inhibitor. Part C indicates the 5
concentrations of ADAM10/17 inhibitor tried and part D shows the effective dose at 10pM
compared with DMSO control A representative experiment is shown in each case. The results
are given as mean +/-SD of 3 replicates. Statistical significance denoted as follows; <**P, 0.005,
<***P, 0.0005. Dose curves were carried out twice and at least one further experiment was
conducted at a single effective dose per inhibitor.
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10uM with and without TG2 compared with DMSO control. TG2 is able to
stimulate proliferation despite the presence of the ADAMI0 inhibitor. While ADAM
10 cannot be excluded from playing a role in TG2 mediated responses in
keratinocytes, this result demonstrates that blocking ADAM10 alone is not effective
in blocking TG2-stimulated proliferation and suggests that it is likely not among the

most important factors.

To investigate the effects of the ADAM17/10 inhibitor a similar experiment was set
up including 5 concentrations of inhibitor in the presence and absence of TG2
(10pg/ml). Fig 40 c indicates the dose response curve of the ADAM10/17 inhibitor.
Proliferation is equally reduced in the presence of the ADAMI10/17 inhibitor in the
presence and absence of TG2. In the presence of 10uM of inhibitor with and without
TG2 the proliferation rate drops by 80% in comparison to control. This is more
easily seen at a single concentration of 10uM ADAM10/17 inhibitor in the presence
and absence of TG2 10ug/ml shown relative to DMSO control shown in Fig 40d.
There is no statistical difference between the proliferation of cells seen in the
presence of the inhibitor alone or inhibitor plus TG2. This result indicates that
ADAM 17 may be involved in regulation of both basal and TG2 mediated

keratinocyte proliferation.
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5.5 Growth Factor Receptor Inhibition and the Effects on Keratinocyte

Proliferation in the Presence and Absence of TG2.

Having found both TG2 and ADAM 17 to be involved in regulating keratinocyte
proliferation, we went on to examine the signalling pathways linked including
growth factor receptors. This would determine whether any of the growth factor
receptors tested previously were involved in proliferation of keratinocytes. Most
importantly, this would further confirm in an independent way whether specifically
the EGFR pathway is involved in the keratinocyte response to TG2. Inhibitors to
IGFR, EGFR, PDGFR and FGF/VEGFR were tested as these are the major pathways
through which proliferation of keratinocytes is regulated. A preliminary experiment
was conducted to establish a suitable concentration before testing each inhibitor at a
single dose in the presence and absence of TG2. Proliferation assays were carried out
as previously described. Figure 42 shows the proliferation seen with IGFR inhibitor
in the presence and absence of TG2. Part a shows that the IGFR inhibitor did not
reduce proliferation effectively until a 10uM concentration was applied where
proliferation dropped to about 50% of control. In the presence of TG2, the inhibitor
was again unable to reduce proliferation until a 10uM dose of inhibitor was applied.
Importantly, TG2 was able to stimulate proliferation despite the presence of the
inhibitor. When the single 10uM dose of IGFR inhibitor is examined in the presence
and absence of TG2 compared with a DMSO control in part b; proliferation in the
presence of TG2 was >2-times that than with the inhibitor alone. This result suggests

that TG2 effects on keratinocyte proliferation are not dependent on IGFR signalling.
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Figure 42: TG2 effects on proliferation are not mediated by IGFR or PDGFR signalling.

IGFR (AG1024) and PDGFR (AG1295) inhibitors were used to investigate the effects of
inhibiting these growth factors in TG2-mediated stimulation of proliferation of keratinocytes.
Part A shows proliferation of keratinocytes in the presence of IGFR inhibitor at 5
concentrations 0.11, 0.33, 1.1, 3.3 and 10pM in FAD medium containing 1% serum in the
presence and absence of TG2 at 10pg/ml. Part B shows corresponding proliferation for IGFR
inhibitor at a single dose of 10 pM compared with DMSO control all shown in the presence and
absence of TG2. Parts C and D shows the corresponding results for PDGFR inhibitor at 0.33,
1.1, 3.3, 10 and 30pM concentrations in the same medium plus and minus TG2 10pg/ml. Part D
shows a single dose of 1IO0pM of the PDGFR inhibitor and the corresponding proliferation
compared with DMSO control all shown in the presence and absence of TG2. A representative
experiment is shown in each case. The results are given as mean +/-SD of three replicates.
Statistical significance denoted as follows; ** p<0.005, Dose curves were carried out twice and
at least one further experiment was conducted at a single effective dose per inhibitor.
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A similar experiment was conducted using a PDGFR inhibitor (Fig 41 C and D). Part
¢ indicates that proliferation is not inhibited up to a 3uM dose, whereas a
concentration of 10uM reduced proliferation by about 50%and this effect is
maintained at 30uM. This shows that PDGFR signalling is indeed one of the
pathways that drives keratinocyte proliferation (PDGF is a serum component).
However, when TG2 is added, TG2 is able to stimulate proliferation at all
concentrations of inhibitor examined. This is most easily seen in Fig 41d where an
effective dose of 10uM of PDGFR inhibitor is applied in the presence and absence
of TG2 and compared with the relevant DMSO controls. This shows that
proliferation in the presence of PDGFR inhibitor is doubled by the addition of
10ug/ml. The ability of TG2 to stimulate proliferation in the presence of this
inhibitor indicates that TG2 driven keratinocyte proliferation is not dependent on

PDGFR.

Figure 43 shows the corresponding dose response curves using inhibitors against
EGFR and FGF/VEGEFR in the presence and absence of TG2. The effect of these
was tested at various doses twice before a single dose was tested again and 3 repeats
were conducted for each inhibitor in the presence and absence of TG2. Figure 43A
indicates that the inhibitor for EGFR was able to effectively inhibit proliferation both
in the presence and absence of TG2 at concentrations of 10 and 30uM. However,
there was only a small difference in the growth rate of cells in the presence of
different inhibitor concentrations (0.3 to 30uM) without stimulation suggesting that

proliferation under these culture conditions (no EGF in medium) is largely EGFR
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Figure 43: TG2 effects on proliferation are dependent on EGFR signalling.

EGFR (AG 1478) and FGF/VEGFR (PD173074) inhibitors were used to investigate the effects of
inhibiting these growth factors in TG2 mediated stimulation of proliferation of keratinocytes.
Part A shows proliferation of keratinocytes in the presence of EGFR inhibitor at 5
concentrations, 0.33, 1,3, 10 and 30pM in FAD medium containing 1% serum in the presence
and absence of TG2 at 10pg/ml. Part B shows corresponding proliferation for EGFR inhibitor
at a single dose of 10 pM compared with DMSO control all shown in the presence and absence
of TG2. Part C show the corresponding results for FGF/VEGFR inhibitor at 3.75, 7.5, and 15 in
FAD medium containing 1% serum plus and minus TG2 10pg/ml. Part D shows a single dose of
15pM and the corresponding proliferation compared with DMSO control all shown in the
presence and absence of TG2. A representative experiment is shown in each case. The results
are given as mean +/-SD of three replicates. Statistical significance denoted as follows; <*P,
0.05, compared with DMSO control. Dose curves were carried out twice and a further
experiment was conducted at a single effective dose per inhibitor.
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signalling independent. Figure 43b shows a single effective dose of 10pM of EGFR
inhibitor in the presence and absence of TG2 compared with DMSO control. This
shows that proliferation cannot be stimulated with TG2 in cells in which EGFR
signalling has been blocked. This result indicates that EGFR is involved in TG2-
mediated keratinocyte proliferation as stimulation with TG2 is not possible when

signalling cannot take place through this receptor.

The FGF/VEGFR inhibitor had no effect on proliferation up to concentration of
15uM (Fig 41 c). The higher dose of 30uM must be discounted as this clearly
showed a toxic effect on the keratinocytes and they were unable to proliferate under
this condition. Live/dead staining of these cells was not carried out. However, an
examination under the microscope revealed floating cells and a lack of colour
development (translucent samples) in the MTT assay indicated the loss of most of
the cells. Fig 42d indicates the proliferation seen at the single 15uM dose in the
presence and absence of TG2 compared with the respective DMSO controls. This
shows that proliferation was not inhibited in the presence of this inhibitor when
compared with control, giving a relative proliferation rate of 1.2, and after
stimulation with TG2, a rate of 1.4. Therefore, there may be a small degree of
stimulation by TG2. However, this could not be ascertained under these conditions
where in the presence of this inhibitor and DMSO keratinocytes proliferated at near

maximal rate.

Figure 44 provides further evidence for the notion that the response of keratinocytes

to TG2 is independent of IGFR. Insulin is a normal component in standard FAD
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media, and has been shown to stimulate keratinocyte growth (Fuchs and Green,
1981; Gilchrest et al., 1982; Tsao et al., 1982). Enhanced proliferation in the
presence of insulin is mediated via IGFR. We have therefore examined the ability of
TG2 to stimulate proliferation in FAD medium (1% serum) in both the presence and
absence of insulin. Figure 44 shows proliferation of keratinocytes at 3 doses of TG2
0.1, 1.0 and 10pg/ml in the presence and absence of Sng/ml insulin, which is the
same dose used in standard FAD medium and corresponds to the dose of insulin that
yields maximal increase in keratinocyte proliferation. Figure 44 shows that TG2 is
able to stimulate proliferation in a dose-dependent manner in the presence and
absence of insulin, with a 1.0-10pg/ml dose of TG2 more than doubling the growth
rate. This result further indicates that IGFR is not involved in the proliferation

pathway we are examining.
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Figure 44: TG2 and insulin-mediated stimulation of keratinocyte proliferation occurs through
independent pathways.

5000 cells per well were added to a 24 well plate. Keratinocytes were allowed to settle for 6
hours before medium was removed. A 1% serum-containing basic FAD medium was added to
each well containing antibiotics, cholera toxin and hydrocortisone only. Cells were stimulated
with 3 concentrations of TG2 in either the presence or absence of Sng/ml insulin and cell growth
was assessed over a 72h period. A representative experiment is shown. The results are given as
mean +/-SD of three replicates. Statistical significance denoted as follows; <*P, 0.05, <**P,
0.005, <***P, 0.0005. Dose curve was carried out twice. 2 repeats of the experiment were carried
out, a representative experiment is shown.
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Figure 45 shows a comparison of the effect on keratinocyte proliferation of all
effective doses of inhibitor of various growth factor receptors in the presence and
absence of TG2 stimulation. All except FGF/VEGFR inhibitor are able to reduce
proliferation when compared with the vehicle control (not shown). However, in the
presence of TG2 only blocking EGFR yields a similar level of proliferation to when
the inhibitor is added alone. These results when viewed collectively suggest that
EGFR is the receptor likely to be involved in TG2-mediated stimulation of
keratinocyte proliferation. Under physiological conditions TG2 would be present
within the ECM therefore suggesting that localized mobilization of EGF ligands may
play a role in regulation of proliferation in addition to serum-derived factors

activating IGFR, PDGFR or FGF/VEGFR.
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Figure 45: Investigating growth factor receptor pathways involved in keratinocyte proliferation.

EGFR, IGFR, PDGFR and FGF/VEGFR inhibitors were used to investigate the effects of
inhibiting these signalling pathways on proliferation of keratinocytes. A direct comparison of a
single concentration for all 4 inhibitors is shown taken from the earlier individual experiments.
A 10pM dose of IGFR, EGFR and PDGFR is compared to a ISpM dose of FGF/VEGFR
inhibitor as the closest comparable dose. Further details are given in Figs. 41 and 42.
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5.6 EGFR Ligand Inhibition and the Effects on Keratinocyte Proliferation in
the Presence and Absence of TG2.

The previous section has demonstrated the EGFR is the likely growth factor
receptor involved in mediating the keratinocyte responses triggered by TG2
stimulation. As EGFR requires ligands to bind to it in order to instigate further
downstream signalling an attempt was made to determine the nature of the EGF

ligand released during TG2 mediated keratinocyte proliferation.

Initially the CRM197 inhibitor, a HB-EGF antagonist introduced in chapter 4 was
used at 3 concentrations 2, 10 and 50uM in the presence and absence of 10pug/ml
TG2 to determine any effect on proliferation. Results were compared to a 1% serum
basic FAD media alone and 1% serum FAD media with 50uM BSA. BSA was
chosen as a protein control for the addition of CRM197. Figure 46 shows the results
of a single representative experiment after 2 repeats had been carried out. CRM197
does not reduce proliferation when compared to control, neither in the presence nor
absence of TG2. Even at the highest concentration of 50uM HB-EGF antagonist,
there was no statistically significant reduction of proliferation. This is a similar result
to that seen in the migration studies and potentially indicates that HB-EGF is not the
EGFR ligand released in response to TG2 that stimulates proliferation and migration,

or that CRM197 is not a suitable (effective) inhibitor of HB-EGF in this system.
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Figure 46: HB-EGF antagonist CRM197 and its effects on keratinocyte proliferation.

Keratinocyte proliferation in the presence and absence of TG2 (1I0pg/ml) and with inclusion of
different concentrations of HB-EGF antagonist CRM 197 (3 concentrations, 2, 10 and S0pM)
was assessed. Cells were grown in A 1% serum-containing FAD medium minus insulin and
EGF A representative experiment is shown and the results are given as mean +/-SD of three
replicates. No statistical difference was seen. Dose curves were carried out three times.

225



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

Finally, as these initial efforts targeting HB-EGF were not successful, a different
approach to determining the EGFR ligand involved was adopted. Blocking
antibodies to TGFa, HB-EGF and EGF, all known EGFR ligands released by
ADAMI17, were selected and were added in various combinations into the culture
medium. These experiments were conducted in 1% serum containing FAD media
(minus EGF) and a matching amount of non-specific IgG was included as a control.
Initially, individual antibodies were tested at different concentrations but the effect
was small despite the fact that concentrations were employed (10pg/ml) which were
known to completely block the response of ligand at a concentration of up to
50ng/ml. This led us to hypothesize that more than one ligand might be involved and
we therefore tested each of the antibodies individually, in the 3 combinations of
groups of 2 and finally all 3 antibodies together. The experiments were carried out as
previously described, i.e. cell number was determined at 24 and 72 hours and the
growth rate derived there from. Growth rates were expressed relative to control. It
should be noted, however, that only one experiment included all conditions.
However 2 replicate experiments were carried out where all 3 blocking antibodies

were added together and or each was tested individually.

Figure 47A shows the reduction in proliferation rate when all 3 blocking antibodies
are added together as compared with IgG control. TG2 is able to stimulate
proliferation in the presence of control IgG, giving a proliferation rate of 1.5 times

that in its absence. However, TG2 was not able to stimulate proliferation in the
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Figure 47: Antibodies to EGFR ligands block TG2-mediated stimulation of
keratinocyte proliferation.

Blocking antibodies to three of the known EGFR ligands were tested to investigate the effects of
blocking one, two or three of these ligands in combination on proliferation. FAD 1% serum
media was prepared as a basis for all conditions. Part A: FAD medium containing 1% serum
was added to Jackson Anti-goat IGG antibody control 10pg/ml in the presence and absence of
TG2 10pg/ml. This was compared with FAD containing 1% serum added with a-TGFa 10pg/ml
a-EGF 10pg/ml and a-HB-EGF 10pg/ml. Part B shows all conditions in the presence of TG2
10pg/ml. Control IgG was compared with single blocking antibodies, a-EGF 10pg/ml, a-TGFa
10pg/ml and a-HB-EGF 10pg/ml. a-HB-EGF 10pg/ml and a-EGF 10pg/ml was compared with
a-EGF 10pg/ml and a-TGFa 10pg/ml and a-HB-EGF 10pg/ml with a-TGFa 10pg/ml. Finally
all 3 blocking antibodies were compared in the presence of TG2 10pg/ml. A representative
experiment is shown in each case. The results are given as mean +/-SD of 3 replicates.
Significance denoted as follows; <***P, 0.0005, <**P, 0.005, <*P, 0.05. Dose curves were carried
out twice with at least one further experiment was conducted at a single effective dose per

blocking antibody.
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presence of all 3 blocking antibodies. Furthermore, in the presence of EGF ligand
blocking antibodies the proliferation rate was reduced to 0.7 times that in the
presence of control IgG indicating that EGFR signalling contributes to keratinocyte
proliferation even in the absence of TG2. These results are in line with the previous
results with EGFR tyrosine kinase inhibitor. To examine the contribution of
individual EGFR ligands to proliferation further, a comparison of proliferation rates
for all samples in the presence of TG2 is given in Figure46b. When a single blocking
antibody was added in the presence of TG2, a statistically significant reduction in
proliferation was observed as compared to IgG control. a-EGF was the most

effective blocking antibody when examined singularly.

These results together indicate that all of the 3 tested ligands could be involved in
keratinocyte proliferation, and that a degree of compensation may occur when
individual ligands are blocked. This may also explain why we have not seen a
significant effect with CRM197. These results suggest a ligand redundancy system is
in place where if one ligand is unavailable EGFR signalling continues with a

different ligand.
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5. 7.Conclusion.

Chapter 5 has shown that proliferation of keratinocyte cells is similarly controlled to
keratinocyte migration in the presence of TG2. Firstly, we could show that TG2 by
itself is able to stimulate this response in keratinocytes suggesting that TG2 may
indeed be the active component in fibroblast ECM that promotes re-epithelialisation
in our wound model. Initial experiments to determine what conformation of TG2 is
important to the stimulation of proliferation revealed an interesting result. Figure 37
indicated that proliferation in the presence of TG2 is greatest when TG2 is in its Ca?
-activated form, while TG2 in a closed catalytically inactive conformation (TG2-
GTPys and TG2-GTP) was not able to stimulate proliferation. This was further
confirmed by the experiment shown in Figure 39. Figure 39 also showed that TG2
stimulation of keratinocyte proliferation is not controlled by the open conformation
of TG2 but by its activity since the I15 inhibited TG2 is trapped in its open
conformation but is inactive and is unable to stimulate proliferation. Together this
data shows that TG2 mediated proliferation may be conformation dependent and that
active TG2 is necessary to stimulate proliferation. Hence, crosslinking of
keratinocyte cell surface proteins may play a role. However, this is not consistent
with the observation in Chapter 3 that ECM produced by fibroblasts expressing

crosslinking deficient TG2 promotes epithelial motility similar to native TG2.

TG2 had been shown to stimulate proliferation therefore a series of experiments
were undertaken to examine whether TG2 could stimulate proliferation in the
presence of various inhibitors against known components of signalling pathways
regulating keratinocyte proliferation. Initially the general metalloproteinase inhibitor
GM6001 was tested in the presence and absence of TG2 (Figure 40). A 50%
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reduction in proliferation was produced by the inhibitor alone. However, TG2
stimulated proliferation in the presence of the inhibitor at 50uM (the effective dose
for this inhibitor), therefore this suggests that a different pathway may be active in
TG2 control of keratinocyte proliferation. It is however important to note that
proliferation in the presence of TG2 in control medium was not stimulated as much
as would be expected due to the selected conditions already supporting near
maximum proliferation. Therefore, no overt stimulation of proliferation occurred in
controls without inhibitor. This result suggests that metalloproteinase activity in
general contributes to regulation of keratinocyte proliferation but does not play a
major role in the TG2-mediated keratinocyte response as cell proliferation is

stimulated despite the presence of the inhibitor,

Given the importance of ADAMS 10 and 17 in migration shown in the previous
chapter the next step was to examine the effects of ADAMI10 and ADAM17/10
inhibitors on keratinocyte proliferation in the presence and absence of TG2. When
the ADAMI10 inhibitor was tested, it reduced proliferation substantially (down to
0.1). In contrast, in the presence of TG2 no inhibition of proliferation occurred at its
effective dose of 10uM (Figure 41) suggesting that ADAMI10 may not be involved
in TG2 mediated keratinocyte proliferation. When this was compared with the
ADAMI10/17 inhibitor a different result was seen. This showed that in the presence
of TG2 at its effective dose of 10uM proliferation rate was reduced to approximately
0.2 relative to control in both the presence and absence of TG2 suggesting that
ADAMI17 is involved in regulating both basal and TG2 mediated keratinocyte

proliferation.
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Having found both TG2 and ADAM 17 to be involved in regulating keratinocyte
proliferation, we went on to examine the major pathways known to regulate
keratinocyte proliferation, such as growth factor receptors. Growth factor receptors
for IGF, EGF, PDGF, FGF and VEGF were all examined as to their role in
regulating keratinocyte proliferation under our culture conditions. Figure 42 showed
that in the presence of TG2, proliferation can be stimulated in cells where IGFR has
been blocked. Furthermore, Figure 44 showed that TG2 can stimulate proliferation
similarly in both the presence and absence of insulin, which if TG2 mediated
proliferation was dependent on the IGFR would not be expected in the presence of
near ‘saturating’ concentrations of insulin. Figure 42 showed the PDGFR to not
appear be involved in keratinocyte proliferation. When the inhibitor to PDGFR was
added alone, keratinocytes proliferation rate reduced to 0.5 that of control at its
effective dose of 10uM, however in the presence of TG2 proliferation rate increased
to 1.1 suggesting that PDGFR is not involved in TG2-mediated stimulation of
keratinocyte proliferation. An inhibitor known to block FGFRs 1&3 as well as
VEGFR had no effect on keratinocyte proliferation either in the presence or absence
of TG2 suggesting that neither of these pathways plays a major role under these
conditions. In contrast, proliferation was found to be inhibited in both the presence
and absence of TG2 with EGFR inhibitor where proliferation rate was found to be at
0.5 and 0.4 respectively when compared to control. This showed that TG2 mediated
stimulation of proliferation of keratinocytes is dependent on EGFR mediated
signalling. This result is in line with the previous finding that EGFR signalling was a

downstream effector of TG2 in the pathway regulating re-epithelialisation.
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As the data had suggested EGFR was the candidate growth factor receptor involved,
attempts were made to identify a potential EGFR ligand that may be released by
ADAM]17. Figure 46 shows CRM197 the HB-EGF antagonist to be ineffective in
reducing proliferation in both the presence and absence of TG2. This observation is
similar to that seen in chapter 4 where this inhibitor was unable to reduce
keratinocyte migration. Therefore blocking antibodies to HB-EGF, EGF and TGFa
were used instead to determine if one of these EGFR ligands was involved in

modulating keratinocyte proliferation.

Only the combination of the 3 blocking antibodies together reduced proliferation
effectively in both the presence and absence of TG2 suggesting that at all 3 ligands
are involved in stimulation of keratinocyte proliferation. Furthermore, blocking all 3
ligands together reduced proliferation rate to a similar level as that observed with
EGFR tyrosine kinase inhibitor, thereby lending further support to the notion that
these are indeed the major EGFR ligands involved. When added individually, EGF
blocking antibodies had the most significant effect (although small). When the
blocking antibodies were added in combinations anti-HB-EGF together with anti-
EGF was most effective. This suggests that TGFa may be the least effective ligand
of the 3 as proliferation rates whenever TGFa is inhibited are slightly higher than
when HB-EGF or EGF are inhibited. Thus results for EGF and HB-EGF would
suggest a possible preferential use of either of these ligands when compared with

TGFa.

The results shown in this chapter have delineated a pathway involved in TG2
mediated enhanced keratinocyte proliferation. The results have shown that

proliferation can be stimulated by TG2 when it is in its catalytically active
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conformation, further, we have identified ADAMI17 and the EGFR as both being
necessary components in this signalling pathway. Although a single EGFR ligand
could not be identified in this system, the results would suggest ligand redundancy in
activation of the receptor, presumably erbB1. It is known that all of these EGFR
ligands can bind erbB1 and induce signalling. It would be interesting to extend this
investigation to other EGF ligands to see if the redundancy system continues or
whether a different ligand would be preferentially used to those tested here.
Nevertheless, we have investigated the key EGFR ligands known to be produced by
keratinocytes and to be processed by ADAMI17 (Sahin et al., 2004). Taken together,

these results suggest that TG2 itself mediates EGFR transactivation in keratinocytes.

The proliferation assay was based around keratinocyte monoculture. This is a simple
yet effective model to test the role of the various components of a hypothesised
proliferation pathway. Nevertheless this could not be considered representative of
skin wound healing where multiple cell types may contribute to the pool of soluble
signalling factors and different upstream signalling factors may use EGFR signalling

as an effector pathway (Pucinilli et al., 2010; Stoll et al., 2010).
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Chapter 6 GPR56: a Potential Receptor Linking
Extracellular TG2 to Cell Migration and Proliferation.
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6.1 Introduction.

TG2 has been shown in the previous two chapters to be able to influence
keratinocyte migration and proliferation through activation of ADAM proteinases to
release an EGFR ligand allowing the EGFR to signal. However, how TG2 is able to
initiate this signalling process is unknown. TG2 is derived from the fibroblasts in our
model, and is therefore found in the ECM. In order for TG2 activity to influence
keratinocyte behaviour it must act through a cell surface protein/molecule found on
the keratinocytes. lismaa et al 2006 identified TG2 as interacting with and having
involvement in signalling by the super family of heterotrimeric guanine nucleotide—
binding protein (G protein) coupled receptors (GPCRs). GPCRs are principle
membrane proteins that transmit various extracellular stimuli into intracellular
signalling events. When a GPCR is activated by a specific signal or cognate ligand,
the GPCR catalyses the exchange of GTP for GDP on the Ga subunit which
facilitates the release of Ga from the complex with Gy (Hamm, 1998). However, in
the case of B-adrenergic receptor, TG2 acts as a G-protein intracellulary by binding
with a;-adrenergic receptor and couples the receptor to phospholipase C3 (Nakaoka
et al., 1994; Aeschlimann and Thomazy, 2000) to mediate downstream signalling.
More recently, Richard O’ Hynes group identified that TG2 could interact with a
different GPCR, GPR56 (Xu et al., 2006). In this case, extracellular TG2 modulated
cell adhesion by binding to the GPCR on the cell surface However; it is at present
not clear whether TG2 is a receptor agonist or a scaffolding protein in the cell’s
surface. Therefore, TG2 can potentially interact with GPCRs and trigger cellular

responses in one of two ways: (i) through activation of guanosine triphosphate—

236



Role of Transglutaminases in Signalling that Regulates Epithelial Responses in Wound Healing.

binding proteins that activate intracellular effectors, such as phospholipase C;

(Nakaoka et al., 1994) or (ii) by direct interaction with GPCRs (but not activation).

GPR56 is a G protein coupled receptor (GPCR) and a member of the adhesion
GPCR family, a secretine like family which may maintain the balance between cell
adhesion and detachment during cell migration. GPR56 contains 7 transmembrane
domains and a mucin-like domain in the N-terminal region. Currently, 7 splice forms
have been identified in man from comparison of transcripts in the DNA database
with the respective genomic sequence. GPR56 possesses a large extracellular domain
and a cysteine box which is located immediately upstream of the first transmembrane
domain (Bjarnadottir et al., 2004). GPR56 is autocatalytically processed within this
GPS domain during trafficking but the cleaved extracellular portion remains
associated with the membrane portion of the receptor. Processing is necessary for

targeting to the cell surface.

GPR56 mRNA is selectively expressed in hematopoietic stem cells and neural
progenitors suggesting a role in multipotent cell identity and tissue development (Jin
et al., 2007). It can also be detected in various mature tissues with highest expression
being in the brain and thyroid tissues (Jin et al., 2007). Mutations in GPR56 have
been detected especially in the extracellular domain, including frameshift, splicing
and point mutations which appear to compromise normal proliferation and migration
of cells, particularly in the frontal cortical region of the brain during early
development (Kim et al., 2010). A complex splicing and glycosylation pattern for
GPR56 has been reported. Kim et al., 2010 observed that Hek293 cell lysates
contained GPR56 with molecular weights between 100 and 70kDa, with alternative

splice variants around 40-50 kDa. The latter bands are thought to correspond to
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truncated C terminal regions. Several prominent bands have also been detected
above 100kDa suggesting GPR56 may exist at the membrane in complex with itself
or another protein (Kim et al., 2010). GPR56 also contains multiple glycosylation
sites such as its amide nitrogen in asparagine (Asn) or at the oxygen in serine (Ser)
and threonine (Thr) side chains. Jin et al, 2007 identified a shift in molecular weight
of both GPR56 and mutated variant forms where the size of the higher bands >80
and 60kDa were reduced after PNGase (Peptide N-Glycosidase) treatment. In fact, 7
sites for N-linked glycosylation are present and introducing point mutations in any of
these sites yielded a shift in Mr suggesting that all 7 sites are functional. Further,
GPRS56 has also been documented to undergo alternative splicing leading to changes
in trafficking of GPRS56 resulting in altered cell surface expression and secretion (Jin

et al., 2007; Della Chiesa et al., 2010).

Xu et al., 2006 has identified GPR56 as an important G protein coupled receptor in
metastatic melanoma cells, where a reduced expression of GPR56 enhanced tumour
progression. Furthermore, TG2 was identified as the binding partner of GPR56 in the
extracellular matrix and this interaction was suggested to be mediated through the
TG2 C- terminal two beta barrel domains (Xu et al., 2006). GPR56 has also been
identified as necessary for the regulation of granule cell adhesion seen in rostral
cerebellar development, with mutations causing bilateral front parietal
polymicrogyria (BFPP) (Bai et al 2009). The latter phenotype was suggested to be a
consequence of improper ECM assembly. Taken together, these data suggest that an
interaction of extracellular TG2 with GPR56 may control cell behaviour including
adhesion, motility and gene expression in specific biological contexts. Hence, this
interaction may also initiate the signalling cascade to drive TG2 mediated migration
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of keratinocytes, and more specifically, the binding of TG2 to GPR56 may

potentially activate ADAM17.
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6.1.1Aims of Experiments.

Firstly, it is necessary to establish whether the keratinocytes express GPR56. GPR56
like other GPCRs is likely to be tightly controlled via sequestration by
internalization and its activity controlled by restricted cell surface availability.
Therefore, we performed an investigation as to where GPR56 can be found, and
whether it is upregulated, in keratinocytes upon ‘wounding’. This will provide
evidence of whether GPR56 is involved in the regulation of migration and
proliferation of keratinocytes occurring during epithelial regeneration. Furthermore,
in order to test the hypothesis that GPRS6 is the GPCR involved in TG2 mediated

signalling in keratinocytes a method to inhibit GPRS56 function must be established.
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6.2 Investigating GPR56 Protein Levels and Processing in GPRS6 Transfected
CHO Cells using Candidate Antibodies.

GPR56 may be the candidate cell surface receptor in keratinocytes that links TG2 to
ADAMI17 enabling this signalling cascade. In order to investigate the expression of
GPR56 in keratinocytes, initially the specificity and suitability of GPR56 antibodies
were evaluated. This was done by western blotting of cell lysates from an in house
generated stably transfected GPRS56 over-expressing CHO cell line. As a further
positive control, HeLa cell lysates were tested, since HeLa cells endogenously
express GPR56 (Huang et al., 2008). Two GPR56 antibodies raised against the N
and C terminus of the protein (Santa Cruz, clones N15 and N19) failed to identify
GPR56. However, an antibody from R& D systems with an epitope in the
extracellular domain of GPR56 was able to detect GPR56 in control cell lysates from
Chinese Hamster Ovary (CHO) cells over-expressing GPR56 (Figure 48 lanes 1 and
2 HeLa and CHO control samples). To test whether time after seeding (=degree of
confluence of culture) can affect GPR56 expression and processing, CHO cell
lysates were examined from 6 to 72 hours after seeding on plastic. Figure 48
indicates that several bands appear to be detected by this antibody to GPR56. The
broad band detected at ~94kDa is thought to be a glycosylated form of GPR56 as
previously identified by Jin et al., 2007 and Kim et al., 2010. A further band is also
seen around 76kDa 6 and 12 hours after seeding, which corresponds to the
previously published GPS (GPCR protein cleavage site) cleaved GPR56 size (Kim et
al., 2010) (corresponding to the N-terminal extracellular domain). Further bands seen

at lower molecular weights are likely to be proteolytically processed
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Figure 48: GPR56 Levels in GPR56 Transfected CHO cells.

GPRS56 levels in cell lysates from GPR56 CHO cells. Samples were collected at 6,12, 24 and 72
hours after seeding. Cells were lysed in buffer containing SDS and samples processed for
western blotting along with two previously used GPR56 CHO samples to confirm presence of
GPR56. Samples were separated in 2-20% SDS-PAGE gel under reducing conditions and
transferred to nitrocellulose. All samples were probed with polyclonal R&D GPRS56 antibody
at Ipg/ml. Migration of Mr standards is indicated on the right. R and D GPR56 antibody
identified bands at ~94kDa, 76Kda, labelled by the arrows. It also appears to identify processed
forms of GPR56 at lower molecular weight as identified by the stars. The membrane was
stripped and re-probed with antibodies to GAPDH to demonstrate equal protein loading.
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forms of the protein. This Figure also indicates that GPRS56 expression and
processing is influenced by cell density. At early time points of 6 hours and 12 hours
after seeding, where cells are at lower density and more motile, GPR56 protein is
expressed and molecular weights correspond to intact functional receptor. By 72
hours, where cells would be expected to be confluent the ~94 and 76kDa band is not

identifiable and processed forms of GPR56 are prevalent.
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6.3 Investigating GPR56 Protein Levels in Keratinocyte Cells.

6.3.1 GPR56 Protein Expression of Keratinocytes in Culture at Different Cell

Densities.

A similar experiment was conducted on the keratinocytes as had been carried out on
the GPR56 over-expressing CHO cells to investigate GPR56 protein expression in
keratinocytes. In addition, a 1 hour sample was examined from both a suspension
culture and a culture plated on plastic to identify whether GPRS56 expression was
dependent on cell adhesion. It was expected that trypsinisation carried out in other
experiments not involving lysing cells would strip the cell surface from any receptor
present and that the presence of mature protein, at this very early time point would

reflect GPR56 protein sequestered in intracellular stores.

Keratinocytes express GPR56 protein after 1 hour regardless of whether being in
suspension or adherent (Figure 49A). Mature GPR56 is present up to 24 hours, with
some processed forms of GPRS56 appearing after 12 hours. The 94kDa form of
GPR56 is down regulated by 72 hours although some processed forms are still
present, a pattern reminiscent of that seen in the GPR56 CHO cells (Figures 47 and
48). Jin et al., 2007 had confirmed that wild type GPR56 could be released into
conditioned medium as the large GPR56" (N terminus) subdomain. To investigate
whether keratinocytes were releasing GPRS6 into the medium, corresponding
conditioned medium samples were taken at the same time points and tested. GPR56
is released into conditioned medium by keratinocyte cells after 1 hour with increased

levels seen at 6 and 12 hours (results not shown). Only degraded forms of
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Figure 49: GPR56 expression in keratinocyte cells

Keratinocyte cells were counted and 5000 seeded per well of 6-well plates in normal FAD
medium (containing 10% FCS, 10pg/ml EGF) and incubated for 1,6,12,24 and 72 hours. In
addition, a one hour samples was prepared, which was left in medium in a cell suspension
culture. At the various time points, the medium was removed and kept as conditioned medium
samples. The Kkeratinocytes cell layer was lysed using buffer containing SDS and prepared for
western blotting as had been done previously for the GPRS6 CHO cells. Samples were
separated in 2-20% SDS-PAGE gel under reducing conditions and transferred to nitrocellulose.
A GPR56 CHO sample was run as a control for GPR56 identification (not shown). The first
lane on the left shows the suspension culture. The next five lanes contain all time points of the
cell lysate samples (panel A). Samples were probed with R&D GPRS56 antibody at Ipg/ml. R
and D GPR56 antibody identified intact GPRS6 as a broad band at 94kDa labelled by the
arrow. It also appears to identify bands of 60kDa and 33kDa. These are likely processed forms
of GPR56. Migration of Mr Standards is shown on the right. B: corresponding microscopic
phase contrast images of the cultures at 6,12, 24 and 72 hours are shown.
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GPRS56 were detected in conditioned medium samples at 24 and 72 hours. After 72
hours the keratinocyte monolayer is confluent (Figure 49B). This result indicates that
GPR56 protein levels and processing change in response to cell density and indicates
that once a continuous epithelial cell layer is established the receptor is down
regulated. Conversely, high levels of GPR56 are expressed over the first 24h in
culture when the cells are motile indicating that its expression may be linked to
disruption of cell-cell or cell-ECM contacts and may be part of stress response of

cells that promotes motility.
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6.4 Investigating GPRS6 Protein Expression Under Conditions Promoting
Keratinocyte Differentiation.

To further investigate GPR56 expression in relation to keratinocyte differentiation,
an investigation was carried out under conditions which would be expected to
promote cell differentiation. Extracellular calcium a known inducer of differentiation
was shifted from a low (0.5mM supporting a proliferative state) to a high (2.0mM
inducing differentiation) concentration to investigate this (Xie et al., 2005). Figure
50 (part A) shows the results of the experiment conducted in the presence of 0.5mM
calcium in the medium (low concentration). In cell lysates from cells cultured in
0.5mM calcium GPRS56 protein can be seen up to 24 hours as previously shown and
has disappeared at 72 hours. A small amount of the ~94kDa glycosylated band has
appeared under these conditions in conditioned medium samples. This is unlikely to
be ‘free soluble’ protein but probably reflects contamination of the medium with
membrane bound particles released by the cells or cell envelopes from dying cells.
Morphological analysis of the keratinocytes was also conducted under these
conditions. The appearance of the keratinocytes had not altered from that of

keratinocytes treated with normal FAD only (results not shown).
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Figure 50: GPR56 expression in keratinocyte cells is unaffected by differentiation.

The same time points 1, 6, 12, 24, and 72 hours were used to investigate GPR56 levels in
keratinocyte cells in FAD medium containing either 0.SmM (panel A) or 2.0mM (panel B)
calcium. The addition of calcium to the medium induces terminal differentiation. Keratinocyte
cells were counted and 5000 seeded per well of 6 well plates in normal FAD medium containing
10% serum and 10pg/ml EGF and incubated for 1,6,12,24 and 72 hours as described for the
previous experiment. At the indicated time points, the medium was removed and kept as
conditioned medium samples. The keratinocyte cell layer was lysed using buffer containing SDS
and prepared for western blotting as had been previously shown. Conditioned medium was
spun before analysis at 1500g. Samples were separated in 2-20% SDS-PAGE gel under reducing
conditions and transferred to nitrocellulose. Lanes contain 6, 24 and 72 hour cell lysates and
24 and 72 hour conditioned medium samples in either low calcium ( panel A) or high calcium
(panel B). R and D antibody identified intact GPR56as a broad band at 94kDa labelled by the
arrow. It also appears to identify bands of 60kDa and 33kDa. These are likely processed forms
of GPR56. Migration of Mr Standards is shown on the right.
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When calcium concentration in the medium was raised to 2mM, (Figure 50B) it does
not appear to overtly affect GPR56 expression. However, some differences were
noted. GPR56 is present in the cell lysates after 6 hours in abundance and continues
to be present up until 24 hours before disappearing completely at 72 hours. In the
presence of high Ca*, downregulation of expression appears to occur more quickly
(compare samples at 24h). Conversely, comparing the conditioned medium samples
indicates an accumulation of intact GPR56 in the presence of high calcium after 72h
in contrast to low calcium conditions. This suggests that cell envelopes containing
GPR56 accumulate in the cell supernatant, consistent with enhanced keratinocyte
differentiation and crosslinked envelope formation under these conditions.
Collectively, these results suggest that GPRS6 protein expression appears to be
largely unaffected by differentiation, and strongly indicate that GPR56 is not

upregulated in association with terminal differentiation.
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6.5 GPR56 Protein Localisation in Motile, Proliferating Keratinocytes.

Scratch wounding a confluent cell monolayer is a simple model to mimic an injury
and investigate the cellular response to wounding. Since the previous experiments
have suggested that GPR56 expression may be associated with a motile phenotype of
keratinocytes, we decided to use immunocytochemistry to localise GPR56 in this
model and investigate whether a correlation between cell activation and GPR56
expression could be seen. In order to compare GPR56 protein localisation and levels
from monolayer keratinocytes with wound edge keratinocytes, cells were seeded and
left for 24 hours. Keratinocytes were then scratched and left for 6, 12, 24 and 72
hours in FAD medium containing10% FCS,10ug/ml EGF, before being fixed and
processed for immunocytochemical analysis. Figure 51 shows GPR56 staining over
the 4 time points. There was positive staining for GPR56 at both the wound edge and
at the confluent cell layer. However, the expression of GPR56 was low indicated by
the fluorescence detected being very faint. GPR56 staining was seen in all samples
and was still visible at 72 hours following scratching although the wound is not
closed. A secondary antibody only control confirmed that the staining for GPR56
was the result of specific interaction with the primary antibody and not non-specific
cell staining or autofluorescence. Figure 51B shows higher magnification images of
keratinocytes at the wound edge after 12 hours. GPR56 is found throughout the cells.
However, cells migrating from the wound edge appeared brighter when compared
with the staining of the confluent keratinocytes. This suggest that GPR56 may be
upregulated in motile keratinocytes but a further experiment where GPR56 staining
in keratinocyte scratch wounds could be observed by confocal microscopy would be
advantageous to determine whether GPR56 staining reduces over time in the scratch
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Figure 51: GPRS56 is expressed in motile keratinocytes at the wound edge.A: 400,000
keratinocytes were seeded overnight before being scratched with a metal loop the following day.
Keratinocytes were left for 6, 12, 24 and 72 hours after scratching in FAD medium containing
10% FCS, 10pg/ml EGF before being fixed with 4% paraformaldehyde in PBS. The cells were
labelled with the R&D GPR56 antibody at Ipg/ml and binding visualized using a monoclonal
FITC anti-goat IGG. Images were captured on a Carl Zeiss Microscope with a 20x objective,
Axiocam 2000 CCD camera and Openlab 4.3.1 software. Phase contrast and fluorescent images
are shown from 6, 24 and 72 hour time points. In addition a secondary antibody only control
photograph is shown. B: The 12 hour time point picture shown has been zoomed using
photoshop zoom, indicated by the red boxes to 2X and 5X the original 20X magnification to
indicate the staining of GPR56 on a few cells at 2X and a single cell at 5X original
magnification.
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wound and to investigate its precise localization within the cells.
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6.6 Investigating siRNA Knockdown of GRP56 in GRP56 Over expressing CHO

Cells.

To test the hypothesis that TG2 induces cell migration through GPR56, siRNA
approaches were tested to block GPR56 expression in GPR56 over-expressing CHO
cells as well as keratinocytes. Initially, siRNA in two variants was transfected into
stably expressing GPR56 CHO cells to determine whether either variant of siRNA
could reduce GPR56 expression levels seen by Western blot. Figure 52 shows that
when compared to untransfected cells or cells transfected with scrambled negative

control siRNA, variant 1 was the most effective in reducing GPR56 expression.
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Figure 52: SiRNA knockdown of GPR56 in GPR56 over expressing CHO cells.

A: : Western showing GPR56 CHO cells transfected with GPR56 SiRNA variants 1, 2, as well
as untransfected GPR56 CHO cells and a scrambled SiRNA control using the Dharmacon
protocol for transfection. Lanes contain: (1) Untransfected GPRS6 expressing CHO cells,
(2)GPR56 over expressing CHO cells transfected with GPRS56 variant 1 SiRNA (Ambion), (3)
GPR56 over expressing CHO cells transfected with GPR56 variant 2 SiRNA (Ambion), (4)
GPR56 CHO cells transfected with a scrambled negative control, (Ambion). Samples were
separated in 2-20% SDS-PAGE gel under reducing conditions and transferred to nitrocellulose.
Primary GPR56 antibody was added at alpg/ml for one hour at room temperature. Secondary
Anti Goat IGG was added at 1:2000 concentration for 1.5 hours at room temperature. Western
blot was developed using ECL plus and fdm exposed for five minutes before developing. A
duplicate GAPDH blot is shown in the lower panel indicating equal loading of the samples.
Western indicates partial knock-down of GPR56 by GPRS6 Variant 1 SiRNA.
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6.7 Investigating the Effect of siRNA Knockdown of GRP56 in Keratinocyte

Cells.

When a similar experiment was carried out on keratinocyte cells the results were
inconclusive. The Dharmacon protocol used on the overexpressing GPR56 CHOs
showed no effect on GPR56 expression in keratinocytes. Therefore a different
transfection protocol using the reagent Interferin was tried. SIRNA variants 1 and 2
along with the scrambled control were transfected into keratinocyte cells and were
compared to untransfected keratinocytes and GPR56 CHO controls (Figure 53). The
results indicate no effect of either variant of the siRNA on the keratinocytes.
Unfortunately, as there was no reduction in the amount of GPR56 detected in
keratinocytes using the interferin© protocol neither transfection protocol worked to
transfect siRNA effectively into the keratinocytes compared with the overexpressing
GPRS56 transfected CHO cells. These results suggest that further optimisation of the
conditions are required, i.e. the transfection was inefficient in these cells, or the
siRNA selected may not be an effective suppressor of GPR56 in keratinocytes. In
addition, as the longevity of siRNA knockdown was not fully tested by these
experiments, even if successful in such a short-term experiment, this may not be a
suitable method for investigating the effects of GPR56 expression in TG2 dependent
signalling in our spheroid migration model due to the length of time it takes to set up

and carry out one of these experiments.
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Figure 53: SiRNA knockdown of GPR56 expression in Keratinocytes.

Western showing SiRNA transfection of GPR56 variant 1, 2, and scrambled negative control
into keratinocyte cells using Interferin protocol. Samples were separated in 2-20% SDS-PAGE
gel under reducing conditions and transferred to nitrocellulose. Lanes contain: (1) GPR56
expressing CHO cells, (GPR56 control) (2)Untransfected keratinocytes (3) Keratinocytes
transfected with GPRS56 SiRNA variant 2 (Ambion), (4)Keratinocytes transfected with GPR56
SiRNA variant 1 (Ambion) (5) Keratinocytes transfected with scrambled negative control
(Ambion). Western indicates little \(weaker band) removal of GPR56 by either SiRNA
Variant. Primary GPR56 Antibody was added at alpg/ml 5% Milk/PBS and left for one hour at
room temperature. Secondary Anti Goat IGG was added at 1:2000 concentration for 1.5 hours
at room temperature. Western was developed using ECL plus, exposed for five minutes before
developing. A GAPDH blot is show in the lower panel indicating equal loading control.
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6.8 Inhibition of Keratinocyte Migration over Fibroblast ECM by Blocking

TG2.

As no blocking agents were available to interfere with GPR56 on keratinocytes, we
decided to at least confirm that TG2 indeed was the “active component” of fibroblast
ECM that enhanced keratinocyte motility and thereby to tie the findings from
Chapters 4 and 5 together. In order to investigate the effect of inhibiting TG2 within
the matrix on migration of keratinocytes from a spheroid as described previously an
experiment was set up where over expressed TG2 matrix was pre-treated overnight
using either a blocking anti-TG2 antibody or a TG2 inhibitor (I15) which inactivates
TG2 (Figure 54). Subsequently, keratinocyte spheroids were plated on pre-treated or
control matrix and migration analysed at 24h and 48h. Migration was unaffected by
the presence of non-specific mouse IgG, but was reduced with the CUB7402
monoclonal antibody at the same concentration (Fig 53). Furthermore, migration was
reduced even more effectively by 115 treatment, which is in line with our observation
that TG2-I15 was unable to stimulate keratinocyte proliferation and demonstrates

that a specific form of TG2 is required to promote keratinocyte motility.
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Figure 54: Enhanced keratinocyte motility is dependent on TG2 in fibroblast ECM

Overexpressed TG2 matrix was pre-treated with either standard FAD medium, mouse IgG at
10pg/ml (control for TG2 antibody), TG2 antibody CUB7402 at 10pg/ml, or TG2 inhibitor 115
(25pM) in FAD medium overnight before the addition of keratinocyte spheroids (n=6). The
matrix was washed twice in PBS before spheroids were plated on the matrix and keratinocyte
migration was observed in standard FAD medium.
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6.9 Conclusion.

GPR56 is a relatively novel G protein coupled receptor that is the subject of much
recent investigation, especially in brain development and cancer studies. The link
between TG2 and GPR56 was first investigated in 2006 by Xu et al., where GPR56
was found to be down regulated in metastatic tumours, and where it’s up regulation
could suppress tumour growth and further metastasis. Experiments in figures 47
showed that over expressing GPR56 CHO cells did produce mature GPR56 only
when cultured at low density. This not only suggests that GPR56 may be associated
with a motile cell phenotype but also that post-transcriptional regulation is key in
control of protein levels in the cell. Similar results were obtained in keratinocyte
cells ( Figure 49) and a calcium shift experiment revealed that GPR56 protein levels
were unaffected by the presence of high calcium concentration, confirming that its

expression is not linked to terminal differentiation of keratinocytes (Xie et al., 2005).

Further experiments indicated that GPR56 could be seen in a scratch wound more
abundantly in cells migrating into the wound space, again suggesting that there may
be a link to cell motility. However, further analysis using confocal microscopy is
needed to indicate more clearly the changes in GPR56 expression and localisation

during re-establishment of a continuous cell layer.

Figures 51 and 52 showed that GPR56 could be suppressed in GPR56 over
expressing CHO cells but not in keratinocytes by siRNA gene silencing. This could
be an effect of the siRNA being isoform/splice variant specific and reflect the
different expression of these in different cell types. Furthermore, it is not clear
whether this experimental set up could be applied to a migration model due to the

time needed to perform the transfection before the production of keratinocyte
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spheroids. However, as this experiment indicated GPR56 could be knocked down, it
is possible to speculate that maybe a siRNA treated scratch wound of keratinocytes
by an alternative transfection reagent or an alternative siRNA, would heal ‘less well’
due to keratinocytes being unable to respond to TG2 for enhanced migration and
proliferation. It would also be interesting to investigate what would happen to
migration and proliferation in the absence of TG2 if GPR56 was inhibited. It is
important to realise that while TG2 may interact with GPR56 it may not be an

agonist or alternatively, there may be much more potent physiological ligands.

This chapter has identified that keratinocytes produce GPRS56 and that it might be
localised predominantly to the wound edge. GPRS6 expression can be suppressed by
siRNA knockdown in overexpressing GPRS56 CHOs. Further experiments
investigating whether TG2 could up-regulate GPR56 production in keratinocytes
would be an interesting experiment, as well as adapted migration and proliferation
experiments incorporating the siRNA silencing of GPR56 to see if this caused a
change in the keratinocytes proliferating and migration behaviour. Results from the
Xu et al papers of 2006 and 2007 may suggest that suppression or enhancement of
the interaction between TG2 and GPR56 could alter cell behaviour and this may in
the future lead to tumour suppression strategies or potentially be targeted to stimulate
re-epithelialisation in non-healing wounds. The summary diagram in Figure 55
speculates as to the role of GRP56 in enhancing keratinocyte proliferation and
migration. Results in previous chapters have identified that TG2 activates ADAM17
to release an EGFR ligand by shedding (potentially EGF, HB-EGF or TGFa) which
binds to the EGFR to cause motility and proliferation. Here we confirm that

enhanced keratinocyte motility in response to contact with fibroblast ECM is indeed
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mediated by TG2 itself which is assembled into this ECM. GPR56 may potentially
be the missing link as a binding partner for TG2 on the keratinocyte cell surface
which would allow this signalling cascade to take place, although we have not been

able to conclusively proofthis last point.

EGFR
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Figure 55:Summary Diagram of the Chapter.

The results chapters so far have indicated that in the presence of TG2 ADAM 10 or 17 is able to
release an EGFR ligand, potentially EGF or HB-EGF which binds to the EGFR and stimulates
kerationcyte migration. The linking factor between TG2 and ADAM17 is not yet known,
however it is possible to speculate that GPRS6 present on the cell surface may be the linking
factor which promotes kerationcyte motility.
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Chapter 7: General Discussion.
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The process of wound healing is highly complex, several in vitro models have been
developed to mimic the re-epithelialisation process such as a two dimensional
scratch wound assay (Rodriguez et al., 2005), or the more complex multiple cell skin
equivalent (Nakagawa et al 1989). We have adapted a co-culture model developed to
investigate angiogenesis by Korff and Augustin, 1998, to investigate the re-
epithelialisation process using fibroblasts and keratinocytes (Rosser-Davies, PhD
thesis 2006). Fibroblasts have previously been shown to produce ECM which is
instrumental in regulating the overlying epithelium as well as encouraging
proliferation and differentiation of keratinocytes (El Ghalbzouri et al., 2002; Locke
et al., 2007). Positive proliferative effects of fibroblasts have been shown in
numerous studies (Bell et al, 1981, Prunieras et al., 1983, Asselineau et al., 1986, Xu
and Clark., 1996) indicating fibroblasts are able to stimulate proliferation of
keratinocytes for example by regulating the expression of two critical paracrine-
acting cytokines, keratinocyte growth factor (KGF) and granulocyte-macrophage

colony-stimulating factor (GM-CSF) (Florin et al., 2005).

TG2 is ubiquitously expressed in many tissues. For example work by Van Strein et
al., showed that TG2 mediates the enhanced interaction of astrocytes with
fibronectin in the extracellular matrix increasing astrocyte adhesion and migration
leading to extensive tissue remodelling (Van Strein et al., 2010). Previous work by
Rosser Davies, (PhD thesis 2006) had shown that keratinocytes seeded onto an ECM
derived from fibroblasts expressing TG2 had increased motility when compared with

TG2 null fibroblasts. My work has shown that keratinocyte migration was reduced
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on matrix with live fibroblasts, when compared to matrices without fibroblasts

present in a TG2 dependent manner.

In order to distinguish between matrix and fibroblast signals in regulating
keratinocyte migration, experiments were designed to only measure the contribution
of the matrix. For this purpose fibroblasts were killed by freeze thawing and
keratinocyte migration analysed over matrices synthesised by fibroblasts positive or
negative for TG2. In our co-culture model in the presence of endogenous, over
expressed and TG2 null matrices the result showed that keratinocytes migrate further
in the presence of endogenous TG2 (220um), than matrices prepared with TG2 null
fibroblasts (130um). These data suggest that an increase in keratinocyte motility
occurred in the presence of TG2, when compared to TG2 null conditions (Figure 17,
page 148). However, the increased concentration of TG2 present in fibroblasts
overexpressing TG2 yielded a median distance migration and thus did not increase
keratinocyte migration further when compared to endogenous TG2. It was not clear
at this point whether TG2 deposited into the fibroblast ECM mediated these affects
or whether post translational modification or gene expression in these fibroblasts was
responsible. This result may therefore suggest that a high level of TG2 present within
this matrix increases crosslinking sufficiently to impede keratinocyte migration.
Alternatively, depending on whether the keratinocytes respond directly or indirectly
to TG2, the increased concentration is in excess of saturation of a keratinocyte
signalling pathway or the generation of the signal may be regulated separately from

gene expression, e.g., by TG2 adopting a specific conformation.
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An experiment to confirm the effects on migration of keratinocytes with endogenous,
overexpressed or TG2 null matrix in the presence of live fibroblasts was analysed
(Figure 18, page 150). This experiment confirmed earlier work by Dr Sally Rosser
Davies that keratinocyte migration decreases in the presence of endogenous or over
expressed TG2 matrix in the presence of live fibroblasts. Further, the overexpressed
TG2 matrix supported the least amount of keratinocyte migration in the presence of
live fibroblasts. This was reduced to the level of migration seen in the presence of
TG2 null matrix in the absence of fibroblasts (approximately 75pum). This is thought
to be a basal level of migration induced by contact of cells with a collagenous ECM
(Grenache et al., 2007). Therefore in the presence of live fibroblasts either an anti-
migratory signal is sent by the fibroblasts or cross talk between the fibroblasts and

the keratinocytes reduces migration in response to an increased presence of TG2.

The effects of conditioned medium from different fibroblasts was also examined to
determine if conditioned medium from TG2 deficient fibroblasts could support an
increased amount of keratinocyte migration (Figure 20, page 154). Keratinocyte
migration was most extensive on matrix from fibroblasts overexpressing TG2 in the
presence of the corresponding conditioned medium. Migration was less in the
presence of matrices with endogenous and TG2 null fibroblast conditioned medium.
This is thought to be a consequence of a pro-migratory signal in the conditioned
medium that is expressed by fibroblasts in a TG2 dependent manner and potentially
due to a released growth factor such as EGF or TGFpB. However, it is interesting to
note that conditioned medium analysis by Dr Mathew Caley in our lab (2009,

unpublished) indicated increased MMP1-protein levels in conditioned medium from
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fibroblasts expressing TG2. Therefore this suggests migration in the presence of
conditioned medium may be dependent on MMP1 signalling or activity. MMP1 has
previously been shown to be an intrinsic part of the wound healing process as
inhibition of MMP1 causes a reduction in cell proliferation and migration (Shyu et
al., 2007). Furthermore, MMP1 is thought to signal through the PAR1 receptor
causing an increase in migration of keratinocyte cells in the presence of conditioned
medium from TG2 overexpressing fibroblasts (Dr Mathew Caley, unpublished,
2009; Yang et al., 2009). Nevertheless, these data also showed that the absence of
TG2 did not simply lead to an accumulation of a signalling factor in the medium as a

consequence of the inability to cross link it into the ECM.

The experiments containing the live fibroblasts together with the effects of
conditioned medium indicated the presence of alternative and contrasting signalling
pathways and the analysis thereof would be beyond the scope of this thesis.
Therefore, it was decided to pursue the effects of ECM synthesised by fibroblasts
expressing TG2 in instructing keratinocyte migration and proliferation. This would
simplify the model by ablating the anti-migratory signals from the live fibroblasts
and would allow us to compare the migration data with subsequent work addressing

the regulation of keratinocyte proliferation by TG2 dependent signalling.

Metalloproteinase activity had previously been linked to keratinocyte resurfacing,
wound contraction, and granulation tissue organization (Mirastschijski et al, 2004).
Therefore experiments were conducted in the presence and absence of TG2 to

determine the effects of metalloproteinase inhibition in our keratinocyte migration
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model system. Initial experiments utilising general metalloproteinase inhibitors
GM6001 and TAPI1 showed keratinocyte migration reduced in the presence of these
inhibitors on TG2 positive matrix but not on TG2 null matrix (Figures 24/25, page
171-2). TAPI1, as well as being a general metalloproteinase inhibitor shows some
specificity to ADAMs, a sub family of metalloproteinases (Daniela et al., 2003). A
literature search had indicated that keratinocytes express ADAMSs 9, 10 and 17 all of
which have been linked with keratinocyte motility (Toriseva and Kéhéri, 2008).
Commercially available inhibitors to ADAM 10 and ADAM10/17 were obtained
from GSK, and a migration experiment in the presence of these inhibitors was
conducted (Figure 28-30, page 178-80). These experiments showed that keratinocyte
migration is reduced in the presence of inhibitors to ADAMI10 and 17 in the presence
of endogenous and overexpressed TG2 matrix to a level seen with TG2 null matrix.
Furthermore, migration in the absence of TG2 remained unaffected by the presence
of ADAM 10 and 17 inhibitors. This data showed that migration of keratinocytes is
dependent on metalloproteinases; specifically either ADAM 10 or both ADAMI10
and 17 in the presence of TG2 but not in its absence. Therefore this suggests ADAM
10 and 17 are part of the pathway through which TG2 enhances keratinocyte

motility.

A literature search indicated ADAMs 10 and 17 had been linked with the release of
EGFR ligands to enhance keratinocyte motility and proliferation (Sunnarbourg et al.,
2002; Lee et al.,, 2003; Li et al., 2004; Iacob et al., 2008). However IGFR and
PDGFR have also been previously linked with increased cell motility (Barrientos et

al., 2008; Iacob et al., 2008). Therefore an experiment was devised where inhibitors
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to EGFR along with IGFR and PDGFR were investigated (Figure 31, page 188).
Migration of keratinocytes is significantly reduced in the presence of EGFR inhibitor
on TG2 containing matriX, but not in its absence (TG2 null). Migration in the
presence of IGFR and PDGEFR inhibitors was unaffected in our model system in both
the presence and absence of TG2. Therefore my data indicated that TG2 stimulated

enhanced motility keratinocytes is dependent on EGFR signalling.

The next step was to determine whether EGFR ligand release could be affected in the
migration model. The literature indicated ADAMs 10 and 17 release EGF, HB-EGF,
TGFo, amphiregulin and neuregulin (Sahin et al., 2004). In order to examine
potential EGFR ligands in our keratinocyte migration model system, EGF and HB-
EGF were investigated as both ligands had been linked to cell proliferation, and
migration (Barradon and Green 1987, Joslin et al., 2007). Initially, TG2 null matrix
was supplemented with EGF in a 2, 10 or 50ng/ml concentration to determine
whether EGF could independently of TG2 stimulate keratinocyte migration (Figure
32, page 185) . Interestingly, migration in the presence of EGF in a TG2 null
background is stimulated at a 10ng/ml concentration. However, an increase of EGF
to 50ng/ml does not increase keratinocyte motility further. This suggests that
maximal activation of this pathway occurs at 10ng/ml which is in line with studies in
keratinocytes. It has been shown that high doses of EGF-ligand leads to rapid
internalisation of ligand bound EGFR which will then be degraded in intracellular
compartments. This may explain reduced affect that the high dose tested in this
thesis (Wang et al., 2009). Most importantly, this result suggests EGF can support

enhanced keratinocyte migration independently of TG2 which is known from the
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literature (Wang et al., 2010; Pucinilli et al., 2010). It also shows that TG2 with
ECM can support enhanced motility and therefore that the observed differences are
likely due to fundamental changes in the matrix causing differences in cell matrix

interactions.

The potential contribution of HB-EGF ligand to keratinocyte migration was
examined using a TG2 positive matrix and the commercially available inhibitor
CRM197, which blocks this ligand specifically. TG2 positive matrix was chosen
since EGFR signalling had been shown above to be involved in keratinocyte
migration using the kinase inhibitor AG1478. CRM197 was added initially as a pre-
treatment to an overexpressed TG2 matrix for 16 hours in FAD medium containing
1% serum before the addition of keratinocyte spheroids. CRM197 was added at a 3,
10, 30 and 100pg/ml concentration (Figure 33, page 187). Inhibition of keratinocyte
migration appeared at a 10ug/ml concentration and this effect increased as the dose
of inhibitor increased. This initial result suggested that HB-EGF could be inhibited
in the co-culture model and that its inhibition by CRM197 reduced keratinocyte
motility. However, further experiments using TG2 null and overexpressed TG2

matrices failed to yield the same result in the presence of FAD containing 1% serum.

Results so far, had indicated that in the presence of TG2, an ADAM (either
ADAMI0 or 17 or both) was able to facilitate EGFR signalling and thereby enhance
keratinocyte motility. Further, EGF a known EGFR ligand was able to stimulate
migration in the absence of TG2. Although our results are inconclusive regarding

HB-EGF, it would appear that HB-EGF may also be involved in TG2 mediated
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signalling. For example, Stoll et al., 2010 showed human keratinocytes to express
multiple EGFR ligands and amphiregulin and HB-EGF to be strongly induced in
human skin culture. Multiple EGFR ligands may similarly be involved in stimulating
keratinocyte migration in our model. It has been shown that keratinocyte migration
in scratch wound assays was highly metalloproteinase and EGFR dependent, and
was markedly inhibited by EGFR ligand antibodies (Stoll et al., 2010). This was
confirmed by Rahman et al., 2010 where HB-EGF was found to stimulate the growth
and migration of human oesophageal keratinocytes in a dose dependant manner. In
this study recombinant HB-EGF was found to stimulate oesophageal epithelial cell

migration at a 1 and 10ng/ml concentration.

In parallel with the migration studies, an examination of TG2 dependent keratinocyte
proliferation was undertaken using an MTT proliferation assay. This allowed us to
independently assess the importance of TG2 in EGFR signalling and to test in detail
the role of individual components in a high throughput assay. TG2 concentration and
conformation dependence of keratinocyte proliferation was analysed to determine
whether direct signalling may occur. Currently, it is unknown which conformation
TG2 assumes in the matrix and whether any of those do stimulate keratinocyte
migration. Furthermore, it was not known whether TG2 activity was required to
stimulate keratinocyte proliferation. Pinkas et al, had determined that depending on
the binding of GTP, calcium or substrate the conformation of TG2 was altered
(Pinkas et al.,, 2007). Therefore the present experiments were designed to gain

insight into this important question.
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The proliferation assay was used to investigate if keratinocytes respond to TG2 and
whether this was TG2 conformation dependent (Figure 37, page 203). TG2 was
tested in its native form at different concentrations (up to 10pug/ml) and compared
with TG2 bound to GTP or GTPyS (a non hydrolysable form) or to TG2-I15
(inhibited form). Additionally, TG2 stimulated with calcium, to ensure it is in the
catalytically active conformation was compared. This assay showed that keratinocyte
proliferation in response to TG2 is conformation dependent. TG2 added in its native
form stimulates a dose dependent increase in proliferation which was enhanced in
the presence of TG2 stimulated with calcium. Contrastingly, in the presence of TG2-
GTPyS no increase in proliferation is seen. This may be because TG2-GTPyS cannot
be hydrolysed and therefore is stably trapped in a closed conformation unable to bind
Ca’*. TG2 bound to GTP, undergoes hydrolysis of GTP, causing GDP or GTP to
dissociate from TG2, potentially allowing the TG2 conformation to change from
closed to active. Indeed, a low level of stimulation of proliferation was seen at the
highest dose of 10pg/ml TG2-GTP only. Therefore the results suggest that only TG2
in its open or catalytically active conformation is able to stimulate keratinocyte

proliferation.

A further experiment was undertaken to examine whether TG2 cross linking activity
as well as an open conformation is needed for stimulation of proliferation (Figure 39,
page 208). Native TG2 was compared with TG2 incubated with a peptide based
active site targeting inhibitor similar to that described in (Pinkas et al., 2007) and
developed by Zedira. The cross-linking defective TG2-115 is trapped in the open

conformation the results clearly show that no stimulation of proliferation occurs in
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the presence of TG2-115 i.e. the small amount of stimulation at higher concentration
is likely being caused by a small amount of TG2 not inhibitor bound that is present
in the preparation. This result suggests that the cross-linking activity of TG2 may be
necessary to stimulate proliferation but likely not a cryptic binding site exposed in

this open conformation.

In order to examine other potential signalling mechanisms regulating keratinocyte
proliferation, metalloproteinase activity was again examined to determine whether
their activity was part of the TG2 dependent proliferation pathway. The general
metalloproteinase inhibitor GM6001 was initially tested in the presence and absence
of TG2 to determine the effects of inhibiting metalloproteinase activity (Figure 40,
page 210). This experiment showed only a single dose of GM6001 of 50uM was
able to reduce proliferation in both the presence and absence of TG2, which
indicated that metalloproteinase activity could be important in regulating basal but
not TG2 stimulated proliferation. However, the rate of proliferation seen in this
experiment under control conditions were close to the maximum and further
stimulation by TG2 may have been masked. Furthermore the use of DMSO as a
solvent control can increase shedding of ligands from the cells which may explain
the increased growth rate (Watanabe et al., 1986). An alternative inhibitor of
metalloproteinase activity was considered in future experiments outlined below. A
further experiment to examine the effects of inhibition of ADAM 10 and ADAM17
revealed that both inhibitors alone could reduce proliferation (Figure 41, page 213).
When TG2 was added to the keratinocytes, proliferation was not inhibited in the

presence of the ADAMI0 inhibitor suggesting ADAM 10 may not be involved in
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keratinocyte proliferation. Contrastingly, proliferation in the presence of the ADAM
17 inhibitor was inhibited in both the presence and absence of TG2. This would
suggest that ADAMI17 may be involved in TG2 stimulated keratinocyte
proliferation. These data are in good agreement with literature data showing
regulation of EGFR ligand shedding by ADAM17 (Fang et al., 1999; Sahin et al.,
2004; Cao et al., 2006; Koivisto et al., 2006; Stoll et al., 2010; Puccinelli et al.,

2010).

In order to confirm that EGFR signalling was initiated by TG2 treatment,
keratinocytes were seeded with 4 growth factor receptor inhibitors in the presence
and absence of TG2 (Figure 42/3 pages 216-218). Proliferation was stimulated by
TG2 and only the EGFR inhibitor blocked TG2 dependent enhanced proliferation,
while inhibitors for IGFR, PDGFR and receptor FGFR were ineffective. These
results collectively indicate that EGFR may also be involved in TG2 dependent
signalling regulating keratinocyte proliferation as well as inducing migration as
shown earlier. A critical role of EGFR is in line with the current literature (Xu et al.,

2004; Koivisto et al., 2006; Mendelson et al., 2010)

So far my data has indicated that ADAM17 releases a ligand to bind to the EGFR to
promote keratinocyte proliferation. An attempt was made to determine which EGFR
ligand was released by ADAM 17 and regulating proliferation. Blocking antibodies
to EGF, HB-EGF and TGFa (another EGFR ligand known to be released by
ADAMI17) were tested individually, or in combination to investigate whether they

could block TG2 mediated enhanced proliferation HB-EGF (Stoll et al., 2010), EGF
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(Puccinelli et al., 2010) and TGFa (Poindester et al., 2010) have all been previously
linked with enhanced keratinocyte proliferation. Blocking antibodies were used to
block the activity of all 3 EGFR ligands at the same time and the data showed
proliferation to be reduced to the rate seen in the presence of the EGFR tyrosine
kinase inhibitor both in the presence and absence of TG2 (Figure 47 page 227).
Inhibition of proliferation under these conditions shows that one or more of these
ligands is involved in TG2 dependent keratinocyte proliferation. Antibodies were
added in various combinations to determine if proliferation decreased in the presence
of particular antibodies. The treatment with blocking antibodies to HB-EGF with
EGF showed 50% less proliferation then control IgG in the presence of TG2.
Proliferation seen with antibodies to EGF and TGFa combined gave a growth rate
40% less than control IgG. The highest growth rate was seen in the presence of
antibodies targeting HB-EGF and TGF-a where a proliferation rate 10% less than
control IgG was seen. This suggested that TGFa is the least effective or least
abundant ligand used in EGFR signalling in keratinocytes. TGFa has nevertheless
been previously linked with keratinocyte proliferation and so cannot be discounted
from EGFR signalling in keratinocytes (Stoll et al., 2010; Poindester et al., 2010).
Due to the reduction in proliferation seen in the presence of all 3 blocking antibodies
this shows that a degree of ligand redundancy was occurring in keratinocytes which
preferentially use EGF or HB-EGF for signalling (Rahman et al., 2010; Stoll et al.,
2010). This is consistent with the overlap in ligand specificity of the EGFR and also
the ability of ADAM17 to process the relevant precursors and release the soluble

ligands for binding to EGFR.

274



Role of Transglutaminases in Signalling that Regulates Epithelial responses in Wound Healing.

In addition to the blocking antibody studies CRM197, a HB EGF inhibitor was tried
at different concentrations in the presence and absence of TG2 to determine its effect
if any on proliferation (Figure 46, page 225). CRM197 failed to inhibit proliferation,
which agrees with the data showing a lack of inhibition in the migration assay. The
blocking antibodies showed that three ligands contribute to the increase in
proliferation; therefore we can expect that any inhibitory activity of CRM197 alone

would be marginal.

So far my work has shown that ADAM17 can release an EGFR ligand to bind to the
EGFR to stimulate both keratinocyte proliferation and migration. However, the
mechanism regulating activation of ADAMI17 in a TG2 dependent manner had not
been addressed. In 2006 Richard O’Hynes group identified an orphan G-protein
coupled receptor, GPR56, as an extracellular binding partner for TG2 (Xu et al.,
2006). There are a number of well characterised cases where a GPCR is responsible
for assembling a signalling platform leading to activation of ADAMSs. We therefore
speculated that the interaction of TG2 with GPRS56 may initiate the signalling
cascade to drive TG2 mediated migration and proliferation of keratinocytes by
potentially activating ADAMI17. Therefore an attempt was made to determine
whether GPR56 could be identified in keratinocytes (Figure 49, page 245). Western
blotting of cell lysates was undertaken to determine if GPR56 was expressed in
keratinocytes at 1, 6, 12, 24 and 72 hours after seeding and if its protein expression
changed over that time. This experimental setup was chosen as it was likely that a
GPCR regulating motility was not constitutively expressed and may not therefore be

present in confluent cultures. GPR56 protein appeared to be present in keratinocytes
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1 hour after seeding and continued to be seen until 24 hours. By 72 hours protein
expression appeared down regulated. Multiple bands were identified by the R and D
antibody to GPR56 including a broader band of a larger than published size (for
recombinant protein). This was thought to be the result of glycosylation of GPR56
(Kim et al., 2010). Further protein bands seen at lower molecular weights on the blot
were thought to be the processed forms of GPR56. Kim et al, 2010 observed that
cell lysates from different splicing variants of GPR56 produced different protein
banding patterns. However, GPR56 processing in its GPS domain is thought to be
important for its trafficking and cell surface expression (Jin et al., 2007; Kim et al.,
2010). With the exception of the low Mr band (40kDa), the bands observed likely
correspond to receptor with varying extent of glycolysalation and GPS cleaved

extracellular domain.

These experiments confirmed that GPR56 can be expressed by keratinocytes.
Furthermore, this indicated that it may be present only in activated motile
keratinocytes. This was further confirmed by Ca®" shift experiments which showed
that induction of keratinocyte differentiation did not induce GPR56 expression
(Figure 50, page 248) Therefore, we evaluated the expression of GPR56 after
wounding of a keratinocyte monolayer. In order to evaluate whether GPR56
expression was localised to the leading edge of a scratch wound immunolocalisation
experiments were performed (Figure 51, page 251). The data showed that GPR56 is
expressed at low level in the keratinocyte monolayer but upregulated in cells
migrating from the edge of the scratch wound. This may not entirely reflect the result

seen by Western blot which suggests GPR56 may be released or degraded by
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keratinocytes after reaching confluencency after 72 hours. Therefore further
experiments are needed which double label the N and C-terminal of GPRS56 to
understand receptor upregulation and processing that may occur upon wounding.

In order to evaluate the contribution of GPR56 in keratinocyte migration siRNA
transfections were designed to ablate its expression. For this purpose CHO cells
expressing GPRS56 were transfected with 2 variants of SiIRNA to determine if GPR56
could be successfully knocked down. CHO cells transfected with SIRNA to GPR56
showed successful knockdown of GPR56 by variant 1 SiRNA (Figure 52, page 254).
Therefore, keratinocytes were transfected with the same SiRNA, but unfortunately
this was unsuccessful (Figure 53, page 256). It is notoriously difficult to achieve
high levels of transfection of keratinocytes using conventional lipid based
transfection reagents. Subsequent transfection of keratinocytes with GPR56 SiRNA
using an alternative reagent failed to yield any reduction in GPRS56 protein
expression in these cells and unfortunately time constraints did not allow me to
optimise transfection conditions or use viral delivery systems to ablate GPR56 in

keratinocytes.

GPRS56 is a member of the adhesion GPCR family, a secretine like protein, which
may maintain the balance between cell adhesion and detachment during cell
migration (Bjarnadottir et al., 2004; Iguchi et al., 2008). GPR56 expression has been
studied in both the heart and brain but transcripts are actually present in most tissues
(UNIGENE data, NCBI, NIH) (Iguchi et al., 2008). Mutations within the
extracellular as well as intracellular domains of GPR56 have been recently identified

in patients with bilateral frontoparietal polymicrogyria (BFPP). These mutations
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include frameshift, splicing and point mutations, and they affect neuronal progenitor
proliferation and migration to the frontal cortical region of the brain during early
human development (Kim et al., 2010). These observations are also apparent in the
GPRS56 knock out mouse which also displays a severe malformation of the rostral
cerebellum (Koirala et al., 2009). These defects are thought to result from defects in
basement membrane assembly. TG2 has been shown to be a basement membrane
constituent also in the brain (Aeschlimann and Paulsson, 1991). Thus, an interaction
between TG2 and GPR56 may not only be important to regulate keratinocyte

motility but may also contribute to establishment of a new basement membrane.

Final Words.

This thesis has attempted to determine the relationship of TG2 and various other
matrix related proteins to extracellular remodelling and wound healing. It has
concentrated on the role that TG2, Metalloproteinases, growth factor ligands and
receptors have on the behaviour of keratinocyte cells seeded on a fibroblast derived
ECM. This thesis has delineated a mechanism for TG2 mediated stimulation of
keratinocyte motility. The release of an EGFR ligand by ADAM 17 allows
signalling through the EGFR to take place. Experiments which would further
substantiate this pathway would be to establish if phosphorylation of the EGFR
occurs and affects downstream signalling. EGFR phosphorylation could be
examined by immunoprecipitation of the receptor following TG2 treatment.
Alternatively, downstream ERK phosphorylation leading to MAPK activation could

be investigated.
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The experiments in this thesis were carried out using N-tert immortalised human
keratinocytes and TG2 transfected fibroblasts (human skin). While both of these cell
lines are good models further experiments to examine the effects of using primary
fibroblasts derived from a TG2 knock out mouse would be used to confirm the role
of TG2 in this signalling pathway. TG2 null mice have been shown to have defective
healing of excision skin wounds and it would be interesting to examine whether this

relates to the pathway outlined in this thesis.

GPR56 could also be investigated further. Transfection of SiRNA to inhibit its
activity had proven unsuccessful so far in keratinocytes; this transfection could be
optimised to cause ablation of GPR56 in the keratinocytes. Unpublished data has
indicated that over expression of GPR56 causes an increase in EGFR ligand
shedding (Gaweska and Knauper, unpublished, 2010) providing further support of a
direct link between GPR56 and EGFR signalling. A successful knockdown could
then directly prove GPRS6 involvement in TG2 dependent migration and

proliferation.

Finally, this thesis has shown that TG2 can stimulate keratinocyte migration and
proliferation through activation of the EGFR via EGFR ligand release by ADAM17
shedding. This has indicated a novel function of TG2 in instigating this signalling
cascade and may in future contribute to better understanding of the process of re-

epithelialisation in wound healing.
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Motility and
Growth

ADAM10/17.

TG2 Matrix

Figure 56:Summary Diagram of the Thesis.

The results chapters have indicated that in the presence of TG2 ADAM 10 or 17 is able to
release an EGFR ligand, potentially EGF or HB-EGF which binds to the EGFR and stimulates
kerationcyte migration. The linking factor between TG2 and ADAMI17 is not yet known,
however it is possible to speculate that GPR56 present on the cell surface may be the linking
factor which promotes kerationcyte motility. This thesis has demonstrated a novel function of
TG2 is controlling this signalling cascade however results in this thesis are by no means
exhaustive, further experiments could be conducted which would lead to better understanding
of the process of re-epithelialisation in wound healing.

280



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

References.

281



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Achyuthan, K. E. and Greenberg, C. S. (1987) Identification of a guanosine triphosphate-
binding site on guinea pig liver transglutaminase. Role for GTP and calcium ions in
modulating activity. J. Biol. Chem. 262, 1901-6.

Adam R, Drummond DR, Solic N, Holt SJ, Sharma RP, Chamberlin SG, Davies DE. (1995)
Modulation of the receptor binding affinity of amphiregulin by modification of its carboxyl
terminal tail. Biochim Biophys Acta.1266(1):83-90.

Adar R, Kessler E, Goldberg B. (1986) Evidence for a protein that enhances the activity of
type I procollagen C-proteinase. Coll Relat Res. (3):267-77.

Aeschlimann, D. and Paulsson, M. (1991). Crosslinking of laminin-nidogen complexes by
tissue transglutaminase: A novel mechanism for basement membrane stabilization. J. Biol.
Chem. 266, 15308-17.

Aeschlimann, D., Paulsson, M., Mann, K. (1992). Identification of GIn in nidogen as the
amine acceptor in transglutaminase-catalysed cross-linking of laminin-nidogen complexes.
J. Biol. Chem. 267, 11316-21.

Aeschlimann, D., Wetterwald, A., Fleisch, H. and Paulsson, M. (1993). Expression of tissue
transglutaminase in skeletal tissues correlates with events of terminal differentiation of
chondrocytes. J. Cell Biol. 120, 1461-70.

Aeschlimann, D. and Paulsson, M. (1994). Transglutaminases: Protein cross-linking
enzymes in tissues and body fluids. Thrombosis and Haemostasis 71 (4), 402-15.

Aeschlimann, D., Kaupp, O. and Paulsson, M. (1995). Transglutaminase catalysed matrix
crosslinking in differentiating cartilage: identification of osteonectin as a major glutaminyl
substrate. J. Cell Biol. 129, 881-92.

Aeschlimann, D., Koeller, M-K., Allen-Hoffmann, B. L. and Mosher, D. F. (1998).
Isolation of a cDNA encoding a novel member of the transglutaminase gene family from
human keratinocytes. Detection and identification of transglutaminase gene products based
on RT-PCR with degenerate primers. J. Biol. Chem. 273, 3452-3460.

Aeschlimann, D. and Thomazy, V. (2000). Protein Crosslinking in Assembly and
Remodelling of Extracellular Matrices: The role of Transglutaminases. Connective Tissue
Research 41 (1), 1-27.

Aimes RT, Quigley JP. (1995). Matrix metalloproteinase-2 is an interstitial collagenase.
Inhibitor-free enzyme catalyzes the cleavage of collagen fibrils and soluble native type I
collagen generating the specific 3/4- and 1/4-length fragments. J Biol Chem. 270(11):5872-
6.

Akagi Y, Isaka Y, Arai M, Kaneko T, Takenaka M, Moriyama T, Kaneda Y, Ando A, Orita
Y, Kamada T, Ueda N, Imai E. (1996). Inhibition of TGF-beta 1 expression by antisense
oligonucleotides suppressed extracellular matrix accumulation in experimental
glomerulonephritis. Kidney Int. 50(1):148-55.

Akimov SS, Krylov D, Fleischman LF, Belkin AM. (2000). Tissue transglutaminase is an
integrin-binding adhesion coreceptor for fibronectin. J Cell Biol.21;148(4):825-38.

282



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Akimov SS, Belkin AM. (2001). Cell-surface transglutaminase promotes fibronectin
assembly via interaction with the gelatin-binding domain of fibronectin: a role in TGFbeta-
dependent matrix deposition. J Cell Sci. 114(Pt 16):2989-3000.

Ali N, Knaiiper V. (2007). Phorbol ester-induced shedding of the prostate cancer marker
transmembrane protein with epidermal growth factor and two follistatin motifs 2 is mediated
by the disintegrin and metalloproteinase-17. 282(52):37378-88.

Ahvazi, B., Boeshans, K. M., Idler, W., Baxa, V. and Steinert, P. M. (2003). Roles of
calcium ions in the activation and activity of the transglutaminase 3 enzyme. J. Biol. Chem.
278 (6), 23834-41.

Ahvazi, B., Boeshans, K. M., Idler, W., Baxa, U., Steinert, P. M. and Rastinejad, F. (2004).
Structural basis for the coordinated regulation of transglutaminase 3 by guanine nucleotides
and calcium/magnesium. J. Biol. Chem. 279, 7180-92.

Ahvazi, B., Kim, H. C., Kee, S. H., Nemes, Z. and Steinert, P. M. (2002). Three-
dimensional structure of the human transglutaminase 3 enzyme: Binding of calcium ions
changes structure for activation. EMBO J. 21, 2055-67.

Akagi A, Tajima S, Ishibashi A, Matsubara Y, Takehana M, Kobayashi S, Yamaguchi N.
(2002). Type XVI collagen is expressed in factor XIlla+ monocyte-derived dermal
dendrocytes and constitutes a potential substrate for factor XlIIla. J Invest Dermatol.
118(2):267-74.

Akimov, S.and Belkin, A. (2001). Cell-surface transglutaminase promotes fibronectin

assembly via interaction with the gelatin-binding domain of fibronectin: a role in TGFf3-
dependent matrix deposition. J. Cell Sci. 114, 2989-3000.

Akimov, S. S., Krylov, D., Fleischmann, L. F. and Belkin, A. M. (2000). Tissue
transglutaminase is an integrin-binding adhesion coreceptor for fibronectin. J. Cell Biol. 148,
825-38.

Allen, T. D. and Potten, C. S. (1975). Desmosomal form, fate and function in mammalian
epidermis. J. Ultrastruct. Res. 5, 94-105.

Asselineau D, Bernard BA, Bailly C, Darmon M, Pruniéras M. (1986). Human epidermis
reconstructed by culture: is it "normal"?.J Invest Dermatol. 86(2):181-6.

Aragane, Y. Yamada, H., Schawrz, A., Poppelmann, B., Luger, T. A., Tezuka, T. and
Schawrz, T. (1996). Transforming growth factor-alpha induces interleukin-6 in the human
keratinocyte cell line HaCaT mainly by transcriptional activation. J. Invest. Dermatol. 106,
1192-7.

Aukhil T .(1992). Potential contributions of cellular and molecular biology to periodontal
tissue regeneration. Curr Opin Dent 2 91-96.

Bai Y, Du L, Shen L, Zhang Y, Zhang L. (2009). GPR56 is highly expressed in neural stem
cells but downregulated during differentiation. Neuroreport. 20(10):918-22.

Balklava, Z., Verderio, E., Collighan, R., Gross, S., Adams, J. and Griffin, M. (2002).

Analysis of tissue transglutaminase function in the migration of Swiss 3T3 fibroblasts. J.
Biol. Chem. 277 (19) 16567-75.

283



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Ballestar, E., Abad, C. and Franco, L. (1996). Core histones are glutaminyl substrates for
tissue transglutaminase. J. Biol. Chem. 271, 18817-24.

Ballestar, E., Boix-Chornet, M. and Franco, L. (2001). Conformational change in the
nucleosome followed by the selective accessibility of histone glutamines in the
transglutaminase reaction: effects of salt concentrations. Biochemistry 40, 1922-9.

Banda MJ, Herron GS, Murphy G, Werb Z, Dwyer KS. (1988). Proteinase induction by
endothelial cells during wound repair. Prog Clin Biol Res. 266:117-30.

Banks-Schlegel, S. and Green, H. (1981). Involucrin synthesis and tissue assembly by
keratinocytes in natural and cultured human epithelial. J. Cell Biol. 90, 732-37.

Barnard JA, Graves-Deal R, Pittelkow MR, DuBois R, Cook P, Ramsey GW, Bishop PR,
Damstrup L, Coffey RJ. (1994). Auto- and cross-induction within the mammalian epidermal
growth factor-related peptide family. J Biol Chem. 269(36):22817-22.

Barrandon Y, Green H. (1987). Cell migration is essential for sustained growth of
keratinocyte colonies: the roles of transforming growth factor-alpha and epidermal growth
factor. Cell. 50(7):1131-7.

Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. (2008). Growth
factors and cytokines in wound healing. Wound Repair Regen. 16(5):585-601.

Barsigian, C., Stem, A. M. and Martinez, J. (1991). Tissue type II transglutaminase
covalently incorporates itself, fibrinogen or fibronectin into high molecular weight
complexes on the extracellular surface of isolated hepatocytes. J. Biol. Chem. 266, 22501-9.

Baumgartner, W., Golenhofen, N., Weth, A., Hiragi, T., Saint, R., Griffin, M. and
Drenckhahn, D. (2004). Role of transglutaminase 1 in stabilisation of intercellular junctions
of the vascular endothelium. Histochem. Cell Biol. 122, 17-25.

Becker JW, Marcy Al, Rokosz LL, Axel MG, Burbaum JJ, Fitzgerald PM, Cameron PM,
Esser CK, Hagmann WK, Hermes JD, Springer JP. (1995). Stromelysin-1: three-
dimensional structure of the inhibited catalytic domain and of the C-truncated proenzyme.
Protein Sci. 4 (10):1966-1976.

Bell E, Ehrlich HP, Buttle DJ, Nakatsuji T. (1981). Living tissue formed in vitro and
accepted as skin-equivalent tissue of full thickness. Science. 211(4486):1052-4.

Benz, J., Bergner, A., Hofmann, A., Demange, P., Gottig, P., Liemann, S., Huber, R. and
Voges, D. (1996). The structure of recombinant human annexin VI in crystals and
membrane-bound. J. Mol. Biol. 266, 638-43.

Bernassola, F., Federici, M., Corazzari, M., Terrinoni, A., Hribal, M. L., De Laurenzi, V.,
Ranalli, M., Massa, O., Sesti, G., Mclean, W. H. L., Citro, G., Barbetti, F. and Melin, G.
(2002). Role of transglutaminase 2 in glucose intolerance: Knockout mice studies and a
putative mutation in a MODY patient. FASEB J. 16, 1371-8.

284



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Bhagavathula N, Nerusu KC, Fisher GJ, Liu G, Thakur AB, Gemmell L, Kumar S, Xu ZH,
Hinton P, Tsurushita N, Landolfi NF, Voorhees JJ, Varani J. (2005). Amphiregulin and
epidermal hyperplasia: amphiregulin is required to maintain the psoriatic phenotype of
human skin grafts on severe combined immunodeficient mice.Am J Pathol. 166(4):1009-16.

Bhora FY, Dunkin BJ, Batzri S, Aly HM, Bass BL, Sidawy AN, Harmon JW. (1995). Effect
of growth factors on cell proliferation and epithelialization in human skin. J Surg Res.
59(2):236-44.

Bjarnadottir TK, Fredriksson R, Hoglund PJ, Gloriam DE, Lagerstorn MC, Schioth HB.
(2004). The human and mouse repertoire of the adhesion family of G-protein-coupled-
receptors. Genomics 84;23-33.

Black RA, Rauch CT, Kozlosky CJ, Peschon JJ, Slack JL, Wolfson MF, Castner BJ,
Stocking KL, Reddy P, Srinivasan S, Nelson N, Boiani N, Schooley KA, Gerhart M, Davis
R, Fitzner JN, Johnson RS, Paxton RJ, March CJ, Cerretti DP. (1997). A metalloproteinase
disintegrin that releases tumour-necrosis factor-alpha from cells. Nature. 385(6618):729-33.

Black RA, White JM. (1998). ADAMs: focus on the protease domain. Curr Opin Cell Biol.
10(5):654-9.

Blobel CP, Wolfsberg TG, Turck CW, Myles DG, Primakoff P, White JM. (1992). A
potential fusion peptide and an integrin ligand domain in a protein active in sperm-egg
fusion. Nature.;356(6366):248-52.

Blobel CP, White JM .(1992). Structure, function and evolutionary relationship of proteins
containing a disintegrin domain. Curr Opin Cell Biol. 4(5):760-5.

Blobel CP. (2000). Remarkable roles of proteolysis on and beyond the cell surface. Curr
Opin Cell Biol. 12(5):606-12.

Blobel CP. (2005). ADAMs: key components in EGFR signalling and development.
Nat Rev Mol Cell Biol. 6(1):32-43. Review.

Bode W, Gomis-Riith FX, Stockler W. (1993). Astacins, serralysins, snake venom and
matrix metalloproteinases exhibit identical zinc-binding environments (HEXXHXXGXXH
and Met-turn) and topologies and should be grouped into a common family, the 'metzincins'.
FEBS Lett.;331(1-2):134-40.

Boscolo S, Lorenzon A, Sblattero D, Florian F, Stebel M, Marzari R, Not T, Aeschlimann D,
Ventura A, Hadjivassiliou M, Tongiorgi E. (2010). Anti transglutaminase antibodies cause
ataxia in mice. PLoS One.

Bowness, J. M., Folk, J. E. and Timpl, R. (1987). Identification of a substrate site for liver
transglutaminase on the aminopropeptide of type III collagen. J. Biol. Chem. 262, 1022-4

Bowness, J. M., Tarr, A. H. and Wong, T. (1988). Increased transglutaminase activity during
skin wound healing in rats. Biochim. Biophys. Acta. 967, 234-40

Brachmann R, Lindquist PB, Nagashima M, Kohr W, Lipari T, Napier M, Derynck R.

(1989). Transmembrane TGF-alpha precursors activate EGF/TGF-alpha receptors. Cell.
56(4):691-700.

285



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Broome, A.M. and Eckert, R.L. (2004). Microtubule-dependent redistribution of a
cytoplasmic cornified envelope precursor. J. Invest. Dermatol. 122, 29-38.

Brown LF, Dubin D, Lavigne L, Logan B, Dvorak HF, Van de Water L. (1993).
Macrophages and fibroblasts express embryonic fibronectins during cutaneous wound
healing. Am J Pathol. 142(3):793-801.

Candi, E., Melino, G., Mei, G., Tarcsa, E., Chung, S-I., Marekov, L. N. and Steinert, P. M.
(1995). Biochemical, structural, and transglutaminase substrate properties of human
loricrin, the major epidermal cornified cell envelope protein. J. Biol. Chem. 270, 26382-90

Candi, E., Oddi, S., Paradis, A., Terrinon, A., Ranalli, M., Teofoli, P., Citro, G., Scarpato,
S., Puddu, P. and Melino, G. (2002) Expression of transglutaminase 5 in normal and
pathologic human epidermis. J. Invest. Dermatol. 119, 670-7.

Candji, E., Oddi, S., Terrinoni, A., Paradisi, A., Ranalli, M., Finazzi-Agro, A. and Melino, G.
(2001). Transglutaminase 5 cross-links loricrin, involucrin and small proline-rich proteins in
vitro. J. Biol. Chem. 276, 35014-23.

Candi, E., Paradisi, A., Terrinoni, A., Pietroni, V., Oddi, S., Cadot, B., Jogini, V.,
Meiyappan, M., Clardy, J., Finazzi-Agro, A., Melino, G. (2004). Transglutaminase 5 is
regulated by guanine-adenine nucleotides. Biochem. J. 381, 313-9.

Candi, E., Tarcsa, E., DiGiovanna, J. J., Compton, J. G., Elias, P. M., Marekov, L. N. and
Steinert, P. M. (1998). A highly conserved lysine residue on the head domain of type II
keratins is essential for the attachment of keratin intermediate filaments to the cornified cell

envelope through isopeptide crosslinking by transglutaminases. Proc. Natl. Acad. Sci. U.S.A
95, 2067-72.

Candi, E., Tarcsa, E., Idler, W. W., Kartasova, T., Marekov, L. N. and Steinert, P. M.
(1999). Transglutaminase cross-linking properties of the small proline-rich 1 family of
cornified cell envelope proteins. J. Biol. Chem. 274, 7226-37.

Caputo I, Barone MV, Martucciello S, Lepretti M, Esposito C. (2009). Tissue
transglutaminase in celiac disease: role of autoantibodies. Amino Acids. 36(4):693-9.

Cao C, Sun Y, Healey S, Bi Z, Hu G, Wan S, Kouttab N, Chu W, Wan Y. (2006). EGFR-
mediated expression of aquaporin-3 is involved in human skin fibroblast migration.
Biochem J. 1;400(2):225-34.

Cardinali M, Uchino R, Chung SI . (1990). Interaction of fibrinogen with murine melanoma
cells: covalent association with cell membranes and protection against recognition by
lymphokine-activated killer cells. Cancer Res. 50(24):8010-6.

Casadio, R., Polverini, E., Mariani, P., Spinozzi, F., Carsughi, F., Fontano, A., Polverino de
Laureto, P., Matteurci, G. and Bergamini, C. M. (1999). The structural basis for the
regulation of tissue transglutaminase by calcium ions. Eur. J. Biochem. 262, 67-9

Cha, D., O’Brien, P., O’Toole, E. A., Woodley, D. T. and Hudson, L. G. (1996). Ehanced
modulation of keratinocyte motility by transforming growth facto-alpha (TGF-alpha)
relative to epidermal growth factor (EGF). J. Invest. Dermatol. 106, 590-7.

Chapman, S. J. and Walsh, A. (1990). Desmosomes, corneosomes and desquamation. An
ultrastructural study of adult pig epidermis. Arch. Dermatol. Res. 282, 304-10.

286



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Chedid M, Rubin JS, Csaky KG, Aaronson SA. (1994). Regulation of keratinocyte growth
factor gene expression by interleukin 1. J Biol Chem. 269(14):10753-7.

Chen, R. and Doolittle, R. F. (1971). y-y Cross-linking sites in human and bovine fibrin.
Biochemistry 10, 4486-91.

Chen, J. M., Sheldon, A. and Pincus, M. R. (1993). Structure-function correlations of
calcium binding and calcium channel activities based on 3-dimensional models of human
annexins I, I, III, V and VII. J. Biomol. Struct. Dyn. 10, 1067-89.

Chung, S. I. and Folk, J. E. (1972). TG3 50 KDa Transglutaminase from hair follicle of
guinea pig. Proc. Natl. Acad. Sci. U.S.A 69, 303-8.

Citri A, Yarden Y. (2006) EGF-ERBB signalling: towards the systems level. Nat Rev Mol
Cell Biol. (7):505-16.

Clark, R. A. F, Lanigan, J. M., DellaPelle, P., Dvorak, H. F. and Colvin, R. B. (1982).
Fibronectin and fibrin provide a provisional matrix for epidermal cell migration during
wound reepithelialization. J. Invest. Dermatol. 79, 264-9.

Clark, R. A. F. (1996). (Ed.) The molecular and Cellular Biology of wound repair. (Plenum,
New York).

Clarke, D. D., Mycek, M. J., Neidle, A., Waelsch, H. (1957). The incorporation of amines
into protein. Arch. Biochem. Biophys. 79, 338-54.

Clark IM, Swingler TE, Sampieri CL, Edwards DR. (2008). The regulation of matrix
metalloproteinases and their inhibitors. Int J Biochem Cell Biol. 40(6-7):1362-78.

Coffey RJ Jr, Derynck R, Wilcox JN, Bringman TS, Goustin AS, Moses HL, Pittelkow MR.
(1987). Production and auto-induction of transforming growth factor-alpha in human
keratinocytes. Nature.328(6133):817-20.

Cohen, C. M., Dotimas, E. and Korsgren, C. (1993). Human erythrocyte membrane protein
band 4.2 (pallidin). Semin. Hematol. 30, 119-37.

Cohen, 1., Gerrard, J. M. and White, J. G. (1982). Ultrastructure of clots during isometric
contraction. J. Cell Biol. 93, 775-87.

Cook PW, Pittelkow MR, Shipley GD. (1991). Growth factor-independent proliferation of
normal human neonatal keratinocytes: production of autocrine- and paracrine-acting
mitogenic factors. J Cell Physiol. 146(2):277-89.

Cook PW, Piepkorn M, Clegg CH, Plowman GD, DeMay JM, Brown JR, Pittelkow MR.
(1997). Transgenic expression of the human amphiregulin gene induces a psoriasis-like
phenotype. J Clin Invest.; 100(9):2286-94.

Cook PW, Brown JR, Cornell KA, Pittelkow MR. (2004). Suprabasal expression of human
amphiregulin in the epidermis of transgenic mice induces a severe, early-onset, psoriasis-like
skin pathology: expression of amphiregulin in the basal epidermis is also associated with
synovitis. Exp Dermatol. 13(6):347-56.

287



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Corbett, S. A,, Lee, L., Wilson, C. L. and Schwartzbauer, J. E. (1997). Covalent crosslinking
of fibronectin to fibrin is required for maximal cell adhesion to a fibronectin-fibrin matrix. J.
Biol. Chem. 272, 24999-25005.

Cotsarelis, G., Cheng, S., Dong, G., Sun, T-T. and Lavker, R. M. (1989). Existence of slow
cycling limbal epithelial basal cells that can be preferentially stimulated to proliferate:
Implications on epithelial stem cells. Cell 57, 201-9.

Crish, J. F., Howard, J. M., Zaim, T. M., Murthy, S. and Eckert, R. L. (1993.) Tissue-
specific and differentiation-appropriate expression of the human involucrin gene in
transgenic mice: An abnormal epidermal phenotype. Differentiation 53, 191-200.

Dale, B. A., Holbrook, K. A. and Steinert, P. M. (1978) .Assembly of stratum corneum basic
protein and keratin filaments in macrofibrils. Nature 276, 729-31.

Daniela P, Silvia P, Valentina U, GianLuigi C, Paola M. (2003). Pro-collagen I COOH-
terminal trimer induces directional migrationand metalloproteinases in breast cancer cells. J
Biochem 278:3639-47.

Das SK, Tsukamura H, Paria BC, Andrews GK, Dey SK. (1994). Differential expression of
epidermal growth factor receptor (EGF-R) gene and regulation of EGF-R bioactivity by
progesterone and estrogen in the adult mouse uterus. Endocrinology.134(2):971-81.

De Laurenzi, V. and Melino, G. (2000). Apoptosis. The little devil of death. Nature 406,
135-6.

De Laurenzi, V. and Melino, G. (2001). Gene disruption of tissue transglutaminase. Mol.
Cell Biol. 21, 148-55.

Della Chiesa M, Falco M, Parolini S, Bellora F, Petretto A, Romeo E, Balsamo M,
Gambarotti M, Scordamaglia F, Tabellini G, Facchetti F, Vermi W, Bottino C, Moretta A,
Vitale M. (2010). GPR56 as a novel marker identifying the CD56dull CD16+ NK cell subset
both in blood stream and in inflamed peripheral tissues. Int Immunol. 22(2):91-100.

De Potter I'Y, Poumay Y, Squillace KA, Pittelkow MR. (2001) Human EGF receptor (HER)
family and heregulin members are differentially expressed in epidermal keratinocytes and
modulate differentiation. Exp Cell Res. 271(2):315-28.

Derynck R, Roberts AB, Winkler ME, Chen EY, Goeddel DV. (1984). Human transforming
growth factor-alpha: precursor structure and expression in E. coli. Cell.38(1):287-97.

Dollery CM, McEwan JR, Henney AM. (1995). Matrix metalloproteinases and
cardiovascular disease. Circ Res. 77(5):863-8.

Dolynchuk, K. N., Bendor-Samuel, R. and Bowness, J. M. (1994). Effect of putrescine on
tissue transglutaminase activity in wounds: decreased breaking strength and increased matrix
fuco protein solubility. Plast. Reconstr. Surg. 93, 567-73.

Donato, R. (1999). Functional roles of S100 proteins, calciym-binding proteins of the EF-
hand type. Biochim. Biophys. Acta 1450, 191-231.

Dotto, G. P. (2000). p21“AFY“P!: More than a break to the cell cycle? Biochim. Biophys.
Acta 87483: 1-14.

288



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Eckert, R. L. (1989). Structure, function and differentiation of the keratinocyte. Physiol.
Rev. 69, 1316-46.

Eckert, R. L. and Green, H. (1986). Structure and evolution of the human involucrin gene.
Cell 46, 583-9.

Eckert, R., Crish, J. and Robinson, N. (1997). The epidermal keratinocyte as a model for the
study of gene regulation and cell differentiation. Physiol. Rev. 77, 397-424.

Eckert, R.L., Sturniolo, M.T., Broome, AM., Ruse, M. and Rorke, E.A. (2005).
Transglutaminase function in epidermis. J. Invest. Dermatol. 124, 481-92.

Eckert RL, Sturniolo MT, Jans R, Kraft CA, Jiang H, Rorke EA. (2009). TIG3: a regulator
of type I transglutaminase activity in epidermis. Amino Acids. 36(4):739-46.

Eckert, R.L., Yaffe, M.B., Crish, J.F., Murthy, S., Rorke, E.A. and Welter, J.F. (1993).
Involucrin — structure and role in envelope assembly. J. Invest. Dermatol. 100, 613-7.

Egberts, F., Heinrich, M., Jensen, J. M., Winoto-Morbach, S., Pfeiffer, S., Wickel, M.,
Schunck, M., Steude, J., Saftig, P., Proksch, E., Schutz, S. (2004). Cathepsin D is involved
in the regulation of transglutaminase 1 and epidermal differentiation. J. Cell Sci. 117, 2295-
307.

Eisen AZ. (1969) Human skin collagenase: localization and distribution in normal human
skin. J Invest Dermatol. 52(5):442-8.

El Ghalbzouri A, Lamme E, Ponec M. (2002). Crucial role of fibroblasts in regulating
epidermal morphogenesis. Cell Tissue Res. 310(2):189-99.

Elias, P. M. and Menon, G. K. (1991). Structural and lipid biochemical correlates of the
epidermal permeability barrier. In: Elias, P. M., (Ed.), Skin lipids, advances in lipid research.
(Academic, San Diego) vol 24 pp 1-26.

Elias PM. (1996). Stratum corneum architecture, metabolic activity and interactivity with
subjacent cell layers. Exp Dermatol.;5(4):191-201.

Elliott, G. and O’Hare, P. (1997). Intercellular trafficking and protein delivery by a
herpesvirus structural protein. Cell 88, 223-33.

Engel E, Klein R, Baumgirtner W, Hoffmann B. (2005). Investigations on the expression of
cytokines in the canine corpus luteum in relation to dioestrus.Anim Reprod Sci 87(1-2):163-
76.

Esposito, C., Cozzolino, A., Mariniello, L., Stiuso, P., De Maria, S., Metafora, S., Ferranti,
P. and Carteni-Farina, M. (1999). Enzymatic synthesis of vasoactive intestinal peptide
analogs by transglutaminase. J. Peptide Res. 53, 626-32.

Esposito, C. and Caputo, I . (2004). Mammalian transglutaminase: Identification of

substrates as a key to physiological function and physiopathological relevance. FEBS J. 272,
615-31.

289



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Fang KS, Ionides E, Oster G, Nuccitelli R, Isseroff RR. (1999). Epidermal growth factor
receptor relocalization and kinase activity are necessary for directional migration of
keratinocytes in DC electric fields.J Cell Sci. 112 ( Pt 12):1967-78.

Farbman, A. (1966). Plasma membrane changes during keratinisation. Anat. Rec. 156, 269-
82.

Ferguson MJW and O'Kane S. (2004). Scar-free healing: from embryonic mechanisms to
adult therapeutic intervention. Philos Trans R Soc Lond B Biol Sci. 359(1445): 839-850.

Faull RJ, Stanley JM, Fraser S, Power DA, Leavesley DI. (2001). HB-EGF is produced in
the peritoneal cavity and enhances mesothelial cell adhesion and migration. Kidney Int.
59(2):614-24.

Feng, J. F., Rhee, S. G. and Im, M. J. (1996). Evidence that PLC-81 is the effector in the
Gh/TG2-mediated signalling. J. Biol. Chem. 271, 16451-4.

Fiedler LR, Schonherr E, Waddington R, Niland S, Seidler DG, Aeschlimann D, Eble JA.
(2008). Decorin regulates endothelial cell motility on collagen I through activation of
insulin-like growth factor I receptor and modulation of alpha2betal integrin activity. J Biol
Chem. 20;283(25):17406-15.

Florin L, Maas-Szabowski N, Werner S, Szabowski A, Angel P.(2005). Increased
keratinocyte proliferation by JUN-dependent expression of PTN and SDF-1 in fibroblasts. J
Cell Sci.;118(Pt 9):1981-9.

Folk, J. E. and Cole, P. W. (1965). Structural requirements of specific substrates for guinea
pig liver transglutaminase. J. Biol. Chem. 240, 2951-60.

Folk, J. E., Cole, P. W., Mullooly, J. P. (1967). Mechanism of action of guinea pig liver
transglutaminase: The metal-dependent hydrolysis of p-nitrophenyl acetate; further
observations on the role of metal in enzyme activation. J. Biol. Chem. 242, 2615-21.

Folk, J. E. and Finlayson, J. S. (1977). The e-(y-glutamyl)lysine cross-link and the catalytic
role of transglutaminases. Adv Protein Chem. 31, 1-133.

Folk, J. E. (1980). Transglutaminases. Annu. Rev. Biochem. 49, 517-31.

Folk, J. E., Park, M. H., Chung, S. I, Schrode, J., Lester, E. P. and Cooper, H. L. (1980).
Polyamines as physiological substrates for transglutaminases. J. Biol. Chem. 255, 3695-700.

Folk JE, Chung SI. (1985). Transglutaminases.Methods Enzymol. 113:358-75.

Folk, J. E., Park, M. H., Chung, S. L., Schrode, J., Lester, E. P. and Cooper, H. L. (1999).
Polyamines as physiological substrates for transglutaminase enhances. J. Biol. Chem. 255,
3695-700.

Fontanini G, De Laurentiis M, Vignati S, Chiné S, Lucchi M, Silvestri V, Mussi A, De
Placido S, Tortora G, Bianco AR, Gullick W, Angeletti CA, Bevilacqua G, Ciardiello F.
(1998). Evaluation of epidermal growth factor-related growth factors and receptors and of
neoangiogenesis in completely resected stage I-IIIA non-small-cell lung cancer:

amphiregulin and microvessel count are independent prognostic indicators of survival. Clin
Cancer Res. 4(1):241-9.

290



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Forslind, B., Lindberg, M., Roomans, G. M., Pallon, J. and Werner-Linde, Y. (1997).
Aspects on the physiology of human skin: studies using particle probe analysis. Microsc.
Res. Tech. 38, 373-86.

Fowlkes JL, Winkler MK. (2002). Exploring the interface between metallo-proteinase
activity and growth factor and cytokine bioavailability. Cytokine Growth Factor Rev.
13(3):277-87.

Fraij, B. M. and Gonzales, R. A. (1997). Organisation and structure of the human tissue
transglutaminase gene. Biochim. Biophys. Acta. 1354, 65-71.

Fuchs, E. and Byme, C. (1994). The epidermis: Rising to the surface. Curr. Opin. Genet.
Dev. 4, 725-36.

Fuchs, E. and Green, H. (1980). Changes in keratin gene expression during terminal
differentiation of the keratinocyte. Cell 19, 1033-42.

Fuchs E, Green H. (1981). Regulation of terminal differentiation of cultured human
keratinocytes by vitamin A. Cell.25(3):617-25.

Gallucci, R. M., Sloan, D. K., Heck, J. M., Murray, A. R. and O’Dell, S. J. (2004).
Interleukin 6 indirectly induces keratinocyte migration. J. Invest. Dermatol. 122, 764-72.

Garcia Y, Wilkins B, Collighan RJ, Griffin M, Pandit A. (2008). Towards development of a
dermal rudiment for enhanced wound healing response. Biomaterials. 29(7):857-68.

Gaudry, C.A., Verderio, E., Aeschlimann, D., Cox, A., Smith, C. and Griffin M. (1999). Cell
surface localization of tissue transglutaminase is dependent on a fibronectin-binding site in
its N-terminal 3 sandwich domain. J. Biol. Chem. 274, 30707-30714

Gentile, V., Saydak, M., Chiocca, E. A., Akande, O., Birckbichler, P. J., Lee, K. N., Stein, J.
P. and Davies, P. J. A. (1991). J. Biol. Chem. 266, 478-83.

Gentile, V., Thomazy, V., Piacentini, M., Fesus, L. and Davies, P. J. A. (1992). Expression
of tissue transglutaminase in Balb-C 3T3 fibroblasts: effects on cellular morphology and
adhesion. J. Cell Biol. 119, 463-74.

Gerke V, Moss SE. (2002).Annexins: from structure to function. Physiol Rev. 82(2):331-71.

Ghahary, A., Tredget, E. E., Chang, L. J., Scott, P. G. and Shen, Q. (1998). Genetically
modified dermal keratinocytes express high levels of transforming growth factor-betal. J.
Invest. Dermatol. 110, 800-5.

Gibbs, S., Fijneman, R., Wiegant, J., Van Kessel, A. G., Van de Putte, P. and Backendorf, C.
(1993). Molecular characterisation and evolution of the SPRR family of keratinocyte
differentiation markers encoding small proline-rich proteins, Genomics 16, 630-7.

Gibbs, S., Silva Pinto, A. N., Murli, S., Huber, M., Hohl, D. and Ponec, M. (2000).
Epidermal growth factor and keratinocyte growth factor differentially regulate epidermal
migration, growth, and differentiation. Wound Repair Regen. 8, 192-3.

Gilles and Longaler. (1998). ADAMI0 mediates E-cadherin shedding and regulates

epithelial cell-cell adhesion, migration, and B-catenin translocation Archives of Pharmacol
research volume 21 number S 487-495.

291



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing,

Gilchrest BA, Murphy GF, Soter NA. Effect of chronologic aging and ultraviolet irradiation
on Langerhans cells in human epidermis. (1982). J Invest Dermatol. 79;(2):85-8.

Gomis-Riith FX, Kress LF, Kellermann J, Mayr I, Lee X, Huber R, Bode W. (1994).
Refined 2.0 A X-ray crystal structure of the snake venom zinc-endopeptidase adamalysin II.
Primary and tertiary structure determination, refinement, molecular structure and
comparison with astacin, collagenase and thermolysin. J Mol Biol. 1994; 239(4):513-44.

Gomis-Riith FX, Maskos K, Betz M, Bergner A, Huber R, Suzuki K, Yoshida N, Nagase H,
Brew K, Bourenkov GP, Bartunik H, Bode W. (1997). Mechanism of inhibition of the
human matrix metalloproteinase stromelysin-1 by TIMP-1. Nature.;389(6646):77-81.

Gomis-Riith FX. (2003).. Structural aspects of the metzincin clan of metalloendopeptidases.
Mol Biotechnol. 24(2):157-202.

Grenache DG, Zhang Z, Wells LE, Santoro SA, Davidson JM, Zutter MM. (2007).
Wound healing in the alpha2betal integrin-deficient mouse: altered keratinocyte
biology and dysregulated matrix metalloproteinase expression. J Invest Dermatol.
(2):455-66.

Green, K. J. and Gaudry, C.A. (2000). Are desmosomes more than tethers for intermediate
filaments? Nat. Rev. Mol. Cell Biol. 1, 208-16.

Greenberg, C., S., Birkbichler, P. J. and Rice, R. H. (1991). Transglutaminases:
Multifunctional cross-linking enzymes that stabilize tissues. Fed. Am. Soc. Exp. Biol. 5,
3071-7.

Grenard, P., Bates, M. K. and Aeschlimann, D. (2001) Evolution of transglutaminase genes:
identification of a transglutaminase gene cluster on human chromosome 15q15. Structure of
the gene encoding transglutaminase x and a novel gene family member, transglutaminase z.
J. Biol. Chem. 276, 33066-78.

Griffin, M., Casadio, R. and Bergamini, C. M. (2002). Transglutaminases: nature’s
biological glues. Biochem. J. 368, 377-96.

Gross J, Lapiere CM. (1962). Collagenolytic activity in amphibian tissues: a tissue culture
assay. Proc Natl Acad Sci U S A.;48:1014-22.

Gotoh N, Tojo A, Muroya K, Hashimoto Y, Hattori S, Nakamura S, Takenawa T, Yazaki Y,
Shibuya M. (1994). Epidermal growth factor-receptor mutant lacking the
autophosphorylation sites induces phosphorylation of Shc protein and Shc-Grb2/ASH
association and retains mitogenic activity. Proc Natl Acad Sci U S A. 91(1):167-71.

Gu Z, Kaul M, Yan B, Kridel SJ, Cui J, Strongin A, Smith JW, Liddington RC, Lipton SA.
(2002). S-nitrosylation of matrix metalloproteinases: signaling pathway to neuronal cell
death. Science. 297(5584):1186-90.

Gupta AG, Hirakata A, Proia AD. (1993). Effect of inhibitors of arachidonic acid
metabolism on corneal reepithelialization in the rat. Exp Eye Res. 56(6):701-8.

Gupta GP, Nguyen DX, Chiang AC, Bos PD, Kim JY, Nadal C, Gomis RR, Manova-

Todorova K, Massagué J. (2007). Mediators of vascular remodelling co-opted for sequential
steps in lung metastasis. Nature. 446(7137):765-70.

292



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Hadjivassilious, M., Aeschlimann P, Strigen A., Sanders, DS., Woodroofe, N., Aeschlimann
DP. (2008). Antibodies in gluten ataxia recognise a novel neuronal transglutaminase. Annals
of Neurology. 64; (3) 332-343.

Hékkinen L, Uitto VJ, Larjava H. (2000). Cell biology of gingival wound healing.
Periodontol 2000. 24:127-52.

Hamm HE. (1998). The many faces of G protein signalling. J Biol Chem 273;669-672.

Haroon, Z. A., Hettasch, J. M., Lai, T-S., Dewhirst, M. W. and Greenberg, C. S. (1999).
Tissue transglutaminase is expressed, active, and directly involved in rat dermal wound
healing and angiogenesis. FASEB J. 13, 1787-95.

Harris RC. (1997). Growth factors and cytokines in acute renal failure. Adv Ren Replace
Ther. 4(2 Suppl 1):43-53.

Harsfalvi, J., Arato, G. and Fesus, L. (1987). Lipids associated with tissue transglutaminase.
Biochim. Biophys. Acta 923, 42-5.

Hashimoto, K. (1969) .Cellular envelopes of keratinised cells of the human epidermis. Arch.
Clin. Exp. Derm. 235, 374-85.

Hashimoto K, Higashiyama S, Asada H, Hashimura E, Kobayashi T, Sudo K, Nakagawa T,
Damm D, Yoshikawa K, Taniguchi N.(1994). Heparin-binding epidermal growth factor-like
growth factor is an autocrine growth factor for human keratinocytes. J Biol Chem.
269(31):20060-6.

Haase I, Evans R, Pofahl R, Watt FM. (2003). Regulation of keratinocyte shape, migration
and wound epithelialization by IGF-1- and EGF-dependent signalling pathways. J Cell
Sci.;116(Pt 15):3227-38.

Hattori N, Mochizuki S, Kishi K, Nakajima T, Takaishi H, D'Armiento J, Okada Y. (2009).
MMP-13 plays a role in keratinocyte migration, angiogenesis, and contraction in mouse skin
wound healing. Am J Pathol. 175(2):533-46.

Hebda PA. (1988). Stimulatory effects of transforming growth factor-beta and epidermal
growth factor on epidermal cell outgrowth from porcine skin explant cultures. J Invest
Dermatol. 91(5):440-5.

Hettasch, J. M., Bandarenko, N., Burchette, J. L., Lai, T. S., Marks, J. R., Haroon, Z. A.,
Peters, K., Dewhirst, M. W., Iglehart, J. D. and Greenberg, C. S. (1996). Tissue
transglutaminase expression in human breast cancer. Lab. Invest. 75, 637-45.

Hennings, H., Michael, D., Cheng, C., Steinert, P., Holbrook, K. and Yuspa, S. H. (1980).
Calcium regulation of growth and differentiation of mouse epidermal cells in culture. Cell
19, 245-54.

Higashiyama S, Abraham JA, Miller J, Fiddes JC, Klagsbrun M. (1991). A heparin-binding
growth factor secreted by macrophage-like cells that is related to EGF. Science.
251(4996):936-9.

Higashiyama S, Iwamoto R, Goishi K, Raab G, Taniguchi N, Klagsbrun M, Mekada E.
(1995). The membrane protein CD9/DRAP 27 potentiates the juxtacrine growth factor

293



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

activity of the membrane-anchored heparin-binding EGF-like growth factor. J Cell Biol.
128(5):929-38.

Higashiyama S, Nanba D. (2005). ADAM-mediated ectodomain shedding of HB-EGF in
receptor cross-talk.Biochim Biophys Acta.;1751(1):110-7.

Higuchi SY, Yoshiyama K, Shimizu E, Kataoka M, Hijiya N, Matsuura K. (1999). ADAM
family proteins in the immune system. Immunol Today. 20(6):278-84.

Hinkle CL, Sunnarborg SW, Loiselle D, Parker CE, Stevenson M, Russell WE, Lee DC.
(2004). Selective roles for tumor necrosis factor alpha-converting enzyme/ADAM17 in the
shedding of the epidermal growth factor receptor ligand family: the juxtamembrane stalk
determines cleavage efficiency. J Biol Chem. 279(23):24179-88.

Hitomi K, Ikura K, Maki M. (2000). GTP, an inhibitor of transglutaminases, is hydrolyzed
by tissue-type transglutaminase (TGase 2) but not by epidermal-type transglutaminase
(TGase 3). Biosci Biotechnol Biochem. (3):657-9.

Hitomi K, Yamagiwa Y, Ikura K, Yamanishi K, Maki M. (2000). Characterization of human
recombinant transglutaminase 1 purified from baculovirus-infected insect cells. Biosci
Biotechnol Biochem. (10):2128-37.

Hitomi, K., Presland, R. B., Nakayama, T., Fleckman, P., Dale, B. A. and Maki, M. (2003).
Analysis of epidermal-type transglutaminase (transglutaminase 3) in human stratified
epithelia and cultured keratinocytes using monoclonal antibodies. J. Dermatol. Sci. 32, 95-
103.

Ho, K. C., Quarmby, V. E., French, F. S. and Wilson, E. M. (1992). Molecular cloning of rat
prostate transglutaminase cDNA: The major androgen-related protein-DP1 of rat dorsal
prostate and coagulating gland. J. Biol. Chem. 267, 12660-7.

Horan PK. & Slezak SK. (1989). Stable cell membrane labelling. Nature 340, 167-168.

Hohl, D., Mehrel, T., Lichti, U., Turner, M. L., Roop, D. R. and Steinert, P. M. (1991).
Characterization of human loricrin: Structure and function of a new class of epidermal cell
envelope proteins. J. Biol. Chem. 266, 6626-36.

Hohenadl C, Mann K, Mayer U, Timpl R, Paulsson M, Aeschlimann D. (1995). Two
adjacent N-terminal glutamines of BM-40 (osteonectin, SPARC) act as amine acceptor sites
in transglutaminaseC-catalyzed modification. J Biol Chem.;270(40):23415-20.

Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF 3rd, Hynes NE.(2003). The
ErbB2/ErbB3 heterodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to drive
breast tumor cell proliferation. Proc Natl Acad Sci U S A. 100(15):8933-8.

Holbrook, K. A. and Odland, G. F. (1975). The fine structure of developing human
epidermis: Light scanning, and transmission electron microscopy of the periderm. J. Invest.
Dermatol. 65, 16-38.

Huber, M., Rettler, 1., Bernasconik, K., Frenk, E., Lavrijsen, S. P., Ponec, M.,

Lautenschlager, S., Schorderet, D. F., Hohl, D. (1995). Mutations of keratinocyte
transglutaminase in lamellar ichthyosis. Science 267, 525-8.

294



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Hubner, G., Brauche, M., Smola, H. and Madlener, M. (1996). Differential regulation of
pro-inflammatory cytokines during wound healing in normal and glucacorticoid-treated
mice. Cytokine 8, 548.

Huang Y, Fan J, Yang J, Zhu GZ. (2008). Characterization of GPR56 protein and its
suppressed expression in human pancreatic cancer cells.

Mol Cell Biochem.308(1-2):133-9.

Hwang, K. C., Grey, C. D., Sivasubramanian, N. and Im, M-J. (1995). Interaction site of
GTP binding G, (transglutaminase II) with phospholipase C. J. Biol. Chem. 270, 27058-62.

Hwang, K. C., Grey, C. D., Sweot, W. E., Moravec, C. S. and Im, M-J. (1996). (alpha)1-
Adrenergic receptor coupling with Gh in the failing human heart. Circulation 94, 718-26.

Hynes RO. (1990). Wound healing, inflammation and fibrosis. Fibronectins.Berlin. Spriner-
Verlag.

Iacob D, Cai J, Tsonis M, Babwah A, Chakraborty C, Bhattacharjee RN, Lala PK. (2008).
Decorin-mediated inhibition of proliferation and migration of the human trophoblast via
different tyrosine kinase receptors. Endocrinology. 149(12):6187-97.

Iba K, Albrechtsen R, Gilpin BJ, Loechel F, Wewer UM. (1999). Cysteine-rich domain of
human ADAM 12 (meltrin alpha) supports tumor cell adhesion. Am J Pathol.154(5):1489-
501. :

Iba K, Albrechtsen R, Gilpin B, Fréhlich C, Loechel F, Zolkiewska A, Ishiguro K, Kojima
T, Liu W, Langford JK, Sanderson RD, Brakebusch C, Fissler R, Wewer UM. (2000).The
cysteine-rich domain of human ADAM 12 supports cell adhesion through syndecans and
triggers signaling events that lead to betal integrin-dependent cell spreading. J Cell
Biol.149(5):1143-56.

Iguchi T, Sakata K, Yoshizaki K, Tago K, Mizuno N, Itoh H. (2008). Orphan G protein-
coupled receptor GPR56 regulates neural progenitor cell migration via a G alpha 12/13 and
Rho pathway. J Biol Chem. 283(21):14469-78.

lismaa, S. E., Wu, M. J., Nanda, N., Church, W. B. and Graham, R. M. (2000). GTP
binding and signalling by Gy/transglutaminase II involves distinct residues in a unique
binding pocket. J. Biol. Chem. 275, 18259-65.

lismaa SE, Begg GE, Graham RM. (2006). Cross-linking transglutaminases with G protein-
coupled receptor signaling. Sci STKE. (353):pe34.

lismaa SE, Mearns BM, Lorand L, Graham RM. (2009). Transglutaminases and disease:
lessons from genetically engineered mouse models and inherited disorders. Physiol Rev.
89(3):991-1023.

lizuka, R., Chiba, K., Imajoh-Ohmi, S. (2003). A novel approach for the detection of
proteolytically activated transglutaminase 1 in epidermis using cleavage site-directed
antibodies. J. Invest. Dermatol. 121 (3) 457-64.

Ikura, K., Nasu, T., Yokota, H., Tsuchiya, T., Sasaki, R., Chiba, H. (1988). Amino acid

sequence of guinea pig liver transglutaminase from its cDNA sequence. Biochemistry 27,
2898-905.

295



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Ikura, K., Shinagawa, R., Suto, N. and Sasaki, R. (1994). Increase caused by interleukin-6 in
promoter activity of guinea pig liver transglutaminase gene. Biosci. Biotechnol. Biochem.
58, 1540-1.

Im MJ, Russell MA, Feng JF. (1997). Transglutaminase II: a new class of GTP-binding
protein with new biological functions. Cell Signal 9:477-482.

Imai K, Hiramatsu A, Fukushima D, Pierschbacher MD, Okada Y. (1997). Degradation of
decorin by matrix metalloproteinases: identification of the cleavage sites, kinetic analyses
and transforming growth factor-betal release. Biochem J. 322 ( Pt 3):809-14.

Inada, R., Matsuki, M., Yamada, K., Morishima, Y., Shen, S-C., Kuramoto, N., Yasuno, H.,
Takahashi, K., Miyachi, Y. and Yamanishi, K. (2000). Facilitated wound healing by
activation of the transglutaminase 1 gene. Am. J. Pathol. 157 (6) 1875-87.

Inui S, Higashiyama S, Hashimoto K, Higashiyama M, Yoshikawa K, Taniguchi N. (1997).
Possible role of coexpression of CD9 with membrane-anchored heparin-binding EGF-like
growth factor and amphiregulin in cultured human keratinocyte growth. J Cell Physiol.
171(3):291-8.

Ishida-Yamamoto, A., Hohl, D., Roop, D. R,, lizuka, H. and Eady, R. A. J. (1993). Loricrin
immunoreactivity in human skin: Localisation to specific granules (L-granules) in
acrosyringia. Arch. Dermatol. Res. 285, 491-8.

Isobe, M., Katsuramaki, T., Hirata, K., Kimura, H.,Nagayamo, M. and Matsuno, T. (1999).
Beneficial effects of inducible nitric oxide synthase inhibitor on reperfusion injury in the pig
liver. Transplantation 68, 803-13.

Iwamoto R, Mekada E. (2000). Heparin-binding EGF-like growth factor: a juxtacrine
growth factor. Cytokine Growth Factor Rev. 11(4):335-44.

Iwamoto R, Yamazaki S, Asakura M, Takashima S, Hasuwa H, Miyado K, Adachi S,
Kitakaze M, Hashimoto K, Raab G, Nanba D, Higashiyama S, Hori M, Klagsbrun M,
Mekada E. (2003). Heparin-binding EGF-like growth factor and ErbB signaling is essential
for heart function. Proc Natl Acad Sci U S A. 100(6):3221-6.

Jaken S, Yuspa SH. (1988). Early signals for keratinocyte differentiation: role of Ca2+-

mediated inositol lipid metabolism in normal and neoplastic epidermal cells. Carcinogenesis.
9(6):1033-8.

Jeong, J-M., Murthy, S. N. P., Radek, J. T. and Lorand, L. (1995). The fibronectin-binding
domain of transglutaminase. J. Biol. Chem. 270, 5654-8

Jeong EM, Kim CW, Cho SY, Jang GY, Shin DM, Jeon JH, Kim IG. (2009). Degradation
of transglutaminase 2 by calcium-mediated ubiquitination responding to high oxidative
stress. FEBS Lett.;583(4):648-54.

Jin Z, Tietjen I, Bu L, Liu-Yesucevitz L, Gaur SK, Walsh CA, Piao X. (2007). Disease-

associated mutations affect GPRS56 protein trafficking and cell surface expression. Hum Mol
Genet. 15;16(16):1972-85.

296



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Johnson, K. A. and Terkeltaub, R. A. (2005). External GTP-bound transglutaminase 2 is a
molecular switch for chondrocyte hypertrophic differentiation and calcification. J. Biol.
Chem. 280, 15004-15012.

Jones, R.A., Nicholas, B., Mian, S., Davies, P.J.A. and Griffin, M. (1997). Reduced
expression of tissue transglutaminase in a human endothelial cell line leads to changes in
cell spreading, cell adhesion and reduced polymerisation of fibronectin. J. Cell Sci. 110,
2461-72.

Jongkyu Choi, Sun Young Park,and Choun-Ki Joo. (2007). Transforming Growth Factor-1
Represses E-Cadherin Production via Slug Expression in Lens Epithelial Cells Investigative
Ophthalmology and Visual Science.;48:2708-2718.

Joslin EJ, Opresko LK, Wells A, Wiley HS, Lauffenburger DA. (2007). EGF-receptor-
mediated mammary epithelial cell migration is driven by sustained ERK signaling from
autocrine stimulation.Joslin EJ, Opresko LK, Wells A, Wiley HS, Lauffenburger DA.J Cell
Sci. 120(Pt 20):3688-99.

Jorissen RN, Walker F, Pouliot N, Garrett TP, Ward CW, Burgess AW. (2003). Epidermal
growth factor receptor: mechanisms of activation and signalling. Exp Cell Res.
10;284(1):31-53.

Kaartinen, M. T., Pirhonen, A., Linnala-Kankkunen, A. and Maenpaa, P. H. (1997).
Transglutaminase catalysed cross-linking of osteopontin is inhibited by osteocalcin. J. Biol.
Chem. 272, 22736-41.

Kalinin, A. E., Kajava, A. V. and Steinert, P. M. (2002). Epithelial barrier function:
Assembly and structural features of the cornified cell cell envelope. Bioessays 24, 789-800.

Kansra S, Stoll SW, Johnson JL, Elder JT. (2004). Autocrine extracellular signal-regulated
kinase (ERK) activation in normal human keratinocytes: metalloproteinase-mediated release
of amphiregulin triggers signaling from ErbB1 to ERK. Mol Biol Cell. 15(9):4299-309.

Karimi M, Bereczky Z, Cohan N, Muszbek L. (2009). Factor XIII Deficiency. Semin
Thromb Hemost. 35(4):426-38.

Kercher L, Favara C, Striebel JF, LaCasse R, Chesebro B. (2007). Prion protein expression
differences in microglia and astroglia influence scrapie-induced neurodegeneration in the
retina and brain of transgenic mice. J Virol. 81(19):10340-51.

Kessler E, Adar R, Goldberg B, Niece R. (1986). Partial purification and characterization of
a procollagen C-proteinase from the culture medium of mouse fibroblasts. Coll Relat Res.
3):249-66.

Kheradmand F, Werb Z.(2002). Shedding light on sheddases: role in growth and
development.Bioessays. 24(1):8-12.

Killar L, White J, Black R, Peschon J. (1999). Adamalysins. A family of metzincins
including TNF-alpha converting enzyme (TACE). Ann N Y Acad Sci. 878:442-52.

Kim, I. G., Gorman, J. J, Lee, S. C., Park, S. C., Chung, S. I. and Steinert, P. M. (1993).

The deduced sequence of the novel protransglutaminase E (TGase 3) of human and mouse.
J. Biol. Chem. 268 12682-90.

297



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Kim, H-C., Idler, W. W., Kim, L. G., Han, J. H., Chung, S. I. and Steinert, P. M. (1991). The
complete amino acid sequence of the human transglutaminase K enzyme deduced from the
nuclei acid sequence of cDNA clones. J. Biol. Chem. 266, 536-9.

Kim, S. Y., Kim, I. G., Chung, S. I. and Steinert, P. M. (1994). The structure of the
transglutaminase 1 enzyme. Deletion cloning reveals domains that regulate its specific
activity and substrate specificity. J. Biol. Chem. 269, 27979-86.

Kim, Kim, S. Y., Chung, S. I, Steinert, P. M. (1995a). Highly active soluble processed
forms of the transglutaminase 1 enzyme in epidermal keratinocytes J. Biol. Chem. 270 (30),
18026-35.

Kim, S. Y., Chung, S. I, Yoneda, K. and Steinert, P. M. (1995b). Expression of
transglutaminase 1 in human epidermis. J. Invest. Dermatol. 104, 211-7.

Kim W], Gittes GK, Longaker MT. (1998). Signal transduction in wound pharmacology.
Arch Pharm Res.(5):487-95. Review.

Kim, JE, Han, JM, Park, CR, Shin, KJ, Ahn, C, Seong, JY, Hwang, JI. (2010). Splicing
variants of the orphan G-portein-coupled-receptor GPRS6 regulate the activity of
transcription factors associated with tumorigenesis. J Cancer Res Clin Oncol. 136;47-53.

Kleman, J. P., Aeschlimann, D., Paulsson, M. and Van der Rest, M. (1995).
Transglutaminase-catalyzed cross-linking of fibrils for collagen V/XI in A204
rhabdomyosarcoma cells. Biochemistry 34, 13768-775.

Knox, P., Crooks, S. and Rimmer, C. S. (1986). Role of fibronectin in the migration of
fibroblasts into plasma clots. J. Cell. Biol. 102, 2318-2323.

Knox JB, Sukhova GK, Whittemore AD, Libby P. (1997). Evidence for altered balance
between matrix metalloproteinases and their inhibitors in human aortic diseases. Circulation.
(1):205-12.

Kobayashi, K., Hashiguchi, K., Yokozeki, K., Yamanaka, S. (1998). Molecular cloning of
the transglutaminase gene from Bacillus subtilis and its expression in Escherichia coli.
Biosci. Biotechnol. Biochem. 62, 1109-14.

Koch, P. J., De Viragh, P. A., Sharer, E., Bundman, D., Longley, M. A., Bickenbach, J.,
Kawachi, Y., Suga, Y., Zhou, Z., Huber, M., Hohl, D., Kartasov, T., Jarnik, M., Steven, A.
C. and Roop, D. R. (2000). Lessons from loricrin-deficient mice: compensatory mechanisms
maintaining skin barrier function in the absence of a major cornified envelope protein. J.
Cell Biol. 151, 389-400.

Koirala S, Jin Z, Piao X, Corfas G. (2009). GPR56-regulated granule cell adhesion is
essential for rostral cerebellar development. J Neurosci.; 29(23):7439-49.

Koivisto L, Jiang G, Hékkinen L, Chan B, Larjava H. (2006). HaCaT keratinocyte
migration is dependent on epidermal growth factor receptor signaling and glycogen synthase
kinase-3alpha. Exp Cell Res. 312(15):2791-805.

Kojima, S., Nara, K. and Rifkin, D. B. (1993). Requirement for transglutaminase in the
activation of latent transforming growth factor-beta in bovine endothelial cells. J. Cell Biol.
121, 439-48.

298



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Korff T, Augustin HG (1998). Integration of endothelial cells in multicellular spheroids
prevents apoptosis and induces differentiation. J Cell Biol. 143(5):1341-52.

Korsgren, C., Lawler, J., Lambert, S., Speicher, D. and Cohen, C. M. (1990). Complete
amino acid sequence and homologies of human erythrocyte membrane protein band 4.2.
Biochemistry 87, 613-7.

Koseki-Kuno, S., Yamakawa, M., Dickneite, G. and Ichinose, A. (2003). Factor XIII A
subunit-deficient mice developed severe uterine bleeding events and subsequent spontaneous
miscarriages. Blood 102, 4410-2.

Koshikawa N, Giannelli G, Cirulli V, Miyazaki K, Quaranta V. (2000). Role of cell surface
metalloprotease MT1-MMP in epithelial cell migration over laminin-5. J Cell Biol.
148(3):615-24.

Kubilus, J., Kvedar, J. and Baden, H. P. (1987). Identification of new components of the
cornified envelope of human and bovine epidermis. J. Invest. Dermatol. 89, 44-50.

Kuchler, K. and Thorner, J. (1990). Membrane translocation of proteins without
hydrophobic signal peptides. Curr. Opin. Cell. Biol. 2 617-24.

Kuncio, G. S., Tsyganskaya, M., Zhu, J., Liu, S. L., Nagy, L., Thomazy, V., Davies, P. J.
and Zern, M. A. (1998). TNF-alpha modulates expression of the tissue transglutaminase
gane in liver cells. Am. J. Physiol. 274, G240-5.

Landmann, L. (1986). Epidermal permeability barrier: Transformation of lamellar granule-
disks into intercellular sheets by a membrane-fusion process, a freeze-fracture study. J.
Invest. Dermatol. 87, 202-9.

Lauer, P., Metzner, H. J., Zettimeissl, G., Li, M., Smith, A. G., Lathe, R. and Dickneite, G.
(2002). Targeted inactivation of the mouse locus encoding coagulation factor XIII-A:
Hemostatic abnormalities in mutant mice and characterisation of the coagulation deficit.
Thromb. Haemost. 88, 967-74.

Lavker, R. M. (1976). Membrane coating granules: The fate of the discharged lamellae. J.
Ultrastruct. Res. 55, 79-86.

Lavker, R. M. and Matoltsy, A. G. (1971). Substructure of keratohyalin granules of the
epidermis as revealed by high resolution electron microscopy. J. Ultrastruct. Res. 1971 35,
575-81.

Lee DC, Sunnarborg SW, Hinkle CL, Myers TJ, Stevenson MY, Russell WE, Castner BJ,
Gerhart MJ, Paxton RJ, Black RA, Chang A, Jackson LF. (2003). TACE/ADAMI17
processing of EGFR ligands indicates a role as a physiological convertase.Ann N Y Acad
Sci.:22-38. Review.

Lee MH, Rapti M, Murphy G. (2005). Total conversion of tissue inhibitor of
metalloproteinase (TIMP) for specific metalloproteinase targeting: fine-tuning TIMP-4 for

optimal inhibition of tumor necrosis factor-{alpha}-converting enzyme. J Biol Chem.
280(16):15967-75.

Lee JS, Kim JM, Hong EK, Kim SO, Yoo YJ, Cha JH. (2009). Effects of heparin-binding

epidermal growth factor-like growth factor on cell repopulation and signal transduction in
periodontal ligament cells after scratch wounding in vitro. J Periodontal Res. 44(1):52-61.

299



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Lehtinen MJ, Meri S, Jokiranta TS (2004). Interdomain contact regions and angles between
adjacent short consensus repeat domains. J Mol Biol. 344(5):1385-96.

Li B, Yuan M, Kim IA, Chang CM, Bernhard EJ, Shu HK. (2004). Mutant epidermal
growth factor receptor displays increased signaling through the phosphatidylinositol-
3 kinase/AKT pathway and promotes radioresistance in cells of astrocytic origin.
Oncogene. 3;23(26):4594-602.

Li W, Marshall C, Mei L, Dzubow L, Schmults C, Dans M, Seykora J. (2005). Srcasm
modulates EGF and Src-kinase signaling in keratinocytes. J Biol Chem. 280(7):6036-46.

Lian X, Yang L, Gao Q, Yang T. (2008). IL-1alpha is a potent stimulator of keratinocyte
tissue plasminogen activator expression and regulated by TGF-betal. Arch Dermatol Res.
300(4):185-93.

Liang Q, Mohan RR, Chen L, Wilson SE. (1998). Signaling by HGF and KGF in corneal
epithelial cells: Rass/MAP kinase and Jak-STAT pathways. Invest Ophthalmol Vis Sci.
39(8):1329-38.

Liu, S., Cerione, R. A. and Clardy, J. (2002). Structural basis for the guanine nucleotide-
binding activity of tissue transglutaminase and its regulation of transamidation activity. Proc.
Natl. Acad. Sci. U.S.A 99, 2738-42.

Lo HW, Xia W, Wei Y, Ali-Seyed M, Huang SF, Hung MC. (2005). Novel prognostic value
of nuclear epidermal growth factor receptor in breast cancer. Cancer Res. 65(1):338-48.

Locke D, Jamieson S, Stein T, Liu J, Hodgins MB, Harris AL, Gusterson B.(2007). Nature
of Cx30-containing channels in the adult mouse mammary gland. Cell Tissue Res.
328(1):97-107.

Lorand, L. and Conrad, S. M. (1984). Transglutaminases. Mol. Cell. Biochem. 58, 9-35.

Lorand L. (1986). Activation of blood coagulation factor XIII. Ann N Y Acad Sci. 485:144-
58.

Lorand, L. and Graham, M. (2003). Transglutaminase: Crosslinking enzymes with
pleiotropic functions. Nat. Rev. 4, 140-56.

Lu S, Davies PJ. (1997). Regulation of the expression of the tissue transglutaminase gene
by DNA methylation. Proc Natl Acad Sci U S A. 94(9):4692-7.

Luetteke NC, Qiu TH, Peiffer RL, Oliver P, Smithies O, Lee DC. (1993). TGF alpha
deficiency results in hair follicle and eye abnormalities in targeted and waved-1 mice. Cell.
73(2):263-78.

Luetteke NC, Qiu TH, Fenton SE, Troyer KL, Riedel RF, Chang A, Lee DC.(1999).
Targeted inactivation of the EGF and amphiregulin genes reveals distinct roles for EGF

receptor ligands in mouse mammary gland development. Development. 126(12):2739-50.

Mack, D. H., Vartikar, J., Pipas, J. M. and Laimins, L. A. (1993). Specific repression of
TATA-mediated but not initiator-mediated transcription by wild-type pS53. Nature 363, 81-3.

300



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Mackie EJ, Halfter W, Liverani D. (1988). Induction of tenascin in healing woundsCell
Biol. 107(6 Pt 2):2757-67.

Manabe, M., Hirotani, T., Negi, M., Hattori, M. and Ogawa, H. (1981). Isolation and
characterization of the membraneous fraction in human stratum corneum. J. Dermatol. 8,
329-33.

Mann A, Breuhahn K, Schirmacher P, Blessing M. (2001). Keratinocyte-derived
granulocyte-macrophage colony stimulating factor accelerates wound healing: Stimulation
of keratinocyte proliferation, granulation tissue formation, and vascularization.

J Invest Dermatol. 117(6):1382-90.

Mann GB, Fowler KJ, Gabriel A, Nice EC, Williams RL, Dunn AR. (1993). Mice with a
null mutation of the TGF alpha gene have abnormal skin architecture, wavy hair, and curly
whiskers and often develop corneal inflammation. Cell. 73(2):249-61.

Marekov, L. N. and Steinert, P. M. (1998). Ceramides are bound to structural proteins of the
human foreskin epidermal cornified cell envelope. J. Biol. Chem. 273, 17763-70.

Maretzky T, Reiss K, Ludwig A, Buchholz J, Scholz F, Proksch E, de Strooper B, Hartmann
D, Saftig P. (2005). ADAM10 mediates E-cadherin shedding and regulates epithelial cell-
cell adhesion, migration, and beta-catenin translocation. Proc Natl Acad Sci U S A.
28;102(26):9182-7.

Marino S, Vooijs, M, van der Gulden H, Jonkers J, and Berns A. (2000). Induction of
medulloblastomasin p53-null mutant mice by somaticinactivation of Rb in the external
granular layer cells of the cerebellum GENES & DEVELOPMENT 14:994—-1004

Marikovsky M, Breuing K, Liu PY, Eriksson E, Higashiyama S, Farber P, Abraham J,
Klagsbrun M. (1993). Appearance of heparin-binding EGF-like growth factor in wound fluid
as a response to injury. Proc Natl Acad Sci U S A. 90(9):3889-93.

Markova, N. G., Marekov, L. N., Chipev, C. C., Gan, S. Q., Idler, W. W. and Steinert, P. M.
(1993). Profilaggrin is a major epidermal calcium-binding protein. Mol. Cell Biol. 13, 613-
25.

Marks, R., Lawson, A. and Nicholls, S. (1983). Age-related changes in stratum corneum,
structure and function. In: Marks, R. and Plewig, G., (Ed.), Stratum corneum, (Springer-
Verlag, Berlin) pp 175-180.

Martin, P. (1997). Wound Healing — Aiming for perfect skin regeneration. Science 276, 75-
81.

Martin C. Robson MD. (1997). The role of growth factors in the healing of chronic wounds.
Wound Repair and RegenerationVolume 5, Issue 1, pages 12—17, January 1997.

Martinet, N., Beninati, S., Nigra, T. P. and Folk, J. E. (1990). Nl,Ns-bis(y-
glutamyl)spermidine cross-linking in epidermal-cell envelopes. Comparison of cross-link
levels in normal and psoriatic cell envelopes. Biochem. J. 271, 305-8.

Martinez, J., Chalupowiez, D. G, Roush, R. K., Sheth, A. and Barsigian, C. (1994).

Transglutaminase-mediated processing of fibronectin by endothelial cell monolayers.
Biochemistry 33, 2538-45.

301



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Marks F, Grimm W, Krieg L. (1972). Disturbance by tumor promotors of epidermal growth
control (chalone mechanism). Hoppe Seylers Z Physiol Chem. 353(12):1970-2.

Massagué J. (1990). The transforming growth factor-beta family. Annu Rev Cell Biol.
6:597-641.

Massagué J. (1998). TGF-beta signal transduction.Annu Rev Biochem. 67:753-91.

Mass-Szabowski, N., Stark, H. J. and Fusenig, N. E. (2000). Keratinocyte growth regulation
in defined organotypic cultures through IL-1 induced KGF expression in resting fibroblasts.
J. Invest. Dermatol. 114, 1075-84.

Mass-Szabowski, N., Szabowski, A., Stark, H. J., Andrecht, S., Kolbus, A., Schorpp-
Kistner, M., Angel, P. and Fusenig, N. E. (2001). Organotypic cocultures with genetically
modified mouse fibroblasts as a tool to dissect molecular mechanisms regulating
keratinocyte growth and differentiation. J. Invest. Dermatol.116, 816-20.

Mascia F, Mariani V, Girolomoni G, Pastore S. (2003). Blockade of the EGF receptor
induces a deranged chemokine expression in keratinocytes leading to enhanced skin
inflammation. Am J Pathol. 163(1):303-12.

Maskos K, Fernandez-Catalan C, Huber R, Bourenkov GP, Bartunik H, Ellestad GA, Reddy
P, Wolfson MF, Rauch CT, Castner BJ, Davis R, Clarke HR, Petersen M, Fitzner JN,
Cerretti DP, March CJ, Paxton RJ, Black RA, Bode W. (1998). Crystal structure of the
catalytic domain of human tumor necrosis factor-alpha-converting enzyme.Proc Natl Acad
Sci U S A.95 (7):3408-12.

Matoltsy, A. G. and Balsamo, C. A. (1955). A study of the components of the cornified
epithelium of human skin. J. Biophysic and Biochem. Cytol. 1 (4), 339-6.

Matoltsy, A. G. (1966). Membrane coating granules of the epidermis. J. Ultrastruct Res. 15,
510-5.

Matoltsy, A. G. and Matoltsy, M. N. (1966). The membrane protein of horny cells. J. Invest.
Dermatol. 46, 127-9.

Matoltsy, A. G. and Matoltsy, M. N. (1970). The chemical nature of keratohyalin granules of
epidermis. J. Cell Biol. 47, 593-603

Matsuki, M., Yamashita, F., Ishida-Yamamoto, A., Yamada, K., Kinoshita, C., Fushiki, S.,
Ueda, E., Morishima, Y., Tabata, K., Yasuno, H., Hashida, M., lizuka, H., lIkawa, M.,
Okabe, M., Kondoh, G., Kinoshita, T., Takeda, J. and Yamanishi, K. (1998). Defective
stratum corneum and early neonatal death in mice lacking the gene for transglutaminase 1
(keratinocyte transglutaminase). Proc. Natl. Acad. Sci. U.S.A 95, 1044-9.

Matsumoto, K., Hashimoto, K., Yoshikawa, K. and Nakamura, T. (1991) .Marked
stimulation of growth and motility of human keratinocytes by hepatocyte growth factor.
Exp. Cell Res. 196, 114-20.

McCawley, L. J., O’Brien, P. and Hudson, L. G. (1998). Epidermal growth factor (EGF)-
and scatter factor/hepatocyte growth factor (SF/HGF)-mediated keratinocyte migration is
coincident with induction of matrix metalloproteinase (MMP)-9. J. Cell Physiol. 176, 255-
65.

302



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Mearns, B., Nanda, N., Michalicek, J., Iismaa, S. and Graham, R. (2002). Impaired wound
healing and altered fibroblast cytoskeletal dynamics in Gh knockout mice. (Presented at 7
International Conference on Protein Crosslinking Reactions, Ferrara, Italy, 2002). Minerva
Biotechnologica 14, 218.

Mehrel, T., Hohl, D., Rothnagel, J. A., Longley, M. A., Bundman, D., Cheng, C., Lichti, U.,
Bisher, M. E., Steven, P. M., Yuspa, S. H. and Roop, D. R. (1990). Identification of a major
keratinocyte cell envelope protein, loricrin. J. Cell Biochem. 61, 1103-12.

Melenhorst WB, Mulder GM, Xi Q, Hoenderop JG, Kimura K, Eguchi S, van Goor H.
(2008). Epidermal growth factor receptor signaling in the kidney: key roles in physiology
and disease. Hypertension. 52(6):987-93.

Melino, G., Annicchiarico-Petruzzelli, M., Piredda, L., Candi, E., Gentile, V., Davies, P. J.
A. and Piacentini, M. (1994). Tissue transglutaminase and apoptosis: sense and antisense
transfection studies with human neuroblastoma cells. Mol. Cell Biol. 14, 6584-6596.

Meng Q, Malinovskii V, Huang W, Hu YJ, Chung L, Nagase H, Bode W, Maskos K, Brew
K. (1999). Residue 2 of TIMP-1 is a major determinant of affinity and specificity for matrix
metalloproteinases but effects of substitutions do not correlate with those of the
corresponding P1’ residue of substrate. J Biol Chem. 274 (15):10184-10189.

Menon, G. K., Feingold, K. R., Man, M-Q., Schaude, M. and Elias, P. M. (1992). Structural
basis for the barrier abnormality following inhibition of HMG CoA reductase in murine
epidermis. J. Invest. Dermatol. 98, 209-19.

Michel, S., Schmidt, R., Robinson, S. M., Shroot, B. and Reichert, U. (1987). Identification
and subcellular distribution of cornified envelope precursor proteins in the transformed

human keratinocyte line SV-K14. J. Invest. Dermatol. 88, 301-5.

Migita K, Kawabe Y, Tominaga M, Origuchi T, Aoyagi T, Eguchi K. (1998).Serum amyloid
A protein induces production of matrix metalloproteinases by human synovial fibroblasts.
Lab Invest. 78(5):535-9.

Milla M ME, Leesnitzer MA, Moss ML, Clay WC, Carter HL, Miller AB, Su JL, Lambert
MH, Willard DH, Sheeley DM, Kost TA, Burkhart W, Moyer M, Blackburn RK, Pahel GL,
Mitchell JL, Hoffman CR, Becherer J . (1999). Specific sequence elements are required for
the expression of functional tumor necrosis factor-alpha-converting enzyme (TACE).J Biol
Chem. 274(43):30563-70.

Miettinen PJ, Berger JE, Meneses J, Phung Y, Pedersen RA, Werb Z, Derynck R.(1995).
Epithelial immaturity and multiorgan failure in mice lacking epidermal growth factor
receptor. Nature.;376(6538):337-41.

Mimura Y, Thn H, Jinnin M, Asano Y, Yamane K, Tamaki K. (2004). Epidermal growth
factor induces fibronectin expression in human dermal fibroblasts via protein kinase C delta
signaling pathway. J Invest Dermatol.;122(6):1390-8.

Mirastschijski U, Haaksma CJ, Tomasek JJ, Agren MS. (2004). Matrix metalloproteinase

inhibitor GM 6001 attenuates keratinocyte migration, contraction and myofibroblast
formation in skin wounds.Exp Cell Res. 299(2):465-75.

303



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Miyoshi E, Higashiyama S, Nakagawa T, Hayashi N, Taniguchi N.(1997). Membrane-
anchored heparin-binding epidermal growth factor-like growth factor acts as a tumor
survival factor in a hepatoma cell line. J Biol Chem. 272(22):14349-55.

Mosher, D. F., Fogerty, F. J., Chernousov, M. A. and Barry, E. L. (1991). Assembly of
fibronectin into extracellular matrix. Ann. N 'Y Acad. Sci. 614, 167-180.

Muesch, A., Hartmann, E., Rohde, K., Rubartelli, A., Sitia, R. and Rapoport, T. A. (1990). A
novel pathway for secretory proteins ? Trends Biochem. Sci. 15, 86-8.

Murphy G, Nagase H. (2008). Progress in matrix metalloproteinase research. Mol Aspects
Med. 29(5):290-308.

Murthy, S. N. P., lismaa, S., Begg, G., Freyman, D. M., Graham, R. M and Lorand, L.
(2002). Conserved tryptophan in the core domain of transglutaminase is essential for
catalytic activity. Proc. Natl. Acad. Sci. U.S.A 99 (5), 2738-42.

Muszbek L, Adany R, Mikkola H. (1996). Novel aspects of blood coagulation factor XIII. I.
Structure, distribution, activation, and function. Crit Rev Clin Lab Sci. 33(5):357-421.

Nagae, S., Lichti, O., De Luca, L. and Yuspa, S. H. (1987). Effect of retinoic acid on
cornified envelope formation; difference between spontaneous envelope formation in vivo or
in vitro and expression of envelope competence. J. Invest. Dermatol. 89, 51-8.

Nagase H, Enghild JJ, Suzuki K, Salvesen G. (1990). Stepwise activation mechanisms of the
precursor of matrix metalloproteinase 3 (stromelysin) by proteinases and (4-
aminophenyl)mercuric acetate. Biochemistry. 29(24):5783-9.

Nagase H, Meng Q, Malinovskii V, Huang W, Chung L, Bode W, Maskos K, Brew K.
(1999). Engineering of selective TIMPs. Ann N Y Acad Sci. 878:1-11.

Nagase H, Woessner JF. (1999). Matrix Metalloproteinases. J Biol Chem;274:21491-4.

Nagase H, Visse R, Murphy G. (2006). Structure and function of matrix metalloproteinases
and TIMPs. Cardiovasc Res.;69(3):562-73.

Nakagawa S, Pawelek P, Grinnell F. (1989). Long-term culture of fibroblasts in contracted
collagen gels: effects on cell growth and biosynthetic activity. J Invest Dermatol. 93(6):792-
8.

Nakao A, Imamura T, Souchelnytskyi S, Kawabata M, Ishisaki A, Oeda E, Tamaki K, Hanai
J, Heldin CH, Miyazono K, ten Dijke P. (1997). TGF-beta receptor-mediated signalling
through Smad2, Smad3 and Smad4. EMBO J. 16(17):5353-62.

Nakaoka, H., Perez, D. M., Baek, K. J., Das, T., Hussain, A., Misono, K., Im, M. J. and
Graham, R. M. (1994). Gy: A GTP-binding protein with transglutaminase activity and
receptor signalling function. Science 264, 1593-6.

Nakata A, Miyagawa J, Yamashita S, Nishida M, Tamura R, Yamamori K, Nakamura T,
Nozaki S, Kameda-Takemura K, Kawata S, Taniguchi N, Higashiyama S, Matsuzawa
Y .(1996). Localization of heparin-binding epidermal growth factor-like growth factor in
human coronary arteries. Possible roles of HB-EGF in the formation of coronary
atherosclerosis. Circulation. 94(11):2778-86.

304



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing,

Nanda, N., Iismaa, S. E., Owens, W. A., Hussain, A., Mackay, F. and Graham, R. M..
(2001). Targeted inactivation of Gy/tissue transglutaminase II. J. Biol. Chem. 276, 20673-8.

Nanney LB, Magid M, Stoscheck CM, King LE Jr. (1984). Comparison of epidermal growth
factor binding and receptor distribution in normal human epidermis and epidermal
appendages. J Invest Dermatol. 83(5):385-93.

Nemes, Z., Marekov, L., Fesus, L. and Steinert, P. (1999a) A novel function for

transglutaminase 1: Attachment of long-chain w-hydroxyceramides to involucrin by ester
bond formation. Proc. Natl. Acad. Sci. U.S.A 96 (15) 8402-7.

Nemes, Z., Marekov, L. N. and Steinert, P. M. (1999b). Involucrin cross-linking by
transglutaminase 1: binding to anionic membranes directs residue specificity. J. Biol. Chem.
274,11013-21.

Nemes, Z. and Steinert, P. M. (1999). Bricks and mortar of the epidermal barrier. Exp. Mol.
Med. 31, 5-19

Nicholas, B., Svethurst, P., Verdeno, B., Jones, R. and Griffin M. (2003). Crosslinking of
cellular proteins by tissue transglutaminase during necrotic cell death: A mechanism for
maintaining tissue integrity. Biochem. J. 371, 413-22.

Nicklolff, B. J., Mitra, R. S., Riser, B. L., Dixit, V. M. and Varani, J. (1988). Modulation of
keratinocyte motility. Correlation with production of extracellular matrix molecules in
response to growth promoting and antiproliferative factors. American Journal of Pathology
132, 543-51.

Nunes, 1., Gleizes, P. E., Metz, C. N. and Rifkin, D. B. (1997). Latent transforming growth
factor B binding protein domains involved in activation and transglutaminase-dependent
cross-linking of latent transforming growth factor-beta. J. Cell. Biol. 136, 1151-63.

Ogawa, H. and Goldsmith, L. A. (1976). Human epidermal transglutaminase: preparation
and properties. J. Biol. Chem. 251, 7281-8.

Ohuchi E, Imai K, Fujii Y, Sato H, Seiki M, Okada Y. (1997). Membrane type 1 matrix
metalloproteinase  digests interstitial collagens and other extracellular —matrix
macromolecules. J Biol Chem. 272 (4):2446-2451.

Oliverio, S., Amendola, A., Disan, F., Farrace, M. G., Fesus, L., Nemes, Z., Piredda, L.,
Spinedi, A. and Piacentini, M. (1997). Tissue transglutaminase dependent posttranslational
modification of the retinoblastoma gene product in promonocytic cells undergoing
apoptosis. Mol. Cell. Biol. 17, 6040-8.

Oliverio, S., Amendola, A., Rodolfo, C., Spinedi, A. and Piacentini, M. (1999). Inhibition of

“tissue” transglutaminase increases cell survival by preventing apoptosis. J. Biol. Chem.
274,34123-8.

Ohtsu H, Dempsey PJ, Eguchi S. (2006). ADAMs as mediators of EGF receptor
transactivation by G protein-coupled receptors. Am J Physiol Cell Physiol.;291(1):C1-10.

O'Kane S and W.J. Ferguson M. (1997). Transforming growth factor s and wound healing
The International Journal of Biochemistry & Cell BiologyVolume 29, Issue 1, Pages 63-78.

305



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Ortensen, SB., Sottrup-Jensen, L., Hansen HT, Ride, D., Petersen TE., Magnusson S.
(1981). Sequence location of a putative transglutaminase cross linking site in human alpha
two macroglobulin. FEBS Lett. 129(2):314-17.

Pastore S, Fanales-Belasio E, Albanesi C, Chinni LM, Giannetti A, Girolomoni G. (1997).
Granulocyte macrophage colony-stimulating factor is overproduced by keratinocytes in
atopic dermatitis. Implications for sustained dendritic cell J Clin Invest.;99(12):3009-17.

Pastore S, Mascia F, Mariani V, Girolomoni G..(2008). The epidermal growth factor
receptor system in skin repair and inflammation. J Invest Dermatol. 128(6):1365-74.

Park D, Choi SS, Ha KS. (2010).Transglutaminase 2: a multi-functional protein in
multiple subcellular compartments. Amino Acids.;39(3):619-31.

Parmentier, L., Blanchet-Bardon, C., Nguyen, S., Prud’homme, J. F., Dubertret, L. and
Weissenbach. (1995). Autosomal recessive lamellar ichthyosis: identification of a new
mutation in transglutaminase 1 and evidence for heterogeneity. Hum. Mol. Genet. 4, 1391-5.

Pedersen, L. C., Yee, V. C., Bishop, P. D., Le Trong, I., Teller, D. C. and Stenkamp, R. E.
(1994). Transglutaminase factor XIII uses proteinase-like catalytic triad to cross-link
macromolecules. Protein Sci. 3, 1131-5.

Peng, X., Zhang, Y., Zhang, H., Graner, S., Williams, J. F., Levitt, M. L. and Lokshin, A.
(1999). Interaction of tissue transglutaminase with nuclear transport protein importin-o.3.
FEBS Lett 446, 35-9.

Peppin GJ, Weiss SJ. (1986). Activation of the endogenous metalloproteinase, gelatinase, by
triggered human neutrophils. Proc Natl Acad Sci U S A. (12):4322-6.

Peschon JJ, Slack JL, Reddy P, Stocking KL, Sunnarborg SW, Lee DC, Russell WE, Castner
BJ, Johnson RS, Fitzner JN, Boyce RW, Nelson N, Kozlosky CJ, Wolfson MF, Rauch CT,
Cerretti DP, Paxton RJ, March CJ, Black RA. (1998). An essential role for ectodomain
shedding in mammalian development. Science. 282(5392):1281-4.

Peters T, Sindrilaru A, Hinz B, Hinrichs R, Menke A, Al-Azzeh EA, Holzwarth K,
Oreshkova T, Wang H, Kess D, Walzog B, Sulyok S, Sunderkétter C, Friedrich W,
Wlaschek M, Krieg T, Scharffetter-Kochanek K. (2005). Wound-healing defect of CD18(-/-)
mice due to a decrease in TGF-betal and myofibroblast differentiation. EMBO
J.24(19):3400-10.

Pilcher BK, Dumin JA, Sudbeck BD, Krane SM, Welgus HG, Parks WC. (1997). The
activity of collagenase-1 is required for keratinocyte migration on a type I collagen matrix.
J Cell Biol. 137(6):1445-57.

Pilcher BK, Wang M, Qin XJ, Parks WC, Senior RM, Welgus HG. (1999). Role of matrix
metalloproteinases and their inhibition in cutaneous wound healing and allergic contact
hypersensitivity. Ann N Y Acad Sci. 1999 Jun 30;878:12-24.

Pittelkow MR, Cook PW, Shipley GD, Derynck R, Coffey RJ Jr. (1993). Autonomous
growth of human keratinocytes requires epidermal growth factor receptor occupancy. Cell
Growth Differ.;4(6):513-21.

306



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Phillips, M. A., Qin, Q., Mehrpouyan, M. and Rice, R. H. (1993). Keratinocyte
transglutaminase membrane anchorage: Analysis of site-directed mutants. Biochemistry 32,
11057-63.

Piepkorn M, Pittelkow MR, Cook PW. (1998). Autocrine regulation of keratinocytes: the
emerging role of heparin-binding, epidermal growth factor-related growth factors. J Invest
Dermatol.111(5):715-21.

Pierce GF, Mustoe TA, Lingelbach J, Masakowski VR, Griffin GL, Senior RM, Deuel TF.
(1989). Platelet-derived growth factor and transforming growth factor-beta enhance tissue
repair activities by unique mechanisms. J Cell Biol. 109(1):429-40.

Pinkas DM, Strop P, Brunger AT, Khosla C. (2007). Transglutaminase 2 undergoes a large
conformational change upon activation.PLoS Biol.5(12): 327.

Pittelkow MR, Cook PW, Shipley GD, Derynck R, Coffey RJ Jr. (1993). Autonomous
growth of human keratinocytes requires epidermal growth factor receptor occupancy.Cell
Growth Differ 4(6):513-21.

Piredda, L., Amendola, A., Colizzi, V., Davies, P. J. A., Farrace, M. G., Maurizio, F.,
Gentile, V., Uray, L., Piacentini, M. and Fesus, L. (1997). Lack of “tissue” transglutaminase
protein cross-linking leads to leakage of macromolecules from dying cells: relationship to
development of autoimmunity in MRL 1pr/1pr mice. Cell Death Differ. 4, 463-72.

Pisano, J. J., Finlayson, J. S., and Peyton, M. P. (1986). Cross-link in fibrin polymerised by
factor XIII g(y-glutamyl)lysine. Science 160, 892-3.

Poindexter NJ, Williams RR, Powis G, Jen E, Caudle AS, Chada S, Grimm EA. (2010). IL-
24 is expressed during wound repair and inhibits TGFalpha-induced migration and
proliferation of keratinocytes.Exp Dermatol. 19(8):714-22.

Powers CJ, McLeskey SW, Wellstein A. (2000). Fibroblast growth factors, their receptors
and signaling. Endocr Relat Cancer.;7(3):165-97.

Powell WC, Fingleton B, Wilson CL, Boothby M, Matrisian LM. (1999). The
metalloproteinase matrilysin proteolytically generates active soluble Fas ligand and
potentiates epithelial cell apoptosis. Curr Biol.;9(24):1441-7.

Postlewaite AE, Holness MA Katai H, Raghow R. (1992). Human fibroblasts synthesis
elevated levels of extracellular matrix proteins in response to interleukin 4. J Clin Invest90
1479-1485.

Pozzi G, Guidi M, Laudicina F, Marazzi M, Falcone L, Betti R, Crosti C, Miiller EE,
DiMattia GE, Locatelli V, Torsello A. (2004). IGF-I stimulates proliferation of
spontaneously immortalized human keratinocytes (HACAT) by autocrine/paracrine
mechanisms.J Endocrinol Invest. 27(2):142-9.

Press MF, Cordon-Cardo C, Slamon DJ. (1990). Expression of the HER-2/neu proto-
oncogene in normal human adult and fetal tissues. Oncogene. 5(7):953-62.

Prigent SA, Lemoine NR. (1992). The type 1 (EGFR-related) family of growth factor
receptors and their ligands. Prog Growth Factor Res. 4(1):1-24.

307



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Pruniéras M, Régnier M, Fougére S, Woodley D. (1983). Keratinocytes synthesize basal-
lamina proteins in culture. J Invest Dermatol. 8§1(1 Suppl):74s-81s.

Puccinelli TJ, Bertics PJ, Masters KS. (2010). Regulation of keratinocyte signalling and
function via changes in epidermal growth factor presentation. Acta Biomater.;6(9):3415-25.

Quan G, Choi JY, Lee DS, Lee SC. (2005)TGF-betal up-regulates transglutaminase two and
fibronectin in dermal fibroblasts: a possible mechanism for the stabilization of tissue
inflammation. Arch Dermatol Res. 297(2):84-90.

Raghunath, M., Hopfner, B., Aeschlimann, D., Luthi, U., Meuli, M., Altermatt, S., Gobet,
R., Bruckner-Tuderman, L. and Steinmann, B. (1996). Crosslinking of the dermo-epidermal
junction of skin regenerating from keratinocyte autografts. J. Clin. Invest. 98, 1174-84.

Rahman FB, Ishihara S, Aziz MM, Mishima Y, Oshima N, Li YY, Sanchez-Siles AA, Otani
A, Oka A, Kusunoki R, Tada Y, Moriyama I, Ishimura N, Yuki T, Kazumori H, Amano Y,
Sato S, Ansary MU, Kinoshita Y. (2010). Heparin-binding EGF-like factor augments
esophageal epithelial cell proliferation, migration and inhibits TRAIL-mediated apoptosis
via EGFR/MAPK signaling. Scand J Gastroenterol. 2010.

Reaven EP, Cox AJ. (1968). Behavior of adult human skin in organ culture. II. Effects of
cellophane tape stripping, temperature, oxygen tension, pH and serum. J Invest Dermatol.
50(2):118-28.

Reichert, U., Michel, S. and Schmidt, R. (1993). The cornified cell envelope: A key
structure of terminally differentiating keratinocytes. In: Darmon, M. and Blumberg, M.,
(Ed.), Molecular Biology of the Skin. (San Diego, CA: Academic Press, Inc.) pp 107-50.

Reiss K, Maretzky T, Haas IG, Schulte M, Ludwig A, Frank M, Saftig P. (2006). Regulated
ADAM10-dependent ectodomain shedding of gamma-protocadherin C3 modulates cell-cell
adhesion.J Biol Chem. 281(31):21735-44.

Rety, S., Osterich, D., Arie, J. P., Tabaries, S., Seeman, J., Russo-Marie, F., Gerke, V. and
Lewit-Bentley, A. (2000). Structural basis of the Ca®*-dependent association between
S100C (S100A11) and its target, the N-terminal part of annexin 1. Structure Fold. Des. 8,
175-84.

Rice, R. H. and Green, H. (1977). The cornified envelope of terminally differentiated human
epidermal keratinocytes consists of cross-linked protein. Cell 11, 417-22.

Rice, R. H. and Green, H. (1979). Presence in human epidermal cells of a soluble protein
precursor of the cross-linked envelope: Activation of the cross-linking by calcium ions. Cell
18, 681-94.

Rice, R. H., Rong, X. and Chakravarty, R. (1990). Proteolytic release of keratinocyte
transglutaminase. Biochem J. 265, 351-7.

Rice, R., Mehrpouyan, M., Qin, Q., Phillips, M. and Lee, Y. (1996). Identification of
phosphorylation sites in keratinocyte transglutaminase. Biochem. J. 320, 547-50.

Ritchie, H., Lawrie, L. C., Crombie, P. W., Mosesson, M. W. and Booth, N. A. (2000).

Cross-linking of plasminogen activator inhibitor 2 and a,-antiplasminin to fibrin(ogen). J.
Biol. Chem. 275, 24915-20.

308



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Rittié L, Varani J, Kang S, Voorhees JJ, Fisher GJ. (2006).Retinoid-induced epidermal
hyperplasia is mediated by epidermal growth factor receptor activation via specific induction
of its ligands heparin-binding EGF and amphiregulin in human skin in vivo. J Invest
Dermatol. 126(4):732-9.

Ritter, S. J. and Davies, P. J. (1998). Identification of a transforming growth factor-
beta/bone morphogenic protein 4 (TGF-beta/BMP4) response element within the mouse
tissue transglutaminase gene promoter. J. Biol. Chem. 263, 4586-92.

Robson H, Spence K, Anderson E, Potten CS, Hendry JH. (1997). Differential influence of
TGFbetal and TGFbeta3 isoforms on cell cycle kinetics and postirradiation recovery of
normal and malignant colorectal epithelial cells. Int J Radiat Oncol Biol Phys. 38(1):183-90.

Robinson, N. A., Lapic, S., Welter, J. F. and Eckert, R. L. (1997). S100A11, S100A10,
annexin 1, desmosomal proteins, small proline-rich proteins, plasminogen activator
inhibitor-2, and involucrin are components of the cornified envelope of cultured human
epidermal keratinocytes. J. Biol. Chem. 272, 12035-46.

Rodriguez LG, Wu X and Guan JL. (2005). Wound-Healing Assay Methods in Molecular
Biology, Volume 294, II, 23-29.

Rollman O, Jensen UB, Ostman A, Bolund L, Gustafsdéttir SM and Jensen TG. (2003).
Platelet Derived Growth Factor (PDGF) Responsive Epidermis Formed from Human
Keratinocytes Transduced with the PDGFB Receptor Gene Journal of Investigative
Dermatology (2003) 120, 742—749.

Roop, O. (1995). Defects in the barrier. Science 267, 474-75.

Rose DM, Sydlaske AD, Agha-Babakhani A, Johnson K, Terkeltaub R. (2006).
Transglutaminase 2 limits murine peritoneal acute gout-like inflammation by regulating
macrophage clearance of apoptotic neutrophils. Arthritis Rheum. 54(10):3363-71.

Rosser-Davies S (2006). Novel Transglutaminases; A potential route to healthy skin. PhD
thesis, Cardiff University, Cardiff.

Rufini, A., Vilbois, F., Paradisi, A., Oddi, S., Tartaglione, R., Leta, A., Bagetta, G., Guerrier,
G., Finazzi-Agro, A., Melino, G. and Candi, E. (2004). Transglutaminase 5 is acetylated at
the N-terminal end. Amino Acids 26, 425-30.

Russell, L. J., Di Giovanna, J. J., Rogers, G. R., Steinert, P. M., Hashem, N., Compton, J. G.,
Bale, S. J. (1995). Mutations in the gene for transglutaminase 1 in autosomal recessive
lamellar ichthyosis. Nat. Genet. 9, 279-83.

Sahin U, Weskamp G, Kelly K, Zhou HM, Higashiyama S, Peschon J, Hartmann D, Saftig
P, Blobel CP. (2004). Distinct roles for ADAM10 and ADAMI17 in ectodomain shedding of
six EGFR ligands. J Cell Biol.164(5):769-79.

Sakata Y, Aoki N. (1980). Molecular abnormality of plasminogen.J Biol Chem.
1255(11):5442-7.

Sanderson MP, Dempsey PJ, Dunbar AJ. (2006). Control of ErbB signaling through
metalloprotease mediated ectodomain shedding of EGF-like factors. Growth Factors.
24(2):121-36.

309



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Sane, D. C., Moser, T. L., Pippen, A. M. M,, Parker, C. J., Achyuthan, K. E. and Greenberg,
C. S. (1988). Vitronectin is a substrate for transglutaminases. Biochem. Biophys. Res.
Commun. 157, 115-20.

Sarret, Y., Woodley, D. T., Grigsby, K., Wynn, K. and O’Keefe, E. J. (1992). Human
keratinocyte locomotion: The effect of selected cytokines. J. Invest. Dermatol. 98, 12-16

Sato, C., Tsuboi, R., Shi, C. M., Rubin, J. S. and Ogawa, H. (1995). Comparative study of
hepatocyte growth factor/scatter factor and keratinocyte growth factor effects on human
keratinocytes. J. Invest. Dermatol. 104, 958-63.

Sarkany I, Grice K, Caron GA. (1965). Organ culture of adult human skin. Br J Dermatol.
77:65-76.

Sasada R, Ono Y, Taniyama Y, Shing Y, Folkman J, Igarashi K.(1993). Cloning and
expression of cDNA encoding human betacellulin, a new member of the EGF family.
Biochem Biophys Res Commun. 190(3):1173-9.

Scarpellini A, Germack R, Lortat-Jacob H, Muramatsu T, Billett E, Johnson T, Verderio EA.
(2009). Heparan sulfate proteoglycans are receptors for the cell-surface trafficking and
biological activity of transglutaminase-2.J Biol Chem.;284(27):18411-23.

Schafer M and Werner S. (2007). Transcriptional Control of wound repair. Annu Rev Cell
Dev. Biol. 23:69-92.

Schelfhout VR, Coene ED, Delaey B, Waeytens AA, De Rycke L, Deleu M, De Potter CR.
(2002). The role of heregulin-alpha as a motility factor and amphiregulin as a growth factor
in wound healing. J Pathol. 198(4):523-33.

Schenk S, Hintermann E, Bilban M, Koshikawa N, Hojilla C, Khokha R, Quaranta V.
(2003). Binding to EGF receptor of a laminin-5 EGF-like fragment liberated during MMP-
dependent mammary gland involution. J Cell Biol. 161(1):197-209.

Schneider MR, Mayer-Roenne B, Dahlhoff M, Proell V, Weber K, Wolf E, Erben RG.
(2009). High cortical bone mass phenotype in betacellulin transgenic mice is EGFR
dependent. J Bone Miner Res. 24(3):455-67.

Schenk S, Hintermann E, Bilban M, Koshikawa N, Hojilla C, Khokha R, Quaranta V.
(2003). Binding to EGF receptor of a laminin-5 EGF-like fragment liberated during MMP-
dependent mammary gland involution. J Cell Biol. 161(1):197-209.

Schultz G, Rotatori DS, Clark W. (1991). EGF and TGF-alpha in wound healing and repair.J
Cell Biochem. 45(4):346-52. Review.

Schurer, N. T. and Elias, P. M. (1991). The biochemistry and function stratum corneum
lipids. In skin lipids. Advances in skin lipid research (P. M. Elias, ed) pp 27-56, Academic
Press, San Diego.

Seals DF, Courtneidge SA. (2003). The ADAMs family of metalloproteases: multidomain
proteins with multiple functions. Genes Dev.;17(1):7-30.

Seitz, J. Keppler, C., Rausch, U. and Aumuller, G. (1990). Immunohistochemistry of
secretory transglutaminase from rodent prostate. Histochemistry 93, 525-30.

310



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Seitz, J. Keppler, C., Huntemann, S., Rausch, U. and Aumuller, G. (1991). Purification and
molecular characterisation of a secretory transglutaminase from coagulating gland of the rat.
Biochim. Biophys. Acta 1078, 139-46.

Shainoff, J. R., Urbanic, D. A. and Di Bello, P. M. (1991). Immunoelectrophoretic
characterizations of the cross-linking of fibrinogen and fibrin by factor XlIIla and tissue
transglutaminase. J. Biol. Chem. 266, 6429-37

Shapiro SD. (2000). A concise yet informative stroll through matrix metalloproteinases and
TIMPsJ Cell Sci. 113 (Pt 19):3355-6.

Shing Y, Christofori G, Hanahan D, Ono Y, Sasada R, Igarashi K, Folkman J.(1993).
Betacellulin: a mitogen from pancreatic beta cell tumors.Science. (5101):1604-7.

Shirakata Y, Komurasaki T, Toyoda H, Hanakawa Y, Yamasaki K, Tokumaru S, Sayama K,
Hashimoto K. (2000). Epiregulin, a novel member of the epidermal growth factor family, is
an autocrine growth factor in normal human keratinocytes. J Biol Chem. 275(8):5748-53.

Shirasawa S, Sugiyama S, Baba I, Inokuchi J, Sekine S, Ogino K, Kawamura Y, Dohi T,
Fujimoto M, Sasazuki T. (2004). Dermatitis due to epiregulin deficiency and a critical role
of epiregulin in immune-related responses of keratinocyte and macrophage. Proc Natl Acad
SciU S A.;101(38):13921-6.

Shirasawa M, Fujiwara N, Hirabayashi S, Ohno H, lida J, Makita K, Hata Y. (2004).
Receptor for advanced glycation end-products is a marker of type I lung alveolar cells.
Genes Cells. 9(2):165-74.

Shirakata Y, Kimura R, Nanba D, Iwamoto R, Tokumaru S, Morimoto C, Yokota K,
Nakamura M, Sayama K, Mekada E, Higashiyama S, Hashimoto K. (2005). Heparin-binding
EGF-like growth factor accelerates keratinocyte migration and skin wound healing. J Cell
Sci.;118(Pt 11):2363-70.

Shook, D. R., and R. Keller. 2003. Mechanisms, mechanics and function of epithelial
mesenchymal transitions in early development. Mechanisms of Development 120: 1351-
1383.

Shoyab M, Plowman GD, McDonald VL, Bradley JG, Todaro GJ. (1989). Structure and
function of human amphiregulin: a member of the epidermal growth factor family. Science.
243(4894 Pt 1):1074-6.

Shyu KG, Hsu FL, Wang MJ, Wang BW, Lin S. (2007). Hypoxia-inducible factor
lalpha regulates lung adenocarcinoma cell invasion. Exp Cell Res. 1;313(6):1181-
91.

Sibilia M, Wagner EF. (1995). Strain-dependent epithelial defects in mice lacking the EGF
receptor. Science. 269(5221):234-8.

Siegel M, Strnad P, Watts RE, Choi K, Jabri B, et al. (2008). Extracellular

Transglutaminase 2 is Catalytically Inactive, bit is Transiently Activated upon Tissue Injury.
PLoS ONE 3(3): e1861.

311



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Simon, M. and Green, H. (1984). Participation of membrane-associated proteins in the
formation of the cross-linked envelope of the keratinocyte. Cell 36, 827-34.

Simon, M. and Green, H. (1985). Enzymatic cross-linking of involucrin and other proteins
by keratinocyte particulates in vitro. Cell 40, 677-83.

Simon, M. and Green, H. (1988). The glutamine residues reactive in transglutaminase-
catalyzed cross-linking of involucrin. J. Biol. Chem. 263, 18093-98.

Singh, U. S., Kunor, M. T., Kao, Y-L. and Baker, K. M. (2001). Role of transglutaminase II
in retinoic acid-induced activation of RhoA-associated Kinase-2. EMBO J. 20, 2413-2423.

Singh AB, Harris RC. (2004). Epidermal growth factor receptor activation differentially
regulates claudin expression and enhances transepithelial resistance in Madin-Darby canine
kidney cells. J Biol Chem. 279(5):3543-52.

Singh AB, Harris RC. (2005). Autocrine, paracrine and juxtacrine signaling by EGFR
ligands. Cell Signal. 17(10):1183-93.

Sonis ST, Lindquist L, Van Vugt A, Stewart AA, Stam K, Qu GY, Iwata KK, Haley
JD.(1994). Prevention of chemotherapy-induced ulcerative mucositis by transforming
growth factor beta 3. Cancer Res. 54(5):1135-8.

Stamnaes J, Pinkas DM, Fleckenstein B., Khosla C, Sollid LM. (2010). Redox Regulation
of Transglutaminase 2 Activity J. Biol. Chem. 2010 285: 25402-25409.

Stawowy P, Meyborg H, Stibenz D, Borges Pereira Stawowy N, Roser M, Thanabalasingam
U, Veinot JP, Chrétien M, Seidah NG, Fleck E, Graf K. (2005). Furin-like proprotein
convertases are central regulators of the membrane type matrix metalloproteinase-pro-matrix
metalloproteinase-2 proteolytic cascade in atherosclerosis. Circulation.;111(21):2820-7.

Steinert, P. M. (1995). A model for the hierachical structure of the cornified cell envelope.
Cell Death Different. 2, 33-40.

Steinert, P. M. (2000). The complexity and redundancy of epithelial barrier function. J. Cell
Biol. 151, F5-7.

Steinert, P. M., Candi, E., Kartasova, T., Marekov, L. (1998). Small proline-rich proteins are
cross-bridging proteins in the cornified cell envelopes of stratified squamous epithelial. J.
Struct. Biol. 122, 76-85.

Steinert, P. M., Candi, E., Taresa, E., Marekov, L. N., Sette, M., Paci, M., Ciani, B.,
Guerrieri, P. and Melino, G. (1999). Transglutaminase crosslinking and structural studies of
the human small proline rich 3 protein. Cell Death Differ 6, 916-30.

Steinert, P. M., Chung, S. 1., Kim, S. Y. (1996a). Inactive zymogen and highly active
proteolytically processed membrane-bound forms of the transglutaminase 1 enzyme in
human epidermal keratinocytes. Biochem. Biophys. Res. Commun. 221, 101-6.

Steinert, P. M., Kim, S. Y., Chung, S. I. and Marekov, L. N. (1996b). The transglutaminase

1 enzyme is variably acylated by myristate and palmitate during differentiation in epidermal
keratinocytes. J. Biol. Chem. 271 26242-26250.

312



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Steinert, P. M. and Marekov, L. N. (1995). The proteins elafin, filaggrin, keratinocyte
intermediate filaments, loricrin, and small proline-rich proteins 1 and 2 are isopeptide
crosslinked components of the human epidermal cornified cell envelope. J. Biol. Chem. 270,
17702-11.

Steinert, P. M. and Marekov, L. N. (1997). Direct evidence that involucrin is a major early
isopeptide crosslinked component of the keratinocyte cornified cell envelope. J. Biol. Chem.
272, 2021-30.

Steinhardt, R. A., Bi, G. and Alderton, J. M. (1994). Cell membrane resealing by a vesicular
mechanism similar to neurotransmitter release. Science 263 390-3.

Sternlicht MD, Sunnarborg SW, Kouros-Mehr H, Yu Y, Lee DC, Werb Z. (2005).
Mammary ductal morphogenesis requires paracrine activation of stromal EGFR via
ADAM17-dependent shedding of epithelial amphiregulin. Development. 132(17):3923-33.

Stenn KS. (1978). The role of serum in the epithelial outgrowth of mouse skin explants. Br J
Dermatol. 98(4):411-6.

Stephens, P., Grenard, P., Aeschlimann, P., Langley, M., Blain, E., Errington, R., Kipling,
D., Thomas, D. and Aeschlimann, D. (2004). Cross-linking and G-protein functions of
transglutaminase 2 contribute differentially to fibroblast would healing responses. J. Cell.
Sci. 117 (15), 3389-403.

Steven, A. C., Bisher, M. E., Roop, D. R. and Steinert, P. M. (1990). Biosynthetic pathways
of filaggrin and loricrin — two major proteins expressed by terminally differentiated
epidermal keratinocytes. J. Struct. Biol. 104, 150-62.

Stécker W, Bode W. (1995). Structural features of a superfamily of zinc-endopeptidases: the
metzincins. Curr Opin Struct Biol. (3):383-90.

Stocker W, Grams F, Baumann U, Reinemer P, Gomis-Riith FX, McKay DB, Bode W.
(1995). The metzincins--topological and sequential relations between the astacins,
adamalysins, serralysins, and matrixins (collagenases) define a superfamily of zinc-
peptidases. Protein Sci.4(5):823-40.

Stoll S, Garner W, Elder J. (1997). Heparin-binding ligands mediate autocrine epidermal
growth factor receptor activation in skin organ culture. J Clin Invest.;100(5):1271-81.

Stoll SW, Elder JT. (1999). Differential regulation of EGF-like growth factor genes in
human keratinocytes. Biochem Biophys Res Commun. 265(1):214-21.

Stoll SW, Kansra S, Peshick S, Fry DW, Leopold WR, Wiesen JF, Sibilia M, Zhang T,
Werb Z, Derynck R, Wagner EF, Elder JT. (2001). Differential utilization and localization
of ErbB receptor tyrosine kinases in skin compared to normal and malignant keratinocytes.
Neoplasia. 3(4):339-50.

Stoll SW, Kansra S, Elder JT. (2002). Metalloproteinases stimulate ErbB-dependent ERK
signaling in human skin organ culture. J Biol Chem.;277(30):26839-45.

Stoll SW, Johnson JL, Bhasin A, Johnston A, Gudjonsson JE, Ritti¢ L, Elder JT. (2010).

Metalloproteinase-mediated, context-dependent function of amphiregulin and HB-EGF in
human keratinocytes and skin. J Invest Dermatol. 130(1):295-304.

313



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Strachan L, Murison JG, Prestidge RL, Sleeman MA, Watson JD, Kumble KD. (2001).
Cloning and biological activity of epigen, a novel member of the epidermal growth factor
superfamily. J Biol Chem. 276(21):18265-71.

Strickland DK, Ashcom JD, Williams S, Burgess WH, Migliorini M, Argraves WS. (1990).
Sequence identity between the alpha 2-macroglobulin receptor and low density lipoprotein
receptor-related protein suggests that this molecule is a multifunctional receptor. J Biol
Chem. 265 (29):17401-17404.

Sturniolo MT, Dashti SR, Deucher A, Rorke EA, Broome AM, Chandraratna RA, Keepers
T, Eckert RL. (2003). A novel tumor suppressor protein promotes keratinocyte terminal
differentiation via activation of type I transglutaminase. J Biol Chem. 278(48):48066-73.

Sun, T. T. and Green, H. (1976). Differentiation of the epidermal keratinocyte in cell
culture: formation of the cornified envelope. Cell 9, 511-21.

Sunnarborg SW, Hinkle CL, Stevenson M, Russell WE, Raska CS, Peschon JJ, Castner BJ,

Gerhart MJ, Paxton RJ, Black RA, Lee DC. (2002). Tumor necrosis factor-alpha converting
enzyme (TACE) regulates epidermal growth factor receptor ligand availability.J Biol Chem.
12;277(15):12838-45.

Swartzendruber, D. C., Kitko, D. J., Wertz, P. W., Madison, K. C. and Downing, D. T.
(1988). Isolation of corneocyte envelopes from porcine epidermis. Arch. Dermatol. Res.
280, 424-9.

Swartzendruber, D. C., Wertz, P. W, Kitko, D. J., Madison, K. C. and Downing, D. T.
(1989). Molecular models of the intercellular lipid lamellae in mammalian stratum corneum.
J. Invest. Dermatol. 92, 251-7.

Swartzendruber, D. C., Wertz, P. W., Madison, K. C. and Downing, D. T. (1987). Evidence
that the corneocyte has a chemically bound lipid envelope. J. Invest. Dermatol. 88, 709-13.

Szondy Z, Sarang Z, Molnar P, Nemeth T, Piacentini M, Mastroberardino PG, Falasca
L,Aeschlimann D, Kovacs J, Kiss I, Szegezdi E, Lakos G, Rajnavolgyi E, Birckbichler PJ,
Melino G, Fesus L. (2003). Transglutaminase 2-/- mice reveal a phagocytosis-associated
crosstalk between macrophages and apoptotic cells. Proc Natl Acad Sci U S A.
24;100(13):7812-7.

Taenaka N, Hibino T, Fukuda M, Mishima H, and Shimomura Y. (2003). Tissue
Transglutaminase Modulates the Proliferation and Attachment of Keratocytes Invest
Ophthalmol Vis Sci 2003;44.

Takahashi, M., Tezuka, T., Kakegawa, H. and Katunuma, N. (1994). Linkage between
phosphorylated cystatin alpha and filaggrinn by epidermal transglutaminase as a model of
cornified envelope and inhibition of cathepsin L activity by cornified envelope and the
conjugated cystatin alpha. FEBS Lett 340, 173-6.

Takahashi H, Tsuji H, Hashimoto Y, Ishida-Yamamoto A, lizuka H. (2009). Cell
proliferation and cytokine induction by TNf-alpha pf psoriatice keratinocytes are not
different from normal keratinocytes in vitro. Indian J Dermatol. 54(3):237-9.

Takashima A, Grinnell F. (1985). Fibronectin-mediated keratinocyte migration and initiation
of fibronectin receptor function in vitro.J Invest Dermatol. 85(4):304-8.

314



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Takenobu H, Yamazaki A, Hirata M, Umata T, Mekada E. (2003). The stress- and
inflammatory cytokine-induced ectodomain shedding of heparin-binding epidermal growth
factor-like growth factor is mediated by p38 MAPK, distinct from the 12-O-
tetradecanoylphorbol-13-acetate- and lysophosphatidic acid-induced signaling cascades.J
Biol Chem. 278(19):17255-62.

Tesfaigizi, J. and Carlson, D. M. (1999). Expression, regulation, and function of the SPR
family of proteins. A review. Cell Biochem. Biophys. 30, 243-65.

Thacher, S. M. (1989). Purification of keratinocyte transglutaminase and its expression
during squamous differentiation. J. Invest. Dermatol. 92, 578-84.

Tharakan S, Pontiggia L, Biedermann T, Bottcher-Haberzeth S, Schiestl C, Reichmann E,
Meuli M. (2010). Transglutaminases, involucrin, and loricrin as markers of epidermal
differentiation in skin substitutes derived from human sweat gland cells. Pediatr Surg Int.
26(1):71-7.

Thibaut S, Cavusoglu N, de Becker E, Zerbib F, Bednarczyk A, Schaeffer C, van Dorsselaer
A, Bernard BA. (2009). Transglutaminase-3 enzyme: a putative actor in human hair shaft
scaffolding? J Invest Dermatol. 129(2):449-59.

Thomas, H. (2004). Characterisation of a novel transglutaminase, transglutaminase 6, and
determination of its expression pattern. PhD thesis, University of Wales, Cardiff.

Thompson RW, Parks WC. (1996). Role of matrix metalloproteinases in abdominal aortic
aneurysms. Ann N Y Acad Sci.;800:157-74.

Thomazy, V. and Fesus, L. (1989). Differential expression of tissue transglutaminase in
human cells: an immunohistochemical study. Cell Tissue Res. 255, 215-24.

Tokumaru S, Higashiyama S, Endo T, Nakagawa T, Miyagawa JI, Yamamori K, Hanakawa
Y, Ohmoto H, Yoshino K, Shirakata Y, Matsuzawa Y, Hashimoto K, Taniguchi N. (2000).
Ectodomain shedding of epidermal growth factor receptor ligands is required for
keratinocyte migration in cutaneous wound healing. J Cell Biol. 151(2):209-20.

Tokumaru S, Sayama K, Yamasaki K, Shirakata Y, Hanakawa Y, Yahata Y, Dai X,
Tohyama M, Yang L, Yoshimura A, Hashimoto K. (2005). SOCS3/CIS3 negative regulation
of STAT3 in HGF-induced keratinocyte migration. Biochem Biophys Res
Commun.;327(1):100-5.

Toriseva M and Kéhéri V.M. (2009). Proteinases in cutaneous wound healing Cellular and
Molecular Life Sciences Volume 66, Number 2, 203-224.

Tousseyn T, Jorissen E, Reiss K, Hartmann D. (2006). (Make) stick and cut loose—
disintegrin metalloproteases in development and disease. Birth Defects Res C Embryo
Today. 78(1):24-46.

Toyoda H, Komurasaki T, Ikeda Y, Yoshimoto M, Morimoto S. (1995). Molecular cloning
of mouse epiregulin, a novel epidermal growth factor-related protein, expressed in the early
stage of development. FEBS Lett.377(3):403-7.

315



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Trengove NJ, Bielefeldt-Ohmann H, Stacey MC. (2000). Mitogenic activity and cytokine
levels in non-healing and healing chronic leg ulcers. Wound Rep Reg 8:13-25.

Tsao B, Curthoys NP. (1982). Evidence that the hydrophobic domain of rat renal gamma-
glutamyltransferase spans the brush border membrane. Biochim Biophys Acta. 690(2):199-
206.

Tsuboi, R., Sato, C., Shi, C. M., Ogawa, H. (1992). Stimulation of keratinocyte migration
by growth factors. J. Dermatol. 19, 652-3.

Tuan, T. L., Keller, L. C., Sun, D., Nimni, M. E. and Cheung, D. (1994). Dermal fibroblasts
activate keratinocyte outgrowth on collagen gels. J. Cell Sci. 107, 2285-9.

Uchino R, Cardinali M, Chung SI. (1991). Regulation of extravascular fibrinolysis by Factor
XIII. Fibrinolysis 5:93-8.

Upchurch, H. F., Conway, E., Patterson, M. K., Jr. and Maxwell, M. P. (1991). Localization
of cellular transglutaminase on the extracellular matrix after wounding: Characteristics of
the matrix bound enzyme. J. Cell Physiol. 149, 375-82.

Van Goor H, Melenhorst WB, Turner AJ, Holgate ST. (2009). Adamalysins in biology and
disease. J Pathol. 219(3):277-86.

Van Strein ME, Drukarch B, Bol, JG, Van der VAIlk P, Van Horssen j, Gerritsen WH, Breve
JJ, van Dam Am. (2010). Appearence of Tissue Transglutaminase in Astrocytes in multiple
sclerosis lesions: A role in cell adhesion and migration. Brain Pathol. Aug (epub ahead of
print)

Van Wart HE, Birkedal-Hansen H. (1990). The cysteine switch: a principle of regulation of
metalloproteinase activity with potential applicability to the entire matrix metalloproteinase
gene family. Proc Natl Acad Sci USA. 87 (14):5578-5582.

Varani J, Zeigler M, Dame MK, Kang S, Fisher GJ, Voorhees JJ, Stoll SW, Elder JT.
(2001). Heparin-binding epidermal-growth-factor-like growth factor activation of
keratinocyte ErbB receptors Mediates epidermal hyperplasia, a prominent side-effect of
retinoid therapy. J Invest Dermatol. 117(6):1335-41.

Verderio, E., Nicholas, B., Gross, S. and Griffin, M. (1998). Regulated expression of tissue
transglutaminase in Swiss 3T3 fibroblasts: Effects on the processing of fibronectin, cell
attachment and cell death. Exp. Cell Res. 239, 119-38.

Verderio, E., Telci, D., Okoye, A., Melino, G. and Griffin, M. (2003). A novel RGD-
independent cell adhesion pathway mediated by fibronectin-bound tissue transglutaminase
rescues cells from anoikis. J. Biol. Chem. 278, 42604-14.

Verderio, E., Johnson, T. and Griffin, M. (2005). Transglutaminases in wound healing and
inflammation. Mehta, K., Echert, R. (eds): Transglutaminases. Prog. Exp. Turn. Res. Basel,
Karger. 38, 89-114.

Verma A, Mehta K. (2007). Transglutaminase-mediated activation of nuclear transcription
factor-kappaB in cancer cells: a new therapeutic opportunity.Curr Cancer Drug
Targets.(6):559-65.

316



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Visse R, Nagase H. (2003). Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry. Circ Res. 92(8):827-39.

Vollberg, T. M., George, M. D., Nervi, C. and Jetten, A. M. (1992). Regulation of type I and
type II transglutaminase in normal human bronchial epithelial and lung carcinoma cells. Am.
J. Respir. Cell. Mol. Biol. 7, 10.

Wahl SM, Wong H, McCartney-Francis N. (1989). Role of growth factors in inflammation
and repair. J Cell Biochem. 40(2):193-9.

Wallace PK, Palmer LD, Perry-Lalley D, Bolton ES, Alexander RB, . Horan PK, Yang JC,
and Muirhead KA. (1993). Mechanisms of Adoptive Immunotherapy: Improved Methods
for in Vivo Tracking of Tumor-infiltrating Lymphocytes and Lymphokine-activated Killer
Cells Cancer Res 53:2358-2367.

Wang Y, Posner BI, Balbis A. (2009). Compartmentalization of epidermal growth
factor receptor in liver plasma membrane. J Cell Biochem. 1;107(1):96-103.

Warhol, M. J.,, Roth, J.,, Lucocq, J. M., Pinkus, G. S. and Rice, R. H. (1985).
Immunoultrastructural localization of involucrin in squamous epithelium and cultured
keratinocytes. J. Histochem. Cytochem. 33, 141-9.

Watanabe M, lizuka H. (1986). Dimethyl sulfoxide-induced augmentation of adenosine-
adenylate cyclase response of pig skin epidermis. Arch Dermatol Res.;278(6):470-3.

Watt, F. M., Kubler, D., Hotchin, N. A., Nicholson, L. J. and Adams, J. C. (1993).
Regulation of keratinocyte terminal differentiation by integrin-extracellular matrix
interactions. J. Cell Sci. 106, 175-82.

Watterson KR, Lanning DA, Diegelmann RF, Spiegel S. (2007). Regulation of fibroblast
functions by lysophospholipid mediators: potential roles in wound healing. Wound Repair
Regen. 15(5):607-16.

Weiss SJ, Peppin GJ. (1986). Collagenolytic metalloenzymes of the human neutrophil.
Characteristics, regulation and potential function in vivo. Biochem Pharmacol. 35(19):3189-
97.

Weiss, K., Meizner, H. J. and Hilgenfield, R. (1998). Two non-proline cis peptide bonds
may be important for factor XIII function. FEBS Letters 423, 291-6.

Weng J, Mohan RR, Li Q, Wilson SE. (1997). IL-1 upregulates keratinocyte growth factor
and hepatocyte growth factor mRNA and protein production by cultured stromal fibroblast
cells: interleukin-1 beta expression in the cornea.Cornea.16(4):465-71.

Werner S, Krieg T, Smola H. (2007). Keratinocyte-fibroblast interactions in wound healing.
J Invest Dermatol. (5):998-1008.

Wertheimer E, Trebicz M, Eldar T, Gartsbein M, Nofeh-Moses S, Tennenbaum T. (2000).
Differential roles of insulin receptor and insulin-like growth factor-1 receptor in
differentiation of murine skin keratinocytes. J Invest Dermatol. 115(1):24-9.

Wertz, P. W. and Downing, D. T. (1987). Covalently bound omega-hydroxy-acyl-
sphingosine in the stratum corneum. Biochim. Biophys. Acta 917, 108-11

317



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Wertz, P. W., Swartzendruber, D. C. Kitko, D. J., Madison, K. C. and Downing, D. T.
(1989). The role of corneocyte lipid envelopes in cohesion of the stratum corneum. J. Invest.
Dermatol. 93, 169-72.

White, R. A., Peters, L. L., Adjison, L. R., Korsgen, C., Cohen, C. M. and Lux, S. E. (1992).
The murine pallid mutation is a platelet storage pool disease associated with the protein 4.2
(pallidin) gene. Nature Genetics 2, 80-3.

Willenbrock F, Crabbe T, Slocombe PM, Sutton CW, Docherty AJ, Cockett MI, O'Shea M,
Brocklehurst K, Phillips IR, Murphy G. (1993). The activity of the tissue inhibitors of
metalloproteinases is regulated by C-terminal domain interactions: a kinetic analysis of the
inhibition of gelatinase A. Biochemistry.;32(16):4330-7.

Willmarth NE, Ethier SP. (2006). Autocrine and juxtacrine effects of amphiregulin on the
proliferative, invasive, and migratory properties of normal and neoplastic human mammary
epithelial cells. J Biol Chem. 281(49):37728-37.

Williams-Ashman (1984). Transglutaminases and the clotting of mammalian seminal fluids.
Mol Cell Biochem 58, 51-61.

Wilson, E. M. and French, F. S. (1980). Biochemical homology between rat dorsal prostate
and coagulating gland. J. Biochem 255, 10946-53.

Wong VW, Gurtner GC. (2010). Discussion. Construction and clinical application of a
human tissue-engineered epidermal membrane. Plast Reconstr Surg. 125(3):910-2.

Woolley DE, Lindberg KA, Glanville RW, Evanson JM. (1975). Action of rheumatoid
synovial collagenase on cartilage collagen. Different susceptibilities of cartilage and tendon
collagen to collagenase attack. Eur J Biochem.;50(2):437-44.

Wrana JL, Attisano L, Wieser R, Ventura F, Massagué J. (1994). Mechanism of activation
of the TGF-beta receptor.Nature.;370(6488):341-7.

Xie Z, Singleton PA, Bourguignon LY, Bikle DD. (2005). Calcium-induced human
keratinocyte differentiation requires src- and fyn-mediated phosphatidylinositol 3-kinase-
dependent activation of phospholipase C-gammal. Mol Biol Cell.16(7):3236-46.

Xu J, Clark RA1. (1996). Extracellular matrix alters PDGF regulation of fibroblast integrins.
J Cell Biol. 132(1-2):239-49.

Xu KP, Ding Y, Ling J, Dong Z, Yu FS. (2004). Wound-induced HB-EGF ectodomain
shedding and EGFR activation in corneal epithelial cells. Invest Ophthalmol Vis Sci.
(3):813-20.

Xu L, Begum S, Hearn JD, Hynes RO. (2006). GPRS56, an atypical G protein-coupled
receptor, binds tissue transglutaminase, TG2, and inhibits melanoma tumor growth and

metastasis.Proc Natl Acad Sci U S A. 103(24):9023-8.

Xu L, Hynes RO. (2007). GPR56 and TG2: possible roles in suppression of tumor growth by
the microenvironment. Cell Cycle.;6(2):160-5.

318



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Xu K, Shu HK. (2007). EGFR activation results in enhanced cyclooxygenase-2 expression
through p38 mitogen-activated protein kinase-dependent activation of the Sp1/Sp3
transcription factors in human gliomas.Cancer Res.;67(13):6121-9.

Yaffe, Beegan, H. and Eckert, R. L. (1992). Biophysical characterization of involucrin
reveals a molecule ideally suited to function as an intermolecular cross-bridge of the
keratinocyte cornified envelope. J. Biol. Chem. 267, 12233-8.

Yahata Y, Shirakata Y, Tokumaru S, Yang L, Dai X, Tohyama M, Tsuda T, Sayama K,
Iwai M, Horiuchi M, Hashimoto K. (2006). A novel function of angiotensin II in skin
wound healing. Induction of fibroblast and keratinocyte migration by angiotensin II via
heparin-binding epidermal growth factor (EGF)-like growth factor-mediated EGF receptor
transactivation. J Biol Chem. 281(19):13209-16.

Yamada, K., Matsuki, M., Morishima, Y., Ueda, E., Tabata, K., Yasuno, H., Suzuki, M. and
Yamanishi, K. (1997). Activation of the human transglutaminase 1 promoter in transgenic
mice: terminal differentiation-specific expression of the TGM1-lacZ transgene in keratinised
stratified squamous epithelia. Hum. Mol. Genet. 6, 2223-31.

Yamamoto Yamada KM, Gailit J, Clarke RAF. (1996). Integrins in wound repair. Clark
RAF ed. The molecular and cellular biology of wound repair. 2™ edition. New York, Plenum
Press.

Yamasaki S, Nishida K, Yoshida Y, Itoh M, Hibi M, Hirano T. (2003).Gabl1 is required for
EGF receptor signaling and the transformation by activated ErbB2.

Oncogene.;22(10):1546-56.

Yarden Y, Sliwkowski MX. (2001). Untangling the ErbB signalling network. Nat Rev Mol
Cell Biol. (2):127-37.

Yee, V. C., Le Trong, L., Bishop, P. D., Pedersen, L. C., Stenkamp, R. E. and Teller, D. C.
(1996). Structure and function studies of FXIIla by X-ray crystallography. Sem. Thromb.
Hemostasis 22, 377-384.

Yee, V. C., Pedersen, L. C., Le Trong, 1., Bishop, P. D., Stenkamp, R. E. and Teller, D. C.
(1994). Three-dimensional structure of a transglutaminase: Human blood coagulation factor
XIII. Proc. Natl. Acad. Sci. U.S.A 91, 7296-300.

Yeh BK , Igarashi M, Eliseenkova AV, Plotnikov AN, Sher I, Ron D, Aaronson SA, and
Mohammadi M. (2003). Structural basis by which alternative splicing confers specificity in
fibroblast growth factor receptors PNAS vol. 100 no. 5 2266-2271.

Yoneda, K. and Steinert, P. M. (1993). Overexpression of human loricrin in transgenic mice
produces a normal phenotype. Proc. Natl. Acad. Sci. U.S.A 90, 10754-8.

Younai S, Nichter LS, Wellisz T, Reinisch J, Nimni ME, Tuan TL. (1994). Modulation of
collagen synthesis by transforming growth factor-beta in keloid and hypertrophic scar
fibroblasts. Ann Plast Surg. 33(2):148-51.

Zambruno G, Marchisio PC, Marconi A, Vaschieri C, Melchiori A, Giannetti A, De Luca M.

(1995). Transforming growth factor-beta 1 modulates beta 1 and beta 5 integrin receptors
and induces the de novo expression of the alpha v beta 6 heterodimer in normal human
keratinocytes: implications for wound healing.J Cell Biol. 129(3):853-65.

319



Role of Transglutaminase in Signalling that Regulates Epithelial Responses in Wound Healing.

Zeeuwen PL, van Vlijmen-Willems IM, Egami H, Schalkwijk J. (2002). Cystatin M / E
expression in inflammatory and neoplastic skin disorders. Br J Dermatol. 147(1):87-94.

Zeeuwen, P. L., Vlijmen-Willems, I. M., Olthuis, D., Johansen, H. T., Hitomi, K., Hara-
Nishimura, 1., Powers, J. C., James, K. E., Op den Camp, H. J., Lemmens, R. and
Schalkwijk, J. (2004). Evidence that unrestricted legumain activity is involved in disturbed
epidermal cornification in cystatin M/E deficient mice. Hum. Mol. Genet. 13, 1069-79.

Zemskov EA, Janiak A, Hang J, Waghray A, Belkin AM. (2006). The role of tissue
transglutaminase in cell-matrix interactions.Front Biosci. 11:1057-76. Review.

Zemaitaitis, M. O., Kim, S-Y., Halverson, R. A., Trancoso, J. C., Lee, J. M. and Muma, N.
A. (2002). Transglutaminase activity, protein, and mRNA expression are increased in
progressive supranuclear palsy. Journal of Neuropathy and experimental neurology 62, 173-
84.

Zhong JL, Poghosyan Z, Pennington CJ, Scott X, Handsley MM, Warn A, Gavrilovic J,
Honert K, Kriiger A, Span PN, Sweep FC, Edwards DR. (2008). Distinct functions of
natural ADAM-15 cytoplasmic domain variants in human mammary carcinoma. Mol Cancer
Res.;6(3):383-94.

Zhong SP, Zhang YZ, Lim CT. (2010). Tissue scaffolds for skin wound healing and dermal
reconstruction. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2(5):510-25.

Zhou Z, Apte SS, Soininen R, Cao R, Baaklini GY, Rauser RW, Wang J, Cao Y,
Tryggvason K. (2000). Impaired endochondral ossification and angiogenesis in mice
deficient in membrane-type matrix metalloproteinase I. Proc Natl Acad Sci U S A.
97(8):4052-7. .

Ziyadeh, F. N., Hoffman, B. B., Han, D. C., Iglesias-De La Cruz, M. C, Hong, S. W.,
Isonon, M., Chen, S., McGowan, T. A. and Sharma, K. (2000). Long-term prevention of
renal insufficiency, excess matrix gene expression, and glomerular mesangial matrix
expansion by treatment with monoclonal antitransforming growth factor-beta antibody in
db/db diabetic mice. Proc. Natl. Acad. Sci. U. S. A. 97, 8015-20.

320



