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ABSTRACT
ADAMI0 is a ubiquitous and essential transmembrane ‘molecular scissor’ that cleaves the
ectodomains of >100 different membrane proteins. ADAM10 is regulated by interaction with
six tetraspanins (Tspan5, Tspanl0, Tspanl4, Tspanl5, Tspanl7 or Tspan33) termed TspanC8s.
Importantly, emerging evidence suggests that each TspanC8 promotes cleavage of different
ADAMI0 substrates, leading to proposal of the ‘six scissors’ hypothesis which suggests that
each TspanC8/ADAMI10 scissor has a distinct substrate repertoire. The platelet-activating
collagen and fibrin receptor GPV1 is a promising anti-thrombotic target that is also an ADAM10
substrate. Of the three scissors expressed on human platelets, Tspanl5/ADAM10 and
Tspan33/ADAM10 can cleave GPVI, whereas Tspan14/ADAM10 cannot. The overarching aim
of this project was to examine the molecular basis behind the ‘six scissors’ hypothesis using
GPVI as a model substrate. This thesis provided evidence of a novel mechanism where
TspanC8s may differentially regulate ADAM10 substrate specificity by controlling the
protease’s access to the cut site of a substrate. Tspan15/ADAM10 was identified as the most
efficient scissor for GPVI. The extracellular region of Tspanl5 was essential for ADAM10
cleavage of GPVI and its cytoplasmic domain appeared to have a minor negative regulatory
role. Analysis of non-coding TSPAN15 polymorphisms revealed that high TSPAN15 expression
may confer protection against venous thrombosis. ADAM10 and Tspanl5 regulated each
other’s expression at the protein level, and the cytoplasmic domain of ADAM10 was required
for Tspanl5 surface expression. Finally, this thesis provided evidence that functional
redundancy of Tspan15/ADAM10 with other TspanC8/ADAM10 scissors was minimal, even
at high expression levels. These findings may inform the feasibility and the design of future
therapeutics that may allow substrate-specific modulation of ADAM10 activity by targeting the

regulatory TspanC8 tetraspanin.



LA>FAT9,

EX
It was not easy, but it was fun.

<

~|
I

CeLhorlrl,

SR

<

ST &

ITousy mm.wwﬂmw s

. *.

Holllday

Nick j

8 x

=% N He
&7 N9
3%, 50 .
_@‘Z, @Pﬁo «,oévm @me o ©
ot W e
[l @)_m\m A/@A@
& [onueg 3y e

is journey.

| dedicate this thesis to you
d and supported me in th

inspire

who



ACKNOWLEDGEMENTS

My supervisors, Mike Tomlinson and Natalie Poulter:

Mike, in May 2016, | got to know you for the first time (apart from recognising you as
the lecturer who wore a red shirt to celebrate Liverpool winning a match and who referenced
Luis Suérez’s infamous biting habits when introducing platelets) when I had my first real
research experience in your lab as part of my three-month MSc mini-project, thinking that this
would be the only time that | would ever do any wet lab work. Little did I know that these tiny
molecules called ‘tetraspanins’ and ‘ADAMI10’ can be so addictive, so much that | didn’t mind
getting my feet (or gloved hands, rather) wet to learn and discover new things about them! And,
before you say it... [ won’t forget that you taught me (almost) everything, apart from Fantasy
Football, obviously, because I still couldn’t beat your score even after playing Triple Captain!

Natalie, in January 2017, | met you for the first time during my interview for the one-
year COMPARE Research Technician position with yourself and Mike on a snowy afternoon
in the IBR. “How do you like to be managed?” you asked. “I like the idea of an open and honest
communication,” I answered. There is no doubt that we have achieved this, Natalie! You have
always been there for me. All issues, regardless of whether they were experiment- or admin-
related, had always been resolved quickly after speaking to you, because you always seem to
have a solution! If there is an award for “the most caring and efficient supervisor”, you will no
doubt be the recipient. There is one thing that | do regret though — I don’t seem to have mastered
your super single-molecule microscopy skills yet!

Thank you both for putting up with me over the past few years. | will miss our regular
meetings very much! Now, can we find the TspanC8/ADAM10 scissors that regulate shedding
of tears?

My family, friends and colleagues:

Science cannot be done alone. | am very grateful to have met all 78 of you! Thank you
for your patience, kindness and friendliness. This thesis would not have been completed without
your generosity in sharing encouragement, compassion, knowledge, equipment, reagents,
laughter, tears and most importantly... food!

Funding bodies:

This project was funded by a British Heart Foundation PhD studentship
(FS/18/9/33388), a project grant from Mestag Therapeutics Limited, a COMPARE pump-
priming grant, a COMPARE Team Science collaborative grant and tuition fee contributions
from the College of Life and Environmental Sciences and the Birmingham Doctoral
Scholarship Fund.



CONTENTS

Chapter 1 General INtrodUCTION ..........cciiieiieie e 1
L I S O V=T oV - ST ORR T 1
1.2 The molecular SCISSOr ADAMILO ........ociiiiiiiiiiieieie e 4
1.2.1 ADAMLIO0 has a unique ectodomain structure and a motif-rich tail ................... 4
1.2.2 The role of ADAM10 and its substrates in health and disease............cc.ccoccvenen. 7
1.2.3 Post-translational regulation of ADAMI10 actiVity ........cccccevveveiieeieeieseee 11
1.2.3.1 Constitutive versus stimulated shedding...........ccccocevvveviviiiiicincnn, 11
1.2.3.2 Membrane enVIirONMENT ..........cccervrierieeneeee e 11
1.2.3.3 Regulation by other proteins..........ccccccvveveiiciieeie e 13
1.3 The tetraspanin SUPErfAMIlY .........cccoooiiiiiiiiiiiiieee e 15
1.3.1 Tetraspanins are structurally and functionally distinct four-pass
transSmMembrane ProteINS. ........civveiiiieeie e 15
1.3.2 Tetraspanins undergo conformational changes and interact with proteins and
lipids via different domains ...........cccooveiieiiiic i 18
1.3.3 Tetraspanin and their associated proteins are organised into nanodomains in a
large tetraspanin WED ..........ccoiiiiii e 23
1.3.3.1 Tetraspanin WeED .........ccoveiiiieiieie e 23
1.3.3.2 Tetraspanin NANOAOMAIN .........cveirrrrrierierieniesiesee e 23
1.3.3.3 Tetraspanin deficiency disrupts partner protein function .................. 24
1.4 Six TspanC8 tetraspanins regulate ADAMILO ........cccooviiiiiiiniinienieese e 26
1.4.1 TspanC8s are essential for ADAM10 maturation and expression ................... 26
1.4.2 The ‘six scissors’ hypothesis: TspanC8s regulate ADAM10 substrate
SPECITICILY .vvviiieiccie ettt e et re e 27
1.4.3 Expression profiles of TspanC8s and their disease relevance.............cc.coeveee. 32
O T 5] o 131 PR 32
G T ] o L PP 33
1.4.3.3  TSPANTLA ... 33
1.4.3.4 TSPANLS ..o 34
1435 TSPANLT oottt 36
1.4.3.6 TSPANS3 .. ittt 36
1.4.4 TspanC8s regulate ADAM10 subcellular distribution and dynamics.............. 40

1.4.5 TspanC8s interact with ADAML10 at their extracellular regions and may
regulate ADAMZL0 CONFOrMALION........cvevieriieieciere e 42



1.5 The platelet collagen and fibrin receptor GPVI ... 45
1.5.1 Platelets in haemostasis and thromDOSIS............ccoveriniiiiiie e 45
1.5.2 Mechanisms of platelet activation in haemostasis and thrombosis.................. 47
1.5.3 GPVI is the major signalling receptor for collagen and can also bind fibrin...49
1.5.4 GPVIis a promising anti-platelet target ... 50
1.5.5 GPVI can be downregulated by ADAM10-mediated shedding....................... 52

1.5.6 Inducing GPVI cleavage by Tspan15/ADAM10 or Tspan33/ADAM10
scissors as a novel anti-platelet Strategy? ........ccovevveriecie i 54
1.6 Project aims and ODJECTIVES .......ccciiiiiiiiesiiiieie et 56
Chapter 2 Materials and Methods............ccooiiiiiiiii s 57
2.1 ANTIDOAIES ..o et bbb 57
2.2 EXPreSSION CONSTIUCTS ....cuoiuiiiiiieieieite sttt 58
2.2.1 GPV L. ettt 59
2.2.2  TSPANCES ..ttt 59
2.2.3  ADAMIOD ...ttt ettt nre e e eres 59
2.2.4 Tspanl15/ADAM10 bimolecular fluorescence complementation (BiFC)......... 60
2.3 Gl CUIUIE .. bbbttt bbb e anes 61
P2 T I - 101 =11 1 o o SR 61
2.4.1  HEK-293T ..ottt ettt e b et st nreeneas 61
24,2 DTAD oottt ettt reereas 62
2.5 NUCIeiC aCid TECHNIGUES........coiiiiieieie bbb 62
2.5.1  GenomiC DNA eXIraCtiON .......cccoiiiiiieieieieie e 62
2.5.2 RNA extraction and reverse transcription (RT) .....cccccovvviviiiieiieie e 63
2.5.3 End-point polymerase chain reaction (PCR) .........ccccooviiriiiiiieic e 63
2.5.4 Quantitative polymerase chain reaction (QPCR) .......c.cccevviveiieii e, 63
2.5.5  SUBCIONING ...t e 64
2.5.6  Plasmid Propagation ...........ccoeoeiiiinininieee e 64
2.5.7 Sequencing and SequENCe analySiS .........cccooereiiriiininieeee e 65
2.6 Protein analysis tECNNIQUES ........ooiuiiiiiiiiee e 65
2.6.1  Protein eXtraCliON.........cccueiiierieiieseee e e e e se e ste e e e eeenee e 65
2.6.1.1 Cell culture SUPErNAtANT .........cccueieieiieie i 65
2.6.1.2 WANOIE CEIl ... 65
2.6.1.3  IMMUNOPIECIPItALION. ........oiiiiiiiiieieie e 66

2.6.2  WESEEIN DIOTEING ....veovieiieieie e 66



2.6.3  FIOW CYTOMELIY ...eiiiiiiiciieict et 67

2.7 Generation of CRISPR/Cas9-knockout cell 1Ines............coooviiiiiiinii 68
2.8 Substrate shedding Or CIEAVAGE @SSAYS ........cciuiiriirierierierieniesiesesee e 69
2.8.1 GPVIANd RAGE ..ottt 69
2.8.2  N-CAUNBIIN ... et sre e 70
2.8.3  BetaClllUNIN ....cuiiiiiicicee e 70
2.9 NFAT-IUCITEFASE @SSAY .....veiueeiieiieieietesie sttt bbbttt bbb 71
2.10 Lysosomal iINNIDITION ..o s 71
211 DEGIYCOSYIALION ..ottt bbb nb bt 72
2,12 FIUOIESCENCE MICKOSCOPY ..uvvveereeseerretestestestesseeseeseessessessessessesbesseaseeseenessesseseesbessesseases 72
2.12.1 Antibody 18DEIIING ... 72
2.12.2 IMMUNOSTAINING ...eeveeiieiie i sb e be e saeeneenee e 72
2.12.3 CoNTOCAl MICTOSCOPY ....vevveuretiiiiie sttt 73
2.12.4 Airyscan confocal MICTOSCOPY .....coververieeeeieieriisie et 73
2.12.5 Colocalisation analysSiS ...........cccveiieiiiiiieiieie e 74
2.12.6 Fluorescence correlation SpectroSCOPY (FCS) ....ocvvviiriiiieiiieeie s 74
2.13 Genotype-phenotype association analysSiS. ... 75
214 STATISTICS ©vvevieiieieie ettt bbb bbbt bbb b reenes 75

Chapter 3 Investigating the mechanisms by which TspanC8s differentially regulate

GPVI cleavage DY ADAMILO ........ooviiiie ettt ns 76
K 78 I 1 oo (3 od i [ o SR 76
3.2 RESUILS ottt bbbttt be et e enes 78
3.2.1 Tspanl5/ADAMIO0 is the most efficient scissor for GPVI...........c.cccceveeeenne 78
3.2.2 The ectodomain of Tspanl5, but not the cytoplasmic domain, is required for
efficient GPVI ClEAVAQE..........eooveiiece et 80
3.2.3 Extracellular and cytoplasmic domains determine Tspanl4 and Tspanl5
subcellular 10CAlISALION ...........coiiiieiiee e 84
3.2.4 Degree of colocalisations with GPVI do not associate with scissor ability .....86
3.2.5 Generation of stalk-extended GPVI mutants to alter ADAM10 cut site
SL0 1] 110 o ISR UUROPRTRRPR 89
3.2.6 GPVI stalk extension mutants can signal in response to collagen ................... 91
3.2.7 GPVI stalk extension enables ADAM10-independent cleavage...................... 93
3.2.8 GPVI stalk extension alters the TspanC8/ADAM10 scissor profile................. 97

3.3 DUSCUSSION ... 102



Chapter 4 Analysis of TSPAN15 and GP6 variants associated with thrombosis............ 108

A1 INEFOTUCTION ..ottt ettt bbb srenneas 108
B2 RESUITS 1ttt bbbttt bbb ne s 110
4.2.1 Non-coding TSPAN15 variants are associated with venous
thromboemMbBOLISIM ... 110
4.2.2 Minor alleles of the TSPAN15 variants negatively associate with venous
thrombosis traits and may link to increased platelet Size ...........ccccccevvveieennnns 112
4.2.3 TSPANI15 variants are in tight genetic iNkage .........ccccovvvvvevvevcciese e 115
4.2.4 Protective minor alleles are associated with higher TSPAN15 gene
L 0L (=] 1] SR 117
4.2.5 HEL Cells eXPress GPVIA........cccooiiiiiiiiiiiciee e 119
4.2.6 Tspanl5/ADAM10 and Tspan33/ADAM10 are the scissors for GPVIDb....... 121
O T B 1ot U S5 o] o FO TSP SO RPN 124
Chapter 5 How do Tspanl15 and ADAM10 regulate each other? .........c.ccccooveviiiiieenns 128
B0 PrEIACE ... ottt ere s 128
307 [ 0o T U T 1 o] o S URTROTPS 130
5.3 RESUILS ...ttt et et neenreere s 131
5.3.1 ADAMI10 does not regulate TSPAN15 transcription...........cccceeevvereeivesneenne. 131
5.3.2 Tspanl5 is degraded by lysosomes in the absence of ADAM10. ................... 132
5.3.3 ADAMI10 cytoplasmic domain is required for Tspanl5 surface expression..134
5.3.4 ADAMI0 inhibition reduces ADAM10 and Tspan15 surface expression.....137
5.3.5 Tspanl5 minimises surface ADAM10 reduction following ADAM10
INNTDITION. ... e 138
5.3.6 Tspanl5/ADAM10 are dynamic complexes that can cluster on the cell
U -1 SR 140
S S I TS U 11 T o USROS 144
Chapter 6 Investigating potential Tspanl5 redundancy with other TspanC8s.............. 148
(170 S oL [V T 1 o] o PSR O P URRTROPROR 148
0.2 RESUILS ...ttt a e ae s 150
6.2.1 Tspanl5/ADAMIO is the strongest scissor for GPVI, RAGE and betacellulin
in transfected HEK-293T CellS ..o 150
6.2.2 Tspanl5/ADAMIO is the strongest scissor for endogenous N-cadherin in
HEK-293T CRIIS ..ottt et 155

6.2.3 Tspanl5 shows the strongest colocalisation with N-cadherin........................ 159



6.2.4 Tspan14/ADAM10 cannot outperform Tspan15/ADAM10 in shedding GPVI,

RAGE and N-cadherin, but can do so to a small extent for betacellulin........ 161
0.3 DISCUSSION ....etiiiitietietie ettt sttt b ettt et e et et st b e s b e st e e bt e st e b et e s besbesbeebenre s 168
Chapter 7 General diSCUSSION...........cuiiiiiieieie it 172
Tl OVEIVIBW ..ottt bbb bbb e bbb bbbt e b et et e b st benbenne s 172
7.2 Structure-function analysis of Tspanl5 and ADAMIO ........cccccvviiienieienieneeniens 173
7.2.1 Tspanl5 extracellular region has a major role in promoting plasma membrane
localisation and ADAMLO ACHIVILY.......ccouereeriiiieiieie e 173
7.2.2 Tspanl5 cytoplasmic region may have a minor role in negatively regulating
ADAMI0 ACHIVILY ..ot 176
7.2.3 ADAMLI0 cytoplasmic tail is required for Tspan15 surface expression ........ 180
7.3 Regulation of ADAM10 substrate specificity by TSpanC8s..........ccoceveriiiereinnnnns 182
7.3.1 Substrate cleavage is limited by the TspanC8 repertoire in different cell
18 8L OO P PR PTR PRI 183
7.3.2 TspanC8s regulate ADAMI0’s access to SUbSLIates .........cevvvrvriieiiiniieenn, 183
7.3.3 TspanC8s regulate ADAMI10’s access to substrate cut Sites........ccoovververiuenne 186
7.4 Therapeutic potential of TSPANLS.......ccoiiiiiiiiie e 189
7.4.1 High TSPAN15 expression level may protect against venous thrombosis..... 189
O R €1 Y SO 190
TAL2 APP e 190
7413 EPCR .ottt 191
7.4.2 Feasibility of targeting Tspanl15 to modulate ADAM10-mediated GPVI
] 110 0[] T TSRS 193
7.5 CoNCIUAING FEMAIKS ......oiiiiiicieiee et eneas 196
AAPPENTIX .t bbbttt bbb 197

R BT I BINICES. ...ttt ettt e e et n e et ettt e et e et et it nnnnnnnnnnnnnnnrnn 200



FIGURES

Chapter 1 General introduction

Figure 1. Consequences of ectodomain Shedding. ........cccccvevviieiieeii e 3
Figure 2. Structural features 0f ADAMUILO. .......ccoueiiiiiiieiiee e 6
Figure 3. Activating ADAM10 shedding of APP may have neuroprotective benefits. ........... 10
Figure 4. Activation of ADAM10 by phosphatidylserine (PS) eXpOoSUre. ........c.cccevvvivervenns 13
Figure 5. The tetraspanin superfamily consists of 33 members in human. ...........c..ccccoeevenene 17
Figure 6. Structural features of tetraSPaninS. ..........cccvreiieieieiere e 21
Figure 7. Predicted structures of Tspanl15 and TSPanl8. .........cccccvveiiiiiiiiieiecie s 22
Figure 8. Different modes of tetraspanin nanodomain organisation. ...........ccccocceveveveiiveinennne 24
Figure 9. ADAM10 exists as six TspanC8/ADAM10 scissors with different substrate

T O 1o (0T T OSSR USPOSSS 27
Figure 10. Protein expression profiles of ADAM10 and TspanC8s in human tissues.............. 38
Figure 11. RNA expression profile of ADAM10 and TspanC8s in different human cell types.
.................................................................................................................................................. 39
Figure 12. TspanC8s regulate ADAM10 subcellular localisation............ccccooviininciiiinnnns 41
Figure 13. TspanC8s may restrict ADAM10 substrate repertoire by regulating ADAM10

(o10] 01 1o 10 T- £ ] RS RR 44
Figure 14. Platelets in arterial and venous thrombosSIS. ..o 46
Figure 15. GPVI is a key receptor in platelet activation. ............cccccovviieieeiie s 48

Figure 16. Potential anti-platelet strategy by targeting specific TspanC8/ADAM10 scissors. 55

Chapter 3 Investigating the mechanisms by which TspanC8s differentially regulate GPVI
cleavage by ADAM10

Figure 17. Tspan15/ADAM10 is the most efficient scissor for GPVI in HEK-293T cells......79
Figure 18. The ectodomain of Tspanl5, but not the cytoplasmic domain, is required for

EFfICIENt GPVI CIEAVAQE. .......ecvee et ettt re e re e 83
Figure 19. Location of Tspanl14 and Tspanl5 mutants in relation to GPVI. ...........ccccooviieees 85
Figure 20. GPVI colocalises similarly with ADAM10 in wild-type, Tspanl4-knockout and

Tspan15/33 double knockout HEL CelIS. ........ccoiiiiiiiiee s 88
Figure 21. Validation of stalk-extended GPVI MULANES. .........cccooiiiiiiiiiiniiee e 90
Figure 22. GPVI stalk extension mutants can signal in response to collagen. .........c.cccccu..... 92

Figure 23. GPVI stalk extension mutants can be cleaved by ADAM17 and other proteases in
the absSeNCe OF ADAMUILOD. ......uoiiiie et ra e reeaneas 96

Figure 24. GPVI stalk extension changes the TspanC8/ADAM10 scissor profile. ............... 101



Chapter 4 Analysis of TSPAN15 and GP6 variants associated with thrombosis

Figure 25. Twenty-three single-nucleotide polymorphisms around the TSPAN15 locus are

associated With Venous thromDOSIS. .......coiiiiiiiiii s 111
Figure 26. Phenotypes associated with TSPANLS Variants. .........cccccoveveeiieieeneeiesee e 114
Figure 27. TSPAN15 single-nucleotide polymorphisms associated with venous thrombosis are
IN TGt geNEIC lINKAGE. .....eoiveiie et rs 116
Figure 28. Minor alleles of TSPAN15 are associated with higher TSPAN15 gene expression.
................................................................................................................................................ 118
Figure 29. HEL cells express the GPVIa iSOform. ........cccccvcviieiiiie i 120
Figure 30. GPVIa and GPVIb are not differentially cleaved by TspanC8/ADAM10 complexes
in transfected HEK-293T CElIS. ......cvoiiiiiii s 123
Chapter 5 How do Tspanl15 and ADAM10 regulate each other?

Figure 31. TSPAN15 mRNA expression is not affected by ADAM10 deficiency................. 131
Figure 32. Lysosomal inhibition partially rescues Tspanl5 expression in ADAM10-knockout
(01 | S USPROPPS 133
Figure 33. ADAM10 cytoplasmic domain is required for Tspanl5 surface expression. ....... 136
Figure 34. ADAM10 inhibition reduces ADAM10 and Tspanl5 surface expression. .......... 138
Figure 35. Tspanl5 minimises surface ADAM10 reduction following ADAM10 inhibition.
................................................................................................................................................ 139
Figure 36. Validation of Tspan15/ADAM10 superfolder GFP (sfGFP) bimolecular
fluorescence (BIFC) COMPIEXES........coveiuiiieiieiie ettt st e e ae et re e sre e 142

Figure 37. ADAM10/Tspan15 bimolecular fluorescence (BiFC) dimers are dynamic and can
cluster 0N the CEll SUMTACE. .......ccuviiieie e e 143

Chapter 6 Investigating potential Tspan15 redundancy with other TspanC8s

Figure 38. Tspan15/ADAMI0 is the strongest scissor for GPVI..........ccccvvvieiinencicnnnen. 152
Figure 39. Tspan15/ADAMI0 is the strongest scissor for RAGE. ...........cccovveviiiiiecee, 153
Figure 40. Tspan15/ADAM10 is the strongest scissor for betacellulin. ...............c..ccocevenen. 154
Figure 41. Tspan15/ADAMI0 is the strongest scissor for N-cadherin. ..........cccccocevererennnne. 157
Figure 42. Summary of redundancy among TspanC8/ADAM10 scissors for Tspanl5-

AEPENUENT SUDSIIALES. ... .c.eititiieci bbbt b et eneas 158
Figure 43. Tspanl5 colocalises With N-Cadnerin. ........cccccooeiiiiiiiininieeee e 160

Figure 44. Tspan14/ADAM10 cannot rescue GPVI cleavage to the same extent as
TSPANLE/ADAIMLO SCISSOIS. .. uveveeueeiteeiieesiesteesteaseesseesseeseesseesseaseesseesseaseesseessesseesseessesenssensses 163

Figure 45. Tspan14/ADAM10 cannot rescue RAGE cleavage to the same extent as
TSPANLE/ADAIMLO SCISSOIS. .. eveveeueeiteeiiresiesteesteaseesseesseeseesseesseaseesseesseaseesseessesseesseessesenssensses 164



Figure 46. Tspan14/ADAM10 can outperform Tspan15/ADAM10 in shedding betacellulin to

A SMAIL EXEENT ...ttt bbb bbb nre s 165
Figure 47. Tspan14/ADAM10 cannot rescue N-cadherin shedding to the same extent as
TSPANLIS/ADAMIO SCISSOIS. ....vevieiieiieneete sttt sttt ettt ettt sttt b e bbb b nneeneas 166
Figure 48. Summary of the relative strengths of Tspan14/ADAM10 and Tspan15/ADAM10
scissors for Tspanl5-dependent SUDSTIALES. ..........cooiiiiiiiieieiec e 167

Chapter 7 General discussion

Figure 49. Sequence alignment of the small extracellular regions of TspanC8s, CD9, CD81

AN CDB3. ..ttt bbb bRttt bbbt nre s 176
Figure 50. Sequence homology among the SiX TSPANCB8S..........cccvcveiieieiiieieese e 176
Figure 51. Sequence alignment of the C-terminal tails of TspanC8s..........ccccceeeveviiirennne 179
Figure 52. Proposed model of the mechanisms of TspanC8 regulation of ADAM10 substrate
SPECITICITY. vttt bbbt bbbttt b bbb 182
Figure 53. Proposed mechanism of how individuals with the TSPAN15 minor haplotype may
have lower venous thrombOSIS FISK. ..o 189
Appendix

Figure Al. Validation of Tspan14/15 double knockout and Tspan14/15/33 triple knockout
HEK-=293T CeIIS. ..ttt sttt e st e e ste et ear e sneeeeeneenes 197
Figure A2. Validation of ADAM17-knockout and ADAM10/17 double knockout HEK-293T
(01 | SRS 198

Figure A3. Proteosome inhibition does not rescue Tspanl5 expression in ADAM10-knockout
(01 | USSP USRPROPOSN 199



TABLES

Chapter 1 General introduction

Table 1. ADAM10 substrates with known regulatory TSpanC8(S). ......c.covvevvereerurriereerieanenns 30
Table 2. Substrates with known cleavage sites and evidence of TspanC8/ADAM10 scissor
FOBINTITIES. ..evitiitietieiet ettt bbb bbbt b e b e st e e b e bt e bbb ne e 43

Chapter 2 Materials and methods

Table 3. Summary of aNtIDOTIES. .........cviiiiiii s 57
Table 4. Amino acid sequences Of MULANTS. .........cccceiieiieiiicce e 60
Table 5. List of CRISPR/CAS 0lIg0S. .......coviiuiiiiiiiiiiiieieee et 69

Chapter 4 Analysis of TSPAN15 and GP6 variants associated with thrombosis

Table 6. TSPAN15 variants associated with venous thromboembolism. ..........cccooveeiii. 113



ADAM
ANOVA
APP
ATP
BiFC
BSA
cDNA
cpm

CRISPR/Cas9

Cryo-EM
DAPT
EDTA
EGF
EPCR
eQTL
ER

FBS
FcRy
FCS
FITC
GPVI
GWAS
HEK-293T

HEL
g
IL6R
ITAM
LB
LD
mAb
MES
N-cadherin
NEM
NFAT
pAb
PAGE
PBS
PCH

ABBREVIATIONS

A disintegrin and metalloprotease

Analysis of variance

Amyloid precursor protein

Adenosine triphosphate

Bimolecular fluorescence complementation
Bovine serum albumin

Complementary DNA

Counts per molecule

Clustered regularly interspaced short palindromic repeats/CRISPR-
associated protein 9

Cryo-electron microscopy
N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester
Ethylenediaminetetraacetic acid

Epidermal growth factor

Endothelial protein C receptor

Expression quantitative trait loci

Endoplasmic reticulum

Foetal bovine serum

Fc receptor gamma chains

Fluorescence correlation spectroscopy
Fluorescein isothiocyanate

Glycoprotein VI

Genome-wide association study

Human embryonic kidney cells expressing the simian virus 40 large T-
antigen

Human erythroleukemia

Immunoglobulin

Interleukin-6 receptor

Immunoreceptor tyrosine-based activation motif
Luria broth

Linkage disequilibrium

Monoclonal antibody
2-(N-morpholino)ethanesulfonic acid

Neuronal cadherin

N-ethylmaleimide

Nuclear factor of activated T-cells

Polyclonal antibody

Polyacrylamide gel electrophoresis
Phosphate-buffered saline

Photon counting histogram



PDB
PEI
PMA
pNPP
PS
gPCR
RAGE
rsiD
RT
SDS
sfGFP
SH3
SNP
TBS
TCA
TIMP

Protein Data Bank

Polyethylenimine

Phorbol myristate acetate
p-Nitrophenyl phosphate
Phosphatidylserine

Quantitative polymerase chain reaction
Receptor for advanced glycation end products
Reference SNP ID

Reverse transcription

Sodium dodecyl sulfate

Superfolder green fluorescent protein
Src homology domain 3
Single-nucleotide polymorphism
Tris-buffered saline

Trichloroacetic acid

Tissue inhibitor of metalloproteases
von Willebrand factor



PUBLICATIONS

Koo, C. Z.*, Harrison, N.*, Noy, P. J.*, Szyroka, J., Matthews, A. L., Hsia, H. E., Mdller, S.
A., Tushaus, J., Goulding, J., Willis, K., Apicella, C., Cragoe, B., Davis, E., Keles, M.,
Malinova, A., McFarlane, T. A., Morrison, P. R., Nguyen, H. T. H., Sykes, M. C., Ahmed,
H., Maio, A. di, Seipold, L., Saftig, P., Cull, E., Pliotas, C., Rubinstein, E., Poulter, N. S.,
Briddon, S. J., Holliday, N. D., Lichtenthaler, S. F. and Tomlinson, M. G. (2020) “The
tetraspanin Tspanl5 is an essential subunit of an ADAM10 scissor complex,” Journal of
Biological Chemistry, 295(36), pp. 12822-12839. doi: 10.1074/jbc.ral120.012601. *equal
contribution

Seifert, A., Disterhoft, S., Wozniak, J., Koo, C. Z., Tomlinson, M. G., Nuti, E., Rossello, A.,
Cuffaro, D., Yildiz, D. and Ludwig, A. (2021) “The metalloproteinase ADAM]10 requires
its activity to sustain surface expression,” Cellular and Molecular Life Sciences, 78(2), pp.
715-732. doi: 10.1007/s00018-020-03507-w.

Harrison, N., Koo, C. Z. and Tomlinson, M. G. (2021) “Regulation of ADAM10 by the
TspanC8 family of tetraspanins and their therapeutic potential,” International Journal of
Molecular Sciences, 22(13), p. 6707. doi: 10.3390/ijms22136707.

Matthews, A. L., Koo, C. Z., Szyroka, J., Harrison, N., Kanhere, A. and Tomlinson, M. G.
(2018) “Regulation of leukocytes by TspanC8 tetraspanins and the ‘molecular scissor’
ADAM10,” Frontiers in Immunology, 9, p. 1451. doi: 10.3389/fimmu.2018.01451.

Gavin, R. L., Koo, C. Z. and Tomlinson, M. G. (2020) “Tspanl8 is a novel regulator of
thrombo-inflammation,” Medical Microbiology and Immunology, 209(4), pp. 553-564. doi:
10.1007/s00430-020-00678-y.

Noy, P. J., Gavin, R. L., Colombo, D., Haining, E. J., Reyat, J. S., Payne, H., Thielmann, 1.,
Lokman, A. B., Neag, G., Yang, J., Lloyd, T., Harrison, N., Heath, V. L., Gardiner, C.,
Whitworth, K. M., Robinson, J., Koo, C. Z., Maio, A. di, Harrison, P., Lee, S. P,
Michelangeli, F., Kalia, N., Rainger, G. E., Nieswandt, B., Brill, A., Watson, S. P. and
Tomlinson, M. G. (2019) “Tspan18 is a novel regulator of the Ca?* channel Orail and von
Willebrand factor release in endothelial cells,” Haematologica, 104(9), pp. 1892—-1905. doi:
10.3324/haematol.2018.194241.



CHAPTER 1

CHAPTER 1
GENERAL INTRODUCTION

1.1 Overview

The proteolytic cleavage of membrane proteins, a process known as ectodomain shedding, is
an essential and irreversible post-translational modification step to regulate their function and
expression levels. It is estimated that around 400 membrane proteins, equivalent to around 2%
of membrane proteins on the cell surface, undergo shedding (Hayashida et al., 2010; Tien, Chen
and Wu, 2017), although it has become apparent that shedding can also take place in
intracellular compartments and extracellular vesicles (Lichtenthaler, Lemberg and Fluhrer,
2018). The molecular scissors that cleave these membrane proteins are referred to as sheddases,
the majority of which are transmembrane proteases, although some soluble extracellular
proteases, such as matrix metalloproteases, have also been classified as sheddases (reviewed

extensively in Lichtenthaler, Lemberg and Fluhrer, 2018).

Members of a disintegrin and metalloprotease (ADAM) family, especially ADAM10 and
ADAML17, are the most studied and are key sheddases with around 100 putative and confirmed
substrates identified for each (Lichtenthaler, Lemberg and Fluhrer, 2018). They are widely
expressed, evolutionarily conserved, and share 30% amino acid sequence identity, making them
the most closely related among the 22 human ADAMs. ADAM10 and ADAM17 have distinct
substrate pools and regulatory mechanisms, although a small overlap in their substrate
repertoire exists (Caescu, Jeschke and Turk, 2009; Pruessmeyer and Ludwig, 2009). One
notable example is Notch, where ADAM10 is responsible for its shedding physiologically when
shedding is triggered by ligand binding, whereas ADAM17 has been found to participate only

in non-physiological, ligand-independent shedding of Notch (Alabi et al., 2021).
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ADAM10 and ADAM17 typically cleave within the juxtamembrane stalk region of a substrate
in the extracellular face, leading to the release of its ectodomain (Figure 1) (Lichtenthaler,
Lemberg and Fluhrer, 2018). In addition to downregulation of proteins, shedding can lead to
other functional consequences (Figure 1). Examples include generation of soluble mediators,
such as the release of the epidermal growth factor receptor (EGFR) ligands from their
membrane-bound precursors (Sahin et al., 2004), or as a prerequisite for intramembrane
proteolysis by another protease, such as permitting the release of the Notch intracellular domain
by the y-secretase complex, which can translocate to the nucleus to activate transcription of

Notch target genes that control fundamental cellular processes (van Tetering et al., 2009).

Because shedding of substrates by the ADAM molecular scissors underpins health and disease
processes, tightly controlled mechanisms must exist to determine how and when one sheddase
can cleave which out of the ~100 cleavable substrates in a cell. Regulation by partner proteins
IS one such mechanism. ADAM17 is primarily regulated by two members of the rhomboid-like
superfamily (reviewed extensively in Disterhoft et al., 2019), whereas ADAM10, the sheddase
of interest in this thesis, is regulated by six members of the tetraspanin superfamily (Matthews,
Noy, et al., 2017). This chapter will focus on a review of the latest understanding of the biology
of ADAMI10, tetraspanins, the six ADAM10-regulating tetraspanins, and finally the platelet
glycoprotein receptor VI (GPVI), a novel anti-platelet target which is the ADAM10 substrate

of interest in this project.
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Figure 1. Consequences of ectodomain shedding. ADAM10/17-mediated shedding of different
substrates may (1) downregulate protein levels, (2) release soluble mediators or (3) precede
intramembrane proteolysis by the y-secretase complex.
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1.2 The molecular scissor ADAM10

1.2.1 ADAMI0 has a unique ectodomain structure and a motif-rich tail

ADAMI0 is a Zn?*-dependent metalloprotease, characterised by the presence of Zn?*-binding
motifs in its catalytic site (Figure 2A). It is synthesised as an immature proform (~100 kDa)
with an N-terminal prodomain that is required for correct folding of the catalytic site (Figure
2A) (Anders et al., 2001). During its maturation in the Golgi, the prodomain is removed by
furin and the proprotein convertase PCSK7, which uncovers its catalytic site in the
metalloprotease domain that is otherwise masked by the prodomain, generating the catalytically
active mature form of ~70 kDa (Figure 2A) (Anders et al., 2001; Wong et al., 2015). Indeed,

recombinantly produced prodomain is a potent ADAM10-specific inhibitor (Moss et al., 2007).

The crystal structure of the ADAM10 ectodomain reveals a globular structure with the
metalloprotease domain surrounded by the non-catalytic domains consisting of the distintegrin,
cysteine-rich and the membrane-proximal stalk regions (Figure 2B). Such an arrangement may
be why the non-catalytic domains appear to have an auto-inhibitory role, perhaps by burying
the catalytic site in an inactive ‘closed’ conformation, suggesting the possibility of control by a
switch to an active ‘open’ conformation via an undetermined mechanism (Figure 2B). The
positioning of the metalloprotease domain close to the membrane surface allows ADAM10 to
cut substrates at a short distance from the membrane surface (Figure 2B) (Seegar et al., 2017).
It is important to highlight that there is no consensus cleavage site that is shared by all ADAM10
substrates. However, cleavage site profiling by mass spectrometry (Caescu, Jeschke and Turk,
2009; Tucher et al., 2014; Scharfenberg et al., 2020) and an analysis of the structure and
residues lining the ADAMZ10 active site pocket suggests that ADAM10 may prefer substrates

with a large hydrophobic or aromatic residue downstream of the cut site (Seegar et al., 2017).
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ADAMI10 can exist as monomers and homodimers (Xu et al., 2012). The cytoplasmic tail
mediates ADAM10 dimerisation, but only in the presence of structural support from either a
self or non-self transmembrane region (Deng et al., 2014). The tail contains proline-rich Src
homology domain 3 (SH3) domain-binding motifs at P708-P717 and R722-R728 (Figure 2A)
that can interact with SH3 domain-containing proteins, many of which are non-receptor tyrosine
kinases and adaptor proteins involved in regulating trafficking, membrane shaping or
interaction with the cytoskeleton (Ebsen et al., 2014). An arginine-rich endoplasmic reticulum
(ER)-retention motif is also present at R722-R724 (Figure 2A), which controls its exit from the

ER (Marcello et al., 2010).
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Figure 2. Structural features of ADAM10. (A) ADAM10 maturation requires the removal of the
prodomain by furin and the proprotein convertase PCSK7, which unmasks its ZnZ+-containing active site.
Dark ovals represent N-glycosylation sites. The cytoplasmic tail has SH3 domain-binding and ER-
retention motifs. (B) The crystal structure of the ADAM10 ectodomain (Protein Data Bank ID: 6BE6) is
represented on the left. The metalloprotease domain is enveloped by the non-catalytic domains
consisting of the disintegrin, cysteine-rich and stalk regions. The requirement for a conformational switch
from an inactive ‘closed’ (middle) to an active ‘open’ (right) state is predicted based on Seegar et al.
(2017).
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1.2.2 The role of ADAM10 and its substrates in health and disease

In human, deleterious ADAM10 variants are rare (minor allele frequency of < 0.01). One
notable example is the association of five different coding mutations affecting the prodomain
(missense and truncation), metalloprotease domain (frameshift) and disintegrin region
(missense) with Reticulate acropigmentation of Kitamura, a rare skin hyperpigmentation
disorder, but the causative ADAM10 substrate had not yet been identified (Kono et al., 2013).
The lack of common deleterious polymorphisms in ADAM10 makes sense given the essential
role of ADAM10 in development and disease, which is evident from the phenotypes of mice
deficient in ADAM10. Of note, mouse and human ADAM10 share a striking 96% identity in
amino acid sequence. ADAM10-knockout mice cannot survive beyond embryonic day 9.5 due
to developmental defects in multiple organ systems, most notably in the central nervous and
cardiovascular systems. The phenotypes leading to embryonic lethality are characteristic of
defects in Notch signalling which regulate cell fate decisions, and indeed, are similar to mice
deficient in Notch proteins or presenilins, components of the y-secretase complex (Hartmann et
al., 2002). Follow-up investigations in tissue-specific conditional ADAM10 knockout mice
have demonstrated that the essential role of ADAMZ10 in many organ systems is largely due to
its role in promoting Notch signalling (Chaimowitz et al., 2011; Weber et al., 2011; Tsai et al.,
2014; Mizuno et al., 2015; Alabi et al., 2016). As an example, one study in neural progenitor-
specific conditional ADAM10-knockout mice has established that the defects in neurogenesis
can be attributed to the loss of ADAM10-mediated Notch shedding, and consequently
impairment in Notch activation and signalling (Jorissen et al., 2010). Furthermore, the same
study has also provided in vivo evidence to support in vitro evidence that ADAM10 is the major
sheddase for the disease-relevant substrates amyloid precursor protein (APP) and neuronal (N)-

cadherin, which will be introduced further below.
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ADAM10 shedding of APP is generally thought to have beneficial consequences in protecting
against Alzheimer’s disease (Manzine et al., 2019). This is because ADAM10 shedding of APP
may reduce the release of the disease-associated amyloid B peptides, which can only be
generated when y-secretase cleaves an alternative cleavage product originated from a separate
amyloidogenic pathway (Figure 3). This pathway is mediated by -secretase, which cuts APP
at a neighbouring site upstream of the ADAM10 cut site (Figure 3) (Kuhn et al., 2010). As less
amyloid B peptides accumulate, the formation of amyloid plaques characteristic of Alzheimer’s
disease is reduced (Figure 3) (Postina et al., 2004). Two ADAM10 missense variants in the
prodomain (Q170H and R181G) have been reported to associate with late-onset Alzheimer’s
disease. These prodomain mutations result in decreased ADAM10 activity and APP shedding
due to folding defects (Kim et al., 2009; Suh et al., 2013). Therefore, activating ADAM10

shedding of APP may have neuroprotective benefits.

Many members of the cadherin superfamily that mediate cell-cell adhesion and regulate the
actin cytoskeleton are ADAM10 substrates, such as vascular endothelial (VE-) (Schulz et al.,
2008), epithelial (E-) (Maretzky, Reiss, et al., 2005) and most notably N-cadherin (Reiss et al.,
2005) because of its role in central nervous and cardiovascular system development and
function, and cancer progression (Radice, 2013). In addition to loosening cell-cell junctions,
ADAM10 shedding of N-cadherin leads to subsequent y-secretase cleavage of the membrane
remnant and release of the cytoplasmic tail. This in turn releases the tail-associated p-catenin,
which translocates to the nucleus to activate transcription of Whnt target genes that control key
cellular processes such as differentiation, proliferation and migration (Reiss et al., 2005). The
soluble shed fragment of N-cadherin can also bind fibroblast growth factor receptor (FGFR)
and affect FGFR signalling (Williams et al., 2001; Lyon et al., 2009; Lyon, Wadey and George,

2016).
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In addition to GPVI (Section 1.5) and the best-characterised substrates described above,
ADAML10 is responsible for shedding of ~100 other substrates (Kuhn et al., 2016) that have
physiological or pathological roles. These include precursors (loosely referred by their soluble
forms thereafter) to the EGFR ligands betacellulin and EGF in embryonic development and
cancer (Sahin et al., 2004), and the receptor for advanced glycation end products (RAGE)
(Raucci et al., 2008), which is involved in a wide variety of diseases including cancer,
cardiovascular, Alzheimer’s and inflammatory diseases (Sorci et al., 2013) and potentially
coronavirus disease-2019 (COVID-19) (Roy, Ramasamy and Schmidt, 2021; Yalcin Kehribar
etal., 2021). Given the wide range of substrates and diseases that ADAM10 is involved in, non-
strategic targeting of ADAM10 in a therapy would likely suffer from dangers of toxicity and
poor efficacy due to off-target effects—a lesson learnt from the failure of matrix
metalloprotease and ADAM inhibitors in clinical trials in the past 30 years (Fields, 2019).
Therefore, there is a keen interest in the metalloprotease community to understand how the
scissor activity of ADAM10 can be fine-tuned to harness its therapeutic potential to treat
different diseases. Numerous post-translational regulatory mechanisms have been described,

which will be introduced in the next section.
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Figure 3. Activating ADAM10 shedding of APP may have neuroprotective benefits. APP can be
shed via two separate pathways, which both lead to intramembrane proteolysis by y-secretase. In the
non-amyloidogenic pathway, cleavage of APP by ADAM10 does not lead to the generation of amyloid
beta (AB) peptides, in contrast to cleavage of APP by (B-secretase in the amyloidogenic pathway.
Accumulation and aggregation of A peptides lead to the formation of amyloid plaques characteristic of
Alzheimer’s disease. Figure is based on Manzine et al. (2019).
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1.2.3 Post-translational regulation of ADAM10 activity

1.2.3.1 Constitutive versus stimulated shedding

It is generally thought that compared to ADAM17, ADAM10 scissor activity appears to be
constitutive and does not require stimulation to occur (Lichtenthaler, Lemberg and Fluhrer,
2018) but can be rapidly activated in response to physiological or chemical stimuli that typically
lead to a rise in intracellular Ca* levels (Horiuchi et al., 2007). However, not all substrates can
be constitutively shed. For instance, basal shedding has been observed for endogenous
N-cadherin (Reiss et al., 2005), E-cadherin (Maretzky, Reiss, et al., 2005), VE-cadherin (Schulz
et al., 2008), as well as betacellulin and EGF in an overexpression cell-based system (Sahin et
al., 2004). In contrast, basal shedding has not been shown for endogenous GPVI in platelets
(Gardiner et al., 2004), even though ADAM10 is active on the surface of platelets as detected
from its activity towards an ADAMZ10-specific cleavable sensor peptide (Facey et al., 2016).
Specific stimuli that can trigger GPV 1 shedding will be described further in Section 1.5.5. GPVI
can, however, be constitutively cleaved by ADAM10 when overexpressed in cultured cells
(Noy et al., 2016). As another example, shedding of both endogenous and overexpressed Notch
do not occur constitutively because its cleavage site is normally concealed and requires
exposure via a conformational change induced by ligand binding to enable ADAM10 cleavage

(van Tetering et al., 2009; Alabi et al., 2021).

1.2.3.2 Membrane environment

The membrane architecture, mediated by protein-lipid interactions, is a potential key regulator
when considering that ADAM10 and its substrates are typically membrane-bound. Some of the
earliest pieces of evidence supporting the role of membrane environment is that disruption of

lipid rafts by depletion of cholesterol, which is enriched in these domains, activates ADAM10

11
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shedding of APP (Kojro et al., 2001) and other ADAM10 substrates including the interleukin-
6 receptor (IL6R) (Matthews et al., 2003) and CD44 (Murai et al., 2011). On the other hand,
targeting ADAM10 to lipid rafts inhibited ADAM10 shedding of APP (Harris, Pereira and
Parkin, 2009; Kojro et al., 2010). This suggests that ADAM10 is generally excluded from lipid
rafts. Indeed, ADAM10 is associated with tetraspanin nanodomains (Arduise et al., 2008),
another type of membrane domains distinct from lipid rafts, that will be introduced in later

sections (Sections 1.3 and 1.4).

Beyond confinement to distinct membrane domains, regulation by asymmetric distribution of
membrane phospholipids in the lipid bilayer is an emerging concept that has recently been
demonstrated experimentally (Bleibaum et al., 2019). In this model, ADAM10 is activated by
transient translocation of the phospholipid phosphatidylserine (PS), which normally resides at
the cytoplasmic membrane face, to the extracellular face of the membrane, a process known as
PS exposure or externalisation (Figure 4). Exposure of the negatively charged PS is proposed
to facilitate interaction with positively charged residues (R656, K658 and K659) in the
ADAMI0 stalk region, which may relieve auto-inhibition by the non-catalytic domains as
introduced in Section 1.2.1 (Figure 4). Indeed, Ca®* influx, which activates ADAM10, induces

PS externalisation (Nagata et al., 2016).

On a larger scale, ADAM10 can also be activated in the context of loss of membrane structure
when cells are challenged with bacterial infection. In addition to its major role as a sheddase,
ADAM10 can also act as a receptor for Staphylococcus aureus a-toxin, which is a pore-forming
toxin that punctures the plasma membrane, to mediate toxin-induced cytotoxicity in shedding-
dependent and shedding-independent manners (Wilke and Wardenburg, 2010; Powers et al.,

2012; Ezekwe, Weng and Duncan, 2016; von Hoven et al., 2016). Pore formation leads to Ca?*

12



CHAPTER 1

influx and subsequently cell death (Essmann et al., 2003), which further activates ADAM10

shedding of substrates.

R656
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PS exposure

++ > +

+ ++
0000000 0000000
0000000 00000000
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Figure 4. Activation of ADAM10 by phosphatidylserine (PS) exposure. In this model based on
Bleibaum et al. (2019), translocation of negatively charged PS phospholipids from the inner leaflet of
the lipid bilayer to the outer membrane leaflet attracts positively charged residues in the stalk region of
ADAM10. This may relieve the autoinhibition from the non-catalytic domains and expose the
metalloprotease domain to permit substrate cleavage.

1.2.3.3 Regulation by other proteins

ADAM10 activity can be inhibited physiologically by the tissue inhibitor of metalloproteases
(TIMPs) TIMP-1, which is more selective towards ADAM10 as it does not inhibit ADAM17,
and TIMP-3, which can also inhibit ADAM17 (Amour et al., 2000). Binding of TIMP-3 to
ADAML17 requires ADAM17 dimeri