
CHARACTERISING THE 

TETRASPANIN/ADAM10 ‘MOLECULAR 

SCISSORS’ FOR THE PLATELET COLLAGEN 

AND FIBRIN RECEPTOR GPVI 
 

by 
 

CHEK ZIU KOO 
 

 

 

A thesis submitted to the University of Birmingham for the degree of 

DOCTOR OF PHILOSOPHY 

 

 

 

 

 

School of Biosciences 

College of Life and Environmental Sciences 

University of Birmingham 

September 2021



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



ABSTRACT 

ADAM10 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, Tspan10, Tspan14, Tspan15, Tspan17 or Tspan33) termed TspanC8s. 

Importantly, emerging evidence suggests that each TspanC8 promotes cleavage of different 

ADAM10 substrates, leading to proposal of the ‘six scissors’ hypothesis which suggests that 

each TspanC8/ADAM10 scissor has a distinct substrate repertoire. The platelet-activating 

collagen and fibrin receptor GPVI is a promising anti-thrombotic target that is also an ADAM10 

substrate. Of the three scissors expressed on human platelets, Tspan15/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 Tspan15 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 Tspan15 regulated each 

other’s expression at the protein level, and the cytoplasmic domain of ADAM10 was required 

for Tspan15 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.   
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CHAPTER 1 

1 

 

CHAPTER 1 

GENERAL INTRODUCTION 

 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 

ADAM17, 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 γ-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 Düsterhöft 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 ADAM10, 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 γ-secretase complex.   
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 The molecular scissor ADAM10 

1.2.1 ADAM10 has a unique ectodomain structure and a motif-rich tail 

ADAM10 is a Zn2+-dependent metalloprotease, characterised by the presence of Zn2+-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 ADAM10 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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ADAM10 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 Zn2+-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 γ-secretase complex (Hartmann et 

al., 2002). Follow-up investigations in tissue-specific conditional ADAM10 knockout mice 

have demonstrated that the essential role of ADAM10 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 β peptides, which can only be 

generated when γ-secretase cleaves an alternative cleavage product originated from a separate 

amyloidogenic pathway (Figure 3). This pathway is mediated by β-secretase, which cuts APP 

at a neighbouring site upstream of the ADAM10 cut site (Figure 3) (Kuhn et al., 2010). As less 

amyloid β 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 γ-secretase cleavage of the membrane 

remnant and release of the cytoplasmic tail. This in turn releases the tail-associated β-catenin, 

which translocates to the nucleus to activate transcription of Wnt 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). 



CHAPTER 1 

9 

 

In addition to GPVI (Section 1.5) and the best-characterised substrates described above, 

ADAM10 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 

et al., 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 γ-secretase. In the 
non-amyloidogenic pathway, cleavage of APP by ADAM10 does not lead to the generation of amyloid 
beta (Aβ) peptides, in contrast to cleavage of APP by β-secretase in the amyloidogenic pathway. 
Accumulation and aggregation of Aβ 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 Ca2+ 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 ADAM10-specific cleavable sensor peptide (Facey et al., 2016). 

Specific stimuli that can trigger GPVI 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 
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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 

ADAM10 stalk region, which may relieve auto-inhibition by the non-catalytic domains as 

introduced in Section 1.2.1 (Figure 4). Indeed, Ca2+ 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 α-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 Ca2+ 
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influx and subsequently cell death (Essmann et al., 2003), which further activates ADAM10 

shedding of substrates.  

 

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 

ADAM17 requires ADAM17 dimerisation (Xu et al., 2012). It is currently unknown whether 

the same requirement applies to ADAM10, but the authors of the same study suggest that it 

may be different because ADAM10 has a higher level of monomers on the cell surface. Another 

physiological inhibitor of ADAM10 is the cell surface-anchored reversion-inducing cysteine-

rich protein with Kazal motifs (RECK), which has been shown to inhibit ADAM10 shedding 

of Notch (Muraguchi et al., 2007). 
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ADAM10 itself can be downregulated through shedding by ADAM9 or ADAM15. The 

membrane remnant of ADAM10 is further cleaved by the γ-secretase complex, releasing its 

intracellular domain which is proposed to act as a transcriptional regulator because of its 

preferential localisation to nuclear speckles which are rich in splicing machineries (Tousseyn 

et al., 2009). On the other hand, the released soluble ectodomain of ADAM10 appears to retain 

its scissor activity when expressed recombinantly and can cleave the soluble counterparts of its 

substrates, such as the ectodomain of N-cadherin, and extracellular matrix components, 

although there is a difference in the substrate repertoire compared to membrane-bound 

ADAM10 (Scharfenberg et al., 2020). However, a recent study detected soluble ADAM10 of 

~50 kDa in plasma and cerebral spinal fluid samples but showed that it is inactive, although it 

is unknown whether this fragment corresponds to the shed form (Vanatabe et al., 2021). 

It is unclear how the various post-translational regulatory mechanisms described in this section, 

which regulate ADAM10 activity and expression in a broad sense, can address one crucial 

outstanding question: what restricts ADAM10 substrate repertoire? Therefore, the key 

mechanism may lie in the discovery that ADAM10 substrate specificity can be regulated by its 

interaction with tetraspanins. 
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 The tetraspanin superfamily 

1.3.1 Tetraspanins are structurally and functionally distinct four-pass transmembrane 

proteins 

First described in 1990 from the discovery of CD81 (Oren et al., 1990), tetraspanins are a 

superfamily of evolutionarily conserved four-pass transmembrane proteins consisting of 33 

members in humans (Figure 5). Different cell types have different repertoires of tetraspanins; 

for example, leukocytes express around 20 tetraspanins (Tarrant et al., 2003), whereas platelets 

have about 10 (Tomlinson, 2009). Some tetraspanins are widely expressed, for example, CD9 

and CD81, whereas some are restricted to specific cell types, for example, peripherin-2 and 

ROM1, are only expressed in photoreceptor cells in the retina of the eye and are critical for 

retinal function because mutations in these tetraspanins result in retinal diseases (Charrin et al., 

2014). 

Structurally, they are characterised by having one large and one small extracellular region, four 

transmembrane helices, one intracellular loop connecting transmembrane helices two and three, 

and cytoplasmic tails at each terminus (Figure 6A, Section 1.3.2). Key features will be detailed 

in Section 1.3.2. The defining feature of tetraspanins is the presence of a conserved CCG motif 

and at least another pair of cysteine residues that form structure-stabilising disulphide bridges 

in the large extracellular region (Charrin et al., 2014; Hemler, 2014). It is worth noting that 

peripherin-2 and ROM1, unlike other tetraspanins, are unique in that they have an unpaired 

cysteine in the large extracellular region (Figure 5) (Charrin et al., 2014). As such, tetraspanins 

can be classified according to the number of cysteine residues in their large extracellular regions, 

although only the six tetraspanins with eight cysteine residues that are most closely related by 
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their amino acid sequences have been named the TspanC8 subgroup (Figure 5) (Dornier et al., 

2012; Haining et al., 2012).  

Functionally, tetraspanins are dynamic molecular organisers on membranes. They interact with 

each other and with specific non-tetraspanin partner proteins to regulate their function by 

controlling their expression, trafficking to different membrane compartments, clustering, lateral 

mobility or activity (Charrin et al., 2014). Tetraspanins and their associated proteins are 

generally considered to be organised into distinct ‘tetraspanin nanodomains’ in a large 

‘tetraspanin web’ (Rubinstein, Charrin and Tomlinson, 2013; van Deventer, Arp and van Spriel, 

2021). These concepts will be introduced further in Section 1.3.3. 
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Figure 5. The tetraspanin superfamily consists of 33 members in human. A phylogenetic tree 
depicting the relationships among the 33 human tetraspanins generated with ClustalW2, using their 
amino acid sequence identities obtained from multiple sequence alignments with Clustal Omega with 
the web-based tools available from the European Bioinformatics Institute (EMBL-EBI) (Madeira et al., 
2019). The tree was displayed using the web-based tool Interactive Tree of Life (Letunic and Bork, 2021).   
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1.3.2 Tetraspanins undergo conformational changes and interact with proteins and 

lipids via different domains 

Tetraspanins interact with their partner proteins primarily via their large extracellular regions, 

although the transmembrane regions may also have a role (Stipp, Kolesnikova and Hemler, 

2003). Therefore, past structural studies have largely focused on the large extracellular region, 

which can be separated into two regions: (1) a conserved region consisting of three helices (A, 

B and E helices) forming a structural base that is highly conserved among tetraspanins and (2) 

a structurally variable region (C and D loops or helices depending on the tetraspanin) on the top 

that is also the least conserved region among tetraspanins (Matthews, Szyroka, et al., 2017) 

(Figure 6A). The conserved CCG motif is located immediately after the B helix (Figure 6A) 

(Kitadokoro et al., 2001; Rajesh et al., 2012). Most tetraspanins have N-glycosylation sites on 

the large extracellular region (Figure 6C) (Stipp, Kolesnikova and Hemler, 2003). 

A structural breakthrough emerged in 2016 when the first crystal structure of a full-length 

tetraspanin became available for CD81 in its ‘closed’ conformation, which revealed an inverted 

cone-shaped structure with a putative cholesterol-binding cavity formed within the four-

transmembrane regions, capped off by the extracellular region (Figure 6B) (Zimmerman et al., 

2016). In the same study, molecular dynamics simulations predicted a conformational change 

where the large extracellular region swings open when cholesterol is removed from the cavity. 

Indeed, the same group has demonstrated this in their recent cryo-electron microscopy (cryo-

EM) structure of CD81 in complex with its partner protein CD19, which revealed an extended, 

‘open’ and cholesterol-free conformation of CD81 that is distinct to its ‘closed’ conformation 

in the absence of its partner protein (Figure 6B) (Susa et al., 2021). Like most other 

tetraspanin/partner protein interactions, the same study shows that interaction with CD19 is 

largely mediated by the C and D helices in the variable region of CD81. Whether cholesterol 
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truly acts as the switch to conformational change remains undetermined, but this suggests the 

potential of a lipid-mediated conformational switch in tetraspanins. 

In 2020, the crystal structures of CD9 and CD53, two other tetraspanins closely related to CD81 

that also have four cysteine residues in the large extracellular region (Figure 5), were also 

resolved. The overall structures of both CD9 and CD53 are in general agreement with CD81, 

suggesting that this inverted cone-shaped shape could be a common feature in the tetraspanin 

superfamily (Figure 6A) (Umeda et al., 2020; Yang et al., 2020). Indeed, the structures of 

representative tetraspanins containing six or eight residues on the large extracellular region, that 

are more distantly related, are similar when predicted by homology modelling (Figure 7). 

Importantly, the structure of the small extracellular region was revealed for the first time in 

these two studies and showed that it is more than just a disordered loop (Figure 6A).  

In particular, the structure of CD53 was captured in an ‘open’ conformation, capable for 

interactions with partner proteins with the large extracellular region rotated away from the 

membrane and with the base resting on top of the small extracellular region (Figure 6A). Indeed, 

follow-up functional and biochemical experiments in the same study with CD53 and CD81 

small extracellular region mutants further support the structural observation that the ‘open’ 

conformation is stabilised by interactions between the large and small extracellular regions 

(Yang et al., 2020).  

The structure of CD9 was captured in a ‘closed’ conformation (Figure 6A), and molecular 

dynamics simulations suggest that it can exist in a third ‘semi-open’ state, which is akin to a 

transition between the ‘closed’ and ‘open’ conformation (Umeda et al., 2020). In addition, 

palmitoylation of intracellular cysteine residues, which can contribute to tetraspanin-tetraspanin 

interactions (Berditchevski et al., 2002; Charrin et al., 2002; Yang et al., 2002), could be 
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visualised in the structure of CD9 (Figure 6A). Clustering of individual CD9 molecules in the 

crystal show that the cone-shaped structures allow intrinsic organisation of the molecules into 

curvy layers in the lattice, which may explain how clustering of some tetraspanins affect 

membrane curvature and why some tetraspanins are enriched in exosomes (Umeda et al., 2020).   

Similar to CD81, the transmembrane cavities can house lipid molecules such as monoolein, a 

lipid used in the crystallisation of both CD9 and CD53 (Figure 6A-B). Unlike CD81, however, 

simulations suggest that lipid expulsion is not required for a conformational change (Umeda et 

al., 2020; Yang et al., 2020). Yang et al. (2020) proposed that lipid binding may act to stabilise 

the structure of the transmembrane helices. This conflicting observation highlights the need to 

examine the detailed structural contribution of the lipid-binding cavity in different tetraspanins 

to complement the functional importance of cholesterol (Charrin et al., 2003; Silvie et al., 2006; 

Huang et al., 2020; Palor et al., 2020) or other lipids.  

The cytoplasmic domain, which consists of two intracellular tails of variable lengths and one 

short intracellular loop, is highly divergent, especially the C-terminal tail, and shares only 21-

38% in amino acid sequence identity among tetraspanins (Stipp, Kolesnikova and Hemler, 

2003). Besides containing palmitoylation sites, the tails of some tetraspanins also have 

intracellular sorting motifs (Berditchevski and Odintsova, 2007). Tetraspanin tails can bind 

either directly or indirectly to different intracellular proteins (Stipp, Kolesnikova and Hemler, 

2003; Berditchevski and Odintsova, 2007) including adaptor proteins, e.g., CD63 and syntenin-

1 (Latysheva et al., 2006), signalling proteins, e.g., CD151 and phosphatidylinositol-4 kinase 

(Yauch et al., 1998) and cytoskeletal proteins, e.g., CD81 and α-actinin (Gordón-Alonso et al., 

2012). Therefore, the cytoplasmic domain presents an attractive site for recruitment of proteins 

that affect the function of tetraspanins and their partner proteins in tetraspanin nanodomains. 
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Figure 6. Structural features of tetraspanins. (A) The crystal structures of CD9 (Protein Data Bank 
(PDB) ID: 6K4J) in a ‘closed’ conformation (left) (Umeda et al., 2020) and CD53 (PDB ID: 6WVG) in an 
‘open’ conformation (right; relative to CD9, this is rotated 180⁰ along the y-axis) (Yang et al., 2020). The 
large extracellular region is represented by larger helices and consists of a conserved and a variable 
region. (B) The crystal structure of CD81 (PDB ID: 5TCX) in its ‘closed’ conformation (left) (Zimmerman 
et al., 2016) and the cryo-EM structure of CD81 (PDB ID: 7JIC) in its extended, CD19-bound form (Susa 
et al., 2021). (C) Schematic representation of a tetraspanin, adapted from Matthews, Szyroka et al. 
(2017). 
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Figure 7. Predicted structures of Tspan15 and Tspan18. The structures of full-length Tspan15 and 
Tspan18 were predicted by homology modelling combined with ab initio methods with Phyre2 (Kelley et 
al., 2015) based on the crystal structures of CD9 (PDB ID: 6K4J) (Umeda et al., 2020) and CD53 (PDB 
ID: 6WVG) (Yang et al., 2020). Numbers in brackets indicate the number of cysteine residues in the 
large extracellular region. 
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1.3.3 Tetraspanin and their associated proteins are organised into nanodomains in a 

large tetraspanin web 

1.3.3.1 Tetraspanin web 

In the tetraspanin community, detergent-based biochemical methods are typically used to 

identify and dissect interactions among tetraspanins and their partner proteins based on 

detergent strength. Direct tetraspanin-partner protein interactions are preserved in stronger 

detergents, e.g., digitonin, which on the other hand, disrupt weak tetraspanin-tetraspanin 

interactions that may occur between different tetraspanin/partner protein complexes. These 

weaker interactions can only be maintained in milder detergents, e.g., Brij. This demonstrates 

the different levels of interactions that tetraspanins facilitate to organise the membrane, termed 

the tetraspanin web (Rubinstein, 2011; Rubinstein, Charrin and Tomlinson, 2013). 

1.3.3.2 Tetraspanin nanodomain 

Single-molecule imaging of the tetraspanins CD37, CD53, CD81 and CD82 on human B cells 

(Zuidscherwoude et al., 2015) revealed several key findings about the nanoscale organisation 

of tetraspanins and their associated partner proteins that led to the concept of tetraspanin 

nanodomains (van Deventer, Arp and van Spriel, 2021). Tetraspanins are organised into 

separate nanoclusters of ~120 nm in diameter consisting of less than 10 tetraspanins of a single 

type. Individual nanoclusters can aggregate into larger clusters (Figure 8A). Different 

tetraspanin nanoclusters do not overlap substantially with each other but their relative 

proximities to each other are not random, which is in line with the notion that tetraspanin 

nanodomains are dynamic and can interact weakly in the wider tetraspanin web. This contrasts 

with the apparent overlapping of a tetraspanin nanocluster with their associated partner proteins, 

for example, CD81 with CD19, at the border of CD81 nanoclusters, which suggests that these 
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primary interactions form the basis of a tetraspanin nanodomain (Figure 8A) (Zuidscherwoude 

et al., 2015; van Deventer, Arp and van Spriel, 2021). Different organisation modes have also 

been described for different tetraspanins where the partner proteins are trapped within a 

tetraspanin nanodomain (Figure 8B) (Moretto et al., 2019; van Deventer, Arp and van Spriel, 

2021) or may be arranged in a string-like fashion as tetramer units consisting of 

tetraspanin/partner protein dimers (Figure 8C) (Oosterheert et al., 2020). Therefore, the 

organisation of a tetraspanin nanodomain may be different for different tetraspanins.  

 

 

Figure 8. Different modes of tetraspanin nanodomain organisation. (A) Two tetraspanin 
nanodomains consisting different tetraspanin/partner proteins are depicted here. Each tetraspanin 
nanodomain consists of a cluster containing less than 10 tetraspanins and its associated partner protein 
overlapping at the border of the nanocluster. Tetraspanin nanodomains from different tetraspanin 
species do not overlap but may interact weakly in a larger tetraspanin web (Zuidscherwoude et al., 2015). 
(B) In this tetraspanin nanodomain, partner proteins are clustered and trapped in the middle of a cluster 
of tetraspanins (Moretto et al., 2019; van Deventer, Arp and van Spriel, 2021). (C) Based on Oosterheert 
et al. (2020), tetraspanin/partner protein dimers may form a tetramer unit with the tetraspanins 
sandwiching a partner protein dimer. The tetramer units may be arranged in a string-like fashion. 

 

1.3.3.3 Tetraspanin deficiency disrupts partner protein function 

Importantly, tetraspanin/partner protein complexes often act as one functional entity. This is 

best demonstrated by the consequences of tetraspanin deficiency. Two well-established disease-

association examples in human, where the partner protein function is disrupted by a deficiency 

in its associated tetraspanin, include CD81 with CD19, and CD151 with integrins. 
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In B cells, CD81 promotes the trafficking of CD19 and its expression on the cell surface. 

CD81/CD19 forms a B cell co-receptor complex with CD21 and has an important role in signal 

transduction to regulate B cell activation (Levy, 2014). A patient who had an antibody 

deficiency disorder exhibited a complete loss of CD19 on the surface of B cells. This was 

accompanied by CD81 deficiency as a result of a homozygous mutation in a splice site in the 

CD81 locus. Functional in vitro experiments demonstrated that the defect in CD19 expression 

was because of impaired trafficking due to the lack of CD81 (van Zelm et al., 2010). 

CD151 forms tight complexes with major laminin-binding integrins and regulates their function 

in cell adhesion, migration and signal transduction (Berditchevski, 2001). Three patients had 

the same frameshift mutation in the CD151 locus, which coincides with a truncation in the 

middle of the large extracellular region and resulted in CD151 deficiency. They presented with 

broad symptoms including end-stage kidney disease, hearing loss and rare skin blistering 

conditions. Histological examination of a kidney biopsy sample from one patient revealed 

aberrant basement membrane assembly. These symptoms are associated with defects linked to 

the critical role of laminin-binding integrins in maintaining the integrity of basement 

membranes in the kidney and skin (Crew et al., 2004). Indeed, it was later demonstrated in mice 

that CD151 deficiency led to kidney failure with phenotypes similar to what was observed in 

these patients (Sachs et al., 2006, 2012). 

Finally, perhaps the most striking phenotype that had ever been demonstrated in any 

tetraspanin-knockout mice can be seen in mice deficient in Tspan14, which is one of the six 

tetraspanins belonging to the TspanC8 subgroup that directly associate with and regulate the 

essential sheddase ADAM10. This is because Tspan14-knockout mice, like ADAM10-

knockout mice, are embryonic lethal (Tomlinson and MRC Harwell, unpublished).  
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 Six TspanC8 tetraspanins regulate ADAM10  

1.4.1 TspanC8s are essential for ADAM10 maturation and expression 

ADAM10 is a common tetraspanin-associated protein identified from proteomics of tetraspanin 

immunoprecipitates from cells lysed in mild detergents (André et al., 2006; le Naour et al., 

2006; Arduise et al., 2008). Some tetraspanins that interact indirectly with ADAM10 include 

CD9, CD81, CD151, CD63, CD82 (Arduise et al., 2008) and Tspan12 (Xu, Sharma and Hemler, 

2009), which likely stem from weak interactions in the wider tetraspanin web with nanodomains 

containing direct ADAM10 tetraspanin partners. Tspan3 was shown to interact with ADAM10 

in relatively stringent detergent but did not affect ADAM10 maturation (Seipold et al., 2017), 

unlike the six tetraspanins, Tspan5, 10, 14, 15, 17 and 33. These six tetraspanins interacted with 

ADAM10 in a digitonin-resistant and palmitoylation-independent manner, indicating their 

direct associations with ADAM10, which was further confirmed by chemical cross-linking on 

the cell surface (Dornier et al., 2012; Haining et al., 2012). They form the TspanC8 subgroup 

that are closely related by amino acid sequence identities compared to the rest of the 

superfamily (Figure 5, Section 1.3.1). Tspan5 and Tspan17 are the most similar, sharing 78% 

identity with each other, whereas Tspan10 is the most distant, sharing between 26-35% identity 

with the rest of the subfamily members (Matthews, Szyroka, et al., 2017).  

All six TspanC8s share the same role in promoting ADAM10 exit from the ER, its maturation 

to the catalytically active form in the Golgi, and its trafficking to different subcellular 

compartments (Dornier et al., 2012; Haining et al., 2012; Prox et al., 2012). This has also been 

demonstrated in vivo in mice deficient in Tspan15 (Seipold et al., 2018) or Tspan33 (Haining 

et al., 2012), which have shown reduced ADAM10 expression in cells that express the TspanC8.  

It is worth noting that the only effective TspanC8 mAbs available to date are for Tspan5 (Saint-
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Pol, Billard, et al., 2017) and Tspan15 (Koo et al., 2020). Using these mAbs, ADAM10 has 

recently been found to also reciprocally regulate the expression of endogenous Tspan5 and 

Tspan15 (Saint-Pol, Billard, et al., 2017; Koo et al., 2020). In addition, ADAM10 has been 

identified as the major interacting protein for endogenous Tspan15 (Koo et al., 2020), and the 

majority of Tspan5 is also associated with ADAM10 (Saint-Pol, Billard, et al., 2017), further 

demonstrating the intimate relationships between TspanC8s and ADAM10. 

1.4.2 The ‘six scissors’ hypothesis: TspanC8s regulate ADAM10 substrate specificity 

Importantly, TspanC8s can differentially regulate ADAM10 substrate specificity. Therefore, it 

was hypothesised that each TspanC8 constitutes an essential component of a functional 

ADAM10 complex, thus leading to the concept of ADAM10 existing as six different 

TspanC8/ADAM10 molecular scissors that can cleave distinct substrates (Figure 9) (Matthews, 

Noy, et al., 2017; Matthews, Szyroka, et al., 2017; Saint-Pol, Eschenbrenner, et al., 2017; 

Matthews et al., 2018; Harrison, Koo and Tomlinson, 2021).  

 

Figure 9. ADAM10 exists as six TspanC8/ADAM10 scissors with different substrate repertoires. 
In the ‘six scissors’ hypothesis, association of ADAM10 with different members of the TspanC8 
tetraspanin subfamily allow ADAM10 to shed distinct substrates. For example, N-cadherin can only be 
cleaved by Tspan15/ADAM10 scissors, Notch can only be cleaved by Tspan5/ADAM10 and 
Tspan14/ADAM10 scissors, and GPVI can only be cleaved by Tspan15/ADAM10 and 
Tspan33/ADAM10 scissors. Figure is adapted from Harrison, Koo and Tomlinson (2021). 
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N-cadherin is the clearest example where Tspan15/ADAM10 has been shown to be its sole 

scissor by several independent studies in different cell types using different validation 

approaches (Prox et al., 2012; Jouannet et al., 2016; Noy et al., 2016; Seipold et al., 2018). 

Tspan15/ADAM10 scissors can also cleave other substrates such as betacellulin, EGF, RAGE 

and GPVI (Table 1). In addition, GPVI can also be cleaved by Tspan33/ADAM10 scissors 

(Matthews, 2019). The evidence that led to the identification of Tspan15/ADAM10 and 

Tspan33/ADAM10 as the scissors for GPVI will be detailed in Section 1.5.6.  

Ligand-dependent Notch1 activation has been demonstrated in multiple cell types to be 

promoted by Tspan5 or Tspan14 (Dornier et al., 2012; Jouannet et al., 2016; Saint-Pol, Billard, 

et al., 2017; Eschenbrenner et al., 2020). Tspan5 has also recently been shown to promote 

Notch1 shedding in addition to Notch signalling in liver cancer (Xie et al., 2021). These 

findings suggest that Notch proteins may be preferentially cleaved by Tspan5/ADAM10 and 

Tspan14/ADAM10 scissors. Notch activity in mouse was also shown to be promoted by Tspan5 

and Tspan10 during differentiation of bone marrow macrophages to specialised osteoclasts 

(Zhou et al., 2014), and Tspan33 during macrophage activation (Ruiz-García et al., 2016), 

suggesting that Tspan10 and Tspan33 may play a role in Notch signalling in mouse 

macrophages. 

The TspanC8/ADAM10 scissors for some substrates are less conclusive. One such example is 

APP, where different roles for different scissors have been shown depending on the validation 

approach and cell type (Table 1). Based on the evidence so far, and because the upregulation of 

Tspan15 in the brain of Alzheimer’s disease patients and mouse models (Seipold et al., 2018) 

contradicts with the finding that ADAM10 shedding of APP may be neuroprotective, 

Tspan15/ADAM10 scissor is likely to not be involved. It is possible that appropriate APP 
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shedding promotion involves a more complex mechanism that is dependent on both the 

TspanC8/ADAM10 scissor and other regulatory non-TspanC8 members like Tspan3 (Seipold 

et al., 2017) or Tspan12 (Xu, Sharma and Hemler, 2009) in the tetraspanin web.  

A detailed summary of the current known roles of TspanC8s in regulating shedding, activity or 

expression of different ADAM10 substrates compiled from the literature and unpublished data 

in the Tomlinson lab is presented in Table 1. Of note, studies where negative regulatory roles 

of TspanC8s were identified based on overexpression in the presence of endogenous TspanC8 

regulator(s) should be interpreted with caution due to potential competition for ADAM10 

association, depending on the expression levels of the TspanC8s. Competition for ADAM10 

has been demonstrated between endogenous Tspan5 and Tspan15 (Eschenbrenner et al., 2020), 

and overexpressed Tspan14 with endogenous Tspan15 (Tomlinson lab, unpublished). As such, 

an apparent inhibitory role of an overexpressed TspanC8 may be due to reduced formation of 

other TspanC8/ADAM10 scissor(s) that have a positive role, thus should be best concluded as 

having no effect unless the inhibitory effect can be validated by other approaches.  

Although the demonstration of the substrate specificities of TspanC8/ADAM10 scissors is 

currently limited to a small number of substrates, future characterisation of the substrate 

repertoire of each TspanC8/ADAM10 scissor using high-throughput proteomics methods 

(Tüshaus et al., 2020) would accelerate the filling of this knowledge gap, and to highlight 

opportunities where the regulatory TspanC8 can be targeted in place of ADAM10 to treat 

ADAM10-associated diseases in a substrate-specific manner. In the remainder of the 

introduction to TspanC8s, the differences among TspanC8s, from their expression in tissues, 

cells and organelles, down to their molecular interaction with ADAM10, some of which may 

contribute to the differential regulation of ADAM10 substrate specificity, will be highlighted.
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Table 1. ADAM10 substrates with known regulatory TspanC8(s). The TspanC8 has a positive effect on substrate shedding unless otherwise indicated.

 Substrate TspanC8 
Validation 
approach 

Cell type Comments References 

APP 

Tspan15 Overexpression HEK-293a and N2Ab  (Prox et al., 2012) 

Tspan14 (–) 
Tspan15 (–) 
Tspan33 (–) 

Overexpression U2OS-N1c Effect strength: Tspan15>>33≈14. 
Tspan5 was tested in parallel and had no effect. 

(Jouannet et al., 2016) 

Tspan15 (–) 
Knockdown PC3d Effect was minor. Tspan5 was tested in parallel 

and had no effect. 
(Jouannet et al., 2016) 

Overexpression HEK-293  (Brummer et al., 2019) 

Tspan15 (no effect) Knockout Mouse brain  (Seipold et al., 2018) 

Betacellulin Tspan15 

Knockout  HEK-293Te* 
Tspan14 and Tspan33 were tested in parallel 
and had no effect. 

(Tomlinson lab, 
unpublished) 

Overexpression 
(rescue) 

HEK-293T* 

Rescue by ADAM10 and Tspan15 
overexpression had a greater effect than 
ADAM10 alone in ADAM10/Tspan15 double 
knockout cells. 

(Koo et al., 2020) 

CD44 Tspan5 Knockdown PC3 
Effect was moderate. Tspan15 was tested in 
parallel and had no effect. 

(Jouannet et al., 2016) 

Cellular prion 
protein 

Tspan15 Knockout Mouse brain  (Seipold et al., 2018) 

E-cadherin Tspan15 Knockout A549f  (Szyroka, 2019) 

EGF Tspan15 Knockout HEK-293T*  
(Tomlinson lab, 
unpublished) 

GPVI 

Tspan15 
Tspan33 

Knockout HEK-293T* and HELg 

Completely abolished in Tspan15/33 double 
knockout cells. Tspan14 was tested in parallel 
and had no effect. 

(Matthews, 2019) 

Tspan14 (–) Overexpression HEK-293T* 
Moderate effect. All other TspanC8s were tested 
in parallel and had no effect. 

(Noy et al., 2016) 

N-cadherin Tspan15 

Overexpression Cos7h  (Prox et al., 2012) 

Knockdown PC3 Tspan5 was tested in parallel and had no effect. (Jouannet et al., 2016) 

Knockout Mouse brain  (Seipold et al., 2018) 

Overexpression HEK-293T 
All other TspanC8s were tested in parallel and 
had no effect. 

(Noy et al., 2016) 

Knockout A549  (Szyroka, 2019) 

Knockout HEK-293T 
Tspan14 and Tspan33 were tested in parallel 
and had no effect. 

(Tomlinson lab, 
unpublished) 
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Neuronal cell 
adhesion 
molecule 

Tspan15 Overexpression HEK-293*  (Brummer et al., 2019) 

Notch  
(activity) 

Tspan5 
Tspan14 

Overexpression HeLai Tspan15 was tested in parallel and had no 
effect. 

(Dornier et al., 2012) 

Knockdown U2OS-N1* 
Maximal reduction was achieved with combined 
depletion of Tspan5 and Tspan14. 

(Dornier et al., 2012) 
(Saint-Pol, Billard, et al., 
2017) 

Tspan15 (–) 
Tspan33 (–) 

Overexpression U2OS-N1* 
Tspan5 and Tspan14 were tested in parallel and 
had no effect. 

(Jouannet et al., 2016) 
(Eschenbrenner et al., 
2020) for Tspan5 and 
Tspan15 

Tspan5 
Tspan15 (–) 

Knockdown PC3 
Combined Tspan5 and Tspan15 knockdown 
inhibited the increase seen in Tspan15 
knockdown. 

(Jouannet et al., 2016) 

Tspan15 (no effect) Knockout Mouse brain  (Seipold et al., 2018) 

Tspan5 
Knockdown and 
overexpression 

Hepatocellular 
carcinoma 

Effect on Notch1 shedding was also 
demonstrated. 

(Xie et al., 2021) 

Tspan5 
Tspan10 

Knockdown 
Mouse bone marrow 
macrophages 

Also upregulated during osteoclast 
differentiation. Effect on Notch2 shedding was 
also demonstrated. 

(Zhou et al., 2014) 

Tspan5 
Tspan33 

Knockdown HeLa* 
Constitutively active Notch1 mutants, thus may 
be ADAM10-independent. Modulate γ-secretase 
activity. 

(Dunn et al., 2010) 

Tspan33 
Knockdown and 
Overexpression 

RAW 264.7j* 
Modulate γ-secretase activity during 
macrophage activation.  

(Ruiz-García et al., 2016) 

RAGE Tspan15 Knockout HEK-293T* 
Tspan14 and Tspan33 were tested in parallel 
and had no effect. 

(Tomlinson lab, 
unpublished) 

VE-cadherin 

Tspan15 Knockout HEK-293T*  (Koo et al., 2020) 

Tspan14 Knockdown HUVECk Effect was minor. (Haining et al., 2012) 

Tspan15 Knockdown HUVEC Effect was minor. (Szyroka, 2019) 

VE-cadherin 
(expression) 

Tspan5 
Tspan17  

Knockdown HUVEC 
Expression of Tspan5 or Tspan17 reduced 
surface expression but had no effect on 
shedding. 

(Reyat, 2016; Reyat et al., 
2017) 

a Human embryonic kidney 293; b Neuro 2A mouse neuroblastoma; c Human osteosarcoma expressing Notch1; d Human prostate adenocarcinoma; e HEK293 
expressing the simian virus 40 (SV40) large T-antigen; f Human lung carcinoma; g Human erythroleukemia; h Monkey kidney fibroblast expressing SV40 T-antigen;  
i Human uterine cervical adenocarcinoma (Henrietta Lacks); j Mouse macrophage; k Human umbilical vein endothelial cells; * Transfected substrate. 
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1.4.3 Expression profiles of TspanC8s and their disease relevance 

The expression of each TspanC8 in different tissue and cell types varies greatly, unlike the 

ubiquitous expression of their partner protein ADAM10 (Matthews, Szyroka, et al., 2017; 

Matthews et al., 2018; Harrison, Koo and Tomlinson, 2021). Figure 10 summarises the 

expression profiles of ADAM10 and TspanC8s in different healthy human tissues collated from 

publicly available proteomics datasets (Fishilevich et al., 2016), and similarly, single-cell 

transcriptomic data in different human cell types in Figure 11 (Human Protein Atlas, 2021; 

Karlsson et al., 2021). It is worth mentioning that the proteomics data presented here may 

under-represent the actual repertoire in each tissue because specific enrichment may be required 

for membrane proteins present at low levels; conversely, the transcriptomics data may over-

represent the actual translated repertoire. Nevertheless, they provide a concise overview of the 

expression patterns of ADAM10 and TspanC8s.  

1.4.3.1 Tspan5 

The bulk expression of Tspan5 appears to be restricted to ovarian tissue (Figure 10), but its 

expression in the frontal cortex has been shown (Kim et al., 2014), and it is also enriched in 

brain tissue at the RNA level (Aguet et al., 2020). This correlates with its enhanced RNA 

expression in Horizontal cells, which are neurons in the retina (Figure 11). Its genetic 

association with non-responsiveness to treatments for clinical depression and alcohol use 

disorder, and function in promoting neurotransmitter release, also suggests its expression in the 

nervous system (Gupta et al., 2016; Ho et al., 2020). This is additionally supported by a recent 

study in rodents which shows the role of Tspan5 in promoting synapse maturation in neurons 

through clustering of the post synaptic cell-adhesion protein neuroligin-1, which is an 

ADAM10 substrate, but its shedding was not investigated in this study (Moretto et al., 2019).  
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1.4.3.2 Tspan10 

The expression of Tspan10, also known as oculospanin, is enriched in the retina (Figure 10) 

and in the Horizontal cells; expression in other cell types is considerably weak or absent (Figure 

11). Coincidently, single-nucleotide polymorphisms (SNPs) surrounding the TSPAN10 locus 

are associated with risk for several eye disorders, including a missense variant causing a C139Y 

substitution in the second transmembrane domain (Fritsche et al., 2016; Shah and Guggenheim, 

2018; Plotnikov et al., 2019), although the direct biological link to Tspan10 has not been proven. 

It is also expressed in the lymph node and several internal and secretory tissues, and notably is 

the only TspanC8 expressed in uterus and cervix (Figure 10).  

1.4.3.3 Tspan14 

Like ADAM10, Tspan14 has the broadest tissue and cell type expression among TspanC8s 

(Figure 10 and Figure 11), which correlates with its role in Notch activation and embryonic 

lethality of Tspan14-knockout mice. It is the only TspanC8 detected in all ADAM10-expressing 

blood and immune cells including platelets (Figure 10), which is consistent with its high 

expression in transcriptomic profiles of the same cells (Figure 11). Indeed, there are reports of 

genetic associations of non-coding TSPAN14 SNPs to susceptibility to chronic inflammatory 

diseases including inflammatory bowel diseases (Liu et al., 2015; Ellinghaus et al., 2016) and 

coronary artery disease (van der Harst and Verweij, 2018), suggesting the potential importance 

of Tspan14 in mediating immune cell function.  

In addition, Tspan14 also appears to be the only TspanC8 detected in the heart tissue (Figure 

10). Coinciding with this, it was reported recently in a short abstract that ADAM10 protein 

expression is upregulated in the heart tissue of patients with heart failure, and that ADAM10 
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inhibition in mouse models led to improved heart function and survival after heart attack due 

to reduced ADAM10 shedding of Notch1 (Klapproth et al., 2020).  

Lastly, the strong presence of Tspan14 in cerebrospinal fluid (Figure 10) is intriguing and 

plausible given that Tspan14 is one of the tetraspanins commonly found in extracellular vesicles 

(Keerthikumar et al., 2015; Dozio and Sanchez, 2017; Silva et al., 2021). Like ADAM10, it has 

also been detected in human plasma samples (Uhlén et al., 2015; Human Protein Atlas, 2021). 

TSPAN14 was recently identified as a novel risk locus for Alzheimer’s disease in a 

comprehensive meta-analysis study (Schwartzentruber et al., 2021) that also replicated 

previously identified associations with ADAM10 (Marioni et al., 2018; Jansen et al., 2019; 

Kunkle et al., 2019). Multiple TSPAN14 risk alleles in non-coding regions were implicated but 

the predictions on expression changes were inconsistent (Schwartzentruber et al., 2021). Given 

that full-length and soluble forms of ADAM10 have been detected in plasma and cerebrospinal 

fluid samples and the levels appear to change throughout the progression of Alzheimer’s disease 

(Sogorb-Esteve et al., 2018; Vanatabe et al., 2021), it is possible that Tspan14 may contribute 

to the release of ADAM10 into extracellular vesicles.  

1.4.3.4 Tspan15 

Among the blood and immune cell types, Tspan15 appears to be present exclusively on platelets 

(Figure 10), but its RNA expression in other immune cells can also be detected at low levels 

(Figure 11), and at higher levels in some T cell subsets (Uhlén et al., 2015; Human Protein 

Atlas, 2021). This suggests that its expression may be enhanced post-differentiation in T cells. 

Tspan15 is also expressed in the tissues in the central nervous system, in many internal and 

secretory tissues, and in male but not female reproductive tissues (Figure 10). At the RNA level, 

it is expressed at low levels in many different cell types but is remarkably enriched in many 
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secretory cells such as exocrine glandular, pancreatic endocrine and ductal cells (Figure 11). 

The latter coincides with it being the only TspanC8 expressed in the islet of Langerhans that 

contains pancreatic endocrine cells (Figure 10). Interestingly, several studies identified a non-

coding SNP near the TSPAN15 locus to associate with type 2 diabetes risk in East Asian 

populations (Ishigaki et al., 2020; Spracklen et al., 2020; Vujkovic et al., 2020). However, it is 

currently unknown how the SNP affects TSPAN15 or if neighbouring genes may be affected. 

Nevertheless, the high expression of Tspan15 in secretory cells highlights an area of 

underexplored ADAM10 biology and substrates in diabetes. For example, could 

Tspan15/ADAM10 cleavage of betacellulin and EGF, which appear to have opposite roles in 

controlling pancreatic endocrine cell differentiation (Hanley et al., 2011; Santosa et al., 2016), 

be important in maintaining glucose homeostasis? 

Coinciding with Tspan15/ADAM10 being the scissor for N-cadherin, the most well-established 

disease relevance of Tspan15 is in cancer development, where both ADAM10 (Smith, Tharakan 

and Martin, 2020) and N-cadherin (Mrozik et al., 2018) have long been identified as attractive 

therapeutic targets. Tspan15 has been shown to be upregulated and promote tumour formation 

in several cancer cell types and has a pro-invasive role (Zhang et al., 2018; Hiroshima et al., 

2019; Sidahmed-Adrar et al., 2019). In one study, Tspan15 promotion of cancer cell invasion 

was shown to be a direct effect via its interaction with the beta-transducin repeat-containing E3 

ubiquitin protein ligase (β-TrCP) and subsequent activation of nuclear factor kappa B (NF-κB) 

signalling, suggesting that Tspan15 may have a dual role in promoting cancer progression via 

ADAM10-dependent and ADAM10-independent pathways (Zhang et al., 2018).    

Besides cancer, Tspan15 has also been shown to be upregulated in Alzheimer’s disease (Seipold 

et al., 2018). Among fibroblasts, Tspan15 expression appears to be limited to a specific 
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fibroblast subtype implicated in arthritis (Croft et al., 2019). Lastly, non-coding TSPAN15 

SNPs had been identified to be associated with venous blood clotting risk (Germain et al., 2015; 

Klarin et al., 2017, 2019; Lindström et al., 2019) and self-reported blood clotting events (Hinds 

et al., 2016), but no biological link had been proposed or investigated.  

1.4.3.5 Tspan17 

Tspan17 is one of the least studied TspanC8s. Its expression is absent in the presented proteome 

(Figure 10), and its transcriptome profile suggests that it may be expressed at low levels in 

different cell types (Figure 11). Given that it shares 78% identity with Tspan5, and their 

redundancies have been demonstrated functionally (Reyat et al., 2017) and in antibody 

recognition (Saint-Pol, Billard, et al., 2017), could TSPAN17 be a redundant gene that is only 

relevant in a diseased state? A search for its existential relevance revealed that it appears to be 

a target of a tumour-suppressing microRNA. High TSPAN17 expression in glioblastoma 

patients is associated with poor prognosis; downregulation of TSPAN17 via overexpression of 

the microRNA inhibited proliferation, migration and invasion and promoted cell death of 

glioblastoma cells in vitro (Guo et al., 2019). ADAM10 also promotes the progression of 

glioblastoma (Siney et al., 2017), and indeed, an ADAM10/17 inhibitor is currently in Phase I 

clinical trial for glioblastoma in children (US National Library of Medicine 2020). Therefore, 

it is possible that Tspan17 can contribute to the progression of glioblastoma by promoting 

ADAM10 expression or promoting cleavage of disease-relevant substrates, e.g. neuroligin-3 

(Venkatesh et al., 2015).  

1.4.3.6 Tspan33 

Other than platelets, Tspan33 expression appears to be restricted to B cells and kidney (Figure 

10). This is reflected by its enhanced RNA expression in several kidney cell types such as 
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proximal tubular and peritubular cells, in B cells and additionally on monocytes and 

macrophages (Figure 11). Tspan33’s roles in B cell activation (Luu et al., 2013; Pérez-Martínez 

et al., 2017; Navarro-Hernandez et al., 2020) and macrophage activation (Ruiz-García et al., 

2016) have been demonstrated. Its expression is prominent in B cell lymphomas and in B cells 

of patients with autoimmune diseases (Luu et al., 2013), which are diseases where monocytes 

and macrophages are involved (Ma et al., 2019). In fact, the TSPAN33 gene was first discovered 

in a chromosomal region containing hotspots for deletions in myeloid malignancies (Heikens 

et al., 2007). Its role in red blood cell production has been shown in mice (Heikens et al., 2007), 

but it is likely absent in human due to its absence in erythroid cells (Figure 11). Such species 

differences in expression have been shown before by the expression of Tspan33 on human 

platelets but not on mouse platelets (Haining et al., 2012), which only have Tspan14 (Matthews, 

Noy, et al., 2017).   
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Figure 10. Protein expression profiles of ADAM10 and TspanC8s in human tissues. Data were 
extracted from a collation of publicly available mass spectrometry-based proteomics datasets in 60 
healthy adult tissue and blood cell types, and categorised by tissue types: blood and immune, nervous, 
musculoskeletal, internal, secretory and reproductive tissues (Fishilevich et al., 2016). 
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Figure 11. RNA expression profile of ADAM10 and TspanC8s in different human cell types. Data 
were extracted from a single-cell transcriptomic dataset from 51 cell types, and categorised by cell types: 
epithelial, endocrine, neuronal, glial, germ, trophoblast, muscle, mesenchymal, undifferentiated, and 
blood and immune cells (Human Protein Atlas, 2021; Karlsson et al., 2021).  
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1.4.4 TspanC8s regulate ADAM10 subcellular distribution and dynamics 

The individual effect of each TspanC8 on the subcellular distribution of ADAM10 was best 

demonstrated in one study using the HeLa epithelial cells which only express a minimal level 

of TSPAN14 mRNA (Dornier et al., 2012). This provided an almost TspanC8-free system in 

which the competition from endogenous TspanC8s for ADAM10 could be avoided when 

different TspanC8s were introduced by transfection. Flow cytometry and imaging showed that 

overexpression of Tspan5, Tspan14, Tspan15 or Tspan33 in HeLa cells promoted ADAM10 

surface expression, accompanied by the striking colocalisation between ADAM10 and each 

TspanC8 on the plasma membrane and inside the cells. On the other hand, overexpressed 

Tspan10 and Tspan17 did not substantially affect ADAM10 surface expression as they 

preferentially localised ADAM10 to late endosomes. This demonstrates that TspanC8s can 

differentially regulate ADAM10 by affecting its subcellular localisation (Figure 12). 

Subsequent imaging studies showed that the four TspanC8s that can promote cell surface 

expression had other distinctions in regulating ADAM10 subcellular localisation or dynamics. 

Overexpressed Tspan15 and Tspan33 exhibited strong localisation at the plasma membrane, 

and Tspan33 was demonstrated to also cluster ADAM10 at an apical region of the adherens 

junctions in densely packed epithelial cells (Figure 12) (Shah et al., 2018). Overexpressed 

Tspan14 showed greater intracellular presence (Figure 12) (Noy et al., 2016). Overexpressed 

Tspan5 increased ADAM10 localisation at the cell edges when the basal surface of cells was 

imaged, in contrast to overexpressed Tspan15 which did not (Jouannet et al., 2016). This was 

also demonstrated similarly at the endogenous level, where strong colocalisation between 

ADAM10 and Tspan15 on the basal surface of cells was demonstrated throughout the 

membrane, which showed marked contrast with the preferential distribution of the non-

TspanC8 CD9 at the periphery on the cell surface (Koo et al., 2020).  
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Tspan5 and Tspan15 have also been demonstrated to regulate the dynamics of ADAM10. 

Overexpression of Tspan15 increased the lateral diffusion of ADAM10 compared to 

overexpression of Tspan5 (Jouannet et al., 2016). In the most recent study, Tspan5 and Tspan15 

differentially regulate ADAM10 endocytosis, with Tspan15 promoting ADAM10 stability on 

the cell surface better than Tspan5; reciprocal regulation by ADAM10 was also demonstrated 

(Eschenbrenner et al., 2020). Given that Tspan5 and Tspan14 are closely related (58% amino 

acid sequence identity) and share the same role in promoting Notch activation (Matthews, 

Szyroka, et al., 2017), it is possible that Tspan14 may also regulate ADAM10 endocytosis.  

 

 

Figure 12. TspanC8s regulate ADAM10 subcellular localisation. TspanC8 is required to promote 
ADAM10 exit from the endoplasmic reticulum, its maturation in the Golgi and trafficking to different 
subcellular compartments (and vice versa for Tspan5 and Tspan15). Tspan10 and Tspan17 are 
predominantly localised to late endosomes. Tspan5 and Tspan14 are present on the plasma membrane 
but may predominantly localise to intracellular compartments. Tspan5 promotes ADAM10 endocytosis, 
whereas Tspan15 has the opposite role. Tspan15 and Tspan33 are predominantly expressed on the 
cell surface. Tspan33 can cluster ADAM10 at an apical region of the adherens junction in epithelial cells. 
Figure is adapted from Harrison, Koo and Tomlinson (2021).  
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1.4.5 TspanC8s interact with ADAM10 at their extracellular regions and may regulate 

ADAM10 conformation 

TspanC8s have been shown to interact with ADAM10 at their extracellular regions. Using 

chimeras between CD9 and Tspan14 where the large extracellular region or the variable region 

alone was exchanged, it was shown that the entire large extracellular region of Tspan14 was 

required to interact with ADAM10 to promote its maturation and expression (Noy et al., 2016). 

Using Tspan5 constructs encoding mutations in the large extracellular region, two motifs that 

are conserved in TspanC8s, RDD located between A and B helices in the conserved region, and 

NXYF (X denotes any amino acid; F is replaced by H in Tspan15) near the beginning of the 

variable region, were shown to be required for interaction with ADAM10 and promote its exit 

from the ER (Saint-Pol, Billard, et al., 2017).  

In addition, there is some evidence showing that interaction with different TspanC8s may affect 

the conformation that ADAM10 adopts. Each TspanC8 interacts with ADAM10 slightly 

differently; Tspan15 requires only the stalk region of ADAM10 for interaction, Tspan17 

additionally requires the cysteine-rich region, whereas the other four TspanC8s also require the 

disintegrin region to interact with ADAM10 (Noy et al., 2016). Furthermore, an analysis of 

known cleavage sites of ADAM10 substrates for which reliable evidence of the regulatory 

TspanC8(s) is available, suggests that there is an association between the TspanC8/ADAM10 

identity and the cleavage site ‘height’ as estimated by the number of amino acids above the 

membrane surface (Table 2). Tspan15/ADAM10 scissors may prefer substrates with cut sites 

located closer to the membrane surface, e.g., betacellulin and N-cadherin, whereas cleavage of 

substrates with cut sites further away from the membrane surface, e.g., Notch1 and CD44, 

appear to be favoured by Tspan5/ADAM10 or Tspan14/ADAM10 scissors (Table 2).  
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Table 2. Substrates with known cleavage sites and evidence of TspanC8/ADAM10 scissor 
identities. 

Substrate 
TspanC8/ADAM10 

scissor(s) 

ADAM10 
cleavage site 

(indicated with |) 

Estimated no. 
of residues 

above 
membrane 

surface 

References 

Betacellulin Tspan15 VDLFY | LRGDR 7 (Sunnarborg et al., 2002) 

CD44 Tspan5 HSHGS | QEGGA 19 (Nakamura et al., 2004) 

EGF Tspan15 WWELR | HAGHG 9 (Sunnarborg et al., 2002) 

GPVI Tspan15 and Tspan33 AGPAR | QYYTK 5 (Gardiner et al., 2007) 

N-cadherin Tspan15 TDVDR | IVGAG 10 (Uemura et al., 2006) 

Notch1* Tspan5 and Tspan14 YKIEA | VQSET 15 (Mumm et al., 2000) 

RAGE* Tspan15 GPTAG | SVGGS 11 (Braley et al., 2016) 

* Based on sequence alignment with their mouse counterparts. 

Based on the findings above and the insights from the structural features of ADAM10 (Section 

1.2.1) and tetraspanins (Section 1.3.2), it is therefore tempting to hypothesise how TspanC8s 

may regulate ADAM10 substrate specificity at the protein structure level. An interaction 

between a TspanC8 with ADAM10, may lead to conformational changes in both proteins, 

which may or may not require a stimulus to occur, resulting in an ‘open’ conformation of a 

functional TspanC8/ADAM10 scissor (Figure 13A). The ‘open’ conformation of each 

TspanC8/ADAM10 scissor may be dependent on the ‘open’ conformation of individual 

TspanC8s, leading to their differential interactions with the non-catalytic domains on ADAM10 

extracellular region, which in turn position the metalloprotease domain at different angles 

(Figure 13B). This restriction may affect whether a TspanC8/ADAM10 scissor can cut a 

substrate because of the differences in the distances of the ADAM10 cleavage site from the 

membrane surface among different substrates (Figure 13B). Could this be why among the three 

TspanC8/ADAM10 scissors expressed on platelets, only Tspan15/ADAM10 and 

Tspan33/ADAM10 scissors can cut GPVI, which has its cut site located five residues above the 

membrane surface, closer than other substrates, whereas Tspan14/ADAM10 scissors cannot?  

The final section in this chapter will introduce the main substrate of interest GPVI and its 

function in platelet biology and pathology.  
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Figure 13. TspanC8s may restrict ADAM10 substrate repertoire by regulating ADAM10 
conformation. (A) The interaction of a TspanC8 with ADAM10 may lead to conformational changes in 
both proteins, leading to the formation of an active ‘open’ conformation. (B) Depending on the associated 
TspanC8, e.g., Tspan14 (T14) or Tspan15 (T15) (not shown for clarity), the angle of the metalloprotease 
domain relative to the membrane surface may be different. Therefore, a substrate with an ADAM10 (A10) 
cut site (depicted by a star) located closer to the membrane surface cannot be cleaved by a 
Tspan14/ADAM10 scissor but can be cleaved by a Tspan15/ADAM10 scissor. 
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 The platelet collagen and fibrin receptor GPVI 

1.5.1 Platelets in haemostasis and thrombosis 

Platelets are small, anucleate blood cells that originate from their larger precursor cells known 

as megakaryocytes. The major function of platelets is in regulating blood clot (thrombus) 

formation, although increasing evidence has shown that platelets can also act as immune cells 

and mediate other pathophysiological responses (Brass, Diamond and Stalker, 2016; Kapur and 

Semple, 2016; Braun et al., 2021). Platelets respond to injury to blood vessels by becoming 

activated and initiate blood clotting to prevent excessive bleeding (haemostasis). In diseased 

blood vessels, unwanted platelet activation leads to the formation of excess blood clots that 

could obstruct blood flow (thrombosis) (Koupenova et al., 2017; Mackman et al., 2020).  

Thrombosis in an artery (arterial thrombosis) may result in heart attack if it occurs in coronary 

arteries or stroke if it occurs in arteries providing blood supply to the brain (Figure 14A). 

Arterial thrombi are often characterised by the presence of platelet-rich white thrombi and the 

roles that platelets play are well-examined. On the other hand, thrombosis in a vein (venous 

thrombosis) results in fibrin- and red blood cell-rich red thrombi (Koupenova et al., 2017; 

Mackman et al., 2020). As such, the role of platelets in venous thrombosis is less well-studied 

but emerging genetic, experimental and clinical evidence suggest that platelet function is 

important in venous thrombosis (Takahashi et al., 2009; Montoro-García et al., 2016; Panova-

Noeva et al., 2020). Thrombosis in a deep vein, usually in the lower body, results in deep vein 

thrombosis; the thrombus may break off and travel (embolise) to the lungs, leading to 

pulmonary embolism (Figure 14B). Deep vein thrombosis and pulmonary embolism are 

collectively known as venous thromboembolism (Koupenova et al., 2017; Mackman et al., 

2020).  



CHAPTER 1 

46 

 

 

Figure 14. Platelets in arterial and venous thrombosis. (A) Unwanted platelet activation in a diseased 
artery, such as following the rupture of an atherosclerotic plaque, leads to arterial thrombosis, which can 
obstruct blood flow and cause heart attack or stroke depending on the location of the artery. Arrows 
indicate blood flow. (B) Unwanted activation of platelets and the coagulation cascade in a deep vein, 
such as due to a stagnation of blood flow in the thigh, leads to deep vein thrombosis. The clot can travel 
to the lungs, resulting in pulmonary embolism. Collectively, deep vein thrombosis and pulmonary 
embolism are referred to as venous thromboembolism. Diagrams of organs, vessels and blood 
components are adapted from Servier Medical Art (Servier Laboratories, 2020). 
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1.5.2 Mechanisms of platelet activation in haemostasis and thrombosis 

Resting platelets circulate in the bloodstream and become activated in response to 

environmental stimuli. Platelets have many adhesion and signalling receptors on their surface 

that facilitate a complex network of activatory and inhibitory signalling machineries. In 

haemostasis, injury to the endothelium exposes the protein-rich subendothelial matrix (Figure 

15). Binding of the platelet glycoprotein complex GPIb-IX-V to von Willebrand factor (vWF), 

immobilised on the collagen-rich matrix, tethers platelets to the site of injury. This allows 

collagen to bind to GPVI, which initiates platelet activation by triggering a signalling cascade 

through its associated Fc receptor gamma dimer chains (FcRɣ) that contain immunoreceptor 

tyrosine-based activation motifs (ITAMs) (Figure 15). Activation enhances platelet adhesion 

by activating the collagen-binding integrin receptor α2β1 and the fibrin(ogen)-binding platelet 

integrin αIIbβ3. In activated platelets, cytoskeletal rearrangements allow platelets to stretch and 

spread. Granules containing secondary mediators are also secreted to recruit other platelets in 

the bloodstream to the injury site, resulting in an aggregate of platelets (Figure 15). Activated 

platelets also augment the simultaneously active blood coagulation cascade by enhancing the 

production of the multi-functional protease thrombin, which converts fibrinogen to fibrin, 

resulting in a stable thrombus (Dütting, Bender and Nieswandt, 2012; Xu et al., 2016). 

In arterial thrombosis, excessive platelet activation can be triggered by damage to the vessel 

wall such as rupture of a subendothelial atherosclerotic plaque (Figure 14A, Section 1.5.1), 

which provides an attractive platform for platelet activation. In venous thrombosis, the 

endothelium often remains intact but endothelial dysfunction can occur due to blood flow 

stagnation (Figure 14B, Section 1.5.1). This results in a low-oxygen environment that can 

trigger the release of vWF from endothelial cells to recruit and activate platelets, and in 
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combination with other pro-coagulant mediators, lead to the formation of fibrin-rich clots 

(Koupenova et al., 2017; Wang et al., 2018; Mackman et al., 2020).   

 

Figure 15. GPVI is a key receptor in platelet activation. (1) Platelets are recruited to the site of vessel 
injury following binding of platelet receptors to their substrates in the exposed subendothelial matrix. (2) 
Binding of GPVI to collagen initiates platelet activation by signalling through its associated ITAM-
containing FcRɣ, resulting in a weak and sustained increase in intracellular Ca2+ levels. This triggers 
further inside-out signalling, activating integrins which enhance platelet adhesion and causes a shape 
change into spread, activated platelets. (3) Activated platelets secrete granules containing various 
chemotactic factors that recruit more platelets to their substrates at the injury site, (4) forming an 
aggregate of activated platelets and (5) together with the active blood coagulation cascade, produce a 
stable blood clot. Large, filled oval on GPVI depicts an N-glycosylation site, whereas smaller ovals on 
the stalk region depict O-glycosylation sites. Figure is based on Dütting, Bender and Nieswandt (2012). 

 

 

  



CHAPTER 1 

49 

 

1.5.3 GPVI is the major signalling receptor for collagen and can also bind fibrin 

GPVI is a single-pass transmembrane protein with two extracellular immunoglobulin G (IgG) 

domains: an N-terminal domain that binds collagen (Lecut et al., 2004; Smethurst et al., 2004) 

and another domain that facilitates homodimerisation (Horii, Kahn and Herr, 2006; Slater et al., 

2021) (Figure 15, Section 1.5.2). Through its transmembrane and juxtamembrane intracellular 

regions, GPVI forms a complex with its signalling partner FcRγ (Berlanga et al., 2002; Bori-

Sanz et al., 2003), which is also essential for its surface expression on platelets (Tsuji et al., 

1997). GPVI cytoplasmic tail contains motifs for binding to the Ca2+-binding protein 

calmodulin (Andrews et al., 2002), Src kinases (Suzuki-Inoue et al., 2002) and tumour necrosis 

factor (TNF)-receptor associated factor 4 (TRAF4) (Arthur et al., 2011). 

GPVI is the major signalling receptor for collagen that initiates platelet activation (Figure 15, 

Section 1.5.2). Specifically, GPVI binds to type I, II and III fibrillar collagens (Jung et al., 

2008). The conventional view of GPVI dimerisation being a requirement for collagen binding 

has recently been challenged due to contradictions in the literature (Clark, Damaskinaki, et al. 

2021) and evidence that endogenous GPVI exists as monomers and dimers on the platelet 

surface regardless of activation status, and that deletion or replacement of the dimerisation 

domain in the extracellular region did not impair collagen-induced signalling (Clark, Neagoe, 

et al. 2021). The authors proposed that GPVI dimerisation is not a conformational requirement 

for ligand binding but rather serves to increase avidity. Irrespective of dimerisation, it is clear 

that GPVI clustering upon collagen binding maintains collagen-induced ITAM signalling in 

platelets (Poulter et al., 2017; Pallini et al., 2021) to induce a weak and sustained rise in 

intracellular Ca2+ level (Tomlinson et al., 2007). 
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GPVI can also bind other ligands, most notably the recently discovered fibrin which revealed 

another key role of GPVI in promoting thrombus growth and maintaining thrombus stability 

(Alshehri et al., 2015; Mammadova-Bach et al., 2015; Onselaer et al., 2017; Induruwa et al., 

2018). The binding of GPVI to fibrin and whether it can bind fibrinogen is another subject of 

controversy (Slater et al., 2018). A recent study attempted to address this using fibrin clots that 

more closely mimic the physiological condition and showed that GPVI binds fibrin but not 

fibrinogen (Moroi et al., 2021). The authors also demonstrate that GPVI in resting platelets can 

bind fibrin and does not require activation of the major fibrin-binding receptor αIIbβ3. Similarly, 

another study compared fibrin- and collagen-induced platelet aggregation and showed that they 

are mechanistically different in that although binding of fibrin to GPVI can induce ITAM 

signalling, fibrin-mediated aggregation does not require ITAM signalling and is αIIbβ3-

independent (Montague et al., 2020). These findings support the role of GPVI-fibrin interaction 

in the propagation of collagen-poor thrombi such as venous thrombi (Lehmann et al., 2018) or 

during septic thermal injury (Montague et al., 2018).  

1.5.4 GPVI is a promising anti-platelet target 

Finding the right balance between maintaining haemostasis and reducing thrombosis is a key 

consideration when identifying novel anti-platelet targets or strategies (Mackman et al., 2020). 

As such, GPVI is an attractive anti-platelet target not only because its expression is restricted 

to platelets and megakaryocytes, but also because its blockade or depletion reduces thrombosis 

but is not accompanied by severe haemostasis defects (Alenazy and Thomas, 2021; Harbi et al., 

2021). In human, this was best demonstrated by GPVI-deficient patients, who had mildly 

increased bleeding time; GPVI-deficient human platelets showed reduced adhesion to collagen, 

loss of aggregation in response to collagen and reduced thrombus formation on collagen 

(Sugiyama et al., 1987; Moroi et al., 1989; Dumont et al., 2009; Hermans et al., 2009). In 
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addition, GP6 polymorphisms are associated with thrombotic disease risks (Arthur, Dunkley 

and Andrews, 2007).  

Indeed, two novel biologics targeting GPVI are currently in clinical trials. The first is Revacept, 

developed by the biotech company advanceCOR. Revacept is a recombinant fusion protein 

consisting of the soluble ectodomain of a dimeric GPVI fused to the fragment crystallisable (Fc) 

region of human IgG1. It inhibited GPVI-dependent platelet adhesion and thrombus formation 

in vitro and in mice models in vivo by acting as a competitive antagonist to membrane-bound 

GPVI for collagen binding (Massberg et al., 2004; Schönberger et al., 2012). Phase II trials for 

the prevention and treatment of stroke and coronary heart disease with Revacept have recently 

been completed. In the trial for stroke, Revacept treatment reduced bleeding and stroke 

complications (US National Library of Medicine 2021a). In the trial for coronary heart disease, 

the safety of Revacept was demonstrated as it did not cause bleeding increase in patients. 

Although its clinical efficacy has not been demonstrated, a modest reduction in collagen-

induced platelet aggregation was seen. The authors proposed that different clinical end-point 

measurements in a cohort of higher-risk patients is likely needed to realise the translation of 

platelet inhibition to clinical efficacy in future trials (Mayer et al., 2021). 

The second anti-GPVI agent is ACT017 (glenzocimab), developed by the company Acticor 

Biotech. It is a humanised antigen-binding fragment (Fab) of an anti-GPVI antibody 9O12. 

Administration in animal models reduced collagen-induced platelet aggregation and thrombus 

formation on collagen with no bleeding defects (Mangin et al., 2012; Lebozec et al., 2017). Its 

safety and anti-platelet effects have been demonstrated in healthy individuals in a completed 

Phase I trial (Voors-Pette et al., 2019). Phase II clinical trials for stroke (and COVID-19) are at 

the patient recruitment stage (US National Library of Medicine 2021b). 
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These biologics demonstrate that anti-GPVI strategies may improve patient outcomes in 

thrombotic diseases without bleeding side effects. 

1.5.5 GPVI can be downregulated by ADAM10-mediated shedding 

Ectodomain shedding of GPVI is a mechanism that provides a means to rapidly downregulate 

GPVI expression on the surface of activated platelets. ADAM10 is the primary sheddase for 

human GPVI (Gardiner et al., 2007). Of note, mouse GPVI, which only shares ~65% amino 

acid identity with its human counterpart (Jandrot-Perrus et al., 2000), can also be cleaved by 

ADAM17 and additional unidentified proteases (Bender et al., 2010). Other than GPVI, 

ADAM10 is estimated to have another 34 putative substrates that are expressed on platelets 

(Maurer et al., 2020); of these, shedding of GPV (Gardiner et al., 2007) and signalling 

lymphocyte activation molecule family 5 (SLAMF5) on platelets have been demonstrated 

(Hofmann et al., 2012).  

Shedding of GPVI (~60 kDa) generates a soluble ectodomain fragment (~50 kDa), leaving a 

membrane-bound fragment at the C-terminus (~10 kDa). The membrane remnant is not 

subjected to γ-secretase cleavage (Matthews, 2019). Due to the lack of constitutive GPVI 

shedding on resting platelets (Gardiner et al., 2004), the ratio of soluble GPVI to membrane-

bound GPVI may act as a marker for platelet activation (Montague, Andrews and Gardiner, 

2018). This is because increased soluble GPVI levels have been detected in plasma samples of 

severely injured patients (Montague et al., 2018; Vulliamy et al., 2020) and patients with 

thrombotic diseases (Al-Tamimi, Gardiner, et al., 2011; Yamashita et al., 2014; Stack et al., 

2017). 

Physiologically, GPVI shedding can be induced upon binding to its ligands (Gardiner et al., 

2004; Montague et al., 2018). A recent study suggests that binding of collagen and fibrin induce 
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GPVI shedding by ADAM10 via different mechanisms in platelets. In contrast to collagen, 

fibrin-induced GPVI shedding occurs by increasing ADAM10 activity, is charge-dependent, 

and does not require activation of downstream ITAM signalling (Montague et al., 2020). Shear 

stress (Al-Tamimi et al., 2012) or activation of coagulation by factor Xa (Al-Tamimi, 

Grigoriadis, et al., 2011) can also activate GPVI shedding. Shedding can also be triggered by 

external stimuli using ADAM-activating chemicals including the thiol-alkylating agent N-

ethylmaleimide (NEM) (Gardiner et al., 2007) and the Ca2+ ionophore ionomycin (Baaten et 

al., 2018). It is worth noting that NEM is a potent metalloprotease activator, but the exact 

mechanism of activation remains unclear. It has been proposed that NEM triggers the “cysteine-

switch” activation mechanism by alkylating a critical cysteine residue in the metalloprotease 

prodomain. Cysteine alkylation disrupts its interaction with Zn2+ in the catalytic site, allowing 

the prodomain to dissociate from the catalytic site to allow substrate access (van Wart and 

Birkedal-Hansent, 1990). Another unexplored possibility is that NEM may also indirectly 

activate metalloproteases by alkylating critical cysteine residues on their regulatory proteins, 

such as TspanC8 tetraspanins in the case of ADAM10. Inhibiting calmodulin can also activate 

GPVI shedding, which is accompanied by the dissociation of calmodulin from the cytoplasmic 

tail of GPVI (Gardiner et al., 2004); it was proposed that this may increase the exposure of its 

cleavage site to ADAM10 (Gardiner, 2018). 

A recent study has shown that in contrast to platelets in suspension, GPVI shedding is minimal 

on platelets adhered on immobilised collagen in vitro. Imaging shows that clustering of GPVI 

along collagen fibres may prevent access of ADAM10 to GPVI, thereby limiting its shedding 

(Pallini et al., 2021). Another study has examined GPVI shedding in thrombus formed on 

collagen in vitro and has demonstrated that GPVI shedding occurs in loosely attached platelets 

in the outer region of a thrombus but not in aggregated platelets in the core of a thrombus 
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(Baaten et al., 2018). These findings may represent homeostatic mechanisms whereby selective 

GPVI shedding on specific subpopulations acts to limit thrombus propagation, whereas 

prevention of GPVI shedding through its clustering acts to sustain platelet activation to maintain 

haemostasis. Therefore, could activating ADAM10 shedding of GPVI in platelets be useful to 

prevent thrombus growth? 

1.5.6 Inducing GPVI cleavage by Tspan15/ADAM10 or Tspan33/ADAM10 scissors as a 

novel anti-platelet strategy?  

A recent study in the lab provided evidence that of the three platelet TspanC8/ADAM10 

scissors, Tspan15/ADAM10 and Tspan33/ADAM10 scissors can cleave human GPVI but 

Tspan14/ADAM10 scissor cannot. Because genetically modifying the anucleate human 

platelets is not a feasible option, the scissors were identified using a knockout approach in two 

different model cell lines: human embryonic kidney cells expressing the simian virus 40 large 

T-antigen (HEK-293T) transfected with human GPVI and phorbol ester-differentiated 

megakaryocyte-like human erythroleukemia (HEL) cells, which express endogenous GPVI. In 

both cell lines, shedding of human GPVI was unaffected in Tspan14-knockout cells but was 

completely abolished in Tspan15/33 double knockout cells, similar to what was observed in 

control ADAM10-knockout cells. Importantly, although ADAM10 surface expression was 

partially reduced to varying degrees in all cell lines, substantial levels of ADAM10 remained 

on the cell surface in Tspan15/33 double knockout cells, suggesting that the striking absence of 

shedding was contributed directly by the loss of Tspan15 and Tspan33 (Matthews, 2019).  

These findings present an opportunity for a novel anti-GPVI strategy by specifically targeting 

Tspan15 or Tspan33 to modulate ADAM10 activity, rather than directly targeting ADAM10, 

which would affect shedding of all the other ~100 ADAM10 substrates. Specific activation of 
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Tspan15/ADAM10 or Tspan33/ADAM10 scissors would downregulate GPVI on the platelet 

surface and additionally release a Revacept-like soluble GPVI that can bind ligands to prevent 

further platelet activation (Figure 16). To determine whether such a strategy is feasible, it is 

therefore important to first understand the molecular mechanisms of how ADAM10-mediated 

shedding of GPVI is regulated by TspanC8s. In other words, why can Tspan15/ADAM10 and 

Tspan33/ADAM10 scissors cut GPVI, whereas Tspan14/ADAM10 scissors cannot?  

 
Figure 16. Potential anti-platelet strategy by targeting specific TspanC8/ADAM10 scissors. 
Specific targeting of Tspan15/ADAM10 or Tspan33/ADAM10 complexes may (1) downregulate platelet 
GPVI surface expression and (2) release soluble GPVI that can bind its ligands, e.g., collagen, to prevent 
further platelet activation. 

 

  

GPVI/FcRg

ADAM10 Tspan15Tspan33

Collagen

①

②



CHAPTER 1 

56 

 

 Project aims and objectives 

The overarching aim of this thesis is to characterise GPVI shedding by TspanC8/ADAM10 

scissors to provide further evidence to the ‘six scissors’ hypothesis, i.e., how six TspanC8s 

differentially regulate ADAM10 substrate specificity. Understanding the molecular basis of this 

regulation is essential to guide future directions in designing therapeutics targeting TspanC8s 

to modulate ADAM10 activity, for example, to induce GPVI shedding as a novel anti-platelet 

strategy.  

The objectives of this thesis are as follows: 

• To investigate the mechanisms by which TspanC8s regulate GPVI cleavage by 

ADAM10 (Chapter 3). 

• To analyse TSPAN15 and GP6 variants associated with thrombosis (Chapter 4). 

• To investigate how Tspan15 and ADAM10 regulate each other (Chapter 5). 

• To investigate potential Tspan15 redundancy with other TspanC8s (Chapter 6). 
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CHAPTER 2 

MATERIALS AND METHODS 

 Antibodies 

Antibodies for immunofluorescence microscopy (Section 2.12), immunoprecipitation (Section 

2.6.1.3), flow cytometry (Section 2.6.3) and Western blotting (Section 2.6.2) are summarised 

in Table 3. 

Table 3. Summary of antibodies. Antibodies are purified unless otherwise stated. IF: 
immunofluorescence microscopy; IP: immunoprecipitation; FC: Flow cytometry; WB: Western blot; mAb: 
monoclonal antibody; pAb: polyclonal antibody 
 

 Source Identifier 
Working 
concentration/dilution 

Primary antibodies 

Rabbit anti-FLAG pAb Merck (Gillingham, UK) F7425 
IF: 1:800 
WB: 1:5,000 

Rabbit anti-GFP pAb Merck G1544 WB: 1:4,000 

Mouse anti-HA mAb (6E2) 
Cell Signaling Technology 
(CST; London, UK)  

2367S WB: 1:5,000 

Mouse anti-myc mAb (9B11) CST 2276S 
IF: 1:8,000 
WB: 1:5,000 

Mouse anti-human ADAM10 
mAb (11G2); ascites fluid 

Dr. Eric Rubinstein  
(Paris, France) 

(Arduise et al., 2008) 
FC: 10 µg/mL 
WB: 0.5 µg/mL 

Mouse anti-human ADAM10 
mAb (11G2)* 

Abcam (Cambridge, UK) ab59482* IF: 1 µg/mL 

Mouse anti-human ADAM17 
mAb 

R&D Systems (Abingdon, 
UK) 

MAB9301 FC: 10 µg/mL 

Mouse anti-human GPVI 
mAb (336A9) 

Prof. Dr. Bernhard Nieswandt 
(Würzburg, Germany) 

Unpublished 
IF: 2.5 µg/mL 
FC: 10 µg/mL 

Mouse IgG1κ mAb (MOPC-
21) 

MP Biomedicals  
(Santa Ana, US) 

0850327 FC: 10 µg/mL 

Mouse anti-N-cadherin mAb 
(cytoplasmic) 

BD Biosciences  
(Wokingham, UK) 

610921 IF: 2.5 µg/mL 

Rabbit anti-N-cadherin mAb 
(extracellular) 

Abcam (Cambridge, UK) ab245117 WB: 1:1,000 

Mouse anti-human Tspan15 
mAb (1C12); hybridoma 
supernatant 

In-house by Abpro  
(Woburn, US) 

(Koo et al., 2020) 
FC: undiluted 
WB: 1:5 

Mouse anti-human Tspan15 
mAb (5D4) 

Purified by Dr. Margaret 
Goodall (Birmingham, UK) 

(Koo et al., 2020) 
IF: 5 µg/mL 
IP: 4 µg per reaction 

Rabbit anti-human Tspan15 
C-terminus pAb  

Novus Biologicals  
(Abingdon, UK) 

NBP1-92540 WB: 1:1,000 

Secondary antibodies 

Sheep anti-mouse IgG-
fluorescein isothiocyanate 
(FITC) 

Merck F2883 FC: 1:100 

Goat anti-mouse IgG-
allophycocyanin (APC) 

Thermo Fisher Scientific 
(Loughborough, UK) 

A10539 FC: 1:500 
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Donkey anti-mouse IgG-
IRDye® 800CW 

LI-COR Biosciences 
(Cambridge, UK) 

926-32212 WB: 1:10,000 

Goat anti-mouse IgG-
IRDye® 680RD 

LI-COR Biosciences 926-68070 WB: 1:10,000 

Goat anti-rabbit IgG-IRDye® 
800CW 

LI-COR Biosciences 926-32211 WB: 1:10,000 

Donkey anti-rabbit IgG-
IRDye® 680RD 

LI-COR Biosciences 926-68073 WB: 1:10,000 

Goat anti-mouse IgG-Alexa 
Fluor® 488 

Thermo Fisher Scientific A-11001 IF: 1:300 

Goat anti-mouse IgG-Alexa 
Fluor® 647 

Thermo Fisher Scientific A-21235 IF: 1:300 

Goat anti-rabbit IgG-Alexa 
Fluor® 488 

Thermo Fisher Scientific A-11008 IF: 1:300 

Fluorophore-conjugated primary antibodies 

Alexa Fluor® 647-
conjugated mouse anti-
human Tspan15 mAb (5D4) 

Section 2.12.1 (Koo et al., 2020) IF: 5 µg/mL 

Alexa Fluor® 647-
conjugated mouse anti-
human ADAM10 mAb 
(11G2) 

Section 2.12.1 (Koo et al., 2020) IF: 1 µg/mL 

FITC-conjugated rat anti-
mouse ADAM10 mAb 

R&D Systems FAB946F FC: 1:10 

FITC-conjugated rat IgG2a 
mAb 

R&D Systems IC006F FC: 1:10 

FITC-conjugated mouse 
anti-human ADAM10 mAb 

R&D Systems IC1427F FC: 1:10 

FITC-conjugated mouse 
IgG2b mAb 

R&D Systems IC0041F FC: 1:10 

*Supplied in an ion-exchange purified format in phosphate-buffered saline (PBS) at the time of purchase in 2018 
but is now supplied as tissue culture supernatant (2021). 

 Expression constructs 

The pEF6 vector encoding human FcRɣ was as described (Tomlinson et al., 2007). C-terminal 

GFP-tagged human RAGE in the pcDNA6.2 vector was a gift from Prof. Alexander Shekhtman 

(New York, US). N-terminal alkaline phosphatase-conjugated human betacellulin in the pAIPh 

vector was a gift from Prof. Shigeki Higashiyama (Matsuyama, Japan) and Prof. Carl Blobel 

(New York, US) (Sahin et al., 2004). Nuclear factor of activated T-cells (NFAT)-luciferase 

reporter construct in the pΔODLO vector was described previously (Shapiro et al., 1996; 

Tomlinson et al., 2007). The pEF6 and pcDNA vectors used to generate new constructs were 

from Invitrogen (Thermo Fisher Scientific). 
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2.2.1 GPVI 

C-terminal myc-tagged human GPVI expression constructs in pcDNA3.1 vectors were as 

described (Berlanga et al., 2007). Wild-type GPVI refers to the more common isoform, GPVIa.  

The C-terminal myc-tagged GPVI stalk-extended mutants were generated with the Q5® 

site-directed mutagenesis kit (New England Biolabs, Hitchin, UK) using wild-type GPVI 

expression construct as the template. GPVI+5 and GPVI+10 had one and two sets of glycine-

serine linkers (GGGGS) inserted at the predicted extracellular-transmembrane interface, 

respectively (Table 4). 

2.2.2 TspanC8s 

N-terminal FLAG-tagged pEF6 (pEF6 FLAG) vectors encoding TspanC8s were described 

previously (Noy et al., 2016; Koo et al., 2020). Table 4 summarises the list of N-terminal 

FLAG-tagged human Tspan14 and Tspan15 mutant constructs used in this project. Tspan14/15 

extracellular region chimeras, Tspan14(15EC) and Tspan15(14EC) and the tails-truncated 

Tspan15 mutant, Tspan15(ΔNC) were as described (Szyroka, 2019). The Tspan14/15 

cytoplasmic domain chimeras, Tspan14(15Cyto) and Tspan15(14Cyto) were generated by 

subcloning of synthesised fragments contained within pTWIST cloning vectors (Twist 

Bioscience, San Francisco, US) into the pEF6 FLAG expression vector by restriction digest. 

The Tspan14/15 C-terminal tail chimeras, Tspan14(15C) and Tspan15(14C) were generated by 

multi-step PCR using wild-type human Tspan14 and Tspan15 as templates (provided by Dr. 

Neale Harrison, Birmingham, UK).  

2.2.3 ADAM10 

C-terminal HA-tagged wild-type mouse ADAM10 (Maretzky, Schulte, et al. 2005) and 

ADAM10 lacking the cytoplasmic tail (ADAM10ΔC) (Maretzky et al., 2015) in the pcDNA3.1 
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vectors had been described previously. C-terminal myc-tagged human ADAM10 in the pRK5M 

vector was a gift from Rik Derynck (Addgene plasmid #31717) (Liu et al., 2009). The truncated 

human ADAM10 containing the disintegrin, cysteine-rich and stalk region (ADAM10DCS) in 

the pDisplay vector was as described (Noy et al., 2016). 

Table 4. Amino acid sequences of mutants. Insertions are depicted in red; substitutions are in blue; 
deleted residues are crossed out. EC: extracellular region; TM: transmembrane region; Cyto: 
cytoplasmic region; N: N-terminus; C: C-terminus. 
 

Construct 
Modified 
region(s) 

Sequence(s) 

pcDNA3.1 GPVI-myc 

GPVI+5 
EC-TM 
interface 

N- …QYYTKGGGGSGNLVR…    -C 

GPVI+10 
EC-TM 
interface 

N- …QYYTKGGGGSGGGGSGNLVR…   -C 

pEF6 FLAG-Tspan 

14(15EC) EC 
TM1- …LGVGLYAEVERQKYKTLESAFLAPVVLVL…  -TM2 
TM3- …AVLAFTFRNQTIDF…IIWFMDNIYIVA…   -TM4 

15(14EC) EC 
TM1- …SVGIYWAWSEKGVLSDLTKVTRMHGIDPAIILI…  -TM2 
TM3- …GVVALLFQDWVG…ESWLPRNGILLG…   -TM4 

14(15Cyto) Cyto 
N- …PRGDSEQVRYCARFSYLWLKFSLLFSY…  -TM1 
TM2- …AGCVGSLRDNLYLLQFFCGT…    -TM3 
TM4- …FGIFLTRVEDIIMEHSVTDGLL…AAGTGCCLCYPN  -C 

15(14Cyto) Cyto 
N- …HYYRYSNAKVSCWYKYLIIYS…    -TM1 
TM2- …IGVLAALRENICLLNAFMYI…    -TM3 
TM4- …TLLYIARTLISDIEAVKAGHHF    -C 

15(ΔNC) N and C 
N- …PRGDSEQVRYCARFSYLWLKFS…   -TM1 
TM4- …TRVEDIIMEHSVTDGLLGPGAKPSVEAAGTGCCLCYPN -C 

14(15C) C TM4- … FGIFLTRVEDIIMEHSVTDGLL…AAGTGCCLCYPN  -C 

15(14C) C TM4- …TLLYIARTLISDIEAVKAGHHF    -C 

 

2.2.4 Tspan15/ADAM10 bimolecular fluorescence complementation (BiFC) 

A pair of Tspan15 and ADAM10 split superfolder GFP (sfGFP) constructs for bimolecular 

fluorescence complementation (BiFC) was generated by PCR cloning. The split sfGFP and CFP 

expression vectors were gifted by Dr. Nicholas Holliday (Nottingham, UK) (Kilpatrick, 

Briddon and Holliday, 2012). Tspan15 was linked to the N-terminal half of sfGFP at the C-

terminus by amplifying the region encoding human Tspan15 on pEF6 FLAG Tspan15 and then 

subcloning into the pcDNA3.1/zeo split sfGFP vector. The C-terminal half of sfGFP was linked 

to the C-terminus of ADAM10 by PCR-mediated splicing of ADAM10-GFP fragments 
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generated by two separate PCR rounds from a pcDNA3.1/zeo split CFP vector and pcDNA3.1 

mouse ADAM10 (Maretzky, Schulte, et al. 2005). The spliced ADAM10-GFP fragment was 

subcloned into pcDNA3.1 ADAM10.  

 Cell culture 

Reagents were sourced from Merck unless otherwise stated. Complete media refers to growth 

media supplemented with 10% foetal bovine serum (FBS) (Thermo Fisher Scientific), 4 mM 

L-glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. Human embryonic kidney 

cells expressing the simian virus 40 large T-antigen (HEK-293T) and the human lung epithelial 

cell line A549 were cultured in complete high-glucose Dulbecco’s modified Eagle’s media 

(DMEM). Human erythroleukemia (HEL) cells and Jurkat T cells were cultured in complete 

Roswell Park Memorial Institute (RPMI) 1640 media. The chicken B cell line DT40 was 

cultured in complete RPMI 1640 media supplemented with 50 µM β-mercaptoethanol (Thermo 

Fisher Scientific). All cells were maintained at 37 ⁰C, 5% CO2 in a humidified incubator.  

 Transfection 

2.4.1 HEK-293T 

HEK-293T cells were transfected with the cationic polymer polyethylenimine (PEI) (Merck) 

(Ehrhardt et al., 2006). Cells were plated the day before transfection, such that they would be 

at 70-80% confluency on the day of transfection. Plasmid DNA and PEI were added at a 1:4 

ratio by mass to the reduced serum media Opti-MEM® (Thermo Fisher Scientific), constituting 

0.005% w/v of the mixture. The mixture was incubated for 10 minutes at room temperature to 

allow PEI/DNA complexes to form before adding to the cells.  
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2.4.2 DT40 

DT40 cells were transfected by electroporation as described (Tomlinson et al., 2007). Cells 

were passaged the day before to obtain a yield of 1.5×107 cells per transfection on the day of 

transfection. To remove cell culture supplements that may negatively impact electroporation, 

cells were washed in unsupplemented RPMI 1640 media, and resuspended in 400 μL of the 

same media before adding 20.5 μg of plasmid DNA. After 10 minutes of incubation at room 

temperature, the cells were electroporated at 350 V and 500 µF using a Gene Pulser 

electroporator (Bio-Rad, Watford, UK). The electroporated cells were allowed to rest for 

another 10 minutes before being added to 8 mL of complete RPMI 1640 media in one well of 

a 6-well plate. 

 Nucleic acid techniques 

Reagents and kits were from Thermo Fisher Scientific unless otherwise stated. DNA and RNA 

concentrations were determined spectrophotometrically on a NanoPhotometer® UV/Vis 

spectrophotometer (Implen, München, Germany).  

2.5.1 Genomic DNA extraction 

Cells were incubated at 55 ⁰C overnight in a lysis buffer (5 mM ethylenediaminetetraacetic acid 

(EDTA), 0.2% w/v sodium dodecyl sulfate (SDS), 200 mM NaCl, 100 mM Tris, pH 8.5) 

containing 100 μg/mL Proteinase K (Merck) to lyse cells and remove proteins. Lysate was 

cleared by centrifuging at maximum speed for 3 minutes. An equal volume of isopropanol was 

mixed with the supernatant, and then centrifuged at 21,000 × g for 20 minutes at 4 ⁰C to 

precipitate genomic DNA. The resulting DNA pellet was resuspended in 10 mM Tris, pH 8.5. 
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2.5.2 RNA extraction and reverse transcription (RT) 

RNeasy® Mini Kit (Qiagen, Hilden, Germany) was used to lyse cells and extract RNA using 

silica-based spin-columns, following manufacturer’s instructions. Lysates were homogenised 

using QIAshredder columns (Qiagen) before RNA extraction to improve RNA binding to spin 

columns. RNA was eluted in sterile RNase-free water and converted to cDNA using the Applied 

Biosystems™ High-Capacity cDNA Reverse Transcription Kit. 

2.5.3 End-point polymerase chain reaction (PCR) 

PCR products used in downstream sequencing or cloning were generated using Phusion® High-

Fidelity DNA Polymerase (New England Biolabs (NEB, Hitchin, UK)) using the manufacturer-

recommended reaction setup and cycling conditions. REDTaq® DNA Polymerase (Merck) was 

used for other routine PCRs. All reactions were incubated in a SensoQuest Thermal Labcycler 

(Göttingen, Germany). PCR amplicons were visualised by gel electrophoresis on 1-2% w/v 

agarose gels containing 1:10,000 dilution of SYBR® Safe DNA Gel Stain and imaged using a 

U:Genius3 gel documentation system (Syngene, Cambridge, UK).  

2.5.4 Quantitative polymerase chain reaction (qPCR) 

Transcript levels of TSPAN15 (Hs00202548_m1) and the internal control GAPDH 

(Hs02758991_g1) were determined from cDNA using TaqMan Gene Expression assays on an 

Agilent AriaMX real-time PCR system (Agilent Technologies, Santa Clara, US) with 

carboxyfluorescein (FAM™) detection. Manufacturer-recommended reaction setup and 

cycling conditions were used. Fluorescence was measured for 44 cycles. The threshold 

fluorescence was determined automatically on the AriaMx software (Agilent). The average 

cycle threshold (CT) from technical duplicates was normalised to the GAPDH control (ΔCT) 
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and to the experimental control (ΔΔCT). Expression fold change was presented as 2–ΔΔC
T (Livak 

and Schmittgen, 2001). 

2.5.5 Subcloning 

Synthesised DNA fragments contained within cloning vectors or PCR fragments were 

subcloned into plasmid vectors by restriction digest and ligation. Fragments for insertion were 

designed to include restriction sites for two different enzymes flanking either side, which were 

compatible with unique restriction sites on the vector’s multiple cloning site. Both the insert 

and the vector were digested with the same pair of restriction enzymes following the 

recommended conditions for each enzyme pair (NEB). The digested fragments were subjected 

to gel electrophoresis on a 1% w/v agarose gel to separate fragments by size. The desired insert 

and vector were retrieved by gel purification using the QIAquick® Gel Extraction Kit (Qiagen). 

The insert was ligated into the vector at an insert:vector molar ratio of 3:1 using T4 DNA ligase 

and incubated overnight at 16 ⁰C (NEB). The ligated plasmid was transformed into E. coli to 

propagate for downstream screening and verification by sequencing.  

2.5.6 Plasmid propagation 

Plasmids were transformed into DH5α competent E. coli cells by heat shock following 

manufacturer’s instructions. Transformed bacteria were spread on Luria broth (LB) agar plates 

containing the antibiotic matching the antibiotic resistance marker on the vector. Plates were 

incubated overnight in an enclosed 37 ⁰C incubator. Single colonies were picked for further 

culturing in LB containing the appropriate antibiotic. Plasmids were isolated from the bacteria 

by alkaline lysis, using the QIAprep® Miniprep Kit (Qiagen) or the GenElute™ HP Plasmid 

Midiprep Kit (Merck), depending on the required yield. 



CHAPTER 2 

65 

 

2.5.7 Sequencing and sequence analysis 

PCR products were purified using the QIAquick® PCR Purification Kit (Qiagen). Purified PCR 

products and plasmids were sequenced by Sanger sequencing (Source BioScience, Nottingham, 

UK). Sequences were aligned to the template by Multiple Alignment using Fast Fourier 

Transform (MAFFT) (Katoh and Standley, 2013). To resolve mixed traces in heterozygous 

CRISPR/Cas9 knockout clones, sequences on individual alleles were determined using the 

web-based tools, Tracy (Indigo) (Rausch et al., 2020) and CRISP-ID (Dehairs et al., 2016). 

 Protein analysis techniques 

Reagents were supplied by Thermo Fisher Scientific unless otherwise stated. 

2.6.1 Protein extraction 

2.6.1.1 Cell culture supernatant 

Soluble proteins from cell culture supernatant were concentrated by trichloroacetic acid (TCA) 

precipitation and extracted as described with some modifications (Mentrup et al., 2019). 

Supernatant was mixed with TCA at a final concentration of 20% w/v TCA and rotated 

overnight at 4 ⁰C. On the next day, the sample was centrifuged at 21,000 × g at 4 ⁰C for 10 

minutes to pellet precipitated proteins. The pellet was washed with ice-cold acetone to remove 

residual TCA, and then resuspended in 2× sample buffer (non-reducing: 4% w/v SDS, 20% 

glycerol, 0.1 M Tris, 0.01% w/v bromophenol blue, pH 6.8; reducing: supplemented with 5% 

β-mercaptoethanol) and dissolved by gentle vortexing to achieve a final concentration of ~1× 

sample buffer in the resulting solution. 

2.6.1.2 Whole cell 

Cells were pelleted by centrifugation at 2,655 × g for 3 minutes and lysed in the desired ice-

cold lysis buffer containing 1:100 dilution of a 100× protease inhibitor cocktail (Merck) for 30 
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minutes on ice. For the analysis of ADAM10, the lysis buffer was also supplemented with 5 μM 

of the ADAM10 inhibitor GI254023X (Merck) to prevent post-lysis degradation (Brummer et 

al., 2018). Insoluble debris were pelleted by centrifuging at 21,000 × g at 4 ⁰C for 10 minutes. 

The resultant lysate was resuspended in an equal volume of 2× sample buffer. 

2.6.1.3 Immunoprecipitation 

For each reaction, 20 μL of Protein G Sepharose beads (50% slurry in PBS) (Generon, Slough, 

UK) was used. Antibodies were bound to Protein G Sepharose beads by incubating overnight 

at 4 ⁰C with rotation in 1% Triton X-100 lysis buffer (1% Triton X-100, 10 mM Tris, 150 mM 

NaCl, 1 mM EDTA, 0.02% NaN3, pH 7.5) (Table 3). On the following day, the antibody-coated 

beads were washed by centrifugation at 2,655 × g for 20 seconds in the lysis buffer that the 

proteins were extracted in. Lysates were incubated at 4 ⁰C with rotation for 2 hours. Following 

four washes by centrifugation, the beads containing captured proteins were resuspended in 50 

μL of 2× sample buffer. 

2.6.2 Western blotting 

To blot using tetraspanin or ADAM10 mAbs that bind to the extracellular region, protein 

samples were resuspended in non-reducing sample buffer to retain conformational epitopes for 

mAb recognition. Reducing samples were used when blotting with other mAbs that recognise 

linear epitopes. All samples were denatured at 95 ⁰C for 5 minutes before gel loading. For 

separation of proteins by SDS-polyacrylamide gel electrophoresis (PAGE), standard 

Tris-glycine gel and buffer system was used, except for GPVI, where a Bis-Tris gradient gel 

and 2-(N-morpholino)ethanesulfonic acid (MES) buffer system was used to resolve the ~60 

kDa full-length and ~10 kDa C-terminal fragment simultaneously. Proteins were transferred 

from the gel onto low-fluorescence Immobilon-FL polyvinylidene difluoride (PVDF) 
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membranes (Merck) by wet transfer with the XCell II™ blot module system. Membranes were 

blocked in 5% w/v milk dissolved in Tris-buffered saline (TBS) (20 mM Tris, 137 mM NaCl, 

pH 7.6) for one hour at room temperature. Membranes were incubated with primary antibodies 

overnight at 4 ⁰C, before washing three times with high-salt TBST (TBST with a higher salt 

content at 500 mM NaCl) for 10 minutes to remove non-specific binding, followed by 

incubation with IRDye®-conjugated fluorescent secondary antibodies at room temperature for 

1-2 hours. Primary and secondary antibodies were both diluted in 3% w/v bovine serum 

albumin (BSA) (First Link, Birmingham, UK) in TBST (TBS containing 0.1% Tween® 20) 

(Table 3). After three washes with high-salt TBST, membranes were washed with TBS to 

remove excess Tween® 20. The membranes were scanned using an Odyssey® infrared imaging 

system (LI-COR Biosciences). Band intensities were quantitated after background subtraction. 

2.6.3 Flow cytometry 

For staining of cell surface proteins, 2.5-5×105 cells were harvested and pelleted by 

centrifugation. Antibodies were diluted in 50 μL of PBS containing 0.2% BSA and 0.02% NaN3; 

the same buffer was used for washes (Table 3). Cells were stained with primary antibody for 

30 minutes on ice and then washed with 1 mL of buffer. After 30 minutes of incubation with 

secondary antibody on ice, cells were resuspended in the wash buffer before analysis. For two-

colour staining, cells were washed with 1 mL of buffer, followed by a third 30-minute 

incubation step with a fluorophore-conjugated primary antibody and another wash step. For 

samples that could not be analysed within three hours of staining, cells were washed with 1 mL 

of buffer after secondary antibody incubation and then resuspended in PBS containing 1% 

formaldehyde (Merck), 2% FBS and 0.02% NaN3 to preserve samples for storage at 4 ⁰C. 

Samples were processed on a FACSCalibur flow cytometer (BD Biosciences). Data were 

analysed on the CellQuest Pro software (BD Biosciences) or the Flowing Software (Turku 
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Bioscience Centre). Surface expression level was presented as geometric mean fluorescence 

intensity of the target antibody staining relative to the isotype control staining. 

 Generation of CRISPR/Cas9-knockout cell lines 

HEK-293T cells deficient in ADAM17 and both ADAM10 and ADAM17 were generated using 

CRISPR/Cas9 genome editing technology (Ran et al., 2013) from wild-type and previously 

validated ADAM10-knockout cells (Koo et al., 2020), respectively. Tspan14/15 double 

knockout cells were generated from previously validated Tspan14-knockout cells (Matthews, 

2019). These Tspan14/15 double knockout cells were subsequently used to generate cells 

deficient in Tspan14, Tspan15 and Tspan33. The guide oligos for Tspan15 (guide 1) and 

Tspan33 (guide 3) had been described previously (Matthews, 2019; Koo et al., 2020). Guide 

oligos for ADAM17 are listed in Table 5. The oligos were annealed and cloned into the 

pSpCas9(BB)-2A-Puro (PX459) vector (Addgene plasmid #62988, a gift from Feng Zhang) 

(Ran et al., 2013). Cells were transfected with the plasmid for 36 hours as described in Section 

2.4.1 and treated with 2.5 µg/mL puromycin for three days to select for transfected cells. 

Monoclonal populations were isolated by limiting dilution at a starting concentration of one 

cell per well on a 96-well plate. ADAM17- and Tspan15-knockout clones were screened by 

flow cytometry. Tspan33-knockout clones were screened by Sanger sequencing of the targeted 

genomic region. To verify that any loss-of-function phenotype seen could be attributed to the 

knockout of a target of interest, experiments were repeated in an additional knockout clone 

generated from a second CRISPR/Cas9 guide targeting a different region on the same gene, 

where appropriate, as detailed in the respective figure legends. 
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Table 5. List of CRISPR/Cas9 oligos. F: forward; R: reverse. The genomic target sequence is in red. 
 

Gene Exon Guide oligo (5’ to 3’) 
Sanger Institute 

CRISPR ID 

ADAM17 
(Guide 1) 

1 
F: CACCGCCGAAGCCCGGGTCATCCGG 

926027156 
R: AAACCCGGATGACCCGGGCTTCGGC 

ADAM17 
(Guide 2) 

1 
F: CACCGCGAAAGGAACCACGCTGGTC 

926027164 
R: AAACGACCAGCGTGGTTCCTTTCGC 

    

 Substrate shedding or cleavage assays 

HEK-293T cells were used in all assays and transfected for 24 hours to express GPVI/FcRγ, 

RAGE or betacellulin as described in Section 2.4.1. In some experiments, cells were also 

co-transfected with an equal amount of ADAM10 and/or TspanC8 expression constructs.  

2.8.1 GPVI and RAGE 

Cells on 6-well plates were transfected with expression constructs for either C-terminal 

myc-tagged GPVI (0.5 μg) and untagged FcRɣ (0.5 μg), or C-terminal GFP-tagged RAGE (1 

μg). In the case of RAGE, cells were treated with 10 μM of the γ-secretase inhibitor, N-[N-(3,5-

Difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester (DAPT) (Cambridge Bioscience, 

Cambridge, UK) three hours post-transfection to prevent loss of the C-terminal fragment from 

γ-secretase cleavage (Zhang et al., 2008). In some experiments, cells were treated with 2 mM 

N-ethylmaleimide (NEM) (Thermo Fisher Scientific) for 30 minutes before harvesting to 

activate metalloproteases. Cells were harvested by scraping in PBS and lysed in 1% Triton X-

100 lysis buffer as described in Section 2.6.1.2. Lysates were subjected to anti-myc or anti-GFP 

Western blotting as described in Section 2.6.2 (Table 3). Band intensities of the full-length 

protein and the C-terminal fragment were quantitated. The percentage of substrate cleaved was 

calculated by expressing the amount of C-terminal fragment generated as a percentage of the 

total. 
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2.8.2 N-cadherin 

Cells on 6-well plates were washed with PBS and media replaced with the reduced serum media 

Opti-MEM®. After 30 minutes of incubation, cells were treated with 2 mM NEM for one hour 

before harvesting. The supernatant was centrifuged at 2,655 × g for 3 minutes to remove any 

cell contamination. Protein was concentrated and extracted from the supernatant as described 

in Section 2.6.1.1. Cells were harvested by scraping in PBS and lysed in 1% Triton X-100 lysis 

buffer as described in Section 2.6.1.2. Supernatant and lysate samples were subjected to 

Western blotting as described in Section 2.6.2 with an antibody against the extracellular region 

of N-cadherin (Table 3). Band intensities of shed N-cadherin in the supernatant and full-length 

N-cadherin in the lysate were quantitated to calculate the amount of N-cadherin shed in the 

supernatant as a percentage of total.  

2.8.3 Betacellulin 

Cells were transfected with 0.2 μg of an N-terminal alkaline phosphatase-tagged betacellulin 

expression construct in 24-well plates. On the following day, cells were washed with PBS and 

incubated with the reduced serum media Opti-MEM® for 30 minutes. After 2.5 hours of 

stimulation with 2 mM NEM, the supernatant was harvested and centrifuged at maximum speed 

for 5 minutes to remove cells and debris. Cells were lysed while they are still attached on the 

plate with ice-cold 1% Triton X-100 lysis buffer containing a cocktail of protease inhibitors for 

30 minutes on ice. Lysed cells were centrifuged at maximum speed for 10 minutes at 4 ⁰C to 

remove insoluble debris. Both the supernatant and lysate samples were diluted 10-fold with the 

assay buffer (100 mM Tris, 100 mM NaCl, 20 mM MgCl2, pH 9.5). To measure alkaline 

phosphatase activity, the diluted samples were incubated at 37 ⁰C with the alkaline phosphatase 

substrate, p-nitrophenyl phosphate (pNPP) (Merck) at a final concentration of 1 mg/mL for 15 

minutes to 1 hour, while monitoring the absorbance at 405 nm on an Anthos Zenyth 340rt 
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microplate reader (Biochrom, Cambridge, UK) to ensure the readings were within the linear 

detection range. The percentage of betacellulin shed was calculated from the absorbance of the 

supernatant sample as a percentage of total.   

 NFAT-luciferase assay 

The assay was as described (Tomlinson et al., 2007). DT40 cells were transfected with 20 µg 

of NFAT-luciferase reporter construct, 0.25 µg of GPVI construct and 0.25 µg of FcRɣ 

construct for 16 hours as described in Section 2.4.2. Cells were stimulated for 6 hours with 5 

µg/mL collagen (Takeda, London, UK) or 50 ng/mL phorbol myristate acetate (PMA) (Merck) 

and 1 µM ionomycin (Merck) for maximum stimulation. Cells were lysed in 1% Triton X-100, 

0.1 mM dithiothreitol (DTT) (Merck), 20 mM KH2PO4, pH 7.8 for 5 minutes at room 

temperature. Following lysis, the lysate was mixed with an equal volume of assay buffer (10 

mM adenosine triphosphate (ATP) (Merck), 20 mM MgCl2, 0.2 M KH2PO4, pH 7.8). Luciferase 

activity was measured using a Mithras LB 940 luminometer (Berthold Technologies, 

Harpenden, UK) following injection with 1 mM D-luciferin (Cambridge Bioscience). Data 

were quantitated as a percentage of the maximum luciferase activity from the PMA- and 

ionomycin-treated control for each transfection condition.   

 Lysosomal inhibition 

A549 cells were treated with 50 mM NH4Cl (Thermo Fisher Scientific) for 20 hours to inhibit 

lysosomal degradation (Jurkovitz et al., 1992). Cells were lysed in 1% Triton X-100 lysis buffer, 

and Tspan15 was immunoprecipitated from the lysates using Tspan15 mAb 5D4 as described 

in Section 2.6.1.3.  
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 Deglycosylation 

Tspan15 immunoprecipitates from Section 2.10 were digested with the N-glycosidase PNGase 

F (NEB) under reducing condition following manufacturer’s protocol. The digested samples 

were resuspended in 2×sample buffer for Western blotting. 

 Fluorescence microscopy 

Materials were from Merck unless otherwise stated. 

2.12.1 Antibody labelling 

Purified antibodies in PBS were concentrated to 1 mg/mL using 0.5 mL Amicon Ultra 

Centrifugal Filters. Antibodies were conjugated to Alexa Fluor® 647 fluorophore by reacting 

with succinimidyl esters linked to the dye (Thermo Fisher Scientific). For optimal labelling, 

100 μL of antibodies at 1 mg/mL were mixed with 1 M NaHCO3, pH 8.3, before adding 10 μg 

of the dye to yield an antibody-to-dye ratio of 10:1 by mass. After one hour of incubation with 

rotation in the dark, excess dye was removed using Zeba Spin Desalting Columns (Thermo 

Fisher Scientific). The final concentration and degree of labelling of the conjugate was 

measured using a NanoPhotometer® UV/Vis spectrophotometer. 

2.12.2 Immunostaining 

Cells were cultured on 35 mm glass bottom dishes with glass diameter of 20 mm and thickness 

of #1.5 (MatTek Corporation, Ashland, US). All incubation steps were at room temperature. 

Cells were washed with PBS and fixed with 10% formalin for 15 minutes. To reduce 

autofluorescence from fixation, cells were washed three times with PBS and incubated with 50 

mM NH4Cl for 15 minutes, followed by another three PBS washes. Non-specific sites were 

blocked by incubating cells with block buffer (1% w/v high-purity BSA and 2% goat serum in 

PBS) for at least 20 minutes. Antibodies were diluted in block buffer (Table 3). After 1 hour of 
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incubation with primary antibodies, cells were washed three times with PBS and incubated with 

secondary antibodies in the dark for another hour. Cells were washed four times with PBS and 

stored in PBS in the dark at 4 ⁰C. In some experiments, a final step of one-hour incubation with 

a fluorophore-conjugated antibody raised in the same species as the primary antibody, was done 

after secondary antibody incubation to prevent false labelling. For experiments requiring cell 

permeabilisation, the block buffer was supplemented with 0.1% w/v saponin, which was used 

in all incubation steps. 

2.12.3 Confocal microscopy 

HEK-293T cells were transfected with expression constructs for Tspan15 and ADAM10 sfGFP 

BiFC halves for 24 hours as described in Section 2.4.1. Cells were fixed, permeabilised and 

stained for Tspan15 with Alexa Fluor® 647-conjugated Tspan15 mAb (Table 3). Dual-colour 

confocal images were acquired with 488 nm and 633 nm laser lines by sequential scanning on 

a Leica SP2 confocal microscope (Leica Biosystems, Wetzlar, Germany) equipped with a 63× 

1.4 NA oil objective.  

2.12.4 Airyscan confocal microscopy 

HEL cells were differentiated into megakaryocyte-like cells by treating with 6.2 ng/mL PMA 

for 72 hours. Differentiation was monitored based on cell morphology, i.e., a shift from a small, 

rounded and semi-adherent state in an undifferentiated cell towards a larger and adherent 

phenotype in a differentiated cell. PMA-differentiated HEL cells were fixed, permeabilised and 

stained for GPVI and ADAM10 in a three-step incubation protocol using GPVI mouse mAb 

and Alexa Fluor® 488-conjugated secondary antibody, followed by Alexa Fluor®647-

conjugated ADAM10 mouse mAb (Table 3). HEK-293T cells were transfected with expression 

constructs (detailed in figure legends) for 24 hours as described in Section 2.4.1. Fixed and 
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permeabilised cells were stained with rabbit and mouse primary antibodies simultaneously, and 

secondarily labelled with Alexa Fluor® 488-conjugated goat anti-rabbit and Alexa Fluor® 647-

conjugated goat anti-mouse antibodies (Table 3). Dual-colour confocal images were captured 

sequentially with 488 nm and 640 nm laser lines using a 63× 1.4 NA oil objective in super-

resolution mode on a Zeiss LSM 900 microscope with Airyscan 2 detector (Carl Zeiss, 

Oberkochen, Germany). The images were post-processed on ZEN software (Carl Zeiss) to 

obtain Airyscan images with improved lateral resolution at ~120 nm (Huff et al., 2017). 

2.12.5 Colocalisation analysis 

Images were processed and analysed on Fiji software (Schindelin et al., 2012). Images were 

processed by median filtering, rolling-ball background subtraction and Otsu or Li thresholding 

to isolate true signals. Colocalisation between two fluorescence channels on dual-colour images 

were analysed using Manders’ coefficients to calculate the percentage of overlapping pixels in 

each channel (Manders, Verbeek and Aten, 1993; Pike et al., 2017).  

2.12.6 Fluorescence correlation spectroscopy (FCS) 

HEK-293T cells were seeded on an 8-well glass-bottom chamber with a glass thickness of #1.0 

(Thermo Fisher Scientific) pre-coated with 10 µg/mL poly-D-lysine (Thermo Fisher Scientific). 

On the following day, cells were transfected with equal amounts of expression constructs for 

Tspan15- and ADAM10-conjugated sfGFP BiFC halves for 24 hours as described in Section 

2.4.1. The media was replaced with HEPES-buffered saline solution (2 mM sodium pyruvate, 

10 mM D-glucose, 145 mM NaCl, 5 mM KCl, 1 mM MgSO4.7H2O, 10 mM HEPES, 1.3 mM 

CaCl2, 1.5 mM NaHCO3, pH 7.5). Cells were allowed to equilibrate to room temperature for 

10 minutes. Fluorescence fluctuations on the cell surface were captured and recorded on a Zeiss 

LSM 510NLO Confocor 3 microscope (Carl Zeiss) equipped with a 40× 1.2 NA water objective 
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using a 488 nm laser line. The acquisition parameters, autocorrelation and photon counting 

histogram (PCH) analyses were as described (Ayling et al., 2012; Koo et al., 2020). 

Autocorrelation curves were fitted to a two-component, 2D diffusion model to obtain the 

number of particles per μm2 and diffusion coefficients of the Tspan15/ADAM10 sfGFP BiFC 

complexes. The same traces were fitted to a one- or two-component PCH model to determine 

the molecular brightness of the complexes. FCS traces were collected under the supervision of 

Dr. Joëlle Goulding (Nottingham, UK), who also conducted the autocorrelation and PCH 

analyses.  

 Genotype-phenotype association analysis 

Gene ATLAS, a repository containing genotype and phenotype data from the UK Biobank 

(Canela-Xandri, Rawlik and Tenesa, 2018) was used to analyse phenotypes associated with 

genetic variants of interest, or to identify variants associated with the phenotypes of interest. 

Gene expression level for each variant was retrieved from the Genotype-Tissue Expression 

(GTEx) portal (Aguet et al., 2020). The web-based tool, LDlink was used to analyse linkage 

disequilibrium (LD) patterns to determine if the variants of interests were linked or were 

inherited independently of each other in the British population (Machiela and Chanock, 2015). 

 Statistics  

All statistics were analysed in the GraphPad Prism 9 software (GraphPad Software, San Diego, 

US). Non-parametric data were normalised by arcsine transformation of the square root or log 

transformation before testing for differences in means using analysis of variance (ANOVA) 

tests and post-hoc multiple comparison tests at a 5% significance level. The exact statistical 

comparisons are detailed in each figure legend.
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CHAPTER 3 

INVESTIGATING THE MECHANISMS BY WHICH 

TSPANC8S DIFFERENTIALLY REGULATE GPVI 

CLEAVAGE BY ADAM10 

 Introduction 

Human platelets express three of the six TspanC8s, Tspan14, Tspan15 and Tspan33 (Matthews, 

Noy, et al., 2017). A recent study in the Tomlinson lab has identified Tspan15/ADAM10 and 

Tspan33/ADAM10, but not Tspan14/ADAM10, as the molecular scissors for both 

overexpressed GPVI in transfected HEK-293T cells and endogenous GPVI in megakaryocyte-

like HEL cells. In both cell lines, GPVI cleavage was abolished in Tspan15/33 double knockout 

cells but was unaffected in Tspan14-knockout cells. However, the regulatory mechanism has 

not yet been defined (Matthews, 2019).  

Tetraspanins interact with their partner proteins through the larger main extracellular region 

and/or transmembrane domains (Charrin et al., 2014). The large extracellular domains of 

Tspan5 and Tspan14 have been shown to mediate ADAM10 interaction and maturation, which 

may be a common feature for all TspanC8s (Noy et al., 2016; Saint-Pol, Billard, et al., 2017). 

Interestingly, an exchange between the large extracellular domains of Tspan5 and Tspan15 was 

not sufficient to switch their roles in regulating ADAM10 stability at the cell surface, and 

ADAM10 function was only mildly affected (Eschenbrenner et al., 2020). In line with this, 

recent insights from the crystal structures of the tetraspanins CD9 and CD53 have highlighted 

the importance of studying the extracellular region in its entirety, as the interaction between the 

small and the large extracellular regions may contribute to conformation switching of 

tetraspanins, a mechanism that has been proposed to facilitate partner protein function (Umeda 
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et al., 2020; Yang et al., 2020). Indeed, besides the highly divergent cytoplasmic tails, the 

smaller extracellular region is the second least conserved region among TspanC8s (Matthews, 

Szyroka, et al., 2017). Therefore, this chapter aimed to characterise the extracellular and 

cytoplasmic regions of TspanC8 tetraspanins to determine the regions responsible for regulating 

their subcellular localisation and ADAM10-mediated GPVI cleavage. 

This chapter also aimed to study two potential mechanisms underlying how TspanC8s dictate 

substrate specificity of ADAM10, using GPVI as the model substrate. The first mechanism was 

whether TspanC8s regulate proximity of ADAM10 to substrates, since it is well established 

that TspanC8s determine ADAM10 subcellular localisation. In particular, Tspan15 and 

Tspan33 predominantly localise ADAM10 to the cell surface, whereas Tspan14 has a stronger 

intracellular localisation (Section 1.4.4). Therefore, it was hypothesised that the degree of 

colocalisation between TspanC8/ADAM10 scissors and GPVI would positively correlate with 

the shedding capacity of each scissor.  

The second mechanism of interest was whether TspanC8s regulate ADAM10 accessibility to 

substrate cut sites, as detailed in Section 1.4.5. Previous co-immunoprecipitation experiments 

in the lab have identified different regions on the ADAM10 ectodomain that are required for 

interaction with each of the six TspanC8s (Noy et al., 2016). Additionally, there is an 

association between the identity of the regulatory TspanC8 and the distance of ADAM10 cut 

site from the membrane surface for different substrates (Table 2, Chapter 1). Therefore, the 

substrate selectivity of ADAM10 may arise from interaction with different TspanC8s, which in 

turn positions the metalloprotease domain at different orientations to allow optimal cleavage of 

selected substrates with distinct cut site heights.  
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 Results 

3.2.1 Tspan15/ADAM10 is the most efficient scissor for GPVI 

Tspan15/ADAM10 and Tspan33/ADAM10 have been identified as the scissors for both 

endogenous and overexpressed GPVI, but the regulatory mechanism remains unclear 

(Matthews, 2019). To investigate possible mechanisms, it was important to first determine if 

Tspan15 and Tspan33 differed in their abilities in mediating ADAM10 cleavage of GPVI. To 

do this, the extent of GPVI cleavage rescue by the three platelet TspanC8s, Tspan14, Tspan15 

and Tspan33, was assessed in Tspan15/33 double knockout HEK-293T cells, where 

overexpressed GPVI could not be cleaved. Tspan15/33 double knockout cells were transfected 

with expression constructs for C-terminal myc-tagged GPVI and its associated FcRγ, or each 

of the FLAG-tagged human Tspan14, Tspan15 or Tspan33. To stimulate shedding, cells were 

treated with the metalloprotease activator NEM for 30 minutes before harvesting for lysis. 

GPVI cleavage was assessed by Western blotting with an anti-myc antibody to detect 

full-length GPVI (~63 kDa) and the membrane bound C-terminal fragment following cleavage 

(~10 kDa). Under both basal and NEM-stimulated conditions, reintroducing Tspan15 rescued 

GPVI cleavage maximally (Figure 17A-B). In contrast, Tspan33 restoration did not rescue 

GPVI cleavage to the same extent as Tspan15 despite comparable FLAG expression; the rescue 

was only marginally higher than Tspan14 overexpression, even with NEM treatment (Figure 

17A-B). Therefore, it appears that Tspan15/ADAM10 was able to cleave GPVI substantially 

better than Tspan33/ADAM10.  
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Figure 17. Tspan15/ADAM10 is the most efficient scissor for GPVI in HEK-293T cells. (A) 
Tspan15/33 double knockout (T15/33 dKO) HEK-293T cells were transfected with empty vector (–) or 
expression constructs for C-terminal myc-tagged human GPVI and FcRγ (+) and FLAG-tagged human 
Tspan14, Tspan15, Tspan33 or empty vector control (–) for 24 hours. In control wild-type cells, GPVI 
was cleaved similarly with or without co-expression of FcRγ (data not shown). To activate 
metalloproteases, cells were treated with 2 mM NEM (+), or ethanol as the vehicle control (–) for 30 
minutes and lysed in 1% Triton X-100 lysis buffer. Lysates were subjected to anti-myc and anti-FLAG 
Western blotting. (B) The percentage of GPVI cleaved from panel A was quantitated, arcsine-
transformed and statistically analysed by a two-way ANOVA with Dunnett’s multiple comparisons test 
(*p<0.05, **p<0.01, ***p<0.001, compared to the corresponding empty vector controls in cells treated 
with ethanol (black) or NEM (red)). Error bars represent standard errors of the mean from three 
independent experiments. 
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3.2.2 The ectodomain of Tspan15, but not the cytoplasmic domain, is required for 

efficient GPVI cleavage 

Based on the findings from the previous section, Tspan15/ADAM10 was selected as the 

representative GPVI scissor for mechanistic studies presented in the rest of this chapter. To 

examine the roles of the extracellular region and cytoplasmic domain of Tspan15 in regulating 

GPVI shedding by ADAM10, existing and newly generated Tspan15 mutants and chimeras 

between Tspan15 and Tspan14, the platelet TspanC8 that does not promote GPVI cleavage, 

were used (Figure 18A). These chimeras and mutants were analysed in their abilities to rescue 

GPVI cleavage. To prevent interference from endogenous Tspan14, Tspan14/15/33 triple 

knockout HEK-293T cells, which have a 90% reduction in ADAM10 surface expression, were 

generated by CRISPR/Cas9 for the rescue experiment (Figure A1B-C, Appendix). In addition 

to the FLAG-tagged Tspan14/15 constructs, cells were co-transfected with HA-tagged 

ADAM10 to ensure adequate supply of ADAM10 because it has been shown that ADAM10 

facilitates Tspan5 and Tspan15 expression and maturation (Saint-Pol, Billard, et al., 2017; 

Eschenbrenner et al., 2020; Koo et al., 2020), which could be a common feature for all 

TspanC8s.  

GPVI cleavage was restored modestly to the extent seen in wild-type cells when wild-type 

Tspan14/ADAM10 was overexpressed, whereas overexpression of wild-type 

Tspan15/ADAM10 increased GPVI cleavage maximally (Figure 18Bi). Strikingly, substituting 

the extracellular region of Tspan15 with that of Tspan14 (Tspan15(14EC)) did not result in any 

GPVI cleavage rescue, in contrast to the reverse chimera (Tspan14(15EC)) that increased GPVI 

cleavage to a similar extent as wild-type Tspan15 (Figure 18Bi). Replacing the cytoplasmic 

domain of Tspan15 by that of Tspan14 (Tspan15(14Cyto)) did not diminish the shedding 

capacity of Tspan15/ADAM10 scissors (Figure 18Bi); the reverse chimera had also been made 
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and it did not cleave GPVI, but it was excluded from analysis because it was not functional 

(data not shown), unlike the other mutants which are functional as they promoted ADAM10 

maturation (Figure 18Bii). In line with the findings so far that suggest that the extracellular 

region of Tspan15 is sufficient to promote GPVI shedding, maximal GPVI cleavage was 

retained with the truncation of the cytoplasmic tails on Tspan15 (Tspan15(ΔNC)) or 

replacement of the C-terminal tail with that of Tspan14 (Tspan15(14C)) (Figure 18Bi). Notably, 

replacing the C-terminal tail of Tspan14 with that of Tspan15 (Tspan14(15C)) was enough to 

abolish the minimal rescue achieved with wild-type Tspan14/ADAM10 overexpression, similar 

to what was observed with Tspan15(14EC) (Figure 18Bi).  

Collectively, these data indicate that the extracellular region of Tspan15 is essential for 

promoting efficient GPVI cleavage by ADAM10; the cytoplasmic domain is dispensable, but 

the C-terminal tail may have a negative role. 
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Figure 18. The ectodomain of Tspan15, but not the cytoplasmic domain, is required for efficient 
GPVI cleavage. (A) Schematic representation of N-terminal FLAG-tagged Tspan14 (grey) and Tspan15 
(black) chimeras, where the extracellular region (EC), cytoplasmic domain (Cyto) or C-terminal tail (C) 
were exchanged. Truncation of both the N- and C-terminal tails is indicated by ΔNC. Ovals represent N-
glycosylation sites. (Bi) Wild-type (WT) HEK-293T cells were transfected with expression constructs for 
C-terminal myc-tagged GPVI and FcRγ (+) or empty vector (–). In addition to GPVI and FcRγ, 
Tspan14/15/33 triple knockout (T14/15/33 tKO) HEK-293T cells were co-transfected with C-terminal 
HA-tagged ADAM10, or in combination with FLAG-tagged Tspan14 and Tspan15 constructs described 
in panel A. After 24 hours, cells were lysed in 1% Triton X-100 lysis buffer followed by anti-myc, anti-
FLAG and anti-HA Western blotting (top panels). The percentage of GPVI cleaved was quantitated 
(bottom panel), arcsine-transformed and statistically analysed by a one-way ANOVA with Dunnett’s 
multiple comparisons test (***p<0.001, compared to Tspan14/15/33 triple knockout cells transfected with 
wild-type Tspan15/ADAM10 scissors). Error bars represent standard errors of the mean from three 
independent experiments. (Bii) The percentage of mature ADAM10 in transfected Tspan14/15/33 triple 
knockout cells in panel Bi was calculated as a percentage of total (immature and mature). Data were 
arcsine-transformed and statistically analysed by a one-way ANOVA with Dunnett’s multiple 
comparisons test (**p<0.01, ***p<0.001, compared to Tspan14/15/33 triple knockout transfected with 
ADAM10 only). Error bars represent standard errors of the mean from three independent experiments. 
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3.2.3 Extracellular and cytoplasmic domains determine Tspan14 and Tspan15 

subcellular localisation 

It is well established that TspanC8s determine the subcellular localisation of ADAM10 (Dornier 

et al., 2012; Shah et al., 2018; Eschenbrenner et al., 2020). Tspan14 and Tspan15 have been 

shown to localise predominantly in intracellular compartments and on the cell surface, 

respectively, but the structural regions responsible for their distinct localisation have not yet 

been determined. To investigate this, the same setup described in the GPVI cleavage assay in 

the previous section (Section 3.2.2) was used. Tspan14/15/33 triple knockout cells transfected 

with Tspan14/15 expression constructs were immunostained for FLAG and myc to label 

Tspan14/15 and GPVI, respectively. Cells were imaged by Airyscan confocal microscopy in 

super-resolution mode to enhance lateral resolution to ~120 nm, and to improve sensitivity to 

detect mutants that showed weaker FLAG expression when lysates were immunoblotted 

(Figure 18Bi) (Huff et al., 2017).  

To describe the subcellular distribution of the Tspan14 and Tspan15 mutants, the percentage of 

colocalisation with GPVI, which predominantly resides at the cell surface (Matthews, 2019), 

was used as an objective metric. Wild-type Tspan15 exhibited the strongest plasma membrane 

localisation, in contrast to the more intracellularly localised wild-type Tspan14 (Figure 19Ai-

ii). Exchanging the extracellular regions (Tspan14(15EC) and Tspan15(14EC)) resulted in the 

exchange of their localisations, as Tspan14(15EC) predominantly localised to the cell surface, 

whereas Tspan15(14EC) exhibited stronger intracellular localisation (Figure 19Ai-ii). All 

cytoplasmic domain mutants and chimeras were predominantly intracellular (Figure 19Ai-ii). 

These observations suggest that the cell surface localisation of Tspan15 and intracellular 

localisation of Tspan14 is determined by their extracellular regions, but their cytoplasmic 

domains also have supporting roles.  
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Figure 19. Location of Tspan14 and Tspan15 mutants in relation to GPVI. (Ai) Tspan14/15/33 triple 
knockout HEK-293T cells were transfected with expression constructs for C-terminal myc-tagged GPVI, 
FcRγ, ADAM10 and FLAG-tagged Tspan14 or Tspan15 mutants depicted in Figure 18A. After 24 hours, 
cells were fixed, permeabilised and immunostained for myc (GPVI-myc; magenta) and FLAG 
(FLAG-Tspan; green). Cells were imaged at the middle plane using Airyscan confocal microscopy in 
super-resolution mode. No signal was detected in either channel in the empty vector-transfected cells 
(data not shown). Images are representative of 15 fields of view, with each containing 1-2 cells, from 
three independent experiments. Scale bar: 5 μm. (Aii) The degree of colocalisation between GPVI-myc 
and FLAG-Tspan was expressed as the percentage of overlapping pixels in the GPVI-myc (magenta) 
channel. Data were arcsine-transformed and analysed by a one-way ANOVA, followed by Dunnett’s 
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multiple comparison tests (**p<0.01, ***p<0.001, compared to the cells transfected with wild-type 
Tspan15/ADAM10 scissors). (B) Scatter plot summarising the relationship between the average of 
percentage of colocalisation from panel Aii and the average of percentage of GPVI cleaved in Figure 
18Bi. 

 

3.2.4 Degree of colocalisations with GPVI do not associate with scissor ability 

The results so far showed that Tspan14, Tspan15 and their domain mutants have distinct 

abilities in mediating ADAM10 cleavage of GPVI (Section 3.2.2) and subcellular distributions 

(Section 3.2.3). To determine if proximity of a scissor to GPVI is critical for its cleavage, the 

relationship between the degree of colocalisation of the scissors with GPVI and the percentage 

of GPVI cleaved was assessed, and no association was found between the two (Figure 19B). 

The most striking example was demonstrated by Tspan15 with the cytoplasmic domain of 

Tspan14 (Tspan15(14Cyto)) which restored cleavage to the same degree as wild-type Tspan15, 

yet colocalised substantially less with GPVI (Figure 19B).  

Next, HEL cells, which express GPVI, were used to address the same question, but for 

endogenously expressed proteins. HEL cells were treated with PMA for 72 hours to induce 

differentiation into an adherent, megakaryocyte-like state (Berlanga et al., 2000). As no 

antibody against the GPVI tail suitable for imaging GPVI in HEL is available, cells were stained 

with an antibody recognising the extracellular domain of GPVI. To prevent loss of the GPVI 

ectodomain, cells were imaged under basal condition without shedding induction. Due to the 

lack of effective antibodies for Tspan14 and Tspan33 imaging, ADAM10 proximity to GPVI 

was compared between Tspan14-knockout cells, where GPVI can be cleaved, and Tspan15/33 

double knockout cells, where GPVI cannot be cleaved (Matthews, 2019). It has been shown 

that GPVI is upregulated on the surface of HEL cells following PMA treatment, and that GPVI 

surface expression on PMA-differentiated wildtype and TspanC8-knockout cells are similar 

(Matthews, 2019). In addition, cell morphology was comparable among wildtype and PMA-
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treated Tspan14-knockout and Tspan15/33 double knockout cells, suggesting that 

differentiation of HEL cells into megakaryocyte-like cells did not appear to be affected by the 

absence of these TspanC8s. Airyscan super-resolution confocal microscopy was used to image 

cells at the basal membrane (Figure 20Ai-ii) to analyse the lateral distribution on the cell surface, 

and at the middle plane (Figure 20Bi-ii) to detect differences in subcellular localisation. In both 

scenarios, there was no major difference between the percentage of colocalisation between 

ADAM10 and GPVI among the genotypes, suggesting that ADAM10 distribution was not 

different when different TspanC8s were knocked out and this could not account for the 

differences in GPVI shedding phenotypes in this experimental system. 

Taken together, these data suggest that proximity of the scissors to GPVI, at least at a steady 

state, is not a critical factor in determining their abilities to cut GPVI.  
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Figure 20. GPVI colocalises similarly with ADAM10 in wild-type, Tspan14-knockout and 
Tspan15/33 double knockout HEL cells. Wild-type (WT), Tspan14-knockout (T14 KO) and 
Tspan15/33 double knockout (T15/33 dKO) HEL cells were treated with 6.2 ng/mL PMA for 72 hours to 
induce megakaryocytic differentiation. Differentiated cells were fixed and immunostained for ADAM10 
(magenta) and the extracellular region of GPVI (green). Cells were imaged at the (Ai) basal membrane 
and (Bi) middle plane using Airyscan confocal microscopy in super-resolution mode. No ADAM10 signal 
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was detected in control ADAM10-knockout cells and no GPVI signal was detected in control 
GPVI-knockout cells (data not shown). Images are representative of 15 fields of view from three 
independent experiments. Scale bar: 5 μm. The degree of colocalisation between ADAM10 and GPVI 
at the (Aii) basal membrane and (Bii) middle plane was expressed as the percentage of overlapping 
pixels in the ADAM10 (magenta) channel. Data were arcsine-transformed and statistically analysed by 
a one-way ANOVA, followed by Tukey’s multiple comparison tests for all pairwise combinations (n.s., 
not significant; *p<0.05).  
 

3.2.5 Generation of stalk-extended GPVI mutants to alter ADAM10 cut site position 

Findings from the previous section did not yield evidence supporting the substrate proximity 

hypothesis. The second half of this chapter tested whether TspanC8s differentially regulate 

ADAM10 access to substrate cut site. The ADAM10 cleavage site for GPVI is located five 

residues above the membrane between R262 and Q263 (Figure 21A) (Gardiner et al., 2007). 

Most substrates that can be cut by Tspan15/ADAM10 scissors, for example, N-cadherin, 

betacellulin, epidermal growth factor and RAGE have cut site positioned between 7-11 residues 

above the membrane, whereas Notch, the only substrate known to be cut by Tspan14/ADAM10 

scissors so far, is cut at 15 residues above the membrane (Table 2, Chapter 1). Given the 

association of the scissor identity to the distance of cut site relative to the membrane surface, 

would altering the ADAM10 cut site position on GPVI change the TspanC8/ADAM10 scissor 

identity? 

To test this hypothesis, the stalk region of GPVI was engineered to shift the ADAM10 cut site 

from five to ten (GPVI+5) or fifteen (GPVI+10) residues above the membrane surface. GPVI+5 

and GPVI+10 had one or two sets of glycine-serine linkers (GGGGS) inserted at the 

extracellular-transmembrane interface (between K267 and G268), respectively (Figure 21A-B).  

The C-terminal myc tag from the parent wild-type expression construct was retained in the stalk 

extension mutants to enable GPVI cleavage to be assessed in transfected HEK-293T by 

anti-myc Western blotting as described in previous sections (Figure 21C). Expression of both 
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mutants at the cell surface were confirmed by flow cytometry using an anti-GPVI antibody 

(Figure 21D). In the next section, the mutants were characterised further in a functional assay. 

  

Figure 21. Validation of stalk-extended GPVI mutants. (A) Amino acid sequences of GPVI mutants 
with insertion of one (GPVI+5) or two (GPVI+10) sets of glycine-serine linkers (red) immediately before 
the predicted transmembrane region (underlined). ADAM10 cut site on GPVI is indicated by a ‘|’. (B) 
Schematic representation of the GPVI mutants described in panel A. ADAM10 cut site on GPVI is 
indicated by an arrow. HEK-293T cells were transfected with empty vector control (–) or expression 
constructs for FcRγ and wild-type (WT) GPVI, GPVI+5 or GPVI+10 for 24 hours. (C) Cells were lysed 
in 1% Triton X-100 lysis buffer and subjected to anti-myc Western blotting. Blot shown is representative 
of three independent experiments. (D) Surface GPVI expression was analysed by flow cytometry with 
an anti-GPVI antibody. Geometric mean intensity was presented relative to WT GPVI-transfected cells. 
Data were arcsine-transformed and statistically analysed by a one-way ANOVA, followed by Tukey’s 
multiple comparison tests for all pairwise combinations at a 5% significance level (n.s., not significant).  
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3.2.6 GPVI stalk extension mutants can signal in response to collagen  

To determine if the stalk extension mutants, GPVI+5 and GPVI+10, are functional, their 

responses to collagen-induced ITAM signalling through their associated FcRɣ chains were 

investigated. An NFAT-luciferase reporter assay in the chicken B cell line DT40, suitable for 

the detection of weak and sustained collagen-induced signalling was used (Tomlinson et al., 

2007). In this assay, luciferase expression is driven by NFAT transcription factors, which are 

activated by an increase in Ca2+ levels, and through the mitogen-activated protein kinase 

(MAPK) signalling pathway. DT40 cells were co-transfected with the NFAT-luciferase reporter 

construct, and constructs encoding either GPVI, GPVI+5, GPVI+10 and FcRɣ for 16 hours. 

GPVI expression at the cell surface was confirmed by flow cytometry (Figure 22Ai-ii). Cells 

were stimulated with collagen, or a combination of the protein kinase C activator PMA and the 

Ca2+ ionophore ionomycin, as a positive control to maximally activate the NFAT reporter. After 

6 hours, cells were lysed and assayed for luciferase activity. Collagen induced NFAT-luciferase 

activation in cells transfected with wild-type GPVI, GPVI+5 or GPVI+10, but not in cells 

transfected with empty vector controls (Figure 22B). This suggests that the GPVI stalk 

extension mutants are functional and could be used in downstream GPVI cleavage assays. 
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Figure 22. GPVI stalk extension mutants can signal in response to collagen. DT40 cells were 
transfected with an NFAT-luciferase reporter construct, FcRγ and the GPVI constructs described in 
Figure 21 or empty vector controls (–) for 16 hours. (Ai) Surface GPVI expression was analysed by flow 
cytometry with an anti-GPVI antibody. (Aii) Geometric mean intensity of GPVI staining in panel Ai was 
presented relative to empty vector-transfected cells. (B) Cells were left unstimulated, stimulated with 5 
µg/mL collagen or 50 ng/mL PMA and 1 µM ionomycin for 6 hours, and then lysed and assayed for 
NFAT-luciferase activity. NFAT-luciferase activity was calculated as a percentage of PMA- and 
ionomycin-treated controls and presented relative to cells transfected with wild-type (WT) GPVI. Data 
were arcsine-transformed and statistically analysed by a two-way ANOVA with Dunnett’s multiple 
comparisons test (***p<0.001, compared to collagen-stimulated empty vector-transfected control). Error 
bars represent standard errors of the mean from three independent experiments. 
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3.2.7 GPVI stalk extension enables ADAM10-independent cleavage 

To investigate whether the cleavage of the GPVI stalk extension mutants was still 

ADAM10-dependent, GPVI cleavage was investigated in HEK-293T cells lacking ADAM10, 

or ADAM17, its closest relative, or both ADAMs; the latter two were generated as part of this 

study by CRISPR/Cas9 (Figure A2). In contrast to wild-type GPVI (Figure 23A), cleavage of 

both GPVI+5 (Figure 23B) and GPVI+10 (Figure 23C) was not completely abolished in 

ADAM10-knockout cells, especially when cells were treated with the metalloprotease activator 

NEM, albeit at lower percentages than in wild-type and in ADAM17-knockout cells. In the 

absence of both ADAM10 and ADAM17, GPVI+5 cleavage was abolished, but GPVI+10 could 

still be cleaved to a small extent (Figure 23B-C). These results suggest that although ADAM10 

remains the primary protease, ADAM17 and potentially other proteases can cleave the stalk 

extension mutants in the absence of ADAM10.  
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Figure 23. GPVI stalk extension mutants can be cleaved by ADAM17 and other proteases in the 
absence of ADAM10. Wild-type (WT), ADAM10 (A10)-knockout (KO), ADAM17 (A17) KO and 
ADAM10/17 (A10/17) double knockout (dKO) HEK-293T cells were transfected with empty vector 
control (–) or C-terminal myc-tagged (A) WT GPVI, (B) GPVI+5 or (C) GPVI+10 and FcRɣ expression 
constructs. After 24 hours, cells were treated with 2 mM NEM (+) or ethanol as vehicle control (–) for 30 
minutes and lysed in 1% Triton X-100 lysis buffer. Lysates were subjected to anti-myc Western blotting. 
Representative blots are shown in sub-panels i. The percentage of GPVI cleaved was calculated from 
two different sets of knockout clones (sub-panels ii and iii). Data were arcsine-transformed and 
statistically analysed by a two-way ANOVA with Dunnett’s multiple comparisons test (*p<0.05, **p<0.01, 
***p<0.001, compared to the corresponding empty vector controls in cells treated with ethanol (black) 
or NEM (red)). Error bars represent standard errors of the mean from three independent experiments.  
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3.2.8 GPVI stalk extension alters the TspanC8/ADAM10 scissor profile 

To determine the scissor identities for the GPVI stalk extension mutants, the most logical 

approach would be to perform subsequent cleavage assays in TspanC8-knockout cells without 

NEM stimulation. However, the additional background cleavage by other proteases hindered 

results interpretation because of the low percentages of basal cleavage (data not shown). 

Therefore, to circumvent the issue of non-specific cleavage by other proteases, ADAM10/17 

double knockout HEK-293T cells were transfected with each of the six TspanC8/ADAM10 

scissors as an alternative approach to more accurately quantify the cleavage of GPVI stalk 

extension mutants. Wild-type GPVI served as a key control for the interpretation of the results. 

Compared to overexpression of ADAM10 alone, a significant (p<0.05) increase in wild-type 

GPVI was only seen with the overexpression of Tspan15/ADAM10 and Tspan33/ADAM10, 

which are the true scissors for GPVI (Figure 24A). The magnitudes of these increases were only 

2.2-fold and 1.8-fold, respectively, possibly because this is an overexpression system and 

ADAM10 overexpression alone yielded a substantial GPVI cleavage of 28% (Figure 24A). In 

the case of GPVI+5, all six scissors, apart from Tspan33/ADAM10, significantly (p<0.05) 

increased cleavage, although the magnitudes of these increases were relatively subtle, between 

1.2- and 1.4-fold, in part because ADAM10 overexpression alone yielded 67% GPVI cleavage 

(Figure 24B). For GPVI+10, only Tspan5/ADAM10, Tspan14/ADAM10 and 

Tspan17/ADAM10 increased cleavage, and again the increases were subtle, between 1.1- and 

1.2-fold (Figure 24C). A subtle 1.2-fold decrease in cleavage was seen with Tspan33/ADAM10 

overexpression, compared to overexpression of ADAM10 alone (Figure 24C).  

These results show that shifting the cut site to a different position changed the 

TspanC8/ADAM10 scissors responsible for its cleavage. Therefore, this suggests the possibility 

that each TspanC8/ADAM10 scissor has an optimal cleavage range and that TspanC8s may 
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differentially regulate ADAM10 by limiting access to substrates with distinct cut site positions 

(Figure 24D). 
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Figure 24. GPVI stalk extension changes the TspanC8/ADAM10 scissor profile. (A) Wildtype (WT) 
and ADAM10/17 double knockout (A10/17 dKO) HEK-293T cells were transfected with expression 
constructs for C-terminal myc-tagged wild-type GPVI and FcRγ (+) or empty vector (–). In addition to 
GPVI/FcRγ, cells were co-transfected with C-terminal HA-tagged ADAM10, or in combination with each 
of the FLAG-tagged TspanC8s for 24 hours. Cells were lysed in 1% Triton X-100 lysis buffer. Lysates 
were subjected to anti-myc, anti-FLAG and anti-HA Western blotting. There were no substantial 
differences in the levels of ADAM10 maturation among TspanC8-expressing cells (data not shown). The 
percentage of GPVI cleaved was calculated, arcsine-transformed and statistically analysed by a one-
way ANOVA with Dunnett’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, compared to 
A10/17 dKO cells transfected with ADAM10 alone). Error bars represent standard errors of the mean 
from three independent experiments. The experiment described in panel A was performed for (B) 
GPVI+5 and (C) GPVI+10. (D) Schematic representation of the predicted optimal range (indicated by 
square brackets) of cut site position for each TspanC8/ADAM10 scissor. 
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 Discussion 

What allows Tspan15/ADAM10 and Tspan33/ADAM10 scissors to cut GPVI, in contrast to 

the Tspan14/ADAM10 scissor which cannot? This chapter set out to address this question 

mechanistically and provided evidence that (1) Tspan15/ADAM10 is the most efficient scissor, 

(2) the extracellular region of Tspan15 is important for determining its subcellular localisation 

and regulating ADAM10 activity, with minor contribution from the cytoplasmic domain, (3) 

degree of colocalisations with GPVI do not determine scissor specificity, and (4) TspanC8s 

may confer ADAM10 substrate specificity by regulating the protease’s access to substrate cut 

sites. 

The first major finding revealed that Tspan15/ADAM10 is the strongest scissor for GPVI 

because Tspan15 was able to rescue GPVI shedding substantially better than Tspan33 when 

expressed at comparable levels in Tspan15/33 double knockout HEK-293T cells. This finding 

is consistent with the lab’s recent observation that knocking out Tspan15 had a more prominent 

effect on GPVI cleavage reduction than knocking out Tspan33 in both HEK-293T cells and 

HEL cells (Matthews, 2019), when considering that the relative mRNA expression of Tspan33 

to Tspan15 is higher in both cell lines, particularly in HEL cells which have approximately six 

times more Tspan33 (Matthews, Szyroka, et al., 2017). Whether Tspan15/ADAM10 is the most 

efficient GPVI scissor in human platelets remains unknown; however, given that genome-wide 

association studies on thrombosis reported links to non-coding SNPs in TSPAN15 (Germain et 

al., 2015; Hinds et al., 2016; Klarin et al., 2017, 2019; Lindström et al., 2019) and GP6 

(Bezemer et al., 2008; Trégouët et al., 2009; Klarin et al., 2019; Lindström et al., 2019) but not 

TSPAN33, Tspan15 may indeed be the most relevant TspanC8 for regulating GPVI cleavage.  
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In this chapter, generation of a HEK-293T cell line lacking all three human platelet TspanC8s 

enabled structure-function analysis of Tspan15 using cytoplasmic mutants and chimeras 

between Tspan14 and Tspan15, without interference from endogenous proteins. Consistent 

with previous reports, Tspan15 localises preferentially to the cell surface, whereas Tspan14 is 

predominantly intracellular (Dornier et al., 2012; Noy et al., 2016). This study revealed that the 

extracellular domain of Tspan15 and Tspan14 is the main determinant of their preferential 

subcellular localisation because of the clear localisation exchange seen with the extracellular 

region chimeras. This observation highlighted the importance of studying the extracellular 

region in its entirety as mentioned in the introduction of this chapter (Section 3.1). However, 

the cytoplasmic domain may also play a supporting role because of the strong intracellular 

localisation seen with all cytoplasmic domain mutants. Similar to the study from the Rubinstein 

group that saw increased ADAM10 stability on the cell surface when the C-terminus tail of 

Tspan5 was replaced by that of Tspan15 (Eschenbrenner et al., 2020), replacing Tspan15 C-

terminus with that of Tspan14 was sufficient to abrogate the strong plasma membrane 

localisation, supporting the notion that Tspan15 C-terminus is important for maintaining cell 

surface localisation. However, in contrast to the same study, the C-terminus of Tspan15 caused 

a stronger shift towards intracellular localisation in the reverse Tspan14 chimera. The reason 

for this conflicting observation is unclear, but it is possible that the contribution from the 

Tspan14 extracellular region is stronger and can override the contribution from Tspan15 C-

terminus.  

More importantly, functional characterisation of these mutants in their abilities to rescue GPVI 

cleavage in Tspan14/15/33 triple knockout cells revealed several interesting findings. 

Remarkably, the mutants displayed unambiguous shedding phenotypes. The extracellular 

region of Tspan15, but not its cytoplasmic domain, is required for efficient GPVI cleavage. The 
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observation that wild-type Tspan14 could rescue GPVI cleavage minimally when co-expressed 

with ADAM10 in Tspan14/15/33 triple knockout cells was unexpected. One possible 

explanation for this is that overexpression increased the chances of scissor-substrate encounter, 

therefore allowing any TspanC8/ADAM10 scissor to cleave GPVI, albeit at much lower 

efficiencies compared to the true scissors (explored further in Chapter 6). However, if this were 

the case, one would not have expected an all-or-none shedding phenotype from every mutant; 

therefore, an intrinsic negative regulatory role must exist to enable the Tspan15 C-terminus to 

abolish the minimal GPVI cleavage seen with overexpression of wild-type Tspan14 when the 

C-terminal tail was replaced. The negative effect from the C-terminal tail was suppressed in the 

presence of the Tspan15 extracellular region, as seen in wild-type Tspan15, but not when the 

extracellular region was replaced by that of Tspan14, suggesting that Tspan15 extracellular 

region is the dominant positive regulator. It is possible that the C-terminal tail of Tspan15 exerts 

its negative regulatory effect through an interaction with intracellular regulatory proteins. As a 

precedence, the PLEKHA7/PDZD11 complex binds to the C-terminal tail of Tspan33, which 

in turn regulates clustering of ADAM10 at specialised apical junctions to facilitate alpha toxin 

binding (Shah et al., 2018).  

This chapter did not provide evidence supporting the hypothesis that TspanC8s regulate 

ADAM10 substrate specificity by limiting its substrate repertoire through differential 

subcellular localisation. The degree of colocalisation of neither the Tspan14/15 mutants 

described previously in this section with overexpressed GPVI in HEK-293T, nor endogenous 

ADAM10 with GPVI in Tspan14-knockout and Tspan15/33 double knockout HEL cells, 

associated with their distinct shedding phenotypes. The results in this chapter suggest that the 

proximity of a TspanC8/ADAM10 scissor with a substrate, at least at a steady state, does not 

determine the specificity of the scissor. Although spatial resolution was improved with the use 
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of Airyscan super-resolution imaging, temporal resolution was a key limitation in the current 

investigation, given the dynamic nature of TspanC8/ADAM10 complexes (Jouannet et al., 

2016; Koo et al., 2020). However, the Rubinstein group’s study, which investigated the 

relationship between ADAM10 endocytosis and Notch activity, also did not report strong 

association between the two (Eschenbrenner et al., 2020). In the future, investigating the 

relationship between GPVI shedding and GPVI interaction with TspanC8/ADAM10 scissors in 

real-time with live-cell single-molecule imaging would help shed more light on the extent to 

which substrate proximity affects scissor specificity.  

Finally, this chapter provided the first evidence that TspanC8s may confer substrate specificity 

by regulating access of ADAM10 to substrate cut sites. The specificities of Tspan15/ADAM10 

and Tspan33/ADAM10 were lost when the ADAM10 cut site on GPVI was shifted 

synthetically by adding either five or ten residues above the membrane surface. In line with the 

lab’s previous report that each TspanC8 binds to different regions on ADAM10 (Noy et al., 

2016), the changes in the TspanC8/ADAM10 scissor profile for each GPVI stalk extension 

mutant suggest that each TspanC8 may physically constrain ADAM10’s metalloprotease 

domain at a certain angle or position, thus only allowing access to cut sites at a particular 

distance from the plasma membrane. Tspan10/ADAM10 and Tspan33/ADAM10 appear to be 

more rigid scissors that are limited to narrower optimal cleavage ranges. This could imply that 

Tspan33/ADAM10 may preferentially cleave only substrates with cut sites very close to the 

membrane surface, such as GPVI (Gardiner et al., 2007). The rest of the four scissors are more 

flexible and can access a wider range of cut sites. The results are consistent with the observation 

that Tspan5/ADAM10 and Tspan14/ADAM10 are the major scissors for Notch (Dornier et al., 

2012; Jouannet et al., 2016; Saint-Pol, Billard, et al., 2017; Eschenbrenner et al., 2020), which 

has its cut site located at 15 residues above the membrane (Mumm et al., 2000). Similarly, this 
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could explain why Tspan15/ADAM10 cannot cleave Notch because the cut site for Notch is 

located beyond its access range, which is closer to the membrane surface. The greater flexibility 

of Tspan15/ADAM10 compared to Tspan33/ADAM10 may also be why both scissors can cut 

GPVI, but only Tspan15/ADAM10 can cut substrates with cut sites located slightly higher 

above the membrane, such as N-cadherin, which has its cut site located at 10 residues above 

the membrane (Uemura et al., 2006). 

It is important, however, to address the limitations of the GPVI stalk extension strategy used in 

the current study. Firstly, it is unknown whether the insertion of flexible glycine-serine linkers 

would be representative of increasing the distance of the cut site from the membrane. However, 

the observation that ADAM17 can cleave both stalk extension mutants in the absence of 

ADAM10 is consistent with a similar study investigating IL6R shedding, which showed that 

ADAM17 is restricted to cut sites further away from the membrane surface compared to 

ADAM10 (Riethmueller et al., 2016), inferring that the cut site may indeed be shifted further 

away from the membrane in the GPVI stalk extension mutants. Another consideration is 

whether ADAM10 still cleaves the mutants at the original GPVI cleavage site. Given that 

ADAM10 prefers larger residues at its active site (Caescu, Jeschke and Turk, 2009; Tucher et 

al., 2014), it is unlikely that ADAM10 would prefer to cleave within the small glycine-serine 

linkers, but it may be necessary to identify the cleavage products by mass spectrometry to 

confirm. Lastly, the effects seen with the overexpression of TspanC8/ADAM10 scissors were 

subtle due to the limitations of the overexpression system in ADAM10/17 double knockout 

cells, where endogenous TspanC8s are still present; therefore, overexpression of ADAM10 

alone could already rescue cleavage substantially. The ideal cell line for this experiment would 

be one that lacks ADAM10, ADAM17 and all six TspanC8s. Future studies should aim to 

gather additional evidence from other ADAM10 substrates, for example, by studying whether 
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bringing the ADAM10 cut site of Notch closer towards the membrane surface would remove 

the specificities of Tspan5/ADAM10 and Tspan14/ADAM10 scissors.  

In summary, this chapter provided further insights into the complex multi-factorial regulation 

of ADAM10 substrate specificity by TspanC8 tetraspanins, which will be discussed further in 

Chapter 7. The discovery that Tspan15/ADAM10 is the most efficient GPVI scissor laid a 

foundation for the thesis, which primarily investigated the role of Tspan15.
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CHAPTER 4 

ANALYSIS OF TSPAN15 AND GP6 VARIANTS ASSOCIATED 

WITH THROMBOSIS 

 Introduction 

Recent genome-wide association studies (GWASs) of thrombotic disease have uncovered 

TSPAN15 as a novel gene associated with venous thromboembolism (Germain et al., 2015; 

Klarin et al., 2017, 2019; Lindström et al., 2019) and self-reported blood clots (Hinds et al., 

2016). However, no biological follow-up studies have been reported so far as the identified  

SNPs are in the intron region, and none of the studies identified links to putative causal 

variant(s). In addition, the role of Tspan15 in vascular biology is largely unknown in the field. 

The primary aim of this chapter was to identify and characterise novel TSPAN15 variants 

associated with venous thrombosis using publicly available genotype-phenotype association 

and gene expression datasets. 

GP6 polymorphisms and their links to platelet function and disorders have been extensively 

studied (Arthur, Dunkley and Andrews, 2007; Jandrot-Perrus, Hermans and Mezzano, 2019). 

In human, two common missense variants of GPVI, GPVIa and GPVIb, had been identified 

(Croft et al., 2001). These two variants arise from SNPs, resulting in five amino acid 

substitutions (S219P, K237E, T249A, Q317L and H322N) in the rarer GPVIb (frequency of 

~0.13) (Joutsi-Korhonen et al., 2003; Jandrot-Perrus, Hermans and Mezzano, 2019). GPVIb 

has been reported to associate with an increased risk in heart attack and stroke (Takagi et al., 

2002; Cole et al., 2003; Ollikainen et al., 2004), sticky platelet syndrome (Sokol et al., 2018) 

and non-responsiveness to antiplatelet therapies (Lepäntalo et al., 2006; Pandey et al., 2019). 

Conversely, emerging evidence suggest that the more common GPVIa associates with venous 
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thromboembolism (Bezemer et al., 2008; Trégouët et al., 2009; Kotuličová et al., 2012; Klarin 

et al., 2019; Lindström et al., 2019). The expression and functional differences between GPVIa 

and GPVIb have been well characterised, but not their cleavage. Platelets with GPVIb appear 

to have reduced signalling and thrombus formation in response to collagen (Joutsi-Korhonen et 

al., 2003; Jones et al., 2007; Trifiro et al., 2009; Petersen et al., 2017; van Geffen et al., 2019). 

A reduction in GPVI expression in individuals with the GP6b haplotype has been described 

(Joutsi-Korhonen et al., 2003; Jones et al., 2007; Petersen et al., 2017), but a conflicting 

observation, where there is no difference in GPVI expression between individuals with GP6a 

and GP6b, has also been reported (Trifiro et al., 2009). Therefore, a secondary aim of this 

chapter was to determine whether GPVIa and GPVIb are differentially cleaved by 

TspanC8/ADAM10 scissors, which may explain their respective associations with venous and 

arterial thrombosis, in light of the findings from the association of TSPAN15 with venous 

thrombosis.   
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 Results 

4.2.1 Non-coding TSPAN15 variants are associated with venous thromboembolism 

Each variant is assigned a unique reference SNP ID (rsID) by the National Center for 

Biotechnology Information (NCBI) (Sherry, Ward and Sirotkin, 1999). The two TSPAN15 

variants that have been reported in GWASs of thrombotic diseases are rs78707713 for venous 

thromboembolism (Germain et al., 2015; Klarin et al., 2017, 2019; Lindström et al., 2019) and 

rs17490626 for self-reported blood clots (Hinds et al., 2016); both are SNPs in different intron 

regions of TSPAN15, with a minor allele frequency of ~0.05 in the global population (Auton et 

al., 2015). In all studies, the major alleles were identified as the risk alleles. All studies 

examined individuals of European ancestry, except for the study by Klarin et al. (2019), which 

also included African, Hispanic and Latino Americans. 

As GWASs commonly report only the most significantly associated variant for each locus, also 

known as the lead variant, it was important to consider whether unreported TSPAN15 variants 

exist that could be the causal variants for thrombosis. To identify other TSPAN15 variants, data 

from the genotype-phenotype association database, Gene ATLAS, were mined and analysed. 

The database contains associations among 30 million variants and 778 phenotypes from 

452,264 white British individuals from the UK Biobank cohort (Canela-Xandri, Rawlik and 

Tenesa, 2018).  

The only variants that significantly (p<1×10-8) associated with venous thromboembolism on 

chromosome 10 were close to the TSPAN15 locus (Figure 25A). Other than the two published 

lead variants, an additional 21 variants in the region surrounding the TSPAN15 locus (±15 kb) 

were discovered; these included another 12 intron variants and nine variants upstream of the 

locus (Figure 25B). Two of these intergenic variants, rs77784890 and rs7475662, were mapped 

to regulatory regions in the genome annotation from the Ensembl project (Howe et al., 2021). 
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In particular, rs77784890 overlaps with a predicted transcription factor binding site, whereas 

rs7475662 is located within a promoter.  

 

Figure 25. Twenty-three single-nucleotide polymorphisms around the TSPAN15 locus are 
associated with venous thrombosis. Regional association plots for venous thrombosis showing the 
association strength of individual single-nucleotide polymorphisms (SNPs) with venous thrombosis risk. 
Data were extracted from the genotype-phenotype association database, Gene ATLAS, which analysed 
11,636 cases of venous thromboembolism and 440,628 controls from the UK Biobank cohort (Canela-
Xandri, Rawlik and Tenesa, 2018). Each dot represents a single SNP. The red line indicates the 
statistical threshold of -log10(p) of 8 (p=1×10-8). (A) Association plot for the entire chromosome 10 
showing SNPs with at least a -log10(p) of 4 (p=1×10-4) for simplicity. TSPAN15 SNPs are highlighted in 
black. (B) In the region surrounding the TSPAN15 locus (±15 kb), 23 variants were identified: 7 intergenic 
(grey), 2 regulatory (red) and 14 intronic (blue) variants. 
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4.2.2 Minor alleles of the TSPAN15 variants negatively associate with venous thrombosis 

traits and may link to increased platelet size 

The minor alleles of all 23 variants negatively associated with venous thromboembolism, as 

indicated by the negative β coefficients, which measure the slope of the linear regression 

analysis computed by Gene ATLAS (Table 6). The odds ratio provides a more intuitive 

description of the effect size of each variant (Pirinen, Donnelly and Spencer, 2013), and 

suggests that the probability of venous thromboembolism events was 10-19% less in individuals 

with the minor alleles compared to individuals with the major alleles (Table 6). 

Next, phenome-wide association analysis data were extracted from Gene ATLAS to determine 

other phenotypes associated with the TSPAN15 variants (Figure 26). Strikingly, the minor 

alleles of most variants negatively associated with other phenotypes characteristic of venous 

blood clots: deep vein thrombosis, pulmonary embolism, pulmonary heart and vascular disease, 

vein inflammation (phlebitis) and vein inflammation due to blood clots (thrombophlebitis). 

Interestingly, the minor alleles of 18 of the 23 variants associated with a larger mean platelet 

volume, but the magnitude of increase could not be determined from this analysis. Associations 

with other platelet quantitative traits, namely platelet count, platelets as a percentage of blood 

cells and variation in platelet size distribution were not reported to be significant (p<1×10-8) in 

the analyses. 
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Table 6. TSPAN15 variants associated with venous thromboembolism. Variants are identified by their unique reference SNP IDs (rsIDs) assigned 
by the National Center for Biotechnology Information (NCBI) (Sherry, Ward and Sirotkin, 1999). Statistics are for the effect allele. Data were compiled 
from Gene ATLAS (Canela-Xandri, Rawlik and Tenesa, 2018) and Ensembl (Howe et al., 2021). 
 

Variant 
Position on 

chromosome 10 (Mb) 
Type 

Alleles 
(major/minor) 

Minor allele 
frequency 

Effect 
allele 

β coefficient Odds ratio p-value -log10(p) 

rs78677622 71.196698 intergenic C/T 0.14 T -0.0042 0.85 5.73×10-19 18.2 

rs77784890 71.199295 regulatory G/C 0.14 C -0.0042 0.85 5.72×10-19 18.2 

rs12242391 71.201504 intergenic C/T 0.14 T -0.0042 0.85 6.27×10-19 18.2 

rs10998780 71.201735 intergenic T/A 0.14 A -0.0042 0.85 6.25×10-19 18.2 

rs55892803 71.202929 intergenic A/T 0.14 T -0.0043 0.84 3.61×10-19 18.4 

rs79069746 71.205473 intergenic T/C 0.14 C -0.0043 0.84 3.32×10-19 18.5 

rs77356330 71.205544 intergenic T/C 0.05 C -0.0053 0.81 3.38×10-13 12.5 

rs76628955 71.208625 intergenic C/T 0.14 T -0.0042 0.84 3.9×10-19 18.4 

rs7475662 71.210744 regulatory G/C 0.14 C -0.0042 0.84 3.81×10-19 18.4 

rs112843485 71.211707 intronic T/C 0.14 C -0.0043 0.84 3.60×10-19 18.4 

rs77602872 71.211734 intronic G/A 0.14 A -0.0043 0.84 2.98×10-19 18.5 

rs2033372 71.212333 intronic C/G 0.14 G -0.0043 0.84 2.95×10-19 18.5 

rs13377102 71.213386 intronic T/A 0.14 A -0.0042 0.84 3.45×10-19 18.5 

rs12258136 71.213995 intronic C/T 0.14 T -0.0042 0.85 6.73×10-19 18.2 

rs75583483 71.214798 intronic A/G 0.14 G -0.0042 0.85 7.05×10-19 18.2 

rs28463525 71.215578 intronic A/T 0.14 T -0.0042 0.85 6.85×10-19 18.2 

rs17490626 71.218646 intronic G/C 0.13 C -0.0046 0.83 4.40×10-21 20.4 

rs78707713 71.245276 intronic T/C 0.13 C -0.0046 0.83 1.14×10-20 19.9 

rs80118685 71.245942 intronic G/T 0.05 T -0.0053 0.81 4.60×10-13 12.3 

rs3829182 71.251384 intronic A/G 0.24 G -0.0022 0.92 9.53×10-9 8.0 

rs1864589 71.255747 intronic T/C 0.24 C -0.0025 0.90 6.04×10-11 10.2 

rs78855907 71.263061 intronic T/A 0.06 A -0.0047 0.83 4.59×10-11 10.3 

rs77364098 71.263455 intronic G/T 0.12 T -0.0035 0.87 1.60×10-11 10.8 
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Figure 26. Phenotypes associated with TSPAN15 variants. Phenome-wide association analysis data 
for the 23 venous thrombosis-associated single-nucleotide polymorphisms (SNPs) in the region 
surrounding the TSPAN15 locus (±15 kb) were extracted from Gene ATLAS (Canela-Xandri, Rawlik and 
Tenesa, 2018). Phenotypes significantly (p<1×10-8) associated with the minor alleles were summarised 
for each variant. The direction of association was differentiated by colour: red for negative, blue for 
positive, and white for non-significant associations.    
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4.2.3 TSPAN15 variants are in tight genetic linkage 

The data in previous sections demonstrate similarities in the trend of genotype-phenotype 

association, providing some evidence that most of the TSPAN15 variants are likely to be 

inherited together as a haplotype. To investigate this further, the web-based tool, LDlink, was 

used to analyse the variants for linkage disequilibrium, a term used to describe non-random 

inheritance of alleles and a measure of the genetic linkage of alleles in a population (Machiela 

and Chanock, 2015). Since the association data from Gene ATLAS were from white British 

individuals in the UK Biobank, the linkage disequilibrium pattern for the 23 variants was 

assessed in the British population. Two metrics were used to describe linkage: (1) R2 to measure 

the correlation of each allele from two SNPs, whereby a high R2 value indicates that having the 

major allele for one SNP would predict the inheritance of the major allele for the other SNP; 

and (2) D’ to determine whether a pair of SNPs are in genetic linkage due to physical proximity 

on the chromosome, whereby a high D’ value indicates that two SNPs are tightly linked 

(Machiela and Chanock, 2015).  

All pairwise comparisons had high D’ values, suggesting that all variants are in tight genetic 

linkage and are likely to be inherited together (Figure 27). However, six of the 23 variants had 

lower R2 values with the rest of the variants (Figure 27), which coincide with the deviation of 

their minor allele frequencies from the common value of 0.14 for most variants (Table 6). In 

fact, these variants were also the most dissimilar in their phenotype pattern and association 

significance (Table 6) (Figure 26). This divergence suggests that these SNPs likely emerged 

separately in the British populations at a different time point or within a specific sub-population. 

Together, the linkage disequilibrium patterns suggest that the 17 highly correlated TSPAN15 

variants may constitute two common haplotypes in the British population.  
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Figure 27. TSPAN15 single-nucleotide polymorphisms associated with venous thrombosis are 
in tight genetic linkage. The 23 venous thrombosis-associated single-nucleotide polymorphisms 
(SNPs) in the region surrounding the TSPAN15 locus (±15 kb) were analysed for linkage disequilibrium 
in the British population. Two metrics were used for all pairwise comparisons: R2 (red) to predict whether 
each allele from two SNPs would be inherited together and D’ (blue) to determine whether a pair of 
SNPs are in genetic linkage due to physical proximity on the chromosome. Data were extracted from 
the web-based tool, LDlink (Machiela and Chanock, 2015).
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4.2.4 Protective minor alleles are associated with higher TSPAN15 gene expression 

Given that two SNPs, rs77784890 and rs7475662, are in the regulatory region, the possibility 

that the SNPs would affect TSPAN15 expression was investigated. This was achieved by 

analysing expression quantitative trait loci (eQTL) mapping data from the Genotype-Tissue 

Expression (GTEx) project, which studied the effects of genetic polymorphisms on the 

transcriptomes of 49 healthy tissue samples from 838 individuals (Aguet et al., 2020). A genetic 

variant is a cis-eQTL for a gene if the genetic polymorphism associates with the variation in 

mRNA expression levels of genes within ±1 Mb of its locus, and a trans-eQTL if it affects the 

expression of a distant gene (Aguet et al., 2017; Mohammadi et al., 2017).  

The analysis revealed that all 23 TSPAN15 variants are cis-QTLs for TSPAN15 in multiple 

tissues, including whole blood, with the strongest effect seen in oesophagus mucosa (Figure 

28A). No trans-eQTLs were identified, and all cis-QTLs were specific for TSPAN15, apart from 

five variants (indicated by an asterisk in Figure 28A) which were also weak (p=1.2×10-4, 

normalised effect size=0.15) cis-QTLs for a neighbouring gene, TACR2, in one tissue 

(oesophagus muscularis). In all cases, the minor alleles associated with increased mRNA 

expression, as indicated by the positive normalised effect size, which is a measure of the slope 

of the linear regression computed by GTEx (Figure 28A). This was confirmed by visualising 

the distribution of TSPAN15 expression in individuals homozygous or heterozygous for the 

alleles of the lead SNP, rs78707713, in oesophagus mucosa (Figure 28B). As the normalised 

effect size is a better measure for statistical strength than for biological effect size, the allelic 

fold change in each tissue was analysed as a more representative metric of the true magnitude 

of the TSPAN15 eQTLs (Mohammadi et al., 2017), which revealed similar results (Figure 28C). 

Collectively, these data provide evidence of higher TSPAN15 mRNA expression in individuals 

with the TSPAN15 minor haplotype that confers lower venous thrombosis risk. 
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Figure 28. Minor alleles of TSPAN15 are associated with higher TSPAN15 gene expression.  
Expression quantitative trait loci (eQTL) analysis data were extracted from the Genotype-Tissue 
Expression (GTEx) project (Aguet et al., 2020) to examine the relationship between venous thrombosis-
associated TSPAN15 variants and mRNA expression. (A) Summary of tissues where TSPAN15 
expression were significantly (nominal p-value thresholds calculated from permutation-based methods) 
affected by each SNP. The normalised effect size describes the direction and strength of the association 
trend, i.e., a positive value indicates increased expression relative to the major reference allele, and a 
higher value indicates a steeper linear regression slope. Variants marked by an asterisk also weakly 
affect a nearby gene, TACR2, in oesophagus muscularis. (B) Relative TSPAN15 expression data in 
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oesophagus mucosa in individuals homozygous or heterozygous for the alleles of the lead TSPAN15 
variant, rs78707713. Number in brackets represents the number of samples per genotype. (C) Allelic 
fold change for each tissue, expressed as the ratio of TSPAN15 expression of the minor haplotype to 
the major haplotype, was used to describe the biological effect size of the TSPAN15 eQTLs 
(Mohammadi et al., 2017). 

 

4.2.5 HEL cells express GPVIa 

In the second part of this chapter, the potential contribution of GP6 polymorphisms to 

thrombosis was investigated by examining whether GPVI isoforms are differentially cleaved 

by TspanC8/ADAM10 scissors. The two most common haplotypes of GP6, GP6a and GP6b, 

are missense variants that result in five amino acid substitutions in the rarer GPVIb: S219P, 

K237E, and T249A in the extracellular region, and Q317L and H322N in the cytoplasmic 

region (Jandrot-Perrus, Hermans and Mezzano, 2019) (Figure 29A). GPVIa and GPVIb 

electrophorese at similar molecular weights when separated by SDS-PAGE (Figure 29B). In 

the lab’s previous study, Tspan15/ADAM10 and Tspan33/ADAM10 were identified as the 

scissors for GPVI in PMA-differentiated HEL cells and GPVIa in transfected HEK-293T cells 

(Matthews, 2019). The scissors for GPVIb have yet to be identified, and the GPVI isoform 

HELs express is unknown.  

To determine the GPVI variant that HELs express, the cells were genotyped by sequencing the 

cDNA region flanking the polymorphic sites from T177 to H333. Alignment of the translated 

sequence to consensus GPVIa and GPVIb sequences revealed that HEL cells express GPVIa 

(Figure 29C), further confirming that Tspan15/ADAM10 and Tspan33/ADAM10 are the 

scissors for GPVIa. 
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Figure 29. HEL cells express the GPVIa isoform. (A) Schematic representation of the amino acid 
differences between GPVIa (red) and GPVIb (blue). (B) HEK-293T cells were transfected with empty 
vector (–) or expression constructs for human FcRγ and either GPVIa or GPVIb, both with a myc epitope 
tag at the C-terminus. Whole cell lysates extracted with 1% Triton X-100 lysis buffer were Western 
blotted with an anti-myc antibody. (C) RNA was extracted from HEL cells and reverse transcribed into 
cDNA. The cDNA region containing differences in GPVIa and GPVIb was amplified by PCR and 
sequenced. The cDNA sequences were translated into amino acid sequences (between amino acids 
215 to 333) and aligned with GPVIa and b consensus. Sequence differences are highlighted in red. 
ADAM10 cleavage site is indicated with a triangle. Boxed region represents transmembrane domain. 
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4.2.6 Tspan15/ADAM10 and Tspan33/ADAM10 are the scissors for GPVIb 

It has been shown that there is no difference between the extent of cleavage of GPVIa and 

GPVIb in transfected wild-type HEK-293T cells, but the specific TspanC8/ADAM10 scissor 

was not determined (Matthews, 2019). To determine the scissors for GPVIb, expression 

constructs encoding FcRγ and either C-terminal myc-tagged GPVIa or GPVIb were transfected 

into wild-type, ADAM10-knockout, Tspan15-knockout, Tspan33-knockout and Tspan15/33 

double knockout HEK-293T cells. Cells were stimulated with the metalloprotease activator 

NEM for 30 minutes, and cleavage was assessed as described in previous chapters (Section 

2.8.1 and 3.2.1). 

The cleavage patterns were comparable between GPVIa and GPVIb across all cell types (Figure 

30). Similar to GPVIa, GPVIb cleavage was also reduced by 50% in Tspan15-knockout cells 

and was reduced to a level comparable to ADAM10-knockout cells in Tspan15/33 double 

knockout cells. In NEM-stimulated cells, GPVIb cleavage in Tspan33-knockout cells was ~20% 

lower, suggesting that GPVIb may be less susceptible to cleavage by Tspan15/ADAM10 

scissors than GPVIa in the absence of Tspan33. Nevertheless, the results suggest that the scissor 

identities for GPVIa and GPVIb are the same. 
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Figure 30. GPVIa and GPVIb are not differentially cleaved by TspanC8/ADAM10 complexes in 
transfected HEK-293T cells. (A) Wild-type (WT), ADAM10 (A10)-knockout (KO), Tspan15 (T15) KO, 
Tspan33 (T33) KO and Tspan15/33 (T15/33) double KO (dKO) HEK-293T cells were transfected with 
constructs encoding C-terminal myc-tagged human GPVI of either variant a (GPVIa; top panel) or variant 
b (GPVIb; bottom panel) and FcRɣ, or an empty vector control (–). After 24 hours, cells were treated 
with 2 mM NEM (+) or ethanol as vehicle control (–) for 30 min and lysed in 1% Triton X-100 lysis buffer. 
Lysates were subjected to anti-myc Western blotting. (B) The percentage of GPVI cleaved from panel 
A was quantitated, arcsine-transformed and statistically analysed by a two-way ANOVA with a 
Bonferroni’s multiple comparisons test (*p<0.05). Error bars represent standard errors of the mean from 
three independent experiments.    

 

  



CHAPTER 4 

124 

 

 Discussion 

This chapter analysed TSPAN15 and GP6 variants associated with thrombosis and revealed that 

(1) a TSPAN15 minor haplotype consisting of non-coding variants is associated with reduced 

venous thrombosis risk and higher TSPAN15 expression; and (2) the two common GPVI 

haplotypes associated with thrombosis risk, GPVIa and GPVIb, are both cleaved by 

Tspan15/ADAM10 and Tspan33/ADAM10 scissors. 

The first part of this chapter confirmed the association of the two previously reported SNPs, 

rs78707713 and rs17490626, with venous thromboembolism and other traits related to venous 

blood clots in the UK Biobank cohort, and identified 15 other non-coding variants that are in 

strong linkage disequilibrium. Therefore, these variants are likely to be inherited together to 

constitute a common haplotype in the British population. How does the minor haplotype confer 

protection to venous thrombosis? Although the meta-analysis by Germain et al. (2015) found 

an association of rs78707713 to TSPAN15 expression in endothelial cells, macrophages and 

oesophagus mucosa, and DNA methylation in blood, the authors did not report the direction 

and specificity of the associations. This chapter revealed that individuals with the minor 

haplotype have increased mRNA expression that is specific to TSPAN15 in multiple tissues, 

including whole blood, the tissue which is most relevant to venous thrombosis. This effect could 

be attributed to the two regulatory variants located within 15 kb upstream of the TSPAN15 locus, 

rs77784890 and rs7475662. Changes at the epigenetic level, such as histone modification and 

transcription factor binding, could arise from these SNPs; indeed, SNPs in the regulatory region 

of other genes have been shown to alter histone modification, which in turn affects gene 

expression and lead to disease (Becanovic et al., 2015; Gu et al., 2017). It is interesting to note 

that individuals with the minor haplotype have increased platelet size, which contrasts with 

reduced risk for venous thromboembolism because of its positive association with higher mean 
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platelet volume (Brækkan et al., 2010; Kovács et al., 2019). However, the significance of mean 

platelet volume as a marker of platelet activation and clinical relevance is highly debatable as 

it is affected by multiple variables, including time of sample collection and measurement 

methodologies (Noris, Melazzini and Balduini, 2016; Lippi, Sanchis-Gomar and Favaloro, 

2020). In fact, a decrease in mean platelet volume was found in venous thromboembolism 

patients whose samples were collected at least one day after the diagnosis (Lippi, Buonocore 

and Cervellin, 2016). Future studies should aim to examine whether individuals with the minor 

TSPAN15 haplotype have increased Tspan15 protein expression in platelets, other blood cells 

and endothelial cells, and to determine whether epigenetic control or transcription in the 

affected cell types is modified by the regulatory SNPs with chromatin immunoprecipitation 

(ChIP) or transcriptional reporter assays.  

The second part of this chapter examined whether differential ADAM10 cleavage by TspanC8s 

would explain the association of the GP6 coding SNPs with thrombosis. The results show that 

Tspan15/ADAM10 and Tspan33/ADAM10 are also the scissors for the rarer GPVIb, although 

interestingly, GPVIb cleavage was lower than GPVIa only in NEM-stimulated 

Tspan33-knockout cells, suggesting that GPVIb may be less susceptible to cleavage by 

Tspan15/ADAM10 scissors. As basal cleavage was not different and given the modest 

difference in NEM-stimulated cells, follow-up experiments in cell lines were not pursued. In 

terms of ADAM10-mediated proteolysis, one would not predict differential cleavage between 

GPVIa and GPVIb based on sequence variation and findings from Chapter 3, as the closest 

T249A substitution is far from the ADAM10 cut site (between R262 and Q263). On the other 

hand, however, the result is, to a small extent, in line with the hypothesis by Trifiro et al. (2009), 

who proposed that the extent of GPVIb cleavage may be less than GPVIa due to increased 

binding of GPVIb to calmodulin by the Q317L substitution in the cytoplasmic tail, making it 
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less susceptible to ADAM10 cleavage. To rule this out, the ideal experiment would be a direct 

comparison of the effects of Ca2+-dependent and Ca2+-independent GPVI cleavage in 

individuals with the two haplotypes.  

Based on the results of this chapter, it is unlikely that differential cleavage by 

Tspan15/ADAM10 and Tspan33/ADAM10 scissors would contribute to the association of 

GPVIa and GPVIb with venous and arterial thrombosis, respectively. Indeed, this is consistent 

with the study by Trifiro et al. (2009) that showed no difference in expression level or ligand-

binding capacities between the two variants, even though GPVIb has impaired signalling, 

suggesting that variations in the ectodomain did not substantially affect GPVI function or 

cleavage. The reason why GPVIa and GPVIb are differentially associated with increased 

venous and arterial thrombosis risks remains unclear, owing to conflicts in the literature. It was 

demonstrated that white, non-Hispanic Americans with GP6a, GP6b or heterozygotes have 

similar levels of total and surface GPVI (Trifiro et al., 2009). However, other studies conducted 

in the British population reported reduced GPVI expression in individuals with the GP6b 

haplotype (Joutsi-Korhonen et al., 2003; Jones et al., 2007; Petersen et al., 2017). Since GP6 

is highly polymorphic (Jandrot-Perrus, Hermans and Mezzano, 2019), additional effects on 

GPVI expression could be contributed by other polymorphisms found exclusively in each donor 

population. In line with this, could this mean that the differential associations of GPVIa and 

GPVIb with higher risks of venous and arterial thrombosis, respectively, are also indirect 

contributions from other polymorphisms? Despite the conflict in expression phenotypes, all 

studies reported reduced platelet activation or ligand-mediated signalling responses with 

GPVIb, which was also demonstrated elegantly in a study showing the contribution of GPVIb 

to impaired collagen-mediated thrombus formation (van Geffen et al., 2019). Although arterial 

and venous thrombi are structurally and mechanistically distinct, both are contributed by 
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unwanted platelet activation (Section 1.5.2). Therefore, it would make more sense if individuals 

with GPVIb are associated with lower risk of thrombosis. Extending the investigations of the 

effects of GP6 polymorphisms on ligand-mediated signalling and thrombus formation to GPVI-

fibrin interaction may provide additional clues to the differential associations of GPVIb and 

GPVIa with arterial and venous thrombosis. Given that cardiovascular disease is complex and 

multifactorial, increased statistical power with greater sample sizes in future GWASs, or further 

stratification into different groups such as according to cancer status (Skille et al., 2020), may 

also help determine the extent of the contributions from GP6 polymorphisms. Importantly, 

regardless of whether GP6 polymorphisms contribute to thrombosis, downregulation of GPVI 

remains a promising anti-platelet strategy (Section 1.5.4). 

Finally, taking into consideration of the association of GP6 and TSPAN15 with venous 

thrombosis, could individuals with the minor TSPAN15 haplotype confer protection against 

venous thrombosis via their higher Tspan15 levels on platelets, which in turn lead to increased 

GPVI shedding and reduced platelet activation? This and other potential mechanisms will be 

discussed in Chapter 7.
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CHAPTER 5 

HOW DO TSPAN15 AND ADAM10 REGULATE EACH 

OTHER? 

 Preface 

Most data related to this chapter were published as part of a larger study in Koo et al. (2020). 

This study includes data generated during my employment as a Research Technician in 2017 

and during my PhD studentship in 2018-2019. My specific contributions during each period are 

listed below. 

Research Technician: 

1. Validation of the first Tspan15 mAbs (verifying previous data with new mAbs for 

Figure 1B; Figure 1C). 

2. Optimisation of Tspan15 mAbs for ADAM10 co-immunoprecipitation in Jurkat T cells 

(related to Figure 1D; unpublished). 

3. Epitope mapping of the Tspan15 mAbs (Figure 2A). 

4. Colocalisation of Tspan15 and ADAM10 on the cell surface (Figure 4). 

5. Assessment of Tspan15 protein expression in ADAM10-knockout cells (Figure 6C and 

6F; repeating and verifying previous data with new mAbs for Figure 6A). 

PhD studentship: 

1. Epitope mapping of the Tspan15 mAbs (Figure 2B; repeating and rectifying previously 

generated data for Figure 2D; Tspan15 structure prediction in Figure 2E). 

2. Assessment of TSPAN15 mRNA expression in ADAM10-knockout cells (Figure 6D). 



CHAPTER 5 

129 

 

3. Assessment of the effect of inhibiting lysosomal degradation in Tspan15 expression in 

ADAM10-knockout cells (Figure 6E). 

4. Assessment of the dynamics of ADAM10 and Tspan15 complexes (Figure 8, in 

collaboration with Joëlle Goulding, Steve Briddon and Nicholas Holliday at the 

University of Nottingham). 

5. Presentation and writing of all figures and their legends. 

6. Writing of relevant sections of the original draft and editing of other sections. 

This chapter will therefore only include some published data generated during my PhD 

studentship (items 2-4) and additional related unpublished data, some of which were 

contributions to Seifert et al. (2021) (Sections 5.3.4 and 5.3.5). 
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 Introduction 

The six TspanC8s are well characterised for their essential roles in promoting ADAM10 exit 

from the ER, its maturation in the Golgi and trafficking to the cell surface or intracellular 

compartments (Dornier et al., 2012; Haining et al., 2012). Generating tetraspanin mAbs has 

traditionally been challenging (Rubinstein, Charrin and Tomlinson, 2013). To date, the only 

effective TspanC8 mAbs available are for Tspan5 and Tspan15 (Saint-Pol, Billard, et al., 2017; 

Koo et al., 2020). Using the first Tspan5 and Tspan15 mAbs, emerging evidence suggest that 

ADAM10 also reciprocally regulates Tspan5 and Tspan15 expression and trafficking at the 

endogenous level (Saint-Pol, Billard, et al., 2017; Eschenbrenner et al., 2020; Koo et al., 2020). 

Since Tspan15 promotes GPVI shedding by ADAM10 (Chapter 3) and because low TSPAN15 

expression may be linked to increased venous thrombosis risk (Chapter 4), this chapter aimed 

to provide more insights into the mechanism of how ADAM10 regulates Tspan15 expression. 

The second aim of this chapter was to compare how Tspan15 regulates ADAM10 expression 

on the cell surface in comparison to the other two platelet TspanC8s, Tspan14 and Tspan33. It 

was recently discovered that ADAM10 activity is required to maintain its expression on the cell 

surface (Seifert et al., 2021). Given that TspanC8s are essential components of ADAM10 

scissor complexes, the hypothesis that TspanC8s differentially affect ADAM10 downregulation 

on the cell surface following inhibition was investigated. 

Previous studies have examined the dynamics of either ADAM10 or a TspanC8, but without 

knowing whether these proteins were in isolation, or together in a complex (Jouannet et al., 

2016; Eschenbrenner et al., 2020). Therefore, the final aim of this chapter was to establish a 

live-cell single-molecule spectroscopy technique to characterise Tspan15/ADAM10 scissor 

complexes on the cell surface.   
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 Results 

5.3.1 ADAM10 does not regulate TSPAN15 transcription 

ADAM10 is required for Tspan15 expression on the cell surface in multiple cell lines 

(Eschenbrenner et al., 2020; Koo et al., 2020) and primary cells (Koo et al., 2020). This has 

also been demonstrated at the whole cell level in Jurkat T cells, as total Tspan15 expression in 

ADAM10-knockout cells is similarly reduced by ~80% (Koo et al., 2020). Cleavage of Notch 

by ADAM10 is a prerequisite for the subsequent γ-secretase cleavage and release of the Notch 

intracellular domain into the nucleus, where it acts as a master transcriptional regulator of many 

downstream target genes (Wang et al., 2015). ADAM10 itself or its intracellular domain can 

also translocate to the nucleus, suggesting its potential role in regulating transcription (Arima 

et al., 2007; Tousseyn et al., 2009). To determine if ADAM10 affects TSPAN15 transcription, 

TSPAN15 mRNA expression was assessed by RT-qPCR in three ADAM10-knockout cell lines: 

HEK-293T, A549 and Jurkat cells. In all three cell lines, TSPAN15 mRNA expression in 

ADAM10-knockout cells was comparable to wild-type cells (Figure 31). This suggests that 

ADAM10 does not regulate TSPAN15 transcription. 

 

Figure 31. TSPAN15 mRNA expression is not affected by ADAM10 deficiency. RNA was extracted 
from wild-type (WT) and ADAM10-knockout (KO) HEK-293T, A549 and Jurkat cells. The reverse 
transcribed cDNA was subjected to quantitative PCR to measure TSPAN15 expression. Expression was 
normalised to the housekeeping control GAPDH and WT cells. Data were arcsine-transformed prior to 
a two-way ANOVA with Bonferroni’s multiple comparisons test at the 5% significance level.  rror bars 
represent standard errors of the mean from three independent experiments.  
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5.3.2 Tspan15 is degraded by lysosomes in the absence of ADAM10 

Membrane proteins are primarily degraded by lysosomes (Jin, Kiral and Hiesinger, 2018). To 

investigate whether the reduction in Tspan15 protein expression in the absence of ADAM10 

was due to protein degradation, cells were treated with ammonium chloride (NH4Cl) for 20 

hours to inhibit lysosomal proteolysis. A549 was chosen as the representative cell line as it has 

one of the highest Tspan15 expression levels among the cell lines used in the previous section 

(Koo et al., 2020). Cells were harvested for flow cytometry to measure Tspan15 expression at 

the cell surface. Whole cell lysates were subjected to Tspan15 immunoprecipitation and 

Western blotting to measure total Tspan15 expression. Tspan15 expression at the cell surface 

was reduced by ~70% in ADAM10-knockout cells and was unaffected when cells were treated 

with NH4Cl (Figure 32A). At the whole cell level, Tspan15 expression was reduced by ~80% 

in the absence of ADAM10, and this was increased by ~2.5-fold in NH4Cl-treated ADAM10-

knockout cells, but not in wild-type cells (Figure 32B). Inhibition of proteasomal degradation 

with the proteasome inhibitor MG132 in one experiment did not contribute to Tspan15 rescue, 

despite the accumulation of polyubiquitinated proteins in the cell lysate, which acted as a 

positive control for MG132 (Figure A3, Appendix). Interestingly, two extra Tspan15 bands, 

one slightly above and one slightly below the band in wild-type cells, were observed in 

ADAM10-knockout cells (Figure 32Bi and Figure A3, Appendix). The rescued Tspan15 in 

NH4Cl-treated ADAM10-knockout cells also appeared predominantly at a higher molecular 

weight (Figure 32Bi). To investigate if the changes in molecular weight were due to altered N-

glycosylation, Tspan15 immunoprecipitates were digested with the N-glycosidase, PNGaseF. 

In all conditions, the Tspan15 band collapsed to the same molecular weight at ~25 kDa, 

indicating that the absence of ADAM10 altered Tspan15 N-glycosylation (Figure 32C). 
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Figure 32. Lysosomal inhibition partially rescues Tspan15 expression in ADAM10-knockout cells. 
Wild-type (WT) and ADAM10-knockout (A10 KO) A549 cells were treated with 50 mM NH4Cl (+) or dH2O 
as the vehicle control (–) for 20 hours to inhibit lysosomal degradation. (Ai) Cells were stained with 
Tspan15 mAb (green) and isotype control (black) and analysed by flow cytometry. (Aii) Tspan15 surface 
expression was quantitated and presented as geometric mean intensity of Tspan15 staining relative to 
the isotype control staining. Data were log-transformed and statistically analysed by a two-way ANOVA 
with Bonferroni’s multiple comparisons test (*p<0.05). Error bars represent standard errors of the mean 
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from three independent experiments. (Bi) Cells were lysed in 1% Triton X-100 lysis buffer. Lysates were 
immunoprecipitated and  estern blotted with Tspan15 mAbs. Lysates were also blotted for α-tubulin as 
a loading control. (Bii) The amount of immunoprecipitated Tspan15 was quantitated, normalised to 
tubulin expression, and presented relative to WT cells. Data were arcsine-transformed and statistically 
analysed by a two-way ANOVA with Bonferroni’s multiple comparisons test (*p<0.05, ***p<0.001). Error 
bars represent standard errors of the mean from three independent experiments. (C) Tspan15 
immunoprecipitates and control Tspan15 mAb-coated beads were left undigested (–) or digested with 
the N-glycosidase, PNGase F (+) under reducing conditions. Undigested and digested samples were 
subjected to Western blotting with Tspan15 pAb against the C-terminus. The blot is representative of 
two independent experiments.  

 

5.3.3 ADAM10 cytoplasmic domain is required for Tspan15 surface expression 

Previous data in the Tomlinson lab have shown that ADAM10 can rescue Tspan15 expression 

on the cell surface when reintroduced into ADAM10-knockout HEK-293T cells. Evidence so 

far suggests that Tspan15 cytoplasmic tails have supporting roles in maintaining ADAM10 

surface expression (Chapter 3) (Eschenbrenner et al., 2020). To determine whether the reverse 

is true, dual-colour flow cytometry was used to assess Tspan15 surface expression in ADAM10-

knockout HEK-293T cells transfected with expression constructs for wild-type ADAM10 or 

two different ADAM10 cytoplasmic domain mutants (Figure 33A).  

The first ADAM10 mutant was ADAM10(DCS), which consists of the disintegrin, cysteine-

rich and stalk region (DCS) of ADAM10. It was expressed using a pDISPLAY vector that has 

an N-terminal secretion signal sequence and the transmembrane domain of the platelet-derived 

growth factor receptor (PDGFR) at the C-terminus to target ADAM10(DCS) to the cell surface, 

which has been shown to be sufficient for Tspan15 interaction via co-immunoprecipitation 

experiments (Noy et al., 2016). Both wild-type full-length ADAM10 and ADAM10(DCS) were 

expressed at comparable levels (Figure 33B). Tspan15 surface expression was reduced by 75% 

in ADAM10-knockout cells, and was increased by 2.1-fold in the ADAM10-knockout cells 

transfected with wild-type ADAM10, although this increase was not statistically significant 

(Figure 33B). Tspan15 surface expression was also rescued to a lesser extent in 
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ADAM10(DCS)-transfected cells (Figure 33B). This suggests that interaction via the ADAM10 

DCS region may be sufficient to deliver Tspan15 to the cell surface. However, ADAM10(DCS) 

must be expressed in the pDISPLAY vector because it does not get to the cell surface otherwise, 

as determined previously when expressed on an ADAM17 backbone (Noy et al., 2016). 

Therefore, one limitation was that the small increase in rescued Tspan15 could be an artifact 

from increased stability by the cell-surface anchored ADAM10(DCS).  

To address the above limitation, a second ADAM10 mutant that lacks the cytoplasmic tail but 

retained the rest of the protein was used (ADAM10(ΔC)) (Figure 33A), as it was shown to be 

able to reach the cell surface in a standard pcDNA3.1 expression vector (Maretzky et al., 2015). 

Interestingly, Tspan15 surface expression was reduced by a further 2.3-fold in ADAM10-

knockout cells transfected with ADAM10(ΔC), in contrast to the 2.3-fold rescue seen with wild-

type ADAM10, when both mutants were expressed at a comparable level when reconstituted in 

ADAM10-knockout cells (Figure 33C).  

Together, these data suggest that the cytoplasmic tail of ADAM10 may have a role in 

maintaining Tspan15 expression on the cell surface.  
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Figure 33. ADAM10 cytoplasmic domain is required for Tspan15 surface expression. (A) 
Schematic representation of wild-type (WT) ADAM10 and mutants: the disintegrin, cysteine-rich and 
stalk region (DCS) of ADAM10 (linked to the transmembrane domain of the platelet-derived growth 
factor receptor (PDGFR) in a pDISPLAY vector) and ADAM10 lacking the cytoplasmic tail (ΔC). (B) 
ADAM10-knockout (A10 KO) HEK-293T cells were transfected with expression constructs for human 
WT ADAM10 and ADAM10(DCS) or empty vector (–) for 40 hours. Cells were double-stained for 
ADAM10 and Tspan15 (T15) and analysed by flow cytometry to measure the surface expression of 
ADAM10 and Tspan15 in ADAM10-transfected cells. Surface expression of ADAM10 and Tspan15 in 
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WT cells were also quantitated as a control. Expression was presented as geometric mean intensity of 
target protein staining relative to the isotype control staining. Data were log-transformed and statistically 
analysed by a two-way ANOVA with Tukey’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, 
compared to WT cells; #p<0.05, ##p<0.01, ###p<0.001, compared to empty vector-transfected ADAM10 
KO cells). Error bars represent standard errors of the mean from three independent experiments. (C) 
Experiment design and analysis were as described in panel B, but cells were transfected with expression 
constructs for mouse ADAM10 and ADAM10(ΔC).  

 

5.3.4 ADAM10 inhibition reduces ADAM10 and Tspan15 surface expression 

A previous study observed that the ADAM10 inhibitor GI254023X reduced ADAM10 surface 

expression in the myeloid cell lines THP-1 and U937, in a time-dependent manner (Ezekwe, 

Weng and Duncan, 2016). Given that Tspan15 regulates ADAM10 expression and vice versa, 

the possibility that Tspan15 surface expression was also downregulated following GI254023X 

treatment was investigated. Jurkat and A549 cells, which have high levels of ADAM10 and 

Tspan15 on the cell surface (Koo et al., 2020), were treated with 2.5 μM GI254023X 

(IC50<2 μM for membrane-bound ADAM10) (Ludwig et al., 2005) for an extended period of 

48 hours. Flow cytometry analysis revealed that surface ADAM10 and Tspan15 was reduced 

by ~50% and ~20% in Jurkat cells, and ~70% and ~80% in A549 cells, respectively (Figure 

34). During the investigation, the Ludwig group has also demonstrated similar observations 

described in Ezekwe et al. (2016) in multiple cell lines (THP-1, A549 and HEK-293 cells) and 

in vivo in mice; they showed that the effect was time- and dose-dependent, with maximal 

reduction in ADAM10 surface expression seen when THP-1 cells were treated with 10 μM 

GI254023X for 24 hours (Seifert et al., 2021). Using this optimised condition, HEK-293T cells, 

which express lower levels of ADAM10 and Tspan15 (Koo et al., 2020), were found to have 

~50% and ~40% reduction in surface ADAM10 and Tspan15, respectively (Figure 34). These 

data suggest that Tspan15 was downregulated together with ADAM10 in multiple cell types.   
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Figure 34. ADAM10 inhibition reduces ADAM10 and Tspan15 surface expression. Jurkat and A549 
cells were treated with  .5 μM of the ADAM10 inhibitor GI 540  X, or DMSO as the vehicle control for 
48 hours; inhibitor was reapplied every 24 hours. HEK- 9 T cells were treated with 10 μM of GI 540  X 
for 24 hours for maximal ADAM10 reduction. Surface expression of (A) ADAM10 and (B) Tspan15 was 
assessed by flow cytometry. Expression was presented as geometric mean intensity of the target protein 
staining relative to the isotype control staining. Experiments for each cell type were done at different 
times but presented on the same graph for simplicity. Data were log-transformed and statistically 
analysed by a two-tailed t-test (*p<0.05, **p<0.01, ***p<0.001, compared to DMSO control). Error bars 
represent standard errors of the mean from three independent experiments. 

 

5.3.5 Tspan15 minimises surface ADAM10 reduction following ADAM10 inhibition 

Findings in the previous section prompted a follow-up investigation to determine whether 

TspanC8s differentially regulate GI254023X-mediated ADAM10 surface reduction. 

HEK-293T cells were chosen due to the availability of a range of TspanC8-knockout cells. 

ADAM10 surface expression was assessed by flow cytometry in control and GI254023X-

treated wild-type, Tspan14-knockout, Tspan15-knockout, Tspan33-knockout and Tspan15/33 

double knockout cells, in two different sets of knockout clones. In all cell types, GI254023X 

treatment led to substantial reduction in surface ADAM10 (Figure 35Ai and Bi). ADAM10 

reduction was the greatest in the absence of Tspan15, as seen in Tspan15-knockout and 

Tspan15/33 double knockout cells (Figure 35Aii and Bii). Importantly, this difference was not 

due to differences in ADAM10 surface expression in the knockout cells; this was best 

demonstrated in the second set of knockout clones, which showed striking differences in the 

percentage of GI254023X-mediated ADAM10 reduction in cells deficient in Tspan14, Tspan15 

or Tspan33 (Figure 35Bii), despite similar levels of ADAM10 in DMSO-treated control cells. 
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These data suggest that the presence of Tspan15 minimises ADAM10 downregulation on the 

cell surface following ADAM10 inhibition. 

 

 

Figure 35. Tspan15 minimises surface ADAM10 reduction following ADAM10 inhibition. (Ai) Wild-
type (WT), Tspan14-knockout (T14 KO), Tspan15-knockout (T15 KO), Tspan33-knockout (T33 KO) and 
Tspan15/33 double KO (T15/33 dKO) HEK- 9 T cells were treated with 10 μM of the ADAM10 inhibitor 
GI254023X, or DMSO as the vehicle control for 24 hours. Surface expression of ADAM10 was assessed 
by flow cytometry. Expression was presented as geometric mean intensity relative to the isotype control 
staining. Data were log-transformed and statistically analysed by a two-way ANOVA with Dunnett’s 
multiple comparisons test (**p<0.01, ***p<0.001, compared to the respective WT controls). Error bars 
represent standard errors of the mean from three independent experiments. (Aii) The percentage of 
surface ADAM10 reduction following ADAM10 inhibition from panel Ai was quantitated. Data were 
arcsine-transformed and statistically analysed by a one-way ANOVA with Dunnett’s multiple 
comparisons test (*p<0.05, **p<0.01, compared to WT). (Bi-ii) Experiment was as described in panel 
Ai-ii in a different set of knockout clones. 
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5.3.6 Tspan15/ADAM10 are dynamic complexes that can cluster on the cell surface 

ADAM10 dynamics has been shown to be differentially regulated by TspanC8s, using Tspan5 

and Tspan15 as model TspanC8s (Jouannet et al., 2016; Eschenbrenner et al., 2020). However, 

the dynamics of a TspanC8/ADAM10 complex has not been examined before. In this section, 

fluorescence correlation spectroscopy (FCS) was used to characterise Tspan15/ADAM10 

bimolecular fluorescence complementation (BiFC) complexes on the cell surface. BiFC is a 

technique that generates a fluorescent dimer from two interacting proteins tagged separately 

with non-fluorescent halves of a fluorescent protein (Kerppola, 2006) (Figure 36A). FCS is a 

sensitive live-cell spectroscopy technique that measures the fluorescence fluctuations of 

molecules diffusing through a defined confocal volume of ~0.2 μm3 and can provide metrics 

on the dynamics and brightness of fluorescent complexes when coupled with downstream 

statistical modelling (Briddon, Kilpatrick and Hill, 2018). Since cells are exposed to continuous 

high-power excitation laser during FCS, a more photostable superfolder GFP (sfGFP) was used 

for BiFC (Kilpatrick, Briddon and Holliday, 2012).  

HEK-293T cells were transfected with expression constructs for ADAM10 tagged with the 

C-terminal half of sfGFP, Tspan15 tagged with N-terminal half of sfGFP, or both (Figure 36A). 

Flow cytometry confirmed the formation of the fluorescent Tspan15/ADAM10 BiFC 

complexes only when both constructs were expressed (Figure 36B). Confocal microscopy 

confirmed the expression and predominant localisation of the Tspan15/ADAM10 BiFC dimers 

on the cell surface, similar to Tspan15 labelling on the same cells (Figure 36C).  

Using FCS, the lateral diffusion of Tspan15/ADAM10 complexes on the apical membrane of 

transfected HEK-293T cells was quantified with downstream autocorrelation analysis of the 

FCS data. On average, there were 48 fluorescent particles/μm2 with an average diffusion 
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coefficient of 0.19 μm2/s (Figure 37A-B). Additionally, photon counting histogram (PCH) 

analysis of the FCS data was conducted to examine the average molecular brightness and 

oligomerisation status of Tspan15/ADAM10 BiFC complexes. This revealed that most of the 

FCS traces preferentially fitted to a one-component PCH model of a single average brightness 

value of 2.2×104 cpm/s; the remaining 42% preferentially fitted to a two-component model with 

two distinct brightness levels: a dimmer subcomponent with an average brightness of 1.4×104 

cpm/s that was not statistically different (p>0.05) to the one-component brightness, and a 

brighter subcomponent with an average brightness of 5.4×104 cpm/s (Figure 37C). The distinct 

brightness grouping indicates that Tspan15/ADAM10 BiFC complexes can form clusters of 

different sizes. Taken together, the data suggest that Tspan15/ADAM10 complexes are 

dynamic and can cluster on the cell surface. 
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Figure 36. Validation of Tspan15/ADAM10 superfolder GFP (sfGFP) bimolecular fluorescence 
(BiFC) complexes. (A) Schematic representation of a Tspan15/ADAM10 (T15/A10) sfGFP BiFC dimer. 
The dimer is formed when Tspan15 tagged with the N-terminal half of sfGFP interacts with ADAM10 
tagged with the C-terminal half of sfGFP. (B) HEK-293T cells were transfected with either of, or both, 
Tspan15 and ADAM10 sfGFP BiFC expression constructs, or empty vector control (–) for 24 hours and 
analysed by flow cytometry. Dot plots are representative of two independent experiments. (C) Cells 
transfected with both Tspan15 and ADAM10 sfGFP BiFC expression constructs were fixed and stained 
with Alexa Fluor 647-conjugated Tspan15 mAb for imaging of Tspan15 (red) and sfGFP (green) by 
confocal microscopy. The middle-plane images are representative of two independent experiments. 
Scale bar: 10 μm. 
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Figure 37. ADAM10/Tspan15 bimolecular fluorescence (BiFC) dimers are dynamic and can 
cluster on the cell surface. HEK-293T cells were transfected with both ADAM10 and Tspan15 
superfolder GFP (sfGFP) BiFC expression constructs for 24 hours and analysed by fluorescence 
correlation spectroscopy (FCS) in live cells. Fluorescence fluctuation readings were collected from 
ADAM10/Tspan15 BiFC complexes on the apical membrane of transfected cells. Autocorrelation 
analysis of the FCS data was conducted to calculate the average (A) particle concentration (N: number 
of particles) and (B) diffusion coefficient of the complexes in the confocal volume. (C) The average 
molecular brightness of the complexes (cpm: counts per molecule) were calculated by photon counting 
histogram (PCH) analysis. The data preferentially fitted to two separate PCH models: a one-component 
model and a two-component model with two levels of brightness (‘dim’ and ‘bright’). FCS traces were 
collected under the supervision of Dr. Joëlle Goulding, who also conducted the autocorrelation and PCH 
analyses. Data were from 43 cells in three independent experiments. Data were log-transformed and 
analysed by a one-way ANOVA with Tukey’s multiple comparisons test (***p<0.001). 
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 Discussion 

How do TspanC8s and ADAM10 regulate each other? Using Tspan15 as the model TspanC8, 

findings in this chapter suggest that (1) ADAM10 promotes Tspan15 expression at the protein 

level, (2) the cytoplasmic tail of ADAM10 is required for Tspan15 surface expression, (3) 

ADAM10 inhibition downregulates ADAM10 and Tspan15 surface expression, but the 

presence of Tspan15 reduces surface ADAM10 downregulation, and (4) Tspan15/ADAM10 

are dynamic complexes that can cluster on the cell surface. 

The first aim of this chapter focused on how ADAM10 promotes Tspan15 expression. Similar 

to Tspan5, ADAM10 also promotes Tspan15 expression at the protein level because ADAM10 

deficiency did not affect TSPAN15 mRNA expression (Saint-Pol, Billard, et al., 2017). 

Inhibiting lysosomes, but not proteasomes, partially restored intracellular Tspan15 expression 

in ADAM10-knockout cells but the rescued Tspan15 could not get to the cell surface. This 

suggests that Tspan15 may be unstable on the cell surface when not in complex with ADAM10, 

hence is rapidly internalised and targeted to lysosomes for degradation. Consistent with this, 

Tspan15 endocytosis increases in the absence of ADAM10 (Eschenbrenner et al., 2020). 

Alternatively, Tspan15 may be trapped in the ER without ADAM10 and subsequently be 

targeted to the lysosomal degradation pathway for clearance (Fregno and Molinari, 2019). This 

is a possibility given that ADAM10 regulates Tspan5 exit from the ER (Saint-Pol, Billard, et 

al., 2017).  

Also similar to Tspan5 (Saint-Pol, Billard, et al., 2017), Tspan15 N-glycosylation was altered 

in absence of ADAM10, as indicated by the presence of additional Tspan15 glycoforms in the 

absence of ADAM10. Tspan15 has three predicted N-glycosylation sites at N118, N189 and 

N230 on the large extracellular region, but comparisons with N-glycosylation mutants show 
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that Tspan15 is only glycosylated at N189 (Blacklow lab, unpublished). Therefore, it is possible 

that N118 and N230 are normally masked by ADAM10 interaction and can only be 

glycosylated in its absence. Since Tspan15 can be overexpressed on the cell surface in 

ADAM10-knockout cells (Koo et al., 2020), it would be interesting to determine the 

predominant Tspan15 glycoform to examine this possibility, and whether the N-glycosylation 

of Tspan15 affects its interaction with ADAM10, hence its expression and function.  

The discovery that the ADAM10 cytoplasmic tail is required for Tspan15 expression on the cell 

surface revealed another region on ADAM10, besides its extracellular region, that is important 

for Tspan15 regulation. The ADAM10 cytoplasmic tail has an arginine-rich ER-retention motif 

(Marcello et al., 2010). Since ADAM10 and Tspan15 interact via their extracellular regions 

(Noy et al., 2016), one would expect that deletion of the ADAM10 cytoplasmic tail would 

facilitate ER exit of both ADAM10 and Tspan15 and enhance expression of both proteins at 

the cell surface. In fact, it was shown that the ADAM10 tail-truncated mutant has a higher 

expression on the cell surface relative to its full-length counterpart (Maretzky et al., 2015). 

Unexpectedly, the findings in this chapter suggest that ADAM10, but not Tspan15, can get to 

the cell surface efficiently without the ADAM10 cytoplasmic tail. As the level of endogenous 

Tspan15 in HEK-293T appears to be below the limit of detection for Western blotting of 

immunoprecipitates (Szyroka, 2019) and immunofluorescence microscopy (data not shown), it 

is currently not known whether the ADAM10 tail-truncated mutant restored Tspan15 

expression intracellularly, and if so, whether their interaction was disrupted. Stable 

reconstitution of ADAM10-knockout cells with the tail-truncated mutant in another cell line 

with high Tspan15 expression, such as A549 or PC3, will be required to address this question. 

Nevertheless, this intriguing finding raises the possibility of ADAM10 and Tspan15 interaction 

at their cytoplasmic domains, which will be discussed further in Chapter 7. 
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The second aim of this chapter focused on how Tspan15 regulates ADAM10 surface expression. 

This was investigated in the context of ADAM10 activity inhibition by the preferential 

ADAM10 inhibitor GI254023X. Consistent with previous reports, surface ADAM10 was 

reduced in three different cell lines following prolonged treatment with GI254023X (Ezekwe, 

Weng and Duncan, 2016; Seifert et al., 2021). This was accompanied by a reduction in surface 

Tspan15 in all three cell lines. However, Tspan15 surface downregulation in Jurkat cells was 

lower relative to ADAM10 in comparison to A549 and HEK-293T cells. This is in line with the 

previous finding in which ADAM10 surface expression was unaffected in Tspan15-knockout 

Jurkat cells, presumably due to presence of other more abundant TspanC8s, but contrasts with 

the finding that Tspan15 is reduced to the same extent as A549 and HEK-293T cells in 

ADAM10-knockout Jurkat cells (Koo et al., 2020). In the latter, however, ADAM10 is 

completely depleted, and Tspan15 protein expression would already be inherently affected as 

discussed earlier in this chapter. 

In contrast to the other two platelet TspanC8s, namely Tspan14 and Tspan33, the lack of 

Tspan15 alone enhanced the effect of ADAM10 downregulation on the surface following 

GI254023X treatment, therefore providing another piece of evidence demonstrating that 

Tspan15 promotes ADAM10 stability on the cell surface. It would be of interest to extend this 

finding to other cell lines, particularly Jurkat cells. Seifert et al. (2021) have demonstrated that 

the loss of ADAM10 from the cell surface following ADAM10 inhibition is accompanied by 

not only its internalisation and subsequent lysosomal degradation, but also its release into 

extracellular vesicles. In light of this, could the differential ADAM10 downregulation in 

TspanC8-knockout HEK-293T cells seen here be an effect of differential ADAM10 release into 

extracellular vesicles? This will be discussed in Chapter 7.  
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Finally, this chapter presents the first biophysical characterisation of the dynamics and 

organisation of a TspanC8 in complex with ADAM10 on the cell surface. Using BiFC in 

combination with FCS, the average lateral diffusion of Tspan15/ADAM10 BiFC complexes 

was found to be 0.19 μm2/s. This is in the same order of magnitude as the diffusion coefficient 

reported for ADAM10 in Tspan15-transfected U2OS-N1 cells at 0.10 μm2/s using single-

particle tracking (Jouannet et al., 2016). In the same study, the diffusion coefficients of 

ADAM10 in Tspan5-transfected cells and non-transfected cells were lower, suggesting that 

ADAM10 diffusion speed is different depending on which TspanC8 it is in complex with. FCS 

of Tspan14/ADAM10 and Tspan33/ADAM10 BiFC complexes would be useful in determining 

whether there is any difference in their diffusion speed on the cell surface. Analysis of diffusion 

coefficient alone does not provide any indication on clustering because substantial changes will 

only be apparent with at least an eight-fold difference in size (Briddon, Kilpatrick and Hill, 

2018). Therefore, another advantage of BiFC/FCS is the ability to extract information on the 

average molecular brightness of the particles. As brightness is proportional to the number of 

fluorescent units, the presence of particles of distinct brightness levels suggests that 

Tspan15/ADAM10 can form clusters of different sizes. With the use of controls of known 

oligomerisation states in future experiments, such as CD86, an obligate monomer and CD28, 

an obligate homodimer, the stoichiometry of TspanC8/ADAM10 complexes can be measured 

more accurately (Briddon, Kilpatrick and Hill, 2018). 

In summary, this chapter provided further evidence that Tspan15 maintains ADAM10 surface 

expression and vice versa, and together they form a dynamic scissor complex on the cell surface. 
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CHAPTER 6 

INVESTIGATING POTENTIAL TSPAN15 REDUNDANCY 

WITH OTHER TSPANC8S 

 Introduction 

As introduced in Section 1.4.3.4, Tspan15 has emerged as an attractive therapeutic target for 

diseases such as cancer and arthritis. Findings in Chapter 3 suggests a potential novel anti-

platelet strategy by inducing Tspan15/ADAM10-mediated GPVI shedding. Chapter 4 also 

suggests the potential for targeting Tspan15 in venous thrombosis. An important consideration 

in drug design is whether other proteins have redundant function with the target of interest. 

Functional compensation between the two closely related tetraspanins CD9 and CD81 in their 

roles in regulating cell-cell fusion has been well documented (Charrin et al., 2014). In the 

TspanC8 subfamily, functional redundancies have been reported for all three Drosophila 

homologues (Tsp3A, 26A and 86D) in promoting Notch signalling (Dornier et al., 2012). In a 

similar sense, Tspan5 and Tspan14 both promote Notch activation (Dornier et al., 2012; Saint-

Pol, Billard, et al., 2017). Tspan5 and Tspan17, the two most closely related TspanC8s, have 

redundant roles in promoting lymphocyte transmigration through the downregulation of VE-

cadherin on endothelial cells (Reyat et al., 2017). Tspan15 and Tspan33 can both promote 

ADAM10 cleavage of GPVI (Matthews, 2019), although Chapter 3 has shown that Tspan15 is 

the more efficient TspanC8. 

To evaluate the therapeutic potential of Tspan15, it was therefore important to address whether 

other closely related members in the TspanC8 subfamily can compensate for the loss of 

Tspan15, especially in a diseased state where other TspanC8s and ADAM10 may also be 

upregulated, such as in the case of pancreatic cancer, where transcriptomic data suggest the 
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upregulation of TSPAN5, TSPAN14, TSPAN15, TSPAN17 and ADAM10 (Tang et al., 2019). 

The aim of this chapter is to emulate a potential extreme scenario in the diseased state by 

examining whether other TspanC8/ADAM10 scissors can cut Tspan15-dependent substrates 

when overexpressed in the absence of Tspan15. Three other Tspan15/ADAM10 substrates were 

tested alongside GPVI. These include RAGE and betacellulin, which showed loss of shedding 

in transfected ADAM10-knockout and Tspan15-knockout HEK-293T cells in recent studies in 

the Tomlinson lab, and N-cadherin, which is the best example of a Tspan15/ADAM10 substrate 

as demonstrated by several independent studies in different cell types (Prox et al., 2012; 

Jouannet et al., 2016; Noy et al., 2016; Seipold et al., 2018).  
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 Results 

6.2.1 Tspan15/ADAM10 is the strongest scissor for GPVI, RAGE and betacellulin in 

transfected HEK-293T cells 

The potential for other TspanC8s to compensate for the loss of Tspan15 in shedding of 

Tspan15-dependent substrates was investigated for GPVI, RAGE and betacellulin in 

transfected HEK-293T cells in this section, and endogenous N-cadherin in the next section 

(Section 6.2.2). Shedding rescue by each TspanC8/ADAM10 scissor was assessed in 

Tspan15-knockout cells, except for GPVI, which was in Tspan15/33 double knockout cells 

since it has already been shown that Tspan33 can contribute to GPVI cleavage in 

Tspan15-knockout cells (Section 4.2.6) (Matthews, 2019). In all experiments, the cells were 

transfected with expression constructs for FLAG-tagged TspanC8s (Tspan5, 10, 14, 15, 17 or 

33), at comparable expression levels, together with ADAM10 to ensure that the reduction of 

ADAM10 levels in TspanC8-knockout cells (Section 5.3.5) would not become a limiting factor 

in assessing shedding. 

Cleavage of GPVI in transfected cells was assessed by measuring the percentage of C-terminal 

fragment generated by anti-myc Western blotting as described in previous chapters. Only the 

true scissors for GPVI, Tspan15/ADAM10 and Tspan33/ADAM10, rescued GPVI cleavage in 

Tspan15/33 double knockout cells beyond the level observed in wild-type cells, with a 3.1-fold 

and 2.4-fold increase, respectively (Figure 38). Tspan10/ADAM10 overexpression did not 

rescue GPVI cleavage, whereas the other three scissors rescued GPVI cleavage to a small extent 

(Figure 38).  

The expression construct for RAGE has a GFP tag at the C-terminus. The membrane remnant 

of RAGE following ADAM10 cleavage is susceptible to subsequent γ-secretase cleavage 
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(Zhang et al., 2008). Therefore, RAGE cleavage in transfected cells was assessed by anti-GFP 

Western blotting in the presence of the γ-secretase inhibitor DAPT to prevent loss of the C-

terminal fragment. RAGE cleavage, which was almost completely abolished in Tspan15-

knockout cells, was restored to a level comparable to wild-type cells by reintroducing ADAM10 

alone (Figure 39). Overexpression of Tspan15/ADAM10 and Tspan33/ADAM10 increased 

RAGE cleavage rescue by 2-fold and 1.3-fold above the level seen in wild-type cells, 

respectively, whereas no further increase was seen with the other four scissors (Figure 39). 

The expression construct for betacellulin has an alkaline phosphatase conjugated at the N-

terminus. This allowed betacellulin shedding to be quantitated in transfected cells by measuring 

alkaline phosphatase activity of shed betacellulin in cell culture supernatant as a percentage of 

total, which included activity from intact betacellulin in cell lysates. Shedding differences were 

assessed in the presence of the metalloprotease activator NEM to increase the otherwise low 

levels of shedding (Figure 40). Betacellulin shedding was almost completely abolished in 

Tspan15-knockout cells, and overexpressing ADAM10 alone or Tspan10/ADAM10 did not 

increase shedding further (Figure 40). Tspan15/ADAM10 was the only scissor that increased 

shedding to a level above wild-type cells, by 1.5-fold, and this was 5.2-fold higher than the 

level seen in the ADAM10-transfected control, whereas the other four scissors rescued 

shedding partially by ~2.5-fold above the level seen in the ADAM10-transfected control 

(Figure 40). 

Together, the results suggest that Tspan15/ADAM10 is the strongest scissor for GPVI, RAGE 

and betacellulin in transfected HEK-293T cells, with minor compensation of varying degrees 

from the other non-cutters, apart from Tspan10/ADAM10, when they are overexpressed in the 

absence of Tspan15.  
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Figure 38. Tspan15/ADAM10 is the strongest scissor for GPVI. Wild-type (WT) and Tspan15/33 
double knockout (dKO) HEK-293T cells were transfected with expression constructs for C-terminal myc-
tagged human GPVI and FcRγ (+) for 24 hours. Tspan15/33 double knockout cells were also transfected 
with expression constructs for C-terminal HA-tagged ADAM10 and FLAG-tagged TspanC8s (Tspan5, 
10, 14, 15, 17 or 33) or empty vector (–). Cells were lysed in 1% Triton X-100 lysis buffer. Lysates were 
subjected to anti-myc, anti-FLAG and anti-HA Western blotting (top panels). The percentage of GPVI 
cleaved was quantitated (bottom panel), arcsine-transformed and statistically analysed by a one-way 
ANOVA with Dunnett’s multiple comparisons test (*p<0.05, ***p<0.001, compared to WT cells). Error 
bars represent standard errors of the mean from three independent experiments. 
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Figure 39. Tspan15/ADAM10 is the strongest scissor for RAGE. Wild-type (WT) and Tspan15-
knockout (KO) HEK-293T cells were transfected with C-terminal GFP-tagged human RAGE expression 
construct for 24 hours. Tspan15-knockout cells were also transfected with expression constructs for C-
terminal myc-tagged ADAM10 and FLAG-tagged TspanC8s (Tspan5, 10, 14, 15, 17 or 33) or empty 
vector (–). To prevent loss of the RAGE C-terminal fragment from subsequent γ-secretase cleavage, 
cells were treated with 10 μM of the γ-secretase inhibitor DAPT three hours post-transfection. Cells were 
lysed in 1% Triton X-100 lysis buffer. Lysates were subjected to anti-GFP, anti-FLAG and anti-myc 
Western blotting (top panels). The percentage of RAGE cleaved was quantitated (bottom panel), 
arcsine-transformed and statistically analysed by a one-way ANOVA with Dunnett’s multiple 
comparisons test (**p<0.01, ***p<0.001, compared to cells transfected with ADAM10 only). Error bars 
represent standard errors of the mean from three independent experiments. 
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Figure 40. Tspan15/ADAM10 is the strongest scissor for betacellulin. Wild-type (WT) and Tspan15-
knockout (KO) HEK-293T cells were transfected with an expression construct for human betacellulin 
conjugated to alkaline phosphatase at the N-terminus for 24 hours. Tspan15-knockout cells were also 
transfected with expression constructs for C-terminal myc-tagged ADAM10 and FLAG-tagged 
TspanC8s (Tspan5, 10, 14, 15, 17 or 33) or empty vector control (–). (A) Cells were washed with PBS 
and incubated with the reduced serum media Opti-MEM® for 30 minutes. To stimulate metalloprotease 
activity, cells were treated with 2 mM NEM or ethanol as vehicle control for 2.5 hours. To measure 
alkaline phosphatase activity, supernatant and lysate (extracted in 1% Triton X-100 lysis buffer) samples 
were harvested and incubated at  7 ⁰C with the alkaline phosphatase substrate pNPP at a final 
concentration of 1 mg/mL, and absorbance measured at 405 nm. The percentage of betacellulin shed 
was calculated from the absorbance of the supernatant sample as a percentage of total. Data were 
arcsine-transformed and statistically analysed by a two-way ANOVA with Dunnett’s multiple 
comparisons test (***p<0.001, compared to the corresponding ADAM10-transfected Tspan15-knockout 
cells treated with ethanol (white) or NEM (red)). Error bars represent standard errors of the mean from 
three independent experiments. (B) Cells were lysed in 1% Triton X-100 lysis buffer. Lysates were 
subjected to anti-FLAG and anti-myc Western blotting. Blots are representative of three independent 
experiments. 

  

A

Blot: FLAG

Blot: myc

63 –

100 –

35 –

25 –

48 –

Immature

Mature

FLAG-Tspan:

Tspan15 KO

ADAM10-myc: – + ++ ++ + +

– – 1410 155 17 33

B

0

20

40

60

80

100

%
B

e
ta

c
e
ll
u

li
n

s
h

e
d

Ethanol NEM

FLAG-Tspan:

ADAM10-myc:

Genotype:

– – – 5 10 14 15 17 33

– – + + + + + + +

WT Tspan15 KO

******

***
*** ***

***

*** ***



CHAPTER 6 

155 

 

6.2.2 Tspan15/ADAM10 is the strongest scissor for endogenous N-cadherin in HEK-

293T cells 

To extend the findings in the previous section to an endogenous substrate, rescue of shedding 

by each TspanC8/ADAM10 scissor was investigated in Tspan15-knockout HEK-293T cells for 

N-cadherin, which HEK-293T cells express endogenously. Shed N-cadherin released into cell 

culture supernatant was extracted by trichloroacetic acid (TCA) precipitation, whereas intact 

N-cadherin remaining on the cell surface was extracted in whole cell lysates. By Western 

blotting with an antibody against the extracellular region of N-cadherin, N-cadherin shedding 

can be quantitated by measuring the amount shed in the supernatant as a percentage of total N-

cadherin from the supernatant and lysate samples.  

In wild-type cells, full-length N-cadherin (~135 kDa) was substantially reduced in cell lysates 

and was accompanied by an accumulation of shed N-cadherin (~100 kDa) in the supernatant 

upon NEM stimulation, suggesting that N-cadherin was maximally shed (Figure 41). In contrast, 

no shed N-cadherin was detected in the supernatant sample of Tspan15-knockout cells, despite 

the detection of the full-length in cell lysates, suggesting that N-cadherin could not be shed in 

the absence of Tspan15 (Figure 41). Shedding was rescued maximally to ~50% of the level 

seen in wild-type cells with Tspan15/ADAM10 overexpression (Figure 41). Of note, the partial 

rescue was because not all cells were transfected (~50-70% transfection efficiency by flow 

cytometry; data not shown). Overexpressing Tspan10/ADAM10 and Tspan17/ADAM10 could 

not rescue shedding in Tspan15-knockout cells, similar to what was observed in the ADAM10-

transfected control (Figure 41). Minimal rescue of ~30-50% of the level achieved with 

Tspan15/ADAM10 overexpression was seen with the other three scissors, with 

Tspan33/ADAM10 being the stronger of the three, which increased shedding significantly 

(p<0.05) compared to the ADAM10-transfected control (Figure 41). 
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Figure 42 summarises the shedding rescue data from Sections 6.2.1 and 6.2.2. Taken together, 

the results suggest that in an overexpression scenario, Tspan15/ADAM10 remains the strongest 

scissor for all Tspan15-dependent substrates, whereas there is no functional redundancy with 

Tspan10/ADAM10. Tspan17/ADAM10 can contribute to minimal rescue for all substrates 

except for N-cadherin. Tspan5/ADAM10, Tspan14/ADAM10 and Tspan33/ADAM10 can 

contribute to minimal rescue of all substrates; however, Tspan33/ADAM10 appears to be the 

stronger of the three as it can compensate for the loss of Tspan15 slightly better than other 

scissors in the case of RAGE and N-cadherin.  
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Figure 41. Tspan15/ADAM10 is the strongest scissor for N-cadherin. Wild-type (WT) and Tspan15-
knockout (KO) HEK-293T cells were transfected with expression constructs for C-terminal myc-tagged 
ADAM10 and FLAG-tagged TspanC8s (Tspan5, 10, 14, 15, 17 or 33) or empty vector (–) for 24 hours. 
Cells were washed with PBS and incubated with the reduced serum media Opti-MEM® for 30 minutes. 
To stimulate metalloprotease activity, cells were treated with 2 mM NEM or ethanol as vehicle control 
for one hour. Protein was extracted from the supernatant by TCA precipitation. Cells were lysed in 1% 
Triton X-100 lysis buffer. Both the supernatant and lysate samples were subjected to Western blotting 
with an antibody against the extracellular region of N-cadherin; lysates were also blotted for FLAG and 
myc (top panels). The percentage of N-cadherin shed was calculated from the supernatant as a 
percentage of total and presented relative to NEM-stimulated WT cells (bottom panel). Data were 
arcsine-transformed and statistically analysed by a one-way ANOVA with Dunnett’s multiple 
comparisons test (*p<0.05, ***p<0.001, compared to cells transfected with ADAM10 only). Error bars 
represent standard errors of the mean from three independent experiments. 
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Figure 42. Summary of redundancy among TspanC8/ADAM10 scissors for Tspan15-dependent 
substrates. Data from the average percentage shedding rescue of GPVI, RAGE, betacellulin and N-
cadherin in the absence of Tspan15 from Figure 38, Figure 39, Figure 40 and Figure 41 were combined. 
Data were normalised to a 0-100 scale based on the minimum and maximum values for each substrate. 
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6.2.3 Tspan15 shows the strongest colocalisation with N-cadherin 

To investigate whether the subcellular localisation of an overexpressed TspanC8/ADAM10 

scissor in relation to a Tspan15-dependent substrate would explain the differences in shedding 

compensation observed in previous sections, N-cadherin was selected as the model substrate. 

Dual-colour confocal imaging using an antibody against the cytoplasmic domain of N-cadherin 

and an anti-FLAG antibody was used to assess the degree of colocalisations between 

N-cadherin and FLAG-tagged TspanC8s in Tspan15-knockout cells co-transfected with 

expression constructs for ADAM10 and FLAG-tagged Tspan5, 10, 14, 15, 17 or 33. The 

experiment was done in the presence of the γ-secretase inhibitor DAPT to prevent γ-secretase 

cleavage of the membrane-bound remnant after ADAM10 shedding (Uemura et al., 2006). N-

cadherin showed predominant plasma membrane localisation (Figure 43A). In FLAG-positive, 

transfected cells, the percentage of colocalisation with N-cadherin was the highest with 

overexpressed Tspan15/ADAM10, which was also predominantly localised on the cell surface 

(Figure 43A-B). Comparisons with the other five scissors showed substantial reduction in 

colocalisation with N-cadherin, with most scissors showing predominant intracellular 

localisations; among these, Tspan33/ADAM10 showed stronger plasma membrane localisation 

and better colocalisation with N-cadherin (Figure 43A-B). Therefore, this suggests that for 

Tspan33/ADAM10, its greater ability to compensate for the loss of Tspan15 may be partly 

because of its stronger colocalisation with N-cadherin when overexpressed.  
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Figure 43. Tspan15 colocalises with N-cadherin. (A) Tspan15-knockout HEK-293T cells were 
transfected with expression constructs for ADAM10 and FLAG-tagged TspanC8s (Tspan5, 10, 14, 15, 
17 or 33). To prevent loss of the N-cadherin C-terminal fragment, cells were treated with 10 μM of the 
γ-secretase inhibitor DAPT three hours post-transfection. After 24 hours, cells were fixed, permeabilised 
and immunostained for N-cadherin cytoplasmic tail (magenta) and FLAG (FLAG-Tspan; green). Cells 
were imaged at the middle plane using Airyscan confocal microscopy in super-resolution mode. No 
signal was detected in the magenta channel in cells stained with control mouse IgG, or in the green 
channel in empty vector-transfected cells stained with anti-FLAG (data not shown). Images are 
representative of 15 fields of view from three independent experiments. Scale bar: 5 μm. (B) The degree 
of colocalisation between N-cadherin and FLAG-TspanC8s was expressed as the percentage of 
overlapping pixels in FLAG-positive, transfected cells in the green channel. Data were arcsine-
transformed and analysed by a one-way ANOVA, followed by Dunnett’s multiple comparison tests 
(*p<0.05, ***p<0.001, compared to the cells transfected with Tspan15/ADAM10).  
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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 

Sections 6.2.1 and 6.2.2 assessed redundancies among TspanC8/ADAM10 scissors in cutting 

Tspan15-dependent substrates when overexpressed at high levels. Next, the effect of expression 

level on the extent of shedding rescue was investigated. Although functional redundancy with 

Tspan15/ADAM10 was the most prominent with the overexpression of Tspan33/ADAM10, 

proteomics data show that Tspan33 expression is restricted to B cells, platelets and kidney tissue, 

in contrast to the broad expression profile of Tspan14 (Section 1.4.3). Therefore, the 

ubiquitously expressed Tspan14, which showed some functional redundancies with Tspan15 

when overexpressed was chosen as the representative TspanC8 for comparison.   

The shedding assays for overexpressed GPVI, RAGE, betacellulin and endogenous N-cadherin 

were as described in Sections 6.2.1 and 6.2.2. To compare Tspan14 and Tspan15 directly, 

Tspan14/15 double knockout HEK-293T cells, which have a ~65% reduction in ADAM10 

surface expression, were generated by CRISPR/Cas9 (Figure A1A, Appendix). Tspan14/15 

double knockout cells were used for RAGE, betacellulin and N-cadherin shedding assays, 

whereas Tspan14/15/33 triple knockout cells (described in Section 3.2.2) were used to assess 

GPVI cleavage. The cells were transfected with expression constructs for ADAM10 and a 

titration of FLAG-tagged Tspan14 or Tspan15 with four-fold dilution steps to achieve four 

different expression levels, such that the FLAG signal would fall below the limit of detection 

at the lowest concentrations (Figure 44A).  

A non-linear decrease in GPVI cleavage was seen in the titrations of both Tspan14 and Tspan15, 

with a noticeable decrease seen only in the lowest expression level (Figure 44A-B). 

Tspan14/ADAM10 cannot rescue GPVI cleavage to the same extent as Tspan15/ADAM10 



CHAPTER 6 

162 

 

because even Tspan15/ADAM10 at the lowest expression level was able to outperform the 

Tspan14/ADAM10 expressed at the highest level (Figure 44A-B). A steady reduction in RAGE 

cleavage was observed for both Tspan14 and Tspan15 titrations (Figure 45A-B). Titrating 

Tspan15/ADAM10 to the lowest expression level resulted in RAGE cleavage comparable to 

the level observed at maximal Tspan14/ADAM10 expression (Figure 45A-B). Similar to 

RAGE, betacellulin shedding was gradually reduced across the titrations of both Tspan14 and 

Tspan15 (Figure 46A-B). Titrating Tspan15/ADAM10 to the second lowest expression level 

was sufficient to yield shedding comparable to the level observed at maximal 

Tspan14/ADAM10 expression (Figure 46A-B). In the case of endogenous N-cadherin, 

shedding rescue by Tspan15/ADAM10 was lower compared to overexpressed substrates 

because not all cells would have been transfected. Nonetheless, Tspan15/ADAM10 still rescued 

shedding at its lowest expression level, in contrast to Tspan14/ADAM10 where no substantial 

shedding rescue was detected at any concentration (Figure 47A-B). 

Figure 48 summarises the relative strengths of Tspan14/ADAM10 and Tspan15/ADAM10 in 

cutting overexpressed GPVI, RAGE, betacellulin and endogenous N-cadherin. Taken together, 

the data suggest that Tspan14/ADAM10, even at its highest expression level, cannot outperform 

Tspan15/ADAM10 at any expression level, except for betacellulin at the lowest 

Tspan15/ADAM10 expression level.  
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Figure 44. Tspan14/ADAM10 cannot rescue GPVI cleavage to the same extent as 
Tspan15/ADAM10 scissors. (A) Wild-type (WT) and Tspan14/15/33 triple knockout (tKO) HEK-293T 
cells were transfected with expression constructs for C-terminal myc-tagged human GPVI and FcRγ (+) 
for 24 hours. Tspan14/15/33 triple knockout cells were also transfected with expression constructs for 
C-terminal HA-tagged ADAM10 and a titration of FLAG-tagged Tspan14 or Tspan15 with four-fold 
dilution steps. Cells were lysed in 1% Triton X-100 lysis buffer. Lysates were subjected to anti-myc, anti-
FLAG and anti-HA Western blotting. (B) The percentage of GPVI cleaved from panel A was quantitated. 
The titrations for Tspan14 and Tspan15 are represented by colour gradients of blue and red, respectively. 
Data were arcsine-transformed and statistically analysed by a one-way ANOVA with Dunnett’s multiple 
comparisons test (*p<0.05, **p<0.01, ***p<0.001, compared to WT cells). Error bars represent standard 
errors of the mean from three independent experiments.  

0

20

40

60

80

100

%
G

P
V

I 
c
le

a
v
e
d

*** ***

**

*** ***
***

*
***

**

FLAG-Tspan:

ADAM10-HA: +– + ++ ++ + + +

–– 14 1414 1514 15 15 15

WT Tspan14/15/33 tKO

–

–

Genotype:

Blot: myc

C-terminal

fragment

FLAG-Tspan:

WT Tspan14/15/33 tKO

Full-length

ADAM10-HA: + +– ++ ++ + +

Blot: FLAG
35 –

25 –

Blot: HA
Immature

Mature
63 –

100 –

+

– 14– 1414 1514 15 15 15

–

–

72 –

57 –

42 –

31 –

–

–

24 –

15 –

18 –

8 –

A

B

GPVI-myc/FcRγ: + ++ ++ ++ + + ++–



CHAPTER 6 

164 

 

 

Figure 45. Tspan14/ADAM10 cannot rescue RAGE cleavage to the same extent as 
Tspan15/ADAM10 scissors. (A) Wild-type (WT) and Tspan14/15 double knockout (dKO) HEK-293T 
cells were transfected with expression constructs for C-terminal GFP-tagged RAGE for 24 hours. 
Tspan14/15 double knockout cells were also transfected with expression constructs for C-terminal myc-
tagged ADAM10 and a titration of FLAG-tagged Tspan14 or Tspan15 with four-fold dilution steps. To 
prevent loss of the RAGE C-terminal fragment from subsequent γ-secretase cleavage, cells were treated 
with 10 μM of the γ-secretase inhibitor DAPT three hours post-transfection. Cells were lysed in 1% Triton 
X-100 lysis buffer. Lysates were subjected to anti-GFP, anti-FLAG and anti-myc Western blotting. (B) 
The percentage of RAGE cleaved from panel A was quantitated. Titrations for Tspan14 and Tspan15 
are represented by colour gradients of blue and red, respectively. Data were arcsine-transformed and 
statistically analysed by a one-way ANOVA with Dunnett’s multiple comparisons test (**p<0.01, 
***p<0.001, compared to Tspan14/15 double knockout cells transfected with ADAM10 alone). Error bars 
represent standard errors of the mean from three independent experiments. 
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Figure 46. Tspan14/ADAM10 can outperform Tspan15/ADAM10 in shedding betacellulin to a 
small extent. Wild-type (WT) and Tspan14/15 double knockout (dKO) HEK-293T cells were transfected 
with an expression construct for human betacellulin conjugated to alkaline phosphatase at the N-
terminus for 24 hours. Tspan14/15 double knockout cells were also transfected with expression 
constructs for C-terminal myc-tagged ADAM10 and a titration of FLAG-tagged Tspan14 or Tspan15 with 
four-fold dilution steps. (A) Cells were washed with PBS and incubated with the reduced serum media 
Opti-MEM® for 30 minutes. To stimulate metalloprotease activity, cells were treated with 2 mM NEM for 
2.5 hours. To measure alkaline phosphatase activity, supernatant and lysate (extracted in 1% Triton X-
100 lysis buffer) samples were harvested and incubated at  7 ⁰C with the alkaline phosphatase substrate 
pNPP at a final concentration of 1 mg/mL, and absorbance measured at 405 nm. The percentage of 
betacellulin shed was calculated from the absorbance of the supernatant sample as a percentage of 
total. Titrations for Tspan14 and Tspan15 are represented by colour gradients of blue and red, 
respectively. Data were arcsine-transformed and statistically analysed by a one-way ANOVA with 
Dunnett’s multiple comparisons test (***p<0.001, compared to Tspan14/15 double knockout cells 
transfected with ADAM10 alone). Error bars represent standard errors of the mean from three 
independent experiments. (B) Cells were lysed in 1% Triton X-100 lysis buffer. Lysates were subjected 
to anti-FLAG and anti-myc Western blotting. Blots are representative of three independent experiments.  
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Figure 47. Tspan14/ADAM10 cannot rescue N-cadherin shedding to the same extent as 
Tspan15/ADAM10 scissors. (A) Wild-type (WT) and Tspan14/15 double knockout (KO) HEK-293T 
cells were transfected with expression constructs for C-terminal myc-tagged ADAM10 and a titration of 
FLAG-tagged Tspan14 or Tspan15 with four-fold dilution steps. Cells were washed with PBS and 
incubated with the reduced serum media Opti-MEM® for 30 minutes. To stimulate metalloprotease 
activity, cells were treated with 2 mM NEM for one hour. Protein was extracted from the supernatant by 
TCA precipitation. Cells were lysed in 1% Triton X-100 lysis buffer. Both the supernatant and lysate 
samples were subjected to Western blotting with an antibody against the extracellular region of N-
cadherin; lysates were also blotted for FLAG and myc. (B) The percentage of N-cadherin shed was 
calculated from the supernatant as a percentage of total. Data were arcsine-transformed and statistically 
analysed by a one-way ANOVA with Dunnett’s multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001, 
compared to Tspan14/15 double knockout cells transfected with ADAM10 alone). Error bars represent 
standard errors of the mean from three independent experiments. 
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Figure 48. Summary of the relative strengths of Tspan14/ADAM10 and Tspan15/ADAM10 
scissors for Tspan15-dependent substrates. Data from the average percentage shedding rescue of 
GPVI, RAGE, betacellulin and N-cadherin in the absence of Tspan14 and Tspan15 from Figure 44, 
Figure 45, Figure 46 and Figure 47 were combined. Data were normalised to a 0-100 scale based on 
the minimum and maximum values for each substrate. 

 

 

  

O
v
e

re
x

p
re

s
s

e
d

R
e

la
tiv

e
 s

h
e

d
 

A
1

0

T
1

4
 1

T
1

4
 2

T
1

4
 3

T
1

4
 4

T
1

5
 1

T
1

5
 2

T
1

5
 3

T
1

5
 4

GPVI

RAGE

Betacellulin

N-cadherin
0

20

40

60

80

100

FLAG-Tspan:

ADAM10-myc: + + ++ ++ + + +

– 14 1414 1514 15 15 15



CHAPTER 6 

168 

 

 Discussion 

This chapter addressed a key question in validating Tspan15 as a drug target: can the scissor 

function of Tspan15/ADAM10 be compensated by the other five TspanC8/ADAM10 scissors 

in its absence? In addition to GPVI, RAGE, betacellulin and N-cadherin were selected as model 

Tspan15/ADAM10 substrates. The data revealed that (1) Tspan15/ADAM10 remains the 

strongest scissor for all substrates when expressed at either high or low expression levels and 

(2) other TspanC8/ADAM10 scissors, apart from Tspan10/ADAM10, can cut all substrates 

minimally to varying degrees when overexpressed.  

The first part of this chapter focused on comparing TspanC8/ADAM10 scissors in their abilities 

in rescuing GPVI, RAGE, betacellulin and N-cadherin shedding when overexpressed in the 

absence of Tspan15 (and Tspan33 in the case of GPVI). In all cases, the maximum level of 

rescue was achieved with Tspan15/ADAM10 reconstitution, which was increased substantially 

beyond the level observed in wild-type cells. Compared to Tspan15, the amino acid sequences 

of Tspan5, 10, 14, 17 and 33 are 33%, 26%, 32%, 30% and 34% identical, respectively 

(Matthews, Szyroka, et al., 2017). The most distantly related Tspan10/ADAM10 was not able 

to restore shedding of any substrate investigated, whereas the second most distantly related 

Tspan17/ADAM10 could only rescue GPVI and betacellulin shedding to a small extent, but not 

the other substrates. In addition to GPVI and betacellulin, Tspan5/ADAM10 and 

Tspan14/ADAM10 also rescued N-cadherin shedding to a small extent, but not RAGE. RAGE 

shedding was only rescued with Tspan33/ADAM10, the scissor most closely related to 

Tspan15/ADAM10, which also rescued the shedding of all other substrates. The pattern of 

shedding rescue described above suggests that any functional redundancy seen with the 

overexpression of a TspanC8/ADAM10 scissor may partly correlate with their sequence 

relatedness to Tspan15. This may arise from similarities and differences in their less conserved 



CHAPTER 6 

169 

 

regions, i.e., the small extracellular region and cytoplasmic tails (Matthews, Szyroka, et al., 

2017), which will be discussed in Chapter 7. Using N-cadherin as the representative substrate, 

colocalisation analysis revealed that Tspan15 showed the strongest colocalisation with N-

cadherin, which were both predominantly localised to the plasma membrane, followed by 

Tspan33. Therefore, the observation that Tspan33/ADAM10 can rescue shedding better than 

other scissors could also be in part due to stronger colocalisation of overexpressed Tspan33 

with substrates present on the cell surface. However, consistent with the findings in Chapter 3, 

degree of colocalisations of other scissors, at least at a steady state, do not associate with their 

ability to rescue shedding, suggesting that there may be other factors at play. Nevertheless, the 

results here show that even in an overexpression scenario, Tspan15/ADAM10 remains the 

major scissor for all Tspan15-dependent substrates examined because no other scissor can 

restore shedding to the same extent as Tspan15/ADAM10.   

The next step in this investigation was to determine whether the expression level of a 

TspanC8/ADAM10 scissor affects the extent of shedding. Specifically, can Tspan14/ADAM10 

cut a Tspan15/ADAM10 substrate more than Tspan15/ADAM10 expressed at a substantially 

lower level? As mentioned in Section 6.2.4, Tspan14 was chosen as the representative TspanC8 

for comparison with Tspan15 because of its ubiquitous expression on many cell and tissue types. 

The generation of cell lines lacking both Tspan14 and Tspan15 (and Tspan33 for investigating 

GPVI) allowed the direct comparison between Tspan15 and Tspan14 at specific expression 

levels. A titration effect on the level of shedding was seen for all substrates with the 

reintroduction of Tspan14/ADAM10 or Tspan15/ADAM10, except for the rescue of 

endogenous N-cadherin by Tspan14/ADAM10 where no rescue was seen even at the highest 

expression of Tspan14/ADAM10. The effects on endogenous N-cadherin shedding rescue 

could be an underestimation because not all cells would have been transfected with the scissors 



CHAPTER 6 

170 

 

in a transient transfection system. Stable expression of TspanC8/ADAM10 scissors by lentiviral 

transduction would be useful in overcoming this limitation in future experiments. Nonetheless, 

it is clear from the data that minimal overexpression of Tspan15/ADAM10 at the lowest level 

was enough to rescue shedding of all substrates close to the level seen in wild-type cells, 

whereas Tspan14/ADAM10 could only achieve this at its maximum expression level. 

Betacellulin is the only exception to this, where Tspan15/ADAM10 scissor activity at its lowest 

expression level was outperformed by Tspan14/ADAM10 at its highest expression level by a 

small extent. The reason for this is unclear, but the presence of a bulky alkaline phosphatase 

tag on betacellulin, and potential sensitivity differences between Western blotting and 

colourimetric shedding assays are limitations to consider. Additionally, some residual 

betacellulin shedding was noticeable in Tspan15-knockout and Tspan14/15 double knockout 

cells, suggesting that even though Tspan15/ADAM10 may be the major scissor for betacellulin, 

other scissors may play minor roles, at least for overexpressed betacellulin. This is consistent 

with the observation that overexpressing ADAM10 alone was able to rescue betacellulin 

shedding to a small extent in Tspan15/ADAM10 double knockout HEK-293T cells (Koo et al., 

2020). There is a need to verify the scissor identities for betacellulin in a cell line expressing a 

good level of the endogenous protein, for example in the breast cancer cell line SK-BR-3 (Uhlén 

et al., 2015; Human Protein Atlas, 2021). 

It is worth mentioning that unlike other substrates, reintroduction of ADAM10 alone into 

Tspan15-knockout cells or Tspan14/15 double knockout cells could already rescue RAGE 

cleavage to a small extent, suggesting that like GPVI, more than one TspanC8/ADAM10 scissor 

may be involved in cutting RAGE. Based on the results here, Tspan33/ADAM10 may be the 

most likely candidate. In fact, this is possible because recent unpublished data from the 

Tomlinson lab show that RAGE cleavage in transfected single TspanC8-knockout HEK-293T 
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cells is strikingly similar to that of GPVI (Section 4.2.6). Although RAGE cleavage is 

substantially reduced in Tspan15-knockout cells, a small residual cleavage is still noticeable 

despite being completely abolished in ADAM10-knockout cells. Like GPVI, RAGE cleavage 

is also unaffected in transfected Tspan14-knockout and Tspan33-knockout HEK-293T cells. 

Future experiments should examine whether RAGE cleavage in Tspan15/33 double knockout 

cells is abolished to the extent seen in ADAM10-knockout cells and confirm this in a cell line 

expressing endogenous RAGE. 

In summary, this chapter showed that except for Tspan10, there is minor functional redundancy 

of Tspan15 with other TspanC8s at varying degrees at high expression levels but the effect 

diminishes at low expression levels.  
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CHAPTER 7 

GENERAL DISCUSSION 

 Overview 

This project aimed to examine the ‘six scissors’ hypothesis by addressing the central question 

of how six TspanC8 tetraspanins regulate ADAM10 substrate specificity, using the platelet-

activating receptor GPVI as a model substrate. Of the three scissors expressed on human 

platelets, Tspan15/ADAM10 and Tspan33/ADAM10 can cut GPVI but Tspan14/ADAM10 

cannot (Matthews, 2019). Findings from Chapter 3 revealed that Tspan15/ADAM10 is the most 

efficient scissor for GPVI and investigated potential mechanisms of how TspanC8s regulate 

ADAM10 shedding of GPVI. The disease relevance of Tspan15/ADAM10 scissors is supported 

by data from Chapter 4 as high TSPAN15 expression may contribute to lower venous 

thrombosis risk. Chapter 5 demonstrated the close relationship between Tspan15 and ADAM10 

as their expression on the cell surface are regulated by each other. Finally, functional 

redundancy of Tspan15/ADAM10 with the other five scissors was assessed in Chapter 6 as a 

key step in evaluating whether Tspan15 is a druggable target. This thesis uncovered novel 

findings surrounding three main themes: (1) structure-function analysis of Tspan15 and 

ADAM10, (2) regulation of ADAM10 substrate specificity by TspanC8s and (3) therapeutic 

potential of Tspan15. These findings, along with new perspectives gained to guide future 

investigations, will be discussed in turn.  
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 Structure-function analysis of Tspan15 and ADAM10 

7.2.1 Tspan15 extracellular region has a major role in promoting plasma membrane 

localisation and ADAM10 activity 

Previous structure-function studies have focused on the larger extracellular region of TspanC8s 

because this is the region important for interaction with ADAM10, as demonstrated by Tspan5 

and Tspan14 (Noy et al., 2016; Saint-Pol, Billard, et al., 2017). The large extracellular region 

of Tspan14 on a CD9 backbone can co-immunoprecipitate ADAM10 but to a lesser extent 

compared to wild-type Tspan14 (Noy et al., 2016). Using Tspan5 and Tspan15 chimeras, it has 

also been demonstrated that exchanging their large extracellular regions cannot exchange their 

opposite roles in regulating ADAM10 endocytosis, and it only modestly affected ADAM10 

function in terms of promoting Notch activity (Eschenbrenner et al., 2020). The crystal structure 

of tetraspanin CD53 captured in an open conformation capable of partner interaction (Yang et 

al., 2020), and the cryo-EM structure of an extended, open conformation of tetraspanin CD81 

in complex with its partner protein CD19 (Susa et al., 2021), both revealed that the open 

conformations of these tetraspanins are stabilised by interactions between the small and large 

extracellular regions (Section 1.3.2). Therefore, the investigation in Chapter 3 considered the 

contribution from the small extracellular region by studying the role of the entire extracellular 

region to more accurately assess the function of the extracellular region of Tspan15, using 

Tspan14 and Tspan15 chimeras. In contrast to previous studies, the findings in this thesis 

provided striking, unambiguous phenotypes and showed that the large and small extracellular 

regions of Tspan15 on a Tspan14 backbone promoted plasma membrane localisation and 

promoted GPVI cleavage by ADAM10 to the same extent as wild-type Tspan15. This suggests 

that the extracellular region is the major regulator of Tspan15 subcellular localisation and 

Tspan15/ADAM10 scissor activity. A similar observation was also shown for the reverse 
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chimera, therefore providing some evidence that this may apply to all TspanC8s. It is 

particularly striking how the extracellular regions of Tspan14 and Tspan15 were important for 

their subcellular localisations. One possible mechanism for this intriguing finding is that 

ADAM10 may also reciprocally regulate TspanC8 subcellular localisation; binding of 

ADAM10 to different TspanC8s via the extracellular regions may cause subtle changes in the 

structure of an ADAM10 scissor complex, thus resulting in differences in binding affinities 

towards regulatory protein(s) that may control its localisation or stability. 

Based on the results of Eschenbrenner et al. (2020), which showed that the large extracellular 

region of Tspan15 on a Tspan5 backbone was not sufficient to phenocopy wild-type Tspan15 

and vice versa, perhaps because of aberrant conformation of the entire extracellular region, it is 

possible that the interaction between the large and small extracellular region of TspanC8s is 

important for their conformation and function. Indeed, the small extracellular region of 

TspanC8s is less conserved than the large extracellular region (Matthews, Szyroka, et al., 2017), 

the latter of which contains residues highly conserved among TspanC8s that are important for 

interaction with ADAM10 (Section 1.4.5). This suggests that whilst the large extracellular 

regions of TspanC8s are needed for ADAM10 interaction, subtle distinctions among TspanC8s 

that contribute to their differential interactions with ADAM10 in the extracellular region (Noy 

et al., 2016) may arise from their small extracellular regions. Therefore, to assess the finer 

details of how the Tspan15 extracellular region is important for promoting ADAM10 cleavage 

of GPVI, it may be of interest to investigate residues in the small extracellular region of Tspan15 

that may be important for any potential interaction with the large extracellular region in future 

investigations.  
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Figure 49 shows the sequence alignment between TspanC8s and the tetraspanins CD9, CD53 

and CD81 to highlight the potential residues of interests based on recent insights from the 

crystal structures of CD9 (Umeda et al., 2020) and CD53 (Yang et al., 2020). The small 

extracellular region of Tspan15 is predicted to be relatively short with 18 residues and is most 

similar to its closest relative Tspan33 (Figure 50) than the other TspanC8s, which are slightly 

longer and are more similar to each other (discussed further in Section 7.3.3). In the study by 

Umeda et al. (2020), Q40 on the small extracellular region of CD9 was identified as a putative 

residue that interacts with its large extracellular region to maintain a closed conformation. This 

most likely corresponds to Q50 on the Tspan15 small extracellular region based on sequence 

alignment with CD9. However, this putative residue on CD9 was identified based on molecular 

dynamics simulation with no further experimental evidence. In addition, this residue does not 

appear to be highly conserved in other less closely related tetraspanins. Unlike CD9, the 

interaction between the large and small extracellular region CD53 was predicted to support its 

open conformation in the study by Yang et al. (2020). Four residues (L43-N46) in the small 

extracellular region of CD53 were predicted to be involved in this interaction and mutating 

these residues impaired CD53 function in promoting B cell migration. In the same study, the 

authors modelled CD81 based on CD53 and showed that a similar four-residue stretch of 

hydrophobic residues (L44-L47) on the small extracellular region of CD81 is required to 

stabilise the open conformation on the basis that mutating these residues caused aberrant 

glycosylation of its partner protein CD19. Sequence alignment with CD53 did not reveal any 

strong candidate residues on Tspan15 because of poor sequence conservation. However, it is 

tantalizing to speculate that mutating these unknown key residues on the small extracellular 

region of Tspan15 would destabilise its conformation and disrupt ADAM10 function.  
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Figure 49. Sequence alignment of the small extracellular regions of TspanC8s, CD9, CD81 and 
CD53. Multiple sequence alignments were generated using Clustal Omega (Madeira et al., 2019). 
Residues important for interaction with the large extracellular region identified in Umeda et al. (2020) 
and Yang et al. (2020) are highlighted in grey. The number of residues predicted to be in the small 
extracellular region is indicated at the end. 

 

Figure 50. Sequence homology among the six TspanC8s. The TspanC8 subfamily branch from the 
tetraspanin superfamily tree depicted in Figure 5, Chapter 1 is displayed here to show the relationships 
among the six TspanC8s based on amino acid sequence identities. 

 

7.2.2 Tspan15 cytoplasmic region may have a minor role in negatively regulating 

ADAM10 activity 

Another highlight of Chapter 3 is the observation that the cytoplasmic region of Tspan15 may 

have a minor role in negatively regulating ADAM10 scissor activity. In particular, replacement 

of the C-terminus of Tspan14 by that of Tspan15 was sufficient to abolish the minimal GPVI 

cleavage rescue seen with the overexpression of wild-type Tspan14/ADAM10 in 

Tspan14/15/33 triple knockout cells. The Tspan15 C-terminus is relatively long with 38 

residues compared to its N-terminus, which has 23 residues, and shares only as high as 26% 

identity with Tspan10, and as low as 13% with Tspan14 (Figure 51A). Tspan15 C-terminus 

CD9 ----WLRFDSQTKSIFEQETNNNNSS-------- 22

CD81 ----WLRHDPQTTNLLYLELGDKPAPNTFYVGIY 30

CD53 YLLIHNNFGVLFHNLPSLTLGN------------ 22

Tspan15 ---AEVER--Q--KYKTLESAFLAP--------- 18

Tspan33 --YARLMK--H--AEAALACLAVDP--------- 19

Tspan10 --WGLAVKGSLG-----SDLGGPLPTDP------ 21

Tspan5 --WAWNEKGVLSNISSITDLGGFDP--------- 23

Tspan14 --WAWSEKGVLSDLTKVTRMHGIDP--------- 23

Tspan17 --WAWGEKGVLSNISALTDLGGLDP--------- 23

Tspan10

Tspan17

Tspan5

Tspan14

Tspan33

Tspan15
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contains serine and threonine residues that can potentially be phosphorylated (Figure 51A). The 

C-terminus also has cysteine residues that can be palmitoylated, and the ability of Tspan15 to 

reduce ADAM10-mediated Notch signalling when overexpressed was not affected by the 

mutation of these cysteine residues (Eschenbrenner et al., 2020). It would be of interest to 

investigate the effects of the same palmitoylation mutations on the shedding of GPVI and other 

Tspan15/ADAM10 substrates.  

Binding of intracellular regulatory proteins to the cytoplasmic region of Tspan15 is another 

possibility. One potential candidate is 14-3-3 theta, a putative Tspan15-interacting protein 

identified from the proteomic analysis of Tspan15 immunoprecipitates extracted in the 

relatively stringent detergent digitonin from HEK-293T cells (Koo et al., 2020). The 14-3-3 

theta protein belongs to the highly conserved and ubiquitously expressed 14-3-3 family 

consisting of seven members in human (Pennington et al., 2018). They act as signalling hubs 

to control a wide range of cellular processes as they can interact with at least 2000 proteins by 

binding to phosphorylated serine and threonine residues. Binding of 14-3-3 to its target protein 

can directly modulate its function by inciting a conformational change or by preventing 

interaction with other molecules or regulatory proteins, for example, kinases or phosphatases. 

Since 14-3-3s function as homo- or heterodimers, binding of 14-3-3 can also facilitate protein-

protein interactions. Although proteins that can bind 14-3-3 proteins have consensus binding 

motifs, deviations from the classical consensus sequence also exist (Madeira et al., 2015; 

Pennington et al., 2018).  

Using the 14-3-3-Pred tool, which can predict a diverse range of binding motifs based on known 

binding sites (Madeira et al., 2015), a potential 14-3-3 binding motif centered around T269 was 

identified within the C-terminal tail of Tspan15 (Figure 51A). No putative binding sites were 
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identified in the cytoplasmic tails of other TspanC8s. T269 and neighbouring residues in 

Tspan15 are highly conserved in mammals, but not in other distant species (Figure 51B). In 

line with the potential negative regulatory role of the Tspan15 C-terminus, facilitation of 

Tspan15 interaction with ADAM10 at the cytoplasmic tail via 14-3-3 dimerisation is unlikely 

because there is no putative 14-3-3 binding site on the cytoplasmic tail of ADAM10. Therefore, 

perhaps a more likely scenario is the initiation of a negative feedback mechanism through 

binding of 14-3-3 theta to phosphorylated T269 on the Tspan15 C-terminus to inhibit its 

function. One potential consequence of 14-3-3 binding that can modulate protease activity had 

been described for ADAM17 and its partner iRhom2. Binding of 14-3-3 to phosphorylated 

iRhom2 disrupted its association with ADAM17, leading to ADAM17 activation (Cavadas et 

al., 2017; Grieve et al., 2017). Since a synthetic Tspan15/ADAM10 fusion protein is active 

(Koo et al., 2020), the potential dissociation of ADAM10 from a Tspan15/ADAM10 complex 

upon binding of 14-3-3 theta to phosphorylated Tspan15 would be predicted to disrupt 

ADAM10 activity, which is the opposite effect of what had been described for 

iRhom2/ADAM17. This proposed mechanism is highly speculative at present given the diverse 

function of 14-3-3s and the possibility of other regulatory proteins that may bind to the 

cytoplasmic domain of Tspan15. To follow this up, it would be important to first confirm 

whether 14-3-3 theta can be co-immunoprecipitated with Tspan15, and whether mutation of 

T269 on Tspan15 would impact its binding to 14-3-3 theta. To broaden the scope of 

investigation, proteomic analysis of proteins that differentially bind Tspan15 in the absence or 

presence of its cytoplasmic region would also be useful in identifying other potential 

cytoplasmic-interacting proteins that may regulate ADAM10 activity.  
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Figure 51. Sequence alignment of the C-terminal tails of TspanC8s. Multiple sequence alignments 
of the C-terminal tails of (A) all six human TspanC8s and (B) Tspan15 from mammals (human, 
chimpanzee, bovine and mouse), chicken, frog and zebrafish were generated using Clustal Omega 
(Madeira et al., 2019). The putative 14-3-3 binding motif on Tspan15 is highlighted in grey, and the 
central threonine (T269 on human Tspan15) is in bold. The number of residues predicted to be in C-
terminal tail is indicated at the end. Residues that are conserved are indicated with ‘*’; highly similar 
residues are indicated with ‘:’; and residues that share weak similarities are indicated with ‘.’. 

 

  

A

B

Human TRVEDIIMEHSV-TDGLLG-PGAKPSVE--AAGTGCCLCYPN----- 38

Chimpanzee TRVEDIIMEHSV-TDGLLG-PGAKPSVE--AAGTGCCLCYPN----- 38

Bovine TRVEDIITEHSV-TDGLLG-PGTKAGVE--AAGTGCCMCYPI----- 38

Mouse TRVEDIILEHSV-TDGLLG-PGAKSRTD--TAGTGCCLCYPD----- 38

Chicken TRVEDIIAEHKL-GESLFGGTRQHPDPE--FASPGCCMCYPG----- 39

Frog TRIEDIINEWDS-SEVLLEGESVKREIE--FSKKGCCRCYPGMESTA 44

Zebrafish TRVEDAIEEYGYYMDGLLQSDSVQPETKRQSKLAKCCKCMPLMD--- 44

**:** * *     : *:     :   .       ** * *      

Tspan15 -----TRVEDIIM-----EHSVTDGLLGPGAKPSVEAAGT------------

Tspan10 -ARLLGALAA-----------RSGAAYGPGAH-GEDRAGPQSPS-PGAPPAA

Tspan33 SQILVNQIKDQIKLQLYNQQHRADPWY-------------------------

Tspan14 ARTLISDIEAVKAGHHF-----------------------------------

Tspan5 AQNLVSDIEAVRASW-------------------------------------

Tspan17 AQNLVSDIKAVKANWSKWNDDFENHWLTPTISEVLSTAGPQQNSLTGAPGPA

:                                                    

Tspan15 --------GCCLCYPN------ 38

Tspan10 KPARG----------------- 43

Tspan33 ---------------------- 27

Tspan14 ---------------------- 17

Tspan5 ---------------------- 15

Tspan17 PPSRHVFFGLGGLYPEPTFKNW 74
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7.2.3 ADAM10 cytoplasmic tail is required for Tspan15 surface expression 

Findings from Chapter 5 suggest the possibility that ADAM10 and Tspan15 may be interacting 

at their cytoplasmic regions because the ADAM10 cytoplasmic tail is required to rescue 

Tspan15 expression on the surface of ADAM10-knockout cells. Indeed, the cytoplasmic tail of 

ADAM10 has SH3 binding motifs and can bind to many SH3 domain-containing intracellular 

proteins (Section 1.2.1), some of which could be mutual binding proteins to both Tspan15 and 

ADAM10. One such potential candidate is the growth factor receptor-bound protein 2 (GRB2), 

which has been shown to bind ADAM10 (Ebsen et al., 2014), and is also a potential Tspan15-

interacting protein as it was enriched in Tspan15 immunoprecipitates from Tspan15-

overexpressing HEK-293T cells (Tomlinson lab, unpublished). It would be useful to verify the 

interaction between Tspan15 and GRB2, and whether deficiency in GRB2 would affect 

Tspan15 and ADAM10 expression. However, ADAM10 does not appear to require the tails of 

Tspan15 to get to the cell surface because ADAM10 surface expression in Tspan15-knockout 

cells can be rescued by the tails-truncated Tspan15 mutant, suggesting that for ADAM10, 

interaction via the extracellular region may be sufficient to support the expression of 

Tspan15/ADAM10 on the cell surface (Szyroka, 2019). It is worth mentioning that the tails-

truncated Tspan15 retains short stretches of residues near the predicted transmembrane regions 

at each terminus (5 and 14 residues for N- and C-terminus, respectively) as a preventive 

measure to limit potential disruption of the transmembrane helices (Table 4, Chapter 2), thus 

the possibility that these residues could facilitate Tspan15 and ADAM10 interaction cannot be 

excluded. Nevertheless, mechanisms other than cytoplasmic interactions should be considered.  

It has been shown via cross-linking and co-immunoprecipitation experiments that ADAM10 

can exist as homodimers on the cell surface, and that the truncation of its cytoplasmic domain 

disrupted dimerisation (Xu et al., 2012). A follow-up study confirmed that ADAM10 
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dimerisation requires its cytoplasmic tail and support from the transmembrane domain (Deng 

et al., 2014). Since the tail-truncated ADAM10, which cannot dimerise, failed to support 

Tspan15 expression on the cell surface, it raises the possibility that Tspan15 may preferentially 

bind to ADAM10 dimers. As a precedence, two recent independent studies reporting the cryo-

EM structures of CD9 in complex with either of its partner proteins, EWI-F or EWI-2, revealed 

that each EWI homodimer is sandwiched between two CD9 molecules to form a linear 

tetrameric complex (Oosterheert et al., 2020; Umeda et al., 2020). Therefore, such an 

arrangement may also be favoured for the stabilisation of Tspan15/ADAM10 complexes on the 

cell surface. Moving forward, quantifying the stoichiometry of Tspan15/ADAM10 complexes 

using advanced microscopy techniques, such as BiFC-FCS established in Chapter 5, would be 

an attainable approach to examine this hypothesis.   
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 Regulation of ADAM10 substrate specificity by TspanC8s 

How is the substrate repertoire of each TspanC8/ADAM10 scissor determined? Taking together 

the findings from this thesis and evidence from other studies, a proposed model of this multi-

level regulation is summarised in Figure 52.  

  

Figure 52. Proposed model of the mechanisms of TspanC8 regulation of ADAM10 substrate 
specificity. ADAM10 substrate specificity is controlled at three major checkpoints with tight regulation 
by TspanC8s and substrate properties at each level. 
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7.3.1 Substrate cleavage is limited by the TspanC8 repertoire in different cell types 

As most ADAM10 cleavage events occur in cis, i.e., within the same cell, the first checkpoint 

that decides which TspanC8/ADAM10 scissor is important for cutting a substrate is whether 

the cell that the substrate is expressed in also expresses the TspanC8/ADAM10 scissor. This 

concept can be best illustrated by Notch. Notch activity has been shown to be promoted 

principally by Tspan5/ADAM10 or Tspan14/ADAM10 scissors in multiple cell types (Dornier 

et al., 2012; Zhou et al., 2014; Jouannet et al., 2016; Saint-Pol, Billard, et al., 2017; 

Eschenbrenner et al., 2020). However, Tspan14-knockout mice, like ADAM10-knockout and 

Notch-knockout mice, are embryonic lethal (MRC Harwell and Tomlinson, unpublished), 

whereas Tspan5-knockout mice show no apparent phenotype (Saint-Pol, Billard, et al., 2017). 

This discrepancy is likely because Tspan14 is ubiquitously expressed whereas Tspan5 

expression is tissue-restricted (Section 1.4.3). Therefore, even though Tspan5/ADAM10 and 

Tspan14/ADAM10 may have the same capacities to cleave Notch, Tspan14/ADAM10 may be 

the more relevant scissor because of its broader expression profile. 

Findings from Chapter 3 and Chapter 6 clearly showed that the cleavage capacity of each 

TspanC8/ADAM10 scissor was different for GPVI and other substrates, even when the 

TspanC8/ADAM10 scissors were expressed at comparable levels. This suggests that other key 

controls must exist downstream to fine-tune ADAM10 cleavage of ~100 different substrates. 

7.3.2 TspanC8s regulate ADAM10’s access to substrates  

The most straightforward, logical mechanism as to how TspanC8s limit the substrate repertoire 

of ADAM10 is thought to be through membrane partitioning since it is well established that 

TspanC8s differentially ADAM10 localisation in different membrane compartments within the 

cell (Section 1.4.4). Although not included in this thesis, it was observed that in HEK-293T 
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cells overexpressing TspanC8/ADAM10 complexes, a small percentage of each TspanC8 was 

present in cell culture supernatant as detected by Western blotting. In addition, Tspan5, Tspan14 

and Tspan17 were able to promote secretion of full-length mature ADAM10 into cell culture 

supernatant and were more efficient in doing so than the other TspanC8s (data not shown). 

Whether these signals originated from extracellular vesicles remains to be investigated, but may 

be the most likely possibility. This is because the release of mature ADAM10 into extracellular 

vesicles has been demonstrated (Stoeck et al., 2006; Tosetti et al., 2018; Seifert et al., 2021). 

Tetraspanins are also well known for their enrichment in extracellular vesicles (Andreu and 

Yáñez-Mó, 2014). Among TspanC8s, Tspan14 is frequently detected in extracellular vesicles 

(Keerthikumar et al., 2015; Dozio and Sanchez, 2017; Silva et al., 2021). In fact, profiling of 

HEK-293T exosomes identified the presence of ADAM10, Tspan14, Tspan15 and Tspan33 (Li 

et al., 2016). The lesser ability of Tspan15 to promote ADAM10 secretion may also partially 

contribute to why the absence of Tspan15 enhances the downregulation of ADAM10 on the 

cell surface following ADAM10 inhibition (Chapter 5), perhaps because ADAM10 can now 

bind to other TspanC8s, such as Tspan14, that are better at promoting ADAM10 release into 

the extracellular space. Therefore, the possibility that the TspanC8/ADAM10 scissor identity 

for a substrate is different in different compartments should be considered when examining 

cleavage of ADAM10 substrates known to occur in both intracellular compartments and in 

exosomes, for example, the IgE receptor CD23 (Mathews et al., 2010; Padro et al., 2013).  

In contrast to the localisation hypothesis, Chapter 3 and Chapter 6 found no clear association 

between the degree of colocalisations of wild-type or mutant TspanC8/ADAM10 scissors with 

GPVI or N-cadherin and their scissor abilities, at least at a steady state when imaged in fixed 

cells. Although the study by Eschenbrenner et al. (2020) considered the effects of protein 

turnover when comparing the abilities of Tspan5/15 chimeras in promoting Notch activation, 
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the authors also did not find clear association between endocytosis and the extent of Notch 

activation. Although there is no clear evidence of direct interaction of ADAM10 or TspanC8s 

with its substrates from proteomics (Jouannet et al., 2016; Sidahmed-Adrar et al., 2019; Koo et 

al., 2020) or from co-immunoprecipitation experiments (Matthews, 2019), the possibility of 

transient interactions cannot be excluded, especially since ectodomain shedding is a rapid and 

transient process. Together, these findings highlight the need to further improve spatio-temporal 

resolution in future studies by developing advanced live-cell single-molecule spectroscopy or 

microscopy techniques that are capable of capturing transient interactions and simultaneously 

quantifying shedding in real-time. For example, live-cell single-molecule total internal 

reflection (TIRF) microscopy (Sungkaworn et al., 2017) may be suitable for tracking events at 

the surface of cells transfected with low levels of TspanC8/ADAM10 BiFC complexes and 

GPVI labelled with a small tag, for example by introducing fluorescent unnatural amino acids 

at the extracellular domain (Lee, Kang and Park, 2019), to monitor any transient interaction 

between each scissor and GPVI, and whether this interaction would affect the rate and extent 

of shedding by quantitating the loss of fluorescent signal from the tagged GPVI. As discussed 

in Chapter 5, it would also be useful to compare the lateral diffusion speeds of 

TspanC8/ADAM10 scissors, which may introduce another aspect that affect their capacities to 

cleave a substrate. Given that Tspan15 has a pro-invasive role in cancer (Harrison, Koo and 

Tomlinson, 2021), could it be that it is also the fastest travelling scissor, hence can capture and 

proceed to cleave a substrate quicker than the others? This could in part explain why 

Tspan15/ADAM10 appears to be the most efficient scissor for most substrates on the cell 

surface, including GPVI. 
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7.3.3 TspanC8s regulate ADAM10’s access to substrate cut sites 

Lastly, findings in Chapter 3 added another layer of regulation by providing the first evidence 

that TspanC8s may control ADAM10’s access to substrate cut sites depending on the distance 

of ADAM10 cut site from the membrane surface. This could be because each TspanC8 interacts 

with ADAM10 differently as demonstrated by Noy et al. (2016), therefore positioning the 

metalloprotease domain at different angles such that each TspanC8/ADAM10 scissor has 

limited access to different substrate cut sites. Again, the most closely related Tspan5, Tspan14 

and Tspan17 (Figure 50) behave similarly in that they allow ADAM10 to access cut sites 

located at a distance further away from the membrane, suggesting functional grouping by amino 

acid sequence similarities. Indeed, this is also evident from the alignment of their small 

extracellular regions alone, which showed that they are the most similar among TspanC8s 

(Figure 49). It was proposed that the length of the small extracellular region of tetraspanins may 

affect the shape of the open conformation and consequently partner interaction. This is because 

modelling comparison between the open conformations of CD81 and CD53 show that the large 

extracellular region of CD81 can extend further away from the membrane surface because of 

its longer small extracellular region (Figure 49), therefore explaining how it is able to interact 

with CD19 via a site located at a great distance from the membrane surface (Yang et al., 2020). 

By the same logic, it is intriguing to note the association between the length of the small 

extracellular regions of TspanC8s and their preferred cut site distance ranges (Figure 49 and 

Figure 52). Specifically, Tspan5, Tspan14 and Tspan17, which have the longest small 

extracellular regions among TspanC8s, are also the TspanC8/ADAM10 scissors that prefer cut 

sites located at a greater distance away from the membrane surface. In contrast, Tspan15 and 

Tspan33 have shorter small extracellular regions, and this coincides with their preferences for 

cut sites located closer to the membrane surface. Therefore, it raises the exciting possibility that 
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the proposed stabilisation of the ADAM10 metalloprotease domain at different angles may be 

due to the subtle differences in the interactions between the small and large extracellular regions 

of TspanC8s in their open conformations. Ultimately, confirming this hypothesis would require 

high-resolution structures of each TspanC8/ADAM10 complex in its native environment, for 

example, by cryo-EM of the complexes solubilised in a detergent-free manner using styrene 

maleic acid lipid particles (SMALPs) (Pollock et al., 2018).  

Besides the distance of ADAM10 cut site from the membrane surface, alternative factors that 

could also contribute to the cleavage sequence specificity by each TspanC8/ADAM10 scissor 

observed in Chapter 3 should also be considered. O-glycans (Goth et al., 2015; Shirakabe et al., 

2017) or negatively charged residues (Iwagishi et al., 2020) surrounding the substrate cut site 

have been shown to reduce the susceptibility of substrates to ADAM17 cleavage. No such 

studies were reported for ADAM10 substrates, although some substrates appear to bind better 

to secondary substrate binding sites on ADAM10 when glycosylated (Madoux et al., 2016). 

Notch1 has an O-glycosylation site close to the cleavage site at T1725, which is four residues 

downstream of its cleavage site, and interestingly, the glycopeptide has increased, rather than 

reduced susceptibility to ADAM17 cleavage (Boskovski et al., 2013). Although not included 

in the current study, preliminary findings from a pilot investigation showed that cleavage of a 

presumed unglycosylated form of Notch1 cut site sequence by Tspan5/ADAM10 and 

Tspan14/ADAM10 scissors were reduced, and instead, favoured by Tspan15/ADAM10 scissor, 

compared to the glycosylated form (data not shown). Therefore, could charge interactions affect 

the affinity of a TspanC8/ADAM10 scissor towards a substrate? The preliminary data hinted at 

such a possibility but should be verified by comparing the cleavage of Notch1 and a T1725A 

mutant to remove the O-glycosylation site. Interestingly, GPVI also has an O-glycosylation site 

seven residues upstream of the ADAM10 cleavage site at S256 (King et al., 2017); however, 
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none of the GPVI cleavage assays in this study revealed the possibility of its scissor identity 

being affected by changes in glycosylation. Therefore, this proposed mechanism is highly 

speculative at present unless transient interactions between TspanC8/ADAM10 and their 

substrates can be demonstrated in the future.  

In summary, there is no single mechanism that can on its own, explain how TspanC8s regulate 

ADAM10 substrate specificity as it likely involves the interplay among different tightly 

regulated mechanisms. 
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 Therapeutic potential of Tspan15 

7.4.1 High TSPAN15 expression level may protect against venous thrombosis 

Chapter 4 revealed that an increased TSPAN15 expression may explain why a minor TSPAN15 

haplotype consisting of 17 SNPs may have reduced venous thrombosis risk. Since Tspan15 is 

an essential subunit of an ADAM10 scissor complex, it is likely that Tspan15 may modulate 

venous thrombosis risk by affecting cleavage of ADAM10 substrates that are directly involved 

in the pathogenesis of venous thrombosis. A proposed mechanism involving GPVI and two 

other ADAM10 substrates, APP and the endothelial protein C receptor (EPCR), is summarised 

in Figure 53. 

 

Figure 53. Proposed mechanism of how individuals with the TSPAN15 minor haplotype may have 
lower venous thrombosis risk. High Tspan15 expression may downregulate the pro-thrombotic GPVI, 
upregulate the anti-thrombotic and anti-coagulant APP and anti-coagulant EPCR to reduce venous 
thrombosis risk. 
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7.4.1.1 GPVI 

As discussed in Chapter 4, GP6 polymorphisms may play little or no role in determining venous 

or arterial thrombosis risk. Setting aside any genetic link, the role of platelets in promoting 

thrombus growth via GPVI has been demonstrated experimentally, such as in an in vitro model 

of venous thrombosis using human blood (Lehmann et al., 2018). Therefore, it is possible that 

a higher Tspan15 expression level may increase ADAM10-mediated GPVI cleavage, and 

subsequently reduce GPVI-dependent thrombus growth. It is important to note that mouse 

GPVI, which shares only ~65% sequence identity with human GPVI (Jandrot-Perrus et al., 

2000), does not appear to have a role in venous thrombosis formation in a mouse model (Payne, 

2018), suggesting species differences which should be considered in the experimental design 

of future studies. Indeed, mouse platelets do not express Tspan15 (Matthews, Noy, et al., 2017), 

which may limit the usefulness of mouse models in investigating the role of platelet Tspan15 

in venous thrombosis.  

7.4.1.2 APP 

APP, which is abundantly expressed on platelets, may be another potential ADAM10 substrate. 

The role of platelet APP in protection against venous thrombosis has been demonstrated 

(Canobbio et al., 2017). In this study, APP deficiency in mice showed marked increase in 

thrombus size, embolism and vessel occlusion in venous thrombosis models. The data suggest 

that this is mediated through the anti-coagulation and anti-inflammatory roles of APP. This 

study did not demonstrate the involvement of APP in haemostasis or arterial thrombosis, but a 

more recent study showed that APP-knockout mice have mild bleeding phenotypes, suggesting 

a minor role of platelet APP in haemostasis (Mazinani et al., 2020). Nevertheless, it has become 

more apparent that full-length APP can have anti-coagulant and anti-thrombotic properties 

(Schmaier, 2017). This suggests that retaining full-length APP, perhaps through limiting 
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shedding, may be protective against venous thrombosis. As introduced in Section 1.4.2, it is 

unclear which TspanC8/ADAM10 scissors cleave APP because of conflicting observations in 

different cell types. However, combining all the evidence so far, it can be speculated that 

another TspanC8/ADAM10 scissor that is not Tspan15/ADAM10 is responsible for shedding 

APP. When Tspan15 expression is increased, less of this TspanC8/ADAM10 scissor may be 

available to cleave APP because of increased competition for ADAM10 binding. This is a 

plausible mechanism because downregulation of Tspan15 on the cell surface has been observed 

in cells overexpressing Tspan14 in two different cell lines, suggesting that TspanC8s compete 

for ADAM10 when ADAM10 is limited (data not shown). Therefore, more full-length APP 

may be available to limit venous thrombosis when Tspan15 expression is increased.  

7.4.1.3 EPCR 

EPCR, encoded by the PROCR gene, is another potential candidate ADAM10 substrate 

expressed primarily on endothelial cells (Gandrille, 2008; Rao, Esmon and Pendurthi, 2014; 

Pendurthi and Vijaya Mohan Rao, 2018). Of note, EPCR is palmitoylated (Pendurthi and Vijaya 

Mohan Rao, 2018), suggesting its potential association with tetraspanin nanodomains (van 

Deventer, Arp and van Spriel, 2021). Indeed, EPCR was identified as a tetraspanin-associated 

protein from mass spectrometry analysis of CD9 immunoprecipitates from HUVECs lysed in 

the relatively mild detergent Brij97 that preserves interactions among tetraspanin nanodomains 

(Tomlinson lab, unpublished). EPCR has a well-established role in venous thrombosis as a 

crucial player in the protein C anti-coagulant pathway (Gandrille, 2008; Rao, Esmon and 

Pendurthi, 2014; Pendurthi and Vijaya Mohan Rao, 2018). Indeed, mice deficient in EPCR are 

embryonic lethal due to excessive fibrin deposition, highlighting its key role as an anti-

coagulant (Gu et al., 2002). As its name suggests, EPCR primarily binds protein C, although it 

can also bind other ligands. Binding of protein C to EPCR stimulates its conversion to activated 
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protein C by thrombin to trigger downstream anti-coagulant and anti-inflammatory effects. In 

contrast, soluble EPCR, which can be generated through ectodomain shedding, has pro-

coagulant and pro-inflammatory properties because it acts as a decoy by competing with its 

membrane-bound counterpart for ligand binding. Therefore, increased shedding of EPCR 

increases risk of thrombosis (Gandrille, 2008).  

Indeed, more than 20 publications have identified venous thrombosis-associated SNPs in the 

PROCR locus. Of these, the coding SNP rs867186, with a minor allele frequency of ~0.1, results 

in a S219G substitution in the transmembrane domain and is associated with increased venous 

thrombosis risk (Lindström et al., 2019). This amino acid change is associated with an increase 

in soluble EPCR levels in the plasma samples of patients (Saposnik et al., 2004). Further studies 

have confirmed this and demonstrated in vitro that the risk variant is more susceptible to 

shedding in primary HUVECs and in transfected cells (Ireland et al., 2005; Qu et al., 2006). 

ADAM10 and ADAM17 were both shown to be the sheddases for EPCR. In one study, EPCR 

shedding was shown to be ADAM17-dependent because ADAM17 knockdown reduced PMA-

induced EPCR shedding in HUVECs and in EPCR-transfected cells (Qu et al., 2007). In a more 

recent study, ADAM10 was found to be the sole sheddase for EPCR on primary human 

endothelial cells when shedding was induced by bacterial infection, but ADAM17 can still shed 

EPCR in response to PMA in the absence of ADAM10 (Lécuyer et al., 2018). This suggests 

that EPCR can be differentially cleaved by ADAM10 and ADAM17 depending on the stimulus, 

and the need to first verify whether ADAM10 is the principal sheddase in the context of venous 

thrombosis. Moreover, the fact that increased shedding of EPCR increases venous thrombosis 

risk contradicts with the initial hypothesis that increased substrate shedding by 

Tspan15/ADAM10 scissor protects against venous thrombosis. It is therefore tantalizing to 

speculate that like APP, another TspanC8/ADAM10 scissor may be responsible for shedding 



CHAPTER 7 

193 

 

EPCR, thus an increase in Tspan15 expression may lead to an indirect reduction in EPCR 

shedding.  

Taking a step back, whilst the discovery that high TSPAN15 mRNA expression associates with 

reduced venous thrombosis risk led to exciting hypotheses for future investigations as described 

above, it would be worthwhile to first confirm whether elevated Tspan15 expression is true at 

the protein level. Because of the availability of effective Tspan15 mAbs, this is now achievable 

by comparing Tspan15 expression in individuals with different TSPAN15 haplotypes.   

7.4.2 Feasibility of targeting Tspan15 to modulate ADAM10-mediated GPVI shedding 

Chapter 6 showed that there is little functional redundancy of Tspan15/ADAM10 with the other 

TspanC8/ADAM10 scissors, apart from the most closely related Tspan33/ADAM10 scissors 

(Figure 50), but only to a small extent for some substrates in an overexpression system. In 

combination with the observation that shedding is substantially reduced or completely 

abolished in Tspan15-knockout cells for substrates known to be cleaved by Tspan15/ADAM10 

only, the possibility that other TspanC8s may completely take over the role of Tspan15 when 

it is depleted is unlikely to be a concern. For GPVI, one could say that functional redundancy 

between Tspan15 and Tspan33 has already been demonstrated by the fact that it can be cleaved 

by both Tspan15/ADAM10 and Tspan33/ADAM10 scissors. However, Chapter 3 also revealed 

that Tspan15/ADAM10 is the more efficient scissor for GPVI, and in an anti-platelet strategy 

involving induction of GPVI shedding, the involvement of Tspan33/ADAM10 scissors would 

not be a concern. 

Since Tspan15/ADAM10 is the most efficient scissor for GPVI, therapeutic targeting of 

Tspan15 to induce ADAM10-mediate GPVI shedding may be a better anti-platelet strategy than 

direct targeting of ADAM10. This is because one would predict that activating one scissor that 
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has a smaller substrate repertoire would lead to fewer side effects than activating all six 

TspanC8/ADAM10 scissors. However, one can also argue that targeting Tspan15 to modulate 

GPVI expression is less specific than directly targeting GPVI itself for two reasons. First, unlike 

GPVI, Tspan15 is not exclusively expressed on platelets; in the vasculature, for example, 

Tspan15 protein expression has also been confirmed on endothelial cells (Koo et al., 2020). 

Second, other than GPVI, Tspan15/ADAM10 can cleave other substrates, for example, RAGE, 

which is also expressed on platelets (Gawlowski et al., 2009). To overcome this challenge, 

specificity can be enhanced through drug design, for example, by engineering a bispecific 

antibody targeting both Tspan15 and GPVI to increase specificity towards platelet Tspan15 and 

which may also have the potential of bringing GPVI closer to Tspan15/ADAM10 scissors to 

enhance shedding. Indeed, preliminary proof-of-concept work suggests that a Tspan15/GPVI 

bispecific antibody retained the ability to recognise Tspan15 and GPVI, albeit at a lower affinity 

(data not shown). Whether this bispecific antibody brings Tspan15 and GPVI together has yet 

to be determined, but interestingly, it inhibited, rather than induced GPVI shedding in 

transfected cells (data not shown).  

Although the Tspan15/GPVI bispecific antibody described above is only the beginning of a 

pilot experiment and more work is required before deeming the shedding-inducing strategy an 

impossible feat, it unquestionably highlighted the challenge of designing or obtaining 

functional antibodies that activate the function of the target of interest. From a therapeutic 

antibody design perspective, generating inhibitory antibodies are less challenging. This is 

because binding of an antibody to the target alone is usually sufficient to induce internalisation 

and target depletion, whereas activating antibodies would likely require targeting a specific 

epitope or conformation to enhance its function. This limitation may perhaps be overcome by 

recent advances in antibody display and screening technologies that can isolate activating 
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antibodies more efficiently from a wider selection of candidates with diverse epitopes (Lu et 

al., 2020). 

One counter-argument as to why targeting Tspan15/ADAM10 scissors may be more appealing 

than targeting GPVI itself is the additional effect of generating Revacept-like soluble GPVI 

(Section 1.5.4), which can compete with membrane-bound GPVI in binding collagen or fibrin. 

However, anti-GPVI antibodies can also induce its shedding, as demonstrated by several anti-

GPVI mAbs, although these mAbs have limited therapeutic potential as they also induce platelet 

aggregation (Al-Tamimi et al., 2009). 

Considering the hurdles that need to be overcome to achieve a successful anti-platelet strategy 

involving activation of Tspan15/ADAM10-mediated shedding of GPVI, direct targeting of 

GPVI appears to be the path of least resistance to the already challenging task of drug 

development. Nevertheless, inhibiting Tspan15/ADAM10-mediated shedding of GPVI could 

still be useful in other scenarios when preventing GPVI shedding is favourable, such as in 

severely injured trauma patients who experience life-threatening trauma-induced haemorrhage 

due to loss of GPVI from excessive shedding (Vulliamy et al., 2020). 
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 Concluding remarks 

 Using the platelet-activating receptor GPVI as a model substrate, this thesis provided further 

evidence to the ‘six scissors’ hypothesis by unravelling several novel mechanisms that together 

orchestrate how six different TspanC8 tetraspanins differentially regulate ADAM10 expression, 

activity and substrate specificity. Tspan15 and ADAM10 reciprocally regulate each other’s 

expression, and together they form the most efficient scissor complex for GPVI cleavage. 

Besides this, this thesis has demonstrated the relevance of Tspan15 in cardiovascular disease as 

high Tspan15 expression level may provide a molecular basis to how genetic variations in 

TSPAN15 confer protection against venous thrombosis. Mechanistically, the activity of the 

Tspan15/ADAM10 scissor is supported by Tspan15 extracellular region, but the cytoplasmic 

region may have a minor negative regulatory role. Each TspanC8/ADAM10 complex may have 

differential access to substrate cut sites, depending on the distance of the cut site from the 

membrane surface. Despite the lack of evidence to support the hypothesis that scissor specificity 

is regulated by proximity of a substrate to its TspanC8/ADAM10 scissor, this research 

highlighted the need to consider the dynamics of transient interactions between a scissor and its 

substrate in future investigations. Future studies aiming to understand the biology of TspanC8s 

should focus on the interaction between their small and large extracellular regions, and 

regulatory proteins that may bind their cytoplasmic regions, to inform better decision in the 

design of therapeutics targeting TspanC8s.  
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APPENDIX 

 

Figure A1. Validation of Tspan14/15 double knockout and Tspan14/15/33 triple knockout HEK-
293T cells. (A) Tspan14-knockout HEK-293T cells were used to generate Tspan14/15 double KO (dKO) 
cells by CRISPR/Cas9. Tspan15 and ADAM10 surface expression in wild-type (WT) and four different 
Tspan14/15 dKO clones were analysed by flow cytometry. Surface expression level was presented as 
geometric mean intensity relative to the isotype control staining. Data were arcsine-transformed and 
analysed by ANOVA followed by Dunnett’s multiple comparisons test (***p<0.001, compared to WT 
cells). Error bars represent standard errors of the mean from three independent experiments. (B) 
Representative TSPAN33 sequence trace and alignment of Tspan14/15/33 triple knockout (tKO) HEK-
293T (clone #2) generated from Tspan14/15 dKO cells (clone #3) in panel A. Base insertions are in red. 
The 20-nucleotide guide is underlined; arrow denotes Cas9 cut site. (C) Surface ADAM10 levels in three 
different clones of Tspan14/15/33 tKO cells were measured by flow cytometry as described in panel A. 
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Figure A2. Validation of ADAM17-knockout and ADAM10/17 double knockout HEK-293T cells. 
Wild-type (WT) and ADAM10 (A10)-knockout (KO) HEK-293T cells were used to generate ADAM17 
(A17) and ADAM10 and ADAM17 (A10/17) double KO (dKO) cells, respectively, by CRISPR/Cas9. (A) 
ADAM17 surface expression in WT and A17 KO cells were analysed by flow cytometry with an anti-
ADAM17 mAb or mouse IgG1 isotype control. (B) ADAM17 and ADAM10 surface expression in A10 KO 
and A10/17 dKO cells were measured by flow cytometry with anti-ADAM17, anti-ADAM10 or the isotype 
control. Histograms are representative of two independent experiments from four different clones of 
each genotype from two different guides. 
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Figure A3. Proteosome inhibition does not rescue Tspan15 expression in ADAM10-knockout 
cells. Wild-type (WT) and ADAM10-knockout (A10 KO) A549 cells were treated with 50 mM NH4Cl to 
inhibit lysosomes, 10 μM MG1   to inhibit proteasomes, or a combination of both for 20 hours. Cells 
were lysed in 1% Triton X-100 lysis buffer. Lysates were immunoprecipitated and Western blotted with 
Tspan15 mAb. Lysates were blotted for α-tubulin as a loading control. Tspan15 immunoprecipitates and 
lysates were also blotted for ubiquitin as a positive control for MG132 (top panels). The amount of 
immunoprecipitated Tspan15 was quantitated, normalised to tubulin expression, and presented relative 
to WT cells (bottom panel).  
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