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Abstract

Background: Several platelet signalling pathways result in the activation of
phospholipase C gamma 2 (PLCy2), making it an important signalling hub. Both the
ITAM-linked collagen receptor GPVI, and the hemITAM-containing podoplanin
receptor CLEC-2, activate PLCy2 via a similar mechanism. PLCy2 is a large protein
consisting of multiple domains. PLCy2’s molecular interaction with other proteins
regulates its function, however the exact mechanism is still not fully understood.
PLCy2 also plays a similar role downstream of ITAM-linked receptors in other cells,
such as B- and T-cells. In 80% of leukaemia patients who acquire resistance to
ibrutinib therapy, PLCy2 mutations have been detected. Although these mutations
have been shown to lead to a gain function, it’s still unknown whether these
mutations might arise in platelets and what their functional effect on platelet activity

might be.

Aims: Characterise the structure/function relationship of PLCy2 downstream of

(hem)ITAM receptors.

Methods: A PLC pharmacological inhibitor, U73122, was used in platelet function
assays including aggregation, calcium release, and platelet adhesion and spreading
to characterise the impact of PLCy2 inhibition on platelet function mediated by GPVI
and CLEC-2. To understand the structure/function relationship of PLCy2
downstream of the (hem)ITAM receptors, construct with PLCy2 mutations were
transiently transfected in PLCy2 knockout cells and U73122 was used to assess the

calcium signalling in the cells. A CRISPR/Cas9 approach was also used to generate



PLCy2 mutation knock-in in WT DT40 cells. Using a laser injury model, zebrafish
were used as an in vivo model to demonstrate the effect of U73122 on PLCy2 in

thrombus formation and vascular/lymphatic development.

Results: GPVI mediated platelet aggregation and platelet spreading is more
significantly affected by PLCy2 inhibition than CLEC-2 mediated activation. U73122
inhibits calcium release in a similar manner downstream of both receptors. Using an
overexpression system in PLCy2 KO cells, PLCy2 mutations lead to a gain of
function as shown by increased signalling. However, this increased signalling was
still susceptible to inhibition by U73122. Additionally, using the CRISPR/Cas9
approach, a PLCy2 point mutation was successfully introduced in WT DT40 cells.
Finally, U73122 leads to an extended time to occlusion and lack of thrombus

formation in zebrafish.

Conclusion: These results confirm the essential role for PLCy2 downstream of
platelet (hem)ITAM receptor signalling. U73122 significantly decreases GPVI and
CLEC-2 mediated platelet activation. Downstream of CLEC-2, U73122 decreases
signalling more significantly in cells bearing mutations in the catalytic domain
suggesting that the CLEC-2 signalling pathway is more reliant on the activity of the
catalytic domain of PLCy2 than GPVI. Finally, PLCy2 has shown to play an essential

role in thrombus formation in zebrafish.
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Chapter 1: Introduction
1.1 Platelets

Platelets are anucleate small blood cells that are generated from megakaryocytes
and circulate in the human blood for 5-10 days (Thon and Italiano, 2012, Yun et al.,
2016) (Morrell et al., 2014). The platelet count typically lies between the usual range
of 150 - 450x102 platelets/uL of blood in healthy persons, making them the second
most numerous blood cells (Seyoum et al., 2018). Although platelets have a major
role in haemostasis and thrombosis, recent evidence suggests that platelets have
several other roles in lymphatic development, enhancing immune responses, and
advancement of cancer metastasis (Golebiewska and Poole, 2015, Rodvien and

Mielke, 1976, Welsh et al., 2016, Josefsson et al., 2020).

Platelets remain inactive until blood vessel damage triggers their activation and
consequently form a haemostatic thrombus leading to the prevention of bleeding.
Due to red blood cells and shear forces, platelets flow closely to the vessel wall
which enables a quick response at the injury site. Upon vessel injury, several
receptors help platelets to adhere to the sub-endothelial matrix that will lead to
platelet tethering and rolling. Upon platelet adhesion, a signalling cascade is initiated
and facilitated by tyrosine kinases and G-coupled receptors to mediate platelet

activation (Broos et al., 2011).

Upon vessel damage, the components of the extracellular matrix such as collagen,
laminin, and fibronectin are exposed and lead to the initiation of hemostasis
(Yurchenco, 2011). Under high shear, von Willebrand Factor (vWF), that is found in

the blood or released by endothelial cells, binds to GPlba on the platelet surface and
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to collagen in the subendothelial matrix providing a link between platelet glycoprotein
Ib/V/IX and collagen. This binding is crucial for initial platelet tethering and adhesion
under high shear (Broos et al., 2011). In addition, a231 and glycoprotein VI (GPVI)
also bind to exposed collagen inducing a stable adhesion and initiation of platelet
signalling (Ma et al., 2007). Activated platelets then secrete the contents of alpha
granules such as fibrinogen, more vVWF, factor V, the contents of the dense granules
including serotonin, adenosine diphosphate (ADP), and calcium (Ca?*) (Blair and
Flaumenhaft, 2009). Platelet activation triggers conformational change of allb@3
which increases its affinity for fibrinogen and vVWF leading to aggregation. Then
fibrinogen and vVWF function as a bridge between platelets (Lefkovits et al., 1995). As
platelets begin to aggregate, more pro-haemostatic compounds are released leading
to the activation of more platelets and therefore more aggregation. This eventually

leads to the formation of the platelet plug (Figure 1.1) (Hawiger, 1987).

A last step is required to stabilise the platelet plug into a thrombus after it has been
initiated by one of the commonly mentioned platelet activation processes. The
reorganisation of the cytoskeleton occurs when fibrinogen is attached to allbp3,
which starts the outside-in signalling process. Due to this, clot retraction occurs
which ultimately results in the haemostatic plug being more stable (Payrastre et al.,
2000). The coagulation cascade is initiated as the platelets activate and the plug
forms. This process activates coagulation factors, which results in stabilising the clot.
The conversion of soluble fibrinogen into insoluble fibrin threads can then be
facilitated by the cleavage of prothrombin to thrombin (Kim et al., 2009). Through
creating a mesh-like network on aggregated platelets, the fibrin network ensures that

the clot maintains its structural stability (Risman et al., 2024).
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On the other hand, platelet activation and abnormal thrombus formation in the
circulatory system, such as atherosclerotic plaques, contribute to the development
and risk of cardiovascular disease (Willoughby et al., 2002). When arterial thrombus
development occurs in pathological situations such as atherosclerosis, it has the
potential to restrict the blood supply to neighbouring tissues, which can result in
localised ischemia and the progression of the atherosclerotic plaques (Badimon et
al., 2012). The important role of platelets in these conditions is highlighted by the fact
that an expanding number of anti-platelet medications is being used in the treatment
of the diseases. Therefore, it is crucial to understand the mechanisms involved in

platelet activation to allow the development of novel drugs.

1.2 Platelet structure

Out of all the different cell types circulating the blood, platelets are the smallest cells
with an average 2 to 5 ym diameter and 0.5 ym in thickness (White, 2013). When at
rest, the disc shape of platelets is maintained by a highly specialised cytoskeleton
which contains the actin cytoskeleton, the spectrin based membrane skeleton, and
the marginal microtubule coil (Schwer et al., 2001). The phospholipid bilayer that
makes up the plasma membrane contains embedded glycolipids, glycoproteins, and
cholesterol. The plasma membrane contains several receptors such as adhesion
receptors, integrins and G-protein coupled receptors that allow interactions with
ligands (Rivera et al., 2009). The wide range of physiologically active molecules
contained in platelet granules is one of the most interesting features of these blood
cells. Platelets possess two types of granules that are located in the cytoplasm: a

granules and dense granules (Flaumenhaft, 2003). The a granules contain several
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molecules including fibrinogen, fibronectin, and von Willebrand factor (vWf) (Harrison
and Cramer, 1993). In addition, the a granules contain multiple membrane bound
receptors such as P-selectin, allbB3, GPIb-1X-V complex, and GPVI (Berger et al.,

1996, Thomas, 2019).

Dense granules on the other hand tend to be less abundant than alpha granules.
Dense granules are responsible for the secretion of a wide range of molecules,
which are released when platelets are activated. These include serotonin, Ca?*
Mg?*, adenosine 5’ triphosphate (ATP), and adenosine 5’ diphosphate (ADP)

(Meyers et al., 1982).

1.3 Shape change and platelet spreading

Platelet activation and function depend on a complex mechanism that changes the
morphology of platelets. As previously stated, when at rest, platelets maintain a
discoid shape. However, upon platelet activation with agonists, platelets undergo a
transformation from a disc shape into spherical shape. Discoid platelets undergo
cytoskeletal modifications, such as the breakdown of a microtubule ring, to achieve
the spherical form during platelet shape transition. Disassembly of a microtubule ring
is one among the cytoskeletal alterations that discoid platelets go through during
platelet shape change, leading to an intermediate spherical form. Subsequently,
actin polymerization occurs, leading to the gradual elongation of filopodia allowing
platelets to flatten and spread (Deranleau et al., 1982, Hantgan, 1984, Bearer,
1995). Shape change initiation and phosphorylation of the regulating myosin light
chain are strongly correlated, according to earlier studies (Daniel et al., 1984). Actin

filament interaction and polymerization of platelet myosin are correlated with agonist-
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dependent phosphorylation of the protein (Cox et al., 1984, Lebowitz and Cooke,

1978, Scholey et al., 1980).

Another key mediator involved in platelet shape change is ADP. The initiation of
platelet shape change by ADP is the result of a complex interplay between molecular
events and signalling pathways. Platelets change their shape, secrete the contents
of their granules, and generate thromboxane A2 in response to ADP stimulation (Jin
and Kunapuli, 1998). One of the primary receptors mediating ADP-induced platelet
aggregation is the purinoceptor P2Y1, which is also essential for platelet shape
change in response to ADP (Fabre et al., 1999). P2Y1 and P2Y12 are G-protein
coupled receptors (GPCRs) that, when bound by ADP, initiate signalling pathways
that lead to calcium mobilisation and aggregation. While P2Y12 receptors bind to Gi
proteins, amplifying and stabilising the aggregation response, P2Y1 begins ADP-
mediated shape change and platelet aggregation via Gq proteins causing a

transitory increase in cytoplasmic Ca?*(Jin and Kunapuli, 1998).

1.4 Calcium Release

The activation of platelets is induced by several agonists such as ADP, collagen, and
thromboxane (TxA2) that eventually lead to an increase in the concentration of
intracellular calcium. In platelets, calcium plays a part in platelet aggregation by
degranulation or inside-out activation of integrin allb3 , and shape change (Varga-
Szabo et al., 2009). Calcium release from intracellular stores requires the activation
of phospholipase C (PLC) and in platelets there are two PLC isoforms: PLCy and
PLCRB. When activated, PLCy2 hydrolyses phosphoinositide-4,5- bisphosphate
(PIP2), producing inositol-1,4,5-trisphosphate (IP3) and 1,2-diacyl-glycerol (DAG)

(Bird et al., 2004). IP3 causes calcium to be released form intracellular stores,
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whereas DAG is responsible for the entry of calcium from the extracellular
compartment. Protein kinase C (PKC) is also activated by DAG, which, in
conjunction with a rise in calcium, results in degranulation and a change in the

conformation of allbB3 (Berridge et al., 2003, Bird et al., 2004).

Calcium and PKC play a crucial role in platelet activation, especially in allb33
activation. This is essential for both, platelet aggregation and thrombus formation.
When platelets are stimulated and activated by agonists, this initiates a signalling
cascade that result in the increase of the intracellular calcium (Stefanini et al., 2009,
Liu et al., 2023). A highly controlled mechanism involving inside-out signalling is
involved in the activation of integrin allbf3. When platelets are at rest, integrin allbf3
has a low affinity, but when activated, it conforms to a high affinity state. The binding
of talin to the cytoplasmic tails of allb subunits and kindlin to the B3 subunits
correspondingly facilitates this transition. This mechanism is enhanced by raised

intracellular Ca#* levels and PKC activity (Kasirer-Friede et al., 2014).

A number of cytoskeletal and signalling proteins are phosphorylated when
calmodulin-dependent kinases are activated by direct Ca** binding to calmodulin
(Beck et al., 2014). Integrin activation is affected by many proteins that are
phosphorylated by PKC. As an example, the talin-integrin connection is stabilised
when the cytoskeletal protein vinculin is phosphorylated by PKC, which increases its

binding affinity for talin(Perez-Moreno et al., 1998).

Furthermore, phosphorylation of the cytoplasmic tail of 33 integrin by PKC enhances
its ability to interact with other adaptor proteins, which in turn promotes integrin

clustering and high-affinity ligand binding. This integrin activation allows fibrinogen
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and other ligands to bind, hence mediating platelet-platelet interactions and forming

a stable thrombus (Shattil and Newman, 2004).
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Figure 1.1: Schematic diagram of platelet adhesion, activation and aggregation.

Platelets are maintained at rest by nitric oxide (NO) and prostacyclin (PGI) released from
endothelial wall. Upon injury, Von Willebrand factor (vWF) and collagen are exposed. High
shear causes interaction between VWF and GPIb-V-XI complex allowing platelet tethering.
This slows down platelets and enable a231 and GPVI interaction with collagen. This firm
adhesion results in a and dense granule secretion and release of TxA2 and ATP. This in turn
lead to activation of GPCRs and integrin allbf3. allbB3 binds to fibrinogen which results in

forming a thrombus.
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1.5 GPVI

1.5.1 Structure

Immunoreceptor-tyrosine-based activation motif (ITAM) containing proteins are an
important group of platelet receptors. The ITAM, which consists of two Yxx(L/I)
sequences spaced 6-12 amino acid residues apart, is found in the intracellular
domain (Gibbins et al., 1997). There are three ITAM-linked receptors in human
platelets: the Fc receptor y chain which is associated with GPVI (GPVI/FcRy),
FcyRIIA, and C-type lectin-like receptor-2 (CLEC-2) which has a hemITAM; a single

YxxL motif (Hughes et al., 2013).

Examining the signalling events that trigger platelet activation through collagen led to
the identification of GPVI as the main signalling receptor (Clemetson et al., 1982).
GPVIl is a 62 kDa collagen-based receptor (Jung and Moroi, 2008) with 3000-4000
copies expressed on the human platelet surface (Mangin et al., 2012). Human GPVI
consists of 319 amino acids with a signal sequence that has 20 amino acids
(Clemetson et al., 1999, Miura et al., 2000, Jandrot-Perrus et al., 2000).

With only 51 amino acids, human GPVI's intracellular domain (C-terminus) is on the
short side, but this is even shorter in mice where the GPVI intracellular domain is just
27 amino acids (Best et al., 2003) (Nieswandt and Watson, 2003, Moroi and Jung,
2004). In addition, the intracellular domain of GPVI has a region that is rich in
proline, which allows the SH3 domains of the Src family kinases Fyn and Lyn to
attach themselves via their SH3 domain (Ezumi et al., 1998, Suzuki-Inoue et al.,
2002). A salt bridge between an Aspartic acid and an Arginine in the transmembrane
domains of FcRy and GPVI, respectively, allows GPVI to form a receptor complex

with the Fc receptor FcRy chain (Berlanga et al., 2002). The GPVI-FcRy receptor
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complex contains an immunoreceptor tyrosine-based activation motif (ITAM) and is a
feature which FcRy-chain shares with B cells and T cell receptors (Clemetson et al.,

1999).

GPVI belongs to the immunoglobulin superfamily (Tsuji et al., 1997) and has two Ig
domains, D1 and D2 within the extracellular region. These two domains are
connected by a linker region and are connected to the cytoplasmic tail via
glycosylated stalk region (Bori-Sanz et al., 2003). Both monomers and dimers of
GPVI can be found on the surface of platelets (Miura et al., 2002). On resting
platelets, the monomeric form predominates and has a reduced functional affinity for
binding collagen (Jung et al., 2012). In contrast, the dimeric form is more frequent on
activated platelets. Additionally, it has been discovered that GPVI may assemble into
oligomers on the surface of platelets, and that the different degree of GPVI clustering
is determined by different GPVI agonists (Poulter et al., 2017). Therefore, the
recruitment of signalling molecules necessary for GPVI signal transduction may be

aided by this development of oligomers.

1.5.2 GPVI ligands

As previously stated, collagen is the key endogenous ligand for GPVI, which is
crucial for platelet function and haemostasis. Although the vasculature contains nine
different forms of collagen, only types | and Ill form big fibrils and bind GPVI with
higher affinity. Through the GPIb-1X-V complex and immobilised von Willebrand
factor, platelets are able to bind themselves to exposed collagen fibres when they
are subjected to significant shear stress. As a result of this tethering, collagen is able

to establish a connection with the low-affinity GPVI receptor complex. This
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connection, in turn, provides intracellular signals that activate integrins, such as a231
and allbB3, from the inside out, and further clusters GPVI. By attaching a231 to
collagen and allbp3 to VWF, these interactions increase the activation of GPVI and
promote secure attachment and spread (Watson et al., 2000, Nieswandt et al.,

2001a).

While collagen is an endogenous ligand for GPVI, the exogenous ligand collagen-
related peptide (CRP) was found to mimic collagen and has 10 repetitions of the Gly-
Pro-Hyp (GPO) sequence which might cause platelet aggregation, regardless of
a2B1(Morton et al., 1995). CRP was shown to react selectively with GPVI and to
activate tyrosine-phosphorylation in platelets in a way comparable to collagen
(Asselin et al., 1997).

Similar to collagen, fibrin is another endogenous ligand that triggers the GPVI
signalling cascade through tyrosine phosphorylation (Alshehri et al., 2015a). Fibrin,
unlike collagen, can recognise both monomers and dimers of GPVI (Mammadova-
Bach et al., 2015). In addition, previous research has recognised that recombinant
dimeric GPVI had the ability to attach to fibrin. This finding was subsequently
validated by using platelets that lacked GPVI, which also demonstrated a decrease
in procoagulant activity (specifically, the polymerization of fibrinogen) (Mammadova-

Bach et al., 2015).

On another note, fibrinogen has been suggested as a potential endogenous ligand

for GPVI. This was established by observing that platelets lacking GPVI were unable

to spread on fibrinogen. Additionally, unlike wild-type (WT) mouse platelets, human-
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GPVI-transgenic mouse platelets spread on fibrinogen (Mangin et al., 2018)

potentially highlighting the difference between mouse and human platelet biology.

1.5.3 GPVI signalling

GPVI signalling is initiated upon its binging to collagen, CRP, or other ligands leading
to receptor clustering. Following GPVI clustering, the Src Family kinases (SFK) Lyn
and Fyn phosphorylate the FCcRy -chain ITAM (Ezumi et al., 1998, Quek et al., 2000).
This leads to recruiting and activating the cytosolic tyrosine kinase Syk through its
tandem SH2 domains to the ITAM (Chen et al., 1996) and is phosphorylated by
SFKs (Kurosaki et al., 1994) which in turn promotes the phosphorylation of the
adaptor protein Linker of Activated T cells (LAT), and the recruitment of adaptor
proteins such as SH2 domain containing leukocyte protein of 76kDa (SLP-76) that
form a LAT signalosome. The LAT signalosome plays a crucial role in phospholipase
C y2 (PLCy2) recruitment, and the SH2 domain of LAT provides docking sites for
PLCy2 through its phosphotyrosine residues (Watanabe et al., 2001). After Syk
phosphorylates LAT, the adaptor proteins SLP-76, Gads, and Grb2 are recruited
(Asazuma et al., 2000, Gross et al., 1999, Hughes et al., 2008). Upon activation,
PI3K is recruited to the signalosome and catalyses PIP2 into PIP3 which leads to the
recruitment of Btk and PLCy2. Either SFK or Syk lead to the phosphorylation of Btk.
Phosphorylated Btk and Syk will initiate the activation of PLCy2 (Mazharian et al.,
2010). Although both SFKs and Syk may phosphorylate PLCy2 (Liao et al., 1993,
Rodriguez et al., 2001), Btk is believed to be the primary kinase that regulates
PLCy2 phosphorylation (Quek et al., 1998). Following its activation, PLCy2

hydrolyses PIP2 to IP3 and DAG. The IP3 then binds the IP3 receptors found in the
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endoplasmic reticulum and leads to the release of calcium (Figure 1.2) (Kaibuchi et

al., 1983, Werner et al., 1992).
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Figure 1.2: GPVI signalling pathway.

Agonist binding leads to GPVI clustering. This results in phosphorylating SFK that in turns
phosphorylate the ITAM in the FcR y -chain leading to Syk activation. Syk promotes LAT
phosphorylation which recruits Gads and SLP-76 forming a LAT signalosome. PI3K is also
phosphorylated and catalyses PIP2 to PIP3 that in turn recruits Btk and PLCy2. Phosphorylated Btk
and Syk mediate PLCy2 activation. PLCy2 hydrolyses PIP2 to IP; and DAG.

1.5.4 GPVI function

GPVI has always been perceived to play a main role in preventing blood loss after

an injury. Although in literature, GPVI has been portrayed as a key player in platelet
activation and primary haemostasis (Arthur et al., 2007), this illustration of GPVI and
its main role in haemostasis is not supported in human and mouse phenotypes that

lack GPVI (Michelson et al., 2019).
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Although GPVI deficient patients have slightly prolonged bleeding time and lack of
response to collagen, they usually have normal platelet number and size (Sugiyama
et al., 1987). It was observed that patients that do not express GPVI due to
mutations in the GP6 gene, have only minor bleeding diathesis (i.e. tendency to
bruise or bleed) which indicates a change in haemostasis (Arthur et al., 2007).

To determine whether GPVI is essential for hemostasis, previous studies have
examined the bleeding time in mice. There has been conflicting evidence on the
bleeding time in GPVI deficient mice. Mice treated with an anti-GPVI antibody
displayed a slightly prolonged bleeding time (Nieswandt et al., 2001b). Whereas null
mice, according to another group, have a normal bleeding time (Kato et al., 2003).
This could imply that whereas GPVI may be essential for hemostasis in some, it may

not be in others.

GPVI is a substantial factor to the development of arterial thrombosis (Massberg et
al., 2003). Under flow conditions in vitro, platelets isolated from GPVI deficient
individuals failed to adhere to collagen (Moroi et al., 1996). Similar results were also
seen in mice. Normal and large thrombi were observed in blood isolated from WT
GPVI mice whereas mice lacking either GPVI or FcRy had significantly smaller
thrombi on collagen (Kato et al., 2003). The role GPVI plays in thrombus formation in
vivo was further investigated by Alshehri et al. Using an FeCls injury model in GPVI
deficient mice, the authors showed that the lack of GPVI led to a significant delay or
lack of occlusion and constant thrombus embolisation in contrast to WT mice where

after 20 minutes full occlusion was observed (Alshehri et al., 2015a) .
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On another note, GPVI has been linked to cancer metastatic progression suggesting
its role in non-haemostatic functions. This was highlighted by the ability of GPVI to
bind to galectin 3, a protein expressed in colon cancer cells (HT29) containing a
collagen matrix (Dovizio et al., 2013). A number of processes that are associated
with the development of cancer can be affected by prostanoids that are generated by
cyclooxygenase (COX)-2. This study shows that abnormal COX-2 expression was
prevented by GPVI receptor inhibitors, and galectin-3 function inhibitors (Dovizio et
al., 2013). These findings provide more evidence that GPVI-mediated inhibition of

collagen binding sites could play a significant role in controlling colon cancer spread.

It has been previously established that platelets have also an additional role in
preserving the structural integrity of blood vessels (Watson et al., 2010). This was
established by Kitchens and Weiss where endothelial thinning was demonstrated in
rabbits rendered thrombocytopenic by an antiplatelet antiserum (Kitchens and
Weiss, 1975). It was also observed that thrombocytopenia is often accompanied by
petechiae, which form when red blood cells leak out of the endothelium layer through
the open channels (Aursnes and Pedersen, 1979). This process is mediated by and
maintained by platelets and GPVI respectively (Watson et al., 2010). It was
speculated that the GPVI can bind to its agonists within the endothelial, collagen and
laminin, when the layer is ruptured leading to its activation. The release of the «
granules as a result stimulates proliferation of lymphatic endothelial cells facilitating
the repair of the damaged endothelial layer (Boulaftali et al., 2013, Kisucka et al.,

2006).
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Thromboinflammation is a medical condition defined by abnormal thrombotic and
inflammatory responses which lead to organ damage. Furthermore, it implies that
platelets have a role in vascular-related inflammation, which is commonly found in
the microcirculation (Jackson et al., 2019). The activation of coagulation is believed
to be the driving force behind the thromboinflammatory process and anticoagulant
medications have been found to be useful, but with potential bleeding effects (Fan et
al., 2016).

In thromboinflammation, GPVI is involved in two processes. It has a major effect on
inflammation and is essential for the thrombotic response. For example, GPVI-
mediated platelet activation may aggravate atherosclerosis, through stimulating the
development of thrombus on ruptured plaques and the release of pro-inflammatory
cytokines, which intensify the inflammatory process (Jamasbi et al., 2015). The
therapeutic potential of targeting GPVI stems from its ability to reduce both clot
formation and inflammation without totally eliminating the platelet's critical function in
normal haemostasis. Also, these drugs may reduce the inflammatory aspect of

thromboinflammation by lowering platelet production of pro-inflammatory cytokines.

1.6 CLEC-2

In 2000, C-type lectin 2 was identified in a bioinformatics screen for natural killer
receptors (Colonna et al., 2000). CLEC-2 was subsequently identified in platelets
using the snake venom rhodocytin (Suzuki-Inoue et al., 2006). Then, the
identification of its endogenous ligand, podoplanin, in 2007 made CLEC-2 of huge
interest (Suzuki-Inoue et al., 2007). CLEC-2 plays several roles in the regulation of

inflammatory responses, thrombosis, haemostasis, liver regeneration, and reducing
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cholestatic liver damage (Mourao-Sa et al., 2011, Kono et al., 2017, Maruyama et

al., 2020).

1.6.1 Structure

CLEC-2 is a 32 kDa type Il transmembrane protein that was initially recognised in
immune cells (Colonna et al., 2000, Sobanov et al., 2001). There are between 2000-
4000 copies of CLEC-2 expressed in human platelets (Gitz et al., 2014) whereas
CLEC-2 is expressed 10 times more (around 40,000) in mouse platelets (Zeiler et
al., 2014). CLEC-2 consists of 229 amino acids and contains 3 domains: N-terminal
intracellular domain, transmembrane domain, and C-terminal extracellular domain
(Gitz et al., 2014). Unlike GPVI, CLEC-2 contains a hemITAM - a single YxxL motif
within its intracellular domain (Hughes et al., 2013), but the signalling pathway is
similar to GPVI. The extracellular domain is made up of a stalk region and a
carbohydrate-like recognition domain (CTLD) which is so called such due to the fact
it lacks the conserved amino acids needed to attach to carbohydrates (Colonna et
al., 2000) .

On resting platelets, CLEC-2 is found as a dimer (Hughes et al., 2010b) and upon
ligand binding with either its endogenous ligand (podoplanin) or exogenous ligand
(rhodocytin), CLEC-2 dimers cross-link leading to the clustering of the receptor

(Suzuki-Inoue et al., 2011, Suzuki-Inoue et al., 2018).

1.6.2 CLEC-2 ligands

CLEC-2 has several ligands that have been previously identified in the literature.

This includes podoplanin, rhodocytin, hemin, and fucoidan. Rhodocytin, also referred
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to as aggretin, was the first exogenous CLEC-2 ligand that was identified. It was
isolated in the late 1990s from the venom of the Malayan pit viper Calloselasma
rhodostoma (Huang et al., 1995, Shin and Morita, 1998). After it was discovered that
the snake toxin could cause strong platelet aggregation through a pathway that was
dependent on the Src family kinase, researchers started looking for a receptor for
rhodocytin. Initially, it was believed that rhodocytin would operate as a mediator for
platelet activation through the collagen receptor a21. This assumption was made on
the basis of the ability of large doses of antibodies against the integrin to inhibit
activation (Suzuki-Inoue et al., 2001). However, this hypothesis was questionable
due to fact that other evidence did not find any binding between recombinant or wild
type a231 that has been isolated from platelets and immobilised rhodocytin (Eble et
al., 2001). According to Shin and Morita, rhodocytin is shown to form a tetramer,
which is comprised of two a chains and two 3 chains (Shin and Morita, 1998). Along
with the tyrosine phosphorylation of CLEC-2, many of the signalling molecules
shared with the GPVI signal transduction pathway are triggered by rhodocytin
(Parguina et al., 2012). Furthermore, it is worth noting that rhodocytin has the ability
to cause platelet aggregation, marked by a distinct lag phase. This aggregation is
reliant on the presence of SFKs, Syk, and PLCy2 (Suzuki-Inoue et al., 2007). There
is a possibility that the distinctive lag phase corresponds to the amount of time

necessary for the clustering of CLEC-2.

The fact that podoplanin-expressing tumour cells cause platelet aggregation in a way
that is remarkably similar to that of rhodocytin played a significant role in the
identification of podoplanin as an endogenous ligand for CLEC-2 (Suzuki-Inoue et

al., 2007). The expression of podoplanin can be seen on cells that are not part of the
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blood vasculature, such as kidney podocytes, lymphatic endothelial cells, choroid
plexus cells, and lung epithelial cells (Breiteneder-Geleff et al., 1999). Although the
Podoplanin-CLEC-2 connection is likely unimportant in traditional primary
haemostasis and arterial thrombosis, it may have a significant impact in several
other diseases (Suzuki-Inoue et al., 2010). Similarly to rhodocytin, podoplanin-
mediated platelet aggregation depends on Src family kinases and PLCy2, and it is

also preceded by a lag phase (Chang et al., 2015, Christou et al., 2008).

Additionally, fucoidan has been identified as a potential exogenous ligand for CLEC-
2. Fucoidan is a type of sulphated polysaccharide that is mainly found in several
species of seaweed, such as Fucus vesiculosus. According to Manne et al., fucoidan
does indeed cause platelets to aggregate and secrete granules. It is suggested that
this agonist acts similarly to a (hem)ITAM agonist since phosphorylation of Syk, LAT,
SFK, and PLCy2 is also seen, and it is eliminated when treated with an inhibitor of
SFK and Syk (Manne et al., 2013). It was observed that at low doses of fucoidan, the
aggregation was lost in the CLEC-2 knockout mouse platelets, but not in the GPVI
knockouts. Nevertheless, CLEC-2 knockout mice still show some aggregation when
exposed to higher fucoidan concentration, which indicates that additional receptors
play a role in the activation of platelets stimulated by fucoidan (Manne et al., 2013).
Furthermore, even at high doses of fucoidan, platelet aggregation was eliminated in
a double knockout model of CLEC-2 and GPVI (Alshehri et al., 2015b). These
findings indicate the possibility that fucoidan can activate platelets through CLEC-2
and, to a lesser extent, GPVI. On the other hand, according to recent studies,

fucoidan does not have the same phosphorylation pattern as rhodocytin i.e. there
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was a lack of phosphorylation of important tyrosine residues in Syk and PLCy2

(Kardeby et al., 2019).

Hemin, or the ferric Fe3* form of heme, is a by-product of intravascular homolysis
and has recently been found to be an agonist of CLEC-2. The process of
aggregation, granule release, and activation of allb3 were all induced by hemin.
Additionally, when human recombinant dimeric forms of GPVI (hFc-GPVI) were
preincubated with hemin, platelets could still aggregate, but not with hFc-CLEC-2,

identifying CLEC-2 as the hemin receptor (Bourne et al., 2021).

1.6.3 CLEC-2 signalling

HemITAMs and ITAMs signal in a similar manner sharing several kinases in
common. As previously described, CLEC-2 is found as a dimer and upon ligand
binding with either its endogenous ligand (podoplanin) or exogenous ligand
(rhodocytin) (Shin and Morita, 1998), leads to the clustering of the receptor (Hughes
et al., 2010Db). This leads to the tyrosine phosphorylation of the hemITAM by Src
family kinases resulting in the activation of Syk (Suzuki-Inoue et al., 2018). However,
other studies have shown that SFKs regulate Syk and Syk is responsible for CLEC-2
phosphorylation and signal transduction (Séverin et al., 2011, Spalton et al., 2009,
Hughes et al., 2015). Similarly to GPVI, the activation of Syk leads to a signalling
cascade that results in the phosphorylation and activation of LAT, SLP-76, and
eventually PLCy2. The phosphorylation of the LAT adaptor protein by Syk is
responsible for its interaction with PI3K and PLCy2 through their SH2 domains
(Moroi and Watson, 2015). Btk and Tec are recruited following the conversion of

PIP2 into PIP3 by active PI3K (Hyvonen and Saraste, 1997). Platelet activation
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mediated by CLEC-2 requires Btk as opposed to GPVI mediated signalling. This was
demonstrated by Nicolson et al., when their results displayed that the Btk kinase
activity is essential downstream of CLEC-2 but not GPVI. GPVI mediated platelet
function was blocked by 20 times higher concentration of Btk inhibitors that those
inhibiting CLEC-2 mediate platelet activation. The reason for this selectivity is that
GPVI does not require Btk kinase activity, while human platelet CLEC-2
does.(Nicolson et al., 2021). PLCy2 hydrolyses PIP2 to IPz and DAG leading to
calcium release and PKC activation (figure 1.3) (Berridge et al., 2003). As a result,
the contents of dense granules and a-granules are secreted and the activation of
integrin allbB3 through inside-outside signalling causes platelet aggregation (Ma et
al., 2007).

In addition, a difference between CLEC-2 and GPVI in regard to signalling events
downstream of Syk is that GPVI absolutely requires SLP-76 whereas in its absence
high concentrations of rhodocytin can still facilitate weak activation (Suzuki-Inoue et
al., 2011, Fuller et al., 2007). Also, unlike GPVI, it has been previously established
that CLEC-2 is reliant on the secondary mediators (TxA2 and ADP), where the
inhibition of ADP and TxA2 production led to the reduction of CLEC-2

phosphorylation (Pollitt et al., 2010).
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Figure 1.3: CLEC-2 signalling pathway

Agonists bind to CLEC-2 leading to clustering allowing Syk to bind to the phosphorylated hemITAM.
SFK phosphorylate Syk which leads to LAT phosphorylation that results in the activation of SLP-76 and
Gads. PI3K is also phosphorylated and catalyses PIP2 to PIP3 that in turn recruits Btk and PLCy2.
SFK and Syk phosphorylate Btk. Phosphorylated Btk and Syk mediate PLCy2 activation. PLCy2
hydrolyses PIP2 to IP; and DAG leading to calcium release and PKC activation.

The role CLEC-2 plays in haemostasis and thrombosis is questionable. May et al.,
examined the role of CLEC-2 by producing platelets lacking CLEC-2. This was
carried out in vivo by administering an anti-CLEC-2 antibody. By measuring platelet
aggregation, their results have demonstrated that the CLEC-2 deficiency completely

abolished platelet aggregation induced by rhodocytin. However, platelet aggregation
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in response to other agonists such as collagen and thrombin was not affected in the
absence of CLEC-2 (May et al., 2009). Nonetheless, different results were observed
when examining the effect of CLEC-2 depletion on thrombus formation under flow.
Thrombus formation was examined using a FeCls injury model. Their results have
shown that under flow, CLEC-2 deficient platelets were able to adhere, yet
aggregate formation and stability was reduced. This suggests that CLEC-2 plays a
role in mediating stable thrombus formation. This study has also examined whether
CLEC-2 has an effect on bleeding time in mice. Indeed, mice lacking CLEC-2 had an
extended bleeding time in comparison to control mice (May et al., 2009).
Furthermore, the role of CLEC-2 in thrombus formation was examined by Suzuki et
al using laser injury models in genetically modified CLEC-2 deficient mice. Upon
laser injury of the mesenteric capillaries, CLEC-2 deficient mice failed to form a
stable thrombus in comparison to WT mice where blood flow washed away the
platelets as they were only loosely adhered to the vessel wall (Suzuki-Inoue et al.,
2010). In contrast, CLEC-2 deficient mice showed no significant increase in tail
bleeding time in comparison the WT control mice. It is worth noting however that in
this study, mice were genetically deficient in CLEC-2 whereas the study by
Nieswandt et al., used a monoclonal antibody to induce CLEC-2 depletion (Suzuki-
Inoue et al., 2010).

Similarly, Hughes et al., have also reported the effect of CLEC-2 deficiency on
platelet activation using CLEC-2-deficient mouse platelets generated through
radiation chimeras. Their results demonstrate that although CLEC-2 deficient
platelets exhibit normal tail bleeding time in mice and they have normal aggregation

on collagen under flow, they do not respond to CLEC-2 agonists (Hughes et al.,
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2010a). This is key as it suggests no role for CLEC-2 in thrombus formation, while
other studies do.

Similarly to GPVI, evidence in the literature suggests that CLEC-2 plays a role in
thromboinflammation as well. The interaction of CLEC-2 with its endogenous ligand
podoplanin in thromboinflammation results in platelet activation, resulting in the
prothrombotic process coupled with the modulating inflammatory response. In events
associated with ischaemic stroke where damage to the blood-brain barrier and
neurons has occurred, CLEC-2 plays this dual role in cancer, facilitating metastasis
of tumour cells and formation of blood clots (Meng et al., 2021). CLEC-2 also
controls the inflammatory response and organ injury in infectious conditions like
sepsis (Xie et al., 2020). Consequently, due to its important function in mediating the
relationship between inflammation and thrombosis, CLEC-2 is a potential therapeutic

target for the management of thromboinflammatory disorders.

Deep vein thrombosis (DVT) is a condition characterised by the formation of blood
clots due to the slow or blocked flow of blood, leading to a lack of oxygen supply
(hypoxia). DVT is a thromboinflammatory condition because this triggers the
production of inflammatory mediators. Payne et al. have shown that platelet inducible
CLEC-2 knockout mice do not produce thrombi in a stenosis model, exacerbating
deep vein thrombosis (DVT) compared to wild-type (WT) controls (Payne et al.,

2017).

Previous studies have examined the vital role CLEC-2 plays in lymphatic and

vascular development. In a study conducted by Suzuki et al., CLEC-2 deficiency in

mice led to high neonatal lethality (Suzuki-Inoue et al., 2010). Also, out of 326 CLEC-
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2 deficient mice, only 2 mice survived until the age of 8 weeks which raises the
question if these 2 mice are truly representative model of a CLEC-2 knockout. When
examining the reason behind this, they observed that CLEC-2 deficiency led to
cutaneous haemorrhage, oedema, lymphatic drainage failure, and blood-filled
lymphatic vessels in mice (Carramolino et al., 2010). Similarly, in studies examining
the CLEC-2 signalling molecules such as PLCy2 (Ichise et al., 2009b), Syk, and
SLP-76 (Sebzda et al., 2006) in CLEC-2 deficient mice, blood filled lymphatic were
also observed. This is a result of the lack of separation of the lymphatic-vascular
vasculature (Abtahian et al., 2003). Altogether, these results highlight the important
role CLEC-2 and its downstream signalling molecule play in the in lymphatic-

vascular development.

The potential role of CLEC-2 in mediating cancer metastasis has been also
examined. This is due do the fact that the CLEC-2 ligand, podoplanin, has been
found to be expressed on some types of cancer cells such as brain tumour cells,
squamous cell carcinoma, seminoma, and melanoma. Therefore, it was
hypothesised that the interaction between CLEC-2 in platelets and the podoplanin
expressed in tumour cells could promote tumour metastasis (Raica et al., 2008, Kan
et al., 2014). Shirai et al., have observed that cancer metastasis was reduced by
blocking the interaction between CLEC-2 and podoplanin. As a result, this sheds a
light on the potential role of CLEC-2 in mediating tumour metastasis (Shirai et al.,

2017).
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1.7 Phospholipase C enzymes

1.7.1 PLCB

Phospholipase C enzymes are important for hydrolysing inositol phospholipids to
produce |IP3 and DAG. In mammals, PLCs are found in four different families (j3, v, o,
€) (Haas and Stanley, 2007). Activation of circulating platelets occurs upon agonist
binding to cell-surface receptors, which in turn activates protein kinases and guanine
nucleotide binding regulatory proteins (G proteins), and the production of lipid
second messengers. Two separate groups of enzymes, the 3 and y isoforms of
phospholipase C are responsible for producing lipid second messengers when G
protein-coupled receptors are stimulated. Receptors coupled to G proteins that
include a Gaq subunit activate the four isoforms of PLC found in human platelets.
The Ggy mediated activation of PI3Ky occurs when receptors coupled to G proteins
with a Ga; subunit are stimulated (Lian et al., 2005, Rittenhouse, 1996). The PLCf
isoforms are responsible for the hydrolysis of PIP2, which results in the production of
IP; and DAG (Rhee and Bae, 1997) . This then leads to intracellular calcium release
and PKC activation (Lapetina et al., 1985, Brass and Joseph, 1985).

It has been documented that a bleeding diathesis and impaired platelet aggregation
and secretion in vitro can be caused by a hereditary PLCB2 impairment suggesting
the crucial role PLCJ in plays in platelet signalling (Lee et al., 1996b, Sun et al.,

2004).

A study by Lian et al., have examined the potential role of PLCB2 in platelet
activation. Using a model of chemical-induced injury and PLCB2 deficient mice, they
examined the platelets’ clotting abilities. Occlusion was observed over 30 minutes

and there was no arterial occlusion in PLCB32 deficient mice. Whereas WT mice
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formed a stable thrombus over 30 minutes. Next, the role of PLC2 in platelet
spreading was further investigated by spreading washed WT and PLCB2 deficient
mouse platelets on fibrinogen for 45 minutes. WT platelets were able to spread
extensively at 15- and 30-minutes post spreading, however PLC[32 knockouts had
impaired platelet spreading. Nonetheless, when platelet spreading was examined at
45 minutes, WT and PLC2 deficient platelets had a similar spreading pattern.
Similar results were seen in PI3Ky deficient platelets. The in vivo impairment could
be caused by the crucial functions of both PLCB and PI3KYy in arranging the platelet
cytoskeleton, as the results of reduced platelet spreading implies. Given the shear
forces experienced by blood vessels, cytoskeletal dynamics play a pivotal role in
platelet adhesion to the vessel wall (Lian et al., 2005). It is possible that they have a
malfunction in the process of ADP-mediated actin dynamics. This could explain the
failure of PI3K deficient platelets to spread on fibrinogen coated surfaces. In
conclusion, based on the reduced cytoskeleton reorganisation capability, decreased
fibrinogen spreading, and inability to generate persistent thrombi in vivo, this study

implies that PLCB2 and PI3Ky are crucial in the dynamics of platelet cytoskeletons.

1.7.2 PLCy2

1.7.2.1 Structure

PLCy can be found in two isoforms, PLCy1 and PLCy2. While PLCy1 is expressed in
several cell types, PLCy2 is mainly expressed in hematopoietic cells. And as
previously described, PLCy2 is a key signalling hub downstream of (hem)ITAM

receptors.
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PLCy2 is 147kDa protein that has 1265 amino acids consisting of 8 domains: An N-
terminal PH domain, an X and Y catalytic domains with a multidomain insert in
between consisting of split PH domain, N-terminal SH2 domain (nSH2), C-terminal
SH domain (cSH2), and SH3 domain (Figure 1.4) (Gresset et al., 2010, Nakamura
and Fukami, 2017). The Pleckstrin homology (PH) domain consists of approximately
100 amino acids (Wang et al., 1994). Through its ability to bind to
phosphatidylinositol such as PIP3, the PH domain plays a main role in the protein
translocation to the cell membrane and binding (Lemmon et al., 1995, Falasca et al.,
1998). Adjacent to the PH domain is the EF-hand domain. There is a lack of
evidence on the exact function of the EF domain in PLCy2. However, there are some
studies that examined the function of the EF domain in different PLC isoforms where
the EF domain has been found to be mainly responsible for calcium binding (Grobler
and Hurley, 1998). All PLC isoforms contain and a catalytic X and Y domain forming
the split TIM barrel which is the most conserved region across PLC isoforms (Rhee
and Choi, 1992). These domains are responsible for the catalytic activity of PLC
enabling the hydrolysis of PIP2 into IP; and DAG (Wang et al., 2014). PLCy also
consists of C-terminal copy of a tandem pair of PLCy2 SH2 domains (cSH2), as well
as the nSH2 domain, SH3 domain, and split PH domain. The Src homology 2 (SH2)
domain plays a crucial role in regulating the activity of PLCy2. Due to fact that it
includes the primary autoinhibitory areas, such as the C-terminal SH2 domain which
plays a crucial role in the suppression of PLCy2 activity, the SH2 domain is
necessary for the activation of PLCy2 (Zhou et al., 2012a). Typically, changes or
mutations in the SH2 domain in many signalling proteins influence the stability of the
domain, the residues that interact with the catalytic domain, or the involvement of the

domain in ligand binding (Zhou et al., 2012a). Additionally, SH2 domains are known
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for their capacity to recognise tyrosine-phosphorylated regions, making them
important mediators in transducing and modulating physiological signals from

protein-tyrosine kinases (Huang et al., 2008).

Another essential part of PLCy2 ‘s activity is the SH3 domain, which mediates
interactions with other proteins. The SH3 domain has a role in binding substrates to
protein tyrosine kinases such as Src, Fyn, and Lyn (Weng et al., 1994). In addition, it
is thought that the SH3 domain is responsible for regulating enzymatic activity via
protein-protein interaction (Anderson et al., 1998). Previous studies have also
demonstrated that SH3 domains interact with some ligands by binding to proline-rich
sequences that include a conserved core motif of PXXP (Alexandropoulos et al.,
1995). Moreover, the SH3 domain may play a role in guiding PLCy2 to a subcellular
region where it may regulate actin polymerization, via modulating the interaction of
PLCy2 with the actin cytoskeleton (Bar-Sagi et al., 1993).

In PLCy2, the C2 domain is an essential component for its function, since it is
involved in a number of activities that are essential to its operation. This includes its
role in activation, membrane binding, and translocation PLCy2 to particular cellular
sites (Nishida et al., 2003). In this study, it was demonstrated that the C2 domain
plays a crucial role in the activation of PLCy2, which is dependent on Ca?* influx.
Additionally, their results have demonstrated the failure of PLCy2 to translocate to
the membrane upon the deletion of the C2 domain. Altogether, this emphasises the
role of the C2 domain in mediating the PLCy2 translocation which is dependent on

the calcium influx (Nishida et al., 2003).
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Based on the findings of mutational research conducted on PLCy2 in DT40 cells, it
was proposed that the activation of PLCy2 in the SH2-SH3 domains downstream of
the BCR is partially dependent on tyrosine phosphorylation and Btk is primarily
responsible for phosphorylating these sites. Although the phosphorylation on Y1197
and Y1217 that are located in the C terminal are facilitated by Bk, it is suggested
that this can also be mediated by Syk (Rowley et al., 1995, Rodriguez et al., 2001,

Hashimoto et al., 1999).

Figure 1.4: PLCy2 domains

The PLCy2 protein is made of a PH domain at the N-terminus, and catalytic X and Y
domains in between EF-hand motifs and C2 domain. PLCy2 also has an extra PH

domain divided by one SH3 and two SH2 domains.

1.7.2.2 PLCy2 in platelets

The role PLCy2 plays in mediating platelet function has been previously investigated
using genetically mutated mice (table 1.1). In a study conducted by Wang et al., the
PLCy2 deficient mice were noticeably smaller in size than the wild types. They also
observed spontaneous bleeding in PLCy2 deficient mice (Wang et al., 2000). This
was further investigated by Mangin et al., where the bleeding time was assessed in
order to assess a potential primary haemostasis deficiency. When compared to

heterozygotes or wild-type mice, the bleeding period was drastically extended in
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animals with the PLCy2 =~ mutation. Additionally, there was no evidence that this
deficiency was caused by a lower platelet count or an altered platelet shape.
Furthermore, platelet aggregation was measured in order to determine whether or
not platelets require PLCy2 in various signalling pathways by stimulating platelets
with several agonists such as collagen, thrombin, and ADP. When induced by 50
ug/mL~" bovine collagen, platelet aggregation in PLCy2 ~~ mouse platelets were
significantly decreased but not completely abolished in comparison to WT platelets.
Although Wang et al., have previously reported a complect lack of platelet
aggregation, Mangin et al., have shown a slight aggregation response (6.1%) around
3 minutes when stimulated by collagen. This was followed by a decreased level of
platelet aggregation which is explained by a delay in the shape change in platelets
(Mangin et al., 2003). In contrast, PLCy2 deficiency had no effect on platelet
aggregation induced by ADP and thrombin. Due to this low increase in aggregation
induced by collagen in PLCy2 deficient mice, the platelets’ morphological changes
were analysed using scanning electron microscopy. At rest, PLCy2 *'* platelets
exhibited a regular discoid shape. PLCy2 ** platelets formed large aggregates after
3 minutes and underwent shape change with extended filopodia quickly after 30
seconds of collagen stimulation. PLCy2 deficient platelets on the other hand, did not
exhibit major shape change as they were mostly discoid and only formed small
aggregates after 4 minutes of collagen stimulation. The platelets then formed
extended filopodia at 5 minutes. They also evaluated the role PLCy2 plays in
mediating platelet secretion. PLCy2 ** and PLCy2 - washed platelets were loaded
with [*H] serotonin and stimulated with either thrombin or collagen. When stimulated
with thrombin, there was no significant difference in [°H] serotonin released in both

PLCy2 *'* (84 + 2%) and PLCy2 7~ (83 + 11%). In contrast, when stimulated with
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collagen, PLCy2 - platelets had a significant decrease in secretion on comparison to
PLCy2 ** platelets where granule secretion in PLCy2 **was 49 + 0,65% and 1.25 +

0.75% in PLCy2 " platelets (Mangin et al., 2003).

As previously mentioned, collagen can also stimulate a231. Therefore, it is possible
that another collagen receptor, possibly integrin a231, is involved because PLCy2 =/~
platelets could not aggregate in response to GPVI ligands. By blocking a231, using a
mAb (Hma2), platelet aggregation and shape change were completely abolished in
response to collagen in PLCy2 deficient platelets. Furthermore, aggregation was
assessed in PLCy2 deficient platelets and FcRy deficient platelets in the presence of
JAQ-1 which blocks the CRP-GPVI binding site in order to assess the potential
GPVI/FcRy and PLCy2 independent activation pathways. This led to a complete

inhibition of aggregation stimulated by collagen.

Finally, by inhibiting the P2Y1 and P2Y12 receptors, the roles of ADP and TXA2 in
the PLCy2 independent platelet response was examined. The results have
demonstrated that collagen-induced aggregation was unaffected, however around 4-
5 minutes, shape change was detected. This suggests that ADP and TxA2 are
necessary for shape change but do not play a role in allb3 mediated activation

pathway (Mangin et al., 2003).

1.7.2.3 The role of PLCy2 in adaptive immunity

The B-cell receptor (BCR) complex is made of membrane bound immunoglobulin
and lga/lgp heterodimer (Schamel and Reth, 2000) .Similarly, to GPVI and CLEC-2,
Iga/lgp have cytoplasmic domains that contain an ITAM (Kurosaki, 2011). B-cell

receptor signalling is similar to that of GPVI i.e., through an ITAM signalling pathway,
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particularly through PI3K and PLCy2 (Woyach et al., 2012). Antigen binding leads to
BCR stimulation which initiates ITAM phosphorylation by SFK (Lyn) that leads to
recruiting Syk to the phosphorylated ITAM (Kurosaki, 2011, Yamamoto et al., 1993).
This leads to the formation of the signalosome containing several proteins such as
the kinases Syk and Btk, and the B- cell linker (BLNK) (Woyach et al., 2012). Playing
an analogous role to LAT and SLP-76 in platelets, BLNK phosphorylation allows it to

bind to Btk and PLCy2 (Kurosaki, 2011).

The specific kinase (or kinases) causing PLCy2 phosphorylation in B cell is
unknown, though. PLCy2 phosphorylation induced by BCR was inhibited by gene
disruption of Lyn or Syk (Takata et al., 1994). Nevertheless, it is difficult to confirm
whether PLCy2 is a direct substrate of Lyn or Syk in B cells considering that tyrosine
phosphorylation of BLNK, creation of PIP3, and activation of Btk all takes place
following Lyn/Syk activation. Given that the level of BCR-induced tyrosine
phosphorylation of PLCy2 was higher in a B-cell line from mice that overexpresses
Btk (Fluckiger et al., 1998, Scharenberg et al., 1998) and significantly lower in a B-
cell line from chickens that are deficient in Btk (DT40), it has been suggested that
PLCy2 may serve as a substrate for Btk (Takata and Kurosaki, 1996). Additionally,
IP; production, and an increase in the cytosolic free Ca?* concentration was not
induced by BCR activation in the DT40 cells that lack Btk. The results showed that
this kinase did not play a significant impact in the phosphorylation of PLCy2, when
tested with human B cells that express mutant versions of Btk. Human X-linked
agammaglobulinemia (XLA) is caused by Btk gene mutations. Similar to the Btk-
deficient DT40 cells, B cells isolated from XLA patients have significantly reduced IP3

and Ca?* responses. On the other hand, the XLA cells showed a standard rise in
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PLCy2 tyrosine phosphorylation in response to BCR stimulation, unlike the chicken
cells (Fluckiger et al., 1998). Despite evidence of Btk's function in platelets, XLA
patients do not experience bleeding as a side effect (Quek et al., 1998). This suggest
that the high doses and off target effect of ibrutinib is what causes bleeding in

patients.

Moreover, Kim et al., have demonstrated that PLCy2 is phosphorylated on Y753,
Y759, Y1197, and Y1217 in response to B-cell receptor stimulation in Ramos cells (B
lymphocyte cell line) and murine splenic B cells using antibodies specific to each of
the phosphorylation sites. Phosphorylation of Y1217 was three times higher in cells
that were highly stimulated via this receptor compared to Y753 or Y759. In contrast,
only Y753 or Y759 were phosphorylated whereas there was no phosphorylation
observed of Y1217 in convulxin stimulated platelets (Kim et al., 2004).
Phosphorylation of the Y391 residue on CD19, the BCR coreceptor, is also an
essential part of the BCR / PLCy2 signalling complex that is triggered when the BCR
is engaged with an antigen. In a signalling complex involving Lyn, Vav, Grb2, and
p85 of PI3K, PLCy2 immunoprecipitates with CD19, possibly via their SH2 domains,
indicating a tight multimeric interaction with the cell membrane (Brooks et al., 2000).
Using genetically PLCy2 deficient mice was the first step to investigate the functional
need of PLCy2 -mediated signalling in B cells. This was achieved by inserting a
neomycin cassette into the second exon, which encodes the enzymatic function.
These PLCy2 -deficient mice were able to survive into adulthood, but they exhibited
severe abnormalities in B cell growth and function. Also, these animals had impaired
pro-B cell development and a decrease in mature B cells. Antibody production was

decreased due to the lack of PLCy2 activity, and as predicted, BCR activation did not

54



cause calcium flux or mitogenic promotion of B cell proliferation. Serum
immunoglobulin (Ig) M, G2a, and G3 and T cell-independent antibody production

were also decreased (Wang et al., 2000).

Studies by Hashimoto et al., and Su et al., had demonstrated the significance of
BLNK in PLCy2 function during the development of B cells. This was achieved via
generating BLNK™-/PLCy2 ~~ mice by deleting the enzymatic PIP2 domains of
PLCy2 (Hashimoto et al., 2000, Xu et al., 2006). When compared to animals lacking
either BLNK or PLCy2, mice lacking both genes exhibited a more noticeable
abnormality in early B cell progenitors around the Pro-B cell stage. Also, PLCy2
heterozygous animals on a BLNK-deficient background had lower PLCy2
biochemical function and B cell development compared to BLNK™-/PLCy2 *** mice,
which indicates that the PLCy2 expression level was relevant where PLCy2
heterozygous mice has less PLCy2 expression (Xu et al., 2006). However, it should
be noted that immature B cells express three times more PLCy2, BLNK, and Btk
than mature B cells, which results in higher phosphorylation of PLCy2 driven by
BCR. This highlights that PLCy2 levels do not remain constant during B cell

development (Benschop et al., 2001).
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Table 1.1: Different PLCy2 models and phenotypes

Mouse model Phenotype

PLCy2 knockout (PLCy2 /) Decreased platelet aggregation (Mangin
et al., 2003). Severe immune deficits,
hindered B-cell growth(Wang et al.,
2000).

PLCy2 floxflox (deletion of PIP2 binding Defects in B cell development at the

pre-B cell stage (Hashimoto et al.,

site)

2000).

PLCy2A% (D993G) Gain-of-function effect (Gossmann et
al., 2016). Mice develop spontaneous
inflammation (Bernal-Quirds et al.,
2013).

PLCy2A114(Y495C) Increased basal and stimulated activity

of PLCy2. Heightened immune
responses and increased susceptibility
to autoimmune and inflammatory

diseases (Magno et al., 2019).

PLCy2 P522R A protective PLCy2 mutation with
properties reduces the development of
Alzheimer's disease (Tsai et al., 2023).

BLNK™-/PLCy2 '~ Abnormality in early B cell progenitors
around the Pro-B cell stage(Xu et al.,
2006)

1.7.2.4 Role of PLCy2 in immune deficiency

PLCy2 has been linked to immunodeficiency symptoms. This includes common
variable immunodeficiency (CVID), PLCy2 -associated antibody deficiency and
immunological dysregulation (PLAID), and immunodeficiency syndrome. While CVID

is far more genetically varied and mutations in the PLCG2 gene are thought to be
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responsible for 2% of documented instances of CVID (Bogaert et al., 2016), a gain-
of-function amino acid mutation in the PLCy2 gene is the main cause of PLAID
(Ombrello et al., 2012, Zhou et al., 2012b).

Along with many of the common clinical symptoms of CVID, such as granulomatous
disease, allergies, autoimmune disease, and an abnormally low concentration of IgG
with recurrent infections, patients with PLAID often experience a type of cold
temperature-induced hives known as cold urticaria (Ombrello et al., 2012, Giannelou
et al., 2014). Examining the involvement of PLCy2 's cSH2 domain, which is
impacted in PLAID patients, may help explain the underlying mechanism involved in
the PLAID phenotype. Research conducted in vitro showed that following BCR
signalling, the early signalling complex was stabilised by the cSH2 domain of PLCy2,
in conjunction with low phosphorylation of Syk, Btk, and BLNK. This hindered
downstream signalling due to a decreased clustering of BCR specific antigen
engagement by T and B cells, which is necessary to activate and differentiate B
cells, and allows antibody secretion and formation of B cell memory. This suggests
that impaired cellular movement of the antigen-engaged BCR may be partially

responsible, for the PLAID syndrome (Wang et al., 2014).

1.7.2.5 PLCy2 in cancer

Chronic lymphatic leukaemia (CLL) is a B-cell malignancy and the most common
leukaemia in adults (Gaidano et al., 2012). The B-cell receptor signalling pathway
plays a major role in the pathogenicity of CLL. When expressed on malignant B-
cells, BCR promotes the survival, maturation and, proliferation of the malignant cells

(Ghia et al., 2008, Herishanu et al., 2011, Stevenson et al., 2011). Therefore, CLL
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treatments are based on targeting and inhibiting the BCR signalling pathway such as
kinase inhibitors idelaslisib (PI3Kd inhibitor), fostamatinib (Syk inhibitor), and ibrutinib
(Btk inhibitor) (Wiestner, 2015). Ibrutinib, an irreversible inhibitor of Btk, is a first-in-
class medication that has been primarily employed for the treatment of chronic
lymphocytic leukemia (CLL) (Pan et al., 2007). While ibrutinib is generally well
tolerated, various clinical studies have linked ibrutinib to an increased risk of serious

bleeding (Lipsky et al., 2015).

Ibrutinib raises the risk of bleeding events due to its off target effects and its effect on
platelet aggregation and function, according to studies (Ninomoto et al., 2020).
Another factor contributing to the bleeding propensity associated with ibrutinib is the
impairment of GPVI-mediated platelet function (Rigg et al., 2016).

Platelets isolated from patients treated with ibrutinib demonstrate impaired reactivity
when stimulated by collagen or CRP (Bye et al., 2015). Additionally, aggregation of
human platelets mediated by CLEC-2 is impeded by the presence of low doses of
ibrutinib (Nicolson et al., 2021). In this study, ibrutinib was used as control since the
inhibition of Btk activity by ibrutinib would therefore inhibit PLCy2 activity.

The mechanism of how Btk and PLCy2 induce CLL is very essential to understand,
as mutations in PLCy2 and/or Btk have been discovered in 11 to 90% of ibrutinib-
refractory CLL patients (Ahn et al., 2017, Gango et al., 2020, Lampson and Brown,
2018). Very intriguingly, two distinct studies have identified that individuals with CLL
did not have any PLCy2 or Btk mutations prior to Ibrutinib therapy (Kanagal-
Shamanna et al., 2019, Maddocks et al., 2015). It was also demonstrated that
uncommon subclones with PLCy2 mutations are more likely to be favored during
CLL progression following Ibrutinib therapy (Landau et al., 2017, Burger et al.,

2016). Several PLCy2 mutations have been detected in patients that have acquired
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ibrutinib resistance. Ibrutinib resistance in CLL was found to be associated with
PLCy2 hypermorphic gain-of-function genetic mutations such as in R665W (SH2
domain), S707Y (SH2 domain), L845F (spPH domain), and D993G (TIM,Y box)),
(Koss et al., 2014, Woyach et al., 2014b). In the literature, the effect of these
mutations has been examined using a protein overexpression system in multiple cell
lines. The R665W and L845F mutations have been shown to increase the enzymatic
activity of PLCy2, which results in increased B-cell receptor activity. In addition, the
R665W and L845F mutations cause PLCy2 to function without requiring Btk and
enables it to develop resistance to ibrutinib in CLL patients (Liu et al., 2015)

When examined in BCR signalling, D993G also shows an increase in IP3 and Ca?*
when cells are stimulated (Magno et al., 2019). Although these mutations have been
widely researched in relation to CLL and ibrutinib resistance, it is uncertain if these or
other mutations may occur in platelets, and what influence they may have on platelet
(hem)ITAM receptor signalling. In addition to the previously mentioned ibrutinib
resistant mutations, there are several other PLCG2 mutations summarised in table
1.2. Frequency in human population was obtained from
www.gnomad.broadinstitute.org/.

As previously mentioned, the effect of the PLCy2 gain - of function mutation PLCy2
’s function has been investigated using a protein overexpression system. Although
using an overexpression system can be rapid and simple, the high level of protein
expression tends to be not physiologically representative to the normal level of the
protein. Therefore, the CRISPR/Cas9 gene editing technique will be used in this
study to generate PLCy2 mutation knock-ins in order to study their effect on PLCy2

function.
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PLCy2 has been also found to mediate a role in diffuse large B cell ymphoma
(DLBCL). In a study where 86 patients were examined, PLCy2 was highly expressed
in 54 patients, which was around 63%. /n vitro, cells derived from these patients
were shown to undergo proliferation suppression, apoptosis induction, and cell cycle
arrest after being treated with the PLC inhibitor (U73122). Interestingly, the authors
hypothesised that higher levels of PLCy2 signalling may have improved overall
survival, which might be due to the enhanced cellular proliferation and subsequent
susceptibility to cytotoxic medicines caused by greater PLCy2 signalling (Huynh et
al., 2015)

Table 1.2: Describes the expected functional problems and frequency of
multiple PLCG2 mutations

Mutation Position in Expected Functional Frequency in
Protein Problem human population
(%)
A708P SH2 domain Structural alteration, impacts < 0.0005%
signalling (Walliser et al.,
2018)
D993N SH2 domain Alters interaction with other <0.001%

proteins(Rogers et al., 2021,
Diop et al., 2022)

L848P SH2 domain Structural disruption, affects < 0.001%
binding(Neves et al., 2018)
M1141L PH domain Affects binding affinity 0.0005%
(Jackson et al., 2021)
P552R SH2 domain Affects enzyme regulation/ <0.001%

increasing intracellular calcium
release(Magno et al., 2019)

Y495C PH domain Can alter the enzyme's active < 0.0005%
site, potentially reducing its
catalytic efficiency (Magno et
al., 2019)
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1.7.2.6 Role of PLCy2 in lymphatic and vascular development

During the process of development, the lymphatic vasculature is believed to have
originated from the blood vasculature. The expression of the transcription factor
prospero-related homeobox 1 (Prox1) in a subset of venous endothelial cells has
been shown to be the initiating factor in the differentiation of lymphatic endothelial
cells (LECs), according to previous research (Wigle and Oliver, 1999).

While the ligand for vascular endothelial growth factor receptor (VEGFR) 2 and 3,
vascular endothelial growth factor (VEGF) C (Joukov et al., 1996), is essential for
lymphatic vessel creation, it is not necessary for Prox1-induced LEC specification
(Karkkainen et al., 2004). The lymphatic vasculature develops specialised
components and differentiates from the blood vasculature throughout later stages of
development. There have been previous studies that demonstrated blood-lymph
shunts and the presence of lymphatic vessel endothelial hyaluronan receptor 1-
positive (Lyve1*), lymphatic endothelial cells (LECs), and blood endothelial cells
(BECs) in mice that lacked either SLP-76 or Syk (Prevo et al., 2001, Abtahian et al.,
2003).

Ichise et al., have investigated role that PLCy2 plays in the development of lymphatic
and blood vasculature using a genetic approach. A spontaneous mutant mouse line
that exhibited blood-filled lymphatic capillaries was found to carry a null mutation of
the PLCy2 gene, which encodes PLCy2. This was discovered by the process of
positional candidate cloning (Ichise et al., 2009a). Their results have demonstrated
that in the course of development, the lymphatic tubes that were developing in
embryos that lack PLCy2 were filled with blood which might indicate the failure of
separation of the lymphatic vessels from the blood vessels. Also, the lymph sacs that

were filled with blood included Lyve1* LECs as well as CD31%, and Lyve1- BECs.
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However, this phenotype was not observed in the WT mice (Ichise et al., 2009a).
Based on these observations, it may be concluded that PLCy2 plays a crucial part in
the process of sustaining the separation of blood and lymphatic vasculature.
Therefore, this will be further examined in this study by using another approach. The
role PLCy2 plays in the lymphatic/vascular development will be investigated using

the PLCy2 inhibitor, U73122, in zebrafish embryos (section 5.3.3).

1.7.2.7 PLCy2 pharmacological inhibitors

The role of PLCy2 in several platelet functions has previously been studied using a
pharmacological inhibitor, U73122. U73122,( 1-6-((17B3-3-methoxyestra-1,3,5(10)-
trien-17-yl)amino)hexyl-1 H -pyrrole-2,5-dione), is a potent inhibitor of PLC activity
and was initially identified in 1989 (Bleasdale et al., 1989). The original purpose of
U73122 was to study the function of PLC isoforms in receptor-mediated cell
activation and it has been found to specifically inhibit PLC-dependent activities in
human platelets and neutrophils (Smith et al., 1990, Bleasdale et al., 1990). The
inhibitory mechanism includes the alkylation of a cysteine residue in the catalytic
domain of PLC (Klein et al., 2011). U73122’s mechanism of action involves the
inhibition of the hydrolysis process of PIP into IPs, resulting in a reduction of free
cytosolic calcium ions (Ca?*) (Yule and Williams, 1992). The activation of membrane-
bound PLC has been suggested to be the mediating factor for any reaction sensitive
to the inhibitor when U73122 is employed in conjunction with its structural analogue
(U73343) (figure 1.5), which is normally utilised as an inactive control molecule
(Burgdorf et al., 2010).

The inhibitory effect of U73122 on platelet activation induced by several agonists has

been previously established in the literature. U73122 has been shown to significantly
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decrease the increase in calcium levels in platelet stimulated by collagen and
thrombin (Heemskerk et al., 1997b). A very recent study has studied the effect of
U73122 on platelet spreading and adhesion on fibrinogen (Nigam et al., 2024). On
the other hand, there is no evidence on the effect of U73122 on CLEC-2 mediated

platelet activation. This will be investigated in this thesis.

U73122

Figure 1.5: Molecular structure of U73122 and U73343.

Highlighted in the red box is the only structural difference between U73122 and
U73343. U73122 has a maleimide whereas U73343 has a succinimide. Adapted
from (Klein et al., 2011)
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1.8 Using NFAT assay to study signalling downstream hemITAM receptors.

When investigating cell signalling in DT40 cells, the nuclear factor of activated T cells
(NFAT)-luciferase reporter assay can be used. This is a sensitive assay that can
detect low calcium production in a cell and enables the quantification of NFAT
transcriptional activity in response to different stimuli, offering valuable information
on the signalling pathways and molecular processes that govern NFAT activity in
these cells (Tomlinson et al., 2007).

For the NFAT luciferase assay, cells are transfected with the NFAT reporter
construct, 3 copies of the AP-1(NFAT-activator-protein) which is derived from
interleukin-2 (IL-2) gene, and luciferase enzyme (Clipstone and Crabtree, 1992)
(Shapiro et al., 1996). Intracellular signalling is induced upon the binding of agonist
to its corresponding receptor leading to an increase in the calcium within the cell. In
a resting state, NFAT proteins are usually inactive and phosphorylated. However, in
response to the rise in calcium levels, serine-threonine phosphatase calcineurin is
activated and therefore can lead to NFAT dephosphorylation and nuclear
translocation. Concurrently, NFAT and AP-1 can also be activated and
phosphorylated by RAS/mitogen-activated protein kinase (MAPK) (Macian, 2005).
Luciferase may then be translated and transcribed once the NFAT and AP-1 proteins
have been translocated to the nucleus. Finally, when ATP is added, luciferin is then
catalysed by the luciferase enzyme leading to the production of light (figure 1.6).
Maintaining NFAT dephosphorylation and nuclear localization requires sustained
calcineurin activation, which is effectively accomplished even at extremely modest
continuous Ca?* increases that are only marginally over baseline values (Dolmetsch
et al., 1997). Therefore, the NFAT assay is highly sensitive and a preferred assay

when measuring calcium signalling within cell.

64



The NFAT luciferase reporter assay usually includes a positive control. It is well
known that PMA (Phorbol 12-Myristate 13-Acetate) and ionomycin are used as
positive controls in NFAT tests (Yaseen et al., 1994). It is well-established that these
chemicals initiate downstream gene expression by promoting NFAT activation and
nuclear translocation. The protein kinase C (PKC) activator PMA is responsible for
inducing the activation of the (NFAT) pathway through the PKC-mediated signalling
pathway (Seo et al., 2016). Contrarily, the intracellular calcium levels are increased
by the calcium ionophore ionomycin, which is necessary for the nuclear translocation
of NFAT. Therefore, by passing the need of agonist binding, PMA and ionomycin will
result in an NFAT signal through the PKC signalling pathway allowing them to be

used as a positive control.
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Figure 1.6: The mechanism of the NFAT-luciferase assay.

(A) Tyrosine kinases are activated upon the agonist binding to the receptor. This leads to the
release of calcium which in turn activate calcineurin. Calcineurin dephosphorylates NFAT
leading to its nuclear translocation. Simultaneously calcium leads to MAPK release and AP-1.
Transcription of the luciferase enzyme is then initiated upon the binding of the NFAT and AP-1
to the promoter. (B) luciferin is catalysed to oxyluciferin and light by a combination of luciferin,

ATP, Oz, Mg#*and luciferase.
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1.9 Using Zebrafish as an in vivo model

Zebrafish (Danio rerio) has emerged as an effective model organism for investigating
thrombosis and lymphatic/vascular development given their unique genetic,
morphological, and physiological properties (Jung et al., 2017, Zhu et al., 2016).
Zebrafish have genetic and functional similarity to humans, which makes them a
suitable model for studying human disorders. Due to their clear embryos, fast
development, and the use of advanced genetic tools, in vivo experiments that are
difficult to conduct in other model species may be carried out with great detail(Choi
et al., 2021, Angom and Nakka, 2024). The zebrafish's capacity to endure
substantial blood loss and rebuild tissues has made them invaluable in thrombosis
studies. Fluorescence microscopy allows for real-time study of the development and
dissolution of thrombus in zebrafish embryos due to their transparent
nature(Schurgers et al., 2016, Jagadeeswaran et al., 2005). Moreover, zebrafish has
emerged as and in vivo model to investigate vascular and lymphatic development.
This is due to various advantages including preserved developmental pathways and
the capacity to view vessel development in live embryos. With arteries, veins, and a
lymphatic network, the zebrafish vascular system resembles those of humans
functionally (Jung et al., 2017, Yaniv et al., 2006). Transgenic zebrafish lines that
produce fluorescent proteins in endothelial cells can be used to examine the
dynamic processes of angiogenesis and lymphangiogenesis (Yaniv et al., 2006).
Using zebrafish as a model has also allowed the further investigation of the
lymphatic system development which is less understood in comparison to the
vascular system. The identification of crucial lymphatic indicators, such as Prox1 and
VEGFC, in zebrafish has improved the understanding of lymphatic development and

associated diseases (Yaniv et al., 2006, Del Giacco et al., 2010). Consequently,
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zebrafish will be used and an in vivo model in this thesis to further understand the

role of PLCy2 in thrombus formation and vascular/lymphatic development.

68



1.10 Aims and hypothesis.

PLCy2 is a key signalling hub, playing a role in a number of platelet signalling
pathways. These include the collagen receptor GPVI which activates via an ITAM,
and the podoplanin receptor CLEC-2, which activates through a similar mechanism
known as a hemITAM. PLCy2 is a large, multi-domain protein. The regulation of its
function is through molecular interactions with a number of signalling proteins,
although this is not fully understood. PLCy2 plays a similar role downstream of
ITAM-linked receptors in other cells, namely B-cells. PLCy2 mutations have been
identified in 80% of patients who develop resistance to ibrutinib therapy. However, it
is unknown what the functional effect of these mutations on signalling by platelet
(hem)ITAM receptors might be. Therefore, using a PLCy2 pharmacological inhibitor,
U73122, and genetic manipulation will enable the understanding of the

structure/function relationship of PLCy2 downstream of (hem)ITAM receptors.

1.10.1 Aims of this thesis:

- To characterise the effect of the PLCy2 inhibitor, U73122, downstream of
GPVI and CLEC-2 using platelet function assays.

- To characterise the PLCy2 mutations R665W, L845F, S707Y, and D993G
and to use them as a tool in order to understand their effect on PLCy2
function using an overexpression system and CRISPR/Cas9 as a novel
approach.

- To investigate the role of PLCy2 in lymphatic and blood vasculature
development, and thrombus formation in vivo using U73122 and zebrafish as

a model.
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1.10.2 Hypotheses:
- Pharmacological inhibition of PLCy2 will lead to a significant decrease in
platelet activation
- Ibrutinib-resistant PLCy2 mutation will lead to gain of function in DT40 cells.
- The PLCy2 inhibitor U73122, will severely decrease the ability of zebrafish

embryos to form a stable thrombus
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Chapter 2: Materials and methods

2.1 Materials

Rhodocytin was a gift from Dr. Johannes Eble (University of Munster, Munster,
Germany).

PLCy2 knockout and wild type DT40 cells were a gift from Dr. Mike Tomlinson
(University of Birmingham, Birmingham, UK).

Donor templates and guide RNA plasmids were generated by Selorm Segbefia.

Unless mentioned, all other reagents were from Sigma Aldrich (Poole, UK).

Table 2.1.1 Primary antibodies

Antibody Application | Species Dilution Source
PLCy2 (Q-20) Western Rabbit 1:200 Santa Cruz (Dallas,
Blotting Texas)
pY1217 PLCy2 Western Rabbit 1:500 Cell Signalling
Blotting Technology
(London, United
Kingdom)
pY525/6Syk Western Rabbit 1:500 Cell Signalling
Blotting Technology
(London, United
Kingdom)
pY416 SFK Western Rabbit 1:500 Cell Signalling
Blotting Technology
(London, United
Kingdom)
pY223 BTK Western Rabbit 1:500 Cell Signalling
Blotting Technology
(London, United
Kingdom)
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Phosphotyrosine | Western Mouse 1:1000 Millipore

(4G10) Blotting (Massachusetts,
USA)

beta Tubulin Western Mouse 1:2000 Thermofisher

loading control Blotting

monoclonal

antibody (BT7R)

Table 2.1.2 Secondary antibodies

Antibody Application Species Dilution Source
Alexa Fluor 647 Western Donkey 1:4000 Invitrogen
conjugated Blotting

donkey anti-rabbit

Alexa Fluor 488 Western Goat 1:4000 Invitrogen
conjugated goat Blotting

anti-mouse

Donkey anti- Western Donkey 1:4000 Invitrogen
Rabbit IgG (H+L) | Blotting
Highly Cross-
Adsorbed
Secondary
Antibody, Alexa
Fluor 647
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2.2 Methods

2.2.1 Platelet function assays

2.2.1.1 Preparation of washed human platelets

This method was approved by the University of Reading Research Ethics Committee
(Ref: UREC 20/20). 50 mL of blood was drawn from consenting healthy drug free
donors into vacutainers with 3.2% sodium citrate. Whole blood was centrifuged at
102 x g for 20 minutes at 20°C. The platelet-rich plasma (PRP) was then decanted
into a 50 mL falcon tube and 150 yL/mL of acid citrate dextrose (ACD) (71mM citric
acid, 85 mM sodium citrate, and 110mM glucose) and 10uL prostacyclin (PGl2
125ug/mL) were added. PRP was centrifuged at 1413 x g for 10 minutes. Platelet
poor plasma was discarded, and the pellet was resuspended in 25mL Tyrode's buffer
(2.9mM KCI ,134mM NacCl, 0.34mM, 12mM NaHCO3, NaHP04,20mM HEPES, 1mM
MgCl2 and 5mM glucose pH 7.3) and 3mL ACD. Platelet number was counted using
a Sysmex counter (Sysmex, UK). 10uL prostacyclin was added and platelets were
centrifuged again at 1413 x g for 10 minutes. The pellet was then resuspended in the
appropriate volume of Tyrode's buffer. Platelets were then rested for 30 minutes to

allow the effects of prostacyclin to wear off.

2.2.1.2 Preparation of ADP sensitive platelets.

This method was approved by the University of Reading Research Ethics Committee
(Ref: UREC 20/20). 50 mL of blood was drawn from consenting healthy drug free
donors into vacutainers with 3.2% sodium citrate. 150 yL/mL of ACD was added and
whole blood was centrifuged at 102 x g for 20 minutes at 20°C. Platelet rich plasma

was aspirated and dispensed into 15mL falcon tubes and platelet number was
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counted using a Sysmex counter (Sysmex, UK). PRP was then centrifuged at 350 x
g for 20 minutes. Platelet poor plasma was aspirated, and the platelet pellet was

resuspended in the appropriate volume of Tyrode’s buffer.

2.2.1.3 Plate-based aggregometry (PBA)

40uL of washed platelets (4x108 cells/mL) were added to black clear bottom 96-well
plates (Greiner Bio One). Platelets were incubated with 5uL of U73122 (PLCy2
inhibitor) (Stratech, Cambridge, UK), U73343 (U73122’s analogue) (Stratech,
Cambridge, UK), ibrutinib (Stratech, Cambridge, UK), or vehicle (0.1% (v/v) DMSO)
for 5 minutes prior to addition of indicated concentrations of CRP, rhodocytin, or
ADP. The plate was shaken using BioShake iQ (Q Instruments) at 1200 rpm and
37°C for 5 minutes for CRP and ADP, and 10 minutes of rhodocytin. The absorbance

was measured at 405 nm using a FlexStation.

2.2.1.4 Light transmission aggregometry (LTA)

222.5uL of washed platelets (4x10 8 cells/mL) were added to glass aggregometer
cuvettes. 2.5uL of U73122, U73343, ibrutinib, or vehicle (0.1% (v/v) DMSO) were
added to washed platelets and incubated for 5 minutes at room temperature.
Platelets were stirred using magnetic fleas for 30 seconds before adding 25uL of the
final indicated concentration of CRP (Cambcol, Cambridge) or rhodocytin.
Aggregation was monitored for 5 minutes at 37°C with constant stirring (1200rpm)

using a light transmission aggregometer (Helena biosciences, Gateshead UK).
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2.2.1.5 Calcium Flux

Whole blood was centrifuged at 102 x g for 20 minutes to obtain PRP. After counting
platelets, PRP was incubated with 2 yM of FURA 2-AM (Thermofisher,
Massachusetts, USA) at 37 °C for 1 hour. Platelets were then pelleted at 1413 x g for
20 minutes and resuspended in Tyrode's solution to 4x108 cells/mL. Platelets were
incubated with U73122, U73343, ibrutinib, or vehicle control for 5 minutes at room
temperature before the addition of 40pL of agonists. Calcium fluorescence
measurements were recorded using a FlexStation with excitation at 340 and 380 nm

and emission at 510 nm over 5 minutes.

2.2.1.6 Platelet spreading assay

Glass coverslips were coated with 300uL of 10ug/mL CRP, 300nM rhodocytin, or
100pg/mL fibrinogen at 4°C overnight. Coverslips were then washed 3 times with
PBS and blocked with 5 mg/mL heat denatured BSA in PBS for 45 minutes at room
temperature. Coverslips were washed 3 times with PBS. Washed platelets
(1x107/mL) were pre-treated with U73122, U73343, ibrutinib or vehicle control (0.01
% DMSO (v/v)) for 5 minutes. Pre-treated platelets (300uL) were incubated on
coverslips for 45 mins at 37°C. Coverslips were washed 3 times with PBS before
fixing adherent platelets with 10% formalin for 10 mins. Slides were mounted using
hydromount and imaged using differential interference contrast (DIC) microscopy on
a Nikon eclipse Ti2 using a 100x objective. Platelet spread area was analysed using

convolutional neural network (CNN) (Kempster et al., 2022b).
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2.2.1.7 Convolutional neural network (CNN)

The original 16-bit DIC images were obtained with 2424 x 2424 dimensions of using
a Nikon eclipse Ti2 inverted microscope. These images were then rescaled and
transformed to 8-bit images with dimensions of 970 x 970. Rescaled images were
then run through the CNN for automated measurements of number of platelets and

platelet area (Kempster et al., 2022a).

2.2.1.8 Platelet sample preparation for SDS-PAGE and immunoblotting.
222.5uL of washed platelets (4x108 cells/mL) were incubated with integrilin (9uM),
indomethacin (10uM), and apyrase (2U/mL) for GPVI induced signalling, and
integrelin (9uM) for CLEC-2 mediated signalling. 2.5uL of indicated concentrations of
U73122, U73343, ibrutinib, or vehicle (0.1% (v/v) DMSO) were added to washed
platelets and incubated for 5 minutes at room temperature. 25uL of the final
indicated concentration of CRP or rhodocytin were added under stirring conditions.
GPVI stimulated platelets were stirred for 3 minutes and CLEC-2 stimulated platelets
were stirred for 5 minutes at 37°C prior to lysis with 6X sample buffer (12% (w/v)
Sodium Dodecyl Sulphate (SDS), 30% (v/v) glycerol, 0.15M Tris-HCI (pH 6.8),
0.001% (w/v) Brilliant Blue R, 30% (v/v) B-mercaptoethanol). Samples were boiled
for 5 minutes at 95°C and frozen for SDS-PAGE.

Platelet lysates were separated using 10% SDS-PAGE gels. The gels were
immersed in a solution containing 1X Tris/Glycine/SDS (25mM Tris, 192mM glycine,
0.1% (w/v) SDS, pH 8.3) within a Mini-PROTEAN tetra vertical electrophoresis cell
(Bio-Rad, CA, USA). Gels were run at 120V for 60 to 90 minutes. Precision plus
protein TM Dual colour standards (BioRad) was used as a molecular weight marker.
Two pieces of filter paper were then soaked in Towbin buffer (192 mM glycine, 25

mM Tris, 20% (v/v) methanol, pH 8.3). Polyvinylidene difluoride (PVDF) membrane
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was activated by soaking in methanol for 30 seconds and then in Towbin buffer.
Using BioRad semi-dry Trans-Blot Turbo Transfer System, proteins were transferred
onto PVDF (Immobilon-BioRad) membrane at 15V for 40 minutes.

To block non-specific binding, membranes were incubated in 5% (w/v) Bovine serum
albumin (BSA) in Tris-buffer saline with 0.1% Tween (TBST) (20mM Tris, 140mM
NaCl, 0.1% (v/v) Tween, pH 7.6) at room temperature with agitation for 1 hour. The
membrane was then incubated in stated antibodies (Table 2.1.1) diluted in 5% (w/v)
BSA at 4°C overnight. The blots were then washed with 1X TBST 3 times for 10
minutes each with agitation to wash away non-specifically bound antibodies. The
membranes were then incubated in secondary antibodies (Table 2.1.2) diluted in
2.5% (w/v) BSA for 1 hour at room temperature with agitation. Finally, the
membranes were washed with 1X TBST in the same way three times for 10 minutes
each and imaged using a Typhoon FLA 9500 from GE Healthcare Life Sciences. B-
Tubulin was used as a loading control with Alexa Fluor 488 conjugated goat anti-
mouse. The amount of the target protein in the blots was quantified by measuring the
signal intensity using Image J. Bands were quantified by measuring the pixels of

each and normalized against tubulin.

2.2.2 Generating PLCy2 knock ins using CRISPR/Cas9 approach

2.2.2.1 Cell culture

The wild type (WT) DT40 chicken B-cell line and PLCy2 knockouts (KO) were
cultured in RPMI 1640 media with 10% (v/v) Foetal bovine serum (FBS), 1%(v/v)
chicken serum, 100 U/mL penicillin, 100 pg/mL streptomycin, 20 mM glutamine, and
50 uM 2-mercaptoethanol and kept at 37°C in 5% CO.. Cells were cultured and

maintained at 2x10° cells/mL.
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2.2.2.2 Plasmid preparation and salt ethanol precipitation

Previously prepared glycerol stocks (prepared by Selorm Segbefia) were plated on
to agar plates with 100ug/mL ampicillin and incubated at 37°C overnight. Colonies
were then selected and inoculated in 200mL Luria-Bertani (LB) broth with 100pg/mL
ampicillin and incubated with shaking at 255 rpm at 37°C overnight. Using a
GenElute maxiprep kit, plasmid DNA was extracted and isolated from bacterial
colonies according to manufacturer instructions and concentrated to 1Tmg/mL using
salt ethanol precipitation.

To precipitate plasmid DNA, salt ethanol precipitation was used. A 1/10 volume of
sodium acetate (3M C2H3NaO:2 pH 5.2) followed by 2 volumes of 100% ethanol were
added to the sample. After 15 minutes of incubation at room temperature, DNA was
pelleted for 30 minutes at 16,000 x g at 4°C. The supernatant was discarded, and
the resulting pellet was rinsed with 70% ethanol and centrifuged again. Excess
ethanol was removed, and the pellet was air-dried for 5 minutes. The DNA was then
dissolved in sterile double distilled water (ddH20) to yield a concentration of 1ug/mL.

DNA concentration is measured using the Nanodrop.

2.2.2.3 Donor repair template plasmid linearization and purification

To increase the efficiency of homology directed repair, the donor DNA plasmid was
incubated overnight with the restriction enzyme BamHI-HF (New England Biolabs,
Massachusetts, USA) (20 units of enzyme per 1ug of DNA in a 50uL reaction) at
37°C. The sample was analysed on a 1% (w/v) agarose gel to confirm linearisation.
For linearised donor DNA purification, the restriction digest was mixed with one
volume of Phenol: Chloroform: Isoamyl Alcohol (24:24:1) (Thermofisher,

Massachusetts, USA) and shaken by hand for 20 seconds, centrifuged at 6,000 x g
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for 5 minutes, and the top aqueous layer removed. The DNA was then precipitated

using salt ethanol precipitation as described in section 2.2.2.2.

2.2.2.4 Transfection of WT DT40 cells

2x107 cells/mL of WT DT40 cells were transfected in 400uL of serum-free RPMI
media. To generate knock-ins, cells were incubated with 10ug of guide RNA (gRNA)
plasmid and 10ug of donor or linearized donor DNA plasmid for 10 minutes. Cells
were then transfected using BioRad Gene Pulser Il Electroporation System set at
350V and 500 uF and allowed to recover for 10 minutes. Transfected cells were then
incubated in 10mL of complete DT40 media for 20 hours at 37°C in 5% CO..

To generate clonal colonies a serial dilution was performed using RPMI media with
2ug/mL puromycin and plated into 96-well plates. After 7-14 days, single-cell
colonies were picked into 24-well plates then expanded into T-25 flasks for further

characterisation.

2.2.2.5 Cell lysis for SDS-PAGE and immunoblotting

To confirm that transfection did not result in a protein knockout, WT DT40 cells and
potential PLCy2 mutation knock ins were analysed using SDS- page and western
blotting. Cells (2x10° cells/mL) were pelleted and washed with 1X PBS. Cells were
centrifuged and resuspend to 1x107 using 1X RIPA buffer (150mM NaCl, 25mM Tris-
HCIl pH 7.6, 0.1% (w/v) SDS, 1% (w/v) Sodium deoxycholate, and 1% (v/v) Triton)
and protease inhibitor cocktail (aprotinin (10pg/mL), leupeptin (10ug/mL), pepstatin
(1pg/mL), AEBSF (200pg/mL), and phosphatase inhibitor sodium orthovanadate
(5uM). Cells were lysed on iced for 30 minutes prior to centrifugation at 16,000 x g

for 10 minutes to remove insoluble debris. Supernatant was removed and sample
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buffer (6X) was added, and the lysates were boiled at 95°C and frozen prior to SDS-

PAGE and western blotting (as previously described in section 2.2.1.7).

2.2.2.6 Genomic DNA extraction

1mL of WT DT40 and potential knock-in cells were collected, centrifuged at 200 x g
for 5 minutes and washed with 1X PBS. Cells were pelleted again and lysed in
100uL of DT40 lysis solution (20 mM EDTA, 40 mM Tris—HCI, 200 mM NacCl, pH 8.0,
0.5% (w/v) SDS, 0.5% 2-mercaptoethanol). After adding 4uL of Proteinase K (20
mg/mL), samples were incubated overnight at 55°C. 70 yL of 5M NaCl was added,
and the samples were vortexed for 15 seconds and incubated on ice for 15 minutes.
Samples were centrifuged at 12,000x g for 30 minutes at 4°C, and the cleared DNA
solution was transferred to a clean tube and precipitated with 250uL of 100%
ethanol. Samples were centrifuged at 12,000 x g for 2 minutes and the DNA
precipitate was washed with 500uL of 70% ethanol. Samples were centrifuged again
at 12,000 x g for 1 minute at 4 °C and air-dried for 5 minutes to remove any residual

ethanol and resuspended in 15 pL ddH20.

2.2.2.7 Touchdown PCR

Following genomic DNA extraction, DNA amplification was performed using REDtaq.
DNA (10ng) was mixed with SuL 10X REDtaq Reaction buffer, 2.5uL of each forward
and reverse primers (10uM final), 1uL dNTPs (200uM), 2.5uL REDtagq DNA
polymerase, and ddH20O up to 50uL. The thermal cycling conditions were 95°C for 3
minutes, followed by 10 cycles of: 95°C for 30 seconds, 67°C for 45 seconds, and
reduced by 1°C each cycle until reaching 55°C, and 72°C for 45 seconds. Then 20

cycles of 95 °C for 30 seconds, 55°C for 45 seconds, 72°C for 45 seconds. Following
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that, 72°C for 5 minutes for a final extension. PCR products were then visualised
following electrophoresis using a 1% (w/v) agarose gel.

PCR product was then cleaned using Monarch® PCR & DNA Cleanup Kit (5ug) and
sent for sequencing to Eurofins Genomics confirm the presence of the desired

mutation.

2.2.2.8 NFAT assay

WT DT40 cells were transfected with 10ug of NFAT-luciferase plasmid (Tomlinson et
al., 2007) and 2ug of each GPVI and FcRy or 10ug of CLEC-2 containing plasmids.
Control cells were transfected with pEF6, pcDNA3, and the NFAT vector. For NFAT
assay for site directed mutagenesis, PLCy2 knockout cells were transfected with
10ug WT PLCy2, pcDNAS3, or plasmid containing the desired mutation. Cells were
incubated at 37°C for 16-20 hours. Cells were then counted and resuspended in
media at 2x108 cells/mL. Cells (50uL) were aliquoted in duplicate and stimulated with
50pL of Horm collagen (10ug/mL), rhodocytin (50nM), or with phorbol 12-myristate
13-acetate (PMA — 50ng/mL) and ionomycin (1 uM) as a positive control. For testing
the effect of the PLCy2 inhibition, 1uM, 3uM, and 10pM of U73122 (Stratech,
Cambridge, UK) or vehicle (0.1% (v/v) DMSO) were added to cells for 5 minutes
prior to addition of the agonists. Following agonist addition, cells were incubated for
6 hours at 37°C in 5% CO:2 and then stored at -80°C overnight.

Cells were lysed with 11pL of luciferase harvest buffer (200mM NaPOQOa4, 10% (v/v)
Triton X-100, and 4mM dithiothreitol) and incubated for 5 minutes at room
temperature. 100puL of luciferase assay buffer (20mM MgCl2, 200mM NaPO4, and

10mM ATP) was added to an equal volume of lysed cells. After adding 50uL of 1TmM
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D-luciferin, the luminescence was measured using NOVOstar MicroPlate

luminometer (BMG Labtech) with 10 seconds intervals.

2.2.2.9 Site directed mutagenesis

PCR was used to create PLCy2 mutations in the whole WT human (h)PLCy2
plasmid. 5ng of hPLCy2 plasmid was mixed with 2X Phusion master mix
(ThermoFisher), 100uM of deoxynucleotide triphosphates (ANTPs), 2.5 uL of each
forward and reverse primers containing mutation sites (10uM final), and ddH20 up to
50pL. This method was adapted from (Scott et al., 2002)The thermal cycling
conditions were 98°C for 30 seconds, followed by 25 cycles of 98 °C for 30 seconds,
57°C for 2 minutes, and 72°C for 1 minute. Following by 72°C for 5 minutes for a
final extension. PCR products were then visualised following electrophoresis using a
1% (w/v) agarose gel.

Mutated plasmid was incubated with 4uL Dpnl (New England Biolabs,
Massachusetts, USA) to digest the parental DNA and, SuL of 1X rCutSmart buffer
and ddH20 up to 50uL. The mixture was incubated at 37°C for 3 hours prior to salt

ethanol precipitation.

2.2.2.10 Transformation

Mutated plasmids were transformed using DH5a Escherichia coli. 4 yL of constructs
was incubated with competent cells for 30 minutes on ice. Cells were heat-shocked
at 42°C for 30 seconds and transferred back to ice for 2 minutes. 250 pL of Super
Optimal broth with Catabolite repression (S.0.C) was added to the cells and
vigorously shaken at 250 rpm for 1 hour at 37°C. Cells were spread on the LB-Agar

plates containing 100 ug/mL ampicillin and incubated at 37°C overnight.
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2.2.3 Zebrafish

2.2.3.1 Zebrafish maintenance

All zebrafish experiment were conducted under zebrafish project licence
(P6OD89ECA) and personal license (196393111). The zebrafish reporter line
Tg(lyve1: DsRed; Kdrl:GFP) was obtained from the UCL zebrafish facility. The lyve1
promoter induces the production of red fluorescent protein (DsRed) specifically in
lymphatic cells, while the Kdrl promoter induces the expression of green fluorescent
protein (GFP) specifically in blood vessel cells. Animals were maintained at 28°C in a
12/12 light/dark cycle in an automatic aquatics system (Tecniplast). For breeding, 2
females and 1 male were randomly selected and separated using a tank divider in
spawning tanks (Tecniplast) overnight. Spawning was initiated the next morning by
the initiation of light and the removal of the tank divider. Embryos were collected
after 30 minutes. Embryos were maintained in 1X E3 media (5 mM NaCl, 0.17 mM

KCI, 0.33 mM CaClz, 0.33 mM MgSOs) in petri dishes at 28°C.

2.2.3.2 Toxicology screening in zebrafish

6 hours post fertilization, 20 embryos were randomly selected for each condition and
grouped into 6-well plates. Embryos were treated with concentrations of U73122,
U73343, Ibrutinib or vehicle control (0.1% (v/v) DMSO) for 72 hours at 28°C. Drug
solutions were changed, and survival was observed every 24 hours and until 72
hours post fertilisation(hpf). The criteria for evaluating survival were spontaneous
movement, a reaction to mild tapping on the plate, and observing visible heartbeat

using GX stereo microscope model XTL3.
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2.2.3.3 Lymphatic and Vasculature observation in zebrafish

6 hours post fertilization, 20 embryos were randomly selected for each condition and
grouped into 6-well plates. Embryos were treated with concentrations of U73122,
U73343, Ibrutinib or vehicle control (0.1% (v/v) DMSO) for 72 hours at 28°C. Drug
solutions were changed every 24 hours until 72 hpf. Treated embryos were
anesthetised in tricaine solution (75mg MS-222,150mg Sodium bicarbonate, pH 6-7),
fixed in 4% (w/v) paraformaldehyde (PFA), and immobilised in 1% (w/v) low melting
UltraPure Agarose in 1X E3 media in a 35mm glass bottom Ibidi y-Dish. Mounted
embryos were imaged on a Nikon A1R fluorescence confocal microscope using 4X
and 10X objectives. Still images were taken using z stacks 10pum apart. Images
presented in this study are maximum projections of z series stacks. Prior to analysis,
images were blinded. The number of intersegmental vessels was counted manually.

The length of intersegmental vessels was measured using Image J.

2.2.3.4 Laser-induced thrombosis in zebrafish larvae

4 days post fertilisation, 20 larvae were randomly selected for each condition and
grouped into 6-well plates. Embryos were treated with concentrations of U73122,
U73343, Ibrutinib or vehicle control (0.1% DMSO (v/v)) in E3 media for 2 hours at
28°C. Treated larvae were anesthetised in tricaine solution (75mg MS-222,150mg
Sodium bicarbonate, pH 6-7) for 5 minutes, and immobilised in 1% (w/v) low melting
UltraPure Agarose in 1X E3 media in a 35 mm glass bottom Ibidi p-Dish. Embryos
were visualised using a yokogawa csu-x1 microscope using 40X water immersion
objective lens. Laser injury of the caudal artery directly above the cloaca was
performed blindly using a 3i Ablate laser with laser power 13 and 4 pulses. Time to

occlusion was observed for 5 minutes with 5 seconds intervals. Thrombus size was
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also measured blindly measured using Image J. The Freehand Tool in ImageJ was
selected to trace thfiue boundaries of the thrombus manually, outlining the perimeter
of each thrombus on the image. The area enclosed by the freehand selection was

then calculated using the 'Measure' function in ImagedJ

2.2.4 Data and statistical analysis

All generated graphs and statistical tests were performed using GraphPad Prism 7.
Statistical significance was determined using one-way ANOVA with Dunnett’s post-
test and the data is presented as mean = standard deviation (SD), two-way ANOVA
with Tukey post-test and the data is presented as mean + SD. Statistical significance
in time to occlusion and thrombus formation was determined using Mann-Whitney U

test.
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Chapter 3: Using platelet function assays to investigate the role of
PLCy2 downstream of GPVI and CLEC-2.

3.1 Introduction

3.1.1 PLCy2 deficiency downstream GPVI and CLEC-2

As previously described, GPVI and CLEC-2 share similar tyrosine-kinase linked
signalling pathways. PLCy2 is a common signalling hub downstream of both
receptors and several studies have examined its role in platelet function. In a number
of studies, PLCy2 has been shown to play an important role in platelet activation
downstream of GPVI (Zheng et al., 2015, Suzuki-Inoue et al., 2003b). In order to
explore the contribution of PLCy2 in the activation of platelets stimulated by collagen,
platelets were isolated from mice deficient in PLCy2 and platelet aggregation
triggered by collagen was assessed. In PLCy2 deficient mouse, platelet aggregation
was greatly reduced when induced by either high or low collagen concentrations.
Despite the fact that collagen induced aggregation was greatly hindered in PLCy2
deficient platelets, residual aggregation occurred (Mangin et al., 2003). It was shown
that both GPVI and integrin a231 were necessary for this residual activation, which
in turn led to an ADP/TxA2-dependent response via the activation of
phosphoinositide 3-kinase (PI13K) and integrin allbB3. Moreover, In the absence of
PLCy2, PLCy1 can facilitate partial platelet activation by collagen and CRP (Suzuki-
Inoue et al., 2003a). However, platelet aggregation was not induced in PLCy2
deficient mice by direct activation of GPVI with CRP (Mangin et al., 2003). This
suggests that PLCy2 plays a significant role downstream of GPVI.

PLCy2 also plays a role in mediating platelet spreading. Although there is a lack of
evidence in the literature on the role of PLCy2 in mediating platelet spreading when

induced by CRP, previous studies have examined the role of PLCy2 in mediating
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platelet spreading on collagen and fibrinogen. Inoue et al,. have shown that PLCy2
deficient mouse platelets display limited spreading but normal adhesion on collagen
in comparison to WT platelets (Inoue et al., 2003), whereas Wonerow et al,. have
demonstrated that PLCy2 deficient platelets fail to spread on fibrinogen coated
surfaces (Wonerow et al., 2003). This indicates that PLCy2 has an important role in
mediating platelet spreading.

The critical role PLCy2 plays downstream of CLEC-2, when induced by rhodocytin,
was also determined using PLCy2 deficient mice. It was found that the absence of
PLCy2 resulted in no platelet response to low concentrations of rhodocytin (3-10nM),
however intermediate concentrations (20-30nM) resulted in platelet shape change.
This was argued by the authors that this may be due to the action of low levels of
PLCy1 as seen downstream of GPVI (Suzuki-Inoue et al., 2006) (Suzuki-lnoue et al.,
2003a).

The role for PLCy2 in CLEC-2 signalling can also be seen during development.
CLEC-2 deficiency in mouse models results in the presence of blood-filled lymphatic
vessels during the middle stage of gestation due to a failure in the separation of the
blood vasculature and lymphatic vasculature (Bertozzi et al., 2010). This phenotype
results in perinatal mortality for the majority of offspring. Additionally, the same
phenotype is found in mouse models deficient in the hematopoietic proteins Syk,
SLP-76, and PLCy2, all of which are key proteins in the CLEC-2 signalling pathway
(Abtahian et al., 2003, Sebzda et al., 2006, Ichise et al., 2016). This sheds light on a
potential mechanism and role by which blood cells play in regulating growth and
development in mice.

Although PLCy2 plays a role downstream of CLEC-2 in platelet aggregation, there is

a lack of evidence in the literature on the role PLCy2 plays in mediating platelet
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spreading and calcium release downstream of CLEC-2. Therefore, this role was

further investigated in this study.

3.1.2 PLCy2 pharmacological inhibitors

The activity of U73122 on phospholipase C (PLC) isoforms in platelets has been
previously established in the literature. In a study conducted by Heemskerk et al., the
authors proposed that U73122 effectively inhibits the activity of PLC isoforms. The
effect of U73122 on PLC was examined by measuring elevations in cytosolic
calcium triggered by thrombin. Collagen stimulated platelets were used to investigate
the calcium signal induced by PLCy2. The TxA2-dependent elevation in calcium was
examined in thapsigargin stimulated platelets (Heemskerk et al., 1997). Additionally,
U73122 demonstrated a dose-dependent inhibition of platelet functions, including
inhibition of platelet aggregation and levels of intracellular calcium release (Pulcinelli

et al., 1998).

It was established that when induced by collagen, U73122 inhibited platelet
aggregation with IC50 values ranging from 1-3uM (Heemskerk et al., 1997a).
Whereas its analogue, U73343, was shown to have no effect on aggregation
stimulated by collagen (Bleasdale et al., 1990). Additionally, U73122 and its
analogue U73343 effectively decreased the rise in calcium levels triggered by
collagen. 5uM of U73122 inhibited the increase in Ca?* peak to 0.4% of control and
20uM of U73343 resulted in a reduction in calcium to 7% in comparison to untreated
control platelets. One possible explanation for this effect is that collagen evoked
TxA2 production is inhibited when cytosolic phospholipase A2 (cPLA2) activation is

inhibited (Heemskerk et al., 1997a).
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3.2 Aims and hypothesis

3.2.1 Aims:

- To characterise the effect of the PLCy2 inhibitor, U73122, downstream of
GPVI and CLEC-2 using platelet aggregation, platelet spreading, calcium
release and tyrosine phosphorylation.

- Toinvestigate the role PLCy2 plays in mediating platelet activation

downstream of GPVI and CLEC-2.

3.2.2 Hypothesis
Pharmacological inhibition of PLCy2 will inhibit platelet responses downstream of

GPVI and CLEC-2.
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3.3 Results

3.3.1 Pharmacological inhibition of PLCy2 impairs GPVI and CLEC-2 mediated
aggregation

Aggregometry tests for platelets are commonly used to study their function. This can
be by light transmission aggregometry (LTA) or plate-based aggregometry (PBA).
While LTA is more widely used and shows aggregation in real time (Born, 1962),
PBA allows for higher throughput. PBA tends to be more time efficient as it allows
the testing of multiple concentrations of multiples agonists more rapidly than LTA
due to the 96-well plate, high-throughput format. Additionally, PBA requires less
platelet volume (Chan et al., 2018). Therefore, PBA was firstly used to characterise
the effect of U73122 on platelet aggregation when induced by CRP, rhodocytin, or
thrombin. However, PBA provides only an endpoint result and small delays in the
onset of platelet aggregation are less likely to manifest. This can be important when
using rhodocytin as an agonist because rhodocytin induces platelet aggregation with
a lag phase before the onset of aggregation which can be missed when using PBA
(Bergmeier et al., 2001). Therefore, PBA was used for an initial screen of the effect
of U73122 on a range of agonists and concentrations, followed by the use of LTA to

obtain higher-resolution, time-resolved aggregation data.

Washed platelets were prepared as described in (section 2.2.1.1) and incubated with
1uM, 3uM, or 10uM of U73122 or vehicle control for 5 minutes at 37°C. Platelets
were then stimulated with CRP or thrombin and shaken at 37°C for 5 minutes or
stimulated with rhodocytin and shaken at 37°C for 10 minutes. This longer time for

rhodocytin ensured that aggregation had occurred, as the lag phase resulted in
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varied results at a 5-minute timepoint. End-point aggregation was read using a

Flexstation.

The inclusion of thrombin as an agonist was used to assess the effect of U73122 on
other PLC isoforms. Thrombin induces platelet activation by interacting with
protease-activated receptors (PAR) located on the surface of platelets through G
protein-coupled receptors (GPCRs). In response, the Gq, G12, and possibly Gi
family members are activated by these receptors, which then activates PLCg.
Figure 3.1 shows that when stimulated by 0.5-3ug/mL CRP, 1uM of U73122
significantly reduced platelet aggregation to approximately 50% of the vehicle,
whereas aggregation was nearly abolished at 3uM and 10uM of U73122.

In platelets stimulated by 100nM rhodocytin, 1uM and 3uM of U73122 had no
significant effect on aggregation. Large error bars, however, highlight the fact that
one donor was less responsive to the drug compared to the others. Nevertheless,
10uM of U73122 abolished aggregation significantly.

When stimulated with 300nM rhodocytin on the other hand,1uM, 3uM, and 10uM of
U73122 significantly inhibited platelet aggregation. This further highlights the
inconsistent donor that had a relatively higher response to 100nM rhodocytin in

comparison to others.

U73122 demonstrated a significant inhibitory effect on thrombin induced aggregation
at 3uM and 10uM. These results show evidence that U73122 inhibits PLC[3 but
perhaps to a lesser extent as 1uM of U73122 had no effect on reducing aggregation
in thrombin stimulated platelets but had a significant effect on CRP and rhodocytin

stimulated platelets.
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Figure 3.1: U73122 inhibits plate-based aggregation stimulated by CRP, rhodocytin, and thrombin

compared to vehicle control.

Washed platelets (4x10%/mL) were treated with U73122 or vehicle control (DMSO 0.1% (v/v)) for 5 minutes
at 37°C before the addition of the indicated final concentrations of CRP, rhodocytin, or thrombin. Plate-
based aggregation was measured after 5 minutes using a FlexStation (n=3). Statistical significance was
determined using one-way ANOVA with Dunnett’s post-test. Graph shows mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001, **** p < 0.0001.

In order to further examine the effect of the PLCy2 inhibitor on other isoforms of
PLC, PBA was used to test the effect of U73122 on platelet aggregation stimulated
by multiple concentrations of ADP. ADP acts via two G-protein-coupled receptors,
P2Y1 and P2Y12, to stimulate platelet aggregation (Gachet, 2008). An increase in
cytosolic calcium is caused by the coupling of P2Y1 to Gaq, which stimulates
phospholipase CB (PLCB) (Van Kolen and Slegers, 2006).

For this experiment, we introduced U73343 which is a close analogue of U73122.
U73343, is reported to have no effect on PLC’s and therefore was used a negative
control. However, U73343 inhibits cPLAZ2 activation, which in turn lowers arachidonic
acid release and TxA2 synthesis (Heemskerk et al., 1997a).

ADP sensitive platelets were prepared as the ADP receptors are desensitised during

the washing phases by fast centrifugation of the platelets and as a result, washed

92



platelets are less receptive to ADP. ADP sensitive platelets were incubated with
1M, 3uM or 10uM of U73122, U73343, or vehicle control for 5 minutes at 37°C.
Platelets were then stimulated with the stated concentrations of ADP and shaken for
5 minutes. End-point aggregation was read using a Flexstation.

Figure 3.2 A shows that platelet aggregation levels stimulated with 0.1uM, 1uM, and
3uM ADP are somewhat similar to unstimulated platelets. Also, when platelets were
stimulated with 0.1uM 10uM 30uM, and 100uM ADP, only the highest concentration
of U73122 (10uM) has a significant effect on platelet aggregation in comparison to
the vehicle control. In contrast, when stimulated by 1uM and 3uM of ADP, 3uM and
10uM of U73122 significantly reduced platelet aggregation. On the other hand,
U73343 had no significant effect on platelet aggregation stimulated by ADP (figure
3.2 B). These results demonstrate that U73122 is not PLCy2 specific but can also

affect other PLC isoforms such as PLC.
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Figure 3.2: U73122 inhibits plate-based aggregation when stimulated with ADP, but U73343
has no effect compared to vehicle control.

ADP sensitive platelets were treated with (A) U73122, (B) U73343, or vehicle control (DMSO 0.1%
(v/v)) for 5 minutes at 37°C before the addition of ADP. Plate-based aggregation was measured
after 5 minutes using a FlexStation (n=3). Statistical significance was determined using one-way

ANOVA with Dunnett’s post-test. Graph shows mean + SD. *p < 0.05. **p < 0.01, ***p < 0.001

3.3.2 Inhibition of PLCy2 by U73122 significantly inhibits (hem)ITAM mediated
platelet aggregation in light transmission aggregometry.

Using PBA can be time efficient when screening multiple concentrations of multiple
agonists. The screen using PBA allowed a selection of agonists and inhibitor
concentrations to be taken forward for testing using light transmission aggregometry

(LTA). Additionally, although PBA can provide high throughput results, it's an end
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point method. Therefore, it was important to observe the effect of U73122 on platelet
aggregation induced by CRP and rhodocytin in real time using LTA. LTA shows
platelet aggregation in real time, therefore small changes or delays can be observed.
This is specifically important when studying platelet aggregation induced by
rhodocytin due to the observed lag phase (Suzuki-Inoue et al., 2007).

As PBA was an initial screening for the PLCy2 inhibitor U73122 and multiple
concentrations of multiple agonists, no control drugs were used. However, as
previously described, U73122’s analogue was used as a negative control to rule out
the possible off target effects on PLA2. Additionally, ibrutinib was used as a positive
control. Btk leads to the activation of PLCy2 and therefore inhibition of Btk using

ibrutinib should also inhibit PLCy2.

Washed platelets were prepared and incubated with a range of concentrations of
U73122, U73343, ibrutinib, or vehicle control for 5 minutes. Platelets were stirred for
30 seconds before stimulation with CRP or rhodocytin. Platelet aggregation was
measured for 5 minutes. As shown in figure 3.3A, and 3.3B, a low concentration of
U73122 (1uM) had no significant effect on GPVI mediated aggregation. At 3uM,
U73122 had a significant effect on decreasing platelet aggregation. At the highest
concentration (10uM), U73122 also had a significant effect on decreasing platelet
aggregation in comparison to the untreated control in CRP stimulated platelets.
U73343 on the other hand, has no significant effect on platelet aggregation when
stimulated with CRP. Consistent with previous studies, ibrutinib significantly
inhibited GPVI mediated aggregation at all concentrations. It is worth noting that
surprisingly, washed platelets seemed to be less sensitive to U73122 in PBA than

LTA.
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When stimulated by 100nM rhodocytin, Figure 3.4 A, B shows that U73122 had a
small but significant effect on reducing platelet aggregation only at 10uM.
Surprisingly, U73343 also slightly but significantly reduced platelet aggregation
downstream of CLEC-2 at the highest concentration (10uM). Ibrutinib caused a large
and significant reduction in platelet aggregation, to less than 20%, at 1uM, 3uM, and
10uM. Similar to results obtained from the PBA assay, U73122 had a small effect on
decreasing rhodocytin stimulated platelet aggregation but only at its highest
concentration. However, the percentage of aggregation in LTA (around 95%) seems

much higher than that the percentage of aggregation PBA (around 40%).
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Figure 3.3: High concentrations of U73122 inhibits GPVI mediated platelet aggregation.

Washed platelet (4x108/mL) were incubated with the indicated final concentrations of U73122, U73343,
Ibrutinib, or vehicle control (DMSO 0.1% (v/v)) for 5 minutes. The addition of 3ug/mL CRP, was added
as indicated by the arrow, and light transmission aggregation was measured for 5 minutes. (A, C, E)
show representative aggregation traces and (B, D, F) show quantified values of maximum aggregation
of (n=5). Statistical significance was determined against the vehicle control using one-way ANOVA with
Dunnett’s post-test. Graph shows mean + SD. *p < 0.05, ***p < 0.001, **** p < 0.0001.
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Figure 3.4: High concentrations of U73122 and U73343 inhibit CLEC-2 mediated platelet aggregation.

Washed platelet (4x10%/mL) were incubated with the indicated final concentrations of U73122, U73343,
Ibrutinib, or vehicle control (DMSO 0.1% (v/v)) for 5 minutes. The addition of 100nM rhodocytin, was added as
indicated by the arrow, and light transmission aggregation was measured for 5 minutes. (A, C, E) show
representative aggregation traces and (B, D, F) show quantified values of maximum aggregation of (n=5).
Statistical significance was against the vehicle control and determined using one-way ANOVA with Dunnett’s
post-test. Graph shows mean + SD. *p < 0.05, **** p < 0.0001.



3.3.3 Inhibition of PLCy2 by U73122 significantly inhibits (hem)ITAM mediated
increase of calcium flux

The activation of PLCy2 in platelets leads to the initiation of a signalling cascade that
results in the release of calcium (Bird et al., 2004). Therefore, examining the calcium
signal can provide a direct readout of PLCy2 activity. Given the complex nature of
aggregation and the conflicting results above, this offers a simpler way to focus on
PLCy2 activity. U73122 has been previously used to study calcium flux induced by
thrombin, thromboxane A2, collagen, and thapsigargin (Heemskerk et al., 1997a).
However, this inhibitor has not been used to study GPVI specific calcium flux (as
collagen will also activate integrin «231), or CLEC-2 mediated calcium flux.
Therefore, U73122 was used to investigate its effect on calcium signalling
downstream GPVI and CLEC-2 evoked by CRP and rhodocytin, respectively.

PRP was incubated with a Ca?* sensitive dye, Fura-2 AM, for 1 hour before being
pelleted and resuspended in Tyrode’s buffer at 4x108 platelets/mL. The platelets
were then incubated with 1uM, 3uM, and 10uM of U73122, U73343, ibrutinib, or
vehicle control for 5 minutes at room temperature before stimulation with 1ug/mL
CRP or 100nM rhodocytin. Calcium fluorescence measurements were recorded for
five minutes using a FlexStation.

When stimulated with CRP, calcium traces show that the vehicle control has a high
increase in calcium flux compared to resting platelets (Figure 3.5). In the presence of
U73122 however, there is a decrease in the calcium flux in a concentration
dependent manner. Figure 3.5B shows that when quantifying the change in peak
(height of the peak — resting sample), platelets treated with 1uM,3uM and 10uM of
U73122 show a significant decrease in calcium signalling. U73343 showed no
significant effect on calcium signalling (Figure 3.5 C, D) suggesting that the decrease

in the calcium signal, when treated with U73122, may be due to the specific inhibition
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of PLC isoforms rather than inhibition of PLA2. Consistent with previous studies,
1uM, 3uM and 10uM of ibrutinib significantly inhibited calcium release (Figure 3.5 E,
F).

Similarly, to GPVI, U73122 had a similar effect on calcium signalling downstream
CLEC-2 (Figure 3.6 A, B). All concentrations of U73122 have a statistically
significant inhibitory effect on the calcium flux induced by 100nM rhodocytin when
compared to the vehicle control. Figure 3.6 C, D show that U73343 had no
statistically significant inhibitory effect on rhodocytin induced calcium flux.

Ibrutinib, displayed a similar effect downstream CLEC-2 to that seen downstream of
GPVI (Figure 3.6 E, D). All concentrations of Ibrutinib tested (1uM,3uM, and 10uM)
significantly abrogated calcium signalling by CRP and rhodocytin. All together, these
results demonstrate the important role PLCy2 plays in calcium signalling

downstream of GPVI and CLEC-2.
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Figure 3.5: U73122 inhibits calcium flux downstream of GPVI.

Fura-2 loaded platelet were prepared and treated with U73122, U73343, Ibrutinib or vehicle control (DMSO
0.1% (v/v)) for 5 minutes. After the addition of 1ug/mL CRP, calcium flux was measured for 5 minutes. (A,
C, E) representative calcium flux traces (B, D, F) quantified peak heights were plotted (n=5). Statistical
significance was calculated against vehicle control using one-way ANOVA against vehicle with Dunnett’s
multiple comparison. Graph shows mean = SD. *p < 0.05. **p < 0.01 ***p < 0.001, **** p < 0.0001.
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Figure 3.6: U73122 inhibits calcium flux downstream of CLEC-2.

Fura-2 loaded platelet were prepared and treated with U73122, U73343, Ibrutinib or vehicle
control (DMSO 0.1% (v/v)) for 5 minutes. After the addition of 100nM rhodocytin, calcium flux
was measured for 5 minutes. (A, C, E) representative calcium flux traces (B, D, F) quantified
peak heights were plotted (n=5). Statistical significance was calculated against vehicle control
using one-way ANOVA against vehicle with Dunnett’s multiple comparison. Graph shows mean +
SD. *p = 0.05. **p < 0.01 *p <0.001, **** p < 0.0001.
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3.3.4 Platelet adhesion on CRP and rhodocytin is inhibited by U73122

Although the role of PLCy2 in mediating platelet spreading and adhesion has been
previously studied using mouse models, the impact of U73122 on human platelet
adhesion and spreading has not previously been investigated. Therefore, to further
characterise U73122 and to further understand the role of PLCy2 in platelet
activation, platelet adhesion and spreading, platelets were allowed to interact with a
range of immobilised agonists in the presence and absence of U73122, U73343, and

ibrutinib.

Washed platelets (1x107/mL) were incubated with multiple concentrations of
U73122, U73343, ibrutinib, or a vehicle control prior to spreading on agonist coated
coverslips (3ug/mL CRP, 100nM rhodocytin, or 100ug/mL fibrinogen). Coverslips
were then mounted and imaged using Nikon TiE2 microscope using differential
phase contrast (DIC) with a 100X objective lens. Images were then analysed using a
convolutional neural network (CNN) to measure the number of adhered platelets and

the spread platelet area (Kempster et al., 2022b).

Representative DIC images (figure 3.7A) and figure 3.7B shows the striking effect of
U73122 on platelet adhesion. Concentrations above and including 1uM U73122
completely abolished platelet adhesion (number of platelets per field of view) on
CRP. At the highest concentration (10uM), U73343 resulted in a small but significant
decrease in platelet adhesion to CRP coated surfaces suggesting that other lipases
may play a role in facilitating platelet adhesion on CRP. However, U73343 had no

significant effect on platelet spreading. In the presence of CRP, ibrutinib had a
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significant effect on platelet adhesion at 3uM and 10uM. Whereas platelet spreading

on CRP was only significantly decreased at 10uM of ibrutinib.

These results indicate that the inhibition of PLCy2 by U73122 has a potent effect on

platelet adhesion.
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Figure 3.7: Platelet adhesion on CRP is inhibited by U73122 and Ibrutinib but not U73343.

Washed platelets (1x107/mL) were treated with U73122, U73343, ibrutinib, or vehicle control (DMSO
0.1% (v/v)) for 5 minutes. Platelets were spread on 10 uyg/mL CRP or 5 mg/mL BSA control for 45
minutes. Coverslips were fixed, mounted, and imaged on a Nikon TiE2 microscope with a 100x
objective (n=4). (A) Representative DIC images, scale bar = 20um. A convolutional neuron network
(CNN) was used to analyse (B) platelet number and (C) platelet spread area. Statistical significance
was calculated against vehicle using two-way ANOVA with Tukey post-test. Graph shows mean £ SD.
*p <0.05, **p < 0.01***p < 0.001, **** p < 0.0001.
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Until this study, platelet spreading on rhodocytin coated surfaces had not previously
been established in the literature. Therefore, to investigate the effect of PLCy2 in
CLEC-2 mediated spreading, washed platelets were treated with U73122, U73343,
ibrutinib, or vehicle control for 5 minutes prior to spreading on 100nM rhodocytin.
Coverslips were mounted and imaged as previously described. Figure 3.8
demonstrates that platelets are able to adhere and spread on rhodocytin surfaces.
When examining the number of vehicle treated platelets adhering to coated surfaces,
rhodocytin seems to have fewer adherent platelets in comparison to CRP. U73122
significantly reduced platelet adhesion at 1uM, 3uM, and 10uM (figure 3.8B).
U73122 also had a significant effect on platelet spreading. Where all concentrations
significantly decreased the average area of platelets spread on rhodocytin (figure

3.8C).

Although U73343 had no significant effect on the number of platelets adhering to

rhodocytin, 10uM of U73343 had a small but significant effect on decreasing the

average area of adhering platelets.
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Figure 3.8: Platelet spreading on rhodocytin is inhibited by U73122, Ibrutinib, and U73343 at highest
concentration.

Washed platelets (1x107/mL) were treated with U73122, U73343, ibrutinib, or vehicle control (DMSO 0.1% (v/v))
for 5 minutes. Platelets were spread on 100nM rhodocytin or 5 mg/mL BSA control for 45 minutes. Coverslips
were fixed, mounted, and imaged on a Nikon TiE2 microscope with a 100x objective (n=4). (A) Representative
DIC images, scale bar = 20um. A convolutional neuron network (CNN) was used to analyse (B) platelet number
and (C) platelet spread area. Statistical significance was calculated against vehicle using two-way ANOVA with
Tukey post-test. Graph shows mean £ SD. *p < 0.05, **p < 0.01***p < 0.001, **** p < 0.0001.

To further investigate the role of PLCy2 downstream allb33, washed platelets were
treated with U73122, U73343 and ibrutinib prior to spreading on 100pg/mL
fibrinogen. As previous studies showed that PLCy2 deficiency in mice decreases
platelet spread area, similar results were expected (Zheng et al., 2015). Figure 3.9
demonstrates that U73122 had a significant effect on inhibiting platelet adhesion to
fibrinogen starting from 1uM and complete inhibition at 3uM and 10uM. Also,
U73122 showed a significant decrease in platelet spreading at 1uM. U73343 on the
other hand had no significant effect on platelet adhesion nor spreading. Although in
previous studies it has been established that ibrutinib inhibits platelet adhesion on

fibrinogen, we were unable to replicate this result as ibrutinib showed no significant
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effect on platelet adhesion or spreading (Bye et al., 2015). However, as seen in
figure 3.9B and figure 3.9C, the large error bars indicate some variability in the
response to ibrutinib. Where in some donors ibrutinib seems to affect platelet
adhesion and spreading but not in others.

There is a striking difference in the effect of inhibiting PLCy2 using U73122 in
platelet aggregation and platelet adhesion and spreading. U73122 slightly decreased
platelet aggregation at 3uM and had a huge effect on inhibiting platelet aggregation
at 10uM. In platelet adhesion and spreading however, U73122 had a potent effect on
platelet adhesion. Where 1uM completely abolished platelet adhesion on several
agonist-coated surfaces. This highlights the activity U73122 has on other PLC
isoforms such PLCy1 and possibly PLC2 which is required for platelet adhesion
and show a new perspective to PLCy2 which was not covered in previous working

using KO models.
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Figure 3.9: Platelet adhesion on fibrinogen is inhibited by U73122 and not U73343.

Washed platelets(1x107/mL) were treated with U73122, U73343, ibrutinib, or vehicle control (DMSO 0.1% (v/v)) for 5
minutes. Platelets were spread on 100ug/mL fibrinogen or 5 mg/mL BSA control for 45 minutes. Coverslips were
fixed, mounted, and imaged on a Nikon TiE2 microscope with a 100x objective (n=4). (A) Representative DIC
images, scale bar = 20um. A convolutional neuron network (CNN) was used to analyse (B) platelet number and (C)
platelet spread area. Statistical significance was calculated against vehicle using two-way ANOVA with Tukey post-
test. Graph shows mean + SD. *p < 0.05, **p < 0.01***p < 0.001, **** p < 0.0001.
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3.3.5 The PLCy2 inhibitor, U73122, has no significant effect on tyrosine
phosphorylation downstream of (hem)ITAM receptors.

To confirm that the effects of U73122 were not via off-target inhibition of the
upstream signalling pathway, which involves a number of tyrosine kinases, western
blotting was performed for a number of key signalling proteins (PLCy2, Btk, Syk, and
SFKs). Total tyrosine phosphorylation, along with protein specific tyrosine
phosphorylation sites, was measured in CRP and rhodocytin stimulated platelets.
When examining tyrosine phosphorylation downstream GPVI, washed platelets were
incubated with integrilin (to prevent aggregation), and apyrase and indomethacin (to
prevent the secondary mediators ADP and thromboxane respectively) prior to
treatment with U73122, U73343, or ibrutinib for 5 minutes. Platelets were then
stimulated with 1ug/mL CRP for 3 minutes and lysed with 6X sample buffer. On the
other hand, when investigating CLEC-2 induced signalling, platelets were only
incubated with integrilin as secondary mediators are essential for CLEC-2 signalling
(Badolia et al., 2017, Pollitt et al., 2010). Washed platelets were incubated with the
indicated concentration of U73122, U73343, ibrutinib of vehicle control for 5 minutes
and stimulated with 300nM rhodocytin for 5 minutes prior to lysis with 6X sample
buffer. Membranes were cut using a razor blade prior to blotting. Protein tyrosine
phosphorylation was examined using SDS-PAGE and western blotting with phospho-
specific antibodies.

Figure 3.10 shows that U73122 and U73343 had no effect on total tyrosine
phosphorylation following CRP stimulation when compared to the vehicle control. In
contrast, figure 3.10B and E demonstrates that the phosphorylation of PLCy2 Y1217
and Src Y418 was reduced to close to basal level when treated with 1uM ibrutinib,
respectively. Moreover, 0.1uM and 1uM of ibrutinib significantly inhibits the

phosphorylation of Btk pY223 downstream of GPVI (figure 3.10C).
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Similarly, U73122 and U73343 had no effect on total tyrosine phosphorylation of
proteins downstream of CLEC-2. In contrast, figure 3.11 A, the upper panel shows
that for 300nM rhodocytin stimulated platelet only 1uM of ibrutinib resulted in a
decrease in total tyrosine phosphorylation when compared to the vehicle control.
Similarly, there was a significant decrease in the phosphorylation of Syk Y525/6 in
platelets treated with 1uM of ibrutinib (figure 3.11 D). Moreover 0.1uM and 1uM
ibrutinib inhibited Btk pY223 phosphorylation to basal levels (figure 3.11 C) and
significantly reduced PLCy2 Y1217 phosphorylation (figure 3.11 B). On the other
hand, ibrutinib had no effect on Src Y418 phosphorylation downstream of CLEC-2

(figure 3.11 D).

Altogether, these results demonstrate that unlike ibrutinib, U73122 has no significant

effect on tyrosine phosphorylation downstream both of GPVI and CLEC-2.
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Figure 3.10: U73122 has no effect on protein phosphorylation downstream of GPVI.

Washed platelets (4x108/mL) were incubated with indomethacin (10uM), integrilin (9uM), and apyrase
(2U/mL) prior to treatment with indicated concentrations of U73122, U73343, Ibrutinib, or (DMSO 0.1%
(v/v)) for 5 minutes. Platelets were then stimulated with 1ug/mL CRP for 3 minutes and lysed using 6X

reducing sample buffer. Lysates were resolved using SDS-PAGE and western blotting for whole cell

tyrosine phosphorylation or kinase specific tyrosine phosphorylation. Phosphorylation levels were

quantified using Image J (n=3). (A) Representative blot. (B) Quantified phosphorylation levels of PLCy2,

(C) Btk, (D) Syk, and (E) SFK. Statistical significance was calculated against the vehicle control using
one-way ANOVA with Dunnett’s post-test. Graph shows mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3.11: U73122 has no effect on protein phosphorylation downstream of CLEC-2.

Washed platelets (4x10%/mL) were incubated with indomethacin (10uM), integrilin (9uM), and apyrase (2U/mL)
prior to treatment with indicated concentrations of U73122, U73343, Ibrutinib, or (DMSO 0.1% (v/v)) for 5 minutes.
Platelets were then stimulated with 300nM of Rhodocytin for 5 minutes and lysed using 6X reducing sample buffer.
Lysates were resolved using SDS-PAGE and western blotting for whole cell tyrosine phosphorylation or kinase
specific tyrosine phosphorylation. Phosphorylation levels were quantified using Image J (n=3). (A) Representative
blot. (B) Quantified phosphorylation levels of PLCy2, (C) Btk, (D) Syk, and (E) SFK. Statistical significance was
calculated against the vehicle control using one-way ANOVA with Dunnett’s post-test. Graph shows mean + SD. *p
<0.05, *p £0.01, ***p <0.001.
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3.4 Discussion

The overall aim of this chapter was to characterise the effect of the PLCy2 inhibitor,
U73122, downstream of GPVI and CLEC-2 using platelet aggregation, platelet
spreading, calcium release and tyrosine phosphorylation. It was especially important
to characterise the effects of U73122 more specifically downstream of CLEC-2 as

this has not been previously established in the literature.

When examining platelet aggregation mediated by CLEC-2, 100nM, and 300nM of
rhodocytin were used as lower rhodocytin concentrations such as 10nM and 30nM
were found to have little to no effect on platelet aggregation. This could be explained
by the lag phase in CLEC-2 mediated aggregation. When using light transmission
aggregometry, U73122 seems to have a bigger effect on GPVI-induced aggregation
in comparison to CLEC-2 induced aggregation. This could be explained by the fact
that secondary feedback mechanisms play a role in CLEC-2 mediated aggregation.
This could also imply that the PLCy2 catalytic activity may be more important

downstream of GPVI than CLEC-2.

The effect of inhibiting PLCy2 by U73122 on platelet aggregation stimulated by CRP
is consistent with a previous study. Mangin et al,. showed that platelet aggregation
was not induced in PLCy2 deficient mice by direct activation of GPVI with CRP
(Mangin et al., 2003). On the other hand, when induced by 100nM rhodocytin, only
10uM of U73122 had a significant effect on reducing platelet aggregation. Also,
10uM of U73122 reduces CRP-induced platelet aggregation to almost 20% whereas

only to 80% in rhodocytin-induced platelet aggregation.
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In previous studies where PLCy2 deficient mice were used, the lack of PLCy2 was
found to completely abolish the platelet reactivity to low amounts of rhodocytin (3-
10nM). Nevertheless, the shape change observed in response to intermediate
concentrations (20-30nM) was maintained. This might indicate that there is a low
amount of PLCy1 (Suzuki-Inoue et al., 2006). Through a mechanism that is
dependent on Src kinase, CRP is able to promote the tyrosine phosphorylation of
PLCy1 at its regulatory site, which is located at Tyr 783, in mouse platelets, but not
in human platelets. Also, unlike mice, human platelets contain over 100 times more
PLCy2 than PLCy1 (Lee et al., 1996a), and this disparity may mask PLCy1’s

function.

When testing U73122'’s structural analogue, U73343, it showed no significant effects
on platelet aggregation induced by CRP, suggesting that the decrease in platelet
aggregation is due to the direct inhibition of PLC isoforms by U73122. Surprisingly,
10uM of U73343 had a small but significant effect on reducing platelet aggregation
when stimulated by 100nM rhodocytin. This could be explained by the fact that
CLEC-2 is highly dependent on positive feedback signalling via and thromboxane A2
(TxA2). In support of this, Heemskerk et al., have previously shown that U73343
suppresses cPLA2 activation, which in turn decreases arachidonic acid release and

TxAZ2 synthesis (Heemskerk et al., 1997a).

The effect of ibrutinib on GPVI-mediated aggregation has been previously
established. As previously mentioned, ibrutinib has been found to impair platelet
function starting from low concentrations (1uM) (Levade et al., 2014). Consequently,

ibrutinib has been used as a positive control as the inhibition of Btk will in turn inhibit
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the activity of PLCy2 and its effect on platelet aggregation is well established.
Consistent with the literature, 1uM, 3uM, and 10uM have a significant effect on
reducing platelet aggregation evoked by GPVI. Although a similar effect was seen on
CLEC-2 evoked platelet aggregation which is also consistent with the literature
(Nicolson et al., 2021), 1uM ibrutinib decreased platelet aggregation to almost 40%
downstream of GPVI and to 20% downstream of CLEC-2. This is consistent with
previous studies that have shown that Btk inhibitors that impair GPVI signalling are
used at concentrations more than 20 times higher than at those concentrations
needed to inhibit CLEC-2-mediated platelet function in humans (Nicolson et al.,
2018, Nicolson et al., 2021). The reason behind this selectivity is that GPVI does not
require Btk kinase activity, whereas human platelet CLEC-2 function does. This
highlights that there is a significant distinction in the function of Btk downstream
GPVI and CLEC-2 as the kinase dead Btk fails to signal for the latter. In relation to
PLCy2, a study by Nicolson et al., has shown that platelets stimulated with high
concentrations of CRP (10ug/mL) were able to aggregate normally despite the lack
of Btk induced PLCy2 phosphorylation. Additionally, transfection of a kinase-dead
Btk in Btk KO DT40 cells restore GPVI signalling. This provides support for the idea
that Btk facilitates the activation of PLCy2 as an adaptor protein (Nicolson et al.,

2018) .

As previously mentioned, the examination of the calcium signal can offer a direct
readout of the activity of PLCy2. Therefore, the inhibition of PLCy2 is believed to
have a significant effect on decreasing calcium release. A previous study examining
the role of PLCy2 downstream of the integrin allb3 have shown that PLCy2

deficient mouse platelets and platelets treated with U73122 showed a negligible
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amount of calcium flux (Goncalves et al., 2003). Additionally, Heemskerk et al., have
previously shown the effect of inhibiting PLCy2 by U73122 on calcium release
stimulated by thrombin and collagen. U73122 significantly decreases calcium
release in thrombin and collagen stimulated platelets (Heemskerk et al., 1997a).
However, the effect of U73122 on calcium release induced by CRP or rhodocytin is
not directly addressed in the literature. Therefore, this was tested in this study. And
the results have demonstrated that U73122 decreases calcium release significantly

downstream of both GPVI and CLEC-2.

The effect of U73122 was then investigated on platelet adhesion and spreading. The
literature lacks evidence on whether platelets are able to spread or adhere to
rhodocytin coated surfaces. Although the ability of platelets to adhere and spread
through the CLEC-2 receptor has been previously studied using podoplanin
(Navarro-Nuiez et al., 2015). This study, figure 3.7A, demonstrates that platelets
can adhere and spread on 100nM rhodocytin. It is worth noting however, that the
average number of platelets adhering to rhodocytin are 40 platelets per field of view
whereas the average number of platelets adhering to CRP is around 70 per field of
view. Although more platelets seem to adhere to CRP-coated surfaces, the average
area of platelets (spreading) on CRP and rhodocytin seems similar (40um?).

On another note, it has been previously established, using PLCy2 KO models, that
the absence of PLCy2 reduces the ability of platelets to spread and adhere in mouse
platelets. In this study, the role PLCy2 plays in platelet spreading and adhesion was
examined using a different approach and in human platelets. Using the PLC inhibitor,

U73122, completely abolished platelet adhesion on CRP coated surfaces and
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significantly decreases platelet adhesion and spreading on rhodocytin coated

surfaces.

Nevertheless, it is important to note that there are notable differences in platelet
proteomes between mice and humans. In general, mouse platelets tend to contain
more copies of certain proteins than human platelets. For instance, in human
platelets, there are around 4000 copies of CLEC-2 whereas mice contain 40,000
copies. Human and mouse platelet express between 4000 to 6000 and 23,300
copies of Syk, respectively. Moreover, mice contain 11,300 copies of PLCy2 in
contrast to 2000 copies in humans. There is no evidence regarding the number of
copies of PLCy1 in human platelets, however mice contain around 61 copies
(Dunster et al., 2015, Zeiler et al., 2014, Burkhart et al., 2012). This could further
highlight some of the differences seen in the results when using PLCy2 knockout
mice in contrast to the pharmacological inhibition of PLCy2 in human platelets.
U73122 has shown a significant effect on decreasing platelet spreading and
adhesion downstream of the hemITAM receptors. This confirms the role PLCy2
plays in mediating platelet adhesion and spreading downstream of GPVI and CLEC-
2. Additionally, U73122 seems to have a more significant effect on platelet adhesion
evoked by GPVI suggesting that PLCy2 catalytic activity might me more significant

downstream of GPVI.

Interestingly, U73343 (U73122’s analogue) had a significant effect on platelet
adhesion on CRP at its highest concentration (10uM). However, this can be
explained by the large error bars and the variability of response from one donor to

the other.
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In conclusion, this chapter characterised the PLC inhibitor U73122 downstream of
GPVI and for the first time downstream of CLEC-2. It investigates the effect of
inhibiting PLCy2 downstream of hemITAM receptors using a pharmacological
inhibitor and emphasises the significant role PLCy2 plays in platelet aggregation,

calcium release, adhesion, and spreading.
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Chapter 4: Characterising the effect of point mutations on PLCy2
function using CRISPR gene editing and overexpression
approaches.

4.1 Introduction

4.1.1 DT40 cells

PLCy2 is a critical signalling molecule expressed not only in platelets but also in B-
cells. The B cell receptor (BCR), CLEC-2, and GPVI share similarities in their
signalling pathway. The BCR compromises Iga and Igp which are transmembrane
proteins that possess an extracellular domain resembling immunoglobulin (Ig), a
transmembrane domain, and similarly to GPVI and CLEC-2 a cytoplasmic region
containing an ITAM (Lockey et al., 2022). As platelets lack a nucleus, genetic
modification is not possible, but due to similarities in the signalling between GPVI
and BCR, B-cells can serve as a useful model to investigate PLCy2 downstream of

ITAM receptors (Rodriguez et al., 2001).

DT40 cells are an adaptable model system used in studying several cellular
functions. They were first obtained from a female domestic chicken’s bursal
lymphoma induced by avian leucosis virus infection (Baba et al., 1985). DT40 cells
have been widely utilised to investigate DNA repair and cell signalling (Ji et al.,
2009). DT40 cells grow rapidly and are easy to handle. They are also easy to
transfect compared to other cell lines and are easily genetically manipulated due to
their high targeted-to-random DNA integration ratio. It is also easy to achieve
homologous recombination within DT40 cells. Meiosis relies on this process to
guarantee genetic variety and precise repair of DNA double-strand breaks which
makes them the preferred model when studying gene knockouts (Buerstedde and

Takeda, 1991). These qualities have established them as a significant resource for
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studying various biological processes. Additionally, DT40 cells have played a crucial
role in understanding the functions of several platelet receptors, such as GPVI and
CLEC-2 due to their ease of transfection and expression of key ITAM signalling
proteins (Suzuki-Inoue et al., 2006). Furthermore, DT40 cells have the essential
signalling components necessary for platelet (hem)ITAM receptor signalling,
including Syk, Lyn, and PLCy2. Altogether, this makes DT40 cells a useful cell line

model to study PLCy2 and PLCy2 mutations.

4.1.2 PLCG2 mutations

Chronic lymphatic leukaemia (CLL) is a B-cell malignancy and the most common
leukaemia in adults (Gaidano et al., 2012). The B-cell receptor signalling pathway
plays a major role in the pathogenicity of CLL. When expressed on malignant B-
cells, the BCR promotes the survival, maturation, and proliferation of the malignant
cells (Ghia et al., 2008, Herishanu et al., 2011, Stevenson et al., 2011). Therefore,
several CLL treatments are based on targeting and inhibiting the BCR signalling
pathway, such as kinase inhibitors idelaslisib (PI3Kd inhibitor), fostamatinib (Syk
inhibitor), and ibrutinib (Btk inhibitor) (Wiestner, 2015). Although ibrutinib has shown
high efficacy in some patients, others have acquired resistance to the drug. It is
believed that 80% of patients that developed resistance to ibrutinib have PLCy2
mutations. This is associated with PLCG2 mutations: R665W (p.Arg665Trp) on the
SH2 domain, S707Y (p.Ser.707.Tyr) also on the SH2 domain, L845F (p.Leu845Phe)
on the spPH domain, and D993G (p.Asp993Gly) on the Y box (Koss et al., 2014,
Woyach et al., 2014a) (figure 4.1).

D993G is located in the catalytic domain of PLCy2 and leads to an increase of

PLCy2 activity (Everett et al., 2009). The D993G mutation is recognised for causing
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immunological dysfunction (Yu et al., 2005) . This can be by impacting enzyme
activity, possibly by disrupting the autoinhibitory interface, destabilising the
regulatory domain, or changing interaction with the membrane (Magno et al., 2019).
D993G has been linked to the development of intense autoinflammatory responses
and deficits in antibody production. The D993G mutation is also linked to a rare
primary immunodeficiency syndrome and associated with an increased ability to
stimulate improved downstream signalling and calcium flux when the BCR is
activated. When examined in BCR signalling, this mutated form of PLCy2 results in
increased IP3 and Ca?* when cells are stimulated (Magno et al., 2019). Furthermore,
Everett et al., investigated the role of the D993G mutation beyond B-cells. Their data
showed that in epdiermal growth factor (EFG) stimulated COS cells (a fibroblast-like
cell line), D993G also showed enhanced PLCy2 activation which was determined by
measuring the inositol phosphate production (Everett et al., 2009).

The R665W and L845F mutations have also been classified as a gain-of-function
mutations, which results in increased B-cell receptor activity. In addition, the R665W
and L845F mutations cause PLCy2 to function without requiring Btk and enables B
cells to develop resistance to ibrutinib in CLL patients (Liu et al., 2015). In a study by
Wallister et al., the effect of R665W and L845F on PLCy2 activity was examined by
measuring [3H] inositol phosphate formation in COS-7 cells. In comparison to cells
transfected with WT PLCy2, cells transfected with R665W and L845F mutant
versions of PLCy2 significantly increased basal inositol phosphate formation by 18-
fold. In addition, in PLCy2-deficient DT40 cells with overexpression of R665W and
L845F mutant forms of PLCy2 and endogenous wild-type Btk, BCR-mediated PLCy2
activation was susceptible to pharmacologic inhibitors of Syk and Lyn but resistant to

ibrutinib. These findings point to the presence of BCR-originating protein-tyrosine
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kinase pathways that activate R665W without relying on Btk and induce ibrutinib
resistance even in tumour cells that lack Btk mutations. This suggests the possibility
of employing tailored therapy approaches (Walliser et al., 2016).

A study conducted by Woyach et al., examined the functional effect of R665W and
L845F in HEK 239T and DT40 cells. When looking at calcium flux in DT40 cells
following stimulation of the BCR with IgM antibody, cells with R665W and L845F
mutations treated with ibrutinib had 4 times higher calcium flux (Woyach et al.,
2014b). It has been suggested in the literature that R665W is expected to enhance
the stability of an active form of PLCy2 by influencing allosteric networks, therefore
promoting the binding of the phosphorylated peptide to the cSH2 domain (Liu et al.,
2020). In addition, these mutations can destabilise the SH2 domain itself, change
residues that interact with the catalytic domain, or directly disrupt ligand binding
(Zhou et al., 2012a). Another factor that could affect the structure of the protein is the
nature of the amino acid change. At position 665, a positive charge is lost when
arginine (R) is replaced with tryptophan (W). This has the potential to destabilise
hydrogen bonding networks and ionic interactions, which are essential for the
structure and function of domains (Shonnard et al., 1996).

Although the L845F mutation leads to a gain of function in PLCy2, it is believed that
this mutation has no impact on the overall structure of the spPH domain (Walliser et
al., 2016). However, adding phenylalanine (F) instead of leucine (L) results in a
bigger and more inflexible side chain. This has the ability to cause steric conflicts
with nearby residues, which may cause changes in local conformation or even
structural changes in the protein as a whole (Mishra et al., 2008, Fersht et al., 1992).
The final mutation investigated in this study is S707Y. Similarly to R665W and

L845F, S707Y has been linked to prolonged BCR signalling that does not require Btk
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function, hence causing resistance to ibrutinib therapy (Woyach et al., 2014b). The
substitution in PLCy2 is in the C-terminal SH2 (cSH2) domain. However, it is
believed that the increase of intracellular signalling and gain of function caused by
S707Y is due to its disruption to the auto inhibitory SH2 domain. This mutation is
located near three established phosphorylation sites, indicating that it might
potentially provide a novel phosphorylation site in PLCy2. It is expected that the
mutation will impact the function of the protein. Computational projections indicate
that it may change the residues that interact with the catalytic domain or destabilise
the SH2 domain (Zhou et al., 2012a). Due to the fact that the R665W is located on
the same domain S707Y, it is hypothesised that they are likely to have similar

effects.

Furthermore, the S707Y mutation has been associated with a dominantly inherited
autoinflammatory disease characterised by immunodeficiency, referred to as PLCy2-
associated antibody deficiency and immune dysregulation (APLAID). Additional
research has also linked patients with cold-induced urticaria and immune
dysregulation to the S707Y mutation (Neves et al., 2018). Although these mutations
have been extensively studied in relation to CLL and ibrutinib resistance, it is
unknown whether these, or other mutations may arise in platelets, and what the
functional effect on signalling by platelet (hem)ITAM receptors might be. Therefore,
in this study we use these mutations as a tool to understand their effect on PLCy2
domains and consequently their effect on the protein function and structure

downstream of the platelet receptors GPVI and CLEC-2.

129



L845F D993G
(A)

(®)

L845F

Figure 4.1: PLCy2 domains and mutations.

The PLCy2 protein is made of a PH domain at the N-terminus, and catalytic X and Y domains in
between EF-hand motifs and C2 domain. PLCy2 also has an extra PH domain split by one SH3 and
two SH2 domains. (A) Linear presentation of PLCy2 domains. Arrows indicate location of drug-
resistant mutations. (B) 3-dimentional structural model of PLCy2 domains. Indicated in pink is the

location of mutations linked to drug resistance. Adapted from (Tsai et al., 2023).

4.1.3 Protein overexpression and CRISPR/Cas9

Protein overexpression systems are crucial in the field of molecular biology. These
systems use the modification of cellular machinery to amplify the production of
proteins, that can be used in order to identify and study new proteins and their
functions (Rine, 1991). In an overexpression system, the cDNA of a gene of interest
is inserted into a plasmid and induced by a plasmid promoter located upstream of
the cloned DNA. Typically, the promoter is chosen because it is constitutively active
therefore and the gene will be continuously transcribed (Prelich, 2012). All of the

previously mentioned PLCGZ2 mutations have been studied using a protein
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overexpression system. Plasmids containing PLCy2 with the desired mutations were
transfected in a range of cells and their effect on the protein and/or cell function was
then studied. This approach was used in this study in order to understand the
function of PLCy2 downstream of GPVI and CLEC-2 and to provide comparison to
using alternative approaches such as CRISPR/Cas9 gene editing. However,
overexpression systems have their limitations. It is considered to be a qualitative
experiment because the expression level of the protein of interest may not be similar

to the endogenous level of protein expression (Prelich, 2012).

4.1.3.1 CRISPR/Cas9

The Clustered regularly interspaced short palindromic repeats (CRISPR) — Cas9
(CRISPR/Cas9) technology has completely transformed the field of gene editing
technologies, providing accuracy and flexibility in modifying genetic material.
CRISPR/Cas is an immune defence mechanism naturally found in bacteria and uses
a nuclease guided by ribonucleic acid (RNA) to cleave genetic material of pathogens
invading the bacteria (Rodriguez-Rodriguez, 2019). There are 3 types of CRISPR
systems: type |, I, and Ill. Type Il CRISPR/Cas9 is developed from Streptococcus
pyogenes and contains the Cas9 nuclease, a specific CRISPR RNA (crRNA), and a
trans-activating CRISPR RNA (tracRNA) with a scaffolding ability. The crRNA and
the tracRNA are combined together creating a single-guided RNA (sgRNA). In this
system, the DNA will be targeted by the Cas9 nuclease guided by 20 nucleotide
sgRNA. A 5-NGG protospacer adjacent motif (PAM) site proceeds the DNA of
interest where a double-stranded break (DSB) will be made (Ran et al., 2013). When
cleaved by the Cas9 nuclease, the cleaved locus will go through DNA damage

repair. The repair can be through two different pathways, homology-directed repair
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(HDR) or non-homologous end joining (NHEJ). NHEJ is considered to be error-
prone where the generated DSB re-ligates without a repair template. This may result
in either insertion or deletion (indel) mutations (Figure 4.2). Hence, gene knockouts

can be readily generated via NHEJ.

On the other hand, HDR occurs less frequently than NHEJ however it tends to be a
more accurate repair mechanism than NHEJ. It requires a repair template that can
either be a single-stranded DNA oligonucleotide (ssODNSs) or a double-stranded
DNA (dsDNA) template with homology arms. The template is used to fix the double
strand break through homology guided repair. The template, which has the desired
changes, is then added to the DNA. Moreover, HDR usually occurs only in dividing
cells (Saleh-Gohari and Helleday, 2004). The CRISPR/Cas9 system had been
previously well established in the literature as it was utilised to generate knockouts
and introduce point mutation knock-ins. Therefore, in this study, CRISPR/Cas9
approach will be used to generate the PLCy2 mutation knock in in DT40 cells. Using
CRISPR to generate knock-ins is advantageous. Where unlike using the
overexpression approach, the level of protein expression in the cells is

physiologically representative to normal level of protein.
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Figure 4.2: CRISPR/Cas9 mechanism.

With the guidance of the sgRNA, Cas9 enzyme will cleave the DNA resulting in a DSB.
The DSB can be repaired in two pathways. NHEJ where the DSB can be repaired by
the DNA repair machinery and without repair template results in deletion that can result
in frameshift, or insertion. HDR pathway, however, utilizes a repair temperate allowing

specific editing.
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4.2 Aims and hypothesis

4.2.1 Aims:

- To elucidate the effect of ibrutinib-resistance linked PLCGZ2 mutations
downstream of GPVI and CLEC-2 using an overexpression system,
CRISPR/Cas9 gene editing, and the NFAT luciferase reporter assay.

- To examine the effect of the PLCy2 inhibitor, U73122, on PLCy2 mediated

function in the presence of gain of function mutations.

4.2.1.1 Hypothesis:

PLCGZ2 mutations will lead to a gain of function phenotype downstream of CLEC-2

and GPVI which will be resistant to the PLCy2 inhibitor U73122.
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4.3 Results

4.3.1 U73122 affects the PLCy2 mediated calcium release in WT DT40
downstream hem (ITAM) receptors.

The effect of the PLCy2 inhibitor, U73122, on platelet activation mediated by GPVI
and CLEC-2 was previously established in chapter 3. In this chapter, we wanted to
further examine its effect on PLCy2 function in WT DT40 cells and in PLCy2 KO cells
expressing gain of function mutations. This was established by measuring calcium
release in DT40 cells using the NFAT luciferase reporter assay (described in section
1.8).

WT DT40 cells were transfected with an NFAT-luciferase plasmid along with GPVI
and FcRy or CLEC-2 plasmids. Cells were also transfected with empty vectors as
control. Cells were stimulated with either 10pug/mL collagen or 100nM rhodocytin for

6 hours, and luciferase activity was measured.

Figure 4.3 shows that in comparison to stimulated cells transfected with empty
vectors, stimulated cells transfected with the GPVI/FcRy or the CLEC-2 plasmid
display a significant increase in signalling. In collagen stimulated cells (figure 4.3A),
U73122 decreased the NFAT- luciferase activation in a concentration-dependent
manner. At 1uM, U73122 has a small but significant effect on decreasing GPVI-
mediated signalling but a slightly bigger effect at 3uM. At 10uM, U73122 had a much
bigger effect on the NFAT-luciferase activation where it was decreased to a basal

level. Similar results were seen in the rhodocytin stimulated cells (figure 4.3 B).
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Figure 4.3: U73122 significantly inhibits GPVI and CLEC-2 mediated signalling in WT DT40 cells.
WT DT40 cells were transfected with 2ug of both GPVI and FcRy plasmids or 10ug of CLEC-2

plasmids. Cells were also transfected with 7.5ug of NFAT-luciferase plasmids. Transiently transfected
cells were stimulated with either (A) 10pug/mL collagen or (B) 100nM rhodocytin for 6 hours prior to
measuring the luciferase activity (n=3). Statistical significance was determined using Two-way ANOVA
with Tukey’s post-test. Graph shows mean + SD. *p < 0.05. **p < 0.01, **** p < 0.0001.
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4.3.2 U73122 affects the PLCy2 mediated calcium release in cells bearing gain-
of — function mutations downstream of hem (ITAM) receptors.

As previously described, the effect of PLCGZ2 mutations, thought to be responsible
for the resistance to ibrutinib treatment in CLL patients, has been established in the
literature and investigated downstream of BCR using a protein overexpression
system. A similar approach was used in this study to further investigate the effect of
the PLCGZ2 mutations in platelet hem(ITAM) receptors. Using CRISPR to generate
knock-ins is advantageous. Where unlike using the overexpression approach, the
level of protein expression in the cells is not physiologically representative to normal
level of protein.

In order to generate the mutated plasmids, forward and reverse primers with the
desired mutations were generated using Benchling. Site directed mutagenesis was
used to create PLCG2 mutations in WT human (h)PLCy2 using the primers in table
4.1. The parental DNA was digested using the restriction enzyme Dpnl for 3 hours,
and the mutated plasmids were then precipitated using salt ethanol precipitation
(figure 4.4). Sanger sequencing was used to confirm the presence of the desired

mutations.
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Table 4.1: Primers designed to create PLCy2 point
mutations.

Mutation Primers

R665W | Forward: 5 GAGGATTCCCtGGGACGGGGC 3
Reverse: 5' GCCCCGTCCCaGGGAATCCTC 3'
S707Y | Forward: 5' CTGGGGACCTaCGCCTATTTTG 3'
Reverse: 5CAAAATAGGCGtAGGTCCCCAG3
L845F | Forward: 5' ACAATCCCTTcGGGTCTCTTTG 3'
Reverse: 5' CAAAGAGACCCgAAGGGATTGT 3

D993G | Forward: 5' CAAAGAGTTGGCTCTTCAAACTACGAC 3'
Reverse: 5' GTCGTAGTTTGAAGAGCCAACTCTTTG 3

PCR Dpnl
Amplification . .
Parent P Digestion Mutated
Plasmid g ' Plasmid
Bacterial
recovery

Figure 4.4: Site directed mutagenesis.

By PCR amplification, the designed primers with the desired mutation (green arrows) are used
to amplify the plasmid generating the mutation. The non-mutated parental plasmid is then
digested using the restriction enzyme Dpnl. The digested product was salt ethanol precipitated

and transformed into competent E. coli.
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Previous studies have established that PLCG2 mutations R665W, L845F, S707Y,
and D993G are hyper-functional downstream of the B-cell receptor using an
overexpression system. This approach was used in this study and the effect of the
mutations was investigated downstream of GPVI and CLEC-2. Furthermore, the
effect of the PLCy2 inhibitor, U73122, on the calcium release in cells containing the
mutation was also tested. PLCy2 knockout cells were transfected with an empty
vector (pcDNA) as control, WT hPLCy2 plasmid, or plasmids containing the desired
mutation. Cells were also transfected with NFAT-luciferase plasmid along with GPVI
and FcRy or CLEC-2 plasmids. Cells were stimulated with either collagen or

rhodocytin, and luciferase activity was measured.

When stimulated with 10pg/mL collagen, all PLCG2 mutations led to a gain of
function (figure 4.5). Stimulated cells had a significant increase in the NFAT-
luciferase activation when compared to the WT hPLCy2. Although U73122
significantly decreased the signalling in collagen stimulated WT DT40 cells (figure
4.3 A), it seems to have no significant effect on PLCy2 KO transfected with WT
hPLCy2 cells (figure 4.5). However, it is worth noting that the level of the NFAT-
luciferase activation in untreated and stimulated WT DT40 (figure 4.3) is two times
higher than in the PLCy2 knockout cells transfected with WT hPLCy2 (figure 4.5).
In cells with SH2 domain mutations such as R665W and S707Y (figure 4.5, A, B),
U73122 reduced the NFAT-luciferase activation significantly at 3uM and 10uM.
Whereas in cells containing mutations affecting the catalytic domain, L845F and
D993G (figure 4.5, C, D) U73122 had a significant effect only at its highest
concentration (10uM). This suggests that the mutations on the catalytic domain may

be less susceptible to the inhibitory action of U73122.
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Alterations in interactions with regulatory proteins and substrates can also be
achieved through mutation of the SH2 domain, such as R665W. This may also
mean, that the enzyme depends on these linkages more with its hyperactivity. It is
thus possible that the impairment of U73122 inhibition would be less noticeable
when these interactions are abrogated.

Similar results were observed when cells were stimulated with rhodocytin (figure
4.6). All mutations had a significant increase in NFAT-luciferase activation in
comparison to WT PLCy2 cells. In cells transfected with R665W and L845F (figure
4.6 A, C), U73122 caused a significant decrease of the NFAT-luciferase activation
only at 10uM. On the other hand, 3uM and 10uM of U73122 significantly reduced

signalling in cells with the S707Y and D993G mutations (figure 4.6 B, D).

To ensure that the level of PLCy2 in PLCy2 KO cells transfected with WT hPLCy2 or
the mutated forms of PLCy2 were expressed at similar levels, SDS PAGE and
western blotting were used. PLCy2 KO cells and cells transfected with mutated
plasmids were prepared as previously described. Figure 4.7 shows that the level of
PLCy2 expressed in and PLCy2 KO bearing the gain of function mutations and WT

hPLCy2 is the same.

Altogether, these results demonstrate that the PLCG2 mutations associated with
ibrutinib resistance are hyperreactive in response to GPVI and CLEC-2 mediated
signalling. This agrees with previous studies. However, the mutated forms of PLCy2
can be inhibited by U73122 suggesting that the mutations do not affect the lipase or

catalytic activity of PLCy2.
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Figure 4.5: PLCy2 mutations lead to a gain of function downstream of GPVI which can be significantly decreased by U73122.

PLCy2 KO cells were transfected with 10 pg of either WT PLCy2, (A) R665W PLCy2, (B) S707Y PLCy2, (C) L845F PLCy2, or (D)
D993G PLCy2 along with 2ug GPVI/FcRy and 7.5ug NFAT-luciferase plasmids. Transiently transfected cells were stimulated with
10ug/mL collagen for 6 hours prior to measuring the luciferase activity (n=3). Statistical significance was determined using Two-way
ANOVA with Tukey’s post-test. Graph shows mean + SD. *p < 0.05. **p <0.01, ***p < 0.001, **** p < 0.0001.
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Figure 4.7: PLCy2 is expressed at similar levels in PLCy2 knockout cells bearing WT
hPLCy2 and PLCy2 mutations.

1x10 © of transfected cells were lysed using 1x RIPA buffer. Lysates were boiled for 5 minutes,
centrifuged, and resolved using SDS-PAGE and western blotting for PLCy2 with anti-tubulin as

loading control.
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4.3.2.1 PLCy2 is highly conserved in human and chicken.

Previous studies investigating the effect of PLCG2 mutations used an
overexpression system to do so. Although this can be time efficient, overexpression
systems do not always replicate the expression of endogenous protein levels as the
most commonly used expression plasmids use constitutively active promoters.
Therefore, the relative level of protein compared to other signalling elements, or
positive and negative regulators, is unlikely to be present in these experiments. This
has the potential to mask or exaggerate effects compared to what would happen in
the cells of interest. Hence, in this study, the CRISPR/Cas9 gene editing approach
was used to introduce PLCy2 mutation knock-ins in chicken B-cells (DT40s) in order
to investigate the effect of PLCG2 mutations on PLCy2 function. The reasoning
behind choosing a cell line is due to the fact that platelets lack a nucleus which
makes genetic manipulation impossible. Therefore, it was important to confirm that
PLCy2 is conserved between humans and chicken. It was also vital to confirm that
the amino acids in the function altering mutations were also conserved.

The PLCy2 protein sequence from different species was aligned. PLCy2 protein
sequences from (Homo sapiens, AAH18646.1) and chicken (Gallus gallus,
XP_040537268.1) were aligned using multialin
(http://multalin.toulouse.inra.fr/multalin/) and presented with ESPrit 3. The location of
the PLCy2 domains were determined using Simple Module Architecture Research
Tool (SMART). Figure 4.5 shows that PLCy2 is 82.48% conserved between chicken
and humans. There are some sequence differences in the SH2 domain and some in
the PH domain. However, this does not affect the mutations (highlighted in black
boxes and arrows) as their location is conserved between the species and therefore

can be targeted using the CRISPR/Cas9 gene editing approach.
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PH domain

1 10 20 30 50
Human .MSTT)YNVD SpAAIR S E-Jol § 4 LELGTVMTVFSKSERRT QVIMETRQVAWSKTAD
Chicken PRKS\YDYGE}P):p 53 §-Jop 9 4 LELGTVMTVEF Shs EIMERRTHMOVIMETRQVAWSKTAD

consensus>50 mmrksV#vdeLaEYEKSQIKRaLELGTVMTVFS ikKSleRRT !QVIMETRQVAWSKTAD

60 70 80 100 110
Human KIEGFLDE:EIKEIRPGKNSKDFER KAECFTI YGTQFVLEITLSLAADSK|JDA
Chicken KIEGFLD EIKEIRPGKNSKDFER) JOAIEINICFTIINYGTOQFVLNTLSLAADSK(EDA)

consensus>50 KIEGFLD iM!IKEIRPGKNSKDFER&KAqukE#cCl".l‘I lYGTQFVLNnTLSLAADSKeDA

120 130 140 150 160 170
Human VNEER GLILI TPIESWLRKQIYSVDQTRRNSISLRELKLPNE‘KVSS
Chicken AW L Al INIWE SWLRKQIYSVDQTRRNSISLRELKEWLP[W/NFKVSS

consensus>50 vnWLcGLnILyQEVMnhpTPaIiESWLRKQIYSVDQTRRNSISLRELKa !LP1!NFKVSS

i80 190 200 210 220 230
Human INKFLKDKFVEIGAHKBELSFEQFHLF YKK FEQQKSILDEFKKDSSVFILGNTDRPDAS
Chicken WIKFLEKDKFE\EIGAHKDELSFEQFHLF YKK FEQOKSILDEFKKDSSVFILGNTDRPDAS

consensus>50 mMKFLKDKFVEIGAHKH#ELSFEQFHLFYKKiMFEQQKSILDEFKKDSSVFILGNTDRPDAS

249 259 269 279 289 299
Human AVLDFQRFLBEQQE WAQDLKVRERMTFDDTMRETAEPFLFVDEFLTYLFEN
Chicken HDFQRFLMHEQQENWAQD LHKVRERMTINFIYDD TMRETAEPFLFVDEFLTYLFENIEN

consensus>50 AVyYLhDFQRFLiHEQQEhWAQDLnKVRERMTeF !DDTMRETAEPFLFVDEFLTYLFakEN

TIM (x box) domain

300 310 320 330 340 350
Human SIHDEKYDDQDMNNPLSHYHISSSHNTYLTGDQLRSESSEAY IRCLRMGCRCIELD
Chicken SIWDEKYDUSIDWODMNNPLSHYWISSSHNTYLTGDQLRSESSWEAYIRCLRMGCRCIELD

consensus>50 SIWDEKYDa!DvQODMNNPLSHYWISSSHNTYLTGDQLRSESSpEAYIRCLRMGCRCIELD

360 370 380 390 400 410
Human CWDGPDGKPI YHGWTRTTKIKFDDVVQAIKDHAFVTSPVILS IEEHCSVEQQRHMAK
Chicken CWDGPDGKPMIYHGWTRTTKIKFDDVVOQAIKDHAFVTSINPVILSIEEHCSVEQQRHMAK)

consensus>50 CWDGPDGKP! IYHGWTRTTKIKFDDVVQAIKDHAFVTSe%PVILSIEEHCSVEQQRHMAK

429 439 449 459 460 479
Human FKEVFGDELLKPEASADQLPSPQLEKIIIKHKKLGP WD VNI EDKKEKQQG
Chicken W F KEVF GD[)|L LWKPWEASADQLP SPIWOLISEKI I IKHKKLGPI{GDMD VNIMEDKKIIEINKQQG,

consensus>50 VvFKEVFGD1LLmKPVEASADQLPSPsSQLKEKII IKHKKLGPKGD !DVNSEDKK#EhKQQG

nSH2 domain
480 490 500 510 520 530
Human ELYMHDI IQEWTRHYCAIADKLSFSDIEQE I TELHEKWFHK .
Chicken ELYMWDINIPQIWTRHYCAIAD[EKL SF SDWIEQNEWIEPEEISASSAT E L HIBYE KWF HEKIWIE

consensus>50 ELYMWDaI#QQWTRHYCAIADaKLSFSDVvIEQnm#E#vpq#!kpTELH1GEKWFHgGKVkKE

540 550 560 570 580 590
Human RTE:EKLLQE!CIE GGKDGTFLVRESEFPNDTLSFWRSGRVQHCRIRSGTK
Chicken R TWAEKLLQEYCE\EWIGGKDGTFLVRESEE\FPNDMITLSFWRSGRVQHCRIRSEENG

consensus>50 gRTSAEKLLQEYCmEmGGKDGTFLVRESEaFPNDyTLSFWRSGRVQHCRIRSsm#GdTvK

cSH2 domain

600 610 620 630 640 650
Human YYLTDNT!‘SIYLIQHYEIHLRCAEFLRLTD VPNPIPHEI Ewry JLSRGEAED
Chicken YYLTDNWTFBSIYPLIQHYINENMHLRCAEFPBLRLTDINVPNPHP HENKBWY YERLSRGEAED

consensus>50 YYLTDNVTFAdSIYdLIQHYKEVHLRCAEF#LRLTDaVPNPnNnPHEnKdWYYdnLSRGEAED

R665W S707Y
660 670 680 690 700 710
0 0 —
Human MLMRIPR)GAFLIRKRDSATFRAEGKVKB RI GRHFVLGISAYFESLVELVE
Chicken MLMRIPROGAFLIRKRPINID SIHPANITFRANGKVKHIY GRHFVLGTSAYFESLVELVE

consensus>50 MLMRIP E' GAFLIRKR#epDS %AiT!‘RAeGKVKBfRI #q#GRH!‘VLG IE AYFESLVELVs
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720 730 740 750 760 770

Human YYEKELYRKMLRYPVTIELLERY InxnsnynmyzgpszxppQRTVKAL!
Chicken YYEKHYLYRKMISLRYPVTRELLERYEMEISDINSLYD YVI3P SE IWPIRYPQRTVKALY

consensus>50 YYEKHpLYRKMk I.RYPVT.ELLERYnmEkD INSLYDVskMYV#PSEInPsvPQRTVKALY

PH domain
789 799 809 819 829 839
Human D!E:KRSDELSFaGALInNzEszGwaGDYGQ!rpsnyvznsELEQ
Chicken DYIIAKRSDELSFERGALIHNVIKEWGGWWKGD Y GIRQYQIEIY FP SNYVEDMSEPRNEYIE LEFQ

consensus>50 DYKkAKRSDELSFcRGALIHNVSKEpGGWWKGDYGek!QqYFPSNYVEDiSsd#feELEkQ

L845F
840 850 860 870 880 890
Human IIEDNP 1. :SLCIGI LLNTYNVVKPGKKFVFILEPKPBXEFATDE:EELPE
Chicken IIEDNPL 3SLCEIGILILNTYNVVKNIPEIGKEIIKIYF VF I LEP KNP (GVEFATDISVEELFE

consensus>50 IIEDN SLChGILVLNTYNVVKmPQGKngKpFVFILEPK#qeyPcVEFATDkKVEELFE

TIM (Y box) domain

900 910 920 930 940 950
Human QS nz:rwnznxywzan IAIELSDLVJYCKPTSKTKDNLENPDFRIEIRSF
Chicken MO SIURE I TWKINNBAE NSIIK YWEKNQIIATIELSDLVIMYCKPTSKTKDNLENPDFIJEIRSF

consensus>50 W%QS!REITWKideeENNmKYWEKNQLIIAIELSDLV!YCKPTSKTKDNLENPDFkKEIRSF

D993G
969 979 980 990 1000 1010
Human ETK:ESIQKPVLLKYN KGLTRVYPKGQRVD:SNYDPFRLNLCGSQMVALNFQT )
Chicken ETK WASOKPVIILLKYNMKGLTRVYPKGQRVD 3SSNYDPFRLWLCGSQMVALNFQTIJD

consensus>50 VETKA#SI!kQKPVH#LLKYNIKGLTRVYPKGQRYDESNYDPFRLWLCGSQMVALNFQTaD

C2 domain
1020 1030 1040 1050 1060 1070
Human KYMQE:BALFSLNGTGYVLQPESMREYDPNPESRK TL LGARHLPKLGR
Chicken KYMQIINHALF SLNGEITGYVLQPESMRINEIJYDPMPN LGARHLPKLGR

consensus>50 KYMQS$NHALFSLNGhTGYVLQPESMRnEeYDPMPnESgRKi lM:L $ TVkVI.GARBLP KLGR

1089 1099 1109 1119 1129 1139
Human SIACPFVEVEICGAEYDNNKFKTTVVNDNGLP APE%FEIYDPNLAFLRFVV!E
Chicken SIACPFVEVEICGAEYDNNKFKTTVVNDNGLEP FEIYDPNLAFLRFVVYE

consensus>50 SIACPFVEVEICGAEYDNNKFKTTVVNDNGLnP!WAPcqQEQVkKFEIYDPNLAFLRFVVYE

1140 1150 1160 1170 1180 1190
Human EDMFSDPNFLAHATPIKxscrnsvpmmcysznzm.nsx.x.cz:m‘\: EEELYS
Chicken EDMFSDPNFLAHATIYP IK[JKSGFRSVPLKNGYSEDIELASLL})S SJ)VLENMEEELYS

consensus>50 EDMFSDPNFLAHAT%PIKa!KSGFRSVPLKNGYSEDIELASLL!fCEMgQQVLEYEEELYS

1209 1219 1229 1239 1240 1250
Human SCRQLRRQEELNNQLFLYDTBNLRN NRDALEFE: .LQ QE RLREK
Chicken SCRQLRISROQEELNNQLFLYDTHIINLRN|ZINRDA LB ERIAL cn RLREK)S

consensus>50 SCRQLRKRQEELNNQLFLYDTSmNLRNaNRDAkaEFnVNEnqLQSyQEkCNkRLREKkV

1260

Human
Chicken
consensus>50 SNSKFYS

Figure 4.8: PLCy2 protein mutations are conserved across several species.

PLCy2 sequences from (Homo sapiens, AAH18646.1) and chicken (Gallus gallus, XP_040537268.1)
were aligned using multialin and displayed using ESPrit3. Highlighted in red are conserved amino
acids across species. Black boxes and arrows highlight PLCy2 mutation sites (R665W, S707Y,
L845F, and D993G).
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4.3.3 Designing strategy of HDR, guide RNA, and primers.

Donor repair template plasmids, which include homology arms flanking the alteration
site, are required for making targeted DNA alterations. Donor templates were
designed using Benchling software by changing the DNA codon in order to insert the
desired point mutation. 300 base pairs (bp) were selected around the mutation with
150 bp flanking each side. A silent mutation was added to change the protospacer
adjacent motif (PAM) site (figure 4.10). This step is necessary to prevent the guide
from re-cutting the repaired genomic DNA avoiding the generation of a knockout
(Ran et al., 2013).

Guide RNAs (gRNAs) were also designed using Benchling (figure 4.9). The guides
were selected based on their proximity to the mutation, where a larger distance
between the DNA cut and the mutation site can lead to a decrease in efficiency. It
was also essential to select guides with the lowest off-target effects which was
determined using Hsu calculations (Hsu et al., 2013). Guides where also selected
based on their highest activity, which is determined by the likelihood of the Cas9
nuclease to cause double strand breaks when combined with the guide (Doench,
2016). Oligonucleotides and plasmid donor templates were purchased from Eurofins
genomics. To confirm the PLCy2 knock-ins in WT DT40 cells, primers which flanked
the mutation site were designed to screen for the point mutations (Table 4.3).
Forward and reverse primers were designed using Benching. Primers were

purchased from Eurofins Genomics.
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Table 4.2 Guide RNA sequence and donor templates designed for PLCy2

knock-ins in DT40 cells.

Mutation

Guide RNA, notes

Donor template

Mutated Donor template

R665W
CGA>TGG

TAGCAACTTGAGTCGAGGAG
Yellow: guide RNA
Red:mutated PAM site

Green: mutation site (small
letters are the changed bases to
create the mutation

TCTGTTGTTAGTAACGCTACCTGTTAGTGT
TACTGAATTACATTAGACAAGCTTTGTAAT
CCTTTGTCCATTTTGATTTTTGACTGTTGT
AGTTGGTACTATAGCAACTTGAGTCGAGG
AGAGGCAGAAGACATGCTGATGAGAATTC
CTtGgGATGGAGCCTTTCTAATTAGAAAGA
GAGATGAGCCTGATTCATTTGCCATGACT
TTCAGGTATGAATATATTATCTAGTAGCCA
ACAGTGTTCTGGGTTTTCTTTTGTTTGTTT

TCTGTTGTTAGTAACGCTACCTGTTAGT
GTTACTGAATTACATTAGACAAGCTTTG
TAATCCTTTGTCCATTTTGATTTTTGACT
GTTGTAGTTGGTACTATAGCAACTTGAG
TCGAGGAGAAGCAGAAGACATGCTGAT
GAGAATTCCTtGgGATGGAGCCTTTCTA
ATTAGAAAGAGAGATGAGCCTGATTCAT
TTGCCATGACTTTCAGGTATGAATATATT
ATCTAGTAGCCAACAGTGTTCTGGGTTT

GTTTTTCTCTCATTTAAAAATGGGCTTTTT
TGAG

TCTTTTGTTTGTTTGTTTTTCTCTCATTTA
AAAATGGGCTTTTTTGAGTC

S707Y
TCA>TAT

CTTTGAGAGTTTAGTGGAGC
Yellow: guide RNA

Red: mutated PAM site

Green: mutation site (small
letters are the changed bases to
create the mutation

AGTTTGCAGCACTGATGCTTTCACTATGC
CAAGTACCAATACCTTTAACAGCACTTGT
ACTTGTTTCACAGAGCTGAGGGGAAGGT
GAAGCACTTCCGAATTCAGCAAGAAGGTC
GCCATTTTGTGCTTGGAACGTatGCCTACT
TTGAGAGTTTAGTGGAGCTGGTAACATAC
TATGAGAAGCACCCTCTGTACAGGAAAAT
GAAATTACGTTACCCTGTGACTGAGGAGC
TGCTGGAGCGCTACAGCACAGTAAGTGA
TGTCCTTTGTATGAGTGCCACGTGCTTTA
GCAGATGGAGTCCC

AGTTTGCAGCACTGATGCTTTCACTATG
CCAAGTACCAATACCTTTAACAGCACTT
GTACTTGTTTCACAGAGCTGAGGGGAA
GGTGAAGCACTTCCGAATTCAGCAAGA
AGGTCGCCATTTTGTGCTTGGAACGTat
GCCTACTTTGAGAGTTTAGTGGAGCTCG
TAACATACTATGAGAAGCACCCTCTGTA
CAGGAAAATGAAATTACGTTACCCTGTG
ACTGAGGAGCTGCTGGAGCGCTACAGC
ACAGTAAGTGATGTCCTTTGTATGAGTG
CCACGTGCTTTAGCAGATGGAGTCCC

L845F
TTA>TTT

GTACTAAATACCTACAATGT
Yellow: guide RNA

Red: PAM site

Unable to mutate PAM site so

2 silent mutations introduced in
the guide sequence instead
Green: mutation site (small
letters are the changed bases to
create the mutation

GAATTAGTTTGCCTTTTAAATATTACAGTG
GACCTGCTTTCAATGAAAGTGTAATTAGA
GTTAGTGGTGTGTATTTATTTGTTAATATT
CTGTGCAGAAGGCTGTGTCAGCTGTATCT
CGTGTTTTTCACAGATTITTGAGGACAATC
CATTtGGATCTCTGTGTCATGGCATATTGG
TACTAAATACCTACAATGTTGGTATGTACT
TTCTGATTTGTATATGTTGACTCCTGAACT
TTCTGTGCTGAAGAGGATCCCTTGTGTTT
AGCATAAAATACTTGGCTTTGAAAACTATT
TATATT

GAATTAGTTTGCCTTTTAAATATTACAGT
GGACCTGCTTTCAATGAAAGTGTAATTA
GAGTTAGTGGTGTGTATTTATTTGTTAAT
ATTCTGTGCAGAAGGCTGTGTCAGCTGT
ATCTCGTGTTTTTCACAGATTITTGAGGA
CAATCCATTtGGATCTCTGTGTCATGGCA
TATTGGTACTAAATACCTACAACGTTGGT
ATGTACTTTCTGATTTGTATATGTTGACT
CCTGAACTTTCTGTGCTGAAGAGGATCC
CTTGTGTTTAGCATAAAATACTTGGCTTT
GAAAACTATTTATATT

D933G

GAC~>GGT

ACTATGACCCATTTCGCCTC
Yellow: guide RNA

Red: mutated PAM site

Green: mutation site (small
letters are the changed bases to
create the mutation

CTCTCCCTTGTGTAGAAAATCCTGATTTCA
AAGAAATACGTTCCTTTGTGGAAACCAAG
GCAGAAAGTATTGTTAAGCAAAAGCCGGT
TGAGTTGCTGAAATACAACTTGAAGGGAC
TGACACGTGTCTATCCTAAAGGACAGAGG
GTTGgtTCATCAAACTATGACCCATTTCGC
CTCTGGCTTTGTGGCTCTCAGATGGTGGC
TCTTAACTTTCAGACTCCAGGTAATGTTCC
ATTTAAAAAGGATTCTGTCCACGTTCTATT
TGTGCATCTGTGAATCCTCTGTTAAAAGC
AGGTCCAC

CTCTCCCTTGTGTAGAAAATCCTGATTT
CAAAGAAATACGTTCCTTTGTGGAAACC
AAGGCAGAAAGTATTGTTAAGCAAAAGC
CGGTTGAGTTGCTGAAATACAACTTGAA
GGGACTGACACGTGTCTATCCTAAAGG
ACAGAGGGTTGgtTCATCAAACTATGAC
CCATTTaGaCTaTGGCTTTGTGGCTCTCA
GATGGTGGCTCTTAACTTTCAGACTCCA
GGTAATGTTCCATTTAAAAAGGATTCTG
TCCACGTTCTATTTGTGCATCTGTGAAT
CCTCTGTTAAAAGCAGGTCCAC
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Table 4.3: Primers designed for sequencing PLCy2 point mutations.

Mutation Primers

R665W Forward: 5ACGCTACCTGTTAGTGTTACTGA 3’
Reverse: 5' ACCCAGAACACTGTTGGCTACT 3'

S707Y Forward: 5' GCTGAGGGGAAGGTGAAGCACT 3'
Reverse: 5' CCATCTGCTAAAGCACGTGGCA 3'

L845F Forward: 5' ACAGTGGACCTGCTTTCAATGA 3'

Reverse: 5' ACACAAGAGACCCTCTTCAGCACA 3
D993G | Forward: 5 TCTTTCTTCCTGTATAACAGCCCT 3’

Reverse: 5' GAGCCACCATCTGAGAGCCACA 3'
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gene

(A)
Bpil 20-nt guide
overhang
5 CACCTAGCAACTTGAGTCGAGGAG ¥
rrrrrrrrrrrrrrrrrrnd
3 ATCGTTGAACTCAGCTCCTCCAAA 5
Bpil
overhang
(B) l
sgRNA

Scaffold

GGCACCTAGCAACTTGAGTCGAGGAGTTTCATGATAGAGCT
CCGTGGATCGTTGAACTCAGCTCCTCCAAAGTACTATCTCGA

(©) l

BpiL

Figure 4.9: Guide RNA selection and preparation.

Guides to generate mutation knock-in were selected based on their best off-target and on-target score. (A)
Bpil overhangs were added to allow ligation into pSpCas9 (BB) 2A-Puro vector. (B) Guides are then
annealed and phosphorylated prior to (C) ligation into pSpCas9 (BB) 2A-Puro vector (Vector adapted from
Addgene).
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PLCG2

20-nt
guide

5 GTACTATAGCAACTTGAGTCGAGGAGAGGCAGAAGACATGCTGATGAGAATTCCTTCTGATGGAGCCTTTCTAAT 3

PAM

3' CATGATATCGTTGAACTCAGCTCCTCTCCGTCTTCTGTACGACTACTCTTAAGGAAGACTACCTCGGAAAGATTA &'

mutated Point
PAM site mutation
5 GTACTATAGCAACTTGAGTCGAGGAGAACCAGAACACATGCTGATGAGAATTCCTTCTGATGGAGCCTTTCTAAT 3

I | | |
Homology arms (150bp) Homology arms (150bp)

Figure 4.10: Donor template design strategy.
HDR template with 150 bp homology arms flaking mutation site is designed. Following the 20 nt gRNA is the

PAM site where a silent mutation is introduced to prevent Cas9 from recutting. And desired point mutation is

introduced.

linearised plasmids were used, the plasmid was incubated with EcoRI-HF at 37°C
overnight. The digest was run on a 1% agarose gel to confirm plasmid linearisation
and subsequently purified using GenElute gel extraction kit.

Following transfection, cells were plated out into 96-well plated and stable clones
were selected using puromycin. The host plasmid contains a puromycin resistance
gene allowing cells containing the plasmid to grow. After 2-3 weeks of puromycin
selection, stable colonies were then selected and expanded into 24-well, and then 6-
well plates. Cells were then lysed and analysed using western blot to confirm the

presence of PLCy2. A platelet lysate and a WT DT40 lysate were both used as
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positive control, whereas a PLCy2 knockout DT40 lysate was used as negative
control.

As shown in Table 4.4, for all the mutations, cells transfected with the linearised
plasmid resulted in the growth of less colonies in comparison to cells transfected with
non-linearised plasmid. Although S707Y, L845F, and D993G knock-in transfections
led to the growth of stable clones, when screened using western blotting some of the
colonies lacked the expression of PLCy2 suggesting that the gene has been
disrupted resulting in protein knockout instead while others still expressed PLCy2 but
lacked the mutation.

In contrast, when transfected with non-linearised plasmid, one of the R665W knock-
in transfections contained the PLCGZ2 mutation. Figure 4.11A shows that colonies 1,
2 and 5 express PLCy2 and were therefore taken forward for sequencing to confirm
the presence of the mutation R665W. Genomic DNA extracts were prepared and the
region around the mutation was amplified using touchdown PCR (Table 4.3 R665W
forward and reverse primers).

To confirm the success of touchdown PCR, the PCR product was run on 1%
agarose gel and an expected band (238bp) was observed and extracted using a
GenElute gel extraction kit. The purified PCR product was sequenced using R665W
forward primers (Table 4.3) by Eurofins genomics. Sequencing results confirmed the
successful knock-in of the R665W mutation where the amino acid Arginine(R) was

substituted with the amino acid tryptophan (W) (figure 4.10 (B)).

However, transfecting the cells using the CRISPR/Cas9 approach led to the

introduction of an additional unintended mutation upstream of R665W as shown in

figure 4.11. Therefore, it was not possible to take this mutated cell line further and
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test the effect of the mutation, R665W, on PLCy2 activity. Where the effects

observed could be driven by the random mutation upstream.

Table 4.4: Number of colonies grown following stable selection

Mutation Number of colonies with Number of colonies with Number of
linearised plasmid non-linearised plasmid colonies with
mutation
R665W 5 1 1
S707Y 2 10 0
L845F 1 3 0
D993G 6 20 0
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(A)
R665W colonies

WT
PLT DT40 1 2 3 4 5 6 KO

' — — WB: PLCy2

S s aem ok | wa:Tubuiin
“. J
(B) Amino Acid position
651 660 670 680

l E Y -----+---------+--l

wTDT40 NLSRGEAEDHLHRIPRDGAFLIRKRDEPDSFAI
rRe6sW NLSRGKAEDHLHRIPHDGAFLIRKRDEPDSFAI

Figure 4.11: CRISPR/Cas9 introduced PLCy2 mutation, R665W, in DT40 cells.

(A) 1x10” of WT DT40 cells and stable cell mutant clones were lysed using 1x RIPA buffer. Cells
were lysed for 30 minutes prior to adding 6X SB and boiled for 5 minutes. Cells were centrifuged
and resolved using SDS-PAGE and western blotting for PLCy2 with anti-tubulin as loading control.
(B) DNA sequencing results of R665W knock-in shows the substitution of arginine to tryptophan at

amino acid position 665.
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4.4 Discussion

In this chapter, plasmids containing PLCy2 mutations were transiently transfected in
PLCy2 knockout cells and their effect on PLCy2 function was determined by
examining the luciferase activity using an NFAT-luciferase assay and compared to
WT PLCy2. Additionally, following the previous characterization of the PLCy2
inhibitor, U73122, in human platelets its effect on cells bearing the mutations has

also been tested.

In the previous chapter, the effect of U73122 was tested on several platelets
functions and was found to have a significant effect especially at a high
concentration (10uM). So, it was hypothesised that it would have a similar effect on
DT40 cells.

When measuring signalling in DT40 cells after PLCy2 activation, the NFAT-
luciferase-reporter assay may be utilised as it is an extremely sensitive and high
throughput assay Tomlinson et al., 2007, Takata and Kurosaki, 1996, Tomlinson et

al., 2001).

The effect of U73122 on the NFAT-luciferase activation was first assessed in
collagen or rhodocytin stimulated WT DT40 cells. U73122 has a similar effect on
both GPVI and CLEC-2 mediated signalling where it significantly decreased the
NFAT-luciferase activation in a concentration dependent manner. These results are
similar to the results seen in (section 3.3.3) when the calcium flux was measured
downstream of GPVI and CLEC-2 in platelets. These results also align with previous
studies showing that U73122 successfully reduces PLC mediated signalling

pathways by blocking the hydrolysis of PIP2 to IP3 and DAG (Bleasdale et al., 1990).
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It is worth noting that downstream of GPVI, U73122 decreased the calcium flux in
platelets in a concentration dependent manner whereas all concentration of U73122

had a big effect on decreasing the calcium flux downstream of CLEC-2.

When looking at unstimulated cells, cells bearing the PLCy2 mutations showed a
small but non-significant increase in the NFAT-luciferase activation in comparison to
the expression of WT PLCy2. This is not surprising as previous studies have shown
that these mutations are hyperactive (Zhou et al., 2012a). Surprisingly, in both
collagen and rhodocytin stimulated PLCy2 KO cells that were transfected with WT

hPLCy2, U73122 had no effect on decreasing the NFAT-luciferase activation.

When stimulated with either collagen or rhodocytin, all the mutations led to a
significant increase in the NFAT-luciferase activation in comparison to cells with WT
PLCy2. Due to the fact that these mutations led to gain-of function and are
resistance to ibrutinib, it was hypothesised that the U73122 might not have a
significant effect. Surprisingly, U73122 had a significant effect on decreasing NFAT-
luciferase activation. In cells with the SH2 domain mutations, R665W and S707Y,
U73122 had a significant effect on decreasing the NFAT-luciferase activation at 3uM
and 10uM when stimulated by collagen. Whereas cells transfected with the PH
domain mutation L845F, and the catalytic domain mutation D993G, U73122 had a
significant effect on decreasing the NFAT-luciferase activation only at its highest

concentration (10uM).

PLCy2's SH2 domain, as previously described, is required for binding to

phosphorylated tyrosine residues of signalling proteins, such as receptor tyrosine
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kinases. This contact is necessary for PLCy2’s activation and localization within the
cell. The role of the SH2 domain is to activate PLCy2, which then hydrolyzes PIP2
into IP3 and DAG that are essential for calcium signalling. Consequently, a mutation
on the SH2 domain such as R665W and S707Y, might lead to a change in the
binding affinity. Hence, SH2 domain mutations may potentially affect signalling by
changing the structure of the protein and therefore its binding affinity to
phosphorylated tyrosine residues. This is likely to influence on how well the protein
interacts with others. Although R665W has been shown to lead to a gain of function,
it is probable that the inhibition of the PLCy2 catalytic activity by U73122 will

counteract the hyperreactivity caused by the mutation.

PLCy2'’s stability and activity independent of upstream signals may be improved by
structural alterations brought about by the L845F mutation, which may affect its
regulatory activity or increase the enzyme's essential activity. D993G on the other
hand is located on the catalytic domain of PLCy2. Consequently, PLCy2’s catalytic
activity or stability may be improved, and its dependence on upstream signals
including interactions that U73122 would potentially inhibit may be reduced as a
result of a conformational change. This could explain why cells bearing the mutations

R665W and S707Y were more susceptible to U73122.

The effect of U73122 on the activity of PLCy2 mutations downstream CLEC-2 was
slightly different. In rhodocytin stimulated cells, U73122 had significant effect on
decreasing the NFAT-luciferase activation in cells bearing the D933G mutation at

3uM and 10uM. This could suggest that the CLEC-2 signalling pathway is more
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reliant on the activity of the catalytic domain of PLCy2 than GPVI. Whereas GPVI
mediated signalling could be more reliant on the SH2 domain.

Although using an overexpression system to transiently express PLCy2 mutations in
PLCy2 KO DT40s can be time efficient, it does not physiologically mimic the amount
of endogenous protein expressed. Therefore, in this project the CRISPR/Cas9 gene
editing approach was used to genetically induce PLCy2 specific knock-in point
mutants. Using both approaches will allow a comparison between the two, and up
until the time of this study there was no evidence in the literature on the use of
CRISPR/Cas9 to investigate the functional effects of PLCy2 mutations.

The CRISPR/Cas9 gene editing approach required transfecting the DT40 cells with a
gRNA Cas9 containing plasmid and a donor template plasmid. Some transfections
resulted in growth of colonies lacking the expression of PLCy2. This might be due to
a number of reasons. This might be due to the fact that HDR failed to happen and
NHEJ occurred leading to complete protein knockout. Another possibility might be
that the Cas9 enzyme failed to create a DSB in the first place which will prevent the
cells form repairing it. This can happen if the Cas9 remains bound and does not
release (Knight et al., 2015). Other transfection attempts resulted in the complete
knockout of PLCy2 instead of the knock-in of the mutations. This is can also be due
to NHEJ taking place instead of HDR. Another explanation to this might be the fact
that DT40 have low HDR efficiency (around 20%) and hence a knockout will more

likely be generated that a knock-in (Abu-Bonsrah et al., 2016).

Regardless, there are strategies that can be implemented to increase the chances of

success. Studies have suggested using a linearised plasmid when transfecting the

cells instead. To further optimize the chance of HDR, we linearised the donor
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template plasmid with restriction enzymes. This has been suggested by Ran et al., to
result in a more efficient repair. However, a linearised plasmid might be better
integrated as circular plasmids can undergo random fragmentation at various
locations throughout the plasmid to facilitate integration (Song and Stieger, 2017). In
this study, although testing this approach resulted in the growth of colonies, when
sequenced the cells did not contain the desired mutation.

Lastly, when compared to double-stranded DNA (dsDNA), the utilisation of single-
stranded DNA (ssDNA) in CRISPR systems provides an advantage. In terms of
efficiency and cytotoxicity, research has shown that utilising ssDNA is more effective

and less harmful than utilising double-stranded DNA dsDNA (Eroglu et al., 2023).

Additional PLCy2 mutations, such as A708P and M1141L, are rare mutations that
are primarily associated with autoinflammatory diseases and certain
immunodeficiencies. Specifically, they have been linked to PLAID (PLCy2-
associated antibody deficiency and immune dysregulation) and APLAID
(autoinflammation and PLCy2-associated antibody deficiency) (Walliser et al., 2018,
Novice et al., 2020). A708P and M1141L can have significant implications for platelet
reactivity and cardiovascular risk. These mutations may lead to a gain-of-function
alteration in PLCy2 (Martin-Nalda et al., 2020, Novice et al., 2020), resulting in
increased platelet activation through enhanced signal transduction pathways.
Consequently, this heightened platelet reactivity can increase the risk of thrombotic
events, such as myocardial infarction or ischemic stroke, indicating a
hypercoagulable state that necessitates careful monitoring and potential antiplatelet
therapy. Carriers of the A708P and M114L mutations may therefore face an elevated

risk of cardiovascular events due to this increased platelet reactivity.

159



The effect of A708P and M114L on platelet reactivity and PLCy2 activity can also be

investigated using the either the CRISPR/Cas9 or the overexpression approach.

To study the effect of A708P and M114L on platelet reactivity, the CRISPR/Cas9 or
the overexpression approach could be used. This mutation could be introduced into
a cell line, such as DT40 cells, in order to study intracellular signalling and protein
interaction.

Furthermore, in order to examine the effect of these mutations on platelet activity
and thrombus formation, zebrafish could be used an in vivo model. Where
CIRSPR/Cas9 is used to knock-in these mutations and thrombus formation is

examined using laser injury.
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Chapter 5: U73122 prevents thrombosis and increases occlusion
time in zebrafish embryos.

5.1 Introduction

5.1.1 Zebrafish as a biological model for thrombosis.

The zebrafish model (Danio rerio) possesses several benefits making it an ideal
model for researching thrombosis. They have rapid generation times of
approximately 2-4 months, and they are suitable for large scale screening due to
their high reproductive capacity, and ease of fertilisation (Weyand and Shavit, 2014,
Lang et al., 2010). Moreover, the transparent nature of zebrafish embryos and larvae
permits high-resolution, non-invasive visualisation of organs and biological

processes in vivo (Gregory et al., 2002).

Zebrafish have a significant level of genetic similarity to humans where 70% of
human genes are orthologous to zebrafish genes (Howe et al., 2013). There is a
great number of parallels between the zebrafish and the human haemostatic system
that have led to zebrafish being an extremely useful model for studying thrombosis
and haemostasis. Although zebrafish do not possess platelets, zebrafish
thrombocytes serve a similar purpose as human platelets. The initial identification of
zebrafish thrombocytes was made by the morphological investigation of peripheral
blood smears. Zebrafish blood comprises adult erythrocytes, leukocytes, and
thrombocytes, both of which are nucleated, in contrast to the anucleate nature of
human platelets and erythrocytes (Jagadeeswaran et al., 1999). Zebrafish also have

common genes encoding elements of platelet adhesion, activation, and aggregation,
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that are also present in humans. This includes vwF, GPIb, GPlIIb, fibrinogen, allbpf3
and P-selectin (Jagadeeswaran et al., 1999, Lang et al., 2010). Although zebrafish
lack GPVI, Hughes et al., have found that similarly to the GPVI collagen receptor in
mammals, G6f-like (G6fL) is a functional receptor for collagen in zebrafish
thrombocytes (Hughes et al., 2012). In addition, it has been determined that CLEC-2
and podoplanin have orthologues in zebrafish (Alice Pollitt, personal
communication). Moreover, zebrafish have coagulation factors and thrombocyte
receptors (Jagadeeswaran et al., 2005), and they exhibit a response to anticoagulant
and antiplatelet medications such as warfarin (Jagadeeswaran and Sheehan, 1999),
aspirin, clopidogrel, and diltiazem (Zhang et al., 2017) that are often employed in
clinical therapy. Moreover, previous research has demonstrated that agonists such
as ADP, ristocetin, and arachidonic acid are capable of stimulating zebrafish
thrombocytes, which is in line with the agonists used to aggregate human platelets.
These results confirmed the conservation of ADP, thrombin, ristocetin, and vVWF

receptors (Jagadeeswaran et al., 1999).

5.1.2 Laser induced injury in zebrafish.

Due to the presence of all the components seen in the mammalian coagulation
cascade, zebrafish have been used as a model for investigating thrombosis. The
study of thrombosis in zebrafish has been facilitated by several methods

. This was either by using chemicals such as phenylhydrazine or ferric chloride which
are known to cause vascular injury in mammals, or alternatively by laser induced
injury (Jagadeeswaran et al., 2004). Using laser induced injury, studies investigated
fibrinogen's function in early haemostasis (Freire et al., 2020) and the evaluation of

antithrombotic medications (Zhu et al., 2016). Using this assay, vascular injury can
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be induced by a pulsed nitrogen laser targeting either the dorsal artery or the caudal
vein resulting in occlusion. Therefore, using the laser injury model tends to be more
specific and precise than using chemical-induced injuries due to the fact that it can
target specific areas without affecting surrounding areas. This qualifies laser induced
injury as the preferred model when studying thrombosis in zebrafish

(Jagadeeswaran et al., 2004, Jagadeeswaran et al., 2011).

5.1.3 Vascular system development in zebrafish.

As previously described, platelets play a role in blood and lymphatic vasculature
development. More specifically, the role PLCy2 plays in this development was also
examined in mouse models. To further examine the role PLCy2 plays in mediating
the development of blood and lymphatic vasculature in this study, zebrafish was
used as an in vivo model. Within the past several years, zebrafish have become a
significant vertebrate model system for researching the development of the vascular
system. Zebrafish have several vascular properties that are quite similar to those in
humans and to other animals. This includes possessing a closed circulatory system,
and the anatomical structure and molecular mechanism of vascular development
(Isogai et al., 2001). In addition, recent research has demonstrated that zebrafish
contain a lymphatic vascular system, which makes it an excellent model for
examining the development of this distinct and independent vascular network

(McKinney and Weinstein, 2008).

When it comes to the development of the vertebrate embryo, the establishment of

the cardiovascular system is an extremely important factor. The two distinct cell

populations, primitive hematopoietic cells, and vascular endothelial precursor cells
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(also known as angioblasts) are both produced by hemangioblasts throughout
embryogenesis (Eilken et al., 2009, Lancrin et al., 2009). Endothelial and
hematopoietic cells in zebrafish embryos develop in close proximity to one other,
similar to other vertebrates, and are believed to originate from a shared progenitor
know as haemangioblast(Kobayashi, 2018, Vogeli et al., 2006). Although zebrafish
embryos exhibit unique spatial development of two cell lineages compared to other
vertebrates, it is believed that they are dependent on the same genetic programmes
to develop (Detrich et al., 1995). Vascular system development in zebrafish includes
two processes: vasculogenesis and angiogenesis. Vasculogenesis is the process by
which angioblasts generate new blood vessels whereas angiogenesis refers to the
process by which new blood vessels develop from existing vessels (Risau et al.,
1988). Vascular development is known to depend on a number of important
elements. Previous literature has established that vasculogenesis and angiogenesis
both depend on the vascular endothelial growth factor (VEGF) family and its
receptors (VEGFR) (Carmeliet et al., 1996, Ferrara et al., 2003). When angioblasts
begin to migrate from the lateral plate mesoderm to the midline, which occurs at
around 12 hours post fertilisation (hpf) in zebrafish, vasculogenesis begins. Then at
approximately 20 hpf, the dorsal aorta (DA) (figure 5.2 A) is formed when angioblasts
develop into arterial precursor cells and the posterior cardinal vein (PCV) (figure 5.2
A) is formed when they differentiate into venous precursor cells. Then at
approximately 22 hpf, sprouting angiogenesis takes place from the DA. This occurs
after main axial arteries have been formed. At 28-30 hpf, the sprouting vessels that
would become the future intersegmental vessels (ISV) as shown in figure 5.2 A,

expand dorsally until they eventually converge at the level of the dorsal neural tube.
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They then fuse with nearby vessels to create the dorsal longitudinal anastomotic
vessel (DLAV) (figure 5.2 A) (Childs et al., 2002, Hogan and Schulte-Merker, 2017).
In a study by Wang et al., the role of Btk in vascular development of zebrafish larvae
was investigated via the inhibition of Btk by ibrutinib. Firstly, they observed that
treating zebrafish with ibrutinib resulted in pericardial edema, lower heart rate, and a
shorter body length of the zebrafish. Moreover, treating embryos with 1uM ibrutinib
had no significant effect at 6 days post fertilisation in contrast to treating the fish with
20puM which led to 100% lethality at 12 hpf. Furthermore, 60% of the zebrafish
embryos survived when treated with SuM ibrutinib whereas all embryos died when
treated with 10uM at 6 days post fertilisation. This study has also shown that that
5uM and 10uM of ibrutinib decreased the percentage of the normally developed
ISVs significantly in comparison to control embryos. Since there is no evidence of a
direct connection between Btk and angiogenesis, the target protein that ibrutinib
suppresses in angiogenesis is not believed to be Btk. This was confirmed in
zebrafish embryos by Btk knockdown by Btk morpholinos and by treatment with
spebrutinib, another well-known Btk inhibitor where the impact on angiogenesis was

negligible (Wang et al., 2020).

5.1.4 Lymphatic system development in zebrafish.

The lymphatic system is necessary for the maintenance of fluid homeostasis and
also plays a major role in in immunity (Baluk et al., 2007). Although significant, when
compared to blood vessels, lymphatic vessels are less well understood in terms of
their formation and function, despite their significance. This is mostly due to

challenges with in vivo lymphatic channel imaging. Additionally, in comparison to the
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vascular system, the lymphatic system develops at a later stage (starting from 48
hpf) (Jung et al., 2017, Feng et al., 2021).

With the emergence of zebrafish as a popular model for in vivo research, several
studies have demonstrated that there are numerous physical, genetic, and functional
traits of lymphatic vessels in other vertebrates are also shared by the lymphatic
system of zebrafish (Kuchler et al., 2006). Most of the research has made use of
body transparency and different transgenic and tracing methods to study zebrafish
lymphatic development throughout the embryonic stage. Numerous studies
conducted in the past have characterised the process of lymphangiogenesis in
zebrafish embryos. This process involves the formation of the trunk lymphatic
network, the face lymphatic network, and the intestinal lymphatic network (Feng et
al., 2021). Additionally at 36 hpf, the facial lymphatic sprout (FLS) is formed when
lymphangioblasts sprouting from the common cardinal vein begin to generate face
lymphatic vessels. Beginning their migration from the posterior cardinal vein 48 hpf,
the lymphangioblasts lining the trunk lymphatic veins will eventually migrate to the
dorsal myoseptum and undergo a metamorphosis into parachordal
lymphangioblasts. By 120 hpf (5 days post-fertilization (dpf)), the fish's lymphatic
vasculature progresses to form artery alongside the dorsal longitudinal anastomotic
vessel the thoracic duct (TD) under the dorsal aorta (DA) and the dorsal longitudinal

lymphatic ash shown in figure 5.2 B(Jung et al., 2017, Okuda et al., 2012).
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Thrombocytes appear in

Vasculogenesis ISV formation begins. circulation.
begins Beginning of circulation Development of facial
lymphatics
12hpf 22hpf 23-24hpf 32hpf 36hpf 120hpf

Angioblasts differentiate
forming dorsal artery
and
posterior cardinal vein.
Heartbeat begins

Trunk lymphatic
vasculature forms the
thoracic duct and dorsal
longitudinal lymphatic
vessel

Sprouting of venous
endothelial cells
from posterior cardinal
vein

Figure 5.1: Timeline of key vascular and lymphatic developmental stages

Timeline shows key developmental stages of vascular and lymphatic system of zebrafish over 120
hours post fertilisation (hpf).
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(A) Kdrl:GFP

Yolk Sac

(B) Lyvel:DsRed

Figure 5.2: The anatomy of the vascular and lymphatic system in zebrafish at 96 hpf

Tg (lyve1: DsRed; kdrl: GFP) embryos were fixed, mounted and imaged using confocal
microscopy at 96 hpf. Highlighted in the vascular system (A) are the common cardinal vein
(CCV), supraintestinal artery (S1V), dorsal longitudinal anastomotic vessel (DLAV), dorsal
artery (DA), posterior cardinal vein (PCV), caudal artery (CA), and caudal vein (CV). The
lymphatic system (B) shows dorsal longitudinal lymphatic vessel (DLLV), parachordal
lymphatic vessel (PLV), thoracic duct (TD), and the intersegmental lymphatic vessels (ISLV).

168



5.2 Aims and hypothesis

5.2.1 Aims:
- To characterise the effect of PLCy2 inhibition by U73122 on the vascular and
lymphatic vasculature development in zebrafish embryos.
- To investigate the role PLCy2 plays in thrombus formation in zebrafish

embryos.

5.2.2 Hypothesis:
Pharmacological inhibition of PLCy2 will inhibit thrombus formation and lead to

defects in the development of the lymphatic vasculature in zebrafish embryos.
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5.3 Results

5.3.1 PLCy2 is conserved in human and zebrafish.

In this thesis, the role of PLCy2 has been investigated using human platelets and a
DT40 cell model. Zebrafish has been used in this an in vivo model in order to
characterise the effect of U73122 on PLCy2. Therefore, it was first important to
confirm that PLCy2 is conserved across humans and zebrafish.

PLCy2 protein sequences from (Homo sapiens, AAH18646.1) and Zebrafish (Danio
rerio AAI64582.1) were aligned using Multialin

(http://multalin.toulouse.inra.fr/multalin/) and presented with ESPrit 3

(https://espript.ibcp.fr/ESPript/ESPript/). The location of the PLCy2 domains were

determined using Simple Module Architecture Research Tool (SMART).
Using ESPrit 3, it was determined that the mean percentage of identity between the
human and zebrafish PLCy2 is around 57%. Also, while the human PLCy2 consists

of 1265 amino acids, PLCy2 in zebrafish constitutes of 1240 amino acids.
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Figure 5.3: PLCy2 protein is conserved between humans and zebrafish.

PLCy2 sequences from humans (Homo sapiens, AAH18646.1) and zebrafish (Danio
rerio AAI64582.1) were aligned using multialin and displayed using ESPrit3.
Highlighted in red are conserved amino acids across species. Black lines highlight
PLCy2 domains.
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5.3.2 The PLCy2 inhibitor, U73122, is lethal to zebrafish embryos.

Zebrafish has also gained popularity as a valuable model for toxicity screening due
to its transparent nature, ease of maintenance, fecundity, and due to their cost-
effectiveness and ability to quickly evaluate the toxicity of different substances
(Kimmel et al., 1995, Chahardehi et al., 2020).

In previous chapters, the effect of the PLCy2 inhibitor U73122 was investigated and
characterised using human platelets and DT40 cells. However, there is a lack of
evidence in the literature on the effect of U73122 on zebrafish embryos. Therefore,
to be able to test the effect of PLCy2 inhibition on zebrafish development and
thrombus formation, it was firstly important to characterise its effect and toxicity on
zebrafish embryos and their development. Due to the fact that U73343 has no effect
on PLC’s but, also like U73122 it inhibits cPLAZ2 activation, it was used a negative
control (Heemskerk et al., 1997). Also, since the effect of ibrutinib on vascular

development has been established in zebrafish, it was used as a positive control.

Zebrafish embryos were either incubated with DMSO (0.1%(v/v) (vehicle control),
U73122 (figure 5.4 A), U73343 (figure 5.4 B), or ibrutinib (figure 5.4 C) at 6 hpf for 72
hours. Media containing the compounds was changed and survival was observed
every 24 hours. In vehicle control fish, it was observed that 90% of fish survived up
to 72 hours post-treatment, where only 10% died during the 24 hours-post treatment
period. This is normal as the 10% mortality threshold is accepted in zebrafish
toxicology assays according to OECD Guidelines for the Testing of Chemicals.
Similar results were observed when treating the fish with 0.01uM of U73122. When

treated with 0.1uM U73122, 75% of fish survived up to 72 hours post treatment.
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Surprisingly, figure 5.4 A shows that treating the embryos with 1uM and over of

U73122, resulted in 100% lethality at 24 hours post treatment.

On the other hand, when fish were treated with U73343 (U73122 analogue), most
fish survived up to 72 hours post treatment. Even when treated with high
concentrations (10uM and 20uM), the survival rate was around 90%.

In zebrafish embryos treated with 1uyM and 3uM ibrutinib, 90%-95% of fish survived
up to 72 hours post treatment, respectively. This is consistent previous data in the
literature where fish treated with 1uM survived up to 144 hpf 6 dpf (Wang et al.,
2020). When the survival rate was observed in zebrafish treated with 10uM ibrutinib
however, 95% of fish survived the first 24 hours of treatment (hpt) but 10uM was
lethal to all fish between 24 hpt and 48 hpt. Also, 20uM of ibrutinib was lethal to all
fish by 24 hpt. These results demonstrate that U73122 can be toxic and lethal to

zebrafish embryos even at low concentrations.
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Figure 5.4: U73122 is lethal to zebrafish embryos.

20 zebrafish embryos were treated with (A) U73122, (B) U73343, (C) ibrutinib, or DMSO for
vehicle control for 72 hours. Drugs were changed and survival was observed every 24 hours.
Survival percentage was generated using Kaplan-Meier plot (n=3).
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5.3.3 U73122 has no significant effect on the development of the vascular and
lymphatic systems in zebrafish.

Given its possible role in angiogenesis and vascular maintenance, the function of
PLCy2 in the maturation of vasculature has been previously investigated in mice
(Ichise et al., 2009b). Using genetic approaches and mouse models, Ichise et al.,
have demonstrated the critical role PLCy2 plays in initiating and maintaining the
separation of blood and lymphatic vasculature.

In this study, using U73122, the effect of inhibiting PLCy2 on the development of the
vascular and lymphatic system was investigated in zebrafish embryos.

A transgenic zebrafish reporter line, which expresses lyve1: DsRed, a marker for the
lymphatic vessels, and kdrl:GFP, a marker for the blood vessels were treated with
vehicle control (0.1% DMSO(v/v), U73122 (0.01uM, 0.1uM), U73343 (1uM, 3uM,
10uM),or ibrutinib (1uM, 3uM, 10uM) for 96 hours. Zebrafish embryos were then
fixed, mounted, and imaged using confocal microscopy.

Figure 5.5 showed that when treated with 0.01uM or 0.1uM of U73122, there were
no visible abnormalities of deformities in the development of the blood vasculature in
the zebrafish head and trunk. Additionally, when compared to vehicle control-treated
fish, there was no significant effect on the length (figure 5.6 A) or the number of the
intersegmental vessels (ISV) (figure 5.6 B). Similar results were also observed when
embryos were treated with U73343 and ibrutinib.

The effect of U73122 was also tested on the lymphatic development in zebrafish.
However, similar to the development of the blood vasculature, no visible effects were
observed (figure 5.5). When quantified, the number and length of the intersegmental

lymphatic vessels (ISL) were also similar to vehicle control fish (figure 5.7).
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In conclusion, these results demonstrate that the inhibition of PLCy2 using U73122
has no significant effect on the vascular or lymphatic development in the surviving

zebrafish embryos at 96 hpf.
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Figure 5.5: Figure: U73122 has no effect on the development of the vascular and lymphatic systems in
zebrafish.

Zebrafish embryos were treated with U73122 (0.01uM, 0.1uM), U73343 (1uM, 3uM, 10uM) or ibrutinib (1uM,
3uM, 10uM) or DMSO (0.1(v/v)) for vehicle control at 6 hpf. Embryos were then fixed, mounted in low melting
temperature agarose, and imaged using confocal microscopy at 96 hpf. Whole fish (A) were imaged using 4x

lens and trunks (B) were imaged using 10x lens. Scale bar:50um.
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Figure 5.6: U73122 has no significant effect on the length or number of intersegmental
vessels in zebrafish embryos.

Zebrafish embryos were treated with DMSO (V) (0.1%(v/v)), U73122 (0.01uM, 0.1uM),
U73343 (1uM, 3uM, 10uM), or ibrutinib (1uM, 3uM) 6 hours post fertilization. Embryos were
then fixed, mounted, and imaged using confocal microscopy 96 hours post fertilization. Each
point represents an individual fish over multiple experiment. (A) The intersegmental vessel
length was measure and analyzed using Image J.(B) The number of intersegmental vessels
was counted manually. Statistical significance was determined using one-way ANOVA with
Dunnett’s post-test. Graph shows mean + SD. n values range from 5 to10.
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Figure 5.7: U73122 has no significant effect on the length or number of intersegmental
lymphatic vessels in zebrafish embryos.

Zebrafish embryos were treated with DMSO (V) (0.1%(v/v)), U73122 (0.01uM, 0.1uM),
U73343 (1uM, 3uM, 10uM), or ibrutinib (1uM, 3uM) 6 hours post fertilization. Embryos were
then fixed, mounted, and imaged using confocal microscopy 96hours post fertilization. Each
point represents an individual fish over multiple experiment. (A) The intersegmental vessel
length was measure and analyzed using Image J. (B) The number of intersegmental
lymphatic vessels was counted manually. Statistical significance was determined using one-

way ANOVA with Dunnett’s post-test. Graph shows mean = SD. n values range from 5 t010.
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5.3.4 The inhibition of PLCy2 leads to extended time to occlusion and lack of
thrombus formation.

The role of PLCy2 in platelet activation and thrombus formation has been
investigated in previous studies using mouse models. Using PLCy2 deficient mice,
Mangin et al., have demonstrated that the absence of PLCy2 leads to a prolonged
bleeding time (Mangin et al., 2003). When using laser injury in PLCy2 deficient mice,
Nonne et al., demonstrated lack of thrombus formation in mesenteric arterioles in
vivo (Nonne et al., 2005). Although zebrafish has been previously used as a model
for laser injury, there was no evidence in the literature exploring the role PLCy2 plays

in thrombus formation in zebrafish.

At 4 days post fertilisation, zebrafish embryos were incubated with DMSO vehicle
control (0.1% (v/v)), U73122 (0.01uM, 0.1uM), U73343 (1uM, 3uM, 10uM), or
ibrutinib (1uM, 3uM, 10uM) for 2 hours. Zebrafish larvae were anesthetized in MS-
222 and mounted on glass bottom dish in low melting temperature agarose. Laser
ablation was induced by 4 pulses to the caudal artery directly above the cloaca and

time to occlusion was observed for 5 minutes.

The average time to occlusion observed in control fish was 134 seconds. When
compared to vehicle control larvae, treating the fish with 0.01uM and 0.1uM of
U73122 led to a significantly extended time to occlusion. In the majority of the fish
treated with 0.01uM and 0.1uM U73122, there was no occlusion observed at the 5
minutes cut-off. However, occlusion was observed in some of the U73122 treated
fish. The average time to occlusion in fish treated with 0.01uyM and 0.1uM U73122
was 216 seconds and 266 seconds respectively, a significant increase of 61.19 %

and 98.51% respectively. When fish were treated with 10uM of the analogue
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(U73343), occlusion time was similar to that in control fish (160 seconds) at the 5

minutes cut-off (figure 5.8A).

When treated with 1uM ibrutinib, time to occlusion was similar to that in control fish,
however there was no occlusion observed in fish treated with 3uM and 10uM
ibrutinib at the 5-minute cut-off. On another note, it should be noted that in some fish
multiple thrombocytes adhere to injury site. However, the thrombus formed is not
stable enough and ends up embolised hence no occlusion (figure 5.7 C, ibrutinib).
The thrombus size was also quantified using ImageJ (figure 5.7B). Surprisingly, fish
treated with 0.01uM of U73122 had a significantly larger thrombus in comparison to

control fish.

All together, these results demonstrate that the inhibition of PLCy2 results in

inhibition of thrombus formation in zebrafish.
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Figure 5.8: U73122 significantly reduces the time to occlusion upon laser injury in zebrafish.

At 96 hpf, zebrafish embryos were treated with DMSO (0.1%(v/v)), U73122 (0.01uM, 0.1uM), U73343 (1uM,
3uM, 10uM), or ibrutinib (1pM, 3uM, 10uM) for 2 hours prior to laser-induced injury and time to occlusion was
observed. (A) Time to occlusion was observed upon laser injury in the dorsal aorta. A 300 second cut off is used
to determine no occlusion. (B) Size of occlusion as measure using Imaged. (C) Time lapse images of larvae
before and after laser induced injury. n values range from 5 to 10.
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5.4 Discussion

The genetic and functional similarities between zebrafish and humans in relation to
haemostatic factors and platelet function have made zebrafish a good model for
studying thrombosis. Zebrafish thrombosis models have also been successfully
developed by researchers to evaluate antithrombotic medications and explore the
impact of different substances on thrombosis (Zhu et al., 2016). In addition, zebrafish
have become an important model for investigating vascular and lymphatic
development. The presence of a lymphatic vascular system and their transparency
enables easy visualisation (Jung et al., 2017, Jung et al., 2016)

In this study, the zebrafish was used as an in vivo model to investigate the role of

PLCy2 in thrombus formation and lymphatic vascular development.

Previous studies using mouse models have established that the lack of PLCy2 leads
to lack of separation of blood and lymphatic vessels (Ichise et al., 2009b). And since
zebrafish embryos were treated with a variety of drugs before vasculogenesis begins
a 12 hpf, it was expected for U73122 to have an effect on the development of the
vasculature. However, when zebrafish embryos were treated with 0.01uM and 0.1uM
of the U73122, there were no significant malformations observed in the lymphatic or
vascular system. It's worth noting however that this was only in the surviving fish as
most of fish did not survive. Indeed, when examining the toxicity effect of the drugs,
U73122 seemed to be toxic to zebrafish embryos where 1uM, 3uM, and 10uM were
lethal to zebrafish embryos just 24 hours post treatment. This could be due to the
fact that the inhibition of PLCy2 perturbs the lymphatic/vascular development of

zebrafish and hence lethal to zebrafish embryos (Ichise et al., 2016).
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In a study by Manne et al., mice either deficient in Btk or Tec had normal separation
in their blood and lymphatic vessels. But when introducing a Btk/Tec double
knockout, mice displayed blood-filled lymphatics (Manne et al., 2015). And when the
role of ibrutinib was examined on the vascular development, the results have shown
a significant decrease on the number of normal ISVs forming. However, when this
mechanism was further examined, the authors have found that the malformations
caused by ibrutinib is not by the direct inhibition of Btk. But due to its established
effect on the lymphatic and vascular development, ibrutinib was used as a positive
control in this study (Wang et al., 2020).

Similar results were seen when embryos were treated with ibrutinib. 1uM and 3uM
ibrutinib seem to have no significant effect on the development of the vasculature or
lymphatic system in zebrafish embryos. However, 10uM of ibrutinib was lethal to
zebrafish embryos around 48 hours post treatment. This could indicate that ibrutinib
disturbs the vascular and lymphatic development in zebrafish. This is supported by
evidence in the literature where 5uM and 10uM ibrutinib led to malformation of the
vasculature and a decrease in the number of normal ISVs observed (Wang et al.,
2020).

Moreover, U73122 and ibrutinib showed no significant effect on the lymphatic
development in zebrafish embryos up to 96 hpf. This could be explained by the fact
that the full lymphatic development and establishment in zebrafish takes place at
later stages that the vasculature development (Figure 5.1). Therefore, potential
future work could either expose the zebrafish to treatments for longer time period of
times or treat the fish with the drug at a later stage.

The PLCy2 inhibitor U73122 was used and characterised in previous chapters.

When tested on human platelets, 3uM and 10pM of U73122 led to a significant
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decrease in platelet aggregation in comparison to untreated platelets. In addition,
previous evidence in the literature has shown that PLCy2 deficient mice have
prolonged bleeding time (Mangin et al., 2003) and impaired thrombus formation upon
laser injury (Nonne et al., 2005). Therefore, it was hypothesised that zebrafish
embryos treated with U73122 would have prolonged occlusion time and reduced
thrombus formation.

Results from this chapter align with previous evidence in the literature where PLCy2
deficient mice have a defective and delayed thrombus formation (Nonne et al.,
2005). In 50% and 77% of embryos treated with as low concentrations as 0.01uM
and 0.1uM of U73122 respectively, there was a significant decrease in the time to
occlusion at the 5-minute cut off. However, larger thrombi were observed when
zebrafish were treated with 0.01uM U73122.

Where several thrombocytes adhered to the site of injury however, the thrombus was
not stable enough to lead to occlusion. Although U73122 could impair the ability of
thrombocytes to form a stable thrombus, coagulation factors such fibrin or red blood
cells can get caught in thrombus. This could lead to the formation of larger but less

stable thrombus.

This shows that the inhibition of PLCy2 even by low concentrations of U73122 has a
significant effect on thrombus formation in zebrafish.

In conclusion, results from this chapter demonstrate the central role PLCy2 plays in
thrombus formation in zebrafish. Also, although low concentration of U73122 showed
no significant effect on the vasculature lymphatic development in zebrafish, the
death of zebrafish embryos when treated with higher U73122 concentrations could

be related to disruptions in the development of zebrafish embryos.

187



Chapter 6: General discussion

6.1 Summary of results

This study investigates the structure/function relationship of PLCy2 downstream of
GPVI and CLEC-2. This was established by using the PLC inhibitor U73122 in vivo

and in vitro along with PLCy2 ibrutinib-resistant mutations in cell line models.

Firstly, the role PLCy2 plays downstream of hem(ITAM) receptors was studied using
U73122 in several platelet function assays. This allowed the characterisation of
U73122 downstream of CLEC-2 for the first time. The effect of U73122 was initially
screened using PBA as it allows the use of several agonist and inhibitor
concentrations. Using PBA also allows the selection of appropriate agonist
concentration to use in other platelet function assays. The effect of U73122 on
inhibiting platelet aggregation and platelet adhesion was more significant
downstream of GPVI. Whereas U73122 significantly decreased the calcium flux and

platelet spreading in a similar manner downstream both GPVI and CLEC-2

Secondly, this study further investigates the structure/function relationship of PLCy2
using the ibrutinib-resistant gain of function PLCy2 mutations and U73122. This was
achieved by using an overexpression system and an NFAT-luciferase assay.

PLCy2 knockout cells were transiently transfected with plasmids containing the
PLCy2 mutations and the luciferase activity was examined. The results showed that
in comparison to cells transfected with WT hPLCy2, cells with the mutations showed
a significant increase in the GPVI and CLEC-2 mediated signalling. However,

U73122 significantly decreases the signalling downstream of both GPVI and CLEC-
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2. In collagen stimulated cells bearing the R665W and S707Y mutation, U73122
significantly decreased the signalling at 3uM and 10uM, whereas in cells bearing
L845F and D993G only 10uM of U73122 have a significant effect on decreasing the
luciferase activity downstream of GPVI. In contrast, in cells with the S707Y and
D993G mutation, U73122 was able to decrease the luciferase activity significantly at
3 and 10uM. Also, U73122 significantly decreased the luciferase activity of cells
bearing R665W and L845F and only 10uM downstream of CLEC-2. This highlighted
the potential difference in the role of PLCy2 domains downstream of GPVI and

CLEC-2.

The overexpression system is considered to be qualitative due to the expression
level of the protein of interest not being similar to the physiological level of protein
expression. Therefore, the CRISPR/Cas9 approach was used in parallel with the
overexpression system to generate PLCy2 mutation knock ins in WT DT40. Using
this approach, we were able to introduce the R665W mutation in the SH2 domain in
WT DT40 cells.

On the other hand, using the CRISPR/Cas9 approach led to the introduction of an
intended mutation upstream of R665W. Additionally, attempts to knock-in other
mutation such as S707Y, L845F, and D993G were unsuccessful. Consequently, no

further work was done using this mutant cell line.

Finally, the role of PLCy2 plays in thrombus formation and the lymphatic vascular
development was examined in vivo using zebrafish as a model. U73122’s toxicity
was firstly assessed in zebrafish embryos, and the results show that concentration

including and above 1uM are lethal to zebrafish embryos at 24 hours post treatment.
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Consequently, lower concentrations (0.01uM and 0.1uM) were used. The role PLCy2
plays in blood and lymphatic vasculature development was examined in Tg (lyve1:
DsRed; kdrl:GFP) zebrafish using U73122. It was surprising to see that U73122 had
no significant effect on the number and length of intersegmental vessels in zebrafish
at 96 hours post fertilization. But this could be explained by the fact that the survival
rate in treated zebrafish embryos was low, which is possibly a result of defects and

malformations in the blood and lymphatic vasculature.

6.2 Future directions for PLCy2 structure/function: the role of key tyrosines

As previously described, PLCy2 has 4 key tyrosine phosphorylation sites: Y753,
Y759, Y1197, and Y1217 (Watanabe et al., 2001). Y753 and Y759 are located
between the SH2 and the SH3 domain, while Y1197 and Y1217 are in the C terminal

domain (figure 6.1).

In a study by Kim et al, it was suggested that Y753 and Y759 are the primary
locations of phosphorylation in both platelets and T-cells, but in B-cells, Y753, Y759
and Y1217 were all phosphorylated following receptor activation. Furthermore, in
stimulated B-cells, Y1217 was phosphorylated at three times higher levels compared
to Y753 and Y759. In all three cell types, Y1197 did not appear to be significantly
phosphorylated. The authors also linked lipase activity to these phosphorylations,
concluding therefore that lipase activity was correlated with pY753 and pY759 (Kim
et al., 2004). This suggests that Y1217 does not contribute to the lipase activity of

PLCy2.
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This is interesting because a number of studies in platelets have measured pY753,
pY759 and pY1217 in both GPVI and CLEC-2 activated platelets in a somewhat
routine manner, although direct measures of lipase activity are not routine. In a pair
of studies by Nicholson et al., pY1217 is shown following either GPVI or CLEC-2
activation, which disagrees with May et al., (Nicolson et al., 2018, Nicolson et al.,
2021). They do however, show residual phosphorylation of Y1217 following ibrutinib
treatment downstream of GPVI, which suggests that this residue is indeed

dispensable for lipase activity, somewhat agreeing with May et al.,.

In a different study by Watanabe et al., the authors suggested, using in vitro kinase
assays that all four tyrosine residues in rat PLCy2 (which are also conserved in
humans) are phosphorylation sites that are phosphorylated by Btk and are critical for
BCR signalling. A number of mutant PLCy2 constructs were used to measure
signalling in PLCy2 deficient DT40 cells, with tyrosine replaced with phenylalanine
(Y753F, Y759F, Y1197F, and Y1217F) (Watanabe et al., 2001). Although the exact
mechanism underlying the function of these tyrosine residues remains unclear, this
study showed the role of Btk in phosphorylating the four residues.

When assessing how the activation of PLCy2 was influenced by mutating each
tyrosine residue individually, the maximal calcium mobilisation levels were 55%,
66%, 32%, or 30% for the single mutants Y753F, Y759F, Y1197F, and Y1217F,
respectively when compared to the cells expressing the WT PLCy2. Moreover, 45 %
of the calcium mobilisation was observed when mutating two tyrosine residues at the
same time (Y753F/Y759F). On the other hand, the substitution mutations in all the
tyrosine residues led to a decrease in IP3 production and calcium mobilization

downstream of BCR where mutations in all four sites together had only 16% of the

191



calcium mobilization. This emphasises that all four of tyrosine residues are essential
to mediate PLCy2 activation and function in B cells. The tyrosine residues might also
impact several aspects of PLCy2's activation and function including conformational
changes, improved recognition of the PIP2 substrate, and change of protein-protein
interactions. Consequently, the relative orientation of domains, such as the SH2 or
PH domains, may impact PLCyZ2's interaction with membrane lipids or other

signalling proteins.

Interestingly in platelets, Nicolson et al., found that Btk kinase function is required for
CLEC-2 signalling, agreeing with Watanabe et al., but for GPVI signalling, Btk kinase
function was not required. This suggests heterogeneity in how PLCy2 lipase
function is regulated, and that this is not only cell-type dependent, but receptor-

dependent.

Mutating the PLCy2 tyrosine residues could also be as used to examine the exact
mechanism and significance of these tyrosine residues on the structure and function
of PLCy2 downstream of GPVI and CLEC-2. The overexpression system or the
CRISPR/Cas9 approach could be used to mutate these key residues, while the
NFAT luciferase assay could be used to measure the signalling when stimulated by
collagen or rhodocytin. There are two known phosphorylation sites near one of the
gains of function mutation S707Y, Y753 and Y759. Zhou et al., assumed that the
substitution of serine to tyrosine at 707 may potentially generate a new PLCy2
phosphorylation site (Zhou et al., 2012b). Hence, it would be interesting to see the
effect of the ibrutinib-resistant PLCy2 mutations on these tyrosine residues and

consequently PLCy2 activation and phosphorylation (Zhou et al., 2012b).
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An additional option would be to investigate the real-time phosphorylation kinetics at
each tyrosine residue by other methods like surface plasmon resonance (SPR) or

Forster Resonance Energy Transfer (FRET).

Studies investigating these tyrosine residues have mainly used cell models and
mouse models. Moreover, since these tyrosine residues are conserved in human
and zebrafish, zebrafish could be used as a model where knock in mutations in the

tyrosine residues could be introduced using CRISPR/Cas9.

Y753
Y759 Y11917 Y1217

} }

!
T B

Figure 6.1: PLCy2 domains and tyrosine residues.

PLCy2 tyrosine residues, Y753 and Y759, are located between the SH2 and the SH3
domain. Y1197 and Y1217 are located in the C terminal domain

Due to the multiplicity of functional domains, the structure of PLCy2 allows it to play
a key role in signal transduction pathways induced by GPVI and CLEC-2, among
others. Upon stimulation, PLCy2’s SH2 domains bind to adaptor proteins
phosphorylated on tyrosine residues, while its PH domain binds to PIP2, which is
playing a critical role in its recruitment, activation and function. This structure/function
relationship enables PLCy2 to play an important role in platelet activation, thrombus
formation, and immune responses, consequently contributing to both hemostasis
and pathologies so as rheumatoid arthritis and B-cell malignancies. This study
focused on understanding these mechanisms which may help developing potential

therapeutic targets of platelet function and immune regulation in diseases.
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Although the effect of the gain-of function mutations was examined using an
overexpression system, using CRISPR-Cas9 gene editing approach provides an
advantage overexpression system because the expression level of the protein of
interest may not be similar to the physiological level of protein expression (Ran et al.,
2013). In comparison to the protein levels produced in the cells naturally, the levels
of the protein produced in an overexpression are higher. Consequently, previous
studies have shown that the overexpression might disrupt cellular pathways and
interactions resulting in interactions that might not be representative of the typical
processes in the natural cell. It is also possible to misinterpret the results if
phenotypic changes caused by overexpressing a protein do not correspond to the

protein's typical function (Prelich, 2012).

Therefore, the CRISPR/Cas9 approach can be used to further study the role of the
PLCy2 domains by introducing the domain-altering PLCy2 mutations in other cell
lines. Although DT40 cells have the essential signalling components necessary for
platelet (hem)ITAM receptor signalling, they do not express GPVI and CLEC-2
endogenously. In contrast to LAT, which is involved in the GPVI signalling pathway,
the adaptor protein B cell-linker molecule (BLNK) mediates the development of a
signalosome, and Syk and Lyn can phosphorylate Btk (Rawlings et al., 1996, Park et

al., 1996).

As an alternative, induced pluripotent stem (IPS) cells could be chosen using this
approach. Fend et al., have previously established that IPS cells have the potential

to differentiate into platelets,(Feng et al., 2014) . In addition, CRISPR/Cas9 could be
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employed to introduce the PLCy2 knock-ins to further study the PLCy2 domains

needed for signalling.

The CRISPR/Cas9 approach could also be used in zebrafish to either generate
PLCy2 knockouts, or to try and knock in the gain of function PLCy2 mutations to
further investigate the effect of disrupting the PLCy2 domain on thrombus formation
or zebrafish vascular and lymphatic development. Moreover, mRNA for wild type
human PLCy2 may be introduced into zebrafish at the one-cell stage. This technique
allows for the expression of human proteins in zebrafish to assess their functionality.
This technique was used by Lim et al., where they established and validated a
zebrafish model for Bernard-Soulier syndrome (BSS), a rare inherited bleeding
disorder, using a specific GP9 mutations (gp9SMU15) created by the CRISPR/Cas9

approach (Lin et al., 2022).

6.3 Conclusion

In conclusion, this thesis identifies the key role PLCy2 plays in platelet function
downstream of both GPVI and CLEC-2. The inhibition of PLCy2 using the PLC
inhibitor, U73122, significantly decreases platelet function. This highlights the

potential of PLCy2 as a therapeutic target for drug development and could be a

promising strategy for regulating platelet activity in cardiovascular diseases.

Using an overexpression to investigate the effect of PLCy2 mutations associated
with ibrutinib resistance, the results show that all the mutations tested (R665W,

S707Y, L834F, and D993G) led to a gain of function which is however susceptible to
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U73122.This gain of function suggests that these mutations may increase platelet
activity, potentially increasing cardiovascular risk. However, the fact that these
mutations are susceptible to U73122 inhibition provides a potential therapeutic

approach, even in the presence of gain of function mutations.

Finally, using Zebrafish as an in vivo model, the inhibition of PLCy2 using U73122
led to a significant decrease in thrombus formation. This demonstrates the potential
of utilising zebrafish as a model to investigate thrombosis and evaluate the efficacy
of novel treatments. Due to their genetic and physiological similarities to humans,
zebrafish might be a valuable model for understanding cardiovascular disease and

developing new therapies.
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