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Abstract

Background: Cardiovascular disease (CVD) is a significant and increasing health burden.
Platelets are an essential component of thrombi, and thus are a major contributor to
thrombosis and cardiovascular events. Therapeutics for the prevention and treatment of CVD
generally focus on inhibiting platelet activation, however there are a number of limitations
associated with anti-platelet treatments that utilise this strategy, including bleeding risks that
limit dosing and a high rate of resistance. As a result, new approaches are critically needed.
Two recent mouse genetic studies identified a role for the class Il phosphoinositide 3-kinase,
PI3KC2a, in platelet structure and function: platelets from mice deficient in PI3KC2a
demonstrate structural changes to the internal membrane system sufficient to cause significant
functional consequences in the setting of thrombosis. However, a number of questions remain:
What is the underlying mechanism behind this effect? Does the same mechanism exist in

human platelets? And, is this unique PI3KC2a-dependent mechanism drug targetable?

Aims: To define the mechanism by which PI3KC2a-deficiency is anti-thrombotic in mouse, to
determine the role of PI3KC2a in human platelet structure and function, and to examine the

validity of targeting PI3KC2a as an anti-thrombotic strategy.

Methods: To define the mechanism by which PI3KC2a-deficiency is anti-thrombotic in mouse
platelets, platelet structure was analysed by scanning electron microscopy, transmission
electron microscopy, and focused ion beam-scanning electron microscopy. Platelet lipid
composition was analysed using liquid chromatography-tandem mass spectrometry. The
function of the platelet membrane during platelet adhesion was examined in static activation
and adhesion assays as well as shear-dependent ex vivo whole blood flow assays. To determine
the role of PI3KC2a in human platelet structure and function, and to examine the validity of
targeting PI3KC2a as an anti-thrombotic strategy, a rational drug design approach was used to
develop a lead PI3KC2a inhibitor. The impact of pharmacological inhibition of PI3KC2a on
platelet structure was examined using the various electron microscopy approaches, while
function was examined in a series of standard in vitro assays, as well as ex vivo thrombosis in

human blood, and in vivo thrombosis in mice.

Results: PI3KC2a deficiency leads to ultrastructural changes in mouse platelets specific to the

open canalicular system, manifesting as a dilatation of the channels of this membrane network



throughout the cell including at the plasma membrane. This change in platelet membrane
structure was not associated with changes to these platelets’ lipid composition. Analyses of
platelet membrane function revealed that PI3KC2a-deficient platelets demonstrate normal
filopodia formation when activated in suspension, but markedly impaired thrombus formation
in a setting known to involve membrane tether formation. A novel inhibitor of PI3KC2a was
developed: MIPS-19416 had an ICsp of 13 nM against PI3KC2a and > 4-fold specificity over the
major class | PI3K in platelets, p110B. Pharmacological inhibition of PI3KC2a with MIPS-19416
in human platelets fully recapitulated the structural and functional effects of PI3KC2a
deficiency in mouse platelets. PI3KC2a inhibition did not impact upon thrombin-induced
platelet activation or aggregation, or the function of the platelet receptors GPlb and ayifs. Yet
thrombus formation was significantly reduced with MIPS-19416 in two distinct in vivo mouse
models, and two ex vivo human whole blood flow models, including the high shear model
described above, where thrombosis has been shown to occur largely independently of

canonical platelet activation.

Conclusion: These findings demonstrate that PI3KC2a is involved in the regulation of platelet
membrane structure and function in both mice and humans. Inhibition of PI3KC2a has an anti-
thrombotic effect that can be induced acutely, and that occurs specifically in the setting of
thrombus formation under high shear forces. PI3KC2a appears to impact platelet function via
a unigue membrane-dependent mechanism that is independent of platelet activation. The
results from this thesis suggest that targeting the platelet membrane via PI3KC2a may provide

potential as a novel, thrombosis-specific anti-platelet strategy.
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CHAPTER 1

Introduction



1.1 Haemostasis and Thrombosis

Cardiovascular disease (CVD) is a significant, increasing health burden both nationally and
internationally. CVD is the leading cause of death in Australial, and atherothrombotic diseases
are responsible for more than 25% of deaths worldwide?. Platelets are an essential component

of thrombi, and thus are a major contributor to thrombosis and cardiovascular events?.

Platelets are anuclear subcellular fragments, which represent the second most abundant cell
type in the blood after red blood cells*. In humans, there are about 1 trillion platelets present
in the circulation at any one time, and approximately 10! platelets are produced from
megakaryocytes in the bone marrow each day®, with the mass of platelets in the circulation

regulated by thrombopoietin®. Platelets circulate in the bloodstream for 7-10 days’.

The main biological function of platelets is haemostasis, a physiological response to vascular or
tissue damage, whereby a clot is formed at the side of damage to prevent excessive blood loss®.
During thrombus formation platelets undergo three defined steps — adhesion, activation and

aggregation (Figure 1.1).

When a vascular injury is sustained, extracellular matrix (ECM) proteins such as collagen
become exposed. Von Willlebrand factor (vWF) in the circulation binds to this exposed collagen
and uncoils, which leads to exposure of the vWF A1 domain®. Platelets in the bloodstream bind
to the A1 domain via the glycoprotein (GP)Ib/IX/V complex, in a transient binding step, which
causes platelets to slow down and roll over the site of injury®. VWF thus acts as a bridge

between the ECM and circulating platelets.

The decreased velocity when rolling allows platelets to bind to collagen via the receptors GPVI
and integrin axB1, and stably adhere to the site of injury®. GPVI is associated with the FcR y-
chain, and its binding to collagen triggers FcRy receptor complex clustering and the initiation

of signalling pathways that lead to platelet activation?®.

When platelets are activated, they lose their discoid shape and become spherical, before
extending filopodia, flattening and spreading®>. A range of soluble agonists including
thromboxane A, (TxA;) and adenosine diphosphate (ADP) are released, which stimulate
platelets in an autocrine fashion to enhance thrombus formation'2. Thrombus propagation
occurs as the platelets in the developing clot spread to form a surface for the recruitment of

more platelets.
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Figure 1.1. Platelets are the major mediator of haemostasis. In haemostasis, platelets first bind

transiently to exposed subendothelial proteins, before adhering stably, becoming activated, secreting

granule contents and finally aggregating. A fibrin mesh subsequently forms to stabilise the thrombus.



During platelet activation, the conformation of the integrin ayf3 receptor changes from a low-
affinity to a high-affinity state via inside-out signalling, which is triggered by GPlb/IX/V-vWF and
GPVI-collagen interactions®3. In its high-affinity state, integrin auibB3 can bind soluble fibrinogen,
which forms bridges between platelets, allowing platelet aggregation to occur. Integrin ouibPs3
can also bind other soluble plasma proteins such as VWF, fibronectin and vitronectin in addition

to fibrinogen, with the sum of these interactions forming a stably adhered haemostatic plug!*.

The platelet aggregate is stabilised via the activation of the coagulation cascade, which leads
to the formation of a fibrin mesh around the thrombus (Figure 1.1). In this process, coagulation
complexes such as the prothrombinase complex come together on the surface of activated
platelets in the developing aggregate. This enables the generation of thrombin and fibrin, which
are required for the growth and stability of the thrombus®®. In addition to being the site at
which coagulation factors convene to initiate the coagulation cascade, platelets are themselves
a source of some coagulation factors, and of factors involved in the regulation of coagulation,

including factors V and XlII, prothrombin and polyphosphates?®.

While haemostasis is a normal, healthy process, thrombosis is a pathological condition where
occlusive blood clots form within the vasculature. Thrombosis is essentially a haemostatic
response that has gone too far, as such, platelets also have a prothrombotic function by
contributing to thrombosis via the same mechanisms by which they contribute to haemostasis.

Platelets and fibrin are the major mediators of thrombosis'’.

1.2 Pathophysiology of Arterial Thrombosis

Arterial thrombosis is an increasingly prevalent condition and a significant health burden
worldwide. It can lead to myocardial infarction and ischaemic stroke, which are the most
common manifestations of CVD. Arterial thrombosis generally occurs in arteries that have been
damaged by atherosclerosis, the formation of fatty plaques on the inner wall of blood vessels.
These plaques are composed of lipids, cholesterol, calcium and other substances, and covered

by a fibrous cap that separates the contents of the plaque from the blood within the vessel*®.

The development of atherosclerotic lesions is a slow and often clinically silent process. It begins
with changes in endothelial cell permeability, that lead to the accumulation of lipids within the

vessel wall. This results in the recruitment of monocytes or macrophages, which scavenge the



lipids and become lipid-filled foam cells'®. As the plaques grow, they cause narrowing of the
vessel lumen and consequent restriction of blood flow. The plaque eventually develops a
fibrous cap that covers the lipid-rich core?®, as well as scattered calcifications??. Sites within an
artery that are affected by atherosclerosis are thus subjected to local disturbances in blood

flow and increased levels of shear stress.

While stable atherosclerosis does not generally produce clinical symptoms, atherosclerotic
plagues may become unstable and rupture. Rupture of an atherosclerotic plague leads to
exposure of its contents and the vessel subendothelium, which contains thrombogenic
substrates, and thus leads to platelet adhesion, aggregation and clot formation??. Thrombus
formation over the ruptured plague can cause full vessel occlusion and downstream ischaemia.
Even in the absence of frank rupture, superficial erosion of the plaque surface is often sufficient
to provoke thrombosis and cardiovascular events?3?4. Plaques that have an increased risk of
rupture include those where the fibrous cap is thin, and those that are heavily infiltrated with
foam cells. The areas within a plaque where these conditions are most prominent are generally

the points at which rupture occurs?.

Platelets also have a proinflammatory function and can increase the recruitment of monocytes
to sites of atherosclerotic plaque formation, through adhesive interactions with endothelial
cells. These cell interactions are able to induce a local inflammatory response which accelerates
plague growth?®. Furthermore, infiltration of the plaque by macrophages can reduce its

stability, predisposing it to rupture and subsequent thrombosis?3.

Risk factors for the development of atherosclerotic disease include hypertension,
hypercholesterolaemia, obesity, insulin resistance, diabetes, and a lack of physical activity?’.
The prevalence of these risk factors in the population has been increasing over recent decades.
This underlies the growing global burden of CVD, for which pharmacological therapeutic and
preventive options, although numerous, are currently limited in terms of clinical benefit and

side effects.

1.3 Current Anti-Platelet Therapies

Therapies for CVD currently include both anti-platelet drugs, and anti-coagulant drugs, which

target fibrin formation. As platelets are the major components of arterial thrombi, anti-platelet



agents are generally used in the prevention and treatment of acute coronary syndromes and
ischaemic stroke. There are a number of anti-platelet therapies currently used clinically,
however these are limited both in terms of efficacy and in terms of dose-limiting side effects,
particularly with regards to bleeding risk. Anti-platelet therapies generally target the activation
phase of thrombus formation, which aims to prevent thrombosis while maintaining

haemostatic function, via a number of different molecular targets (Figure 1.2).

Aspirin is the oldest and most widely-used anti-platelet agent. Its active product, salicylic acid,
is an irreversible inhibitor of the cyclo-oxygenase 1 (COX-1) enzyme, preventing the substrate,
arachidonic acid, from accessing the enzyme’s active site3. TxA,, which is produced by platelet
COX-1 and potentiates platelet activation, is thus not produced®. As the inactivation is
irreversible, the effect of aspirin lasts for the lifetime of the platelet. However, aspirin use is
associated with side effects including gastric ulcers, kidney failure, and bleeding?®.
Furthermore, aspirin is also ineffective at preventing thrombotic events in up to 40% of
patients; and a resistance phenomenon has been observed in patients on long-term aspirin

therapy?°.

A second class of anti-platelet drugs is the ADP receptor antagonists, which include clopidogrel,
prasugrel and ticagrelor. The most commonly used of these, clopidogrel, is an irreversible
antagonist of the ADP receptor, P2Y1,3. Like aspirin, it is an orally administered prodrug; it is
converted into the clopidogrel active metabolite by the cytochrome P450 system in the liver.
Clopidogrel covalently binds to a cysteine residue in the P2Y1, receptor, irreversibly inactivating
it, and thus preventing amplification of platelet activation and subsequent thrombus
propagation®C. Like aspirin, clopidogrel treatment is associated with a number of side effects,
including cardiac events, gastrointestinal problems, neutropenia and thrombotic
thrombocytopaenic purpura3l. In addition, the conversion of the prodrug to the active
metabolite is highly variable across the population, and thus patient responses vary

significantly32.

Dual anti-platelet therapy (DAPT), that is, aspirin in combination with a P2Y1, receptor
antagonist, is frequently used to reduce morbidity and mortality in certain patients with CVD,
given the limitations associated with single-agent therapy. In patients with acute coronary
syndromes, DAPT is more effective than single-agent therapy — the combination of clopidogrel

and aspirin has been shown to reduce the risk of mortality and major vascular events3334,
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abciximab prevent platelet aggregation rather than activation and are used in limited clinical scenarios.



However, other studies have suggested that this benefit only extends to patients with
established, symptomatic cardiovascular disease®, and that there is an increased risk of

bleeding with clopidogrel or ticagrelor DAPT compared to aspirin monotherapy3>3°.

The most potent anti-platelet therapeutics are the integrin auB3 inhibitors which, unlike other
anti-platelet agents, target platelet aggregation. During this process, fibrinogen binds to
integrin auibP3 receptors on adjacent platelets, forming a bridge between the cells that leads to
aggregation. Integrin a3 inhibitors prevent fibrinogen from binding to the receptor, and thus
prevent platelet-platelet bonds from occurring®’. Drugs in this class include abciximab,
eptifibatide and tirofiban, and these are used only in acute coronary syndromes — long term,
preventive usage of these drugs is limited due to the high risk of bleeding and intravenous route

of administration3.

Finally, a protease-activated receptor 1 (PAR-1) inhibitor, vorapaxar, has in recent years been
approved for therapeutic use, as the first anti-PAR-1 drug to be commercially available®. It is
used concomitantly with aspirin or clopidogrel for the prevention of secondary cardiac events
in patients with a history of heart attack or who have peripheral arterial disease®®*!. A phase Il
trial found that it is able to significantly reduce the recurrence of cardiovascular events,
however it increases the risk of bleeding when used in combination with other anti-platelet
agents*!. This significant increase in bleeding risk has limited the clinical use of vorapaxar to
date, and it appears that its utility is restricted to patients with a high risk of ischaemic events

but low risk of bleeding*?.

Despite the numerous anti-platelet agents available for the treatment and prevention of CVD,
adrugthatis able to adequately prevent thrombosis without significantly affecting haemostatic
function remains elusive. Phosphoinositide 3-kinases (PI3Ks), in particular class | PI3Ks, have
been shown to play a role in platelet activation, and inhibitors of class | PI3K isoforms are
currently in development as anti-platelet agents**. However, it has been shown that pan-PI3K
inhibitors have a greater effect on platelet function than class I-specific PI3K inhibitors,
suggesting a role for a second class of these enzymes, class Il PI3Ks, in platelet function**. Yet,
to date little is known about the biological roles of the class Il PI3Ks, let alone whether they

could be targeted therapeutically in the context of thrombotic disease.



1.4 Phosphoinositide 3-Kinases

The PI3Ks are a family of lipid kinases, which catalyse phosphorylation at the 3’-position
hydroxyl group of the inositol ring of phosphoinositides. Their products, the 3-phosphorylated
phosphoinositides (3-PPls), are second messengers that play key roles in a wide range of
cellular processes, including proliferation, differentiation, migration, apoptosis, cytoskeletal

organisation, membrane trafficking and autophagy.

Pathologically, the PI3K pathway is one of the most frequently dysregulated signalling pathways
leading to the onset of cancer®. Disruptions in this pathway are also implicated in disease
states such as inflammation and autoimmunity®®, while PI3K inactivation is present in some

neuropathies, myopathies and ciliopathies*’.

There are eight isoforms of PI3Ks, which are divided into three classes based on structural and
functional similarities (Figure 1.3). All isoforms have a PI3K core structure, made up of a C2
domain, a helical domain, and a catalytic kinase domain. Class | PI3Ks are heterodimers that
consist of a catalytic subunit and a regulatory subunit, as is the sole class Il PI3K, vacuolar

protein sorting 34 (Vps34). Class Il PI3Ks are thought to function as monomers.

PI3Ks generate three 3-PPIs — phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)Ps),
phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,), and phosphatidylinositol 3-phosphate
(P1(3)P), produced from phosphatidylinositol 4,5- bisphosphate (PI(4,5)P2), phosphatidylinositol
4-phosphate (PI(4)P), and phosphatidylinositol (Pl) respectively. There is an overlap in products

produced between the three classes, yet they appear to have non-redundant functions.

Class | PI3Ks have been intensively studied, and this has led to the development of inhibitors
that have shown success in clinical settings. The sole class Il PI3K, Vps34, is also relatively well
characterised, however much less is currently known about the class Il PI3Ks. This class has
become a focus of scientific research in recent years, which has an uncovered a number of its

biological functions.

1.4.1 Class | PI3Ks

Class | PI3Ks were the first PI3Ks to be discovered, and are the most studied and best

characterised of the three classes of PI3Ks*8. They are heterodimers of four closely related
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Figure 1.3. Phosphoinositide 3-kinases. There are 8 mammalian isoforms of PI3Ks, divided into 3 classes
based on structural and functional similarities. In addition to the PI3K core structure, PI3KC2a contains

an N-terminus clathrin-binding region, a Ras binding domain (RBD), and C-terminus extension.
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catalytic subunits and two families of regulatory subunits®®. Class | PI3Ks can be further
subdivided into two groups — the Class IA PI3Ks, which comprise dimers of one of the p110aq,
pP110PB or p1106 catalytic subunits with one of the p50, p55 or p85 regulatory subunits, and the
class IB PI3Ks, dimers of the p110y catalytic subunit and either the p101 or p87 regulatory
subunits (Figure 1.3). Generally, class IA PI3Ks are activated by tyrosine kinases, while class I1B

PI3Ks are activated by G protein-coupled receptors (GPCRs).

The four isoforms of the class | PI3Ks are named after their respective catalytic subunits. PI3Ka
and PI3KB are ubiquitously expressed, while PI3K& and PI3Ky are generally found in
haematopoietic cells. Although capable of catalysing the production of all three 3-PPIs, the
preferred substrate of class | PI3Ks is PI(4,5)P2; they thus preferentially synthesise PI(3,4,5)Ps*.
PI1(3,4,5)Ps produced in this way represents a major signal transduction pathway. One of the
most important downstream effects of this class of PI3Ks is the activation of Akt, which
regulates a number of signalling pathways, including mammalian target of rapamycin (mTOR),

that have roles in cell growth and proliferation, survival, metabolism and autophagy®’.

One mechanism of action by which 3-PPIs, and thus PI3Ks, effect downstream signalling is by
binding specific domains, including pleckstrin homology (PH), Phox homology (PX), and FYVE
domains, of a range of effector proteins and recruiting them to the plasma membrane. Effector
proteins include serine/threonine and tyrosine kinases, adaptor proteins and small GTPase
regulators. These are able to form scaffolding complexes, which result in the recruitment and

activation of downstream signalling proteins (Figure 1.4).

Dysregulation of the class | PI3Ks is implicated in a range of diseases. The clinical success of
class | PI3K inhibitors highlights the usefulness of targeting this family of proteins, and provides
a roadmap for the future development of clinically useful inhibitors of other PI3K isoforms,

particularly the class Il PI3Ks.
1.4.1.1 PI3Ka

PI3Ka is one of the most frequently mutated genes in cancer; with mutations leading to
increased PI3Ka activity, directly or indirectly, often found in solid tumour cells®®. These
mutations are generally found in certain ‘hotspots” within the gene, with changes in three

particular amino acid residues accounting for around 80% of cancer-causing PI3Ka mutations®?,
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Figure 1.4. Mechanism of PI3K signalling. Activated PI3Ks phosphorylate the 3-position inositol ring of
phosphoinositides to produce 3-PPls. 3-PPIs bind to PH, FYVE or PX domains of effector proteins,
recruiting them to the plasma membrane to form a scaffolding complex from which downstream

signalling can occur.
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As a result, selective inhibition of inhibition of PI3Ka is an emerging approach for the treatment
of cancers in which PI3Ka activity is increased, and may mitigate against the severe side effect
profile of a pan-PI3K inhibitor. To this end, a number of PI3Ka inhibitors are currently in clinical
trials for treatment of a range of cancers. These include MLN1117, which is in a phase Ib trial
for the treatment of advanced non-haematological malignancies, and BYL719, which is in a

phase Il trial for the treatment of squamous cell head and neck cancers.

A number of studies have investigated the role of PI3Ka in platelets. Inhibition of PI3Ka has
been shown to attenuate the effect of insulin-like growth factor 1, which potentiates platelet
responses, on platelet aggregation induced by low-dose agonists®3>4. PI3Ka also appears to
play a complementary role with PI3KB in signalling downstream of GPVI, with both isoforms
required for full activation of the downstream target PLCy2, calcium mobilisation and thrombus
formation®. Finally, a very recent study has uncovered a role for PI3Ka in regulating ADP
secretion, and consequently full activation of PI3KB and Akt, following platelet stimulation with
low concentrations of GPVI agonists®®. It was also found that PI3Ka is involved in regulating
platelet adhesion to vVWF under flow, leading to impaired arterial thrombus formation in ex vivo

assays, however with no impact on haemostasis®.
1.4.1.2 PI3KPB

Perhaps the most clinically relevant function known for PI3KB is in thrombosis. In platelets,
PI3KB signals downstream of the GPVI, P2Y1, and integrin auibPs receptors>>>’%, It activates
Akt>?, which results in the inhibition of glycogen synthase kinase-3 (GSK3)®°. Inhibition of GSK3
by Akt together with protein kinase C a, promotes thrombin-mediated platelet aggregation,
fibrinogen binding and release of granule contents®l. GSK3 inhibition via PI3KB is necessary for
thrombus growth and stability at high shear rates —thrombus stability is significantly decreased
with deficiency or inhibition of PI3KB, yet restored with concomitant addition of a GSK3
inhibitor®?,

It has been shown that PI3KB regulates the activity of the integrin auwPBs receptor, which is
necessary for platelet spreading and activation®®%3. Jackson et al. found that inhibitors specific
to p110B, the catalytic subunit of PI3KB, were able to reduce platelet activation and impede

thrombosis formation by preventing the formation of stable integrin auBs bonds®®. These

studies were subsequently confirmed using a p110B knockout mouse model, with platelets
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from these knockout mice demonstrating an inability to adhere to fibrinogen and a delay in

fibrin clot retraction, which is mediated by integrin aisB3 contractility®*,

A PI3KB-selective inhibitor, AZD6482, has been tested as an anti-platelet drug pre-clinically and
in a phase | clinical trial. AZD6482 is an adenosine triphosphate (ATP)-competitive inhibitor of
PI3KB and has an ICso of 0.01 uM. In vitro studies showed that it is a potent inhibitor of platelet
aggregation, particularly shear-induced platelet adhesion and aggregation®. In dog, AZD6482
treatment resulted in a dose-dependent anti-thrombotic effect, with no haemostatic
consequences. The drug was well tolerated in humans, with inhibition of ADP- and shear-
dependent platelet aggregation, and no adverse events recorded®. However, AZD6482 inhibits
insulin-induced glucose uptake, which may raise concerns regarding insulin resistance caused

by the drug®®.
1.4.1.3 PI3K&

Highlighting the usefulness of PI3Ks as drug targets, a PI3K& inhibitor, idelalisib, has recently
been approved by the FDA for the treatment of relapsed chronic lymphocytic leukaemia (CLL),
relapsed follicular B-cell non-Hodgkin's lymphoma and relapsed small lymphocytic lymphoma.
The phase Il clinical trial comparing use of idelalisib combined with rituximab, compared to
rituximab monotherapy alone, in patients with relapsed or refractory CLL was stopped early
due to the overwhelming efficacy of the drug. Progression free survival, response rate, and

overall survival were significantly higher in idelalisib-treated patients®’.

PI3KS is expressed at low levels in platelets®®. It has been shown to play a minor role in
mediating platelet activation via the GPVI receptor, and in platelet spreading on fibrinogen, in
in vitro assays, however loss of PI3K& does not impact platelet adhesion or aggregation under

flow conditions®®.
1.4.1.4 PI3Ky

PI3Ky plays an important role in the regulation of inflammatory responses. It is highly expressed
in neutrophils, eosinophils and mast cells, and is involved in the recruitment and activation of
immune cells at sites of inflammation. Loss of PI3Ky leads to impaired neutrophil and
macrophage recruitment following GPCR activation. Furthermore, mouse models of PI3Ky
inactivation or deletion show protection against the development of a number of autoimmune

and inflammatory conditions.
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PI3Ky is thus a clear potential anti-inflammatory drug target. A number of PI3Ky inhibitors have
been developed and used experimentally in recent years, with promising results. Bergamini et
al. identified CZC24832 as a PI3Ky-selective inhibitor that shows anti-inflammatory action in
vitro and in vivo’?, and Jin et al. found that another PI3Ky inhibitor, AS252424, inhibits mast cell
degranulation and the release of inflammatory molecules’®. Recently, Huang et al. tested the
latter inhibitor in a surgical brain injury (SBI) model, and showed it was able to reduce brain

inflammation following SBI in rats’2.

In platelets, PI3Ky appears to be involved in signalling downstream of the P2Y1, receptor, with
PI3Ky-deficient mice protected against ADP-induced thromboembolism’3. PI3Ky plays a
cooperative role with PI3KB in mediating thrombus stability downstream of P2Y1,’4. Unlike
PI3KB, PI3Ky appears to signal predominantly via a non-catalytic mechanism in platelets’, and

does not play a role in signalling downstream of GPVI’®.

1.4.2 Class Il PI3Ks

Class Il PI3Ks are the least studied and characterised PI3K isoforms, and their physiological
functions are not yet well understood. However, in recent years there has been a significant
increase in the amount of research performed on this group, which has begun to shed some

light on this emerging area of cell biology’’"’8.

Class Il PI3Ks are high molecular weight monomers, which differ from their class | counterparts
by extensions at both the N- and C-termini’®. They contain a conserved, characteristic C2
domain and PX domain at the C-terminus (Figure 1.3). There are three isoforms of the class Il
PI3Ks — PI3KC2a, PI3KC2B, and PI3KC2y. PI3KC2a and PI3KC2B are widely expressed in

mammalian cells’8, however PI3KC2y expression is largely restricted to exocrine glands®.

The activation signals for Class Il PI3Ks are not well understood although, like Class | isoforms,
they can be activated by ligands for either receptor tyrosine kinases or GPCRs8. Class Il PI3Ks
are capable of catalysing the formation of both PI(3)P and PI(3,4)P,, from Pl and PI(4)P

respectively, at least in vitro®?.
1.4.2.1 PI3KC2a

PI3KC2a is broadly expressed in human cells, including platelets®. It is a 190 kDa protein that
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is structurally similar to the other members of the class, with the exception of a distinctive N-
terminal region containing a clathrin-binding domain that does not appear in PI3KC2B and
PI3KC2y, and the lack of proline-rich sequence repeats found in PI3KC2B’/ (Figure 1.3). In vitro
studies have shown that PI3KC2a can be activated by a range of molecules, including
cytokines®4, chemokines®, integrins, as well as insulin® and other growth factors®’. One
property particular to PI3KC2a is its comparably decreased sensitivity to commonly-used pan-
PI3K inhibitors such as wortmannin and LY2940028. The reason for this is unclear, but is an
important consideration when interpreting early experiments in which the relative levels of
response inhibition by various PI3K inhibitors have been used to identify the responsible

isoforms.
PI3KC2a is discussed in more detail in section 1.5.
1.4.2.2 PI3KC2pB

PI3KC2B is widely expressed in mammalian cells, with highest expression levels found in the
thymus and placenta®®. A number of PI3KC2B mouse models have been developed in recent
years, although few physiological defects have been reported. Harada et al. developed two
PI3KC2B mouse models — a PI3KC2B-null model and a targeted epidermal PI3KC2PB
overexpression model. Mice of both strains were phenotypically and developmentally
normal®. Similarly, Mountford et al. found no phenotypic changes in PI3KC2B knockout mice,
nor any obvious physiological effects of PI3KC2f in mouse platelets. PI3KC2B knockout mice
demonstrated normal platelet structure and number, and did not show any obvious functional
defects in a range of in vivo and ex vivo assays, which included agonist-induced platelet

aggregation and integrin aupPs3 activation?.

However, a recent study has pointed to a role for PI3KC2p in insulin sensitivity and glucose
tolerance. Alliouachene et al. created a mouse model homozygous for a knock in kinase-
inactivating mutation in PI3KC2pB. This approach does not remove the scaffolding function of
PI3KC2B and thus enables the study of the enzyme’s kinase-dependent effects alone. Mice
homozygous for the knock in allele (PI3KC2pP1212A/D1212A mice) were developmentally normal.
They demonstrated lower circulating insulin levels under fed conditions than wild type mice,
and increased glucose tolerance, suggesting that PI3KC2f is a negative regulator of the insulin
response®?. Furthermore, PI3KC2BP12124/01212A mjce were protected from high-fat diet-induced

steatosis, indicating that this regulating role is particularly important in the liver®2. These results
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suggest that PI3KC2B may be a potential drug target for the treatment of type 2 diabetes
mellitus (T2DM), as well as other insulin-resistant conditions such as non-alcoholic fatty liver

disease.

In vitro, PI3KC2B has been found to regulate cell morphology and survival via interactions with
the Rho family guanine nucleotide exchange factor, Dbl. PI3KC2B forms a complex with Dbl,
which is then able to activate Rho GTPases RhoA and Racl. The modulation of RhoA activity by
PI3KC2B enables it to in turn regulate cytoskeletal rearrangements and protect cells from
anoikis®. Furthermore, a number of in vitro studies have supported a role for PI3KC2B in the
regulation of cell migration. Maffucci et al. found that PI3KC2p is activated by lysophosphatidic
acid to generate a pool of PI(3)P at the plasma membrane, which is required for cell migration®*,
Domin et al. also showed that PI3KC2B regulates cell motility through a PI(3)P-dependent
mechanism®. Additionally, Katso et al. found that PI3KC2p is involved in a multiprotein complex
that is recruited to the epidermal growth factor (EGF) receptor following its activation by EGF.
PI3KC2PB regulates Rac and c-Jun N-terminal kinase activity through this complex and, as such,

is involved in the regulation of membrane ruffling and cell motility®®.

PI3KC2PB has also been shown to play a role in carcinogenesis. Overexpression of PI3KC2[ has
been reported in several tumours, including acute myeloid leukemia, glioblastoma multiforme,
medulloblastoma, neuroblastoma and small cell lung cancer®”. Pharmacological inhibition of
PI3KC2PB has an anti-proliferative and apoptotic effect in many cancer cell lines, and is able to

sensitise cancer cells to chemotherapeutic treatments®’.
1.4.2.3 PI3KC2y

PI3KC2y has a much more restricted tissue expression distribution than PI3KC2a and PI3KC2p,
being generally localised to exocrine glands. High levels of PI3KC2y are found in the liver,
specifically in the hepatic parenchyma, as well as the breast, prostate and in salivary glands.

PI3KC2y is not expressed at detectable levels in mouse or human platelets®.

PI3KC2y can synthesise both PI(3)P and PI(3,4)P2 in vitro, however its in vivo products have not
been determined. Very little is known about the physiological functions of PI3KC2y. However,
one of the earliest studies of PI3KC2y found that its expression levels are increased following
partial hepatectomy, particularly after the period of liver regrowth, suggesting that PI3KC2y

may play a role in the maturation of hepatic cells.
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Braccini et al. recently described the first published PI3KC2y mouse model. PI3KC2y knockout
mice were born at expected Mendelian ratios and developed normally to adulthood. However,
these mice displayed decreased insulin tolerance, and were also found to have increased fat
storage and triglyceride levels, indicating altered lipid metabolism. Insulin tolerance decreased
with age in these mice. In response to a high-fat diet, PI3KC2y knockout mice exhibited higher
weight gain than controls, due to an increase in fat mass, and developed insulin resistance,
dyslipidaemia and fatty liver®. It was found that loss of PI3KC2y results in a decrease in a pool
of PI(3,4)P, specifically located on early endosomal membranes. This subsequently leads to a
decrease in Akt2 activation in response to insulin, and thus downregulated glycogen synthase
activity; as such, with age or exposure to a high fat diet, PI3KC2y null mice are prone to insulin

resistance and hyperlipidaemia®.

Furthermore, an association study of polymorphisms in the gene encoding PI3KC2y with the
occurrence of T2DM in a Japanese population, found that certain single nucleotide
polymorphisms in this gene were associated with an increased risk of T2DM, suggesting that
PI3KC2y is involved in its pathogenesis!®, consistent with the findings from the PI3KC2y

deficient mouse model described above.

Despite the paucity of information on PI3KC2y to date, the links to disease that have been
uncovered thus far suggest that the development of inhibitors against this protein could be

useful both in further elucidating its functions, and as potential therapeutic agents.

1.4.3 Class Ill PI3Ks

There is only one class Ill PI3K — Vps34, or hVps34 for the mammalian homologue®®. hVps34 is
a monomer that consists only of the PI3K core domains. It is closely associated with and
regulated by protein kinase hVps15°. It is the oldest and most conserved PI3K across species,
being the only isoform present in yeast'%?. Vps34 exclusively catalyses the phosphorylation of
Pl to produce PI(3)P'%?, and mediates signalling through the recruitment and binding of specific

protein domains to PI(3)P, which include PX and FYVE domains'o%.

Vps34 is involved in the regulation of autophagy, vesicular trafficking and protein synthesis'®.
It is required for activation of the mTOR/S6 kinase 1 pathway, which is responsible for balancing

the rate of protein synthesis with the availability of nutrients'%*. To date, mutations in or
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changes in expression levels of hVps34 have not been implicated in any human diseases®*.

Two very recent studies have identified a role for Vps34 in thrombosis using mouse models.
Using a megakaryocyte and platelet-specific deletion of Vps34, Valet et al. showed that loss of
Vps34 in platelets reduced thrombus size in an in vivo ferric chloride arterial thrombosis model.
Thrombus formation was also impaired in an ex vivo whole blood flow model of thrombus
formation on collagen under arterial shear rates'®. Interestingly, haemostatic function, as
measured using tail bleeding times, was not affected in these mice, suggesting that Vps34 could
be a potential anti-thrombotic target!®. Liu et al., using a similar, platelet-specific Vp34-
knockout mouse model, corroborated these results, also finding that Vps347-mice had normal
tail bleeding times, but impaired thrombotic function in the same in vivo ferric chloride model

and ex vivo whole blood perfusion assay!°®.

1.5 PI3KC2a

1.5.1 Mouse Models

A number of mouse models targeting PI3KC2a have been developed over the past five years.
The first of these was a PI3KC2a hypomorphic model produced by Harris et al., which identified
a role for PI3KC2a in normal growth and survival, as well as in renal function and structure.
PI3KC2a hypomorphic mice retained between 10 and 20% of PI3KC2a activity, depending on
the tissue examined, yet demonstrated severely diminished survival rates and heavily stunted
growth when compared to wild type controls'®’. Furthermore, PI3KC2a-deficiency resulted in
chronic kidney failure, as well as the development of renal lesions, including renal tubule

defects, podocyte malformation and loss, and glomerulonephropathy®’.

It was subsequently shown, in at least two different studies, that complete deficiency of
PI3KC2a results in absolute and early embryonic lethality. Yoshioka et al. created a mouse
model with complete genetic deficiency of PI3KC2a; these mice died in utero due to severe
defects in blood vessel formation, which included absent or severely disorganised major blood
vesselst® Mountford et al. similarly found with their own PI3KC2a knockout mouse model that
global PI3KC2a deficiency in mice results in early and penetrant embryonic lethality, due to
impaired vascular development, with death as early as 6.5 days post conception’!,

Furthermore, Yoshioka et al. found that an endothelial cell-specific PI3KC2a deficiency is also
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embryonically lethal, with the most severely affected of these mice exhibiting the same
phenotype as mice with a global PI3KC2a deficiency, suggesting that endothelial cell PI3KC2a

is required for normal angiogenesis and vascular development!©8,

1.5.2 Functions

To circumvent the embryonic lethality of the global and endothelial cell-specific PI3KC2a
knockout mouse models, Yoshioka et al. used an inducible endothelial cell-specific PI3KC2a
knockout model to investigate the role of PI3KC2a in angiogenesis and vascular barrier
formation. Induction of PI3KC2a deletion led to markedly reduced retinal angiogenesis, which
was found to be due to impaired endothelial cell migration and proliferation?®. Additionally, in
a post-ischaemic model, revascularisation was diminished in these mice, and in a tumour
angiogenesis model where tumours were implanted into the mice, both tumour volume and
microvessel density within the tumour were reduced!®. This has implications for cancer
treatment, as tumours rely on the ability to develop and propagate their own blood supply in
order to survive and grow, and suggests that PI3KC2a may be a potential drug target to reduce

pathogenic angiogenesis.

Other known roles for PI3KC2a include its involvement in the regulation of FceRI-triggered mast
cell degranulation. Nigorikawa et al. found that knocking down PI3KC2a using an RNAi-based
approach in a mast cell line caused a reduction in the release of the lysosomal enzyme B-
hexosaminidase from these cells, indicating that PI3KC2a is required for normal degranulation
via FceRI*®. In addition, the release of neuropeptide Y, a reporter for mast cell exocytosis, was
also significantly slowed in these PI3KC2a-deficient cells, further supporting a role for PI3KC2a

in regulating the degranulation process®.

Additionally, Franco et al. identified a role for PI3KC2a in primary cilium elongation. Using a
green fluorescent protein-tagged PI3KC2a, they found that levels of PI3KC2a are increased at
the pericentriolar recycling endocytic compartment, located at the base of the growing cilium.
In PI3KC2a-deficient fibroblasts, a specific pool of PI(3)P around the ciliary base is diminished,
indicating that PI3KC2a regulates the production of this pool, which is required for the
accumulation of proteins and the activation of pathways necessary for normal cilium

elongation!®. Using a PI3KC2a-knockout mouse model, they also found that loss of PI3KC2a
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results in defects in primary cilium elongation, as well as ciliary translocation and Sonic

hedgehog signalling, all of which ultimately lead to impaired embryonic development!*°.

More recently, PI3KC2a has been found to play a role in the regulation of delta opioid receptor
(dR) export in neuronal cells. Shiwarski et al. showed that siRNA-mediated knockdown of
PI3KC2a caused retention of the receptor in the trans-Golgi network (TGN), with PI3KC2a
activity required for normal receptor trafficking and surface translocation. PI3KC2a kinase
activity at the TGN was able to induce 8R trafficking following retention of the receptor by nerve
growth factor, indicating that PI3KC2a activity is sufficient for release and subsequent surface

localisation of SR,

Another recent study has linked PI3KC2a to leptin signalling and glucose homeostasis in mice.
Alliouachene et al. found that in a mouse model with a heterozygous, kinase-inactivating
mutation in PI3KC2a, male mice developed leptin resistance, as well as age-dependent obesity,
hyperglycaemia and insulin resistance!*?. This, coupled with the previous study from the same
group describing increased glucose sensitivity in kinase-inactivated PI3KC2B mice®?, raises the
intriguing possibility that the class Il PI3Ks work together to maintain a balance in regards to

the regulation of glucose metabolism.

1.5.3 PI3KC2a in Thrombosis

Two recent studies have identified a role for PI3KC2a in platelet function, and suggest that
PI3KC2a may be a suitable drug target for the prevention and treatment of thrombosis and
CVD. Both studies found that PI3KC2a is involved in the regulation of platelet membrane
structure, sufficient to cause significant platelet functional consequences in the setting of
thrombosis. The first, from our laboratory, used an RNAi-based gene silencing approach to
essentially abolish PI3KC2a expression in adult mouse platelets in an inducible manner. These
PI3KC2a-deficient mice exhibited delayed and highly unstable in vivo arterial thrombosis that
appeared due to a platelet function defect caused by a rearrangement of the structure of the
platelet’s internal membrane reserve, the open canalicular system (OCS)°!. Platelets from
PI3KC2a-deficient mice displayed dilatations of the OCS, leading to an increased OCS surface
area in 2D transmission electron microscopy (TEM) images. A functional defect was also

observed — following electrolytic injury to the carotid artery, thrombus formation was
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diminished, with time to vessel occlusion increased in PI3KC2a-deficient mice, and the thrombi

that formed being unstable, with an increased number of reperfusion events in these mice’!.

The second study, by Valet et al., used a mouse model in which there was a heterozygous
kinase-inactivating point mutation in the PI3KC2a active site, and confirmed the membrane
structural defects and impairment of in vivo thrombosis observed by Mountford et al.1?
Platelets from these PI3KC2a'VT/P1268A mjce demonstrated a rough, uneven plasma membrane
morphology in addition to alterations in OCS structure and changes in alpha granule size and
number when compared to platelets from wild-type mice. Membrane function was also
affected, with filopodia formation in response to agonist stimulation significantly decreased in
platelets from PI3KC2aWT/P1268A mice. These platelets also demonstrated cytoskeletal
abnormalities, with decreased levels of both spectrin and myosin. These structural changes led
to impaired platelet thrombotic function in both a ferric chloride in vivo model and ex vivo
whole blood flow on collagen. Additional mechanistic studies indicated that PI3KC2a regulates

a basal pool of PI(3)P in platelets that may lead to impaired regulation of the platelet’s

cytoskeletal-membrane system, and thus produce the structural defects observed!3.

Furthermore, another recent publication from our laboratory has demonstrated that the
function of PI3KC2a in platelet structure and function is non-redundant, with platelets from
mice deficient in both PI3KC2a and PI3KC2[ structurally and functionally similar to those from
mice deficient in PI3KC2a alone, and no notable phenotypic changes seen in PI3KC2B7" mice.
Taken together, these results point to a role for PI3KC2a in platelet prothrombotic function,

and highlight the potential of this enzyme as an anti-thrombotic drug target.

1.6 Platelet Structure

Given the recently identified role of PI3KC2a in platelet structure, which will be further
examined in this thesis using high resolution electron microscopy techniques, this section will

provide a detailed description of platelet morphology.

Resting, or inactivated, platelets have a discoid shape, and measure approximately 0.5 x 3 um

in humans®, with an average volume of 7 fL}14. They do not contain any genomic DNA, however
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do contain messenger RNA from the megakaryocyte from which they were derived, as well as

protein synthesis machinery**°.

The discoid shape of resting platelets is achieved and maintained by an inner microtubule coil,
which is located in the cytoplasm just beneath the plasma membrane®>. These microtubules
are made up of stacks of tubulin subunits, comprised of units of both a and B tubulin'®. The
main B tubulin isoform in platelets is B1 tubulin, which is exclusively expressed in
megakaryocytes and platelets'?’. Platelet integrity is also maintained by the actin filament
cytoskeleton. These filaments run from the centre of the cell to the plasma membrane, forming

a space-filling network>.

When platelets are activated, they lose their discoid shape and become spherical, before
extending filopodia, flattening and spreading. Platelet shape change requires disassembly of
the membrane skeleton, disruption of the actin filament network, and the assembly of new

actin filaments from the ends of the filaments at the plasma membrane®.

Platelets contain a variety of storage organelles, including alpha and dense granules, and
lysosomes, whose contents are released upon platelet activation (Figure 1.5). Alpha granules
are by far the most common secretory granule, with 50-80 being present in human platelets!!®,
These granules contain the vast majority of proteins secreted by platelets, including
haemostatic factors such as factor V, vVWF and fibrinogen, angiogenic and anti-angiogenic
factors, growth factors, proteases, necrotic factors and other cytokines'*®. Dense granules
mainly contain small molecules, such as 5-hydroxytryptamine, ADP, ATP, and magnesium and

calcium ions*'9. Human platelets contain on average 4-8 dense granules'?.

Platelets also contain two internal membrane systems, the OCS (Figure 1.5) and the dense

tubular system (DTS), which will be discussed in more detail in the following section.

1.6.1 Open Canalicular System

The OCS is an anastomosing network of membrane channels that derives from and is
continuous with the platelet plasma membrane!?!. OCS formation begins in the megakaryocyte
before proplatelets develop, and is complete before the fragmentation of the megakaryocyte

122

into platelets**“. It is formed by invaginations of what will eventually become the platelet

plasma membrane!?3, Its lipid composition is identical to that of the plasma membrane!?!, and
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dense granule

mitochondria

alpha granule

Figure 1.5. Anatomy of a platelet. TEM image of a human platelet, with the OCS, numerous alpha

granules, dense granules, and mitochondria visible. Scale bar, 0.5um.
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surface glycoprotein receptors are present at similar levels across the two membranest?#12°,

The final form of the OCS is a complex, anastomosing network of interconnected and surface-
connected membrane channels that spans the platelet interior. The channels of the OCS vary
in diameter within individual platelets, with vacuolar sections as well as thinner tubular
sections??®, and there is also variation in the amount of OCS between platelets from any one
individual. On average, the channels of the OCS in human platelets occupy approximately 3-4%

of the total platelet volume, as estimated from 2D TEM images®®.

The OCS was first discovered in 1967 by Olav Behnke, who identified the existence of two
separate membrane systems in platelets, one of which, the OCS, was found to be continuous
with the platelet plasma membrane. The second membrane system, the DTS, was not linked to
either the platelet membrane or the OCS'?’. Subsequent studies of the DTS found that it is
derived from the smooth endoplasmic reticulum?®?®, and takes the form of long, thin tubules in
resting platelets!?. It acts to regulate platelet activation by either sequestering or releasing

calcium ions, thus playing an important role in platelet activation?°.
1.6.1.1 OCS Function
Uptake and Release of Platelet Contents

A major function of the OCS is the transport of substances into and out of the platelet. Platelets
have very little capacity for protein synthesis and so much of their cargo is taken up from
plasma sources. This uptake largely occurs via the OCS, with a number of plasma proteins
including fibrinogen!®® and tissue factor3! taken up through channels of the OCS and then
subsequently distributed to organelles within the platelet (e.g. alpha or dense granules).
Behnke’s early studies showed that particles added to platelet-rich plasma in vitro, or infused
intravenously in vivo, were subsequently found in channels of the OCS, without any change in
platelet morphology*?’. This finding was soon after confirmed by James White, who showed
that thorium dioxide particles added to platelet-rich plasma were observed not only in OCS
channels, but also in alpha granules — even when these granules had no visible physical
association with the OCS'3?. These early studies confirmed the ‘open’ nature of the OCS, and
revealed that these internal platelet channels are essentially exposed to the same medium as

the platelet exterior.
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The OCS also plays an important ‘delivery’ role in the release of substances stored in platelets
to the cell exterior. Upon platelet activation, alpha and dense granules fuse with the OCS or
plasma membrane, allowing release of their contents and potentiation of platelet
activation®33134 This process is regulated by SNARE proteins, a family of membrane-associated
proteins which mediate membrane fusion. The distribution of SNARE proteins differs between
granule membranes, and the plasma and OCS membranes, with the SNARE family members
vesicle-associated membrane protein (VAMP) 3 and 8 primarily found on granule membranes,
SNAP-23 found on plasma and OCS membranes, and syntaxins 2 and 4 evenly distributed

between both types of membrane!3®

. In the fusion of alpha and dense granules with OCS
membranes, VAMP proteins on the granule surface interact with syntaxins 2 or 4 and SNAP-23
on the OCS membrane, linking tightly and forming an exocytic core complex*3¢1%, This allows
the two membranes to fuse, permitting the release of granule contents into the channels of
the OCS, and subsequently the platelet exterior. The rate of secretion of alpha granule contents
has been shown to be dependent on both the concentration of the stimulating agonist and the
time platelets are exposed to the stimulus®®°. In platelets from species lacking an OCS, alpha
granules fuse directly with the plasma membrane to release their contents. Intriguingly, a
simple internal channel system appears to form in thrombin-activated bovine platelets'#. This
de novo channel system, although much less extensive and complex than an OCS, connects to

the exterior granules not located at the plasma membrane and thereby facilitates release of

the platelet’s intracellular cargo®°.

More recently, it has also been suggested that the OCS plays a role in the regulation of platelet
calcium signalling. Sage et al. found that the calcium signal in agonist-stimulated platelets was
generated at, and propagated through, specific areas of the platelet, that matched the broad

distribution and surface-linked nature of the OCS™!.

Furthermore, impairment of the
pericellular calcium signal reduced the magnitude of the agonist-induced cytosolic calcium
signal as well as the rate of dense granule secretion. The authors thus proposed a model of
pericellular calcium recycling, in which calcium released from the DTS following agonist
stimulation moves into the OCS at specific locations —the membrane complexes where the DTS

and OCS intertwine — from where it is recycled back into the platelet cytosol via calcium

channels, to potentiate the calcium signal and trigger granule secretion*!,

Regulation of Adhesion Receptor Levels
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The OCS also functions as a storage site for platelet membrane receptors. Glycoprotein
adhesion receptors on the membrane surface, most notably the integrin oyiB3, the GPIb/IX/V
complex, and GPVI, are particularly important for platelet function. It is notable then, that the
total pool of aupBs and GPIb in a resting platelet is split evenly between the intracellular
membranes of the OCS and the external plasma membrane!?#12> This large reserve of platelet
adhesion receptors becomes important during platelet activation. For example, integrin o33
levels at the cell surface increase in response to platelet activation, largely due to evagination
of the OCS2. Conversely, surface levels of the GPIb/IX/V complex are downregulated following
platelet activation via sequestration into an intracellular pool in the OCS**3. In this way, the OCS
appears to contribute to platelet activation by regulating levels of important cell surface

adhesion receptors.
Membrane Reserve

A further function of the OCS is to act as a membrane reserve for use during platelet
activation'*?. Following initial activation, platelets undergo a defined series of morphological
changes — they lose their discoid shape and become spherical before extending filopodia,
flattening, and spreading — all of which require additional membrane®. Indeed, the surface area
of a fully spread platelet is up to four-fold that of a resting platelet!!®. The importance of the
OCS in these processes is evidenced by bovine platelets, which lack an OCS and do not spread

in response to surface activation'#

. While bovine platelets do extend filopodia, the ‘spreading’
process does not proceed past this point, and flattened, spread platelets with lamellipodia are
not observed!#4. Although it is possible that this could be attributable to differences in
cytoskeletal organisation between bovine and human platelets*4, the most likely explanation

is a lack of membrane reserve.
1.6.1.2 OCS Abnormalities in Human Platelets

Limited information on OCS function can be gleaned from human conditions. There are a
number of clinical syndromes where abnormalities in the OCS have been documented,
including some conditions that involve bleeding or thrombotic sequelae. However, platelets
from patients with each of these conditions have a number of other structural abnormalities,
making it difficult to ascertain the specific contribution of the OCS defect, if any, to any altered
platelet function. For example, a dilated, hypertrophic OCS is seen in platelets from patients

with Bernard-Soulier syndrome (BSS). BSS is the result of an abnormality in the gene encoding

27



the GPIb (or occasionally GPIX) component of the GPIb/IX/V receptor complex and manifests
as a bleeding disorder#>. Over 100 BSS-causing mutations in these genes have been identified,
which impair either the expression of the receptor complex at the plasma membrane, or the
ability of the receptor to interact with vVWF!*®. Yet, in addition to the OCS defect, platelets from
these patients are also giant, exhibit disorganised microtubules, and have sparse or even absent
granulation. A similar phenotype is observed in platelets from patients with MYH9-related
disorders (e.g. May-Hegglin anomaly, Epstein syndrome, Fechtner syndrome). As with BSS,
platelets from these patients exhibit a dilated and hypertrophic OCS, but also a pronounced

124,147,148

macrothrombocytopaenia and marked agranularity Intriguingly, Budd-Chiari
syndrome, a rare prothrombotic condition characterised by hepatic vein or inferior vena cava
thrombosis'#*, also results in platelets with dilation and hypertrophy of the OCS **°. Yet, again,
multiple other platelet ultrastructural defects are observed, including a general lack of
organelle content. Finally, abnormal linkage of storage granules to the OCS has been implicated
in alpha-delta platelet storage pool deficiency. In an ultrastructural study of multiple familial
cases of the disease, it was found that alpha and dense granules were replaced by empty
vacuolar structures in platelets from these patients, and that many of these vacuoles were

connected to the OCS, suggesting that extraneous connections between the granules and OCS

result in the loss of granule contents to the cell exterior in the absence of platelet activation®®?,
1.6.1.3 Tools for Studying the OCS
2D Electron Microscopy

Detailed study of OCS structure is generally performed using electron microscopy, indeed, the
discovery of the OCS was enabled by the advent of TEM. Standard TEM allows indications of
the relative amount of OCS in a platelet, the size of the channels of the OCS, and can show
surface openings, while the surface-linked nature of the OCS was determined using TEM
imaging of platelets stained with cell-impermeable membrane dyes such as ruthenium red.
Scanning electron microscopy (SEM) can also be used to image aspects of the OCS — specifically
to look at OCS openings by examining the surface topology of the platelet’s plasma membrane.
However, there are a number of limitations of using two-dimensional imaging techniques to
visualise the OCS. SEM provides only surface level information, and is therefore limited to
examination of the number, size, and potential distribution of OCS openings, as well as general

plasma membrane morphology. TEM looks at only one slice through the platelet interior, at a
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random orientation, so does not infer what the entire internal membrane system in a given
platelet may look like. As a result, changes in the distribution of the OCS or in the number or
size of surface openings may be missed. These limitations in two-dimensional imaging

techniques have led to more recent studies using three-dimensional approaches.
3D Electron Microscopy

The development of automated, serial-section, electron microscopy (EM)-based techniques
has allowed a more sophisticated reconstruction of OCS structure in three dimensions and
throughout the entire cell. The first of these methods to be used in platelet imaging, EM
tomography, involves a series of images taken at different angular orientations of the sample;
which are then aligned and merged to create a 3D representation of the sample (electron
tomogram). Specific aspects within the sample, such as the OCS within a platelet, can be
manually reconstructed from the tomogram. The first and most comprehensive EM
tomography study of platelets to date was performed by van Nispen tot Pannerden et al,, in
which the authors used this technique to perform intricate reconstructions of OCS-DTS
membrane complexes, as well as detailed analyses on the various subtypes of alpha granule
present in the platelet!?®. While EM tomography can provide much useful information on
platelet ultrastructure, limitations on the thickness of sections that can be imaged and the
largely manual nature of the reconstruction limit the capacity of this approach to produce
accurate reconstructions of an entire platelet. For these reasons, with regards to the OCS,
electron tomography may be most useful for examining specific parts of the OCS within a
platelet, as exploited to great effect by van Nispen tot Pannerden et al., such as its interactions

with, or proximity to, other organelles.

A second 3D imaging technique, which is able to produce detailed whole-cell reconstructions
of the platelet and its OCS, is focused ion beam-scanning electron microscopy (FIB-SEM), as
recently published by Eckly et al.*>> FIB-SEM is an automated microscopy technique involving
the combined use of a scanning electron microscope and focused ion beam technology®>3. This
approach produces a series of sectional images, of comparable quality to traditional TEM, by
sequentially using a gallium ion beam to remove thin layers of tissue from a sample and an
electron beam to image each new block face (Figure 1.6)°>'>4 Components across these serial
sections can be reconstructed to produce three-dimensional images of cell ultrastructure and

subcellular structures. In the case of a platelet, these whole-cell 3D reconstructions produced
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Figure 1.6. Whole cell OCS analysis via focused ion beam-scanning electron microscopy (FIB-SEM). In
FIB-SEM, the sample is sequentially milled with a gallium ion beam and imaged with an electron beam.
Each milling step removes 10 nm of embedded sample. This stack of serial 2D images at 10 nm intervals
is then segmented. Shown here is the segmentation of the OCS and plasma membrane of one platelet
in cell suspension. A typical image stack for a whole-cell platelet reconstruction comprises 200-300
images. In this way, a whole-cell, 3D platelet reconstruction is produced. The reconstruction here shows

the platelet plasma membrane and OCS.
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using FIB-SEM show the entire OCS within any particular platelet, including both its network of
connected channels within the cell and its openings at the plasma membrane (Figure 1.6).
Organelles and smaller components can also be analysed in detail. For example, Eckly et al.
have, in addition to whole-cell platelet reconstruction, used FIB-SEM to show detailed changes
in the ultrastructure of alpha and dense granules, and mitochondria, at various stages of
platelet activation®2. As such, FIB-SEM provides more information than both traditional TEM
and SEM combined, allowing quantitative information about the internal membranes of the
whole cell, such as accurate determination of the total OCS volume. However, both the imaging
and reconstructive analysis of FIB-SEM are very time consuming, making it impractical for
analysing large numbers of cells. A further limitation is the resolution of current approaches
such that, as with TEM, particularly narrow channels of the OCS may be missed resulting in a

likely underestimate of the true interconnectivity of the system.
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1.7 Rationale and Aims

Given the global burden of CVD, and the limitations of currently available treatments, new anti-
platelet approaches are critically needed. Early evidence has suggested that targeting the class
Il PI3K isoform, PI3KC2a, may provide some potential toward this goal. We have previously
shown that inducible genetic deficiency of PI3KC2a in mice results in changes to the structure
of the platelet internal membrane that are sufficient to cause functional impairment in the
setting of arterial thrombosis. However, the mechanisms linking these structural and functional

alterations remain unknown.

Furthermore, we have recently developed a first-in-class PI3KC2a inhibitor, enabling the
examination of the role of PI3KC2a in human platelet structure and function. The focus of this
thesis therefore is to further characterise the role of PI3KC2a in mouse platelets, to determine
whether PI3KC2a plays a role in human platelet structure and function, and to assess the utility
of targeting PI3KC2a as a potential anti-thrombotic strategy. This research is of interest both in
terms of defining the biological function of PI3KC2a and in the greater context of thrombosis

and cardiovascular disease.
The specific aims of this work are as follows:

1) Determine the mechanism by which PI3KC2a deficiency is anti-thrombotic in mice (Chapter
2)
2) Determine the role of PI3KC2a in human platelets and the validity of targeting PI3KC2a as

an anti-thrombotic strategy (Chapter 3)

Sections of this chapter have been published as:

Falasca M, Hamilton JR, Selvadurai MV, Sundaram K, Adamska A, Thompson PE. Class Il phosphoinositide
3-kinases as novel drug targets. J Med Chem. 2017 Jan 12;60(1):47-65.

Selvadurai MV, Hamilton JR. Structure and function of the open canalicular system — the platelet’s

internal membrane network. Platelets. 2018 Jun;29(4):319-25.

(See Appendices | and I1)
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CHAPTER 2

Determining the Mechanism by which
PI3KC2a Deficiency is Anti-Thrombotic in
Mice
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Previous work identified a structural and functional defect in platelets from PI3KC2a-deficient
mice — a dilation of the internal membrane system, the OCS, and an impairment in arterial
thrombosis®'. However, it remains unclear how the structural change in the OCS is linked to
reduced thrombus propagation in vivo. As such, further examination of the role of PI3KC2a in
mouse platelet structure and function is warranted in order to identify any potential

mechanism linking OCS dilation and impaired thrombosis.

The dilatations of the OCS previously identified in 2D TEM images are not uniform, nor are they
present in every PI3KC2a-deficient mouse platelet. Furthermore, TEM images capture only a
thin slice at a random orientation through the cell, and do not provide a comprehensive
representation of the structure of the internal membrane network throughout the platelet.
This drove a desire to examine the three-dimensional structure of the entire OCS. Moreover,
given that changes in alpha granule structure have previously been identified in a model of
PI3KC2a deficiency!!®, a more detailed ultrastructural analysis seemed necessary. Here, high-
resolution electron microscopy techniques were used to perform a detailed analysis of the
whole cell structural changes induced by PI3KC2a deficiency in mouse platelets. FIB-SEM was
used to create 3D reconstructions of PI3KC2a-deficient and wild-type mouse platelets, allowing
comprehensive examination of the channels of the OCS, as well as other platelet organelles. A
second aspect of OCS architecture, its openings at the plasma membrane, was examined using

traditional SEM.

It was also unknown how loss of PI3KC2a led to the change in OCS structure. Given that one of
the most important contributors to membrane structure is the lipid content of the membrane,
whether these dilations were driven by alterations to the lipid composition of the membrane
induced by PI3KC2a deficiency was determined. This approach also has the potential to provide
clues as to whether the phenotype can be induced acutely (in either mouse or human cells)
with a small molecule inhibitor. For example, if membrane lipid content was the determinant
of the phenotype, this would suggest that the phenotype would not be acutely inducible with
pharmacological inhibitors. Here, we used liquid chromatography-tandem mass spectrometry
to profile and compare the lipid composition of the plasma membrane in PI3KC2a-deficient

and wild-type mouse platelets.

Finally, an effort was made to determine how the alteration in platelet internal membrane

structure leads to the functional phenotype of impaired arterial thrombosis, and begin to
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uncover the mechanism underlying the effect seen with loss of PI3KC2a. Given that the
phenotype was that of an altered membrane structure, analyses of platelet membrane function
were performed, in both in the absence and presence of shear forces. SEM was used to visualise
the formation of filopodia in suspension-activated platelets, and a microfluidic whole blood
flow assay in which thrombus formation is largely membrane-dependent was used to assess

platelet prothrombotic capacity.

These studies found that the structural changes in PI3KC2a-deficient platelets are limited to
the membrane and occur independently of membrane composition. Furthermore, the
functional defect in PI3KC2a-deficient platelets occurs specifically under the high shear forces
present during thrombus formation, suggesting that if a similar role exists for PI3KC2a in human

platelet structure and function, it may have significant potential as an anti-thrombotic target.
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Essentials

e The phosphoinositide 3-kinase, PI3KC2a, regulates platelet function via an unknown

mechanism.

e We examined the effect of PI3KC2a deficiency on platelet membrane structure and

function.

e PI3KC2a-deficiency altered platelet membrane structure independently of lipid

composition.

e PI3KC2a-deficiency selectively impaired platelet adhesion when dependent on membrane

tethering.
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Abstract

Background: The class Il phosphoinositide 3-kinase, PI3KC2a, is a lipid kinase with a recently
reported role in platelet function. Platelets from PI3KC2a-deficient mice exhibit an altered
internal membrane structure and an impaired thrombotic capacity, yet how this change in
membrane structure impacts platelet function remains unknown.

Objectives: To examine the effect of PI3KC2a deficiency on platelet membrane structure and
function.

Methods & Results: We used focused ion beam-scanning electron microscopy to examine the
whole cell ultrastructure of PI3KC2a-deficient platelets. Analysis of the major organelles
revealed a specific increase in internal membrane volume of PI3KC2a-deficient platelets due
to dilation of open canalicular system channels throughout the cell, including at the plasma
membrane. Profiling of 294 lipid species across the 22 most abundant lipid classes using liquid
chromatography-tandem mass spectrometry indicated these membrane structure changes
were not due to variations in lipid composition. Analyses of membrane function showed
normal filopodia formation in PI3KC2a-deficient platelets activated in suspension but impaired
thrombosis under conditions involving membrane tethering.

Conclusions: These studies indicate the structural changes in PI3KC2a-deficient platelets are
limited to the membrane and are independent of membrane lipid composition. The impaired
function of the cell membrane in PI3KC2a-deficient platelets occurs specifically in the setting
of thrombus formation, suggesting PI3KC2a regulates platelet function via a unique

membrane-dependent mechanism that may be targetable for anti-thrombotic benefit.

38



Introduction

The phosphoinositide 3-kinases (PI3Ks) are a family of lipid kinases that catalyse the
phosphorylation of the 3’ hydroxyl group of the inositol ring of phosphoinositides to produce
the 3-phosphorylated phosphoinositides (3-PPIs) — important second messengers for a wide
range of processes in cells [1, 2]. There are eight mammalian PI3K isoforms, divided into three
classes based on structural and functional similarities: four class |, three class I, and one class
[l PI3K. The class | PI3Ks are comfortably the most widely studied and have well-defined roles
in range of cells, including platelets [3]. More recently, mouse genetic models have been used
to uncover the importance of one of the class Il PI3Ks, PI3KC2a, and the sole class Il PI3K,
Vps34, in platelet function. While Vps34 appears to play a modest role in platelet production
and function [4, 5], PI3KC2a regulates the thrombotic function of mouse platelets by a unique
and as-yet-undefined mechanism that may involve the structure of the cell membrane [6-8].
Specifically, we used an inducible shRNA-based approach to deplete PI3KC2a protein in the
platelets of adult mice to show that PI3KC2a regulates the structure of the platelet internal
membrane system (the open canalicular system; OCS) [6, 7]. Here, transmission electron
microscopy (TEM) revealed that PI3KC2a-deficient platelets exhibit dilatations of the channels
of the OCS. Perhaps surprisingly, platelets from PI3KC2a-deficient mice displayed normal
function in all in vitro function tests performed (aggregation, granule secretion, integrin
activation, and adhesion and spreading on activating surfaces), yet have impaired platelet
thrombotic function in both in vitro and in vivo models [6, 7]. A subsequent study confirmed
this role for PI3KC2a in platelet structure and function in a distinct mouse model involving
heterozygosity of a kinase-inactivating point mutation in the PI3KC2a active site [8]. These

intriguing findings suggest PI3KC2a links regulation of the platelet internal membrane
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structure to the cell’s prothrombotic function. However, the mechanism by which this occurs

remains unknown.

One potential mechanism by which alterations in the platelet membrane structure might
impair platelet function is provided by the observation that PI3KC2a-deficient platelets exhibit
reduced expression of a number of proteins important for linking the cell membrane with its
cytoskeleton, most notably spectrin and myosin [8]. If the reduction in these proteins is
sufficient to impair communication between the membrane and cytoskeleton, one prediction
is that this may lead to impaired filopodia formation in activated platelets. Yet how such an
impact would result in the observed selective impairment of platelet function in the setting of
thrombosis —and not a global impairment of platelet function in, for example, standard assays

of aggregation, granule secretion, or platelet spreading [6], remains unclear.

Given this uncertainty regarding the mechanism by which PI3KC2a regulates platelet
membrane structure and function, we have further examined the structural changes to the
platelet membrane induced by PI3KC2a-deficiency and have investigated how these structural
changes affect the function of the platelet membrane. Here, we use focused ion beam-
scanning electron microscopy (FIB-SEM) [9], as well as traditional scanning electron
microscopy (SEM), to perform a detailed, three-dimensional ultrastructural analysis of
platelets from PI3KC2a-deficient mice. This analysis indicates PI3KC2a-deficient platelets
exhibit specific changes to the structure of the OCS. These changes occur without major
alterations in the lipid composition of these platelets. Surprisingly, the structural changes to
the platelet OCS membrane have no impact on the formation of filopodia by platelets activated

in suspension, yet markedly impacts on the ability of these platelets to form thrombi in a blood
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flow environment involving a prominent shear gradient that produces membrane tether
formation [10-12]. Together, these findings indicate that PI3KC2a modulates the structure of
the platelet internal membrane (OCS) independently of changes to membrane composition.
These structural changes to the OCS appear to compromise platelet membrane function
specifically in the setting of thrombus formation. If this regulation of membrane structure by
PI3KC2a is acute, these studies reveal the potential for a novel approach toward thrombosis-

specific anti-platelet therapy.
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Methods

Mice

All animal experiments were approved by the Alfred Medical Research and Education Precinct
Animal Ethics Committee (approvals E/1465/2014/M and E/1644/2016/M). Mice were
backcrossed > 5 generations on a C57BL/6 genetic background (i.e. > 98%) and maintained on
a 12 h light/dark cycle with food and water ad libitum. All genetic studies were littermate
controlled and were performed with mice at 6 to 20 weeks of age of either sex. Mice deficient
in PI3KC2a (CMV-rtTA;TRE-GFP-shPI3KC2a) were generated using an inducible shRNA-based
gene-silencing approach, as reported previously [6]. Control mice consisted of either pooled
wild-type and monotransgenic littermates or were mice with similar transgenes but with a
control shRNA targeting Renilla luciferase (CMV-rtTA;TRE-GFP-shControl). To induce shRNA-
based knockdown of PI3KC2a expression, mice were placed on a doxycycline diet (600 mg/kg,

Speciality Feeds, Australia), for at least 10 days prior to experimentation.

Platelet isolation

Blood was drawn from the inferior vena cava of anaesthetised mice into enoxaparin (40 U/ml,
final concentration) using a 25-gauge needle. Platelets were isolated as previously described
[6]. Briefly, blood was treated with acid-citrate-dextrose and platelet wash buffer (4.3mM
KoHPO4, 4.3mM NaHPO4, 24.3mM NaH;P04, 113mM NacCl, 5.5mM D-glucose and 10 mM
theophylline; pH 6.5; containing 0.5% BSA, 20 U/ml enoxaparin and 0.01 U/ml apyrase),
platelets isolated via centrifugation, and resuspended in Tyrode’s buffer containing 0.5% BSA,

1.8 mM Ca?*and 0.02 U/ml apyrase.
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Focused ion beam-scanning electron microscopy

Isolated mouse platelets were fixed in 2.5% glutaraldehyde, post-fixed in 1% osmium tetroxide
and 1.5% potassium ferrocyanide, incubated in 4% uranyl acetate, then dehydrated through a
series of graded ethanol concentrations before being embedded in Epon resin. Samples were
imaged using a Helios Nanolab microscope (FEl). Stacks of approximately 1000 images with a
field size of 15 um x 15 um were generated. Samples were milled with the FIB (20 kV) at a
thickness of 20 nm per section. Three dimensional models were computed using the imaging

software Amira (FEI).

Scanning electron microscopy

Isolated mouse platelets were activated with ADP under constant stirring in the presence of
eptifibatide (40 pg/ml) and then fixed with the addition of glutaraldehyde (2.5%, final
concentration). Fixed platelets were seeded on glass coverslips pre-coated with 0.01% poly-L-
lysine; coverslips were then rinsed, dehydrated, and coated with a 10 nm layer of
platinum/palladium or gold using a sputter coater (Cressington 208-HR). Imaging was
performed using a Nova NanoSEM 450 scanning electron microscope (FEl) at 5 kV, and analysis

completed using FlJI software.

Platelet lipid composition

Platelet lipid composition analyses were performed as previously described [13, 14]. Briefly,
lipids were extracted using a single-phase chloroform:methanol extraction. Isolated mouse
platelets in suspension were added to equal volumes of internal standard mix, comprising
known concentrations of all lipid classes measured. A 2:1 ratio of chloroform:methanol was

added to each sample. Samples were mixed with a rotary mixer for 10 min, sonicated for 30
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min, and rested for 20 min at room temperature. Samples were then centrifuged at 16,000g
for 10 min and the resulting supernatant removed and dried with nitrogen gas at 40°C. Samples
were dissolved in water-saturated butanol and sonicated for 10 min prior to addition of an
equal volume of methanol with 10 mM ammonium formate. The lipid extracts were

centrifuged at 3350g for 5 min and the supernatant removed for analysis.

Lipid analysis was performed using liquid chromatography electrospray ionisation — tandem
mass spectrometry, as previously described in detail [13, 14], using an Agilent 1200 UHPLC
coupled to an AB Sciex Q/TRAP 4000 mass spectrometer with a turbo-ionspray source (350 °C)
and Analyst 1.5 and Multiquant data systems. Separation by liquid chromatography was
performed on a Zorbax C18 column (1.8 um, 50 x 2.1 mm; Agilent Technologies), again as

previously described [13, 14]. In total, 294 lipids were detected and quantitated.

The total lipid concentration for each class measured was determined by summing the
concentrations of individual species in that class. Univariate comparisons were conducted
comparing lipid classes between PI3KC2a-deficient (CMV-rtTA;TRE-GFP-shPI3KC2a) and
littermate control mice, using Welch’s t test followed by Bonferroni correction to account for

multiple comparisons.

Microfluidic assay

Platelet aggregation was performed using a previously described method modified for use in
the present study with mouse whole blood [11]. Briefly, a microfluidic device consisting of 200
um wide channels with inset 40 um stenosis was fabricated using standard photolithography

techniques [10]. Microchannels were selectively coated at the stenosis geometry with human
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VWF (10 pg/ml - isolated from Biostate® CSL Ltd) for 10 min, blocked with BSA (2 ug/ml) for 10
min, then coated with botrocetin (2.5 pg/ml) for 10 min, before being flushed with Tyrode’s
buffer prior to sample perfusion. Hirudin-anticoagulated mouse whole blood was perfused
through the microfluidic at 45 pl/min (equating to a shear rate at the stenosis geometry of
11,500 s1) and platelet deposition at the stenosis monitored in real time via epifluorescence
(Nikon Ti-U microscope - Plan Fluor 20x/0.50 objective with Andor Zyla sCMOS detector). Mid-
plane platelet aggregate size was analysed in ImagelJ following thresholding (Huang's fuzzy
image thresholding method). Maximal aggregation, expressed as cross-sectional area (um?),

was extrapolated from non-linear curve fitting following 300 s perfusion time.

Analyses

Statistical analyses were performed using GraphPad Prism. Statistical significance was defined
at P < 0.05 and was determined with an unpaired, two-tailed Student’s t-test, followed by
Bonferroni correction to account for multiple comparisons where appropriate and as indicated

in the figure legends.
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Results

PI3KC2a regulates platelet membrane structure

We have previously used 2-dimensional TEM imaging to demonstrate that PI3KC2a-deficiency
results in a dilation of the channels of the OCS within mouse platelets [6]. In order to examine
this and any other potential ultrastructural change caused by PI3KC2a-deficiency in more
detail, we used FIB-SEM to create whole-cell, three-dimensional reconstructions of PI3KC2a-
deficient mouse platelets. These reconstructions allow for visualisation and quantitation of
various intracellular compartments, which in this case comprised the OCS and plasma
membrane, as well as alpha and dense granules. In agreement with our previous 2-dimensional
findings, we observed dilation of the OCS in platelets from PI3KC2a-deficient mice when
compared with platelets from littermate controls (Figure 1A). Areas of OCS dilation in PI3KC2a-
deficient platelets were more evident at certain points in a given cell (Figure 1A, red arrows)
and the total volume of OCS in platelets isolated from PI3KC2a-deficient mice was 48% greater
than in platelets from littermate control mice (3.6 + 0.5 vs 5.4 £ 0.6% of total cell volume for
control and PI3KC2a-deficient cells, respectively; Figure 1B). Despite this OCS dilation, no
obvious differences were observed in the spatial distribution of the OCS throughout the cell
(Figure 1A). In contrast to the OCS, the total volume of either alpha or dense granules was not

different between control and PI3KC2a-deficient platelets (Figure 1C).

Given the OCS dilatation observed here and previously [6, 7], we next examined the external
aspect of the OCS — its openings at the plasma membrane — via SEM (Figure 2A). There were
similar numbers of OCS openings in the visible plasma membrane of cells examined in these

studies (Figure 2B). However, in a near-identical finding to the OCS measurements inside
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platelets, the diameter of OCS openings at the plasma membrane were significantly increased
by 46% in platelets from PI3KC2a-deficient mice versus littermate controls (37 £ 4 vs 54+ 3

nm, respectively; Figure 2C).

PI3KC2a does not regulate platelet membrane lipid composition

One of the most important contributors to membrane structure is the lipid content of the
membrane. Therefore, we next examined whether the observed structural changes to the OCS
were caused by or associated with alterations in the lipid profile of the platelet. We performed
a detailed analysis of 294 lipids across the 22 most abundant lipid classes and subclasses using
liguid chromatography electrospray ionisation-tandem mass spectrometry. This analysis
revealed an unchanged lipid profile in PI3KC2a-deficient when compared with littermate
control platelets (Figure 3), with no significant differences in molar abundance observed in any

of the lipid classes analysed.

PI3KC2a does not regulate filopodia formation in platelets in suspension

We next examined whether the structural alteration in the platelet internal membrane impacts
on platelet membrane function by imaging filopodia formation in platelets activated in
suspension. Isolated platelets were stimulated with ADP (in the presence of eptifibatide to
prevent aggregation), then fixed and imaged by SEM (Figure 4A). No differences were detected
in either the number or length of filopodia between platelets isolated from PI3KC2a-deficient

or littermate control mice (Figure 4B,C).

PI3KC2a regulates platelet adhesion and thrombus formation
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Given the impaired arterial thrombus formation previously observed in PI3KC2a-deficient
mice, we examined platelet function in a microfluidic whole blood flow assay known to be
dependent on membrane tether formation [10-12]. Mouse blood was perfused through a von
Willebrand factor-coated microfluidic channel incorporating a shear force gradient-inducing
stenosis [10-12]. Platelet aggregation occurred downstream of the stenosis and the size of
these platelet aggregates was quantified using the epifluorescent signal of the GFP-positive
platelets (Figure 5). The extent of platelet deposition was significantly lower in blood from
PI3KC2a-deficient mice (838 + 314 um?) versus that in blood from control mice (2194 + 485

um?) —a 62% reduction (Figure 5).

Together, these findings suggest loss of PI3KC2a leads to a specific structural change in the
platelet membrane that occurs independently of membrane lipid composition. This
membrane modification is sufficient to selectively impact upon platelet function in the setting
of thromboses formed downstream of a shear gradient-inducing stenosis and dependent on

membrane tethering.
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Discussion

We performed an analysis of the structural and functional consequences of the loss of PI3KC2a
in mouse platelets in order to gain insights into the mechanism by which PI3KC2a deficiency
leads to the previously observed anti-thrombotic phenotype. We showed that PI3KC2a
deficiency leads to an ultrastructural change in platelets that is limited to the internal
membrane (OCS) of these cells. Specifically, the OCS in platelets from PI3KC2a-deficient mice
was dilated throughout the cell, including at the plasma membrane. This structural change in
the platelet membrane occurred independently of the cell’s lipid composition. Yet inspection
of platelet membrane function revealed PI3KC2a deficiency had selective effects under pro-
thrombotic conditions: filopodia formation was unaffected in a static assay performed on cells
in suspension, but platelet deposition and aggregation was significantly impaired in an ex vivo

whole blood flow thrombosis model.

We and others have previously shown that platelets from PI3KC2a-deficient mice exhibit an
increased surface area occupied by the channels of the OCS in TEM images [6, 8]. Here we add
to those findings to show that the enlargements previously reported in 2D TEM images are
reflective of a widespread and largely uniform dilation of membrane channels throughout the
cell, including at the plasma membrane. Our detailed three-dimensional analysis of PI3KC2a-
deficient platelets revealed this structural change was specific to the OCS: its volume was
significantly increased in PI3KC2a-deficient platelets while the volumes of alpha and dense
granules were unaffected, despite the occasional change in granule number or shape.
Furthermore, the size of the openings of the OCS at the plasma membrane were significantly
larger in PI3KC2a-deficient platelets. Despite this OCS dilation throughout the cell, no gross

change in the spatial distribution of the OCS across the cell was observed.
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Given that the biggest predictor of any membrane structure is its lipid composition, we
performed a comprehensive analysis of the lipidome of both PI3KC2a-deficient and wild-type
platelets. This analysis revealed the lipid profile of PI3KC2a-deficient platelets was
indistinguishable to that of wild-type platelets, indicating the observed internal membrane
dilatation is unlikely driven by compositional changes to the membrane. This is, to our
knowledge, the first comprehensive lipidomic analysis of the mouse platelet. On this, it is
interesting to note some potential differences in the relative abundance of some lipids
between mouse platelets and similar lipidomic analyses of human platelets [15]. For example,
while phospholipids are the predominant component in both mouse and human platelet
membranes, there is a notably higher abundance of sterol lipids and a relative paucity of
glycerolipids in mouse platelets when compared with human [15]. Whether these differences

are important in terms of membrane function remains to be determined.

Previous studies have demonstrated an in vivo anti-thrombotic phenotype conferred by loss
of PI3KC2a [6, 8]. Given that platelets from these PI3KC2a-deficient mice have a structural
defect that is specific to the OCS — a reserve of membrane thought to be utilised for platelet
shape change and spreading during activation and aggregation [16] — we examined platelet
membrane function in both static and blood flow environments. We found that platelet
membrane function is affected specifically in the presence of the forces of flowing blood. Here,
filopodia production in suspension-activated platelets was unaffected by loss of PI3KC2a, yet
in a microfluidic assay incorporating a high shear gradient-inducing stenosis, PI3KC2a-
deficiency led to a marked reduction in platelet deposition. We utilised this microfluidic blood
flow assay because of its incorporation of a pronounced stenosis that has been shown to cause

a substantial shear gradient (from very high at the point of stenotic narrowing, to very low

50



immediately downstream of the stenosis) [10-12]. Importantly, in vivo studies of platelet
behaviour following exposure to such a shear gradient environment (via a vascular stenosis)
have shown that initial platelet deposition occurs largely independently of cellular activation
by soluble agonists [12]. Indeed, such shear gradients appear to drive initial platelet deposition
via the formation of membrane tethers [10-12]. As a result, the significant reduction in platelet
deposition in this system using blood from PI3KC2a mice may suggest that PI3KC2a is
important for the earliest stages of platelet adhesion, where membrane tethers, presumably
derived from the OCS, are pulled from platelets without detectable cell activation via an
interaction between von Willebrand factor and the platelet adhesion receptor GPlba [17].
Alternatively, PI3KC2a may be involved in the subsequent propagation of platelet aggregates,
since incoming platelets that tether to the surface of forming thrombi are discoid and
demonstrate low levels of activation markers and minimal calcium flux, in sharp contrast to the
initial core of the thrombus where platelets are generally fully activated [12, 18]. The lack of
effect of PI3KC2a deficiency on platelet filopodia production in response to cell activation may
suggest that the involvement of PI3KC2a is most prevalent where changes in shear stress
sustain and drive thrombus propagation, potentially in the absence of conspicuous agonist-
induced activation. The surprising lack of effect of PI3KC2a deficiency in standard assays of

agonist-induced in vitro platelet function [6, 8] supports this hypothesis.

The intriguing link between the PI3KC2a-dependent modulation of platelet internal membrane
structure and impaired platelet function specifically in the setting of blood flow suggests
targeting PI3KC2a and/or the platelet internal membrane system may have utility as an anti-
thrombotic strategy. However it remains unknown whether this function of PI3KC2a translates

to human platelets. In addition, the relevance of changes in platelet membrane structure to
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human platelet function are completely unexplored. There are a number of clinical syndromes
in which abnormalities in the OCS are observed, including some with either bleeding or
thrombotic consequences [19-21]. Yet platelets from patients with these conditions
demonstrate a number of structural abnormalities in addition to OCS changes, making it
difficult to determine how much, if any, contribution the OCS defect has to the clinical
phenotype. The development of PI3KC2a inhibitors would be a useful step forward in
determining the role of this enzyme in human platelets and in addressing any validity of this
target as an anti-thrombotic approach. If PI3KC2a function is conserved in human platelets
and acute inhibition of this enzyme is able to reproduce the phenotype observed in mouse
platelets, this opens the possibility of manipulating the platelet membrane structure via

PI3KC2a as a novel, thrombosis-specific, anti-platelet strategy.

52



Acknowledgments

Microfluidic devices were fabricated within the Micro Nano Research facility, RMIT University.
We thank Monique Freund, Catherine Strassel, Fabienne Proamer and Neslihan Ulas for
technical support; the staff of AMREP animal services for animal husbandry and care; staff of
the Ramaciotti Centre for Cryo-Electron Microscopy and Monash Micro Imaging (Monash
University) for assistance with microscopy; Jacqui Weir and Natalie Mellett for assistance with

LC-MS; and Andrew Yett for interesting insights.

Funding
This work was supported by grants to J.R.H. from the National Health Medical Research Council
of Australia (1047295 and 1120522), Australian Research Council (FT130100540), and CASS

Foundation (SM/16/7334).

Declarations of interest

The authors declare no competing financial interests.

Author contributions

MVS performed research, analysed data and wrote the manuscript; RIB, MIM and J-YR
performed research; AE, CG, PJM, HHN and WSN contributed to study design, data analysis
and interpretation of results; JRH designed the study, interpreted results and wrote the

manuscript.

53



References

1. Jean S, Kiger AA. Classes of phosphoinositide 3-kinases at a glance. J Cell Sci 2014; 127:
923-8.

2. Vanhaesebroeck B, Stephens L, Hawkins P. PI3K signalling: the path to discovery and
understanding. Nat Rev Mol Cell Biol 2012; 13: 195-203.

3. Valet C, Severin S, Chicanne G, Laurent PA, Gaits-lacovoni F, Gratacap MP, Payrastre B.
The role of class I, Il and Il Pl 3-kinases in platelet production and activation and their
implication in thrombosis. Adv Biol Requl 2016; 61: 33-41.

4, Valet C, Levade M, Chicanne G, Bilanges B, Cabou C, Viaud J, Gratacap MP, Gaits-
lacovoni F, Vanhaesebroeck B, Payrastre B, Severin S. A dual role for the class Ill PI3K, Vps34,
in platelet production and thrombus growth. Blood 2017; 130: 2032-42.

5. LiuY, Hu M, Luo D, Yue M, Wang S, Chen X, Zhou Y, Wang Y, Cai Y, Hu X, Ke Y, Yang Z,
Hu H. Class Ill PI3K Positively Regulates Platelet Activation and Thrombosis via PI(3)P-Directed
Function of NADPH Oxidase. Arterioscler Thromb Vasc Biol 2017; 37: 2075-86.

6. Mountford JK, Petitjean C, Putra HW, McCafferty JA, Setiabakti NM, Lee H, Tonnesen
LL, McFadyen JD, Schoenwaelder SM, Eckly A, Gachet C, Ellis S, Voss AK, Dickins RA, Hamilton
JR, Jackson SP. The class Il Pl 3-kinase, PI3KC2alpha, links platelet internal membrane structure
to shear-dependent adhesive function. Nat Commun 2015; 6: 6535.

7. Petitjean C, Setiabakti NM, Mountford JK, Arthur JF, Ellis S, Hamilton JR. Combined
deficiency of PI3KC2alpha and PI3KC2beta reveals a nonredundant role for PI3KC2alpha in
regulating mouse platelet structure and thrombus stability. Platelets 2016; 27: 402-9.

8. Valet C, Chicanne G, Severac C, Chaussade C, Whitehead MA, Cabou C, Gratacap MP,
Gaits-lacovoni F, Vanhaesebroeck B, Payrastre B, Severin S. Essential role of class Il PI3K-
C2alpha in platelet membrane morphology. Blood 2015; 126: 1128-37.

9. Eckly A, Heijnen H, Pertuy F, Geerts W, Proamer F, Rinckel JY, Leon C, Lanza F, Gachet
C. Biogenesis of the demarcation membrane system (DMS) in megakaryocytes. Blood 2014;
123:921-30.

10. Tovar-Lopez FJ, Rosengarten G, Westein E, Khoshmanesh K, Jackson SP, Mitchell A,
Nesbitt WS. A microfluidics device to monitor platelet aggregation dynamics in response to
strain rate micro-gradients in flowing blood. Lab Chip 2010; 10: 291-302.

11. Brazilek RJ, Tovar-Lopez FJ, Wong AKT, Tran H, Davis AS, McFadyen JD, Kaplan Z,
Chunilal S, Jackson SP, Nandurkar H, Mitchell A, Nesbitt WS. Application of a strain rate gradient
microfluidic device to von Willebrand's disease screening. Lab Chip 2017; 17: 2595-608.

12. Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, Fu J, Carberry J, Fouras A,
Jackson SP. A shear gradient-dependent platelet aggregation mechanism drives thrombus
formation. Nat Med 2009; 15: 665-73.

13. Weir JM, Wong G, Barlow CK, Greeve MA, Kowalczyk A, Almasy L, Comuzzie AG,
Mahaney MC, Jowett JB, Shaw J, Curran JE, Blangero J, Meikle PJ. Plasma lipid profiling in a
large population-based cohort. J Lipid Res 2013; 54: 2898-908.

54



14. Giles C, Takechi R, Mellett NA, Meikle PJ, Dhaliwal S, Mamo JC. The Effects of Long-
Term Saturated Fat Enriched Diets on the Brain Lipidome. PloS One 2016; 11: e0166964.

15. Slatter DA, Aldrovandi M, O'Connor A, Allen SM, Brasher CJ, Murphy RC, Mecklemann
S, Ravi S, Darley-Usmar V, O'Donnell VB. Mapping the Human Platelet Lipidome Reveals
Cytosolic Phospholipase A2 as a Regulator of Mitochondrial Bioenergetics during Activation.
Cell Metab 2016; 23: 930-44.

16. Escolar G, Leistikow E, White JG. The fate of the open canalicular system in surface and
suspension-activated platelets. Blood 1989; 74: 1983-8.

17. Savage B, Saldivar E, Ruggeri ZM. Initiation of platelet adhesion by arrest onto
fibrinogen or translocation on von Willebrand factor. Cell 1996; 84: 289-97.

18. Stalker TJ, Traxler EA, Wu J, Wannemacher KM, Cermignano SL, Voronov R, Diamond
SL, Brass LF. Hierarchical organization in the hemostatic response and its relationship to the
platelet-signaling network. Blood 2013; 121: 1875-85.

19. Maldonado JE, Gilchrist GS, Brigden LP, Bowie EJ. Ultrastructure of platelets in Bernard-
Soulier syndrome. Mayo Clin Proc 1975; 50: 402-6.

20. Dayal S, Pati HP, Pande GK, Sharma P, Saraya AK. Platelet ultra-structure study in Budd-
Chiari syndrome. Eur J/ Haematol 1995; 55: 294-301.

21. White JG, Krumwiede MD, Escolar G. Glycoprotein Ib Is Homogeneously Distributed on
External and Internal Membranes of Resting Platelets. Am J Path 1999; 155: 2127-34.

55



Figures and legends:
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Figure 1. PI3KC2a regulates internal platelet membrane structure. (A) Representative 3-
dimensional whole-cell FIB-SEM reconstructions of a platelet from a CMV-rtTA;TRE-GFP-
shPI3KC2a bi-transgenic mouse (C2a-def) and a monotransgenic littermate (control) mouse,
showing the OCS (blue), alpha granules (yellow), dense granules (black), and plasma membrane
(light blue). Bottom panels show reconstructions with individual components only for clarity.
Note dilation of the OCS in the PI3KC2a-deficient platelet (red arrows). (B) Quantitation of the
volume of each organelle measured (as a percentage of the total platelet volume). Data are

mean + SEM from n=6 platelets. *, P<0.05 (unpaired, two-tailed, Student’s t test).
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Fig. 2
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Figure 2. PI3KC2a regulates external platelet membrane structure. (A) Representative SEM
images of resting platelets isolated from CMV-rtTA;TRE-GFP-shPI3KC2a bi-transgenic mice
(C2a-def) or their wild-type and monotransgenic littermates (control), showing OCS surface
openings (red arrows and the focus of the increased magnification images). (B) Number and
(C) size of OCS openings. Data are mean + SEM from n=112-116 platelets from n=4 mice per

genotype. **, P<0.01 (unpaired, two-tailed, Student’s t test).
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Figure 3. PI3KC2a does not regulate platelet lipid composition. Concentration of the 22 most
abundant lipid classes in platelets isolated from CMV-rtTA; TRE-GFP-shPI3KC2a bi-transgenic
mice (C2a-def) or their wild-type and monotransgenic littermates (control), via LC-ESI-MS/MS.
Lipid classes are phosphatidylcholine (PC), free cholesterol (COH), alkylphosphatidylcholine
(PC(Q)), alkenylphosphatidylethanolamine (PE(P)), cholesterol ester (CE),
phosphatidylethanolamine  (PE),  sphingomyelin ~ (SM),  phosphatidylinositol  (PI),
lysophosphatidylcholine (LPC), alkenylphosphatidylcholine (PC(P)), diacylglycerol (DG),
alkylphosphatidylethanolamine (PE(Q)), triacylglycerol (TG), ceramide (Cer),
lysophosphatidylethanolamine (LPE), lysoalkylphosphatidylcholine (LPC(O)), dihydroceramide
(dhCer), phosphatidylserine (PS), monohexosylceramide (MHC), lysophosphatidylinositol (LPI),
trihexosylceramjde (THC) and dihexosylceramide (DHC). Molar abundance of each class is the
total of the individual species within each class. Data are mean + SEM from n=10-13 mice per
genotype. No significant differences were observed (P>0.05 by unpaired, two-tailed, t-test with

Bonferroni correction for multiple comparisons).
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Figure 4. PI3KC2a does not regulate filopodia formation in the absence of shear forces. (A)
Representative SEM images of platelets isolated from CMV-rtTA;TRE-GFP-shPI3KC2a bi-
transgenic mice (C2a-def) or monotransgenic littermates (control) and activated in suspension
with 5 or 50 uM ADP (in the presence of eptifibatide to prevent aggregation). All scale bars are
1 um. (B) Number and (C) length of filopodia per platelet. Data are mean + SEM from n=119-
122 platelets from n=6 mice per genotype. No significant differences were observed in any

comparison (P>0.05 by unpaired, two-tailed, t test).
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Figure 5. PI3KC2a regulates platelet adhesion and deposition driven by a shear gradient. (A)
DIC image showing the geometry of the microfluidic flow cell used in the whole blood flow
assay. The channel has a width of 200 um narrowing to 40 um at the stenosis, with side-wall
entry and exit angles of 80°. (B) Representative fluorescence images following perfusion of
blood taken from CMV-rtTA;TRE-GFP-shPI3KC2a (C2a-def) or CMV-rtTA; TRE-GFP-shControl
(control) mice through the flow cell shown in (A), with platelet aggregates seen forming
downstream of the stenosis. Arrows indicate direction of flow. Scale bars, 10 um. (C) Maximal
platelet aggregation measured in these experiments (expressed as aggregate area). Data are

mean + SEM from n=5-6 mice per genotype. *, P<0.05 (unpaired, two-tailed, Student’s t test).
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CHAPTER 3

Determining the Role of PI3KC2a in Human
Platelets and the Validity of Targeting
PI3KC2a as an Anti-Thrombotic Strategy
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The studies in Chapter 2, building upon our and other groups’ previous research®>!3, showed
that PI3KC2a regulates platelet function in mice specifically under conditions of blood flow and
shear stress, suggesting that the enzyme may have potential as an anti-thrombotic drug target.
However, several key questions remained. It was unknown whether PI3KC2a plays a role in
human platelet structure and function, nor whether, if it did, the phenotype would be acute
and inducible, rather than inherited, and thus targetable with a small molecule inhibitor.
Furthermore, significant questions remained regarding the mechanism by which the changes

in platelet structure gave rise to the functional impairment.

We have previously shown that PI3KC2a is present in human platelets at similar levels to those
found in mouse platelets®?, yet its function in these cells was unknown. In order to examine the
role of PI3KC2a in human platelets, a pharmacological inhibitor of PI3KC2a was required.
However, no drugs targeting the enzyme have been reported. Therefore, our laboratory, in
conjunction with the Monash Institute of Pharmacological Sciences, developed a small
molecule inhibitor of PI3KC2a using a rational drug design approach. This compound, MIPS-
19416, is a potent inhibitor of PI3KC2a, albeit, as the first-in-class compound identified, with
less than desirable specificity. Careful controlling for these off-target effects using a number of

other PI3K inhibitors was performed in all experiments here.

First, whether MIPS-19416 could acutely induce the structural changes in the platelet OCS seen
in our mouse genetic model was determined. Initial studies were performed using TEM, testing
various concentrations of MIPS-19416, the specificity of the structural phenotype, and the
acuity and reversibility of the effect. A 3D analysis of the OCS in 19416-treated human platelets

using FIB-SEM, similar to that undertaken previously in mouse, was also performed.

Next, the effect of PI3KC2a inhibition on a number of different aspects of platelet function was
examined, in order to determine if there were any impacts on these that were contributing to
the mechanism of action of PI3KC2a inhibition. Platelet membrane reserves were examined,
given that the OCS functions as a source of extra membrane for platelet shape change and
spreading. Platelet adhesion to VWF was also examined, and therefore the function of the
platelet receptors GPlb and integrin auibP3, as well as components of the platelet cytoskeleton,
to determine if any changes to these were contributing to or associated with the membrane

structural change.
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Finally, whether PI3KC2a inhibition in human samples was able to acutely induce the functional
impact of PI3KC2a deficiency seen in mouse was tested. This was assessed via platelet
activation and aggregation using standard in vitro assays, as well as the impact on platelet

deposition in a microfluidic whole blood thrombosis assay.

These studies found that inhibition of PI3KC2a in human samples acutely reproduced the
structural and functional defects observed with PI3KC2a deficiency in mice. Inhibition of
PI3KC2a is anti-thrombotic in human blood but does not impact on platelet activation or
aggregation. This anti-thrombotic effect occurred via a unique, membrane-dependent
mechanism, and was restricted to conditions where thrombus formation is driven by

mechanisms outside of platelet activation.
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Disrupting the platelet internal membrane via PI3KC2a inhibition impairs
thrombosis independently of canonical platelet activation
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One Sentence Summary: PI3KC2a inhibition selectively impairs platelet function during
thrombosis by disrupting the structure of the internal membrane and blocking prothrombotic
platelet function independently of canonical activation.
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Abstract:

Arterial thrombosis causes heart attacks and most strokes and is the most common cause of
death in the world. Platelets are the cells that form arterial thrombi, and anti-platelet drugs are
the mainstay of heart attack and stroke prevention. Yet current drugs have limited efficacy,
preventing fewer than 25% of lethal cardiovascular events without clinically significant effects
on bleeding. The key limitation on the ability of all current drugs to impair thrombosis without
causing bleeding is that they block global platelet activation, thereby indiscriminately
preventing platelet function in hemostasis and thrombosis. Here, we identify an approach that
overcomes this limitation by preventing platelet function independently of canonical platelet
activation and that appears relevant specifically in the setting of thrombosis. Genetic or
pharmacological targeting of the Class II PI3-kinase, PI3KC2a., dilates the internal membrane
reserve (open canalicular system) of platelets but does not affect activation-dependent platelet
function. Inhibition of PI3KC2a is potently anti-thrombotic in human blood ex vivo and mice
in vivo, but does not impact hemostasis. Mechanistic studies reveal that this anti-thrombotic
effect occurs via a unique mechanism involving the regulation of membrane-dependent platelet
adhesive function in the presence of hemodynamic forces. These findings demonstrate an
important role for PI3KC2a in regulating platelet structure and function via a unique
membrane-dependent mechanism, and suggest that drug targeting the platelet internal
membrane may be a suitable approach for novel anti-thrombotic therapies with an improved

therapeutic window.
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Introduction

PI3Ks are a family of broadly-expressed enzymes that catalyse the formation of the
intracellular signalling molecules PI(3)P, PI(3,4)P, and PI(3,4,5)P3. These membrane-bound
lipids influence the location and activity of signalling complexes by scaffolding key signalling
proteins via specialised lipid-binding domains (/). Mammals have eight PI3Ks that are
separated into three classes defined by substrate specificity and use of regulatory subunits: four
Class Is (pl110a, p110B, p1105, and pl110y), three Class IIs (PI3KC2a, PI3KC2f, and
PI3KC2y), and one Class III (Vps34). The Class I PI3Ks are by far the most widely studied
and have well-defined roles in a number of cell types (2-4). In marked contrast, the cellular
functions of Class II PI3Ks have only begun to emerge in recent years, in large part due to the
recent development of genetically modified mouse models and selective pharmacological

inhibitors of these enzymes (3, 6).

We and others have recently reported an important role for PI3KC2a in mouse platelet function
(7-9). We have shown that platelets from mice and humans express PI3KC2a and PI3KC2p,
but not PI3KC2y (7). We generated mice deficient in PI3KC2a or PI3KC2 and found no
platelet defect in PI3KC2B”- mice and 100% embryonic lethality in PI3KC2a”" mice (7). To
overcome this, we developed an inducible RNAi-based approach to reduce gene expression in
platelets of adult mice (/0). We used a CMV-driven and tet-regulated system to induce
expression of microRNA-based short hairpin RNAs (shRNAs) (71, 12) against PI3KC2a. We
have shown that this system induces knockdown of target proteins in a wide range of cells and
is highly effective in platelets (/0). Treating these mice with doxycycline (600 mg/kg in food
for > 10 days) resulted in undetectable platelet PI3KC2a expression and led to marked
protection against arterial thrombosis without any impact on bleeding (7). These findings were

confirmed using a distinct mouse model in which a kinase-inactivating point mutation was
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introduced into the active site of PI3KC2a (8). Intriguingly, the in vivo platelet dysfunction of
PI3KC2a-deficient mice appears due to a novel mechanism related to the regulation by
PI3KC2a of the structure of the internal membrane reserves of platelets (open canalicular
system; OCS) (7-9). Together, these studies defined an unexpected role for PI3KC2a in
regulating the structure of the platelet internal membrane, and provide the first evidence linking
the OCS to the thrombotic function of platelets. This initial work suggests that drug targeting
of platelet internal membrane structure and function via pharmacological inhibition of
PI3KC2a may represent a viable approach for novel anti-platelet therapy. However, in the
absence of PI3KC2a inhibitors, whether or not a similar function occurs in human platelets

remained unknown.

Here, we develop a first generation PI3KC2a inhibitor and show that it reproduces in human
platelets the structural and functional anti-platelet effects observed in PI3KC2a-deficient
mouse platelets. Further, PI3KC2a inhibition provides potent anti-thrombotic effects in mice
and humans via a mechanism involving the function of the platelet membrane. Our studies
indicate PI3KC2a inhibition is a viable target for unique anti-platelet drug therapy and identify
an approach for targeting the platelet internal membrane structure and function for therapeutic

benefit.
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Results

Identification of a potent inhibitor of PI3KC2a.

There are no reported isoform-selective PI3KC2a inhibitors, and the literature relating to
PI3KC2a inhibition in general is sparse. As a starting point for the development of such
inhibitors, we drew on a report by Knight et al., that described “off-target” PI3KC2a inhibition
induced by a range of compounds from the patent literature. Among them was PIK-90 (Fig. 1),
which has an ICso against PI3KC2a of 47 nM (versus 11 nM against PI3K p110a), with ICso
values determined in in vitro kinase assays using purified enzymes (/3). We also identified the
analogue copanlisib (Fig. 1) as a potent inhibitor of all class I isoforms (< 10 nM for each) but
substantially more moderate against PI3KC2a (> 1000 nM) (/4). We confirmed these potencies
in our own hands using activity assays of recombinant PI3K enzymes and sought to make more
potent inhibitors (Table 1). The x-ray structures of PIK-90 and copanlisib bound to the Class
I PI3K, p110y, show that the C5-amide of each molecule projects into the affinity pocket (/3,
14). This region is conserved across the PI3K isoforms except for PI3KC2a, where there is
both a Phe for Tyr substitution and a Glu for Asp substitution. Therefore, we considered that

changes in structure may enhance the potency or selectivity of PIK-90 for PI3KC2a.

To this end, modification of PIK-90 at the C5-nicotinamide yielded several compounds with
comparable potency versus PI3KC2a. The 4-amino-nicotinamide, MIPS-19416, was the most
potent of these, with an ICso against PI3KC2a of 13 nM, which was equal to or more potent
than against any of the Class I isoforms (ICsos against p110a, p110f, p110y and p1105 of 12,
53, 94 and 20 nM, respectively) or against PI3KC2p (15 nM; Table 1). We also developed the
unrelated compound MIPS-19417 (Fig. 1), which exhibited potency against PI3KC2pB (ICso
278 nM) but not PI3KC2a (ICso > 10 uM; Table 1). Together, this formed a suite of compounds

that provided either potency against PI3KC2a (MIPS-19416) or acted as a control for the non-
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PI3KC2a PI3K activity of MIPS-19416 (e.g. MIPS-19417 for PI3KC2p; copanlisib for all

Class I PI3Ks; Table 1).

PI3KC2a inhibition reproduces the platelet cell biology effects of PI3KC2a-deficiency

Having uncovered a series of compounds with varying potency and specificity against
PI3KC2a, we first examined whether pharmacological inhibition of PI3KC2a reproduces the
phenotypes observed in PI3KC2a-deficient mice. We have previously reported that genetic
deficiency of PI3KC2a causes dilation of the open canalicular system (OCS) in platelets that
appears linked to an in vivo platelet dysfunction sufficient to impair arterial thrombosis (7, 9).
Therefore, we examined whether PI3KC2a inhibition mimicked these effects. Here, MIPS-
19416 accurately reproduced the changes in OCS structure observed in PI3KC2a-deficient
mouse platelets, both qualitatively and quantitatively, in platelets isolated from either mice or
humans. Ultrastructure analysis by transmission electron microscopy revealed that exposure of
mouse platelets to MIPS-19416 (10 uM, 3 h) induced a similar pattern of OCS dilation to that
observed in platelets from PI3KC2a-deficient mice (Fig. 2A). Both PI3KC2a-deficient and
MIPS-19416-treated mouse platelets displayed regions of dilated OCS, with a cross-sectional
surface area that was 30 — 40% larger than in platelets from their littermate or vehicle-treated
controls respectively (Fig. 2B). Importantly, the same treatment of human platelets with MIPS-
19416 (10 uM, 3 h) resulted in a near-identical effect (Fig. 2A,B). A concentration-response
curve to MIPS-19416 revealed concentrations of 1 pM were sufficient to induce a significant
effect in this assay (Fig. 2C). Note that treatment of platelets from PI3KC2a-deficient mice

with MIPS-19416 caused no additional effect (Fig. 2A,B).

As MIPS-19416 is potent but not PI3KC2a isoform-specific, we examined the effects of an
array of PI3K inhibitors with reduced PI3KC2a inhibitory potency (Fig. 2D). No effect on the

OCS was observed following treatment with copanlisib (ICsos [nM] against PI3KC2a > 1000;
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PI3KC2B > 1000; p110a = 0.5), pictilisib (ICsos [nM] against PI3KC2a > 10000; PI3KC2p =
590; p1105 = 6) dactolisib (ICsos [nM] against PI3KC2a = 155; PI3KC2B = 44; p110a. = 4), or
MIPS-19417 (Compound 13, Miller et al. (15), ICsos [nM] against PI3KC2a >10000; PI3KC2p
=278;pl10B="775,p1105 =52). Together, this genetic and pharmacological evidence strongly
suggests that it is inhibition of PI3KC2a that leads to dilation of the OCS in mouse and human

platelets.

The OCS dilation induced by PI3KC2a inhibition occurred rapidly, with a significant increase
in OCS surface area in as little as 5 min of MIPS-19416 treatment and with no greater dilation
occurring beyond this time out to 3 h of drug treatment (Fig. 2E). In addition, the OCS effects
induced by MIPS-19416 were fully reversible; pretreatment of human isolated platelets for 5
min followed by drug washout resulted in a marked reduction in OCS dilation after 5 min and
a return to control levels after 60 min (Fig. 2E). Together, these findings indicate the regulation

of OCS structure by PI3KC2a is surprisingly dynamic.

To extend on this 2-dimensional analysis of OCS dilation in response to genetic deficiency or
pharmacological inhibition of PI3KC2a, we next examined the complete architecture of the
OCS using focused ion bean-scanning electron microscopy (FIB-SEM) (/6). Whole cell 3D
reconstructions of wildtype versus PI3KC2a-deficient mouse platelets and vehicle- versus
PI3KC2a inhibitor-treated human platelets revealed a similar pattern of OCS dilation as
observed in our 2-dimensional analysis (Fig. 3A). In both cases, a near-uniform OCS dilation
was observed throughout the cells, without any major change in its distribution (Fig. 3A).
Quantitation revealed a strikingly similar ~ 40% increase in OCS volume in PI3KC2a-deficient
mouse platelets or PI3KC2a-inhibitor treated human platelets when compared with their
respective control (Fig. 3B). Taken together, these studies indicate that pharmacological

inhibition of PI3KC2a accurately reproduces the effects of PI3KC2a deficiency relating to the
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structure of the internal membrane reserves of platelets, and that this effect extends to human

platelets.

PI3KC2a inhibition is anti-thrombotic in human blood ex vivo independently of canonical

platelet activation mechanisms

Pretreatment of human platelets with MIPS-19416 had no effect on thrombin-induced platelet
aggregation (Fig. 4A) or auwPs activation (Fig. 4B), even at concentrations 100-fold above that
required to induce marked changes in OCS structure under identical treatment conditions. The
rank order of potency for inhibition of both aggregation and a3 activation was copanlisib >
MIPS-19417 >> MIPS-19416, which suggests inhibition of platelet activation observed here is

largely dependent on Class I PI3Ks and is decoupled from PI3KC2a.

We next examined the anti-thrombotic potential of PI3KC2a inhibition. Platelet-dependent
thrombus formation was examined in human blood ex vivo by perfusing anticoagulated whole
blood over an immobilised Type I fibrillar collagen substrate (/7, /8). Here, we observed that
pretreatment of human whole blood with MIPS-19416 (10 uM, 10 min) was sufficient to
provide striking anti-thrombotic effects, markedly impairing platelet-dependent thrombus
growth on a collagen surface (Fig. 4C,D). 3D reconstructions of thrombi indicated that the
platelet deposition on the collagen surface was not significantly different at its base level
(platelet-collagen interaction), but that subsequent platelet-platelet interaction-dependent
growth was markedly impaired (Fig. 4C). As was observed in the platelet cell biology
experiments, the anti-thrombotic effects induced by MIPS-19416 occurred rapidly (10 min pre-

treatment).

We next examined the effects of PI3KC2a inhibition directly against the effects of the two
most commonly-used anti-platelet strategies, aspirin (50 uM acetylsalicylic acid) and P2Y

receptor inhibition (100 uM 2-MeSAMP). As previously observed (19, 20), the anti-thrombotic
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effects of both aspirin and 2-MeSAMP were dependent on the blood shear rate present during
thrombogenesis. As expected, both aspirin and 2-MeSAMP effectively impaired human
thrombus formation at 1800 s’!, but not at the elevated shear rate of 3000 s (Fig. 4E). In
contrast, the anti-thrombotic effects of MIPS-19416 were retained at 3000 s™!' (Fig. 4E). These
findings indicate that inhibition of PI3KC2a provides robust anti-thrombotic effects in human
blood that occur in the absence of overt inhibition of canonical platelet activation. Further, this
anti-thrombotic activity persisted in the face of elevated blood shear forces that are sufficient
to overcome the anti-thrombotic effects of gold-standard approaches to platelet function
inhibition.

PI3KC2a inhibition is anti-thrombotic in mice in vivo but has no effect on hemostasis

Having established the anti-thrombotic effects of PI3KC2a inhibition in humans ex vivo, we
next examined the in vivo effects of MIPS-19416 on thrombosis and hemostasis. Electrolytic
injury-induced thrombosis of the mouse carotid artery was significantly impaired by pre-
treatment of mice with as little as 0.1 mg/kg MIPS-19416 and almost abolished by 1 mg/kg
MIPS-19416 (Fig. 5A). Histological analyses of thrombi formed in the damaged carotid
arteries in these experiments showed occlusive platelet-rich thrombi in vehicle-treated mice,
non-occlusive thrombi in mice treated with 0.1 mg/kg MIPS-19416, and markedly smaller
fibrin-rich thrombi with very few platelets in mice treated with 1 mg/kg MIPS-19416 (Fig. 5B).
Similarly striking anti-thrombotic activity was observed in a distinct mouse model of occlusive
thrombus formation. In the Folts model of recurrent occlusive thrombotic events in the mouse
carotid artery damaged by physical trauma (/7, 21), intravenous administration of MIPS-19416
(1 mg/kg) abolished the stable recurrent occlusive thromboses in this model inside 15 min (Fig.
5C). This absolute protection against thrombosis remained for the entirety of the 60 min
observation period (Fig. 5C). Despite striking anti-thrombotic effects in these two models, the

same dose of MIPS-19416 (1 mg/kg) had no impact on bleeding when compared to vehicle-
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treated control mice in an in vivo model of hemostasis (Fig. SD). Notably, a therapeutic dose
of the gold-standard anti-platelet drug, aspirin (200 mg/kg — sufficient to cause modest anti-
thrombotic effects in the two in vivo models examined here (19, 21, 22)), significantly prolongs
bleeding time under these conditions (Fig. 5D). These in vivo findings support our ex vivo
human thrombosis studies and indicate PI3KC2a inhibition prevents in vivo thrombosis and
affords an improved therapeutic window over that provided by the current leading anti-platelet

approaches.

The anti-platelet effects provided by PI3KC2a inhibition are due to a unique impact on

membrane-dependent platelet adhesion under high shear

We next examined the mechanism by which modulation of the OCS structure may link to the
prothrombotic function of platelets. The OCS is the specialized internal membrane reserve of
platelets and its mobilization is important for the increased platelet surface area that occurs
during platelet shape change and spreading (23). Our previous observations in mice revealed
that, despite their dilated OCS, PI3KC2a-deficient platelets do not have additional membrane
reserves nor cytoskeletal abnormalities, yet they fail to form robust and stable thrombi under
the hemodynamic shear forces of flowing blood (7). Here, we observed the same holds true for
PI3KC2a-inhibited human platelets. First, MIPS-19416 pretreatment (10 uM, 10 min) had no
effect on the surface area of human platelets spread on glass (Fig. 6A) nor on tether-dependent
platelet adhesion to von Willebrand factor (Fig. 6B), despite the latter being dependent on both
GPIb and ompPs — as indicated by a 3-fold increase in platelet translocation velocity with the
apPs inhibitor, integrilin (Fig. 6B). Second, MIPS-19416 had no effect on the structure of the
platelet microtubule ring at rest nor on the formation of filamentous actin in activated platelets
(Fig. 6C). Given 1) the similarities between PI3KC2a-deficient mouse platelets and PI3KC2a-
inhibited human platelets in both structure and function and 2) that, in both cases, anti-

thrombotic effects are observed only in the presence of hemodynamic forces, we focused on
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the utilization of membrane reserves under such conditions. Therefore, we next established a
microfluidic system in which the prothrombotic function of platelets occurs largely
independently of traditional platelet activation mechanisms (24, 25). Specifically, we examined
real time platelet aggregation in human blood perfused through a von Willebrand factor-coated
microfluidic channel that incorporates a high-shear-inducing stenosis (Fig. 6D,E). The
perturbed blood flow that occurs as a result of this shear gradient, specifically the deceleration
in shear immediately after the stenosis, leads to the deposition and aggregation of unactivated
discoid platelets via the formation of membrane tethers (26). As such, under these conditions,
platelet deposition is resistant to inhibitors of platelet activation; combined treatment with
drugs to block P2Y1 (10 pM MRS2179), P2Y 12 (100 uM 2-MeSAMP), ADP (2 U/ml apyrase),
COX (10 uM indomethacin), and thrombin (800 U/ml hirudin) only partially impaired platelet
deposition (~30%) in these channels (‘amplification loops blocked’, ALB; Fig. 6F).
Remarkably, pretreatment of human blood with MIPS-19416 alone (10 uM, 10 min) inhibited
platelet deposition to a greater extent than with amplification loop blockade, and nearly
abolished platelet deposition when added to the cocktail of platelet activation inhibitors (Fig.
6F). Together, these experiments suggest PI3KC2a regulates the utilization of platelet
membrane reserves that drives activation-independent platelet adhesion in the setting of

pronounced hemodynamic shear stress.
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Discussion

We have described here an approach to prevent thrombosis without inhibition of canonical
platelet activation. We developed a small molecule inhibitor of PI3KC2a that was an effective
anti-thrombotic in mice and humans but did not affect agonist-induced platelet activation in
vitro — even at concentrations 100-fold greater than those required for thrombosis prevention.
Intriguingly, and in contrast to all known anti-platelet approaches, this effect appears to involve
a structural change in the platelet’s OCS that leads to impaired platelet function only under

conditions where thrombus formation is promoted independently of platelet activation.

We have previously reported that PI3KC2a-deficiency in mouse platelets results in impaired
thrombus formation (7). Specifically, we used an inducible RNAi-based approach to deplete
PI3KC2a in adult mouse platelets. These mice exhibited delayed and unstable thrombosis in
an in vivo model, yet platelet function in standard in vitro function tests (aggregation, alpha
and dense granule secretion, phosphotidylserine exposure, adhesion and spreading on various
surfaces) remained unchanged. Indeed, the only change we observed in PI3KC2a-deficient
platelets was a previously undescribed and marked dilation of the OCS that was apparent in
circulating platelets. These previous studies led us to hypothesize a link between the OCS and
in vivo prothrombotic platelet function. Our initial observations were supported by a
subsequent study, using a distinct model of PI3KC2a-deficiency in mouse platelets, but in
which strikingly similar effects on platelet OCS structure and prothrombotic function were
reported (8). However, in the absence of pharmacological inhibitors of PI3KC2a, whether or
not a similar mechanism existed in human platelets remained unknown. Indeed, in the studies
from both us (7) and others (&), a modest effect on megakaryocyte structure was also observed,
indicating the likelihood that the OCS structural abnormalities of PI3KC2a-deficient mouse
platelets may have been inherited at the time of their production. However, the

pharmacological studies described here not only reveal that the regulation of OCS structure by
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PI3KC2a in mouse platelets is conserved in human platelets, but they also indicate that the

regulation of OCS structure by PI3KC2a can occur acutely and is surprisingly dynamic.

There is little information indicating the possibility of rapidly and acutely altering OCS
structure. Cholesterol depletion has been suggested to collapse the OCS (27), presumably
through a direct effect on membrane composition. To our knowledge, the only pharmacological
manipulation of OCS structure reported to date involves the use of amphiphilic cationic agents,
such as the calmodulin inhibitor W-7, which have been shown to dilate the megakaryocyte
DMS and platelet OCS (28). It has been proposed that this dilation of internal membrane
reserves in these cells occurs via a mechanism that may involve interference with phospholipid
signaling, most likely PI(4,5)P2 (28). Our studies show that inhibition of Class II PI3K function
can similarly dilate the OCS of mouse and human platelets, and that this can impact on platelet
function. While the PI3KC2a-dependent effects observed here are unlikely to be due to a direct
effect on P1(4,5)P2, phospholipid signaling may still be involved. Previous studies have shown
that the Class II PI3K, PI3KC2aq, is responsible for producing a basal pool of PI(3)P in mouse
platelets (&). This same study also showed reduced expression of key cytoskeletal proteins in
PI3KC2a-deficient mouse platelets (8). The rapid effect of PI3KC2a inhibition on platelet
structure observed here (< 5 min) suggests changes in cytoskeletal protein expression are
unlikely causative of the structural and functional changes in PI3KC2a-inhibited platelets.
However, whether or not continued PI(3)P production is necessary for the maintenance of OCS
structure remains unknown, and is certainly plausible. Using standard approaches for the
analysis of phospholipid production, we have not yet observed any basal or induced changes
in PI levels in PI3KC2a-deficient platelets (7, 9). The rapid nature of the effects of PI3KC2a
inhibition are suggestive of this mechanism, but will require approaches with improved

sensitivity for detecting changes in intracellular PI levels (8, 29), including the possibility of
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small, localized changes in PI(3)P in and around the OCS beyond the detection limits of current

approaches.

Regardless of the level of involvement of PI signaling, the specificity of the effect for PI3KC2a
is clear: pharmacological targeting acutely reproduced the genetic effects; PI3KC2a inhibition
produced no additional effects over PI3KC2a-deficiency; and only drugs with significant
activity against PI3KC2a were with effect. Together, these findings strongly suggest further
drugs targeting PI3KC2a are likely to produce the potent anti-thrombotic effects observed here,
and further improvements in potency and, more particularly, specificity, for PI3KC2a are

keenly sought.

Finally, the translation here of previous studies in mice to humans is the first demonstration of
drug targeting the OCS for anti-thrombotic benefit. It is far too early to say whether this novel
approach is a viable strategy for anti-thrombotic therapy. However, it is noteworthy that the
anti-thrombotic effects observed here in response to PI3KC2a inhibition occur independently
of known platelet activation mechanisms. One potential advantage of such an approach is that
PI3KC2a-inhibited platelets function normally in all situations we have examined — except
when forming thrombi under pathological conditions. One major limitation on the efficacy of
all current anti-platelet drugs is that they all block global platelet activation and thus
indiscriminately prevent platelet function in the setting of hemostasis and thrombosis. Our
prediction is that the unique mechanism by which PI3KC2a-deficiency or -inhibition prevents
platelet function underlies the lack of bleeding observed in PI3KC2a-deficient or PI3KC2a-
inhibited mice, since the platelets are not circulating in an inhibited state. Whether or not this
will enable a widening of the therapeutic window between hemostasis and thrombosis remains
to be seen, but is of obvious appeal. In addition, the targeting of a distinct mechanism of action
within the cell provide an opportunity for additive effects over standard—of-care. Such additive

effects are most readily observed in our microfluidic assay in which significant platelet
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deposition occurs independently of platelet activation (24, 25). Much of the platelet
aggregation and deposition under these conditions is not inhibited by drugs blocking global
platelet activation mechanisms, and yet is highly sensitive to PI3KC2a inhibition. The ability
to target this aspect of thrombosis that is relatively resistant to current therapies is of obvious
interest. It is notable that such deposition of unactivated platelets is largely favored by the
presence of a region of stenosis (high shear) followed by a rapid expansion (low shear), with
platelet accumulation occurring almost exclusively in the low shear zone immediately
downstream of the stenosis. This anatomy resembles that observed in, for example, large
arteries burdened with significant deposits of atherosclerotic plaque — a major site of arterial
thrombosis. In this regard, it is tempting to speculate that PI3KC2a inhibition may improve

thrombosis prevention in the setting of such pathologies.
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Materials and Methods
Study Design

This study was designed to determine the feasibility and impact of pharmacological inhibition
of PI3KC2a in the context of arterial thrombosis. Our first-in-class small molecule inhibitor of
PI3KC2a, MIPS-19416, was identified using a rational drug design approach, and chosen due
to its high potency (ICso = 13 nM). The effect of MIPS-19416 on human and mouse platelet
membrane structure was examined using transmission electron microscopy for 2D imaging and
focused ion beam-scanning electron microscopy for 3D modelling. Functional anti-thrombotic
effects were examined in human blood from healthy volunteers using ex vivo thrombosis

assays, and in mice in vivo using the electrolytic thrombosis and Folts models.
Mouse generation and use

All animal experiments performed in this study were approved by the Alfred Medical Research
and Education Precinct Animal Ethics Committee (approvals E/1465/2014M and
E/1644/2016/M). All mice used in this study were backcrossed > 5 generations on a C57BL/6
genetic background (i.e., > 98%) and maintained on a 12-h light/dark cycle with food and water
given ad libitum. PI3KC2a-deficient mice were generated using our previously published
shRNA-based inducible and reversible gene-silencing approach (7). To induce gene
knockdown, mice were placed on a doxycycline diet (600 mg/kg, Speciality Feeds, Australia),

for at least 10 days prior to experimentation.

For mouse whole blood and platelet isolation, blood was drawn from the inferior vena cava of
anaesthetised mice, using a 25-gauge needle, into enoxaparin (40 U/ml, final concentration).

Platelets were isolated as previously described (7).

Human platelet preparation
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All human studies were approved by the Monash University Human Research Ethics
Committee. Blood from healthy volunteers was withdrawn using a 19-gauge butterfly needle
into syringes containing either acid citrate dextrose (7:1 v/v, final concentration) for platelet
isolation, or hirundine (800 U/ml, final concentration) or enoxaparin (40 U/ml, final

concentration), for ex vivo whole blood flow experiments.

Platelets were isolated as previously described (77, 18). Briefly, platelet-rich plasma (PRP)
was obtained by centrifuging blood at 200 g for 15 min. Following 10 min of rest, the PRP was
centrifuged at 1700 g. The platelet-poor plasma was removed by aspiration, and the pellet
resuspended in platelet wash buffer (4.3 mM K;HPOs, 4.3 mM Na,HPOj4, 24.3 mM NaH,POs,
113 mM NaCl, 5.5 mM D-glucose and 10 mM theophylline; pH 6.5; containing 0.5% BSA,
20 U/ml enoxaparin and 0.01 U/ml apyrase). After a second 10 min rest period, centrifugation
at 1500 g produced a platelet pellet, which was resuspended at the required concentration in

Tyrode’s buffer containing 0.5% BSA, 1.8 mM Ca?" and 0.02 U/ml apyrase.
Transmission electron microscopy and OCS analysis

Platelet ultrastructure was analysed via TEM as described (30). Briefly, isolated platelets were
fixed in 2% glutaraldehyde and 2.5% paraformaldehyde, post-fixed in 2% osmium tetroxide,
dehydrated through an ethanol series, and embedded in Spurr’s resin. Ultrathin sections were
cut with a diamond knife (Diatome) on an ultramicrotome (Leica) and stained with methanolic
uranyl acetate and lead citrate before TEM imaging (JEOL 1011). Images were recorded with
a MegaView III CCD (Soft Imaging Systems) and were analysed using FIJI software. A
common threshold was applied to all images used to quantify the surface area of the OCS,

which was expressed as a percentage of the total surface area of the cell.

Focused ion beam-scanning electron microscopy
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Isolated mouse platelets, and human platelets pretreated with dimethylsulfoxide (DMSO, 0.1%
v/v), or 10 uM MIPS-19416 for 30 min, were fixed in 2.5% glutaraldehyde, postfixed in 1%
osmium tetroxide and 1.5% potassium ferrocyanide, incubated in 4% uranyl acetate, then
dehydrated through a series of graded ethanol concentrations before being embedded in Epon
resin. Samples were imaged using a Helios NanoLab 600i microscope (FEI). Stacks of
approximately 1000 images, with a field size of 15 pm x 15 um, were generated. Samples were
milled with the FIB (20 kV) at a thickness of 20 nm per section, allowing the OCS (45 <
diameter < 150 nm) to be followed in the Z-dimension. 3D models were computed using the

imaging software Amira (FEI).
Ex vivo thrombosis and platelet adhesion assays

Glass microslides (0.1 x 1.0 mm, VitroCom) were washed in nitric acid, rinsed with dH,O and
coated with bovine type 1 collagen (250 pg/ml diluted in 10 mM acetic acid, overnight at 4 °C),
or VWF (100 pg/ml, 10 min). For thrombus formation on collagen, human whole blood
collected in hirudin (800 U/ml) or enoxaparin (40 U/ml) was pretreated with DiOCs (0.01%
v/v) and either dimethylsulfoxide (DMSO, 0.1% v/v), 10 uM MIPS-19416, 10 uM MIPS-
19417, 10 uM copanlisib, 100uM 2-MeSAMP, saline (0.009% v/v), or 50 uM aspirin
(acetylsalicylic acid, ASA). Blood was then perfused through coated microslides at 37 °C for
10 min at 1800 s or 3000 s!, and thrombus formation monitored in real time using a Nikon
Alr confocal microscope with a 25x water objective. Thrombus volume was analyzed using
NIS-Element confocal imaging software, and was quantified by applying a constant threshold

to all Z-stack images obtained and summing the resultant surface areas.

Analysis of spread platelet area was performed on acid-washed glass coverslips. Washed
platelets were resuspended in Tyrode’s buffer at 3 x 107/ml and pretreated with DMSO (0.1%
v/v), 10 uM MIPS-19416, or 10 uM copanlisib (all 10 min). Platelet suspensions were placed

on the coverslips and allowed to spread for 15 min. Non-adherent platelets were then removed
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with a Tyrode’s buffer wash and adherent platelets fixed using 4% PFA. Platelets were imaged
using a Nikon Ti-E motorized inverted microscope with a 60x water objective, and analyzed

using Imagel software.

For platelet translocation, microslides were coated with vWF (100 pg/ml, 10 min) and blocked
with BSA (2%, 10 min). Enoxaparin-anticoagulated human whole blood (40 U/ml) was
pretreated with dimethylsulfoxide (DMSO, 0.1% v/v), 10 uM MIPS-19416, or 20 ug/ml
integrilin (all 10 min). Blood was then perfused through coated microslides at 1800 s™! for 2.5
min. Platelet translocation across the substrate was monitored in real time using a Nikon Ti-E
motorized inverted microscope with a 60x water objective. Videos were analyzed offline using

Image] software for platelet translocation velocity.
Cytoskeletal analyses

Isolated platelets were pretreated with DMSO (0.1% v/v), 10 uM MIPS-19416, or 10 uM
copanlisib (10 min). Some platelets were activated with 1U/ml thrombin (10 min) prior to
fixation with 2% PFA. Fixed platelets were seeded on poly-L-lysine coated coverslips, and
then permeabilized (0.1% Triton X-100, 15 min), blocked (1% BSA in 0.1% Triton X-100, 15
min), stained (a-tubulin Alexa Fluor 488 antibody, 0.5 pg/ml, and Alexa Fluor 647 phalloidin,
40U/ml, 45 min) and mounted with Dako fluorescent mounting media. Images were taken

using a Nikon Alr confocal microscope with a 60x oil objective.
Microfluidic ex vivo thrombosis assay

Platelet aggregation was performed as described (25). Briefly, a microfluidic device consisting
of 200 um wide channels with inset 40 pum stenosis was fabricated using standard
photolithography techniques (24). Microchannels were selectively derivitized at the stenosis
geometry with human vWF (10 pg/ml - isolated from Biostate® CSL Ltd) for 10 min and

subsequently blocked with BSA (2 pg/ml) for 10 min prior to sample perfusion. Human whole
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blood was pretreated with DiOCs (1 pg/ml) and either vehicle (DMSO, 0.1% v/v),
amplification loop blockers (ALB: 10 uM MRS2179, 100 uM 2-MeSAMP, 2 U/ml apyrase,
10 uM indomethacin and 800 U/ml hirudin), MIPS-19416 (10 uM), MIPS-19416 + ALB,
MIPS-19417 (10 uM), or MIPS-19417 + ALB for 10 mins. Blood was then perfused through
the microfluidic at Q = 45 pl/min (equating to a shear rate at the stenosis geometry of 11,500
s!) and platelet aggregation at the stenosis monitored via epifluorescence at 1 fps for 210 s
(Nikon Ti-U microscope - Plan Fluor 20x/0.50 objective with Andor Zyla sCMOS detector).
Mid-plane platelet aggregate size was analysed in Image] following thresholding (Huang's
fuzzy image thresholding method). Maximal aggregation, expressed as cross-sectional area
(um?) was extrapolated from non-linear curve fitting following 210 s perfusion time. Statistical

significance was determined using one-way ANOV A where appropriate.
Platelet aggregation

Platelet aggregation was performed as previously described (7). Briefly, human platelets were
incubated with MIPS-19416, MIPS-19417, copanlisib (all 0.01 — 100 uM), or DMSO (0.1%
v/v) for 10 min. Platelets were stimulated with thrombin (0.1 U/ml). Aggregation was measured

as a change in optical density over 60 min.
PAC-1 binding

Flow cytometry was used to measure a3 activation by PAC-1 binding. Washed human
platelets were incubated with MIPS-19416, MIPS-19417, copanlisib (all 0.01 — 10 uM) or
DMSO (0.1% v/v) for 10 min. Platelets were stimulated with thrombin (0.1 U/ml) and
incubated with FITC-PAC1 (BD Biosciences) for 10 min at 37 °C. Samples were analyzed

using a FACS Calibur flow cytometer and FlowJo software (Becton Dickinson).

In vivo thrombosis models
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The electrolytic model of thrombosis was performed essentially as described (/9, 27). Mice
were anaesthetized via intraperitoneal injection using a combination of ketamine (85 mg/kg)
and xylazine (15 mg/kg), and a flow probe (0.5 mm inner diameter) linked to a flow meter
(TS420, Transonic Systems) placed around the exposed left carotid artery to record blood flow
using PowerLab Chart (v. 5.0, AD Instruments). MIPS-19416 (1 mg/kg, and 0.1 mg/kg) or
vehicle (volume-matched DMSO) was administered intravenously via the right jugular vein,
and blood flow allowed to stabilise for 10 min prior to injury. A constant current lesion maker
(53500, Ugo Basile) was used to deliver 22 mA for 2.75 min to the carotid artery via a platinum
electrode—the minimal current required to reliably produce a stable occlusive thrombotic

event in untreated, wild type mice. Blood flow was monitored for 30 min post-injury.

The Folts-like model of thrombosis was performed essentially as previously described (27). A
suture was tied around the carotid artery and tightened until blood flow was decreased by 50%.
The section of vessel under stenosis was pinched with forceps five times to induce injury and
blood flow was measured until vessel occlusion. After 30 s the site of injury was agitated to
induce embolization and restore blood flow. The number of these cyclic flow reductions
(CFRs) was recorded for 15 min. MIPS-19416 (1 mg/kg) or vehicle (volume-matched DMSO)

was injected via the jugular vein and CFRs were measured in 15 min periods for 60 min.

In vivo hemostasis assay

Tail transection bleeding times were performed as described (7). Briefly, mice were
anaesthetised via intraperitoneal injection using a combination of ketamine (85 mg/kg) and
xylazine (15 mg/kg). MIPS-19416 (1 mg/kg, and 0.1 mg/kg) or vehicle (volume-matched
DMSO) was administered via the right jugular vein 10 min prior to tail transection. In some
cases, mice were instead gavaged with aspirin (200 mg/kg) or volume-matched saline 24 h and

2 h prior to experimentation. The tail was transected 5 mm from the tip with a scalpel blade.
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The bleeding end was immediately immersed in warmed saline (37 °C) and time to bleeding

cessation (stoppage for > 2 min) was measured.
Histological analysis

Following in vivo thrombosis assays, carotid arteries were excised and fixed in 4%
paraformaldehyde at room temperature for at least 24 h. Fixed tissues were embedded in
paraffin and kept at room temperature until sectioning. 2 um thick transverse sections were
prepared using a microtome (microTec CUT-4060) and stained with Carstairs’ stain (3/) for
platelets, collagen, fibrin and red blood cells. Slides were imaged using a Nikon Eclipse TS100

with a 10x objective, and images captured using NIS-Elements software.
Statistical analyses

Statistical analyses were performed using GraphPad Prism. Statistical significance (P < 0.05)
was determined with either an unpaired, two-tailed Student’s #-test, a one-way ANOVA with
Dunnett’s multiple comparisons test, or by plotting the data as Kaplan-Meier survival curves
and analyzing by log-rank test versus the relevant vehicle, as indicated in the relevant figure

legends.
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Figure 1. Class I and Class II PI3K inhibitors. Molecular structures of PIK-90, MIPS-19416,
pictilisib, copanlisib, dactolisib and MIPS-19417. MIPS-19416 was synthesized from PIK-90
(Suppl. Methods) and is a potent inhibitor of PI3KC2a. MIPS-19417 is a PI3KC2p inhibitor,
however both MIPS-19416 and MIPS-19417 also have significant effects at the class I PI3Ks.
Copanlisib is an analogue of PIK-90 and is a pan-class I PI3K inhibitor, and pictilisib and
dactolisib are broad spectrum inhibitors across the class I and II PI3Ks. ICsos for each molecule

against various PI3K isoforms are shown in Table 1.
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Fig. 2
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Figure 2. PI3KC2qa inhibition reproduces the platelet cell biology effects of PI3KC2a
deficiency. (A) Representative TEM images of platelets. Top panels: untreated platelets from
wild-type (WT) or PI3KC2a-deficient (shC2a) mice. Middle: platelets from WT or shC2a mice
treated with vehicle (DMSO, 0.1% v/v, 3 h) or MIPS-19416 (19416, 10 uM, 3h). Bottom: human
platelets treated with vehicle (DMSO, 0.1% v/v, 3 h) or MIPS-19416 (10 uM, 3h). Note dilated
OCS in PI3KC2a-deficient and MIPS-19416-treated platelets (red arrows). Scale bars = 1 pm. (B-
E) Quantification of OCS surface area from TEM images, showing: (B) Mouse and human
platelets as described in (A); (C) The concentration-response of MIPS-19416 in human platelets;
(D) The specificity of the OCS dilation to MIPS-19416 over inhibitors of other PI3Ks (all at 10
uM for 3 h); (E) The time course of response to MIPS-19416 (10 uM), and its reversibility in
cells treated for 5 min before drug washout (w/0) for a further 5 or 60 min. All data are percentage
OCS of total cell area and are mean + SEM of n=81-455 cells from n=3-6 experiments per
condition. *, P<0.05; **, P<0.01; *** P<(0.001; **** P<(0.0001 (unpaired, two-tailed, Student’s
t-test versus indicated control in B and E and one-way ANOVA with Dunnett’s multiple

comparison test against vehicle in C and D).
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Figure 3. Genetic deficiency or pharmacological inhibition of PI3KC2a similarly dilate the
platelet internal membrane system throughout the entire cell. (A,B) FIB-SEM analyses of the
whole-of-cell platelet membrane. (A) Representative 3D reconstructions of membranes of platelets
from wild-type (WT) or PI3KC2a-deficient (shC2a) mice (top panels), and human platelets treated
with MIPS-19416 (10uM, 30 min) or vehicle (DMSO, 0.1% v/v, 30 min), showing plasma (light
blue) and internal (dark blue) membrane. Note the even dilation of the OCS throughout both
PI3KC2a-deficient mouse platelets and MIPS-19416-treated human platelets. (B) Quantification
of OCS volume from 3D reconstructions. Data are mean + SEM from n=10-12 platelets per group.

*, P<0.05 (unpaired, two-tailed, Student’s t test).
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Fig. 4
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Figure 4. PI3KC2ao inhibition is anti-thrombotic in human blood independently of canonical
platelet activation. (A,B) Concentration-inhibition curves for MIPS-19416, MIPS-19417, or
copanlisib against (A) aggregation or (B) oumf3 activation (PAC-1 binding) in thrombin (0.1 U/ml)-
stimulated human platelets. Shown are curve fits generated from mean £ SEM data expressed as a
percentage of vehicle from 8 experiments (individuals) in A and 3 in B. (C,D) Thrombus formation
in anticoagulated human blood flowed over a collagen surface at 1800 s™! in the presence of MIPS-
19416, MIPS-19417, copanlisib (all 10 uM), or vehicle (DMSO, 0.1% v/v). (C) Representative
bright field images (top, scale bars = 10 pm) and 3D reconstructions (bottom, graticules = 50 um)
at the 10 min endpoint. (D) Total thrombus volume determined in real time every min for 10 min.
Mean + SEM of n=6 experiments (individuals). **, P<0.01 (one-way ANOVA with Dunnett’s
multiple comparison test against vehicle). (E) Thrombus volume in anticoagulated human blood
flowed over a collagen surface at 1800 or 3000 s’!, in the presence of MIPS-19416 (10 puM, top
row), aspirin (50 uM, middle row), or the P2Y, antagonist 2-MeSAMP (100 uM, bottom row)
versus relevant vehicle (DMSO, 0.1% v/v for MIPS-19416 and 2-MeSAMP; saline, 0.009% v/v
for aspirin). Data are mean + SEM from n=6-13 experiments (individuals). Data is only shown up
to 7 min in experiments performed at 3000 s*! because gross embolization occurred in > 50% of
cases after this time in these experiments. Note the data in the left graph of the top row is taken

from the experiments shown in D. *, P<(.05; ** P<0.01 (unpaired, two-tailed, Student’s #-test).
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Figure 5. PI3KC2a inhibition is anti-thrombotic in mice in vivo but has no effect on
hemostasis. (A-C) Thrombosis and (D) hemostasis in in vivo mouse models in the absence and
presence of PI3KC2a inhibition. (A) Carotid artery blood flow before and after electrolytic injury
of the vessel in wild-type mice treated with MIPS-19416 (0.1 or 1 mg/kg; n=8 each) or vehicle
(volume-matched DMSO; n=11). Mean + SEM. (B) Representative histological images of
transverse sections of carotid arteries containing Carstair’s-stained thrombi from experiments in
A, showing platelets (purple), fibrin (red), and collagen (blue). All scale bars are 50 pum. (C) Cyclic
flow reductions in carotid arteries of mice in a Folts-like model of recurrent occlusive thrombosis
in the absence and presence of MIPS-19416 (1 mg/kg; n=4) or vehicle (volume-matched DMSO;
n=3). Shown are the number (mean + SEM) of reformed occlusive thrombi (cyclic flow reductions)
per 15 min period before and after drug administration (arrow). (D) Tail bleeding time in wild-
type mice treated with MIPS-19416 (0.1 or 1 mg/kg) or its vehicle (DMSO), or aspirin (200 mg/kg)
or its vehicle (0.9% saline). Data points represent time to cessation of bleeding in an individual
mouse. Experiments were terminated after 15 min and mice still bleeding at this time are shown
above the dotted line. Red bars are medians. *, P<0.05 with significance determined by plotting
the data as Kaplan-Meier survival curves and analyzing by log-rank test versus the relevant

vehicle.
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Fig. 6
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Figure 6. The anti-platelet effects provided by PI3KC2a inhibition are due to a unique
impact on membrane-dependent platelet adhesion under high shear. (A) Surface area of
human platelets pre-treated for 10 min with vehicle (0.1% DMSO) or MIPS-19416 (10 uM) and
spread on glass for 15 min. Data are mean = SEM of n=60 cells from n=3 independent experiments.
(B) Translocation velocity of platelets in human blood flowed over vWF (100 pg/ml) at 1800 s™!
in the presence of vehicle (0.1% DMSQO), MIPS-19416 (10 uM) or integrilin (20 pg/ml). Data are
mean = SEM of n=35-89 cells from n=3-6 independent experiments. **** P<0.0001 (one-way
ANOVA with Dunnett’s multiple comparisons test against vehicle). (C) Representative immune-
fluorescence images (n=3) of human platelets treated with vehicle (0.1% DMSO), MIPS-19416
(10 uM) or copanlisib (10 uM) and stained with an a-tubulin antibody (green) or phalloidin (red).
Platelets were either unactivated (top) or activated in suspension with thrombin (1 U/ml; bottom).
Scale bars are 5 um. (D) DIC image (20x) of a PDMS microfluidic flow channel used here. (E)
Representative fluorescence image during blood perfusion through the channel in (D), showing
platelet aggregation downstream of the stenosis. Arrow indicates direction of blood flow. Scale
bar is 25 um. (F) Maximal platelet aggregation following device perfusion with human blood for
260 s. Blood was pretreated for 10 min with vehicle (0.1% DMSO), amplification loop blockers
(ALB: 10 uM MRS2179, 100 uM 2-MeSAMP, 2 U/ml apyrase, 10 uM indomethacin and 800
U/ml hirudin), MIPS-19416 (10 uM), MIPS-19416 + ALB, MIPS-19417 (10 uM), or MIPS-19417
+ ALB. Mean £ SEM of n=3 experiments (individuals). *, P<0.05; **, P<0.01; *** P<0.001;

*Exk P<0.0001 (one-way ANOVA with Dunnett’s multiple comparisons test against vehicle).
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Tables:

Table 1.

ICs0 (M)

Compound | PI3KC2a | PI3KC2B | p110a | p1108 | p110y | p1106

PIK-90 0.047 0.064 0.011 | 0.350 | 0.018 | 0.058

MIPS-19416 | 0.013 0.015 0.012 | 0.053 | 0.094 | 0.020

Pictilisib >10 0.590 0.003 | 0.003 | 0.075 | 0.033

Copanlisib >10 >10 0.0005 | 0.0037 | 0.0064 | 0.0007

Dactalosib 0.155 0.044 0.004 | 0.075 | 0.005 | 0.007

MIPS-19417 >10 0.278 2371 | 0.775 | 3.594 | 0.052

Table 1. Potency and specificity of PI3K inhibitors. ICso values (uM) of PI3K inhibitors used

in this study, at the class II isoforms PI3KC2a and PI3KC2, and the class I isoforms p110a,

p110B, p110y and p1103.
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CHAPTER 4

General Discussion
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4.1 Key Findings from this Thesis

The class Il phosphoinositide 3-kinase, PI3KC2aq, is a lipid kinase with emerging biological roles.
Recent studies have identified a role for PI3KC2a in mouse platelet structure and function —
mice deficient in PI3KC2a demonstrate a dysregulated internal membrane system which is
sufficient to cause significant platelet functional impairment in the setting of arterial
thrombosis® 13, The studies of this thesis build upon those initial studies to investigate the
mechanism linking the alteration in platelet structure to this functional attenuation, and use a
novel pharmacological inhibitor to determine whether a similar role for PI3KC2a exists in the

regulation of human platelet structure and function.
The key findings from this thesis are:

1) Deficiency of PI3KC2a in mice leads to structural changes that are specific to the platelet
open canalicular system and are not associated with alterations in membrane lipid
composition. These structural changes lead to impaired platelet membrane function
specifically in the setting of thrombus formation.

2) PI3KC2a regulates human platelet structure and function. Pharmacological inhibition of
PI3KC2a in human samples acutely reproduces the structural and functional effects seen
with PI3KC2a deficiency in mouse, with inhibitor-treated cells exhibiting dilatations of the
OCS and impaired thrombosis in two ex vivo models.

3) The mechanism of action of deficiency and inhibition of PI3KC2a appears to be largely
independent of platelet activation. The effects of loss of PI3KC2a on platelet function are
observed only under conditions involving blood flow and are most pronounced where

platelets are exposed to high levels of shear stress.

These findings demonstrate that loss of PI3KC2a alters the structure of the platelet internal
membrane in both mouse and human, with functional consequences of this change
manifesting specifically in the setting of the high shear forces experienced by platelets during
thrombus formation in flowing blood. These effects can be induced acutely with a small
molecule inhibitor of PI3KC2a. Targeting the platelet membrane via PI3KC2a may thus

represent a novel anti-thrombotic strategy.
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4.2 Targeting Thrombosis but not Haemostasis

Current strategies for the treatment and prevention of arterial thrombosis largely aim to curb
inappropriate platelet activation, in order to prevent pathological clot formation and vessel
occlusion. However, the processes of platelet activation and aggregation are common to both
thrombosis and haemostasis. As such, anti-platelet agents that act on platelet activation
pathways can also lead to bleeding, which limits dosing and consequently limits their anti-
thrombotic effect. Furthermore, although drugs such as aspirin and clopidogrel have been
shown to have benefit in preventing cardiovascular events, a significant proportion of patients
are not adequately protected from thrombosis despite therapeutic doses of these anti-platelet
agents'®. Given this, targeting mechanisms outside of the common pathway of platelet
activation may be a useful strategy in widening the therapeutic window for the prevention and
treatment of thrombosis. However, our knowledge of the mechanisms that distinguish

thrombosis from haemostasis remains limited.

It has been shown that there are distinct populations of platelets within a forming thrombus.
Platelets surrounding the vessel injury stably adhere and demonstrate high levels of
activation®® . However, this core region of activated platelets is surrounded by a shell of discoid
platelets that extends downstream of the vessel injury site, and which forms part of the
aggregate without undergoing demonstrable activation!®®. Calcium flux, another measure of
platelet activation, is similarly sustained within the core region, but decreases towards the
periphery of the forming thrombus®’. Since the core region surrounds the vascular injury, it
would appear that the little-activated platelets that continue to aggregate to form the shell are

not required for haemostasis.

This concept may underscore the lack of efficacy of current anti-platelet strategies, given that
this discoid platelet aggregation has been shown to be largely insensitive to inhibitors of
platelet activation®®’. It is unclear exactly why the thrombus continues to propagate in the
absence of sustained platelet activation, when previously exposed thrombogenic substrates
have been covered by the core of the haemostatic plug. However, this is likely linked to
dysregulated blood flow and increased levels of shear stress around the forming thrombus —
the conditions that occur in blood vessels affected by the presence of atherosclerotic plagues.
The inappropriate recruitment of non- or minimally-activated platelets to a growing thrombus

under altered blood flow conditions may thus be a target for novel anti-thrombotic strategies,
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and would be unlikely to have a significant effect on haemostatic function. Cellular targets
currently being investigated that appear to fit this model include PI3KB>® and protein disulfide-
isomerase’®®. Given our findings here showing that the functional defect seen with loss of
PI3KC2a occurs specifically under flow and high shear stress, and that in vitro platelet activation
and in vivo haemostasis is unaffected, it would appear that PI3KC2a can be added to this

growing list of putative thrombosis-specific anti-platelet targets.

4.3 The Role of the OCS in Platelet Function and Thrombosis

The studies in this thesis have revealed a previously unrecognised link between the structure
of the platelet’s internal membrane network, the OCS, and platelet function in the setting of
thrombosis, in both mouse and human. The OCS has a number of known functions, including
the uptake and release of platelet contents, the regulation of levels of adhesion receptors on
the platelet surface, and as a membrane reserve for platelet shape change and spreading
during activation and aggregation'*?. However, dysregulation of OCS structure has not been

directly associated with a specific impairment of platelet function.

Intriguingly, deficiency or inhibition of PI3KC2a does not appear to impact on any of the known
functions of the OCS. We have found no differences in release of platelet granule contents,
levels of the platelet adhesion receptors GPlb or integrin ayib3, norin the amount of membrane
reserve available, in the absence of PI3KC2a activity®?. The widespread dilation of OCS channels
in PI3KC2a-deficient mouse platelets and MIPS-19416-treated human cells thus does not
appear to be reflective of global membrane functional dysregulation. However, the consistent
observation of a platelet functional defect specifically in in vivo arterial thrombosis and high-
shear ex vivo assays, points to a subtle alteration in membrane function that manifests overtly

only when platelets are under flow in a whole blood system.

The current studies have shown that both the channels of the OCS within the platelet, as well
as its external openings at the plasma membrane, are dilated with loss of PI3KC2a. These
widened surface openings may have implications for the entry of large plasma proteins. For
example, fibrinogen is normally stored in platelet alpha granules, and is present in plasma,
however does not enter the resting platelet due to the size of the pores of the OCS. Upon

platelet activation, extrinsic fibrinogen binds to platelet receptors and enters OCS channels,
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while fibrinogen in alpha granules is released to the exterior via binding of alpha granules to
the OCS**°. The average size of OCS openings in PI3KC2a-deficient mouse platelets was 54 nm,
compared to 37 nm in wild-type platelets, and given that the length of the fibrinogen molecule

is approximately 47 nm?*>°

, itis possible that the enlarged OCS pores seen with loss of PI3KC2a
permit premature entry of fibrinogen into the resting platelet. In a whole blood system, this
could result in pre-exposure of low-affinity integrin oupPs receptors to their substrate, and in
turn lead to modulation of platelet behaviour, such as an attenuation of the platelet response
to exposed thrombogenic substrates. This may also explain the lack of effect seen with loss of

PI3KC2a in standard in vitro platelet assays, which use isolated platelets with plasma, and thus

extrinsic fibrinogen, removed from the system prior to the assay.

Another possible explanation for the markedly specific functional defect seen in our studies is
that the dilatations of the channels of the OCS reflect, or are associated with, a mechanical
change in the membrane. While we have shown that the lipid composition of PI3KC2a-deficient
mouse platelets is unaltered compared to wild-type mice, and it is unlikely that any change in
lipid composition is induced acutely with our pharmacological inhibitor, loss of PI3KC2a activity
may nonetheless impact upon the mechanical properties of the membrane. Indeed, Valet et
al., using atomic force microscopy (AFM), found that the membrane of platelets from mice with
a heterozygous kinase-inactivating mutation in PI3KC2a was significantly more rigid than that
of control mice®?. This increased membrane rigidity may alter platelet behaviour — for example,
a more rigid membrane may be less susceptible to the effects of dysregulated blood flow and
high levels of shear. Predictive computational simulations of platelet adhesion at sites of
vascular injury have shown that platelet membrane stiffness significantly affects adhesion.
However, the effect of platelet membrane rigidity on functional behaviour is not well studied,
and further investigation of membrane dynamics, using techniques such as AFM, micropipette
aspiration'®® or fluorescence anisotropy'®?, would be required to determine whether this plays

a role in the phenotype seen here.

4.4 PI13K Signalling in Platelets — Where Does PI3KC2a Fit In?

In the past fifteen years, a number of roles for the PI3Ks in platelet function have been revealed.

Until very recently, this has been restricted to the class | PI3Ks. The PI3KB isoform is the
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dominant player from this class in terms of platelet function, with PI3Ka and PI3Ky having less
critical roles. PI3KB signals downstream of the GPVI, P2Y12 and integrin auiPBs receptors>>/°8,
It activates Akt>®, which results in the inhibition of GSK3®, promoting thrombin-mediated
platelet aggregation, fibrinogen binding and release of granule contents®!. PI3Ka and PI3Ky

signal downstream of GPVI and P2Y1, respectively and play a cooperative role with PI3KB>>74,

Downstream signalling of the class Il PI3Ks is much less well understood. Our previous studies
have not identified any signalling consequences of PI3KC2a deficiency, with levels of the
cellular products of PI3KC2a comparable in wild-type and PI3KC2a-deficient cells®*. However,
using a more sensitive PI(3)P mass assay, Valet et al. were able to identify a significant reduction
in the basal, but not agonist-induced, pool of PI(3)P in their heterozygous model of PI3KC2a-
deficiency'3. It is possible that this alteration in PI(3)P levels contributes to the functional
defect. That pharmacological inhibition of PI3KC2a is able to acutely induce the structural and
functional phenotype of PI3KC2a deficiency adds weight to the suggestion of PI3K signalling
playing a role. Very recent unpublished data from our group indicates that this is indeed the
case — using the same PI(3)P mass assay, PI3KC2a inhibition with MIPS-19416 led to a significant
reduction in PI(3)P levels in human platelets at rest. However the role of PI(3)P in platelet
signalling is unknown, and further investigation of this with suitably sensitive techniques would

be required to correlate the phenotype to a specific signalling alteration.

4.5 PI3KC2a as an Anti-Thrombotic Target

4.5.1 PI3KC2a vs. PI3KB

Among the PI3Ks, PI3KB has an established role in platelet function, and has been well-
characterised as an anti-thrombotic target. As discussed above, PI3K is involved in signalling
downstream of a number of major platelet receptors, and it has a known role in platelet
activation®®. Yet studies show minimal to no increase in cutaneous bleeding time with inhibition
of PI3KB in both animal models and in humans despite a clear anti-thrombotic effect®>13,
marking it as a promising thrombosis-specific anti-platelet target. However, the evidence to
date suggests that PI3KC2a may have just as much potential in the effort to prevent thrombosis
without impacting upon haemostasis, and may even afford certain advantages over targeting

PI3KB.
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Neither deficiency nor inhibition of PI3KC2a impact upon platelet activation, and the anti-
thrombotic effect of loss of PI3KC2a appears to be membrane-dependent and shear-specific.
As such, given the lack of impact on canonical platelet activation pathways, PI3KC2a may prove
to be an even more thrombosis-specific target than PI3KB, and may provide a superior
therapeutic window. Furthermore, PI3KB is known to regulate thrombus stability under
conditions of high shear®?, likely due to its role in regulating the integrin auisBs receptor and
therefore its inactivation preventing the formation of stable integrin aisBs bonds®®3. It has
thus been suggested that inhibition of PI3KB could lead to an increased risk of embolisation and
secondary downstream ischaemia’®*. It remains to be seen whether this would be the case with
inhibition of PI3KC2a, but the evidence to date suggests that platelet-platelet bonds via integrin
B3, which mediate the stability of platelet aggregates, are not affected by loss of PI3KC2a. A
third consideration is that although PI3KC2a and PI3KB are both ubiquitously expressed, long-
term use of a PI3KPB inhibitor may have a more severe side effect profile than a PI3KC2a

inhibitor given the well-established role for the class | PI3Ks in cell growth and differentiation.

Appealingly, given the differing mechanisms by which inhibition of PI3KB and PI3KC2a appear
to be anti-thrombotic, it is possible that inhibitors of the two could be used in combination,
and may produce a synergistic anti-thrombotic effect without an increase in bleeding. Studies
examining the effect of concurrent inhibition of PI3KB and PI3KC2a would be useful in

determining the feasibility and clinical utility of this combination.

4.5.2 Potential Off-Target Effects

In terms of future drug development, it is important to consider the possible off-target effects
that may result from therapeutic use of a pharmacological inhibitor of PI3KC2a. Although
speculative, the results from published mouse models of PI3KC2a deficiency may provide clues
as to the potential effects of PI3KC2a inhibitors on cells other than platelets in humans.
Encouragingly, while loss of PI3KC2a is embryonically lethal in mice due to impaired vascular

development®1.108

, unpublished observations by our laboratory have shown that long-term
suppression of PI3KC2a in adult mice of up to one year in duration does not appear to produce

any obvious phenotypic changes, nor increase morbidity or mortality.
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Loss of PI3KC2a activity has been shown to lead to age-dependent obesity, hyperglycaemia and
insulin resistance in mice!!?. This raises the possibility that long-term inhibition of PI3KC2a
could lead to metabolic syndrome conditions, which increase CVD risk in their own right, and
would somewhat nullify any anti-thrombotic benefit of an inhibitor. It has also been found that
PI3KC2a has a role in renal function, with a hypomorphic mouse model of PI3KC2a deficiency
producing chronic renal failure secondary to the development of renal lesions including
glomerular crescent formation, podocyte effacement and renal tubule defects!?’. If PI3KC2a
has a similar role in human kidney function, this would likely limit the use of PI3KC2a inhibitors

clinically.

Furthermore, PI3KC2a has an important role in endothelial cell proliferation and
angiogenesis'®. This suggests that inhibition of PI3KC2a may be detrimental in situations
where angiogenesis is beneficial, such as post myocardial infarction or ischaemic stroke —
although, of course, these are the precise conditions that a PI3KC2a inhibitor would aim to
prevent. However, a reduction in angiogenesis may be clinically useful in certain settings, such
as in oncology — it is possible that a PI3KC2a inhibitor could provide benefit both in terms of
addressing the increased risk of arterial thrombosis in patients with cancer®®, and in preventing

further tumour growth via the inhibition of pathological angiogenesis.

4.6 Future Directions

One significant limitation of this study was the lack of specificity of the PI3KC2a inhibitor. The
first-in-class compound used here, MIPS-19416, is a potent inhibitor of PI3KC2a, with an ICsp
of 13 nM. However, it has a number of off-target effects, including at PI3KC2p (ICso of 15 nM)
and PI3KB (ICso of 53 nM). The pan-class | inhibitor copanlisib was used in many of our
experiments to control for off-target effects at PI3KB, and the compound MIPS-19417 to
control for effects at PI3KC2. Off-target effects at PI3KP were particularly important to control
for in our experiments given the well-known anti-thrombotic effects of PI3KB inhibition..
Furthermore, it must be noted that the activity of MIPS-19416 against the class Il PI3K Vps34,

which has recently been shown to have a role in thrombosis'®>1%, was not measured.
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While it is possible that a proportion of the significant anti-thrombotic effect seen in our
experiments is due to off-target activity at PI3KB or other targets that were not examined, the
results in human samples using MIPS-19416 closely mirror those using our PI3KC2a-deficient
mouse model, suggesting that the contribution of any off-target effects is minimal. Future work
is aimed at developing more targeted inhibitors of PI3KC2a that retain the potency of MIPS-
19416 but improve specificity, particularly by taking advantage of the unique structural

features of PI3KC2a compared to the other PI3Ks.

Furthermore, although we have made insights into the mechanism by which loss of PI3KC2a
function leads to structural and functional changes in platelets, much is left to be determined
regarding exactly how the inhibition of PI3KC2a activity drives the changes to OCS structure,
and how in turn this altered membrane structure leads to the attenuation of platelet
prothrombotic function in the setting of high-shear whole blood flow. Further investigation into
the molecular details of this mechanism would be useful both in further defining the role of
PI3KC2a in platelet biology and in adding to the scientific repertoire of the potentially

targetable factors that distinguish thrombosis from haemostasis.

4.7 Conclusion

The studies performed in this thesis have characterised in detail the phenotype of PI3KC2a
deficiency in mouse, and identified a role for PI3KC2a in the regulation of human platelet
structure and function. The results obtained here reveal that loss of PI3KC2a results in
structural changes that are specific to the platelet internal membrane system, are independent
of membrane lipid composition, can be acutely induced, and that perturb platelet function
specifically under conditions of high shear blood flow. PI3KC2a appears to impact platelet
function via a unique membrane-dependent mechanism that is independent of platelet
activation. The findings of this thesis suggest that targeting the platelet membrane via PI3KC2a

may represent a novel, thrombosis-specific, anti-platelet strategy.
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ABSTRACT: The phosphoinositide 3-kinases (PI3Ks) are a
family of lipid kinases central to regulating a wide range of
important intracellular processes. Despite the vast knowledge
around class I PI3Ks, the class IT PI3Ks have been neglected,
seemingly only due to the chronology of their discovery. Here
we focus on the cellular functions of the three class II PI3K
isoforms, PI3KC2q, PI3KC2/f, and PI3KC2y, in different cell
systems and underline the emerging importance of these
enzymes in different physiological and pathological contexts.
We provide an overview on the current development of class II
PI3 kinase inhibitors and outline the potential use for such
inhibitors. The field is in its infancy as compared to their class I
counterparts. Nevertheless, recent advances in understanding

® & mew

o T sy o W A et e,

| s e sy WA pikcoy O

Class II PI3K-related Improvement in Class IT PI3K inhibition with e.g. Potential
disorders, e.g. diabetes, understanding Class PIK90 (PI3K-C2a), PIK93 therapeutic
cardiovascular diseases, II PI3K biology and (PI3K-C2p), XI-147(PI3K- application

cancer structure C2B/y)

the roles of class II PI3 kinases in different pathological contexts is leading to an increased interest in the development of specific
inhibitors that can provide potential novel pharmacological tools.

B INTRODUCTION

Phosphoinositide 3-kinases (PI3Ks) are lipid kinases that
catalyze the phosphorylation of the D3 position within the
inositol ring of phosphoinositides. The resulting lipid products,
PtdIns3P, PtdIns(3,4)P2, and PtdIns(3,4,5)P3, can in turn bind
and modulate the activation of several signaling molecules,
ultimately regulating many cellular functions."™ Since their
discovery, the interest in PI3Ks has been constantly fueled by
the identification of the many physiological roles of these
enzymes and the establishment of the central role that
deregulation of PI3K-dependent pathways plays in many
human diseases.”~” Eight PI3K isoforms exist in mammalian
cells, which are grouped into three classes according to their
structure and substrate specificity (Figure 1). For a long time,
class II isoforms have been the least investigated of all PI3Ks,
and our knowledge of their intracellular roles, mechanisms of
regulation, and downstream effectors has been very limited.
Work from our laboratories demonstrated that class II PI3Ks
are involved in glucose transport, insulin secretion, cell
migration, platelet activation, and endothelial cell remodeling.®
Our work has also clearly shown that the mechanisms of action
of these enzymes are distinct from other PI3Ks.”'""!
Simultaneous activation of class II isoforms and other PI3Ks
has been reported in some cellular processes, such as regulation

-4 ACS Publications  © 2016 American Chemical Society

of glucose disposal into muscle cells and insulin secretion in
pancreatic f-cells. Additional in vitro evidence has appeared
recently, supporting the conclusion that class II PI3Ks play
distinct intracellular roles and that different PI3K isoforms may
cooperate in the regulation of critical cellular functions.''
Overall, data so far have confirmed that class II PI3Ks are not
redundant and that signaling downstream these enzymes are
distinct from those of class I PI3Ks.

Functionally, the class I PI3Ks produce the bulk of the cell’s
PtdIns(3,4,5)P3. The sole class III PI3K, Vps34, appears
limited to producing PtdIns3P. It is becoming increasingly clear
that the class IIs are capable of producing PtdIns3P and
possibly, PtdIns(3,4)P2, albeit under distinct conditions.
Structurally, all eight PI3K isoforms have a PIK core region
that comprises a C2 domain, helical domain, and catalytic
(kinase) domain. However, one key point of distinction in the
class II PI3Ks is that they function as monomers. This is in
contrast to the sole class III and all four class I PI3Ks, which
function as heterodimers between a catalytic and regulatory
subunit.
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Figure 1. Structures of the isoforms of the three classes of PI3Ks. Adapted from refs 8 and 9.

PI3K function has been heavily studied over several decades,
predominantly in the context of class I function in cancer, since
the PI3K pathway is one of the most frequently dysregulated
signaling pathways in oncogenesis and progression. However,
dysregulation of PI3K signaling, either directly or indirectly, has
also been implicated in disease states involving inflammation
and autoimmunity,'> as well as neuropathies, myopathies, and
ciliopathies.4 Indeed, isoform-specific inhibitors of various class
I PI3Ks have been successful in a range of preclinical settings
and provide a valuable roadmap for similar development of
class II isoform-specific inhibitors.

Much is known about the functions of the class I PI3Ks, and
drug targeting of each of the four class I isoforms has been
examined in specific pathological settings. The class II PI3Ks
are by far the least well studied isoforms, in large part due to a
lack of pharmacological inhibitors and genetically modified
mouse models. However, recent developments have begun to
address this knowledge gap, leading to the discovery of some of
the physiological roles of class II PI3Ks. Here, we discuss these
recently discovered cellular functions of class II PI3Ks, the
rationale for targeting each of these enzymes for drug therapy,
and the early progress with the development of the first
isoform-specific class II PI3K inhibitors.

Class | PI3Ks as Drug Targets: A Model for Class Il
PI3Ks? Due to their early discovery and dysregulation in
human pathologies, class I PI3Ks have been heavily studied and
well characterized."® The class consists of four closely related
catalytic subunits that form functional heterodimers with two

families of regulatory subunits.” The class IA PI3K subgroup
comprises any one of the pl10a, pl110f, or pl100 catalytic
subunits in combination with one of the p50, pSS, or p85S
regulatory subunits. The class IB PI3K subgroup comprises
dimers of the p110y catalytic subunit with either of the p101 or
p84 regulatory subunits. The central difference between the
class 1 subgroups is that class IA PI3Ks are activated
downstream of receptor tyrosine kinases while class IB PI3Ks
are activated downstream of G-protein-coupled receptors. The
class I PI3K isoforms are named after their catalytic subunits:
PI3Ka, PI3KfS, PI3KS, and PI3Ky. PI3Ka and PI3KfS are
ubiquitously expressed, while PI3KS and PI3Ky are expressed
in hematopoietic cells. Although capable of catalyzing the
production of all three 3-phosphoinositides, the preferred
substrate of the class I PI3Ks is PtdIns(4,5)P2, resulting in the
production of PtdIns(3,4,5)P3.” Intracellular signaling effectors
are recruited in response to this rise in localized PtdIns(3,4,5)
P3 production via binding through specialized and highly
specific lipid binding domains within effector proteins, such as
pleckstrin homology (PH) and Phox homology (PX) domains,
enabling efficient recruitment of these effector proteins to the
plasma membrane and assembly into signaling complexes. For
example, one of the most important cell signaling processes
mediated by PtdIns(3,4,5)P3 is the activation of Akt, which
regulates a number of signaling pathways, including the
mammalian target of rapamycin (mTOR) pathway that is
central to cell §rowth and proliferation, survival, metabolism,

and autophagy.
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Figure 2. Selected class I PI3 kinase inhibitors 1—14.

Class | PI3Ks in Disease and Class | PI3K Inhibitors.
Dysregulation of class I PI3K signaling is observed in a range of
diseases, and each of the class I isoforms has been targeted as a
therapeutic option in distinct pathologies. The identification of
the first class I inhibitors, 1 (wortmannin,'* Figure 2) and 2
(LY294002),"* prefaced the development of current pan-PI3K
clinical candidates such as 3 (GDC-0941)'° and 4 (BKM-
120),"” and the subsequent development of class I isoform-
specific PI3K inhibitors (compounds 5—14, Figure 2) under-
scores the usefulness of targeting this family of proteins and
may provide a useful model for any future development of class
II PI3K inhibitors.

PI3Ka. PI3Ka is one of the most frequently mutated genes
in certain cancers, with mutations leading to increased PI3Ka
activity, directly or indirectly, often found in solid tumor cells."®
These mutations are generally found in defined “hotspots”
within the gene, with mutations in the region encoding three

particular amino acid residues accounting for around 80% of
cancer-causing PI3Ka mutations.'® As a result of this, selective
inhibition of PI3Ka is an emerging approach for the treatment
of cancers in which PI3Ka activity is increased and may
mitigate against the side effect profile of a pan-PI3K inhibition.
To this end, a number of PI3Ka inhibitors are currently in
clinical trials for treatment of a range of cancers. For example,
two novel, potent, selective PI3Ker inhibitors are currently in
clinical trials: § (MLN1117), which has an ICy, of 15 nM,"” is
in a phase Ib trial for the treatment of advanced non-
hematological malignancies, and the 2-aminothiazole derivative
6 (BYL719) (ICs, = 4.6 nM)*® is in a phase II trial for the
treatment of squamous cell head and neck cancers.”’

PI3Kp. Perhaps the most clinically relevant function known
for PI3Kf is in thrombosis. Specifically, PI3K/ has been shown
to regulate the activity of the major platelet integrin ompps in
the setting of platelet adhesion and aggregation.”>”* Pharmaco-
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Table 1. Mouse Models of Class II PI3K Deficiency and Their Phenotypes

isoform mouse model

PI3KC2a  Hypomorph (global but variable)

Global deficiency Embryonic lethality

Endothelial-cell-specific deficiency

Induced endothelial-cell-specific
deficiency injury

Induced global deficiency

Heterozygous kinase-dead inactivating
mutation

Stunted growth, decreased survival, renal abnormalities

Embryonic lethality, phenocopying the effects of global deficiency

Impaired platelet function during thrombosis

Impaired platelet function during thrombosis

Decreased circulating insulin levels, increased glucose tolerance, and

phenotype ref
Harris et al.*®
Yoshioka et al.*
Mountford et al.*°
Franco et al.>!

Yoshioka et al.*

Decreased retinal angiogenesis. Impaired revascularization following ischemic ~ Yoshioka et al.*’

Mountford et al.>°
Valet et al.>*

Harada et al,>®
Mountford et al.*

Alliouachene et al.>*

PI3KC2$  Global deficiency None reported
Heterozygous kinase-dead inactivating
mutation protection against steatosis
PI3BKC2y  Global deficiency Hyperlipidemia, adiposity, insulin resistance

Braccini et al.>®

logical inhibition of PI3Kf impairs platelet activation and
thrombosis in animal models** and in ex vivo human assays.
These studies led to the clinical development of the PI3Kf-
selective inhibitor, 7, (AZD6482), which has been examined in
a phase I trial. 7 is an ATP-competitive inhibitor of PI3K/ with
an ICg; of 0.01 yM. In vitro studies showed that it is a potent
inhibitor of platelet aggregation.”* In dog, treatment with 7
resulted in a dose-dependent antithrombotic effect, with no
hemostatic consequences. The drug was well tolerated in
humans, with potent in vivo inhibition of platelet aggregation
and no adverse events recorded.”* However, 7 inhibits insulin-
induced glucose uptake, which may raise concerns regarding
insulin resistance caused by the drug.”’

It has been recently shown that inhibition of PI3Kf signaling
with isoform-specific inhibitors such as 8 (AZD8186) inhibits
growth of PTEN-deficient breast and prostate tumors alone
and in combination with drugs like docetaxel, and clinical trials
on PI3Kf inhibitors 8 and 9 (GSK263771) are currently
ongoing.zs’27

PI3Ky. PI3Ky is a potential target for anti-inflammatory
drugs. PI3Ky is strongly expressed in neutrophils, eosinophils,
and mast cells and appears to play an important role in the
regulation of inflammatory responses by regulating the
recruitment and activation of immune cells at sites of
inflammation. Mice in which PI3Ky is either absent or
inactivated are protected against the development of a number
of autoimmune and inflammatory conditions. As a result, a
number of PI3Ky inhibitors have been developed and examined
in experimental models in recent years and with promising
results. For example, 10 (CZC24832) is a PI3Ky-selective
inhibitor that exhibits anti-inflammatory activity in vitro and in
vivo.”® The PI3Ky-selective inhibitor 11 (AS252424) has been
shown to inhibit mast cell degranulation and the release of
inflammatory molecules in vitro®” and to impair the
inflammatory response to surgical brain injury in rats in
vivo.” Interestingly, a role has been suggested for p110y in
tumor angiogenesis’' and drug resistance of chronic myeloid
leukemia cells.”> Recently, work from our group has
demonstrated that pl110y has a key role in pancreatic and
liver cancer.”* In particular, we reported data from an
extensive screening for constitutive expression of the different
PI3K isoforms in human tissues from pancreatic and liver
cancer and normal counterparts and showed a clear over-
expression of pl10y in pancreatic and liver cancer tissues.
Further, we demonstrated that specific chemical inhibition of

p110y or downregulation by siRNAs blocks pancreatic cancer
cell proliferation with no effect on cell apoptosis, indicating that
p110y has a specific role in cell growth and proliferation.” In
this respect, it is noteworthy that the transforming activity of
the p110y isoform has been suggested to be dependent on Ras
binding. An p110y-isoform selective inhibitor 12 (IPI-549) has
entered phase I studies as an immune-oncology agent.’

PI3Ké. Further highlighting the usefulness of targeting PI3Ks
as therapy, the PI3KS inhibitor 13 (idelalisib) was recently
approved by the FDA for the treatment of relapsed chronic
lymphocytic leukemia (CLL), relapsed follicular B-cell non-
Hodgkin’s lymphoma, and relapsed small lymphocytic
lymphoma. The phase III clinical trial comparing use of 13
combined with rituximab compared to rituximab monotherapy
alone in patients with relapsed or refractory CLL was
terminated early due to the overwhelming efficacy of the
drug. Progression free survival, response rate, and overall
survival were significantly higher in patients treated with 13,
although the FDA has recently published an alert regarding
increased rate of adverse events, including deaths, in clinical
trials with combination therapies. The dual PI3Ky/$ inhibitor
14 (duvelisib) has recently completed phase II studies.

B CLASS Il PI3Ks

Until very recently, the physiological functions of class II PI3Ks
remained almost entirely unknown. However, a number of
recent mouse genetic studies and some initial pharmacological
studies have be%un to shed some light on this emerging area of
cell biology.**>’

Class Il PI3 Kinase Architecture. There are three class II
PI3Ks: PI3KC2a, PI3KC2p, and PI3KC2y. PI3KC2a and
PI3KC2p are widely expressed, while PI3KC2y expression
appears largely restricted to exocrine glands. The activation
signals for class II PI3Ks are not well understood, although like
class I isoforms they can be activated by ligands for either
receptor tyrosine kinases or GPCRs.*” Class II PI3Ks are
capable of catalyzing the formation of both PtdIns3P and
PtdIns(3,4)P2, from PtdIns and PtdIns4P, respectively, at least
in vitro.

In common with all PI3Ks, the class II PI3Ks have a core
containing a C2 domain, helical domain, and the catalytic
domain, as well as having a Ras-binding domain in common
with the class I isoforms. What is notably different about the
class II proteins is that they contain a conserved, characteristic
C-terminal extension comprising a PX-domain and a second
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C2-domain. At the N-terminus there are no binding sites for
the regulatory partners as found in class I isoform but chain
extensions that in PI3KC2a and PI3KC2 facilitate binding to
clathrin; while in PI3KC2f the Pro-rich N terminus also allows
interaction with partners such as intersectin. The molecular
details governing these domains remain largely unknown. The
structure of the PX-domain of PI3KC2a was deposited in 2006
(PDB code 2ARS), but little other detail has been revealed.

PI3KC2a. PI3KC2a is broadly expressed in human cells.*” It
is a 190 kDa protein that is structurally similar to the other
members of the class, with the exception of a distinctive N-
terminal region containing a clathrin-binding domain that does
not appear in PI3KC2/ and PI3KC2y and the lack of proline-
rich sequence repeats found in PI3KC24.** In vitro studies have
shown that PI3KC2a can be activated by a range of molecules,
including cytokines,43 chemokines,** integrins, as well as
insulin® and other growth factors.”* One property particular
to PI3KC2a is its comparably decreased sensitivity to
commonly used pan-PI3K inhibitors such as 1 and 2.*” The
reason for this is unclear but this is an important consideration
when interpreting early experiments in which the relative levels
of response inhibition by various PI3K inhibitors have been
used to identify the responsible isoforms.

Mouse Models of PI3KC2a Deficiency. A number of mouse
models targeting PI3KC2a have been developed over the past 5
years (Table 1). The first of these was a gene trap-induced
truncation that resulted in a hypomorphic allele and identified a
role for PI3KC2a in overall growth and survival, as well as in
renal structure and function.” Specifically, PI3KC2a hypo-
morphic mice retained between 10% and 20% of PI3KC2a
activity, depending on the tissue examined, yet still exhibited
significantly diminished survival rates and heavily stunted
growth.”® Furthermore, PI3KC2a hypomorphs presented
chronic kidney failure, with the development of renal lesions
and glomerulonephropathy.*®

It was subsequently shown by several groups that complete
deficiency of PI3KC2a« results in absolute and early embryonic
lethality.””~>" The first of these was the study by Yoshioka et
al, in which global and constitutive genetic deletion of
PI3KC2a resulted in a mid-gestational embryonic lethality
due to defective vasculogenesis.”’ Using a distinct genetic
model, Mountford et al. also found that global PI3KC2a
deficiency in mice resulted in an early and penetrant embryonic
lethality, although this occurred slightly earlier.”® Given that the
third separate homozygous inactivation of Pik3c2a revealed a
phenotype similar to the first,”' the reasons for this discrepancy
remain unknown. However, regardless of these differences, it is
arguably the additional phenotypes investigated in each of these
three papers that hold the most interest. Specifically, Yoshioka
et al. detailed the involvement of endothelial cell PI3KC2a in
angiogenesis and vascular development.”” Mountford et al.
uncovered a role for platelet PI3KC2¢ in thrombosis,*® while
Franco et al. reported that PI3KC2a is important in cilia
function.”"

PI3KC2a in Diabetes. It has been shown that PI3KC2a has a
role in glucose transport and secretion.’®”** We have recently
reported that PI3KC2a mRNA is downregulated in islets from
type 2 diabetic patients compared to nondiabetic individuals.>®
Recent work reported a sex-dependent role for PI3KC2a in the
modulation of hypothalamic leptin action and systemic glucose
homeostasis.”'

Indeed, while homozygosity for kinase-dead PI3KC2a was
embryonic lethal, heterozygous PI3KC2a KI mice were viable

and fertile, with no significant histopathological findings.
However, male heterozygous mice showed early onset leptin
resistance, with a defect in leptin signaling in the hypothalamus,
correlating with a mild, age-dependent obesity, insulin
resistance, and glucose intolerance. Recently, a whole genome
sequencing study of the Goto-Kakizaki rat, a nonobese animal
model of type 2 diabetes, compared to normal Wistar rats
reveals Pik3c2a among other mutant genes.””

PI3KC2a in Angiogenesis and Cancer. Limited data are
available relating to the possible role of PI3KC2a in
carcinogenesis. The expression of PI3KC2a was observed in
several pancreatic cancer specimens, as well as normal
pancreatic tissues, both in acini and in ducts.’”® In the same
conditions, PI3KC2f isoform was barely detected in just a few
pancreatic samples. Amplification of Pik3c2a has also been
observed in colon, cervical, ovarian, thyroid, and non-small-cell
lung cancers,' ¥**7%® and alterations in Pik3c2a have been found
in medulloblastomas®” and anaplastic oligodendrioglomas.*®

An increase in PI3KC2a mRNA levels has been observed in
a subset of B-positive hepatocellular cancer samples when
compared to nontumorigenic tissues.”” The expression of
PI3KC2a has also been attributed to the survival of HeLa
cells.”” Additionally, a significant increase in PI3KC2a
expression has been observed in a population of MCF7 cells,
enriched in cancer stemlike cells, compared to normal breast
cells.”" These data suggest a possible involvement of PI3KC2a
in breast cancer development.

A potential involvement of PI3KC2¢« in tumor angiogenesis
favoring lung cancer and melanoma has also been proposed.
Indeed, in PIK3C2A knockout mice injected with Lewis lung
carcinoma or B16-BL6 melanoma a significant reduction in
microvessel density, tumor weight, and volume could be
observed, compared to control mice."’

In a recent study, repression of PI3KC2a by miR-30e-3p has
been indicated at mRNA levels in DLDI CRC cells.””
Importantly, the same authors also demonstrated that the
levels of miR-30e-3p are considerably downregulated in CRC
tissues, most probably at the early stages of CRC carcino-
genesis. Taken together, these two studies suggest that in CRC,
downregulation of miR-302-3p may increase PI3KC2a levels,
promoting CRC cell growth and contributing to cancer
development. On the other hand, inhibition of the Wnt
pathway is involved in the upregulation of miR-30e-3p levels in
the same cell line, suggesting another possible mechanism of
regulation of PI3KC2a levels.

Importantly, a recent study has identified PI3KC2a« as a key
in angiogenesis, an important process in carcinogenesis.
Yoshioka et al. demonstrated a role of this enzyme in the
maintenance of vascular barrier integrity and mural-cell
recruitment.”” Endothelial-cell-specific deficiency of PI3KC2a
in mice results in markedly reduced retinal angiogenesis and
postischemic hindlimb revascularization due to impaired
endothelial cell migration and proliferation. Furthermore, the
microvessel density and overall volume of solid tumors
implanted into the mice were reduced in a mouse model.”’
Taken together, these observations suggest that PI3KC2a
inhibition may have some value as a therapeutic strategy for the
treatment of solid tumors, with PI3KC2a as a potential drug
target for reducing pathologic tumor angiogenesis and growth/
survival.

PI3KC2a in Thrombosis. Two recent studies identified a role
for PI3KC2a in platelet function and suggested that PI3KC2a
may be a suitable drug target for the prevention and treatment
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of thrombosis and cardiovascular disease. Using a series of
distinct mouse models of PI3KC2a-deficiency, Mountford et
al.’” and Valet et al.>* both observed that PI3KC2aq is involved
in the regulation of platelet membrane structure that is
sufficient to cause significant platelet functional consequences
in the setting of thrombosis. Here, an RNAi-based gene
silencing approach was used to essentially abolish PI3KC2a
expression in adult mouse platelets in an inducible manner.
These PI3KC2a-deficient mice exhibited impaired delayed and
highly unstable in vivo arterial thrombosis that appeared to be
caused by a platelet function defect due to a rearrangement of
the structure of the platelet’s internal membrane reserve, the
open canalicular system (OCS).>" In support of this study,
Valet et al.’” used a mouse model in which there was a
heterozygous kinase-inactivating point mutation in the
PI3KC2a active site and confirmed the membrane structural
defects and impairment of in vivo thrombosis observed by
Mountford et al.*’

Additional mechanistic studies performed by Valet et al.”
indicated that PI3KC2a regulates a basal pool of PtdIns3P in
platelets that may lead to impaired regulation of the platelet’s
cytoskeletal-membrane system. Taken together, these two
studies point to a key role for PI3KC2a in platelet function
and highlight the potential of this enzyme as an antithrombotic
drug target. Given the global burden of cardiovascular diseases
and the limitations of currently available treatments, new
antiplatelet approaches are critically needed. The early evidence
from these two studies suggests that targeting PI3KC2a may
provide some potential toward this goal.

Additional Roles for PI3KC2a. Franco et al. have recently
identified a role for PI3KC2q in primary cilium elongation.>!
By use of a series of in vitro and in vivo approaches, the levels
of PI3KC2a were observed to increase at the pericentriolar
recycling endocytic compartment at the base of growing cilium.
The pool of PtsIns3P around the ciliary base was diminished in
PI3KC2a-deficient cells indicating that, as in platelets,
PI3KC2a regulates the production of a PtdIns3P pool. In the
setting of cilia, this appears important for the accumulation of
proteins and the activation of pathways necessary for normal
cilium elongation.”"

Other suggested roles for PI3KC2¢ include an involvement
in the regulation of FceRI-triggered mast cell degranulation.
Nigorikawa et al. found that knocking down PI3KC2a using an
RNAi-based approach in a mast cell line caused a reduction in
the release of the lysosomal enzyme p-hexosaminidase from
these cells, indicating that PI3KC2a is required for normal
degranulation via FceRL” In addition, the release of neuro-
peptide Y, a reporter for mast cell exocytosis, was also
significantly slowed in these PI3KC2a-deficient cells, further
supporting a role for PI3KC2a in regulating the degranulation
process.”

PI3KC26. PI3KC2f in Diabetes. As with PI3KC2a, a
number of PI3KC2f-deficient mouse models have been
recently developed, although fewer physiological defects have
been reported. Harada et al>® developed the first reported
PI3KC2f-null mouse (as well as an overexpression model in
which elevated PI3KC2/ levels were targeted to the epidermis).
Mice of both strains were phenotypically normal, and no
spontaneous phenotypes were reported. Similarly, Mountford
et al.”” reported no phenotypic changes in PI3KC2/-deficient
mice, including a lack of effect of PI3KC2f-deficiency in mouse
platelets. This was recently extended to an examination of the
first mouse model in which there is combined deficiency of

both PI3KC2a and PI3KC2p,”* suggesting that at least some of
the key functions of these two highly related enzymes do not
overlap.

The first significant phenotype observed in PI3KC2p-
deficient mice came from a very recent study and points to a
role for PI3KC2/ in insulin sensitivity and glucose tolerance.
Here, a homozygous “knock-in” kinase-inactivating mutation in
PI3KC2 (PI3KC2pP1212/P1212A mice) analogous to that used
by Valet et al>® for PI3KC2q, demonstrated diminished
circulating insulin levels after feeding and increased glucose
tolerance, suggesting that PI3KC2/ is a negative regulator of
the insulin response.”* Furthermore, PI3K(C2P!2124/D12124
mice were protected from high-fat diet-induced steatosis,
indicating that this regulatory role of insulin signaling is
particularly important in the liver.”* These results suggest that
PI3KC2p may be a potential drug target for the treatment of
type 2 diabetes, as well as other insulin-resistant conditions
such as nonalcoholic fatty liver diseases.

PI3KC2p in Cancer. Involvement of PI3Ks in carcinogenesis
has been described before as one of the key factors in this
process. It was indicated that inhibition of PI3Ks signaling
pathways was able to facilitate cell apoptosis and sensitize cells
to cytotoxic drugs.”®

Amplification of the gene encoding PI3KC24, PIK3C2B, has
been reported in several tumors.”> A genome-wide analysis
revealed the amplification of PIK3C2B, together with MDM4,
in glioblastoma multiforme.”® An increase in the copy number
of these genes has also been detected by the analysis of whole-
genome studies of glioblastoma histological sections.””
Furthermore, the assessment of almost 90 ovarian cancer
specimens pointed to a similar, significant increase in PIK3C2B
copy number in these cells.”® Importantly, the observed
increase in PI3KC2f expression in ovarian cancer cells was
significantly higher than of other PI3K classes. Amplification of
PIK3C2B, together with MDM4, was also detected (using
fluorescence in situ hybridization) in 1 out of 14 oligoden-
droglia tumors.”

Furthermore, overexpression of PI3KC2/ has been observed
in different cancer cell lines and specimens, such as acute
myeloid leukemia,*>*" medulloblastoma,®* and glioblastoma
multiforme.* In a study based on screening and sequencing of
31 samples, PIK3C2B was identified as one of the genes
mutated in non-small-cell lung cancer samples, compared to
nontumorigenic tissues.”*  Furthermore, overexpression of
negative PI3KC2/ considerably inhibited growth and growth-
factor-induced Akt activation in small cell lung cancer.*’
Increased expression of PI3KC2f was also demonstrated in
myeloid leukemia and acute lymphocytic leukemia. Its
inhibition showed high antiproliferative activity, especially in
AML cell lines, in which reduced proliferation, as well as
considerable increase in apoptosis, was observed.”” Further-
more, it was indicated that PI3KC2f and its activator
intersectin 1 (ITSN1) are upregulated in primary neuro-
blastoma tumors and cell lines."”” It was suggested that
PI3KC2/ plays an essential role in neuroblastoma development
by mediating functions of ITSN1 and by stabilizing
metylocytomatosis viral oncogene (MYCN),*® an oncogene
found in 20% of neuroblastoma cases and a marker for poor
prognosis.”” Moreover, downregulation of PI3KC2/ resulted in
the inhibition of early stage neuroblastoma formation.*® The
requirement for ITSN1, one of PI3KC2f activators, has been
also proposed for glioblastoma tumorigenesis,”’ suggesting
possible contribution of PI3KC2/ in this process; however this
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aspect was not addressed in that study. A correlation between a
cluster of variants localized in the PIK3C2B promotor region
and prostate cancer risk has been observed, especially in
patients with familial disease.”’ Substantial recurrent mutations
(12.9%) have been also identified in the PIK3C2B gene in lung
cancer.”* More recently, whole-exome sequencing revealed
several candidate mutations for gastric cancer peritoneal
carcinomatosis including recurrent mutations in PIK3C2B.
Moreover, increased PI3KC2 mRNA levels have been found
in several cancers, such as pancreatic cancer’” and mixed
lineage leukemia.”® It was demonstrated as well that over-
expression of PI3KC2p contributes to oncogenic trans-
formation of colonic epithelial cells.”

Recently, a study of esophageal squamous-cell carcinoma
(ESCC) tissues from more than 60 patients demonstrated that
PI3KC2p was expressed in 45.9% of ESCC, whereas normal
stratified squamous epithelial cells did not show any expression
of this protein.”* Furthermore, a correlation between PI3KC24
expression levels and ESCC metastasis was established.”
Almost 70% of ESCC cases, in which the expression of this
protein could be detected, showed metastasis.

Recent studies, based on genomic analysis, have identified
PI3KC2f as an important factor in breast cancer develop-
ment.” Through the analysis of COSMIC database it was
demonstrated that a substantial increase in gene copy number
of PIK3C2B occurs in a significant number of breast cancer
cases. Moreover, this amplification correlated with a loss in
copy number of tumor suppressor genes, such as PTEN or
TPS3. Furthermore, in the same study, survey of the Human
Protein Atlas revealed that the expression of class II PI3Ks
occurs mainly in ductal carcinomas. Importantly, PI3K genes
that were found to be deregulated in this study are localized on
1q chromosome. Interestingly, abnormalities of this chromo-
some are reported in 50—60% of breast cancer cases.”" %"

Contribution of PI3KC2f in breast carcinogenesis was
confirmed in a very recent study. It was shown that this
enzyme is overexpressed in several human breast cancer cell
lines and breast primary tumors when compared with normal
breast tissues. PI3KC2f has been demonstrated to be an
essential factor in breast cancer growth, by regulation of growth
factor-induced cell proliferation, anchorage-independent
growth, as well as breast cancer cell invasion in vitro.””
Moreover, its expression has been linked to the proliferative
status of the tumor. A possible mechanism of PI3KC2/ action
in breast cancer has also been proposed. It was suggested that
PI3KC2p regulates cyclin Bl levels, influencing cell cycle
progression. Furthermore, miR-449a has been proposed as a
molecule that links PI3KC2f and cyclin Bl activity.
Importantly, both cyclin Bl and miR-449 play key roles in
various breast cancer cell lines'”’ and their expression has been
elevated in highly proliferative breast cancer samples'’" and is
associated with poor prognosis.' "%’

Moreover, accumulation of PI3KC2S could be clearly
detected in lymph-node breast cancer metastases, indicating
the role of this isoform in metastasis. More importantly, a
significant increase in mice survival after PI3KC2f depletion
was observed in an in vivo model of lung metastasis, PI3KC2/-
deficient mice decreased number of metastases and reduced
metastatic burden.”

Overall, the data from our study indicate that the PI3KC24/
miR-449s pathway is an important factor in the regulation of
breast cancer cell proliferation, tumor growth, and metastasis.

In another study, the same authors highlighted the important
role of PI3KC2f in prostate cancer (PCa).'”* As was stated
before, almost 40% of primary and 70% of metastatic PCa
samples showed alterations in PIK3C2B.'” Interestingly, in this
study,104 PC3 and LNCaP cell lines, which showed increased
PI3KC2f expression, are lacking the suppressor gene PTEN, an
antagonist of PI3K action. The decrease in PTEN copy number
is observed in a large percentage of both primary and metastatic
tumors.'°*'”” This gene was also associated with increased
progression of prostate cancer in mice.'%

The data from the aforementioned study revealed that
PI3KC2p is involved in the regulation of cell invasion in PCa
cells, partly by activation of MEK/ERK pathways and partly by
regulation of cell migration through regulation of Slug protein.
This protein is essential for epithelial—mesenchymal transition
(EMT), a process which enables cells to gain migratory and
invasive properties.'””'"” Slug activity has previously been
shown to be specifically implicated in the regulation of cell
invasion."'”''" Interestingly, it was demonstrated that
PI3KC2/ has no influence on PCa cell proliferation. However,
it plays crucial roles in cell motility, migration, and invasion.
Taken together, this study highlighted the role of class II PI3Ks
in the regulation of cell migration and invasion, suggesting its
involvement in cancer metastasis.

A number of additional studies have also shown that
PI3KC2p is involved in the regulation of cell migration and
invasion in different cancers."">~""* Implication of PI3KC2 in
metastasis has been demonstrated in breast, prostate, and
ovarian cancers. In a recent study, it has been demonstrated
that this enzyme has a key role in lamellipodia formation in
ovarian cancer SKOV3 cells, allowing for the increase in cell
motility.""> In fact, serum-dependent lamellipodia formation
has been significantly reduced in cells lacking PI3KC2p,
suggesting a specific role for this enzyme in ovarian cancer
cell motility and, as a consequence, in cancer metastasis.
Inhibition of PI3KC2f significantly reduced ovarian cancer
metastasis in mice. Importantly, selective inhibition of
PI3KC2p with ceramide has been shown to diminish
PI3KC2f-dependent lamellipodia formation, reducing ovarian
cancer cell mobility. Therefore, ceramide has been proposed as
an antitumorigenic lipid that may be used in the treatment of
metastatic cancers. Considering these results, further focus
needs to be placed on the investigation of ceramide and its
derivatives as novel anticarcinogenic agents.

The importance of PI3KC2f in ovarian cancer cell migration
was initially proposed by Maffucci et al,,''” who found that LPA
is able to activate PI3KC2f in SKOV3 cells, which in turn
generate PtdIns3P at the plasma membrane that may further
act as a secondary messenger. This process is necessary for
LPA-dependent cell migration and has been reported in many
cancers,''°~""% suggesting that blocking of PI3KC2/ pathway
results in the impairment of SKOV3 cell migration.

Overexpression of PI3KC2/ has been also found to enhance
migration of A-431 epidermoid carcinoma cells, HeLa and
ovarian cancer cells, whereas overexpression of the negative
PI3KC2f was able to reduce this process.'"”

Recently, another possible mechanism of contribution of
PI3KC2p in cancer cell migration and metastasis has been
proposed.'”” Using RNA-seq analysis, it has been suggested
that PIK3C2B is regulated by miR-515-Sp, which plays a role in
the control of cancer cell migration and metastasis. Over-
expression of miR-515-5p has been shown to downregulate
PIK3C2B, among others, binding directly to its 3'UTR region.
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Increased miR-515-5p expression was correlated to reduced
tumor dissemination in mice, as well as to a reduction in
metastasis, assessed by in vivo xenograft studies. These data
suggest once more the role of PI3KC2f in metastasis; however
in this study overexpression of this protein has been only found
in metastatic cells derived from brain and adrenal glands.

In yet another study,"” treatment of highly invasive epithelial
cells reduced the migratory capacity (assessed by wound-
healing assay) of these cells, highlighting once again the
relevance of PI3KC2p in the regulation of cancer cell migration.

Another important implication of PI3KC2f in cancer is the
suggestion that its expression may contribute to chemo-
resistance. It was reported that the expression levels of
PI3KC2f were correlated with the sensitivity of glioblastoma
cells to erlotinib.'*® This possibility was then confirmed in
another study, which examined the response of MCF7, a breast
cancer cell line, to tamoxifen treatment and concluded that
PI3KC2p may be involved in the resistance of breast cancer
cells to tamoxifen.'”' Furthermore, it was recently shown that
upregulation of PI3KC2/ in a human ESCC cell line highly
decreased cell sensitivity to cisplatin, whereas its down-
regulation was able to restore that sensitivity, pointing once
again to the possible role of this protein in chemoresistance.”*

Accordingly, targeting of PI3KC2/ with specific inhibitors
can enhance the sensitivity of cancer cells to chemotherapy.
The use of these inhibitors resulted in decreased resistance of
human AML and GBM cancer cells to chemotherapeutics such
as etoposide or doxorubicin.*”

On the other hand, a different study suggested that in
leukemia cells, depletion of PI3KC2/ can increase resistance of
cells to chemotherapeutics.'*” It was demonstrated that upon
PIK3C2B knockdown, CEM human leukemia cells gained
resistance to thioguanine and mercaptopurine treatment.
Therefore, more studies need to be conducted in order to
gain more insight into the role of class II PI3Ks in
chemoresistance in different contexts.

Additional Roles for PI3KC2f5. PI3KC2f has been found to
regulate cell morphology and survival via interactions with the
Rho family guanine nucleotide exchange factor, Dbl. PI3KC2/
forms a complex with Dbl, which is then able to activate Rho
GTPases RhoA and Racl. The modulation of RhoA activity by
PI3KC2f enables it to in turn regulate cytoskeletal rearrange-
ments and protect cells from anoikis.'** Furthermore, a number
of studies have supported a role for PI3KC2 in the regulation
of cell migration. Work from our group has found that
PI3KC2f is activated by lysophosphatidic acid and sphingosine
1-phosphate to generate a pool of PtdIns3P at the plasma
membrane, which is required for cell migration."'”'** Domin et
al.''* similarly observed that PI3KC2f3 regulates cell motility
through a PtdIns3P-dependent mechanism, while Katso et al.
reported that PI3KC2p signaling downstream of EGFR
activation regulates membrane ruffling and cell motility.'"
Whether or not these in vitro findings will translate to in vivo
functions of PI3KC2f in the setting of inflammatory conditions
and/or cancers remains unknown but is of clear therapeutic
interest.

PI3KC2y. PI3KC2y in Diabetes. PI3KC2y has a much more
restricted tissue expression distribution than PI3KC2a and
PI3KC2p, being generally localized to exocrine glands. High
levels of PI3KC2y are found in the liver, specifically in the
hepatic g_arenchyma, as well as the breast, prostate, and salivary
glands.'** As with the other class II PI3Ks, PI3KC2y is capable
of synthesizing both PtdIns3P and PtdIns(3,4)P, in vitro,

although its in vivo products have not been determined and
even less is known about the physiological functions of
PI3KC2y than is known about PI3KC2a and PI3KC2/. One of
the earliest studies of PI3KC2y found that its expression levels
are increased following partial hepatectomy, particularly after
the period of liver regrowth, suggesting that PI3KC2y may play
a role in the maturation of hepatic cells.'*® This list of in vivo
functions may grow with the recent publication of the first
PI3KC2y-deficient mouse model.'”” Of interest, PI3KC2y-
deficient mice were born at expected rates and developed
normally but displayed decreased insulin tolerance and
increased fat storage and triglyceride levels, indicating altered
lipid metabolism. Insulin tolerance decreased with age, and in
response to a high-fat diet, PI3KC2y-deficient mice gained
significantly more weight than controls. This was suggested to
be due to the development of insulin resistance and the
subsequent dyslipidemia, increase in fat mass, and fatty liver."*”
It has been suggested that the mechanism by which this occurs
may be directly via the decreased pool of PtdIns(3,4)P, in early
endosomal membranes, which leads to a decrease in Akt2
activation in response to insulin, and downregulation of
glycogen synthase activity, with the end result that PI3KC2y
null mice are prone to insulin resistance and hyperlipidemia
with age or exposure to a high fat diet."”” This mouse study is
supported by a human genetic study, in which polymorphisms
in the gene encoding PI3KC2y were associated with the
occurrence of type 2 diabetes mellitus in a Japanese
population.'*® Specifically, a single nucleotide polymorphism
in PIK3C2G led to a significantly (OR: 2.2) increased risk of
diabetes, suggesting PI3KC2y may be involved in the
pathogenesis of the disease.'”® Together, this intriguing link
suggests that the development of inhibitors against PI3KC2y
will be useful in further elucidating the specific cell functions of
the enzyme and for determining the potential of PI3KC2y as a
therapeutic target in diabetes. However, a genome-wide
association study in an Australian aboriginal population recently
found that PIK3C2G was associated with body mass index but
not with type 2 diabetes.

PI3KC2y in Cancer. Recent evidence suggested that
PIK3C2G, the gene encoding PI3KC2y, acts mainly as a
tumor suppressor gene. Low PI3KC2y expression has been
shown to influence colorectal cancer (CRC) development,'*’
with low copy number of PIK3C2G associated with a 2.5-fold
increase in the risk of death. It has been demonstrated that this
decrease in PIK3C2G copy number is also correlated with
clinical outcomes for stage III CRC patients, independent of
gender, age, or tumor site. This observation places PI3KC2y as
a potential novel biomarker, whose expression levels may
predict CRC recurrence and patient survival.

B MEDICINAL CHEMISTRY CONSIDERATIONS FOR
DEVELOPMENT OF CLASS Il PI3K INHIBITORS

The PI3K Catalytic Site. No crystal structure of a class II
PI3K catalytic domain has been solved, so in order to
understand the characteristics of ligand binding at class II
PI3Ks, homology-based analysis is required. The extensive
crystallographic studies of class I PI3Ks and more recently the
class IIT PI3K, Vps34, and class IV, mTOR, provide a reliable
starting point.*°~"** While there is relatively modest homology
in the protein sequences overall (~30%), sequence alignment
shows the capacity of the catalytic domain of the class II PI3K
isoforms to adopt a common fold with a canonical ATP binding
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site architecture. Plausible homology models can be derived
from class I or class III PI3Ks without difficulty.

ATP and Substrate Binding. The binding of ATP in the
active site is comparable to protein kinases in general and relies
on the adenine moiety binding into a backbone amide at the so-
called hinge region of the kinase and positioning of phosphate
binding residues via the p-loop for presentation to the lipid
substrate by the activation loop (Figure 3)."*° The residues that

Figure 3. PI3K binding site: representation taken from crystal
structure of PI3Ka (40VV) with phosphoinositide bound (40VV) ;18
ATP modeled by using coordinates from 1e8x.'*

interact directly with ATP in the class I PI3K crystal structure
are largely conserved, but within 6 A of ATP, which
encompasses 26 residues, there is significant heterogeneity.'*®
The lipid binding site does vary between PI3K classes
consistent with the different lipid substrate preferences. In
class I PI3Ks, basic residues adjacent to the activation loop are

key mediators of presentation phosphoinositide 4,5-bis-
phosphate lipids (PIP3) but not in the class II isozymes
(Figure 3) which utilize PtdIns or PtdIns4P as substrates.'””'?*
The P-loop structures, as well presenting the fS-phosphate of
ATP, have also involvement in phosphoinositide engagement.
In class I PI3Ks, this loop is strongly basic, while in class II and
III PI3Ks these are uncharged sequences.'””'*’

Inhibitor Binding to PI3K Isoforms. As we have
previously described, most of the data that can be retrieved
regarding class II PI3K inhibitors relates to the assessment of
class I inhibitors where the inhibition of class IT PI3Ks is “off-
target” activity”” (Table 2). Binding models for inhibition of
class II PI3Ks can be built with some confidence because
several potent class II inhibitors (or close analogues) have been
cocrystallized with class I enzymes. For example, one of the
most potent PI3KC2a inhibitors is 15 (PIK90), which has been
cocrystallized with both PI3Ky and dsVps34.*”'** Similarly, 16
(PI-103) has been cocrystallized with PI3Ka,'*' dsVps34,'*
and most recently mTOR."" The more recent success in
solving structures of class III and class IV isoforms is
particularly useful because in some respects those isoforms
have more in common with class II than the class I isoforms do
and in particular have common amino acid substitutions in
known ligand binding sites.

The explanations for the observed potency and selectivity of
PI3K inhibitors have been drawn from the identification of
discrete binding motifs that are accessed by inhibitors as
observed crystallographically. The inhibitor binding site has
been subdivided into four regions on the basis of class I
inhibitor interactions. These are the hinge region, the affinity
pocket, the p-loop (or region 2), and region 1. In envisaging the

Table 2. PI3 Kinase Inhibition Data for Selected Inhibitors

IC, vs PI3K (M)

compd PDB C2a
3, GDC-0941 2WXP, 3DBS, 2Y3A >10
6, NVP-BYL719, buparlisib'** 4JPS nd
7, AZD6482' %153 4URK >10
13, GS1101, idelalisib'*® 4XE0 nd
15, PIK90*’ 2X61, 2CHX 0.047
16,° P1-103* 2X6K, 4JT6, 41.23 1.0
16,° PI-103"7 >10
17, 4UWL >10
18, PIK93"’ 2X6J, 2CHZ 16
19, PIK124" 0.14
20, NVP-BEZ235"° 0.034
21, ZSTK474" 2WXL >100
22, AZD3147'% nd
2314 nd
24, PIK-387, gedatolisib147 nd
25, PIK-II1"** 4PH4 nd
26, VPS34-IN1 >10
27, SAR405'° 40YS >10
28, MIPS-9922"'%° >10
29, PI1701%* nd
30, P1702%* nd
31, XL-147"%° nd
32, AS-5'33 2WXO0 nd
33, Freitag-26""" >10
34, Freitag-30""7 >10

C2p C2y class 1* Vps34 class IV*
0.59 nd 0.007 (5) >100 041 (mTOR)
nd nd 0.005 (a) inactive >9.1
0.054 nd 001 (B) 34 0.54 (DNA-PK)
>1 nd 0.025 (5) 978 6.7 (DNA-PK)
0.064 nd 0011 (a) 0.83 0.013 (DNA-PK)
0.026 0.008 (at) 2300 0.002 (DNA-PK)
049 025 0.026 (a) 488 0.079 (mTOR)
nd >10 25 () 0.002 >10 (mTOR)
0.14 nd 0016 (7) 0.32 0.064 (DNA-PK)
037 nd 0.023 (a) 10 1.5 (DNA-PK)
0.044 nd 0.007 (a) 045 0.002 (mTOR)
0.18 nd 0.006 (5) >100 037 (mTOR)
nd nd 092 (a) nd 0.00015 (mTOR)
nd nd nd nd 0.30 (mTOR)
nd nd 0.0004 nd 0.0016 (MOR)
nd nd 30 (7) 0.018 9.1
>10 >10 >10 0.076 >1
>10 >10 >10 0.0012 >10
>10 nd 0.063 () nd >10 (mTOR)
0.53 nd >10 nd >100
0.63 nd >10 nd >100
nd nd 0.023 (7) 7.0 4.8 (DNA-PK)
nd nd 0.090 (5) nd nd
29 0.34 >10 >10 n.d
2.7 >10 >10 >10 nd

“Data refers to isoform for which inhibitor is most potent. “Data for 16 taken from separate references.
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Figure 4. Views of PI3KC2/} catalytic site (homology model) comparing residues at aligned positions. Key: class Iafys/C2afly/Vps34/mTOR.

Ligands are modeled in from crystallographic poses.

development of potent, selective PI3KC2 inhibitors, these
motifs are discussed in more detail with respect to non-
conserved elements and the functional groups of PI3K
inhibitors that target them (Figures 4 and ).

Hinge and Gatekeeper. The most common binding element
for inhibitors binding to PI3K is a hinge interaction between a
backbone Val/Ile and a morpholine ring. This is true for many
examples in class I isoforms, such as 3, 7, and 16, and has been
shown also recently for class III PI3K and mTOR."?""?*'*!
The major driver of selective interactions in this region is the
so-called “gatekeeper” residue which projects alongside the
hinge amide. In the class I isoforms this is an Ile residue, while
in class II it is a Val residue (Figure 4a). In Vps34, this is an
unbranched Met residue. This difference has been exploited in
the introduction of methyl-substituted morpholine group into
compounds such as 17 (ICg, vs Vps34, 2 nM) with hindered
access to class I isoforms because of the branched group (ICs,
vs class I, >2 uM)."*”

One simple feature that seems difficult to reconcile is that
morpholino compounds (3, 7, 16) are in general poor
inhibitors of PI3KC2a, while the activity at PI3KC2f is
preserved. The carbonylaminothiazoles 18 (PIK93) and
67171 are similarly PI3KC2f-preferring. In contrast,
nonmorpholino class I inhibitors such as 15, 19 (PIK124),
and 20 (NVP-BEZ235) seem to have strong potency at both
PI3KC2a and PI3KC2p isoforms and are potent also against
class III PI3Ks and the class IV kinases. In crystal structures, 15
sits very deep in the catalytic pocket, tight against the hinge
region.47’139

Affinity Pocket. The affinity pocket is a region of PI3K
adjacent to the hinge region but not accessed by ATP and has
been shown to accommodate a range of aryl substituents in
inhibitors, and these have allowed for both pan-PI3K and dual
PI3K/mTOR inhibitors to be developed. While largely
conserved, a Phe for Tyr alteration is seen in PI3KC2a and
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PI3KC2f and there is a Glu for Asp substitution in PI3KC2a,
which has also been identified in mTOR.

The former variation would appear to hold some significance,
as in class I PI3Ks the Tyr phenol has been identified as a
contributor to affinity and isoform selectivity of inhibitors.
Typically, the Tyr together with a nearby Asp residue makes a
bifurcated interaction with polar functional groups of inhibitors
(Figure 4b). This has been demonstrated with 16 as ligand in
both PI3Ka (ICs, = 8 nM) and mTOR (ICy, = 80 nM)."*"'*!
Notably though, in dsVPS34'*” the phenol of 16 projects away
from that grouping toward the conserved Lys residue, but
potency is diminished (ICg, = 2300 nM). It has been shown
that the Tyr residue engages with other moieties such as
indoles, indazoles, and aminopyridines creating modified
hydrogen bonding networks that impart changes of selectivity
within the class I isoforms."* The substitution of the Tyr for a
Phe would be expected to change the ability of certain
substituents to engage with the affinity pocket. Note that the
pan-PI3K inhibitor 21 (ZSTK-474), which projects a
difluorobenzimidazole group into the affinity pocket, does not
utilize the Tyr residue but rather makes contact with the
conserved Lys.'*

The Glu for Asp change has been identified as a marker for
targeting mTOR selectivity in the development of 22, where a
modeled interaction of an indole containing analogue, 23, could
interact with Glu but not Asp.'*® Venkatasan similarly identified
this residue as influencing PI3Ka/mTOR selectivity in dual
acting compounds such as 24 (PKI-587)."*"

P-Loop Region/Region 2/Specificity Pocket. The p-loop
region would appear to provide a strong opportunity to make
interactions with PI3KC2 that cannot be matched in the class I
isoforms. It is essentially nonconserved between the two classes
except for a Ser residue which binds S-phosphate of ATP and a
proline residue. In each of the PI3KC2 isoforms the loop is
bookended by a Phe and a Lys residue, in contrast to a Met and
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Figure S. Structures of PI3K inhibitors 15—28 referred to in the text.

Trp in the class I isoforms; the intervening residues are basic in
class 1 but neutral Asn-Ala-Val/Leu in class II PI3Ks. This
architecture actually has much more in common with Vps34
(Ala-Leu-Met), and this principle has recently been exemplified
in bis-aminopyrimidine Vps inhibitors 25 (PIK-IIT),"** in which
a cyclopropyl group (common to an analogous compound 26
(VPS34-IN1))"*® fits into a hydrophobic pocket, that also
included the hinge phenylalanine (unique to PIKC3)."*
(Figure 4c). Similarly, trifluoromethyl substituents of Vps34
inhibitors 17'** and 27"*” interact with the PIKC3 p-loop.

The difference in p-loop structures also may explain the
generally poor PI3KC2 activity of the “propeller-style”
inhibitors such as 13.""" These inhibitors utilize a cryptic or
“specificity” pocket induced by a conformational change at Met
which makes a pocket framed by a Trp residue. In the
corresponding class II forms, such a pocket may not be
accessible or will be very different. Interestingly, 7 is reported to
show reasonably potent PI3KC2/ inhibition, which may
indicate a second binding mode that does not access the
pocket, 1527154

Region 1. The final region that has been shown to facilitate
isoform selective interactions in class I isoforms is on the C-
terminal side of the hinge region and describes a sequence
termed region 1 that is variable across all PI3K isoforms.
Selective inhibitors such as 6'** and 28 (MIPS-9922)"*° have
been shown to specifically utilize GIn859 (PI3Ka) and the

corresponding Asp862 (PI3Kf), respectively, to achieve
selectivity (Figure 4d). In the class II isoforms, this residue is
actually conserved; a lysine residue (also found in PI3Ky)
presents its side chain toward the binding pocket.

The First Class Il Selective Inhibitors. The first isoform
selective inhibitors of a class II PI3K have only recently been
reported. These compounds have been identified from libraries
of class I analogues series for which there are binding models.
The PI3KC2/ inhibitors, 29 (PI701), and 30 (PI702), were
derived from a series developed by workers at Yamanouchi
[Hayakawa et al. PCT Int. Appl. WO 2001083456, 2001],
which is also where 16 was disclosed (Figure 6). The
compounds have subsequently been described by Boller et al.
as moderately potent (IC5, of 0.5-0.6 uM) but selective
inhibitors of PI3KC2/.%

Considered as analogues of 16, it is difficult to explain the
absolute PI3KC2p selectivity shown by 29 and 30. It may be
that these two compounds adopt a “flipped” pose where the
acetamidophenyl group is placed in the affinity pocket’’ and
the arylsulfonamide projects to the mouth of the binding site,
but no SAR or structural data are available to test this
hypothesis.

Freitag et al. recently described analogues of the pan-PI3K
inhibitor 31 (XL147)'*° as inhibitors of PI3KC2y and
PI3KC24.""” The X-ray structure of the related compound
32 (ASS) showed a planar mode of binding to PI3KS where a
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Figure 6. Structures of PI3K inhibitors 29—34.

catechol ether occupied the hinge region and the sulfonamide
mimicked the binding of the second phosphate of ATP to the
p-loop Ser.'*’ There was limited occupancy of the affinity
pocket. The compounds including 33 and 34 are the only ones
for which a comparison of the three class II isoforms can be
made and there are clear differences between them. The hinge
binding moiety influences selectivity, as does extension of the
arylsulfonamide. As with ligands 29 and 30, it is not obvious
where the selectivity is derived from and it may well be that
these ligands are adopting different poses to 32, given the
removal of the fused benzene ring from the scaffold. One
striking feature is that compounds 29—34 all have an aryl
sulfonamide moiety, suggesting that they may in fact have a
common binding mode.

Upon the basis of the above data, it would seem that the lack
of available selective class II inhibitors is not a function of the

difficulty of achieving selectivity but rather the will to pursue
them. The recent success in identifying mTOR and Vps34
selective inhibitors provides a strategic template to follow.
There is an urgent need to identify isoform selective inhibitors
of each of the class II PI3K isoforms so that the increasingly
promising list of knock-out and knock-in phenotypes can be
confirmed pharmacologically and potential therapeutic applica-
tions can be realized.

B SUMMARY AND OUTLOOK

The overall focus of this review has been to provide a practical
guide for researchers interested in the development and use of
novel genetic and pharmacological tools to study class II PI3Ks.
Isoform selective class II PI3K inhibitors are highly likely to be
used well beyond the cell and animal studies described here. By
analogy to selective class I PI3K inhibitors, these will be sought-
after reagents for the conducting of cell biology research. The
wide-ranging expression and function of class II PI3Ks predicts
any inhibitors developed will be of value in different human
diseases (Table 3). The expression and purification of class I
enzymes will advance molecular and structural biology research
of these enzymes also. Finally, advancement of class I inhibitors
as clinical candidates has paid little heed to their effects on class
IT isoforms and a better knowledge of class II isoforms roles in
cell functions will provide valuable information for researchers
evaluating the clinical effects of these compounds.

The question of whether PI3K isoforms are redundant or
whether they play distinct and nonoverlapping roles in cell
signaling has received increasing attention, in particular with
the development of isoform-specific PI3K inhibitors that
require a clear understanding of the contribution of each
PI3Ks for the evaluation of their safety and efficacy and their
pharmacological potential. Studies on class II PI3Ks fit nicely
into the current increasing interest in these enzymes and will
both provide critical insight into their specific contribution to
physiological and pathological conditions and validate these
enzymes and signaling pathways specifically regulated by them,
as novel potential therapeutic targets.

The limited existing knowledge on the function of class II
PI3Ks suggests future research in this area has the potential to
help define PI3K signaling and cell function, which to date has
focused on class I isoforms. Given that each of the four class I
PI3Ks has found a therapeutic application, it is possible that the
findings from this basic research will lead to comparable
translational benefit. In fact, the wide-ranging expression and
function of class II PI3Ks predict the genetic models and
pharmacological inhibitors developed in future will be of value
well beyond the specific animal and cell lines studies
investigated so far.

Table 3. Potential Clinical Utility of Isoform-Specific Class II PI3K Inhibitors

isoform major known functions relevant cells expression level potential clinical utility
PI3KC2a Thrombosis®**> Platelets + Arterial thrombosis

Angiogenesis49 Endothelium +++ Cancer (antiangiogenics)
PI3KC2p Insulin signaling®* Hepatocytes ++ Diabetes

Cell migration and invasion” Prostate and breast cancer cells Variable Cancer (antimetastatics)
PI3KC2y Insulin signaling'”’ Hepatocytes +++ Diabetes

Lipid regulation127 Hepatocytes +4++ Steatosis
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Structure and function of the open canalicular system - the platelet’s

specialized internal membrane network
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Abstract

The open canalicular system (OCS) is an internal membrane structure found in platelets. First
identified 50 years ago, the OCS comprises a tunneling network of surface-connected channels
that appear to play an important role in platelet function. Yet, our understanding of how the
OCS forms, how it functions, and what might regulate its structure and behavior remains fairly
rudimentary. Structural abnormalities of the OCS are observed in some human platelet dis-
orders. Yet, because platelets from these patients display multiple defects, the specific con-
tribution of any OCS dysregulation to the impaired platelet function is unclear. However, recent
studies have begun to shed light on mechanisms that regulate the OCS structure and to
understand what influence the OCS has on overall platelet function. Advances in cellular
imaging techniques have allowed whole-cell visualization of the OCS, providing the opportu-
nity for a more detailed structural examination. Furthermore, recent work indicates that the
modulation of the OCS structure may be sufficient to impact in vivo platelet function, opening
up the intriguing possibility of manipulating the OCS structure as an anti-thrombotic approach.
On the 50" anniversary of its discovery, we review here what is known about OCS structure
and function, and outline some of the key microscopy tools for studying this intriguing internal
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membrane system.

Introduction

The open canalicular system (OCS) is a complex intracellular
network of surface-connected membrane channels found in plate-
lets. It is now 50 years since the OCS was first described by Olav
Behnke in his early electron microscopy studies at The University
of Copenhagen (1). Behnke used transmission electron micro-
scopy to identify the existence of two distinct membrane systems
in rat platelets: the dense tubular system (DTS) and the OCS -
referred to at the time as the surface-connected system (SCS) (1).
Apart from their distinguishing physical features on examination
by electron microscopy, the main point of difference between
these two internal membrane structures was their continuity
(OCS) or lack thereof (DTS) with the plasma membrane. Soon
after this initial description, the seminal work of James White
demonstrated the existence of the OCS in human platelets and
began to provide the first indications of its function (2). White’s
extensive study of the OCS revealed roles in the transport of
substances into and out of the platelet (3) and provided insights
into the involvement of the OCS in platelet activation — both as a
membrane reserve for the expansion required during platelet
shape change and spreading (4) and in facilitating the release of
alpha granule contents to the cell’s exterior (5). At the time of

Color versions of one or more of the figures in the article can be found
online at www.tandfonline.com/IPLT.
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writing this article, 59 of the 226 articles in PubMed containing
the term ‘open canalicular system’ were authored by James
White. Twenty-six percent!

More recent studies have begun to shed light on the molecular
basis of some of the functions of the OCS, as well as some factors
that may regulate the OCS structure and function. Advances in
3D imaging techniques have allowed whole-cell visualization of
the OCS, providing the opportunity for a more detailed structural
examination. Furthermore, very recent work has shown that mod-
ulation of the OCS can impact platelet function, raising the
intriguing possibility of targeting the platelet internal membrane
system as a therapeutic option and highlighting the need for
further research into the factors regulating OCS structure and
function. On the 50™ anniversary of its discovery, we review
here what is known regarding the structure and function of the
platelet’s internal membrane network.

Platelet production and the role of the DMS

Platelets are produced by megakaryocytes — large cells with
characteristic multilobular nuclei residing predominantly in the
bone marrow. Similar to platelets, megakaryocytes possess an
internal membrane system, known as the demarcation membrane
system (DMS). The DMS is a network of membrane channels
made up of flattened cisternae and tubules (6). Similar to the
platelet OCS, the megakaryocyte DMS is derived from and is
continuous with the plasma membrane (6-8) — it is easily acces-
sible from the extracellular space and is electrophysiologically
contiguous with the plasma membrane (9). A recent study by
Eckly et al. characterized the biogenesis of the DMS by using
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confocal and electron microscopy to observe the DMS at various
stages of its development (7). Here, it was observed that the DMS
is produced via invaginations of the megakaryocyte plasma mem-
brane that begin at a focal site. As the megakaryocyte matures,
the membrane invaginations form a pre-DMS, which subse-
quently expands as the cell differentiates (7). Vesicular membrane
for this expansion is delivered to the site of the growing DMS by
Golgi complexes. Lipids may also be transferred to the DMS for
de novo membrane synthesis, via the endoplasmic reticulum (7).
The study by Eckly et al. also used focused ion beam-scanning
electron microscopy (FIB-SEM) to visualize in three dimensions
the intertwined, complex network of channels of the mature DMS
(7). As discussed below, this approach has also been used to
visualize and analyze the platelet’s internal membranes.

The DMS functions as a membrane reservoir that provides a
source of plasma membrane for the formation of platelets (10).
During platelet production, long processes, termed proplatelets,
are extended from the megakaryocyte into the vasculature and
sheared off by the forces of flowing blood (11). Beaded and
barbell-shaped proplatelets may be released into the blood,
where they are further subdivided into individual platelets in the
bloodstream (12). It is well known that the polymerization of
microtubules into filaments and the sliding of overlapping micro-
tubules are necessary for proplatelet elongation from mature
megakaryocytes (13), whereas actin polymerization allows for
the branching of proplatelets, which increases platelet production
(14). Here, both microtubules and actin filaments associate with
the DMS in the process of platelet production.

OCS structure

The OCS develops via invaginations of what will eventually
become the platelet plasma membrane (15). Its lipid composition
is identical to that of the plasma membrane (16), and surface
glycoprotein receptors are present at similar levels across the two
membranes (17,18). The final form of the OCS is a complex,
anastomosing network of interconnected and surface-connected
membrane channels that spans the platelet interior. The channels
of the OCS vary in diameter within individual platelets, with
vacuolar sections as well as thinner tubular sections (19), and
there is also variation in the amount of OCS between platelets
from any one individual. On average, the channels of the OCS in
human platelets occupy approximately 3—4% of the total platelet
volume, as estimated from 2D TEM images (20) (Figure 1).

Figure 1. Anatomy of a platelet. TEM image of a human platelet, with the
OCS, alpha granules, dense granules, and mitochondria visible. Scale bar,
0.5 pm.

Platelets, 2018; 29(4): 319-325

Behnke’s original study on platelet membrane systems also
detailed the DTS, which is not linked to either the platelet plasma
membrane or the OCS (1). In contrast to the OCS, subsequent
studies of the DTS found that it is derived from the smooth
endoplasmic reticulum of the megakaryocyte (21) and takes the
form of long, thin tubules in resting platelets (22). The DTS
regulates platelet behavior by either sequestering or releasing
calcium, thus playing an important role in platelet activation
(22). Although the DTS and OCS are not interconnected, they
occasionally intertwine within the cell, forming membrane com-
plexes that are present in the order of one to two per platelet (21).

Interestingly, not all mammalian platelets contain an OCS.
Platelets from cow, horse, and camel all lack an internal mem-
brane system (23-25), yet it is present in, among others, mouse,
rat, rabbit, dog, and human platelets (1,2,26,27). This discrepancy
does not appear to be related to evolutionary complexity, as an
OCS-like structure is found in thrombocytes from lower verte-
brates, including fish and frogs (28,29), as well as chickens (30).
Why this variation between species exists and how it comes about
remain unknown. Of note though, platelets without an OCS,
including bovine, equine, and camelid platelets, have delayed
responses to thrombin stimulation when compared to human
platelets (31). Yet despite this, platelets from these species func-
tion relatively similarly to platelets from species with an OCS,
raising the possibilities that the OCS is functionally redundant or
that platelets lacking this internal membrane system have com-
pensatory mechanisms to support any critical OCS functions.

OCS function
Uptake and release of platelet contents

A major function of the OCS is the transport of substances into
and out of the platelet. Platelets have very little capacity for
protein synthesis, so much of their cargo is taken up from plasma
sources. This uptake largely occurs via the OCS, with a number of
plasma proteins including fibrinogen (32) and tissue factor (33)
taken up through channels of the OCS and then subsequently
distributed to organelles within the platelet (e.g. alpha or dense
granules). Behnke’s early studies showed that particles added to
platelet-rich plasma in vitro, or infused intravenously in vivo,
were subsequently found in channels of the OCS, without any
change in platelet morphology (1). White soon confirmed this
finding and showed that thorium dioxide particles added to plate-
let-rich plasma were observed not only in OCS channels, but also
in alpha granules — even when these granules had no visible
physical association with the OCS (2). These early studies by
the two pioneering researchers of OCS confirmed the ‘open’
nature of the OCS and revealed that these internal platelet chan-
nels are essentially exposed to the same medium as the platelet
exterior.

The OCS also plays an important ‘delivery’ role in the release
of substances stored in platelets to the cell exterior. Upon platelet
activation, alpha and dense granules fuse with the OCS or plasma
membrane, allowing release of their contents and potentiation of
platelet activation (5,34). This process is regulated by SNARE
proteins, a family of membrane-associated proteins that mediate
membrane fusion. The distribution of SNARE proteins differs
between granule membranes, and the plasma and OCS mem-
branes, with the SNARE proteins VAMP 3 and 8 primarily
found on granule membranes, SNAP-23 found on plasma and
OCS membranes, and syntaxins 2 and 4 evenly distributed
between both types of membrane (35). In the fusion of alpha
and dense granules with OCS membranes, VAMP proteins on
the granule surface interact with syntaxins 2 or 4 and SNAP-23
on the OCS membrane, linking tightly and forming an exocytic
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core complex (36-38). This allows the two membranes to fuse,
permitting the release of granule contents into the channels of the
OCS and subsequently the platelet exterior. The rate of secretion
of alpha granule contents has been shown to be dependent on both
the concentration of the stimulating agonist and the time platelets
are exposed to the stimulus (39). In platelets from species lacking
an OCS, alpha granules fuse directly with the plasma membrane
to release their contents (40). Intriguingly, a simple internal
channel system appears to form in thrombin-activated bovine
platelets (40). This de novo channel system, although much less
extensive and complex than an OCS, connects to the exterior
those granules not located at the plasma membrane and thereby
facilitates release of the platelet’s intracellular cargo (40).

More recently, it has also been suggested that the OCS plays a
role in the regulation of platelet calcium signaling. Sage et al.
found that the calcium signal in agonist-stimulated platelets was
generated at, and propagated through, specific areas of the plate-
let, which matched the broad distribution and surface-linked
nature of the OCS (41). Furthermore, impairment of the pericel-
lular calcium signal reduced the magnitude of the agonist-induced
cytosolic calcium signal as well as the rate of dense granule
secretion. The authors thus proposed a model of pericellular
calcium recycling, in which calcium released from the DTS
following agonist stimulation moves into the OCS at specific
locations — the membrane complexes where the DTS and OCS
intertwine — from where it is recycled back into the platelet
cytosol via calcium channels, to potentiate the calcium signal
and trigger granule secretion (41).

Regulation of adhesion receptor levels

The OCS also functions as a storage site for platelet membrane
receptors. Glycoprotein adhesion receptors on the membrane sur-
face (most notably integrin oypPs, the GPIb/XI/V complex, and
GPVI) are particularly important for platelet function. It is nota-
ble then that the total pool of GPIb and inactive a3 in a resting
platelet is split evenly between the intracellular membranes of the
OCS and the external plasma membrane (17,18). This large
reserve of platelet adhesion receptors becomes important during
platelet activation. For example, integrin ay,P5 levels at the cell
surface increase in response to platelet activation, largely due to
evagination of the OCS (4). Conversely, surface levels of the
GPIb/XI/V complex are downregulated following platelet activa-
tion via sequestration into an intracellular pool on the OCS (42).
In this way, the OCS appears to contribute to platelet activation
by regulating levels of important cell surface adhesion receptors.

Membrane reserve

A further function of the OCS is to act as a membrane reserve for use
during platelet activation (4). Following initial activation, platelets
undergo a defined series of morphological changes — they lose their

Figure 2. Bovine platelets, which lack an OCS,
fail to spread following surface activation. (A)
Human platelets spread on a carbon-coated cov-
erslip, showing spread platelets (SP) and ‘den-
dritic’-looking platelets with numerous
filopodia. (B) Bovine platelets under the same
conditions, showing dendritic platelets (DPs) and
resting platelets (RPs), but no spread platelets.
Magnification x5000. Image reproduced with
permission from ref 45.

Structure and Function of the OCS

discoid shape and become spherical before extending filopodia,
flattening, and spreading — all of which require additional membrane
(43). Indeed, the surface area of a fully spread platelet is up to four-
fold that of a resting platelet (44). The importance of the OCS in
these processes is evidenced by bovine platelets, which lack an OCS
and do not spread in response to surface activation (45). While
bovine platelets do extend filopodia, the ‘spreading’ process does
not proceed past this point, and flattened, spread platelets with
lamellipodia are not observed (45) (Figure 2). Although possible
that this could be attributable to differences in cytoskeletal organiza-
tion between bovine and human platelets (45), the most likely
explanation is a lack of membrane reserve.

OCS abnormalities in human platelets

Limited information on OCS function can be gleaned from human
conditions. There are a number of clinical syndromes where
abnormalities in the OCS have been documented, including
some conditions that involve bleeding or thrombotic sequelae.
However, platelets from patients with each of these conditions
have a number of other structural abnormalities, making it diffi-
cult to ascertain the specific contribution of the OCS defect, if
any, to any altered platelet function. For example, a dilated,
hypertrophic OCS is seen in platelets from patients with
Bernard—Soulier syndrome (BSS; Figure 3). BSS is the result of
an abnormality in the gene encoding the GPIb (or occasionally
GPIX) component of the GPIb/IX/V receptor complex and man-
ifests as a bleeding disorder (46). More than 100 BSS-causing
mutations in these genes have been identified, which impair either
the expression of the receptor complex at the plasma membrane
or the ability of the receptor to interact with von Willebrand
factor (47). Yet, in addition to the OCS defect, platelets from
these patients are also giant, exhibit disorganized microtubules,
and have sparse or even absent granulation. A similar phenotype
is observed in platelets from patients with MYH9-related disor-
ders (e.g. May-Hegglin anomaly, Epstein syndrome, Fechtner
syndrome). As with BSS, platelets from these patients exhibit
not only a dilated and hypertrophic OCS, but also a pronounced
macrothrombocytopenia and marked agranularity (17,48,49)
(Figure 3). Intriguingly, Budd—Chiari syndrome, a rare prothrom-
botic condition characterized by hepatic vein or inferior vena cava
thrombosis (50), also results in platelets with dilation and hyper-
trophy of the OCS (51). Yet, again, multiple other platelet ultra-
structural defects are observed, including a general lack of
organelle content (Figure 3). Finally, abnormal linkage of storage
granules to the OCS has been implicated in alpha—delta platelet
storage pool deficiency. In an ultrastructural study of multiple
familial cases of the disease, it was found that alpha and dense
granules were replaced by empty vacuolar structures in platelets
from these patients, and that many of these vacuoles were con-
nected to the OCS, suggesting that extraneous connections
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Figure 3. OCS abnormalities in human platelets.
TEM images showing the ultrastructure of
human platelets isolated from (A) healthy con-
trols, or patients with (B) BSS, (C) Budd—Chiari
syndrome, or (D) May—Hegglin anomaly. Note
the dilated and hypertrophic OCS in the
patients’ platelets, but also the other structural
abnormalities. All scale bars are 1 pm. Images
reproduced with permission from refs 46 (B), 51
(C), and 17 (D).

between the granules and OCS result in the loss of granule
contents to the cell exterior in the absence of platelet activation
(52). Given the lack of examples of a specific OCS defect in
human platelets, direct evidence of OCS function has been lim-
ited to emerging information derived from genetically modified
mouse models.

Regulation of OCS structure and function

Until recently, almost nothing was known about how the struc-
ture and function of the OCS might be regulated, apart from
one study that suggested that cholesterol depletion of platelets
with methyl-p-cyclodextrin may result in a collapse of the OCS
(53). However, early clues on this came from studies implicat-
ing the phosphoinositide, PI(4,5)P,, in the regulation of DMS
structure and function. Schulze et al. found that the production
of PI(4,5)P, by the phosphoinositide 4-kinase, PIP4Ka, con-
tributes to megakaryocyte maturation and DMS organization,
since depletion of PIP4Ka resulted in a loss of the largest,
most mature cells in culture, and a lack of defined DMS (8).
More recent work from Osman et al. showed that cationic
amphiphilic drugs, such as the calmodulin inhibitor W-7, dis-
rupt the DMS structure by binding to PI(4,5)P, and impairing
its ability to interact with cytoskeletal proteins (54). For exam-
ple, treatment of megakaryocytes with W-7 caused detachment
of the DMS from the plasma membrane and collapse of the
internal membrane network (54). Interestingly, W-7 similarly
alters the structure of the platelet internal membrane system,
with the surface area of the OCS (as visualized using TEM)
significantly reduced following exposure of platelets to W-7
(54). These early studies hinted at a role for phosphoinositide
regulation of the DMS and/or OCS structure and led to studies
using mouse genetic models.

Following on from the pharmacological study by Osman et al.
described above, two independent studies have shown that the
class II phosphoinositide 3-kinase, PI3KC2a, appears to control

the OCS structure. In the first of these studies, Mountford et al.
used an inducible RNAi-based gene silencing approach to cir-
cumvent the early embryonic lethality of mice with a global
PI3KC2a deficiency and essentially abolish PI3KC2a expression
in mouse platelets. These PI3KC2a-deficient platelets had a spe-
cific structural defect in the OCS, manifesting as a dilation in
TEM images and resulting in an increase in OCS surface area of
approximately 40% compared with platelets from control mice
(20). In contrast to all known clinical examples, the OCS defect in
these platelets was not accompanied by any other structural
abnormalities. Importantly though, the OCS structural defect
was accompanied by impaired platelet function in the setting of
thrombosis (delayed and unstable in vivo arterial thrombosis
following electrolytic injury of the carotid artery) but not hemos-
tasis (tail bleeding times were normal) (20). Interestingly, no
alterations in PI3KC2a signaling were identified, with similar
levels of all 3-phosphorylated phosphoinositides, the cellular pro-
ducts of PI3Ks, observed in platelets from both wild-type and
PI3KC2a-deficient mice, potentially separating the changes in
OCS structure from cellular activation status.

A subsequent study by Valet et al. used a distinct mouse model
of PI3KC2a deficiency in which there was a kinase-inactivating
point mutation in the PI3KC2a active site (55). Mice homozygous
for this mutation were embryonically lethal, but heterozygous
mice exhibited an approximate 50% reduction in PI3KC2a cata-
Iytic function. The authors confirmed the OCS structural defect
and impaired in vivo thrombosis observed by Mountford et al. in
these heterozygous PI3KC2a kinase-inactivated mice (55). Unlike
the previous study, differences in PI3KC2a signaling were
detected in platelets from these mice, with additional studies
indicating that PI3KC2a regulates a basal pool of PI(3)P that
may lead to impaired regulation of the platelet’s cytoskeletal-
membrane system, thereby identifying a potential mechanism by
which the OCS structure may be controlled. Together, these initial
studies suggest that regulating the structure and function of the
OCS may have potential as a novel anti-thrombotic strategy and
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highlight the value of continued research into factors affecting
OCS structure and its function.

Tools for further study of the OCS
2D electron microscopy

Detailed study of the OCS structure is generally performed using
electron microscopy. Indeed, the discovery of OCS was enabled
by the advent of TEM. Standard TEM allows indications of the
relative amount of OCS in a platelet, the size of the channels of
the OCS, and can show surface openings, whereas the surface-
linked nature of the OCS was determined using TEM imaging of
platelets stained with cell-impermeable membrane dyes such as
ruthenium red. SEM can also be used to image aspects of the
OCS - specifically to look at OCS openings by examining the
surface topology of the platelet’s plasma membrane. However,
there are a number of limitations of using two-dimensional ima-
ging techniques to visualize the OCS. SEM provides only surface-
level information and is therefore limited to examination of the
number, size, and potential distribution of OCS openings, as well
as general plasma membrane morphology. TEM provides only
one slice through the platelet interior and at a random orientation,
so does not infer what the entire internal membrane system in a
given platelet may look like. As a result, changes in the distribu-
tion of the OCS or in the number or size of surface openings may
be missed. These limitations in two-dimensional imaging techni-
ques have led to more recent studies using three-dimensional
approaches.

3D electron microscopy

The development of automated, serial-section, electron micro-
scopy-based techniques has allowed a more sophisticated recon-
struction of OCS structure in three dimensions and throughout the
entire cell. The first of these methods to be used in platelet
imaging, electron microscopy (EM) tomography, involves a series
of images taken at different angular orientations of the sample,
which are then aligned and merged to create a 3D representation
of the sample (electron tomogram). Specific aspects within the
sample, such as the OCS within a platelet, can be manually
reconstructed from the tomogram. The first and most comprehen-
sive EM tomography study of platelets to date was performed by
van Nispen tot Pannerden et al., in which the authors used this
technique to perform intricate reconstructions of OCS-DTS mem-
brane complexes, as well as detailed analyses on the various
subtypes of alpha granule present in the platelet (19). Although
EM tomography can provide much useful information on platelet
ultrastructure, limitations on the thickness of sections that can be
imaged and the largely manual nature of the reconstruction limit
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Stack of serial 2D images
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the capacity of this approach to produce accurate reconstructions
of an entire platelet. For these reasons, with regard to the OCS,
electron tomography may be the most useful for examining spe-
cific parts of the OCS within a platelet, as exploited to great effect
by van Nispen tot Pannerden et al., such as its interactions with,
or proximity to, other organelles.

A second 3D imaging technique, which is able to produce
detailed whole-cell reconstructions of the platelet and its OCS,
is FIB-SEM, as recently published by Eckly et al. (56). FIB-SEM
is an automated microscopy technique involving the combined
use of a scanning electron microscope and FIB technology (57)
(Figure 4). This approach produces a series of sectional images,
of comparable quality to traditional TEM, by sequentially using a
gallium ion beam to remove thin layers of tissue from a sample
and an electron beam to image each new block face (57,58).
Components across these serial sections can be reconstructed to
produce three-dimensional images of cell ultrastructure and sub-
cellular structures. In the case of a platelet, these whole-cell 3D
reconstructions produced using FIB-SEM show the entire OCS
within any particular platelet, including both its network of con-
nected channels within the cell and its openings at the plasma
membrane (Figure 4). Organelles and smaller components can
also be analyzed in detail. For example, Eckly et al. have, in
addition to whole-cell platelet reconstruction, used FIB-SEM to
show detailed changes in the ultrastructure of alpha and dense
granules, and mitochondria, at various stages of platelet activation
(56). As such, FIB-SEM provides more information than both
traditional TEM and SEM combined, allowing quantitative infor-
mation about the internal membranes of the whole cell, such as
accurate determination of the total OCS volume. However, both
the imaging and reconstructive analyses of FIB-SEM are very
time consuming, making it impractical for analyzing large num-
bers of cells. A further limitation is the resolution of current
approaches such that, as with TEM, particularly narrow channels
of the OCS may be missed, resulting in a likely underestimation
of the true interconnectivity of the system.

Conclusion

The OCS is a tunneling network of intracellular membrane chan-
nels found in platelets, which appears to play some important
roles in platelet function. Yet, 50 years after its discovery, our
understanding of how the OCS forms, how it functions, and what
might regulate both its structure and its function remains fairly
rudimentary. Structural abnormalities of the OCS occur in a
number of human platelet function disorders — most of which
are sufficient enough to cause significant clinical consequences —
yet whether the OCS dysregulation per se contributes to the
platelet function changes remains unknown. Recent studies in

3D whole cell reconstruction

Figure 4. Whole-cell OCS analysis via FIB-SEM. FIB-SEM involves the resin-embedded sample being sequentially milled with a gallium ion beam and
imaged with an electron beam. Each milling step removes 20 nm of embedded sample, and each image field for a platelet sample measures 15 um x 15 um.
This stack of serial 2D images at 20 nm intervals is then segmented. Shown here is the segmentation of the OCS and plasma membrane of one platelet in
cell suspension. A typical image stack for a whole-cell platelet reconstruction comprises 200-300 images. In this way, a whole-cell, 3D platelet
reconstruction is produced. The reconstruction here shows the platelet plasma membrane and OCS. This image stack was produced at the Etablissement
Francais du Sang-Grand Est, Strasbourg, France, using a Helios NanoLab 600i FIB-SEM microscope. The reconstructed platelet was generated by MVS
using 3D visualization software Amira.
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mice indicate that modulation of the OCS structure may indeed be
sufficient to impact in vivo platelet function and open up the
intriguing possibility of manipulating the OCS structure as an
anti-thrombotic approach. However, whether or not such an
approach is achievable in human platelets in an acute fashion
remains unknown. These studies, combined with recent advances
in whole-cell microscopy, might help build on our understanding
of this curious structure and determine whether manipulation of
the OCS is a realistic therapeutic objective.
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