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ABSTRACT

Multimerin 1 (MMRNL1) is a massive, homopolymeric platelet and endothelial cell
protein with functions that are emerging to support platelet adhesive processes. MMRN1
supports platelet adhesion under arterial flow conditions by a mechanism dependent on
interactions with von Willebrand factor (VWEF). The goals of this thesis were to further
define the platelet adhesive functions of MMRNL1 by: 1) characterizing the molecular
mechanisms of VWEF interactions with MMRN1; and 2) investigating if multimerin 1 is
important for platelet adhesive functions using mice with and without a selective
multimerin 1 (Mmrn1) deficiency. Studies of the mechanism of MMRNZ1-VWF binding
indicated that MMRN1 bound to shear exposed VWF, and that MMRNL1 interacted with
the A1l and A3 domains in the VWF A1A2A3 region. VWF A1A2A3 also bound to
MMRNL1 with a physiologically relevant binding affinity, and supported platelet adhesion
to MMRNL1 at a high shear rate. The selective loss of Mmrnl in mice had limited effects
on tail bleeding times, although it impaired collagen-induced aggregation of washed
platelets, as well as high shear platelet adhesion of whole blood on collagen surfaces, in
vitro. Additionally, the selective loss of Mmrnl in mice was associated with impaired and
delayed platelet-rich thrombus formation in vivo, in arterioles treated with ferric chloride.
These findings provide new insights on platelet adhesive, haemostatic functions at arterial
shear rates, and the involvement of the platelet and endothelial cell protein, multimerin 1,

to support these processes.
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CHAPTER 1: INTRODUCTION

Haemostasis is a physiological process that prevents excessive blood loss following
vascular injury while maintaining the fluidity of blood (1-4). Haemostasis is highly
regulated and involves the orchestrated actions of platelets, proteins and enzymes (1, 4-6).
Genetic deficiencies of components that are crucial to this process can result in abnormal
bleeding or thrombosis (7-13). Acquired dysregulation of haemostasis can lead to the
formation of pathological, platelet-rich occlusive thrombi (14-17). Coronary artery
occlusions and thrombotic strokes are common causes of death that reflect dysregulation

of thrombogenesis at sites of atherosclerotic plaque rupture or erosion (17-23).

Plasma and platelet proteins are crucial for normal platelet adhesive processes and
thrombogenesis, especially under conditions of high shear blood flow, such as in arteries,
arterioles and stenotic vessels (24-27). The polymeric, shear-sensitive plasma protein, von
Willebrand factor (VWF), is well-established as a crucial mediator of platelet-rich
thrombus formation under arterial flow rates (24, 28-32). The platelet and endothelial cell
protein, multimerin 1 (MMRNZ; which is not normally in plasma (33-36)), is another large,
soluble, highly polymeric protein that is released upon vascular injury, and was recently
shown to support VWF-dependent platelet adhesion at high shear (37, 38). The first goal
of this thesis was to further define the mechanism of VWF binding to MMRN1, and VWF-
dependent platelet adhesion to MMRN1. The second aim of this thesis was to investigate

the contributions of mouse multimerin 1 (Mmrnl) to platelet adhesive, haemostatic
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functions in vitro and in vivo, using newly generated mice with and without a selective

deficiency of MmrnLl.

The following sections provide an overview of haemostasis, with particular
emphasis on the adhesive functions of platelet and plasma proteins. This is followed by a
detailed review of the platelet adhesive properties of VWF, and a subsequent overview of

the haemostatic properties of MMRNL.

1.1 OVERVIEW OF HAEMOSTASIS

Haemostasis is dependent on the adhesive and procoagulant functions of platelets
(5, 39). Platelets are anucleate blood cells derived from megakaryocytes within the bone
marrow, that in humans circulate at concentrations of 150400 x 10° platelets/litre (L) with
a typical lifespan of < 10 days (5, 39, 40). The haemostatic functions of platelets include
an important role in primary hemostasis, and a role in supporting the assembly of
coagulation factor complexes that are essential to secondary haemostasis (1, 2, 5). Primary
haemostasis refers to initial stages of preventing blood loss at sites of vessel injury, which
involves the adhesion of platelets to damaged blood vessels and the formation of stable
platelet-rich aggregates (Figure 1) (2, 5, 14, 41). Secondary haemostasis involves activation
of the coagulation cascade, which results in thrombin generation and requires
phospholipids that are exposed on activated platelets (1, 42). Thrombin generation leads to

further platelet activation and firm adhesion, the activation of components of the

2
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coagulation cascade, and the conversion of fibrinogen to an insoluble fibrin network (42-
47). Fibrinolysis (the dissolution of fibrin clots) is also normally activated upon vascular
injury to maintain vessel patency (4, 48). Most recently, haemostasis has been proposed to
include an additional phase, the “protein wave” that precedes primary and secondary
haemostasis (Figure 1). The “protein wave” defines the localization of plasma proteins
(specifically fibronectin (49)) to the exposed subendothelium, which facilitates the

subsequent platelet-dependent stages of haemostasis (49-51).
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Figure 1: Schematic of platelet and protein haemostatic adhesive processes, including
the protein wave and primary haemostasis. Vascular injury results in disruption of the
vascular endothelium and exposure of the subendothelial proteins, including collagen. The
“protein wave” allows plasma proteins (e.g., fibronectin) to localize to the exposed
subendothelium. The plasma protein, von Willebrand factor (VWF), also binds to exposed
collagen to initiate platelet adhesion at high shear, by binding to the platelet receptor
glycoprotein (GP) Iba on quiescent platelets. Captured platelets are activated and produce
and release soluble agonists (e.g., ADP, thromboxane A2, TxA>), and facilitate thrombin
generation, that together, further potentiate platelet activation. Activated platelets and
damaged, activated endothelial cells also release intracellular stores of soluble adhesive
proteins from granules. These released proteins include VWF, fibronectin, fibrinogen and
multimerin 1, a number of which support platelet aggregation (primarily via oubps).
Fibrinogen was also recently shown to localize to the surface of developing thrombus to
form an extensive, non-adhesive matrix on the surface; thereby halting platelet-rich
thrombogenesis. The resultant protein and platelet-rich thrombus prevents blood loss.



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

Haemostasis is modulated by the rheologic properties of blood (25, 52-56). Flowing
blood has non-Newtonian properties that mostly originate from red blood cells that increase
the viscosity of blood at low shear rates (52, 53, 57). However, blood is often assumed to
behave as a Newtonian fluid, as it often does, especially at shear rates > 200 s™ (53, 58).
With Newtonian fluids, shear rate (y; s) is directly proportionate to shear stress (t;
dynes/cm?), as per the simplified equation: T = p-y, with p defined as the viscosity (31, 53,
59). Normal arterial shear rates are estimated to range from 500 — 5, 000 s, under these
assumptions (53, 59-61) and in this thesis. The haemostatic adhesive functions of platelets
were studied under a high shear rate typical of arteries (e.g., 1500 s) (38, 58). Also, the
following sections will discuss haemostasis in the context of this specific, physiological

flow condition.

Platelets also have a critical role in inflammation (62, 63). Although this not the
focus of this thesis, there is evidence that platelets are immune cells that can be activated
by bacterial pathogens, which releases pro-inflammatory mediators from platelets (62, 64,
65). Released platelet pro-inflammatory mediators including platelet factor 4 and P-selectin
that modulate platelets-leukocyte interactions, leukocyte chemotaxis and induces the
release of cytokines from neutrophils and monocytes, among other inflammatory responses
(62, 66-68). Consequently, analysis of platelet functions can provide insights on

inflammation, haemostasis and thrombosis.
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1.1.1 Protein wave

Vascular injury disrupts the continuity of the vascular endothelium and exposes
blood to proteins within the subendothelium, which then binds plasma proteins (53, 69-74).
This “protein wave” (ref Figure 1) (49-51) is crucial for maximal platelet accumulation to

damaged vessels under flow conditions that are typical of arterial flow (32, 49-51, 75).

Initial studies describing the “protein wave” focused on the adhesive plasma
protein, fibronectin (human is abbreviated: FN; mouse is abbreviated: Fn) (49-51). In mice,
fluorescently-labelled, exogenous plasma fibronectin (pFn) rapidly localizes to the luminal
side of injured vessels, before the recruitment of circulating platelets (49). pFN binds to
and supports in vitro platelet adhesion on extracellular matrix (ECM) proteins, such as
collagens (49, 76-78), fibrin (79), laminin (80), and ECM-derived FN (79, 81). Therefore,
pFn likely binds to exposed subendothelial proteins to participate in platelet accumulation
at the site of injury in vivo (49). In mice, pFn may also localize to the luminal side of the
injured arterioles by a mechanism independent of subendothelium exposure, as the “protein
wave” was Visualized using in vivo arterial thrombosis injury models that do not depend on

vascular endothelium denudation (49, 69-74, 82-85).

Platelet adhesion to FN is independent of flow conditions (86), but VWF is
necessary to support optimal, stable platelet adhesion to FN under arterial flow rates (75).

Plasma VWEF is a multivalent, highly polymeric protein that binds to numerous vascular
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proteins exposed by vessel injury (87-94). VWF also binds to the surface receptor,
glycoprotein (GP) Iba (a subunit of the GPIb-1X-V receptor complex (5, 6, 12, 95)), on
resting platelets to initiate a monolayer of platelet adhesion (25, 88, 94, 96, 97). Circulating
VWEF must attach to the site of vascular injury for optimal platelet adhesion to occur under
physiological and pathological high shear conditions (75, 87, 88, 90-94, 98, 99).
Consequently, it is likely that plasma VWF also contributes to the “protein wave” phase of

haemostasis, which is proposed to support primary haemostasis (49-51).

Vascular proteins, including collagens in the subendothelium, media and adventitia
support platelet adhesion independent of plasma proteins, especially under low shear rates
(e.g., 100 s, in vitro (56, 100). Therefore, it is possible that the “protein wave” describes
a phenomenon that is dependent on flow condition, such as haemostasis in areas of high

shear (i.e., arteries (61)).

1.1.2 Platelet adhesive functions (primary haemostasis)

Primary haemostasis is a multistep and multifactorial process that is dependent on
adhesive ligands and surface receptors on platelets (Table 1) (2, 5, 14, 41). Circulating
quiescent platelets do not adhere to the intact endothelium in vivo, due to repulsive forces
(e.g., negatively charged glycosaminoglycans) and biochemical inhibitors of platelet
adhesion and activation that are released by the vascular endothelium (e.g., nitric oxide) (3,

101, 102). However, platelets are localized at sites of vascular injury that expose the
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subendothelium and deeper layers to flowing blood, as this exposes adhesive ligands for
platelets (74, 103-105) (Table 2). Specific vascular membrane proteins are exposed
depending on the depth of the vascular lesion, with superficial denudation of the vascular
endothelium exposing the underlying subendothelial proteins, including the less platelet
reactive collagens, types VI, V and VI, and laminin (103-105). Deeper lesions that extend
to the media and adventitia expose more of the highly thrombogenic collagens, types I and
11 (74, 103-105). Collagen types | and Il are also abundant in fibrous atherosclerotic
plaques (103), and plaque erosion results in exposure of the circulating platelets to highly
reactive constituents (17-20). Once platelet receptors bind to these exposed thrombogenic
ligands, intracellular signalling activates platelets and increases its adhesive properties at
the site of an injury (2, 25, 106, 107), or may cause thrombosis at plaque erosion (17-20,

103).
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Table 1: Summary of abundant platelet surface receptors for haemostatic adhesive
ligands. The abundant surface receptors that have well-defined roles in support platelet
adhesion and aggregation.

Platelet receptor

(Name & average number of Haemostatic ligand(s) Citation
receptor per platelet)

Platelet adhesion and activation
i von Willebrand factor (main);
G(choptr"otilln I(?Plliil)v thrombospondin-1; P-selectin (6, 95,
specrticatly Lt 7ba thrombin; coagulation factors X1 and | 108-113)
< 50,000 copies X
. Vascular collagens
Glycoprotein VI ) (6, 95,
< 4,000 copies (e.g., collagen_types I !II, and 1V); 114-116)
fibrin; laminin
Support/stabilize platelet adhesion, activation and aggregation
anbps
< 80,000 copies Fibrinogen (main); fibrin; (95, 110
on surface of resting platelet von Willebrand factor; fibronectin; ' ’
NP o 111, 117-
& multimerin 1; thrombospondin-1; 120)
20,000 — 40,000 vitronectin
in platelet granules
ass Vascular collagens (6, 95,
) (e.g., collagen types I, I, and IV); 117,121,
< 4,000 copies laminin; vitronectin 122)
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Table 2: Key vascular subendothelium proteins that support platelet accumulation
and activation at sites of injury, under different conditions of shear. Particular
emphasis on indirect, VWF-dependent, platelet interactions under high flow conditions.

Vascular

membrane

protein

Mechanism of platelet adhesion

Direct platelet
interaction

Platelet receptor

Indirect platelet
interaction

Platelet
receptor*

Shear
condition

Citation

Vascular collagens

Types |
and 11

Type IV

Laminin

Fibrin

Fibronectin'

Vitronectin'

GPVI and a2P1

GPVI and o2p1

GPVI, a2P1, and asPz

GPVI, auipPs, and avPs

anbPs3, avps, asPi, and
ogP1

b3, ovpPs, 0zP1, and
ogP1

GPIba

GPIba

GPIba

GPIba

GPIba

Not
assessed

>5005s!

>300 s

>800s*

>300s™

>300s?

Not
assessed

(74, 88,
100,
103-
105,
121,
123)
(103-
105,
121,
124,
125)
(88,
103,
116,
117,
126)
(127-
130)

(75, 79,
103,
117,
131)
(117,
132-
135)

*GPIba bound to von Willebrand factor; "Not shown to significantly contribute to platelet
activation; GP:glycoprotein

10
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Platelet-rich thrombus formation under high shear conditions (> 600 s™), occurs as
a two-step process (25). The initial phase is reversible adhesion that depends on GPIba,
and the subsequent, more stable phase of thrombus formation involves the activation of
platelets and platelet integrin receptors, such as ouPs. (25, 56) (Figure 1 and Table 1).
Activated platelets and damaged, activated endothelial cells (ECs) also release various
soluble agonists and proteins from their storage granules, which potentiate activation,

adhesion and aggregation of platelets at sites of vessel injury (25, 56, 136, 137).

Platelet GPIba is crucial for the initiating platelet adhesion to injured vessels, as
mice deficient in this platelet receptor have a severe bleeding phenotype (138), and platelets
from these mice do not adhere to injured arterioles and do not form a growing thrombus
(139-141). Patients with Bernard-Soulier syndrome, a rare congenital human disease
characterized by a deficiency or defect in platelet GPIba, have a bleeding phenotype that
reflects the loss of this important receptor (12, 142, 143). Interestingly, mice that are
deficient in ligands for GPIba, such as VWF and thrombospondin-1, still show platelet
adhesion to injured vessels, although the adhesion is significantly less than that observed
in wild type (WT) mice (72, 144, 145). It is likely that other vascular ligands, such as P-

selectin (108), also participate in GPIba-dependent platelet adhesion.

Platelet GPIba-VWEF interactions are well characterized, and reveal that GPIba on
platelets tethers to surface-captured plasma VWF (28, 94, 96, 97, 146-150). This interaction

initiates reversible platelet recruitment, particularly at the high shear typical of arteries (>

11



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

500 s~ in humans (100, 123), and > 2,000 s™! in mice (140)) (25, 98, 100, 123, 140, 150).
Reversible GPIba-mediated platelet adhesion is characterized by rapid bond kinetics (148,
150), and “catch-slip” binding to VWF (94, 96, 97, 151-153). Catch-slip binding is defined
by a reduction of the lifetime of the bond between VWF and GPIba as the magnitude of
the force acting on the bond and hydrodynamic flow increases (148, 152, 153).
Consequently, the bond kinetics between VWF and GPIba reduce platelet translocation
velocity on damaged vascular endothelium, especially under elevated shear (94, 96, 97,
150-152). This interaction is like the binding kinetics that characterize selectin-dependent
interactions at sites of inflammation (e.g. leukocyte-like rolling, (98, 148, 150, 154))
(Figure 1). VWF-GPIba binding supports the adhesion of individual platelets, without
significant thrombogenesis (25, 100). Platelet rolling is needed to facilitate interactions
with thrombogenic proteins in the subendothelium, which lead to platelet accumulation and
activation (Table 2). Interactions with thrombogenic matrix proteins are the prerequisite for

integrin-mediated platelet aggregation at the vascular injury site (25, 100, 137).

Once platelets localize to the exposed subendothelium via GPIba-dependent
mechanisms (88, 123, 140), the surface platelet receptors for collagen, GPVI and a2f1, bind
to vascular collagens to promote platelet activation, recruitment and thrombogenesis (100,
115, 121, 122, 155, 156). There is contention about the importance of a2p1 and GPVI in
platelet adhesion to collagen (115, 156). The integrin a2P1 supports and significantly
modulates the adhesion of washed platelets to immobilized collagen under specific shear

conditions (< 1500 s™) (156, 157). However, azp1 has a limited role in modulating platelet

12
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adhesion and aggregation in the presence of plasma proteins, like VWF, which indirectly
promote the platelet adhesive properties of collagen (115, 121, 155, 156, 158) (Table 2).
GPVI has a more pronounced role in platelet adhesion and aggregation on collagen,
irrespective of plasma proteins and fluid shear conditions (115, 121, 122, 155, 156, 158,
159). Because of this, GPVI is proposed to have a more central role in modulating platelet-
collagen interactions (115, 121, 122, 155, 156). Collagen-GPVI interactions also contribute
to platelet activation that enhances integrin-mediated (e.g., a2p1 and annP3), firm platelet

adhesion to the site of vascular injury (115, 121, 122, 155, 156).

The binding interactions between GPIba-VWF and GPVI-collagen initiate
intracellular signals that may synergistically contribute to platelet activation (160-165).
VWF-GPIba signal transduction results in tyrosine phosphorylation of Fc Receptor (FcR)
y-chain that contains an immunoreceptor tyrosine-based activation motif (ITAM) that
complexes with GPVI (164, 166). VWF and collagen also bind to their respective platelet
receptors and similarly induce platelet activation through the tyrosine phosphorylation of
similar signalling molecules (107, 162, 167). However, platelet activation through GPVI is

thought to play a bigger role in the initiation of signalling than GPIba.

Activated platelets undergo morphological changes that facilitate rolling adhesion
on the subendothelium, and form pseudopodia that increase the surface area of platelets
(168-171). Activated platelets also release soluble constituents from storage granules (e.g.,

dense and a-granules) by a highly regulated and synchronized process (169, 171-173). The

13
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activation-induced release of granule contents is a crucial platelet function that significantly
contributes to haemostasis, and deficiencies of platelet storage granules and their
constituents are associated with several bleeding diatheses (9, 174-176). The release of
cargo from storage granules is defined by the: reorganization of the cytoskeleton (169, 172,
173); transportation of granules to the plasma membrane (169, 171-173); fusion of the
granule and plasma membranes (169, 171-173, 177-181); and subsequent exocytosis of
granule contents (169, 171-173, 178, 182). The release of soluble, abundant, adhesive o-
granule proteins like MMRNL1 and thrombospondin-1 (183-185) supports platelet and
aggregation (25, 56, 136, 137). Released secondary modulators from dense granules, such
as adenosine diphosphate (ADP) (169, 186, 187), have autocrine-like effects by binding to
its respective surface receptors on platelets, to induce G-protein receptor-mediated
responses (5, 6, 106). Local de novo production of the soluble agonist thromboxane A>
(TxA2) (188), and the release of ADP and serotonin and local generation of thrombin
(during secondary haemostasis, which is detailed in the following section) result in
secondary platelet activation. This promotes the activation of the platelet integrin, auinPs

and stable platelet aggregate formation (25, 189-191).

ADP potentiates VWF-GPIba mediated signal transduction (106, 162, 192), as well
as collagen-GPVI-mediated platelet activation and platelet-rich thrombogenesis (186, 193-
195). ADP enhances platelet activation by binding to the G-protein coupled purinergic
receptors, P2Y and P2Y 1, (168, 196, 197), to cause platelets to change shape from discoid

to spiculated spheres due to actin cytoskeletal reorganization (168, 170). ADP signalling
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through P2Y1 and P2Y 12 also triggers other platelet activation events (198-200), including
the mobilization of intracellular calcium (168, 169, 196, 201). ADP also supports stable
platelet aggregate formation (25) and reduces intracellular levels of cyclic adenosine
monophosphate that inhibits platelet aggregation (197, 202, 203). ADP binds to the platelet
surface receptor P2X3, an adenosine triphosphate-gated non-selective cation channel that
contributes to ADP responses (168, 196). Signalling through P2Y:, P2X; and P2Y1
synergistically potentiates the stimulatory effects of ADP on platelet activation and

aggregation (136, 168, 170, 195, 196, 204, 205).

Thrombin also enhances VWF-GPIba and collagen-GPVI mediated platelet
activation and aggregation (106, 193, 206-208), and on its own, thrombin is a very potent
platelet activator. Thrombin activates platelets by cleaving the platelet surface protease-
activated receptors (PAR), specifically PAR-1 and PAR-4 on human platelets (209-212),
and PAR-3 and PAR-4 on mouse platelets (208, 211, 213). Thrombin irreversibly: activates
PAR by cleaving the N-terminal exodomains (189, 209, 213, 214); cleaves GPIba to
potentiate platelet activation (112, 113, 215); and converts fibrinogen to insoluble fibrin
that stabilizes platelet-rich thrombi (43, 45, 46, 216) (described in more detail in Section
1.2.1: Fibrinogen and fibrin). Non-physiological surrogates such as thrombin receptor
activating peptide (TRAP) are used to control for the various prothrombotic actions of
thrombin and specifically study PAR-mediated platelet activation (211, 212, 217). TRAP
is composed of the peptides corresponding to the N-terminal end of the proteolyzed PAR

that act as a tethered ligand for the receptor (209, 214). TRAP containing the sequence
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SFLLRN (specific PAR-1 agonist) is primarily used to stimulate human platelets (211, 212,
217), while TRAP with the sequence AYPGKF (specific PAR-4 agonists) is mainly used

for the study of mouse platelets (37, 49, 141, 193, 218).

Activation of the abundant platelet integrin, ouibPs, results from bi-directional
(“inside-out” and “outside-in”) intracellular signalling, which are discrete but synergistic
processes for activating ouibPz (118, 190). Inside-out activation of allbB3 is triggered by:
intracellular signalling; associations with cytoskeletal (e.g., talin and kindlin-3 (219)); and
changes to the transmembrane-cytoplasmic domains that connect the aip and Bz subunits,
thereby activating ouiPsz (190, 220-223). Activation of ocuibPs increases the affinity of the
integrin extracellular domains for its ligands, including the abundant soluble plasma
proteins, FG, VWF and FN (193, 221) (ref Table 1). Ligand binding to ouibP3 results in
outside-in signalling, including tyrosine phosphorylation events (224-226), which
potentiates the activation of platelets and contributes to increasing the binding of a3

ligands (118, 227).

anpPs is crucial for firm platelet adhesion and aggregation (Figure 1 and Table 1),
as evident by the bleeding diatheses associated with Glanzmann's thrombasthenia (GT) (11,
228). GT is defined as the quantitative or qualitative deficiency of auinf3 (11, 228). Platelet
aggregation, like platelet adhesion, is dependent on fluid shear rates (25, 56), and at
physiological shear rates (< 10, 000 s™), activated ouinfs binds to bi- and multi-valent

haemostatic ligands to bridge adjacent activated platelets. Fibrinogen was initially
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described as the main ligand crucial for stabilizing ouinfz-mediated platelet adhesion and
aggregation to injured vessels (72), likely due to its high plasma concentrations (56, 229-
231). At low shear (< 300s™ (98)), fibrinogen is the preferred ligand for ouibPs (98, 128,
193, 232), but fibrinogen has less importance in supporting ainPs-dependent platelet
aggregation under high arterial shear (98, 128, 232, 233). In mice deficient of fibrinogen,
occlusive intravascular thrombi still form, despite high rates of embolization in treated
arterioles (72). Platelet aggregates likely form in the injured arterioles of these mice
because of the other aipfs ligands VWF and FN, which preferentially support platelet-rich

thrombogenesis under high physiological shear (72, 193).

Primary haemostasis is spatially coordinated with secondary haemostasis, due to
the bidirectional repositioning of negatively charged phospholipids (e.g.,
phosphatidylserine and phosphatidylethanolamine) from the inner leaflet to outer bilayer
membrane of activated platelets (234-237). Negatively charged phospholipids on activated
platelets are necessary for assembly of the tenase and prothrombinase complexes that
ultimately result in thrombin generation that augments platelet adhesive and procoagulant
functions (234, 235, 238-241). Thrombin also leads to the generation of insoluble fibrin
networks, which serves as a scaffold essential for the stability of developing thrombi in the

microvasculature (43-47, 216).
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1.1.3 Platelet procoagulant function (secondary haemostasis) and fibrinolysis

Coagulation is self-propagating and results in the activation of circulating
zymogens, which culminate in the cleavage of prothrombin to generate thrombin (42, 242,
243). Traditionally, coagulation was divided into the extrinsic, intrinsic and common
pathways, but more contemporary descriptions discuss coagulation as a 3-phase
overlapping process: initiation; amplification; and propagation (42, 242, 243). Initiation of
coagulation (like the extrinsic pathway of coagulation) is mediated by tissue factor (TF)
that is exposed with vascular injury (42, 242, 244). TF on damaged vessels binds to calcium
and captures circulating activated factor VII (FVIla (245)) to catalyze the proteolytic
activation of coagulation factors IX and X (42, 242, 244). Low (picomolar) amounts of
thrombin are generated during this phase of coagulation by activated FX (FXa, with “a”
denoting the activated form)-mediated cleavage of prothrombin (242, 244, 246).
Amplification involves positive feedback loops that augment thrombin generation,
including activation of platelets and proteolytic activation of the homologous cofactors V1|
and V, as well as factor XI (42, 242, 243). Propagation involves the accumulation of
enzyme complexes onto the damaged endothelium and negatively charged phospholipids
expressed on the surface of activated platelets and other blood cells (247), which catalyze
coagulation (42, 242, 243, 248-250). FVIlla participates in FXa generation by forming the
tenase complex with factor IXa (that was activated by membrane-bound factor Xla (251)),
the substrate FX, phospholipids, and calcium (42, 242, 243, 250). FVa participates in

thrombin generation by forming the prothrombinase complex, which is the main source of
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thrombin in vivo (242, 248, 249). The prothrombinase complex includes FXa, FVa, the

substrate prothrombin, phospholipids and calcium (42, 242, 243, 248, 249).

Thrombin propagates coagulation and promotes the stability of platelet-rich
thrombi by augmenting fibrin-rich clot formation (43, 216). Thrombin stabilizes clots by
cleaving fibrinogen to fibrin that reveals polymerization sites that support the formation of
fibrin networks (46, 252-254). Thrombin also activates the plasma transglutaminase FXIII
to FXllla, which covalently links fibrin polymers to increase clot stability and strength (42,
44, 46, 47, 255). Thrombin protects against fibrinolysis by activating the thrombin-
activatable fibrinolysis inhibitor, TAFI, that cleaves partially degraded fibrin and decreases
the affinity of plasminogen for fibrin (42, 256-258). TAFla also dampens fibrinolysis due
to impaired tissue-type plasminogen activator-mediated conversion of plasminogen to

plasmin (42, 256, 258, 259).

Several physiologic inhibitors regulate coagulation and localize thrombin
generation to the site of injury (242, 260-263). Tissue factor pathway inhibitor (TFPI) is a
potent proteinase inhibitor of the TF-mediated FXa generation and FXa (261, 264), and
antithrombin is a serine protease inhibitor of thrombin, factors Xa and 1Xa (260, 265).
Thrombin procoagulant activity is also downregulated by its endothelial receptor,
thrombomodulin (266-268). Thrombin-thrombomodulin have anticoagulant properties and

activates protein C to activated protein C (APC), a serine protease that inactivates cofactors
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FVIlla and FVa (262, 269-271). APC with its cofactor, protein S, regulate coagulation by

inhibiting tenase and prothrombinase complex assembly (262, 270, 272).

Fibrinolysis is another tightly regulated process that maintains the fluidity of blood
(4, 48). Fibrinolysis is mainly mediated by the action of plasmin, a serine protease that is
the activated form of the circulating zymogen plasminogen (4, 48). Plasminogen is
converted to plasmin by tissue-type plasminogen activator (4, 48, 273) and by urokinase
plasminogen activator (4, 48). Plasmin cleaves fibrin, which generates soluble degradation
products and exposes C-terminal lysine residues that are removed by TAFla to
downregulate fibrinolysis (4, 42, 48, 256-258). Fibrinolysis is also regulated by
mechanisms that inhibit the activation of plasminogen (e.g., plasminogen activation

inhibitor-1 (4, 48, 274)) or inhibit plasmin (e.g., o2-plasmin inhibitor (4, 48, 275)).

1.2 OVERVIEW OF HAEMOSTATIC FUNCTIONS OF PLASMA AND

PLATELET ADHESIVE PROTEINS

Haemostasis is modulated by adhesive proteins found circulating in plasma, within
the storage granules of platelets and in the vascular endothelium and subendothelium
(Table 2). These vascular adhesive proteins participate in every aspect of haemostasis, from
the protein wave to platelet recruitment and adhesion to the damaged vessels, platelet
activation, platelet-rich aggregate formation, and fibrin clot assembly (49, 50, 79, 145, 193,

218, 276). Consequently, regulation of platelet-protein interactions is crucial for normal
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haemostasis (142, 228, 277-280), and its dysregulation results in bleeding (typical of
deficiency states (7, 8, 10, 13, 281, 282)) or thrombosis (typical of dysregulated states (14-
17)). These crucial physiological processes are protected by the numerous functional
redundancies, which are often observed as single receptors interacting with several proteins
(109, 120, 139, 191, 283, 284) (Table 1), or single proteins engaging several platelet

receptors (75, 109, 110, 285-295) (Table 2).

Adhesive plasma proteins are typically synthesized and secreted by hepatocytes in
the liver (296-298), except for VWEF that is synthesized and secreted into circulation by the
vascular endothelium (299-303). Some adhesive proteins stored by platelets and ECs are
endogenously synthesized and stored until agonist-stimulated release, including VWF and
MMRN1 (36, 183-185, 304). However, plasma fibrinogen and FN are examples of proteins
in circulation that are internalized through competitive interactions with the platelet surface

receptor, auibPs (305).

The functions of haemostatic adhesive proteins are most notably influenced by the
properties of intravascular flow, and arterial shear conditions are described as having the
most profound effects on protein functions (24, 54, 58, 306). The findings from studies of
animal models of selective or combined deficiencies of these adhesive plasma and platelet
proteins emphasize their distinct contributions to normal haemostasis (37, 49, 72, 144, 145,
193, 218, 305, 307-309). Animal models also demonstrate the collaborative action of these

soluble proteins to modulate platelet functions, especially under high flow conditions (25,
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75,79, 88,99, 128, 129, 145, 193, 200, 276, 310, 311). Within the past few decades another
platelet protein, MMRNZ1, has been described to independently support, and collectively
enhance platelet haemostatic adhesive properties (37, 38, 312), especially under high shear
(37, 38). The following sections provide a detailed review of abundant plasma and platelet
adhesive proteins, with particular focus on the roles of these vascular proteins in shear-

mediated platelet adhesion, aggregation and thrombogenesis.

1.2.1 Fibrinogen and fibrin

Fibrinogen (human is abbreviated FG; mouse is abbreviated Fg) is an abundant,
soluble, plasma glycoprotein, circulating at 1.5 — 4 mg/ml in healthy individuals (229-231).
FG is converted to fibrin by thrombin-mediated proteolysis of FG N-termini fibrinopeptide
sequences on the Aa and BB chains (46, 252-254), which removes N-terminal
fibrinopeptides and reveals polymerization sites (46, 252-254). FXIllla stabilizes fibrin
networks by catalyzing a series of intermolecular e-(y-glutamyl) lysine covalent bonds that

result in stable, insoluble fibrin networks (42, 44, 46, 47).

Plasma FG is considered the main ligand of platelet integrin a3 due to its: the
high affinity (represented as a low Kp) of FG for the platelet integrin, ainfBs (Kp: < 70 x 10
® M); abundance of FG in plasma; and the dimeric nature of FG engages ouinfs to bridge
platelet-platelet interactions (46, 50, 284, 313-315). The C-terminal y chain QAGDV

sequence (not RGD sequences in the Aa chain (316-318)) in FG almost exclusively
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supports binding to ouPs (305, 316, 319, 320). This region on FG is crucial for normal
anpPBz—mediated platelet aggregate formation (320), as well as aubpz-mediated endocytosis
of plasma FG (305). Fibrin binds to auwBs by a mechanism distinct from FG (120, 130) and
it also binds to GPVI to support platelet adhesion and activation (127-129). In mice, the
selective loss of Fg (and fibrin) results in a severe bleeding phenotype (320-323), likely
because FG and fibrin have numerous roles in haemostasis and fibrinolysis. The availability
of transgenic animals have allowed for an analysis of the independent functions of FG and
fibrin, and teased out the distinct contributions of FG-aunf3 interactions and insoluble fibrin

networks (305, 322).

FG and fibrin independently support platelet adhesive functions under low shear (<
300 s?) in vitro (98, 128, 232, 305), but are less important for platelet adhesion and
aggregation under high shear typical of the microvasculature (> 1500 s%), in vitro (98, 128,
232, 233). The shear-dependent nature of FG and fibrin are further demonstrated by in vivo
analysis of Fg”- mouse arterioles injured by superfusion of ferric chloride (72, 305). The
loss of Fg (and fibrin) in these mice does not significantly impair the initial localization of
platelet to injured arterioles, nor did it delay the appearance of the first large (> 20um)
intravascular thrombi (72, 305). Interestingly, however, the loss of the y chain, C-terminal,
QAGDV sequence for auipPz in FG was associated with more rapid in vivo thrombogenesis,
in mice (305). These mice (refer to as Fgy45™") are characterized by an increased rate of
platelet accumulation, that is attributed to the platelet adhesive properties of fibrin (127,

128, 324, 325). FG was also recently shown to halt platelet accumulation by forming an
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extensive, non-adhesive matrix on the surface of developing, platelet and fibrin-rich
thrombi (324). In Fgy457 mice, the absence of platelet reactive FG likely prevents the
formation of FG-rich, non-adhesive matrices on developing thrombi, which in turn would
promote thrombogenesis (305, 324) (ref Figure 1). More rapid thrombogenesis in Fgy45™"
mice might also be the result of increased platelet FN (due to increased aiibps-mediated
internalization of pFN (72, 305)), which promotes platelet accumulation, especially in the

presence of fibrin deposition (79, 131, 305, 311, 326).

Intravascular thrombi in Fg”- mice are unstable, and consistently embolize to form
occlusive thrombi downstream from the injury site (72). The inability to form insoluble
fibrin networks in Fib*EK mice (selectively mutated to eliminate complete thrombin-
mediated cleavage of fibrinopeptide sequences on the Aa chain), similarly impairs in vivo
thrombogenesis (322). This particular defect is characterized by the appearance of
numerous embolization events (i.e., > 80% of injured arteries do no form occlusive thrombi
at the injury site) (322). Alternatively, Fgy457 mice (that form fibrin, but do not support
FG-ainPs-mediated platelet aggregation) form stable occlusive thrombi at the site of
vascular injury, with small aggregates disassociating from the apex of developing thrombi
(305). These findings, taken together, demonstrate that FG-oaunBs-mediated platelet
aggregation contributes to platelet cohesion, albeit not significantly, under conditions of
high arterial flow (56, 98, 232, 233). Additionally, fibrin generation regulates the stable

attachment of platelet-rich thrombi to the vessel wall at arterial shear rates (56, 72, 305).
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Tail transection assay provides a crude assessment of bleeding phenotypes in
knockout and transgenic mouse models (327-330). This injury model includes transection
of arteries and veins in the distal tip of the mouse tail that triggers ain3-mediated platelet
aggregation (330, 331), and depends on the presence and functional activity of Fg, not fibrin
(322). This platelet and protein adhesive process shares similarities with those observed
with an automated, low shear, aggregometer, especially the involvement of FG and ouinf3

in platelet aggregation (193, 330).

In vitro aggregation assays using an automatic aggregometer (e.g., by light
transmission aggregometry) and platelets from Fg-/- mice demonstrate the crucial roles of
Fg to mediate platelet aggregate formation in response to stimulation by a panel of
physiological agonists (e.g., ADP, thrombin and collagen) (193, 321, 322). In citrated
plasma, complete loss of Fg is associated with no platelet aggregation response to ADP and
thrombin (193, 321, 322), but the loss of fibrin polymerization (in Fib*E< mice) does not
abolish aggregation response to ADP (322). Defective platelet aggregation to low
concentrations of collagen (2 pg/ml) is also observed with citrated samples from Fg”’- mice
(72). In plasma free of a calcium chelator (e.g., sodium citrate), Fg loss does not abolish
platelet aggregation response to any of these agonists (193), demonstrating that plasma FG
and divalent cations are crucial for optimal ouipBs-mediated platelet aggregation under these
conditions (193, 232, 305). These data also show that in the absence of FG, other plasma
and platelet ligands, such as VWF, FN, thrombospondin-1 and MMRN1, support platelet

aggregation (50, 145, 193, 218).
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1.2.2 Fibronectin

Fibronectin is a disulfide-linked dimeric, ubiquitous vasculature protein that is
found as a soluble form circulating in the plasma (referred to as pFN) at <400 pg/mL (332,
333). FN is also sequestered in platelet a-granules due to the internalization of pFN by
platelet integrin aipPs (305, 334). FN is synthesized by various cells (e.g., ECs and
fibroblasts (332, 335)), secreted by hepatocytes (297), and is also a regular constituent of
the vascular ECM (50, 51, 332, 336). FN has platelet adhesive functions that are dependent
on its localization within the vasculature, the vascular shear rates, and fibrin deposition (49-

51,75, 79, 131, 218, 326, 332).

pFN localizes to the lumen of injured arterioles by binding to ECM proteins (77,
337), such as fibrillar collagens (49, 76-78, 131), fibrin (79, 338), and laminin (80). pFN
bound to damaged vessels initiates the protein wave of haemostasis and supports the
subsequent adhesion of platelets, in vivo (49). Under high shear conditions, platelet
adhesion to pFN occurs in the absence of the abundant plasma proteins, VWF and FG (49),
and the absence of exposed subendothelial proteins (49). It is possible that pFN interacts
with damaged ECs via integrin receptors (291), to initiate primary and secondary

haemostasis.
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At low shear (e.g., < 300 s), pFN supports platelet adhesion by mechanisms that
involve platelet B3 and P1 integrin receptors (75, 79, 117, 289-291), but platelets readily
detach from pFN surfaces at > 300 s, in vitro (79, 339). pFN requires GPIbo or VWF for
maximal thrombogenesis at arterial shear rates (75, 79, 131) (Table 2). pFN crosslinked to
fibrin (via FXIlla (79, 338)) also supports more adhesion and platelet-rich thrombogenesis
of reconstituted blood, even under high flow conditions (e.g., 1250 s?) (79). Platelet
adhesion to FN is limited when reconstituted blood is free of other plasma proteins (75, 79,
131), demonstrating that other haemostatic proteins are needed to support optimal platelet

adhesion to pFN.

Complete global loss of Fn is incompatible with life (340); therefore, mice with
liver-specific conditional knockout of Fn (pFn™") or a haplodeficiency of Fn (Fn*") are used
to assess the specific contributions of Fn to haemostasis (308, 340, 341). pFn”- and Fn*"
mice are viable, reproduce normally, and lack any overt morphological or cellular
abnormalities (308, 340, 341). Bleeding time and in vitro plasma clot activity are also
normal for pFn” and Fn*" mice (340, 341), but partial and selective complete pFn loss
abrogates and delays thrombotic response in mesenteric arteries treated with ferric chloride
(308, 341). In these animal models, deficiencies in pFn delay the appearance of the first
thrombus due to single or small platelet aggregates dissociating from the apex of the
developing thrombi (308, 341). Interestingly, initial platelet localization to the vessel wall
and thrombus embolization rates are normal, unlike in mice with Fg deficiency (72). This

demonstrates that pFn contributes to platelet-rich thrombus growth, rather than platelet and

27



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

thrombus adherence to the injury site. Occlusive thrombi are not observed in ~ 60% of
ferric chloride treated arterioles in Fn*~ and pFn’ mice (308, 341), signifying that partial

pFn loss significantly affects thrombus formation.

FG and fibrin regulate the haemostatic properties of pFN, as pFN has inhibitory
effects on platelet adhesive functions in the absence of fibrin generation (218). In mice,
endogenous pFn abrogates platelet aggregation when platelets are stimulated with agonists
that do not convert Fg to fibrin (e.g., TRAP) (218). In Fg (and fibrin) deficient mice,
endogenous pFn also reduces in vitro platelet adhesion and aggregation, which likely
contributes to prolong bleeding and delay thrombogenesis in vitro and in vivo (218).
Deficiencies in pFn ameliorate these defects to platelet adhesive functions (218),
confirming that in the absence of fibrin, pFn abrogates platelet aggregation. Coincidentally,
pFn assembly into developing thrombi follows a fibrin gradient at sites of vessel injury (49,
326), and it is proposed that fibrin supports the platelet adhesive properties of pFn at the
vessel wall, where fibrin generation is high (49, 79, 218, 342). In this model, the platelet
adhesive action of pFN switches to prevent excessive intravascular platelet aggregation

further from the sites of injury, where fibrin generation is low (49).

1.2.3 Thrombospondin-1

Thrombospondin-1 (human is abbreviated TSP-1; mouse is abbreviated Tsp-1) is a

trimeric glycoprotein that is a major constituent of platelets a-granules, along with FG, FN,
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VWEF, and MMRNL1 (9, 36, 292, 343, 344). TSP-1 also circulates in plasma at relatively
low concentrations (> 500 ng/mL (345)) and is a normal constituent of the ECM (343, 346).
TSP-1 is released from platelet a-granules following stimulation by strong agonists like
thrombin (184, 185, 292). Released TSP-1 binds to activated platelets directly via GPIba
(109), GPIV (287, 347), and B3 and P1 integrin receptors (292-295). TSP-1 also interacts
with several other molecules on the surface of platelets (288), including the adhesive
proteins, FG, fibrin and VWEF, which indirectly supports the adhesion of activated platelets
to TSP-1 (276, 344, 348-350). TSP-1 contributes to platelet adhesion and aggregation at
sites of vessel injury, by modulating thrombogenesis under arterial flow conditions (109,

145, 348).

TSP-1 supports maximal platelet adhesion at physical high shear conditions typical
of arteries (~ 1,600 s1) (109, 339), but firm platelet adhesion to TSP-1 is also observed at
pathological high shear rates (e.g., 4,000 s%), in vitro (109). Under these in vitro conditions,
TSP-1 interacts with the main VWF receptor GPIba to support platelet adhesion (109),
which suggested that GPIba-TSP-1 interactions provide a redundant mechanism for
supporting platelet adhesion in the absence of VWF (109). However, in mice, the selective
complete loss of Tsp-1 (Tsp-17") does not significantly impair the initial localization of
platelets to injured arteries in vivo (145), a process involving GPIba-VWF binding (72,
100, 110, 144, 150). Additionally, in mice, Tsp-1 does not support platelet adhesive

functions in vivo independent of Vwf (145). These findings suggest that the binding of
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GPIba to TSP-1 cannot substitute for the interaction of this receptor with its main ligands,

VWF (145).

Tsp-17- mice have defective platelet adhesion in vivo, characterized by delayed
thrombus growth rate, prolonged time to the first large (> 20 um) thrombus, and prolonged
total vessel occlusion times following ferric chloride-induced injury to arterioles (145,
351). These findings complement in vitro findings that TSP-1 contributes to the stability of
platelet aggregates concomitantly with platelet activation and secretion of TSP-1, in
analyses with an aggregometer (185, 288, 352). However, in mice, the loss of Tsp-1 does
not significantly impair platelet aggregate formation mediated by a panel of physiological
agonists (e.g., thrombin, ADP, and collagen) (145, 307, 351). It is likely that the presence
of other plasma and platelet proteins compensate for the loss of Tsp-1 in mice (145). It is
also likely that TSP-1 has more profound effects on shear-mediated platelet adhesive
processes (109), and that platelet aggregation in an aggregometer does not adequately
recapitulate the contributions of TSP-1 to platelet aggregation under arterial shear

conditions (109, 339, 348).

1.3 OVERVIEW OF VON WILLEBRAND FACTOR

(HUMAN, VWF; MOUSE, Vwf)

von Willebrand factor (human is abbreviated: VWF; mouse is abbreviated: Vwf) is

a vascular adhesive protein that forms large polymers of dimers, which can be as large as
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20 million Daltons (353, 354). The haemostatic functions of VWF are enhanced under high
shear flow conditions typical of the arteries and microvasculature, where VWF is crucial
for initiating and supporting normal haemostasis (24, 28-32). VWF interacts with
numerous components within the vasculature, including platelets (38, 110, 111) and
subendothelial proteins (87-94). The following sections provide a detailed overview of the
plasma and platelet protein, VWF, its haemostatic functions, and the common bleeding

diathesis that is associated with abnormalities in VWEF levels and functions.

1.3.1 Background on von Willebrand factor

The expression of VWF is restricted to the vasculature (36, 299-301, 355-358),
where VWF is constitutively (and basally (303)) secreted into circulation by EC (299, 303).
VWE is also stored in unique storage granules in EC (300) and platelet a-granules (36,
355), until agonist stimulation causes the release of intracellular stores (302, 359). Plasma
and released VWF modulate haemostatic properties by binding to: platelets, both resting
and activated; (38, 110, 111); proteins in the vasculature (88-94); circulating plasma
cofactor, FVIII (360-362); and numerous other vascular ligands (38, 75, 131, 310, 350).
The haemostatic, adhesive properties of VWF are enhanced under high flow conditions
typical of arterial flow, which transform compact VWF polymers to filamentous multimers
that are more haemostatically active and support multivalent binding interactions (24, 28-
32, 363). Deficiencies and mutations of VWF can result in von Willebrand disease (VWD),

a common bleeding disorder that is reported to have a prevalence of ~ 1:1000 (364-368).
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VWE is highly conserved among mammals (369), and the orthologous human and
mouse genes are structurally similar (each with 52 exons (369)). The human VWF loci (on
human chromosome 12 (370, 371)) and the murine Vwf gene (on mouse chromosome 6
(369, 372)), both encode for a 2813 residue precursor protein that shares 83% sequence
identity (369, 373, 374). The regions of VWF that are mapped to support its intracellular
processing, multimerization, and haemostatic functions are similarly conserved (~ 82%
amino acid sequence identity (369)), suggesting functional convergence. However, subtle
interspecies differences in specific regions in VWF limit interspecies cross-reactivity

between plasma and platelets from different species (375, 376).

VWE is exclusively synthesized by EC and megakaryocytes (36, 299-301, 355),
and is expressed in highly vascularized organs like the heart, lung, kidney and brain (356-
358). In the vascular endothelium, VWEF is stored in specialized granules called Weibel-
Palade bodies (300, 301, 377), along with a vascular membrane protein, P-selectin (65,
378-380). The majority (> 90%) of EC-derived VWF is constitutively secreted and
released basally from post-Golgi secretory organelles (likely Weibel-Palade bodies (303)),
which provides the largest source of plasma VWF (302, 303). The remainder of EC-derived
VWE is efficiently stored until agonist stimulation increases the release of VWF from
Weibel-Palade bodies (302, 359, 377). VWEF is also efficiently stored in the eccentric,
electron lucent zone of platelet a-granules (381), which may contribute to < 15% of

circulating plasma VWF (309, 382, 383). Intracellular stores of VWF form high molecular
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weight multimers (HMWM) that are more haemostatically active than plasma VWF (89,
300, 302, 384, 385), suggesting that circulating and stored VWF contribute differently to

haemostasis (309, 384).

Plasma VWEF levels are highly variable within the general population of healthy
individuals, ranging from 5 — 15 pg of VWF per ml of plasma (386, 387). The regulation
of plasma VWEF levels is crucial for the maintenance of normal haemostasis, as VWF
deficiencies are associated with bleeding (e.g. VWD (8)) and elevated VWF levels are
associated with increased risk for thrombosis (388, 389). The level of plasma VWF is
primarily regulated by genetic factors, such as intragenic mutations in the VWF gene (390-
399) and/or extragenic causes like the ABO locus (387, 400-402). In mice, a few WT inbred
mouse strains are significantly correlated with variabilities in the levels of plasma VWF
(e.g., RINS/) and CASA/RKJ strains (403-407)), because of intragenic or extragenic
mutations (403-408). These mutations can account for up to 63% total genetically
determined variation in Vwf levels between mouse strains (404, 406), and some of these
inbred mouse strains serve as naturally occurring murine models of VWD (408, 409). The
level of Vwf in the commonly used C57BL/6J mouse strain is not the highest amongst
laboratory mice (408), but C57BL/6J mice still serve as a commonly used mouse strain for
studies of haemostasis (133, 144, 145, 341, 410, 411). C57BL/6J mice are used to
investigate the haemostatic properties of Vwf because, in these mice, the phenotypic

consequences associated with selective Vwf deficiencies recapitulates the resultant
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bleeding diatheses due to genetic mutations to the orthologous human VWF locus (i.e.,

VWD) (144, 408, 409).

1.3.2 VWEF protein structure-function relationship

The precursor VWF polypeptide (and orthologous murine protein, Vwf (369)) is
composed of 2813 amino acid residues, organized as (373, 374): N-terminal signalling
peptide (SP; 22 residues); pro-peptide (741 residues); and mature peptide (2050 residues)
(Figure 2). Mature VWEF is characterized as a pattern of repeated domains (Figure 2), which
include von Willebrand A and C modules, D assemblies, and a C-terminal cysteine-knot
(CK) (373, 374, 412). The D assemblies of VWF include the N-terminal pro-peptide
(D1D2) and were recently identified to also possess cysteine 8 (C8) and trypsin inhibitor-
like (TIL) domains, as well as E modules (412) (Figure 2). The D assemblies of VWF
contribute to intercellular processing and multimerization (413-415), cofactor (FVIII)
binding (360, 362, 416, 417), and modulates platelet adhesion to VWF (418, 419). The A
repeats in VWEF also contribute to intercellular processing and multimerization of VWF
(24, 420-422), and are crucial for initiating and regulating platelet adhesion to the vessel
wall (90-92, 94, 96, 97, 151, 423-427). The six C-terminal C modules in VWF contribute
to the flexibility (24, 412, 428), and the C4 module supports binding to integrins on EC
and platelet aggregation (111, 429, 430). The structure-function relationship of VWF has

been extensively studied (24, 412), and the following section of this thesis provides a
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detailed review of the distinct regions within VWF that are mapped to contribute to its

intracellular processing and haemostatic functions (Figure 2).
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Figure 2: Structure of prepro- and mature-VWF, and the contribution of VWF
domains to haemostasis. 13 N-linked and 10 O-linked glycans are respectively shown as
closed and open symbols. D assemblies of VWF possess the identified domains: cysteine

8 (C8); trypsin inhibitor-like (TIL); and E modules.
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Intracellular processing of precursor VWEF includes proteolytic removal of the SP,
dimerization, extensive glycosylation (13 N-linked and 10 O-linked oligosaccharides),
multimerization, cleavage of the pro-peptide, and additional post-translational
modifications (24, 354, 374). The SP of VWEF localizes prepro-VWF to the endoplasmic
reticulum (ER), where pro-VWF monomers undergo glycosylation and pro-VWF dimers
form via intermolecule disulfide bonds at the C-terminal CK (354, 374, 431). In the ER,
the D1D2 assembly of the pro-peptide also forms transient interchain disulfide bonds with
the D’D3 assembly that enters the Golgi to complete glycosylation and sulfation (354, 413,
415). In the ER, VWF dimers forms multimers via intermolecule disulfide bonds at the N-
terminal D’D3 assembly of mature VWF (354, 413, 414, 432). The pro-peptide is
subsequently proteolytic cleaved by furin and dissociates from mature VWF multimers that
are constitutively and basally secreted, or exocytosed due to cellular activation (302, 303,
359, 433, 434). In platelets and EC, VWF polymers form rod-like structures due to the
D1D2 pro-peptide of VWF that is necessary for tightly packing VWF polymers during
biosynthesis (354, 435). The structure of intracellular VWF filaments is crucial for the
elongated shape of Weibel-Palade bodies, and the N-terminal D’D3 assembly of VWF
recruits P-selectin to Weibel-Palade body-like structures in cultured cells (435, 436). Other
domains within VWF also contribute to the storage of intracellular VWF, as mutations in
the A1 domain can disrupt the multimerization of VWF polymers and result in degradation

of intracellular VWF stores (437).
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Physiological agonists (such as thrombin (110, 302, 359)) and high shear (438)
result in the release of intracellular VWF from platelets and EC (110, 300, 302, 359, 438).
VWEF released from activated platelets contains larger polymers that support more
spontaneous multivalent binding than circulating plasma VWF (385, 439), and
significantly contributes to haemostasis, independent of EC-derived, plasma VWF (309).
VWE released from Weibel-Palade bodies tether to surface of EC, likely through: direct
interactions between the C4 module of VWF and avfps on EC (440); indirect interactions
between the D’D3 assembly of VWF and P-selectin that is expressed on the surface of
activated EC (436, 441); and/or an uncharacterized mechanism that does not include avf3
or P-selectin (442). High shear unravels VWF tethered to stimulated EC (440, 442), as well
as VWEF captured to subendothelial proteins (32, 89, 443). High shear also promotes the
self-association of VWF polymers via multiple structural regions, including the Al and A2
domains, but not the A3 domain of VWF (30, 31, 444, 445). The resultant shear exposed
VWEF tethered to EC or associated with the ECM supports high-affinity binding to platelet
GPIba, and enhances the recruitment of circulating platelets to the sites of vessel injuries
(152, 283, 363, 446). Tethered, shear-exposed VWF supports platelet binding by
undergoing specific conformational changes that expose the binding site for GPIba in the
upper anterior surfaces of the A1 domain in VWF (96, 97, 363, 443, 447). This region of
the A1 domain in VWF is typically buried within circulating, globular, plasma VWF (363),
and represents a low-affinity state that does not significantly bind to the platelets (via
GPIba) (29, 152, 279). The compact, circulating form of VWF polymers regulates its

interaction with GPIba on resting platelets in circulation.
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The Al and A3 domains of VWF are homologous domains with ~ 23% residue
identity (448). The Al and A3 domains are also structurally identical, as both domains
form similar loop-like structures due to intradomain disulfide bonds that link the N- and C-
termini of each domain (96, 412, 425, 448). The Al domain is more responsive to shear
than the A3 domain of VWF (29, 363, 448), despite the structural similarities of these two
domains in VWF. The A3 domain of VWEF is constitutively exposed in circulating globular
VWEF and readily supports binding to exposed subendothelial proteins in vivo (94, 363,
423). The A3 domain also contributes to the stability of the ALA2A3 tri-domain in VWF
(449) and regulates the conformational activation of the A1 domain (containing the GPIba
binding site) under high shear (447-449). Sequence homology between the Al and A3
domains of VWEF likely accounts for the functional importance of both domains in binding
to vascular collagens (types I, 111, IV and VI) (90-92, 423-427). The A3 domain of VWF
contains the major binding site for types I and 11 fibrillar collagens (92, 423, 425-427),
and the Al domain of VWF preferentially binds to fibrillar collagens under high flow
conditions (94, 423). The Al domain of VWF is also essential for binding to types IV and
VI non-fibrillar collagens, irrespective of haemorheology (90, 91, 424). VWF captured
onto vascular collagens is crucial for initiating platelet adhesion and thrombogenesis under
high shear (87, 98, 99), and dysfunctions to this process alter platelet recruitment to the

exposed subendothelium of damaged vessels (99, 384, 450-452).
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VWE binds to the platelet membrane receptor GPIba, preferentially under high
shear (> 500 s™! in humans (100, 123), and > 2,000 s™! in mice (140)), because high flow
unfolds the tertiary structure of VWF Al domain (152, 363, 446, 448). The Al domain of
VWEF unfolds by a three-state mechanism that includes a stable, molten, globule
intermediate (283, 363, 446, 448). This stable intermediate of VWF A1 domain contains
less of secondary structure components (e.g. ~ 10% less alpha-helical structure (283)),
which promotes VWF-GPIba binding by increasing the binding affinity for GPIba by ~
20-fold, relative to the native conformation of VWF Al domain (283, 446, 448). Gain-of-
function mutations in VWF Al domain can result in the pathological appearance of this
stable, intermediate state, which is a characteristic of a subtype of VWD identified as type
2B (283). Type 2B VWD is defined as abnormalities in the functionality of the A1 domain
that leads to spontaneous GPIba binding without the requirement of high fluid shear to
modulate VWF (8, 150). The stable intermediate of the A1 domain of VWF reveals the
positively charged surface on the upper anterior surfaces, thereby supporting electrostatic
“catch-slip” binding to GPIba (94, 96, 97, 151, 152). This specialized binding interaction
increases the lifetime of the A1-GPIba bond as hydrodynamic shear increases and
transitions to interactions characterized by a reduction in the lifetime of the VWF Al-
GPIba bond (152, 153). Consequently, “catch-slip” bonds between VWF and GPIba
localize platelets to the sites of vascular injury by modulating platelet translocation
velocity, similar to leukocyte-like rolling adhesion (98, 148, 150, 154). This facilitates
platelet activation by thrombogenic proteins in the subendothelium and integrin-mediated

firm platelet adhesion and aggregation (100, 453) .
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The antibiotic ristocetin (obtained from bacteria, Amycolatopsis lurida (454, 455))
promotes VWF-GPIba binding by molecular mechanisms that are like the activation effects
of high shear (456, 457). These molecular mechanisms include: inducing self-association
of VWF polymers (456, 458); neutralizing repulsive surface charges on the A1 domain of
VWEF and GPIba (459); and inducing conformational changes in the A1 domain of VWF
that promote GPIba binding (94, 455, 457). Ristocetin exerts its effect on VWF by binding
to the upper face of the A1 domain (96, 97), which is adjacent to the region of the Al
domain that possesses the GPIba binding site (96, 97). The GPIba binding site in the Al
domain of VWF is also exposed by immobilizing VWF, either onto the subendothelial
matrix or polystyrene surfaces (e.g., microtiter plates) (30, 445, 447, 460, 461). Like VWF
captured by the subendothelium, VWF absorbed on polystyrene surfaces retains its
biological activity by supporting the adhesion and translocation of resting platelets,

preferentially under high rheologic shear (461).

VWEF A1-GPIba binding contributes to the activation of platelet integrin receptors
(160-163, 462), and potentiates collagen-GPVI induced granule secretion and platelet
aggregation (164). VWF binds to GPIba to initiate integrin activation via several signalling
pathways (106, 119, 162, 166, 463-465), including the ITAM signalling pathway (106,
163, 166, 463). VWF-GPIba signalling through the ITAM signalling pathway is similar to
signal transduction through the collagen receptor, GPVI (166), and VWF-GPIba signalling

may synergize collagen-GPVI induced tyrosine phosphorylation of intracellular molecules
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(107, 164, 167). Recently it was shown that GPIba directly associates with GPVI (165),
and this interaction may define an alternative or complementary mechanism for how VWF-
GPIba amplifies collagen-GPVI induced platelet activation. VWF-GPIba binding induced
by ristocetin mimics conformational effects of high shear (456, 457), and results in tyrosine
phosphorylation events (162, 466). These signalling events, on their own (independent of
other plasma proteins (162, 466)), are not sufficient to promote the enzymatic activity of
signalling molecules, platelet activation and integrin-mediated platelet aggregation (162).
Released secondary mediators, such as ADP, are necessary to potentiate VWF-GPIba-
mediated activation signals and enhance platelet adhesive functions (106, 192). However,
it is unclear if ADP significantly contributes to VWF-GPIba-mediated integrin activation

under flow conditions typical of arteries, in whole blood (31, 160, 453, 467, 468).

VWEF binds to GPIba and initiates platelet adhesion and activation, which enhances
GPIba and oubPs-mediated stable platelet adhesion and aggregation (98, 160, 161, 286,
453). Activated aupfBs binds to the RGD motif in the C4 module of VWF (110, 111, 429,
430, 469), especially under physiological or pathological high flow conditions (98, 233,
375, 469). VWF-auinP3 binding contributes to stable, irreversible platelet adhesion and
aggregation, and potentiates the activation of platelet integrins that follows ligand binding
to ouPs (118, 162, 453, 467). However, VWF-anB3 binding interactions on their own are
not sufficient to support maximal platelet aggregation (162, 232, 286), demonstrating that
other platelet receptors (e.g., GPIba), as well as plasma and platelet proteins, are necessary

to optimize platelet aggregation at high shear.
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The Al domain and C4 module are the only regions within VWEF that are reported to
possess an affinity for platelet receptors (94, 110, 111, 430, 469). These regions of VWF,
in addition to the collagen-binding A3 repeat of VWF (92), are highly conserved in humans
and mice (sequence identity between human Vwf and murine Vwf: 85% in the A1 domain
(369, 375); 82% in the A3 domain (369)). Despite this, subtle interspecies differences exist
between the A1 domain of VWF in humans and mice that significantly limit the ability of
murine A1 domain to support the GPIba-dependent adhesion of human platelets (375, 376).
This interspecies incompatibility is due to a single, complementary substitution at residue
1326 in the A1 domain (murine Vwf Al: R1326; human VWF Al: H1326 (375)), which
causes an electrostatic clash between the positive charge of R1326 in murine Vwf and a
single residue in human GPIba (375). This electrostatic clash disrupts the formation of a
single salt-bridge and shortens bond lifetime between murine Vwf-GPIba complexes (375,

470). This salt-bridge is not formed between human VWF-GPIba complexes (375).

The A2 domain of VWF is homologous to the Al and A3 domains but is
structurally distinct because VWF A2 domain lacks the intradomain disulfide bond that
links the N- and C-termini (24, 471). VWF A2 domain is also under regulation by shear,
like the A1 domain, and the A2 domain of VWF possesses unique structural features that
regulate its conformation (363, 471-473). One of the unique structural features in the A2
domain of VWF is a vicinal disulfide loop in its C-terminal (between C1669 and C1670),

which forms a “molecular plug” that stabilizes the structure of VWF A2 domain and
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protects it from readily unfolding under high flow conditions (471-473). This structural
feature may have evolved as a mechanism to protect the functionality of VWF, as the A2
domain also has a cryptic scissile bond that is cleaved by the plasma and platelet
metalloproteinase, ADAMTS13 (a disintegrin and metalloprotease with thrombospondin
type 1 repeats) (474-476). ADAMTS13 cleaves the scissile bond in the A2 domain of VWF
(between Y1605-M1606; (350, 474, 477)), which fragments VWF polymers and reduces

the haemostatic properties of VWF.

The importance of VWF A domains in regulating platelet adhesion to vascular
collagens was described by in vitro protein binding studies that used full-length domain
deleted VWF protein mutants (92, 94, 474) and inhibitory antibodies that block the
proposed functional activity of the A domains of VWF (426, 427, 478-480). The A1A2A3
tri-domain of VWF, on its own, as well as isolated A1, A2, or A3 domain protein mutants
(without neighbouring N- or C-terminal regions) have been useful for estimating binding
kinetics for some VWEF ligands (310, 480-482). These peptides were also used to elucidate
the functional importance of this region to modulate the haemostatic, platelet adhesive
properties of VWF (310, 449, 482, 483). VWF A1A2A3 tri-domain also independently
supports GPIba-dependent platelet adhesion (310, 449, 482), platelet activation in the
presence of whole blood (449), and binds to vascular collagens (although weakly due to

the importance of multimerization to enhance the avidity of this interaction) (385, 480).
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VWE contributes to coagulation, as circulating VWF binds to FVIII with high
affinity (Kp: 0.2 — 0.4 x 10° M (362, 385, 484)) through the D’D3 assembly of VWF (360,
362, 385, 416). There is a significant correlation between plasma VWEF levels and FVIII
cofactor activity (361, 485), as plasma VWEF is an in vivo carrier protein for FVIII (361,
362, 484). VWF also protects FVIII from degradation by APC, a proteolytic inhibitor of
FVIII (262, 417, 486, 487). VWF may also synergize thrombin-catalyzed activation of
FVIII (488), and FVIlla readily dissociates from VWEF to participate in tenase (361, 489,

490).

1.3.3 Deficiencies in von Willebrand factor, in humans and mice, and its effect

on haemostasis

VWEF supports the various phases of haemostasis, as it is an abundant, adhesive
plasma protein that: likely supports and promotes the “protein wave” (refer to Section
1.1.1); initiates platelet adhesion to the subendothelium (38, 87-94, 110, 111); and is the
carrier protein for FVIII (361, 362, 484). The haemostatic importance of VWF is
exemplified by the pathological consequences of the congenital bleeding disorder, VWD,
which is characterized by quantitative and qualitative deficiencies of VWF (8, 390-399,
491). Almost a century after the first index case described in 1924, VWD is one of the most
commonly diagnosed bleeding disorders and is reported to affect ~ 1:1000 persons (364-

368, 492). VWD often results in abnormalities in platelet adhesion and when severe, can
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also cause haemophilia-like symptoms because of the associated deficiency of FVIII (395,

397, 493, 494).

VWD is divided into 3 subgroups (8): types 1 and 3 describe the respective partial
or complete quantitative deficiency of VWEF; and type 2 describes mutated VWF with
abnormal haemostatic functions. Type 1 VWD, the most common form (affecting ~ 70%
of VWD patients (367, 495)), is typically an inherited, autosomal dominant, milder form
of VWD (390, 392). Type 1 VWD is characterized by varied decrease in the level of
functional VWF (VWEF levels ranging from 5 — 40% (390)). Type 1 can be associated with
changes in: transcriptional activation (496); decreased synthesis (497); intracellular
retention and impaired secretion (498); and/or accelerated clearance of VWF (391, 497,
499). Type 3 is another quantitative deficiency of VWEF, characterized by the almost
complete deficiencies of VWF (VWEF levels typically < 5% (8)) in both plasma and
platelets (8, 397). Type 3 is the least common form of VWD (affecting ~ 5% of VWD
patients (8, 367)) and is often a congenital recessive disorder (396-398, 491). ~ 65% of
index cases of type 1 VWD and ~ 90% of index cases of type 3 VWD are associated with
mutations in the VWF gene, including missense mutations, insertions and/or deletions (390-
399). The remainder of index cases (of types 1 or 3 VWD) are likely defined by mutations
in other loci (that are distinct from locus for VWF) that also regulate VWF levels (390,

402, 404, 407, 500-502).
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Type 2 VWD is characterized by discordance in VWF functionality and levels,
unlike types 1 and 3 VWD, because this subgroup is defined by abnormal VWF
haemostatic functions relative to the level of VWF protein (8). Type 2 VWD is also a more
heterogeneous disease subgroup that is further divided into four categories, namely types
2A, 2B, 2M or 2N, depending on the resultant pathological phenotype (8). Types 2A, 2B
and 2M VWD are defined by numerous mutations within the ALA2A3 domains of VWF
(503). Some forms of type 2M VWD indirectly and directly impair platelet adhesion to
VWEF due to mutations to the vascular collagen binding sites in the A1 and A3 domains of
VWEF (90, 91, 399, 450, 451, 504, 505), or loss of function mutations in the GPIba binding
site in VWF Al domain (399, 450). Gain-of-function mutations in the GPIba binding site
in the Al repeat of VWEF is associated with type 2B, which is marked by increased affinity
of VWF A1 domain for GPIba (8, 96, 97, 151, 481). Type 2N VWD is defined by mutations
in the D’D3 assembly of VWF that result in defective binding to FVIII (399, 491, 493).
Type 2N VWD can cause a mild haemophilia-like disorder because VWF cannot bind to
and protect plasma FVI11 from proteolytic degradation (493, 494). Knowledge is constantly
emerging on type 2 VWD because new haemostatic ligands for VWF are continuously
being described. It is interesting to characterize the binding interactions between VWF and
other mediators of haemostasis, as this knowledge may further define the dysfunctions
observed in type 2 VWD. This information may lead to the development of novel therapies

and alternative screening methods for diagnosing this heterogeneous subgroup of VWD.
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In mice, the partial or complete deficiency of Vwf results in a mild to severe
bleeding diathesis that is comparable to the various forms of VWD (8, 144, 390, 392, 408,
409). Deficiencies in murine Vwf significantly prolong bleeding times and increase blood
loss following transection of the distal tip of the mouse tail (144, 309), abrogate high shear
platelet adhesion to collagen in vitro (309) and severely impair platelet adhesive functions
in vivo (72, 144). The loss of Vwf is also associated with deficiencies in FVI1II (144, 309).
Defects to in vivo platelet function from VVwf defiviency include the delayed appearance of
occlusive thrombi in injured arterioles due to significantly impaired platelet localization to
the damaged vessels, which prolongs the formation of large (> 20 um) thrombi (72, 144).
Vwf deficient mice also have defective thrombogenesis due to impaired high shear-induced
platelet aggregation in vivo (72, 144), a process that involves plasma VWF binding to
GPIba and annfPs (31, 285, 506). Interestingly, platelet aggregates still form in mice
deficient of Vwf (72, 144), implying that other plasma and platelet proteins contribute to

support platelet adhesive functions in the absence of Vwf (72).

1.4  OVERVIEW OF MULTIMERIN 1 (HUMAN, MMRN1; MOUSE, MMRN1)

Multimerin 1 (human is abbreviated: MMRNZ1; mouse is abbreviated: Mmrnl) is
one of the largest polymeric, vascular adhesive proteins, aside from VWF (33, 34, 507,
508); MMRN1 forms large, variably-sized, disulfide-linked polymers of trimers that range
from 400, 000 to several million Daltons (33, 34, 507, 508). The expression of MMRNL1 is

restricted to megakaryocytes and the vasculature (33, 35, 509-512), suggesting that
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MMRN1 has roles in modulating vascular biology. MMRNL1 is efficiently stored in
platelets and EC where it remains until agonist stimulation causes the release of
intracellular stores (33, 35, 38, 312, 507). Released MMRNL is detected on the surface of
activated platelets and EC (33-35, 183), and it associates with the extracellular matrix (33,
35). MMRNL1 is postulated to support platelet haemostatic, adhesive functions (38, 312,
513, 514). The following section provides an overview of the current knowledge on the

platelet and vascular protein, MMRNL1, and its haemostatic properties.

1.4.1 Background on multimerin 1

MMRN1 was discovered through the use of an antibody (known as JS-1 (33)) raised
by immunizing mice against human platelets and was initially designated “p-155” due to
its average reduced mobility (33, 507). p-155 was later renamed multimerin to reflect the
multimeric structure of the protein (507), and designated multimerin 1 to differentiate from
the homolog multimerin 2 (MMRN2), another vascular protein with anti-angiogenic
properties (515, 516), but uncharacterized haemostatic functions (508, 509, 511, 517).
MMRNL1 is not detected in plasma, as it is efficiently stored in platelets and EC (34-36,
183); however, physiological agonists (e.g. thrombin and ADP) cause the activation-
induced release of intracellular stores of MMRN1 (33, 35, 38, 312, 507). Because of this,
MMRNI1 is an “activation protein” (508), that is detected on the surface of these
haemostatic adhesive cells following cellular activation (33, 35, 38, 183, 312, 507), a

process that potentially localizes the activity of MMRNL1 within the vasculature.
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The gene for multimerin 1 is highly conserved among mammals (508, 509), and is
located on human chromosome 4 and murine chromosome 6 (508, 509, 511, 518). MMRN1
is found in highly vascularized tissue (e.g. placenta, lung, and liver (509)), due to its
restricted expression by megakaryocytes and platelets (33, 36, 183, 386, 507, 519) and the
vascular endothelium and subendothelium (35, 509). MMRNL1 is not detected in other
blood cellular components, such as peripheral blood lymphocytes, T-cells, granulocytes,
monocytes, and RBC (33). Similarly, MMRNL is not normally detected in plasma (33), nor
is it detected in liver lysates (33). This finding indicates that MMRNL1 is likely synthesized
endogenously by megakaryocytes and the vascular endothelium, and is likely not
endocytosed from plasma like a number of platelet proteins, such as FV, FG and FN (35,

36, 183, 509).

The biosynthesis of MMRNL1 includes (183, 304, 509): extensive complex N-linked
glycosylation (there are 23 potential N-glycosylation sites (183, 509)); O-linked
glycosylation; formation of interchain disulfide bonds that form homotrimers (likely before
N-linked oligosaccharides are converted to complex forms (304)); and proteolysis of its N-
terminal precursor peptide (without disrupting the multimeric structure of MMRNL1 (509)).
MMRNL1 trimers are predicted to assemble at the C-terminus of MMRNL1, a region that
includes a C1g-like globular domain (a motif that participates in trimerization in other
proteins (509, 520)), but it is still unclear how MMRNL1 trimers are assembled into large,

disulfide-linked polymers. In platelets, the subunits contained in MMRNL1 polymers are
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processed to 155 and 170 kDa forms (33, 183, 507). MMRN1 subunits are highly
glycosylated: N-glycosylation accounts for > 30 % MMRN1 molecular mass (183, 509),
and the 170 kDa subunit contains a larger polypeptide sequence of the 1228 residue
precursor protein that is cleaved at a more N-terminal, uncharacterized site than the 155
kDa subunit (183, 304, 509). proMMRNL is rarely detected in platelets (183, 304, 508,

509).

MMRNL1 belongs to the EMILIN family of structurally similar, disulfide-linked
polymeric proteins (508, 521-523). MMRN1 possesses the typical EMILIN domains
(Figure 3), including: N-terminal cysteine-rich domain EMI domain (508, 521-523); long,
central coiled-coil region (with leucine zipper (LZ) sequences) (509, 521, 523) and C-
terminal C1qg-like globular domain (509, 520, 521, 523). MMRNL1 also contains a C-
terminal cysteine-rich epidermal growth factor (EGF)-like domain (509) (Figure 3), unlike
other EMILIN proteins (521-523). How all these structural features contribute to the
functionality of MMRNL1 is not clearly defined (508); however, the N-terminal region of
mature MMRNL1 includes an integrin binding motif, RGD tripeptide (509) that supports the
platelet adhesive properties of MMRN1 (38, 312). Most of the structural features of
multimerin 1 are conserved among mammals (508, 509), except the N-terminal RGD motif,
central LZ sequences and C-terminal C1g-like globular domain that are not present in all
mammals and chickens (508) (Figure 3). Structural conservation among mammals suggests
that MMRN1 has an important physiological role. As mentioned earlier, due to the

restricted expression of MMRNL in platelets and EC, and its release into the plasma upon
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vessel injury (37, 38, 312, 513, 514), suggest that MMRNL is likely to support vascular

homoeostasis.
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Figure 3: Structure of human MMRN1 and the ortholog murine Mmrnl. Most of the
structural features of multimerin 1 are conserved among humans and mice (67% sequence
similarity), except for the N-terminal integrin-binding RGD motif. 23 putative N-linked
and 21 cysteine residues are respectively shown as closed symbols and “C”.
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Platelets contain ~ 16 ug of MMRN1 per 10° platelets (524), and store MMRN1
within the eccentric, electron lucent zone of platelet a-granules, along with VWF and FV
(34, 183, 386, 510). MMRNI1 storage in a-granules is independent of VWF and FV, as
demonstrated by the normal retention of MMRNT in platelet a-granules deficient of either
VWEF or FV (36, 175, 386, 525). EC also independently store MMRN1 and VWF (35), and
MMRN1 mainly sorts to granules in EC that are distinct from the Weibel-Palade bodies
that contain both VWF and P-selectin (35). Cultured EC constitutively secrete low levels
of MMRNL that associates with the ECM, and it is possible that it binds to ECs or is cleared
from the circulation (33, 35) as MMRNL is not detected in normal plasma (33). MMRN1
retained in the storage granules of cultured EC contains a lower proportion of HMWM of
MMRNI than is stored in platelet a-granules (36, 304, 507). Recombinant MMRNL1 for in
vitro studies, produced from stably transfected human embryonic kidney (HEK) 293 cells
resembles EC-derived MMRNL1 in polymerization and mobility (nonreduced and reduced)
(35, 304). However, recombinant MMRNL1 is functionally comparable to platelet-derived
MMRNL1 (37, 38, 304, 312, 513, 514, 526), and it is likely that EC- and platelet-derived

MMRNL1 are functionally similar, despite the differences in multimerization.

1.4.2 MMRNL1, the main FV/Va binding protein in platelets, and its functions in

coagulation

MMRNL1 co-localizes and forms a complex with FV in vivo, in the a-granules of

resting platelets (34, 524). MMRN1 supports physiologically relevant, high-affinity
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binding to FV and Va (respective affinity estimations, Kp: 2 and 7 x 10° M; (514)), and it
is estimated that the majority (> 98 %) of platelet F\V/Va is complexed with MMRNT1 in a-
granules (514). Consequently, MMRNL1 is likely the main binding protein for platelet-FV
(34, 513, 514, 524, 526), and like the relationship between VWF and FVIII (361, 362), it

is postulated that MMRNL is the in vivo carrier protein for FV (34, 304, 514, 524).

Affinity chromatography was used to initially demonstrate that MMRN1 non-
covalently interacts with the light chain, not the heavy chain of FV/Va (34), and later, it
was identified that ~25% of platelet-FV is covalently bound to MMRNZ1 via disulfide bonds
between the B domain of FV and MMRNL1 (34, 524). The B domain of FV is not essential
for MMRN1-FV binding, but it influences non-covalent MMRN1 binding to the
homologous C1 and C2 domains in the light chain of FV/Va (513, 514, 526). Mutations
and autoantibodies against the C2 domain of FVV/Va have deleterious effects on MMRN1
binding (526, 527); therefore, it is likely that this region contains the main binding site for
MMRN1. MMRNL1 is mapped to overlap with phosphatidylserine (PS) binding sites in the
C1 and C2 domains of FV/Va (513, 526), and regions within FV/Va C2 domain that are
necessary for the procoagulant function of FVa (513). However, MMRN1 does not
detectably impair FV/Va localization on PS because MMRNL1 also binds to phospholipids
invitro (513), and it is likely that MMRNL1 that is bound to PS supports FV/Va binding and
indirectly localizes FV/Va to the surface of activated platelets (513). MMRN1-FV
complexes are also functionally active and participate in thrombin generation in vitro (513,

514), although the addition of MMRN1 impairs FV activation by both FXa and low levels
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of thrombin (reflective of thrombin concentrations during the initial stages of TF-initiated
thrombin generation (514)). Delayed FVa generation (due to exogenous MMRNL1 (514))
consequently reduces prothrombinase activity and thrombin generation in vitro (514), and

MMRNL1 also reduces in vitro thrombin generation when added to pre-formed FVa (514).

1.4.3 MMRNL functions in platelet adhesion

MMRNL1 was initially discovered associated with the surface of activated platelets
(33), and since its initial discovery more than two decades ago (33), there is emerging
evidence that it has roles in supporting and enhancing platelet adhesive functions (37, 38,
312). MMRNL1 supports platelet adhesion by distinct molecular mechanisms that are
dependent on physiological shear rates and the plasma protein, VWF (37, 38, 312) (Table
3). The N-terminal RGD-integrin binding motif of MMRNL1 is also necessary for platelet

adhesion under specific flow conditions (38, 312) (Table 3).

56



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

Table 3: Platelet adhesive properties of MMRNL1 under varying vascular flow

conditions (38, 312).

Vascular

condition

Stasis No
(absence of
flow)
Venous No

shear rate
(150 s

Arterial Yes
shear rate
(1500 s‘l)

Platelet adhesion
flow Resting Activated

Yes

Yes

Yes

MMRN1
RGD

Dependent

Dependent
and
independent
Independent

57

Molecular mechanism requires:

Platelet VWF
receptors
anpPs and owfP3 No
avpz and GPIba, No
not a3
GPIba, Yes

not ouibP3 or avPs
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MMRN21 matrices support the adhesion of thrombin- and ADP-activated platelets
via platelet B3 integrin(s), under low shear rates (38, 312) (Table 3). However, activated GT
(Bz deficient (11)) platelets still support detectable, albeit significantly lower, adhesion to
MMRN1 (312), suggesting that platelets adhere to MMRNI1 via PBs-(in)dependent
mechanisms. Washed, resting platelets do not directly adhere to untreated MMRN1
matrices, demonstrating that the platelet receptors that bind MMRNL require activation (38,
312) (Table 3). MMRNL1 binds to PS in vitro (513), and it is possible that in addition to 33

integrins (312), MMRN1 might interact with PS on the surface of activated platelets.

Platelet GPIba participates in platelet adhesion to MMRN1 under low and high
physiological shear rates, but MMRN1 does not directly bind to GPIba (38) (Table 3). Itis
likely that another plasma or platelet protein (e.g., VWF) interacts with GPIba, and that
MMRNI1 indirectly supports GPIba-dependent platelet adhesion (38). This molecular
mechanism is like other vascular proteins that do not directly bind to GPIba (e.g., FG and
FN) (88, 99), although this platelet receptor is required for normal platelet recruitment and
adhesion, especially under high flow conditions (139). The main plasma GPIba-ligand,
VVWE, is essential for platelet adhesion to numerous vascular proteins at arterial shear rates
(24, 41, 88, 99), and is also crucial for platelet adhesion to MMRN1 under similar flow
conditions (38) (Table 3). Pretreating MMRN1 matrices with plasma levels of exogenous
VWEF supports GPIba-dependent platelet adhesion at arterial shear rates in vitro, which
does not require the N-terminal RGD motif in MMRNI1 or B3 integrin(s) on activated

platelets (38) (Table 3). Platelet activation is also not necessary for platelet adhesion to
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MMRN1 under these flow conditions, since MMRN1 surfaces capture shear-exposed VWF
to support the adhesion of resting platelets (38). Interestingly, plasma VWF does not
detectably bind to MMRN1 under conditions of no or low flow, as observed in static protein
binding assays and surface plasmon resonance (38). These findings suggest that shear
exposure may modulate VWF binding to MMRNL. In addition to plasma VWF, platelet
VWE likely also contributes to high shear platelet adhesion on MMRN1 matrices, as
activated platelets completely deficient of VWF (e.g., type 3 VWD platelets (8)) do not
adhere to untreated MMRN1 matrices (38). VWF is also required to support and enhance
in vitro platelet adhesion to subendothelial collagen types | and Il pretreated with

MMRNL1, under arterial flow conditions (38).

1.4.4 MMRNL1 deficiencies in inherited and acquired disease states

Platelet activation is crucial for normal haemostasis, and activation of platelets and
EC releases MMRNL1 onto these cells (34, 183), suggesting that MMRNL1 localizes to the
surface of these haemostatic cells to modulate events at sites of vascular injury. To date,
there are no human diseases associated with selective deletions at the MMRN1 locus (508).
Platelet MMRNL is deficient in several types of platelet disorders, including gray platelet
syndrome (GPS) and Quebec platelet disorder (QPD) (175, 525, 528-530). GPS is a mild
to moderate inherited bleeding disorder characterized by macrothrombocytopenia and the
absence of a-granules that gives platelets a gray appearance by light microscope (174, 175).

In GPS, the failure to retain megakaryocyte-synthesized a-granule proteins (including
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MMRN1) results in abnormal plasma levels of MMRN1 and MMRN1-FV complexes
(175). In QPD, the platelet MMRNZ1 deficiency has a different cause: QPD is a moderate
to severe, autosomal dominant bleeding disorder, associated with a duplication mutation of
the gene for urokinase plasminogen activator, PLAU (525, 528-533). In QPD, platelet
MMRNL1 and other platelet a-granule proteins are degraded by plasmin due to increased
expression and storage of urokinase plasminogen activator in megakaryocytes and platelets
(525, 528, 529, 531-533). Acquired defects in MMRNL1 regulation have been reported in
malignant disorders that may alter vascular homoeostasis (e.g. angiogenesis). MMRN1
expression has been suggested as a predictive biomarker of cancer prognosis (534), as its
elevated expression is detected in patients with ovarian carcinoma (535), non-small cell
lung cancer (536), and acute myelogenous leukaemia (534, 537). Additionally, reduced

expression of MMRNL is associated with anti-angiogenic chemotherapy (538).

1.4.5 Haemostatic functions of Mmrnl in mice with spontaneous tandem

deletion of genes for multimerin 1 and a-synuclein

The platelet adhesive, haemostatic functions of human and mouse multimerin 1
appear to be similar, as demonstrated by studies using mice with spontaneous tandem
deletions of the two adjacent genes for Mmrnl and a-synuclein (human abbreviation:
SNCA; mouse abbreviation: Snca) (37). In humans and mice, the chromosomal region that
includes the adjacent multimerin 1 and a-synuclein loci is hypothesized to be vulnerable to

recombination events (511, 539). Variations at the SNCA locus contributes to the etiology
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of several diseases, including the common neurodegenerative disorder, Parkinson’s disease
(PD) (511, 539-541). Mutations and deletions at the MMRNL1 locus and the associated
consequences have not been described (508). Assessing the functional consequences of a
deficiency of Mmrnl in mice might provide insights of the consequences of MMRN1
deficiency in humans. With this knowledge, new diagnostics and applicable therapeutics
could be derived due to a better understanding of the specific contributions of MMRNL1 to

haemostasis.,

The genetic instability at the Mmrn1 and Snca loci contributed to a spontaneous
deletion of this chromosomal region in an inbred strain of mice (C57BL/6JOlaHsd from
Harlan, Bicester, UK) (37, 511, 542, 543). C57BL/6JOlaHsd mice are missing ~ 365 kb of
chromosome 6 (without significant insertion of DNA at the deletion junction (511)), which
deletes the eight exons of Mmrnl and six exons of Snca (511). The phenotype of
C57BL/6JOlaHsd mice was initially assessed for the pathological consequences of Snca
loss on neuronal phenotypes (544), since a-synuclein, unlike MMRNL1 (509, 511, 512), is
expressed in the presynaptic terminals of neurons (511, 540, 541, 545). However, recent
studies on these mice looked at the effect of combined Mmrnl and Snca (referred to as
Mmrnl/Snca) loss on platelet function and platelet-dependent thrombus formation (37). In
mice, spontaneous tandem deletion of the Mmrnl1 and Snca genes does not alter fertility
nor does it result in an overt phenotype that reduced viability (37, 511, 543). However,
Mmrnl/Snca double deficient mice have reduced platelet adhesion, in vitro and in vivo, and

have prolonged vessel occlusion times in mesenteric arteries treated with ferric chloride,
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with unstable thrombus formation (37). Mmrnl/Snca double deficient mice also have
defects in several aspects of platelet function in vitro, including impaired platelet adhesion
to collagen (at an arterial shear rate) and reduced maximal aggregation in response to
thrombin and a selective PAR4 agonist (37). The addition of recombinant MMRN1, by
transfusion before ferric chloride-induced injury or the addition of MMRNL1 to in vitro
experiments, ameliorates the observed in vivo and in vitro defects in platelet haemostatic
functions in Mmrn1/Snca double-deficient mice (37). How much functional convergence
exists between human and mouse multimerin 1 is still unclear; however, this finding
suggests that selective knockout mice might provide insights on human MMRNL1 functions,
despite the differences between the human and murine forms of multimerin 1 (37, 508)

(Figure 3).

The concomitant loss of a-synuclein in Mmnr1/Snca double deficient mice likely
contributes to the phenotype of these mice, because the vasculature expresses both proteins
(509, 511, 546, 547). Exogenous a-synuclein inhibits thrombin-induced platelet a-granule
release and platelet activation, in vitro (540), without detectable effects on dense or
lysosomal granule release (540). Exogenous a-synuclein penetrates platelets and associates
with the membrane of a-granules to directly inhibit a-granule release (540, 546). The
inhibitory effect of a-synuclein on platelet response to thrombin in vitro (540) suggests that
the loss of the Snca locus, in mice, might result in abnormally accelerated platelet a-granule
release in response to agonist stimulation. This was observed in Mmrnl/Snca double

deficient platelets (measured by the increased detection of platelet granule protein, P-
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selectin on the platelet surface after activation with low thrombin concentrations) (37).
Functional studies have not assessed whether MMRNL1 alters platelet responses to
thrombin. Accelerated a-granule release due to Snca deficiency could be prothrombotic
because platelets store proteins that enhance platelet adhesive functions, such as VWF,
TSP1, FN, and FG. Thus, the analysis of Mmrn1 functions using Mmrn1/Snca deficient
mice could have underestimated the contributions of Mmrnl to platelet haemostatic
functions. Therefore, there is a need to directly address the effects of selective Mmrn1 loss

on platelet adhesive functions in mice.

1.5 THESIS HYPOTHESIS AND OBJECTIVES

1.5.1. Rationale

Activated platelets and vascular endothelium release two distinct massive
polymeric proteins, MMRN1 and VWF (35, 183, 508) with several interesting functional
similarities (38, 508, 509). Like VWF, MMRNL1 binds to subendothelial collagens (types I
and I11), and enhances platelet adhesion to collagen at a high shear rate by a mechanism
that requires both VWF and the platelet receptor, GPIba (38). As MMRN1 does not
detectably bind to GPlba, this suggests that MMRNL1 indirectly supports VWF-GPlba-
dependent platelet adhesion at a high shear rate by binding VWF (38). As shear exposed
VWEF localizes to MMRNZ1 matrices (38), this suggests that high shear exposes cryptic sites
within VWEF that are involved in MMRNL binding; however, the mechanism underlying

VWEF interactions with MMRNL1 has not been directly evaluated.
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Mice with spontaneous tandem loss of Mmrnl and Snca genes have defective
platelet function in vivo, characterized by reduced platelet adhesion, the formation of
unstable thrombi that readily dissociate, and prolonged vessel occlusion times in mesenteric
arteries treated with ferric chloride (37). Mmrnl/Snca double deficient mice also have
defective in vitro, platelet function, such as impaired platelet adhesion to collagen at high
shear and reduced maximal aggregation responses to thrombin and a selective PAR4
agonist (37). As SNCA inhibits platelet a-granule release in vitro (540), its loss in
Mmrnl/Snca deficient mice could explain the increased a-granule release of P-selectin at
low thrombin concentrations in the double-deficient compared to WT mice (37). As
increased o-granule release could be pro-thrombotic, the phenotypes observed in these
double deficient mice could have underestimated Mmrn1 contributions to platelet adhesive

hemostatic functions.

To further elucidate how platelets contribute to haemostasis and thrombosis, the
primary objective of my thesis was to assess the contributions of the platelet protein,
multimerin 1, to in vitro platelet functions, and to in vivo platelet-rich thrombus formation
in mice. The original research presented in the following chapters details the specific
hypotheses and research objectives that aimed to define the contributions of multimerin 1

to platelet haemostatic functions in vitro and in vivo.
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1.5.2 Hypotheses

1. MMRNL1 binds to the shear-sensitive A1A2A3 region of VWF (which is critical for
GPIba-dependent platelet adhesion), and this region of VWEF is required for platelet

adhesion to MMRN1 at high shear.

2. Mmrnl loss impairs platelet adhesion and platelet-mediated thrombus formation in

mice with a selective Mmrn1 deficiency.

1.5.3 Research objectives

To test these hypotheses, my specific research objectives were to:

1. Characterize the interaction between MMRN1 and VWF by evaluating:
i.  the roles of specific VWF domains in supporting binding to MMRNL1;
ii.  whether VWF binding to other ligands for VWF A1A2A3 (specifically
GPIba and collagen) alters interactions between VWF and MMRN1;
iii.  the binding affinity of VWF-MMRNL1 interactions; and
iv.  whether VWF A1A2A3 domains can support platelet adhesion to MMRN1,

at a high shear rate.
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2. Define the contributions of Mmrn1 to platelet adhesive functions in mice with a
selective Mmrn1 deficiency, by defining the consequences of Mmrn1 loss on:
I.  bleeding phenotype;
ii.  platelet aggregation, in vitro;
iii.  platelet adhesion at high shear, in vitro; and

iv.  platelet adhesion and thrombus formation, in vivo.
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CHAPTER 2: MATERIALS AND METHODS

21  MATERIALS

2.1.1 Reagents

Reagents and supplies included: CNBr-activated Sepharose™ 4B (GE Healthcare
Bio-Sciences AB, Uppsala Sweden); EZ-Link Sulfo-NHS-LC Biotin (spacer arm length
22.4 A; Pierce, Rockford, IL, USA); One Shot® Top10 Chemically Competent Escherichia
coli (Invitrogen Canada Inc., Burlington, ON, Canada); PureLink™ Hipure Plasmid
Midiprep Kit (Invitrogen Canada Inc.); Maxiprep Plasmid Kit (Qiagen Inc., Toronto, ON,
Canada); EcoRI (Fermentas, Burlington, ON, Canada); Hindlll (Promega, Madison, WI,
USA); Opti-MEM Reduced Serum® (Invitrogen Canada Inc.); Ultroser™ Serum
Substitute (Pall Canada Ltd, Mississauga, ON, Canada); Ni-NTA Agarose (Sigma-Aldrich
Canada, Oakville, ON, Canada); and bicinchoninic acid (BCA) assay (Thermo Scientific,

Waltham, MA, USA).

Other supplies and reagents included: microtitre plates (Costar® # 3695; Corning
Inc., Kennebunk, ME, USA); chromogenic substrate tetramethylbenzidine (TMB,
ALerCHEK, Inc. Colorburst™ Blue, Portland, ME, USA); 0.45 pm nitrocellulose
membrane (Whatman® Protran® Dassel, Germany); EMD Millipore Immobilon™
Western Chemiluminescent horseradish peroxidase (HRP) Substrate (Thermo Fisher

Scientific Inc., Mississauga, ON, Canada); Lipofectamine 2000® (Invitrogen Canada Inc.);
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ristocetin (American Biochemical & Pharmaceuticals Ltd., NJ, USA); dalteparin sodium
(Pfizer Canada Inc., Mississauga, ON, Canada); calcein acetoxymethyl ester (calcein-AM;
Invitrogen Canada Inc.); Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific Inc.);
Vena8Fluoro+ Biochips (Cellix, Dublin, Ireland); Accustart™ 11 GelTrack PCR SuperMix
(Quanta Biosciences, Beverly, MA, USA); ketamine (Ketaset, Wyeth, Guelph, ON);
xylazine (Rompun™, BayerDVM, Shawnee Mission, KS, USA); atropine (Arto-SA,
Rafter8, Calgary, AB, Canada); 3.2% sodium citrate (BD Biosciences); Heparin (Sandoz,
Boucherville, QC, Canada); Phe-Pro-Arg-chloromethylketone (PPACK;
Calbiochem/EMD, San Diego, CA, USA); polyethylene tubing (PE10; Becton Dickinson
and Company, Franklin Lakes, NJ, USA); and Zap-oglobin Il Lytic Reagent (Beckman

Coulter, Mississauga, ON, Canada).

Additional reagents from Sigma-Aldrich Canada included: 2-Mercaptoethanol (2-
ME); 3,3'-dihexyloxacarbocyanine iodide (DICOs); Extract-N-AMP™ Tissue Polymerase
Chain Reaction (PCR) Kit; prostaglandin E1 (PGE1); Prostacyclin (PGl»); apyrase; and
ethylenediaminetetraacetic acid (EDTA); Tween® 20 (P-20); and Triton X-100; Sepharose

2B; thrombin; PAR4 agonist (TRAP, AYPGKF-NH3); and ADP.

2.1.2 Antibody sources

Antibodies against MMRNL1 included: commercial rabbit polyclonal anti-Mmrn1,
sc-367225 (epitope in the C-terminal region of Mmrn1, residues 1051-1228; Santa Cruz
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Biotechnology, Inc., Dallas, TX, USA); in-house prepared murine monoclonal anti-
MMRNL1, JS-1 (epitope in the C-terminal region of MMRNZ1, residues 961-1139 (38, 509));

and in-house prepared rabbit polyclonal anti-MMRN1, P155 (175, 312).

Antibodies against VWF included: rabbit polyclonal anti-VWF, A0082 (Dako,
Glostrup, Denmark); HRP-conjugated rabbit polyclonal anti-VWF, P0226 (Dako); mouse
monoclonal anti-VWF, MCA4683 (functional inhibitor of VWF A1-GPIba binding (478,
479); AbD Serotec, Raleigh, NC, USA); and monoclonal anti-VWF, RU5 (functional

inhibitor of VWF A3-collagen binding (480); generously provided by Dr. P.G. de Groot).

Fluorescently-labelled antibodies against mouse platelet receptors included:
fluorescein isothiocyanate (FITC)-labelled anti-CD42b, (M040-1; Emfret Analytics GmbH
& Co. KG, Eibelstadt, Germany); phycoerythrin (PE)-labelled anti-CD61 and FITC-
labelled anti-CD29 (BD Biosciences, Mississauga, ON, Canada); and FITC-labelled anti-
CD62P and PE-labelled anti-activated CD41/CD61 (JON/A; Emfret Analytics GmbH &

Co. KG).

Other antibodies included: HRP-conjugated donkey anti-rabbit and donkey anti-
mouse immunoglobulin G (IgG; Jackson ImmunoResearch, West Grove, PA, USA);
normal mouse IgG (mIgG; Jackson ImmunoResearch); rabbit polyclonal anti- -actin (Cell
Signaling, Danvers, MA, USA); and FITC or PE-labelled isotype-matched, control

immunoglobulins (Emfret Analytics GmbH & Co. KG; BD Biosciences).
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2.1.3 Recombinant proteins

2.1.3.1 Recombinant MMRN1

WT recombinant MMRN1 from stably transfected human embryonic kidney (HEK)
293 cells (304, 312) was affinity purified from culture media using JS-1 conjugated to
CNBr-activated Sepharose (312). Biotin-labelled MMRN1 was prepared as described
(514), using a 20-fold molar excess of biotin. MMRN1 concentrations were determined by
an enzyme-linked immunosorbent assay (ELISA), as described (175, 312), using: JS-1 (5
pg/ml); P155 (1:2,000 dilution); and HRP-conjugated donkey anti-rabbit 1gG (1:1,000
dilution). Pooled, normal platelet lysate (prepared as described (525)), was used to quantify
recombinant MMRN1, with 1 unit (U) of MMRN1 defined as the amount in 10° pooled
normal platelets (524, 525), an amount previously shown to be equivalent to 18.5 pg of
recombinant MMRNL1 (524). Each preparation of purified MMRN1 was analysed for
acceptable purity (>95%) and appropriate mobility as follows: samples were denatured and
reduced using Laemmli sample buffer ((548); final: 2.5% 2-ME), followed by separation
on 6% polyacrylamide gels containing sodium dodecyl sulfate (SDS-PAGE; (312)) and
evaluations by silver staining (524), and immunoblotting after transfer to nitrocellulose
(549). Immunoblots were probed for MMRN1 with P155 (1:5,000 dilution), followed by

HRP-conjugated donkey anti-rabbit IgG (1:25,000 dilution).
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2.1.3.2 Recombinant VWF sources

VWEF mutant proteins that were tested for MMRN1 binding are depicted in Figure

4, and were generously provided by Drs. J.E. Sadler, P.G. de Groot, and E. Huizinga.

VWEF cDNA of domain deleted truncates inserted into a pSVH 1.1 vector (550)
were received from Dr. J.E. Sadler, and included: WT-VWF; and VWF lacking the
A1A2A3 residues 497-1111 of mature VWF (AA1A2A3). VWF plasmid DNA were
transformed into One Shot® Topl0 Chemically Competent E. coli (following
manufacture’s guidelines), isolated using Plasmid Midiprep and Maxiprep Kits (following
manufacture’s protocols), and were subsequently digested with EcoRI and Hindlll to
confirm truncate identity. Restriction digested DNA fragments were resolved on a 1%
agarose gel. Recombinant WT and VWF mutant protein were produced by HEK 293 cells
transiently transfected using Lipofectamine 2000® (following manufacture’s guidelines)

and 26 ug of isolated VWF plasmid DNA.

VWF mutants from Dr. P.G. de Groot were received as stably transfected baby
hamster kidney (BHK) 21 cells that overexpress furin (92, 474), and included: WT-VWF;
VWEF lacking the Al domain (AA1; 478-716 (94)); VWEF lacking the A2 domain (AAZ2;
729-910 (474)); VWF lacking the A3 domain (AA3; 911-1113 (92)); and a VWF protein

mutant possessing the ALA2A3 domains with a C-terminal Hexa-histidine tag (498-1111
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(551)). VWF mutant proteins lacked or possessed the indicated residues (in parentheses) of

mature VWF.

HEK 293 and BHK 21/furin cells that respectively transiently or stably expressed
VWEF protein mutants were similarly cultured in media free of serum by the use of Opti-
MEM Reduced Serum® or the addition of 1 % Ultroser™ Serum Substitute to culture
media (111). Collected conditioned media was treated with 1 mM benzamidine and 0.01%
sodium azide, and stored at -80°C until assayed. Recombinant VWF A1A2A3 expressed
by BHK 21/furin cells was purified from conditioned media using Ni-NTA Agarose

(following manufacture’s protocols).

The concentrations of WT-VWF and VWF mutant proteins were determined by a
sandwich ELISA (94), using: A0082 (1:600 dilution); P0226 (HRP-conjugated; 1:4000
dilution); and pooled, normal plasma (George King Bio-Medical Inc., Overland Park, KS,
USA) taken as containing 1 U/ml VWF (equivalent to ~ 10 pug/ml VWF). VWEF subunits
were resolved by reduced (final: 2.5% 2-ME) SDS-PAGE (4-6% polyacrylamide) followed
by immunoblotting with P0026 to assess the mobilities of WT-VWF and VWF mutant

proteins.

Purified monomeric VWF mutant proteins that were tested for MMRNL1 binding
(generously provided by Drs. P.G. de Groot and E. Huizinga) included: VWF Al domain

(498-705 (552)), VWF A2 domain (717-915 (553)) and VWF A3 domain (911-1113 (425)).
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The concentrations of provided purified monomeric VWF mutant proteins (including the
A1A2A3 protein mutant) were confirmed by BCA assay, with assessment for protein purity
and integrity by silver staining, as previously described in the methods of this thesis. VWF

mutant proteins possessed the indicated residues (in parentheses) of mature VWF.

Other sources of VWEF tested included: human plasma purified VWF (generously
provided by Dr. P.G. de Groot); and recombinant mouse VVwf (generously provided by Dr.
D. Lillicrap). Recombinant VVwf, received as conditioned media from stably transfected
HEK 293 cells (554, 555), was quantified as previously described, except that pooled
citrated (3.2% buffered sodium citrate, 1:9, v/v) platelet poor plasma from 8 week old, WT

(n = 25, mixed genders) C57BL/6 mice was used as the standard and was presumed to

contain 1 U/ml Vwf (554, 555).
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Figure 4: Recombinant VWF protein mutants used for screening MMRNL1 binding.
Mature VWF mutant proteins either lacked or possessed the indicated residues of mature
VWEF A domain(s). 13 N-linked and 10 O-linked glycans are respectively shown as closed
and open symbols.
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2.1.3.3 Other protein sources

Triple-helical type Il collagen peptides tested were provided by Dr. R. Farndale
(480) and included: VWE-binding peptide 111-23, GPC-(GPP)s-
GPOGPSGPRGQOGVMGFOGPKGNDGAO-(GPP)s-GPC-NHz; a smaller VWF-binding
peptide designated GPRGQOGVMGFO, GPC-(GPP)s-GPRGQOGVMGFO-(GPP)s-
GPC-NHz2; and negative control peptide GPP, GPC-(GPP)10-GPC-NH2, that does not bind
VWEF (480). All of these collagen peptides were verified to not bind to MMRN1 (data

included in this thesis).

Other proteins used included: Horm collagen (Nycomed Linz, Austria); and the

negative control protein, bovine serum albumin (BSA; Sigma-Aldrich Canada).

2.2. METHODS

2.2.1 Helsinki Declaration on human research

This study was performed with approval from McMaster University Research
Ethics Board (REB; REB# 01-268) and was conducted in accordance with the revised
Helsinki Declaration on human research. For platelet adhesion experiments, venipuncture
blood (5 — 30 ml) was collected after obtaining written informed consent from 3 healthy
individuals, and from an individual with type 3 VWD and undetectable plasma and platelet

VWF (8, 38)).
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2.2.2 VWF-MMRNL1 protein binding assays

2.2.2.1 Modified enzyme-linked immunosorbent assay (ELISA)

Modified ELISAs (38) were used to assess the ability of immobilized MMRN1
(microtitre plates incubated with 0.5 pg per well) to support the binding of: WT-VWF (0 —
0.2 ug per well), VWF lacking individual A domains (0.05 — 0.1 ug per well), and the
mutant protein VWF A1A2A3 (0 — 0.3 ug per well). WT-VWF and VWEF protein mutants
were tested: untreated; after pre-treatment with ristocetin (1 mg/ml); or after exposure to
shear on a mini vortex mixer for 20-30 seconds (2500 — 3200 rotations per minute (RPM);
VWR, Radnor, PA, USA) (556). Other assays were performed to assess the ability of
immobilized plasma purified VWF or VWF A1A2A3 (0.5 pg incubated per well) to support
MMRNL1 binding (0 — 0.4 pg per well). Microtitre plates were coated with the desired
proteins diluted in carbonate buffer (14.2 mM Na>COsz, 35 mM NaHCO3, pH 9.6) and
incubated overnight at 4°C, then plates were blocked with 2% BSA in HEPES-Tyrode
buffer (5 mM HEPES, 137 mM NacCl, 2 mM KCI, 0.3 mM NaH2PQO4,1 mM MgCl, 12 mM
NaHCOs, pH 7.4, supplemented with 2 mM CaCly) for 2 hours at room temperature, and
VWF-MMRNL1 binding was assessed after incubation for 2 hours at room temperature. For
all protein binding assays, purified test proteins were diluted in HEPES-Tyrode buffer
containing 2 mM CacCl,. VWF bound to immobilized MMRN1 was detected with P0226
(1: 4,000 dilution), and MMRN1 bound to immobilized VWF was detected with JS-1 (2

pg/ml), followed by HRP-conjugated donkey anti-mouse (1:1,000 dilution). Bound HRP-
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conjugated antibodies were detected using the chromogenic substrate TMB, and reaction
was stopped with 1 M H>SO4 before measuring the optical density (OD) at 450 nm on a
microplate reader (ELx808, with KC4 software version 3.4; Bio Tek Instruments,
Winooski, VT, USA) (38). The OD reading for the negative control (wells precoated with
BSA) was subtracted from the test reading to correct for nonspecific binding (~ 10% of the
OD reading for the positive control, WT-VWEF). Binding assays were done three times with

each sample, each tested in duplicate or triplicate.

For some assays, VWF binding to MMRN1 was assessed by the simultaneous
addition (without preincubation) of 2 ug/ml of an inhibitory antibody against VWF Al
domain (MCA4683 (478, 479)), A3 domain (RU5; (480)), or control migG. For other
experiments, VWF binding to MMRN1 was assessed by the simultaneous addition (without
preincubation) of 250 upg/ml of the VWF binding collagen peptides [11-23,
GPRGQOGVMGFO, or the control peptide, GPP. Inhibitory antibodies and peptides were
used at concentrations that were confirmed to inhibit VWF binding to GPIba and collagen

(480), respectively.

2.2.2.2 Surface plasmon resonance (SPR)

SPR was used to estimate the binding affinity of VWF for biotinylated MMRN1
that was immobilized onto streptavidin-coated sensorchips (GE Healthcare Canada,

Mississauga, ON, Canada) at levels ranging from 500 — 1000 resonance units (RU; 1000
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RU is equivalent to ~1 ng protein/mm? (514)). BlAcoreX instrument and software
(BIAcore, Uppsala, Sweden) was used to monitor the real-time association and dissociation
of VWF A domains (in HEPES-Tyrode-CaCl, buffer, with 0.005% P-20) to captured
biotinylated MMRNL1. The analytes, VWF A1A2A3, Al, A2, and A3 protein mutants, were
perfused at different contact times (2 — 10 minutes (min)) and injected at varying flow rates
(10 — 40 pl/min) to avoid mass transfer effects (557, 558). MMRNZ1 could not be tested as
the analyte in SPR experiments because fluid-phase MMRNL1 has high non-specific binding

to biochips and BIAcore instrument tubing (514).

Full-length VWF was previously noted to have varied and inconsistent binding to
MMRNL1 by SPR (38), likely because the shear rates are low during these experiments
(556). The polymeric nature of both VWF and MMRNL1 also confound affinity estimations
because of the erroneous measurements of avidity instead of affinity (559, 560).
Consequently, the binding affinities of MMRNL1 for VWF were defined by using VWF A
domain(s) mutant proteins, as described for other VWF ligands (310, 481, 482). VWF A
domain mutant proteins can also form polymers (444) due to interactions between VWF
Al and A2 domains (30, 444), but not the A3 domain (30). We controlled the self-
association of VWF A domain mutants by testing VWF A1A2A3 and Al at concentrations
well below those reported to induce self-association (< 500 nM; (31)). VWF mutant
proteins were tested at various concentrations (< 250 nM for Al; <25 nM for A1A2A3; <
2000 nM for A3). The baseline MMRNL1 surface was confirmed to be restored by a 30 — 60

second pulse (flow rate: 20 pl/min) with 1 M NaCl containing 50 mM NaOH (514). The
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MMRN1-VWEF binding to a negative control (surface treated with biotinylated albumin)
was subtracted to correct for changes in the bulk refractive index of buffers and nonspecific
binding of VWF A domain protein mutants (557). SPR experiments were repeated 2 or
more times for each analyte, using different preparations of biotinylated MMRN1 and VWF
A1A2A3. Data were analysed using recommended global curve-fitting procedures (561)
and binding affinities were determined using BIAEvaluation software (version 4.1) and
best-fit models for data (determined by visual inspection of residuals and Chi? values)
(514). The simplest model that fit the data were used to define the binding affinity (557,
558): the two state conformational model (Ko = (Kd1-kd2)/Ka1(Kd2+ka2)) was used for VWF
A1A2A3 and Al domain binding to MMRNL1; whereas the 1:1 Langmuir binding model

(Kb = kg/ka) was used for VWF A3 binding to MMRNL.

2.2.3 Human platelet preparation

Venipuncture blood was collected into low molecular weight heparin anticoagulant
(final concentration: 20 U/ml dalteparin sodium) to prepare calcein-labelled, washed
platelets for adhesion assays (38, 562). Platelet-rich plasma (PRP) was prepared by
centrifugation (120 x g for 10 min at room temperature; (38, 562)), followed by incubation
of the platelets with calcein-AM (2.5 ug/ml, 30 min at 37°C), centrifugation at 1,500 x g
for 10 min to remove plasma proteins, followed by two sequential washes in buffer
containing platelet activation inhibitors (36 mM citric acid, 103 mM NaCl, 5 mM glucose,

5 mM KCI, 1 mM MgCly, pH 6.5, with 0.1 U/ml apyrase and 1 uM PGE:) (38). Washed
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platelets were resuspended in HEPES-Tyrode buffer with 2 mM CacCl; (38). Red blood
cells (RBC) from the collected blood were washed in buffer containing 10 mM HEPES,
140 mM NaCl, 5 mM glucose, pH 7.4, with 0.1 U/ml apyrase (38), before being mixed

with platelet resuspensions (final: 300 x 10° platelets/ml; haematocrit 45%).

2.2.4 Invitro platelet adhesion to MMRNZ, under high shear (1, 500 s)

High shear (1500s?) platelet adhesion assays were performed to determine the
regions of VWF that are important for supporting platelet adhesion to MMRNL1.
Vena8Fluoro+ Biochips were precoated with MMRN1 or BSA (50 ug/ml, overnight at
4°C), blocked with 2% BSA in HEPES-Tyrode buffer (supplemented with 2 mM CaCly; 2
hours at room temperature), before pre-treatment with: VWF A1A2A3 (40 nM, estimated
based on a ~ 73 kDa monomer size (8)); WT-VWF (40 nM, positive control; estimated
based on a ~ 250 kDa monomer size (354, 374)); or buffer only as a negative control (0.2%
BSA in HEPES-Tyrode-CaCl> buffer). Pre-treatments were done by perfusing proteins at
a high shear rate (1500 s, 6 min), using Mirus™ 2.0 Nanopump (Cellix) and
VenaFluxAssay™ Software (Cellix). Subsequently, calcein-labelled platelets (in
reconstituted blood) were perfused at a high shear rate (1500 s, 3 min), before washing
unbound platelets from the surfaces using 0.2% BSA in HEPES-Tyrode supplemented with

2 mM CaClz and 1 U/ml heparin (750 s, 2 min).
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For some assays, MMRN1 precoated chambers were perfused with WT-VWF that
was preincubated (15 min at 37°C) with 20 pg/ml of MCA4683 (inhibitory antibody against

VWEF Al; (478, 479)) or control, mouse IgG.

Adherent platelets were quantified by endpoint analysis of 10 or more microscope
field images (acquired with 40 X objective), visualized with a Zeiss Axiovert 200 inverted
epifluorescence microscope and AXIOVISION software (Carl Zeiss Canada Ltd., Toronto,
ON, Canada) (38) with comparison of fluorescently labelled platelets (white) to
background (dark area with no adherent platelets). Data were reported as the percentage
(%) of an area (circle: 15 x 15 cm) that was covered by platelets (38). Platelet adhesion
assays were conducted at least two times with different protein preparations and control

donor samples.

2.2.5 Animal handling

This study met the regulations set by the Canadian Council of Animal Care, and
were performed with approval from McMaster University Animal Research Ethics Board
(Animal Utilization Protocol #13-02-02) and the Animal Care Committee (ACC) at St.
Michael’s Hospital (ACC #437). Mmrn1 mice were interbred and maintained at the animal
vivaria at: McMaster University Medical Centre; the Thrombosis and Arteriosclerosis
Research Institute in Hamilton; and St. Michael’s Hospital’s Keenan Research Centre.

Mmrnl mice were housed in specific pathogen-free facilities with a 12-hour dark-light
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cycle, and were kept in sterilized filter-top cages. Mmrn1 mice were fed, ad libitum, sterile
water and irradiated regular chow (18 % protein rodent diet; Teklad Global Diets, Madison,
WI, USA) or a breeder diet (19% protein extruded rodent diet; Teklad Global Diets),
whenever applicable. Studies on platelet function were conducted with gender-mixed, age-
matched, litermates (WT, Mmrn1**; Mmrn1”; and Mmrn1*"), and whenever possible,

researchers were blinded to mouse genotypes for experimental animals.

2.2.6 Generating mice with a selective Mmrn1 deficiency

Mmrnl knockout mice were generated by Dr. Subia Tasneem, as part of
collaborative studies between the laboratories of Drs. Bradley Doble and Catherine
Hayward, using mice possessing a Mmrnl “knockout first allele” (Mmrnl1™*  (563)
obtained from European Mutant Mouse Archive (EMMA), Neuherberg/Munich, Germany;
EM:05337; http://www.informatics.jax.org). Figure 5 details the strategy for generating

Mmrn1 deficient mice.
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Figure 5: Creating mice with a selective Mmrnl deficiency. Breeding schematic for
creating mice with a selective Mmrn1 deficiency, beginning with mice heterozygous for a
'knockout-first allele' ((563); shown as Mmrn1™"€ gllele). Mmrn1f™€allele possess a gene
trapped Mmrnl gene with: flippase recombinase target (FRT) sequences flanking an
internal ribosomal entry site (IRES):lacZ trapping cassette and a floxed (by loxP sites)
promoter-driven Neomycin (neo) cassette inserted into the second intron; and the third exon
(E3) flanked by loxP sites. FLPe-FRT and subsequent Cre-loxP site-specific recombination
created a null allele (Mmrn1) due to removal of cassettes and deletion of the third exon
(E3), which generated a frameshift mutation that produced a severely truncated gene
product possessing only E1-2. Primer pairs (P1 and P2) that were used to verify and
distinguish Mmrn1* and Mmrn1- alleles are shown.
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2.2.7 Genotyping Mmrn1l deficient mice

Genomic DNA was extracted from mouse tails (0.5 — 1 cm of distal tip) using
Extract-N-AMP™ Tissue PCR Kit as per the manufacture’s protocol, followed by PCR
using the oligonucleotide primers: forward (5’-TCTTTCTCTCCCTCTCACCCT-3"); and
reverse (5’-GGCTCCTTTCATTCACAGCC-3’). PCR fragments were resolved on a 2%
agarose gel. The respective size of the PCR products for mice of different genotypes were:
1038 base pairs (bp) for WT (Mmrn1**); 336 bp for homozygous null (Mmrn17); and 1038

bp and 336 bp for heterozygous (Mmrn1*") mice.

2.2.8 Mouse blood collection and cell count analysis

Whole blood was collected into citrate-anticoagulant (1:9, v/v) from anaesthetized
(125 pg/g ketamine; 12.5 pg/g xylazine; 0.25 pg/g atropine) Mmrnl mice by cannulating
the carotid artery (9). The right common carotid artery was exteriorized by blunt dissection,
permanently occluded inferior to bifurcation of carotid artery with a 5-0 silk surgical suture,
and temporarily occluded superior to bifurcation of brachiocephalic artery with an artery
clip, before subsequently cannulation using PE10 tubing. After removing the artery clip,
800-900 pl of arterial blood was collected into syringes pre-filled with 100-200 ul of

sodium citrate.
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Complete blood counts of collected samples were determined on an automatic
veterinarian cell counter (Hemavet 950FS, Drew Scientific Group, Waterbury, CT, USA)

and were corrected for dilution with anticoagulant.

2.2.9 Mouse platelet lysate and plasma preparation

Platelet lysate was prepared after isolating platelets from citrate-anticoagulated
whole blood (9, 562). Briefly, whole blood samples were centrifuged at 180 x g for 6
minutes at room temperature to obtain PRP, then inhibitors of platelet activation (0.5 uM
PGI, and 0.02 U/ml apyrase) were added (9). PRP samples were then centrifuged at 500 x
g for 6 minutes to pellet platelets, and the platelet pellet was washed twice with a modified
Tyrode buffer (20 mM HEPES, 134 mM NaCl, 0.34 mM Na;HPOQO4, 2.9 mM KCI, 12 mM
NaHCOs, 5 mM glucose, 0.35% (w/v) BSA, pH 7.0) containing inhibitors of platelet
activation (0.5 uM PGI> and 0.02 U/ml apyrase). Washed platelets were pelleted and lysed
(final: 1 x 10 platelets/ml) in TBS (20 mM Tris, 137 mM NaCl, pH 7.4) containing (final:

0.5% Triton X-100, 1X Halt™ Protease Inhibitor Cocktail and 5 mM EDTA) (564).

Platelet poor plasma (PPP) was harvested from 3.2% sodium citrate anticoagulated

whole blood (1:9, v/v) after centrifugation at 1,500 x g for 20 minutes, followed by a second

centrifugation at 10,000 x g for 5 minutes to ensure removal of platelets (37).
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2.2.10 Immunoblot analysis of mouse platelet and plasma proteins

Platelet lysates (2.5 pl of 100 platelets/ml) were separated by reduced SDS-PAGE
(5% polyacrylamide gels for Mmrnl and Vwf, 10% gels for B-actin) for immunoblot
analysis of Mmrn1 (sc-367225, 1:200) and Vwf (P0226, 1:2,500), with the B-actin (rabbit

anti- B-actin, 1:5,000) immunoblot used to verify equivalent sample loading.

2.2.11 Analysis of mouse Vwf levels in plasma and platelet lysates

Vwf levels in PPP and platelet lysate samples were quantified as previously
described in this thesis (refer to Section 2.1.3.2 Recombinant VWF sources) and elsewhere
(554, 555, 565), with the Vwf content of pooled plasma from WT, 8-12 weeks old, gender-

mixed littermates (n = 10) arbitrarily defined as 100% plasma Vwf.

2.2.12 Mouse tail transect bleeding model

6-8 weeks old gender-mixed mice (maintained on a thermal blanket, temperature:
37°C) were anaesthetized using ketamine-atropine-xylazine cocktail, as previously detailed
(9, 330), and the distal tip of the tail was transected at a constant diameter (1.5 mm) (329,
330, 566, 567). Transected tails were immediately immersed in isotonic saline (0.9% NaCl,
~40 ml) maintained at 37°C with a thermoblanket (330, 567). Bleeding time was recorded

for a maximum of 15 min (900 seconds), at which point tails were cauterized to prevent
86



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

further bleeding. RBC were lysed with 2 drops of Zap-oglobin Il Lytic Reagent (~70 pl in
1000 pl of blood/saline mixture) and the amount of blood loss was determined by
measuring the OD at 405 or 492 nm (depending on the volume of blood loss) (330, 566,
567). Blood loss (Mlbiood/Mlsaiine) Was determined using a standard curve from samples with
pre-defined volumes of blood, then the total blood loss (plbiod) Was determined by

considering the total volume of saline (mlsaine) Used in tail transect studies.

2.2.13 Invitro platelet aggregation by physiological agonists

Aggregation responses were assessed using PRP and gel-filtered platelets (GFP),
respectively adjusted to 2.5 x 10® platelets/ml using autologous and genotype, gender-
matched PPP, or PIPES buffer (37, 193). Each PRP (from 2% sodium citrate anticoagulated
whole blood (1:9, v/v)) and GFP sample for testing was prepared by pooling samples from
2-3 genotype-matched mice. GFP was prepared by using a Sepharose 2B chromatography
column equilibrated with PIPES buffer (5 mM PIPES, 137 mM NaCl, 4 mM KClI, 0.1%
glucose, pH 7.0) (37, 193). For aggregation responses to collagen or thrombin, platelet
suspensions were supplemented with 2 mM MgCl, or 1 mM CaCly, respectively as
described (139, 193, 307, 568, 569). Aggregation responses were monitored for 15-20 min
using a Chrono-Log aggregometer (set at 1000 RPM, 37°C), 250 ul of PRP or GFP, and a

panel of agonists that included: TRAP (500 uM, PRP only), thrombin (0.5 and 1.0 U/ml,

GFP), Horm collagen (5, 10 and 20 pg/ml, PRP and GFP) and ADP (10 and 20 uM, PRP
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only). 100% aggregation was set using PPP for PRP, and PIPES buffer for GFP samples

(37, 193).

2.2.14 Invitro platelet adhesion to collagen and VVwf, under high shear

Perfusion studies were performed using Vena8Fluoro+ Biochips (Cellix) precoated
with Horm collagen (100 pg/ml; (100)) or murine Vwf (10 U/ml; (98, 570)) to assess the

consequences of platelet Mmrn1 loss on platelet adhesion at a high shear rate (1500 s™).

Whole blood was collected in 93 uM PPACK for these perfusion studies, with an
additional 2 U/ml of heparin added for testing adhesion to collagen. Mouse platelets (> 5 x
108/ml for whole blood) were labelled by incubating whole blood with DIOCg (4 pM, 10
minutes at 37°C), and samples were perfused over pre-coated surfaces for 3 min, before
removal of unbound platelets by washing as previously described (37, 38, 571). Adherent
platelets (quantified as % area covered by platelets and the numbers of adherent platelets)
were estimated using microscope field images. Adhesion to collagen was estimated as
previously detailed in this thesis (refer to Section 2.2.4 In vitro platelet adhesion to
MMRNL1, under high shear (1, 500 s-1) and elsewhere (37). The adhesion of individual
resting platelets on VVwf surfaces are associated with smaller aggregates than on collagen
surfaces (570). Therefore, adhesion of resting platelets (in whole blood) to Vwf was
estimated by analyzing the entire chamber at 20X magnification (w: 1300; h: 860). As

described in this thesis (refer to Section 2.2.4 In vitro platelet adhesion to MMRNL1, under
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high shear (1, 500 s-1) and elsewhere (37, 38, 571), threshold settings were standardized
with fluorescently labelled platelets (white), relative to a dark background (area with no

adherent platelets).

2.2.15 Surface expression of receptors on resting and thrombin-activated platelets

Resting washed mouse platelets for flow cytometry were prepared from heparinized
(final concentration: 4 U/ml) blood as described (9). Washed platelets were prepared as
described in this thesis (refer to Section 2.2.9 Mouse platelet lysate and plasma
preparation), and were then resuspended in Tyrode buffer which was then supplemented
with 1 mM CacCl; (final) before quantifying surface expression of the following proteins
by flow cytometry: GPIba (anti-CD42b, M040-1, Emfret Analytics GmbH & Co. KG);
anpPaz (anti-CD61,BD Biosciences); and o2p:1 (anti-CD29; BD Biosciences). Antibodies (5
pul M040-1; 1 pl BD antibodies, and 5 or 1 pl isotype controls) were incubated with 26 or

100 pl resting platelets (108 platelets/ml) for 15 — 30 min at room temperature (9, 37).

For assessing markers of platelet activation, washed mouse platelets were
resuspended in Tyrode buffer supplemented with 1 mM CaCl,, then activated with
thrombin (0 — 96.4 mU/ml; 15 min at room temperature) before evaluating activation-
induced changes in anfBs (anti-CD41/CD61; JON/A, Emfret Analytics GmbH & Co. KG)
and platelet surface expression of P-selectin (anti-CD62P; Emfret Analytics GmbH & Co.

KG). 2.5 pl of each antibody was simultaneously incubated with thrombin-stimulated
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platelets (final: 10° platelets in 26 pl) for 15 min at room temperature (9). Platelets were
fixed with 1% formaldehyde as described (9), and labelled platelets (in fixate) were
immediately evaluated by flow cytometry (total: 10* events; mean fluorescent intensities,
MFI, quantified as medians) on a BD FACSCalibur instrument, using previously
established instrument settings (9), with comparison to isotype control antibodies,

whenever possible.

2.2.16 Intravital microscopy — ferric chloride injury model

Intravital microscopy was performed collaboratively with Dr. Y. Wang, in the
research laboratory of Dr. H. Ni, to evaluate in vivo platelet adhesion and thrombus
formation in mesenteric arterioles treated with ferric chloride (37, 49, 218). | genotyped ear
clippings from experimental animals, and Dr. Wang prepared GFP from genotype-
matched, gender-mixed donor mice as described in this thesis (refer to Section 2.2.13 In
vitro platelet aggregation by physiological agonists) and elsewhere (37, 193). GFP were
fluorescently labelled with calcein-AM (1 pg/mL for 30-60 min at 37°C) for injection into
the tail vein of 3-4 weeks old genotyped-matched mice, whose mesenteric vascular bed was
exteriorized for intravital microscopy through a midline abdominal incision (37). A single
arteriole was chosen for analysis, based on vessel diameter (~ 80 — 120 um), shear rate
(~1500 s1) and vessel exposure (free of adipose tissue) (37). Dr. Wang induced thrombus
formation by superfusion of 30 puL of 250 mM ferric chloride onto the target vessel, and

recorded using a Zeiss Axiovert 135-inverted fluorescent microscope (Zeiss Oberkochen,
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Germany). Thrombus formation was collaboratively assessed by myself and Dr. Wang, by
analysis of: 1) number of fluorescently labelled platelets deposited on the vessel wall 5-7
min after initiation of ferric chloride injury; 2) time required for the formation of the first
20 um thrombus; and 3) vessel occlusion time, defined as the complete cessation of blood

flow for at least 10 seconds (37).

2.3  STATISTICAL ANALYSIS

Data from protein binding assays was reported as the mean (with non-specific
binding subtracted) + standard deviation (SD) for representative experiments, unless

otherwise stated.

Data from animal studies were reported as mean + standard error of the mean
(SEM), unless data failed to pass normality tests (p < 0.05, Shapiro-Wilk or D'Agostino-
Pearson Omnibus Normality test; GraphPad Prism 6, La Jolla, CA, USA), in which case
non-parametric data were expressed as the median, range (min-max). Typically, 5 or more
mice were tested, per genotype, as this sample size is the accepted minimum to obtain

statistical significance with a minimum of 80% power.

Comparative data with two groups were evaluated by an unpaired two-tailed

Student’s t test or Mann-Whitney test (for non-parametric data). Comparative data for three
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or more groups were evaluated by one-way analysis of variance (ANOVA) or Kruskal-

Wallis test (for non-parametric data), followed by post hoc analyses (GraphPad Prism 6).

Best-fit, nonlinear, stimulation four parameter curves were generated to analyze the
surface expression of receptors on thrombin-activated platelets. MFI were plotted relative
to thrombin concentrations (log, mU/ml), assuming a bottom of O because MFI of resting
platelets were subtracted (9). Data were analyzed with the null hypothesis that the other 3
parameters (top of curve, logeC50 and hill/slope) are similar for each genotype compared
if the extra sum of squares F test was p > 0.05, generating a single curve for the different
genotypes (9). Alternatively, if the F test was p < 0.05, separate curves were generated for

each genotype compared (9).
Proportional data were analyzed using the Fisher’s exact test when two groups were
compared, or the Chi? test when three groups were compared (i.e., observed versus

expected Mendelian ratios for litters of heterozygous mice; (572)).

For all statistical analyses, p values < 0.05 were considered statistically significant.

92



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

CHAPTER 3: RESULTS

The following chapter details the findings from studies that aimed to: 1) define the
MMRNL1 binding region in the shear-sensitive protein, VWF; 2) gain insights on the
molecular mechanisms of platelet adhesion to MMRNL1 at high shear; and 3) define Mmrn1
contributions to platelet adhesive, haemostatic functions in mice with selective Mmrnl

deficiency.

The data displayed in sections 3.1 and 3.2 of this chapter were previously published
(571) and are reproduced with permission from Thrombosis and Haemostasis. The senior
author of this manuscript is Dr. Catherine P.M. Hayward. Dr. Hayward supervised the study
design, experimental work and writing of the manuscript. | contributed to the study design,
experimental work, data analysis, and manuscript writing. Dr. Subia Tasneem contributed
to the study design, provided guidance with data interpretation, manuscript writing, and
provided technical guidance. Drs. Richard W. Farndale and Dominique Bihan created and
provided triple-helical type Il collagen peptides for these studies, guidance with data
interpretation, and helped with writing the manuscript. Drs. J. Evan Sadler, Philip G. de
Groot, Eric G. Huizinga, and Ms. Silvie Sebastian provided important VWF mutant
proteins and inhibitory antibodies for these studies, guidance with data interpretation, and
helped with writing the manuscript. Dr. Lisa A. Westfield and Mrs. Nola Fuller provided

technical guidance.
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3.1 MECHANISM OF VWF BINDING TO MMRN1

As VWF binds to MMRN1 matrices and is required for platelet adhesion to
MMRNL1 under high shear (38), | explored the mechanisms of VWF-MMRNL1 binding, and
the need for fluid shear to modulate this binding interaction. In modified ELISA, WT-VWF
exposed to shear or ristocetin (which mimics the effects of shear (457)) showed more
binding to MMRNL1 than untreated VWF (p < 0.05, Figure 6A). The binding of ristocetin
or shear exposed WT-VWF to MMRN1 matrices was also saturable and concentration-
dependent (Figure 6A), unlike the inconsistent and often undetectable binding of untreated
VWE. Immobilized VWF also supported concentration-dependent and saturable MMRN1

binding (p < 0.001, relative to negative control, BSA surface; Figure 6B).
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Figure 6: VWF-MMRNL1 binding curves, in modified ELISA. A) Binding of untreated
(open circles, solid line), shear-exposed (closed circles, solid line) and ristocetin-treated
(closed circles, dashed line) WT-VWF to immobilized MMRNL. * indicates different from
untreated VWF (p < 0.05). B) Binding of MMRN1 to immobilized WT-VWF (closed
circles) and to the negative control protein BSA (open circles) were compared. * indicates
different (p < 0.001) from BSA coated surfaces. Binding data shown were representative
of 3 separate experiments, expressed as the mean OD 450 nm * SD. Reproduced with
permission from Thrombosis and Haemostasis 2016. 116(1): 87-95.
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As the functions of the VWF A domains are known to be influenced by shear (24,
29, 152, 363, 446, 448, 471), | next evaluated the mechanism of VWF binding to MMRN1

using mutated VWF constructs, which were expressed in vitro.

VWEF mutant proteins lacking all A domains (AA1A2A3) showed impaired binding
to MMRN1 (p < 0.01, relative to WT-VWF), as did VWF mutant proteins lacking the Al
(AAL) or A3 domains (AA3) (p < 0.01, relative to WT-VWF) (Figure 7A). However, the
VWE construct lacking the A2 domain (AA2) showed binding to MMRN1 that was

indistinguishable from WT-VWF (Figure 7A).

Further analyses were done to determine if monoclonal antibodies and peptides that
bind to VWF Al or A3 domain inhibited VWF-MMRN1 binding. In modified ELISA, WT-
VWEF binding to immobilized MMRN1 was reduced (~55% reduction) by monoclonal
antibodies that inhibit ristocetin-induced VWF Al domain binding to GPIbo. (MCA4683)
or VWF A3 domain binding to collagen (RU5) (p < 0.05, relative to VWEF alone; Figure
7B-C), whereas mlgG had no effect. VWF binding to MMRN1 was inhibited by type 1lI
collagen peptides 111-23 (sequence: GPOGPSGPRGQOGVMGFOGPKGNDGAO) and by
the smaller peptide GPRGQOGVMGFO that binds to the A3 region of VWF (~70%
reduction; p < 0.01, relative to VWF alone), but not by the control collagen peptide GPP

(Figure 7D).
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Figure 7: Binding of WT-VWF and VWF mutant proteins to immobilized MMRN1,
with or without functional inhibitors, in modified ELISA. A) The binding of 0.5 ug/ml
shear-exposed WT-VWF, and VWF mutant proteins lacking all or one A domain
(AALA2A3, AAL, AA2, AA3), to MMRNL. * indicate reduced binding (p < 0.01), relative
to WT-VWEF. B) Effect of MCA4683 (2 ug/ml, a VWF Al domain antibody that inhibits
GPlba binding (478, 479)) or negative control migG (2 pg/ml) on VWF-MMRNL1 binding
in the presence of ristocetin. * indicates reduced (p < 0.05), relative to WT-VWF without
inhibitory antibody. C) Effect of RU5 (2 ng/ml) a VWF A3 domain antibody that inhibits
collagen binding (480), and migG (2 ug/ml; negative control) on VWF-MMRNL1 binding
is compared. * indicates reduced binding (p < 0.05), relative to WT-VWF without
inhibitory antibody. D) Effect of type I1l collagen peptides that bind to VWF A3 domain
(1-23: GPOGPSGPRGQOGVMGFOGPKGNDGAO, and GPRGQOGVMGFO (480))
and the negative control peptide, GPP, on VWF-MMRNL1 binding. * indicates reduced, (p
< 0.01), relative to WT-VWEF without inhibitory peptide. Panels show representative (D;
expressed as the mean OD 450 nm + SD) or pooled (A-C; expressed as the mean OD 450
nm + SEM) data for 3 separate independent experiments. Reproduced with permission from
Thrombosis and Haemostasis 2016. 116(1): 87-95.
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Next, the mechanism of VWF binding to MMRN1 was further explored using VWF
domain peptides. In modified ELISA, VWF A1A2A3 (tested without exposure to shear or
ristocetin) showed saturable, concentration-dependent binding to immobilized MMRNL (p
<0.001, relative to BSA coated surfaces; Figure 8A) whereas the individual VWF Al, A2,

and A3 domains showed inconsistent binding to immobilized MMRNL.

Next, SPR was performed to further assess for stable and/or transient binding of
individual A domains to MMRNZ1, and to compare the association and dissociation profiles
(Figure 8B). In SPR experiments, the Al, A3, and A1A2A3 domains showed binding to
MMRNZ1, unlike the A2 domain (Figure 8B). VWF A1A2A3 binding to MMRN1 showed
some features of VWF Al domain and A3 domain binding to MMRNL1 (Figure 8B). Like
VWEF Al domain, VWF A1A2A3 showed rapid initial association to MMRN1, followed
by an initial rapid dissociation from MMRN1 (Figure 8B). This was then followed by a
second slower phase of dissociation that resembled dissociation of the VWF A3 domain
from MMRNL1, as well as the later phase of VWF Al domain dissociation from MMRN1
(Figure 8B). VWF A3 domain showed apparently slower association and dissociation from

MMRN1 than the Al and ALA2A3 protein mutants (Figure 8B).
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Figure 8: VWF A domain binding to MMRNL1, in modified ELISA and SPR. A)
Binding of VWF A1A2A3 to immobilized MMRNL1 (closed circles) is compared to the
negative control protein BSA (open circles). * indicates different (p < 0.001) from BSA.
Panel B shows a representative plot of the association and dissociation profiles for VWF:
Al1A2A3 (25 nM); and Al, A2, and A3 domain (250 nM) binding to MMRN1-coated
sensor chips (~1000 RU immobilized MMRNL1). Binding data shown were representative
of 2-3 separate experiments, with ELISA data expressed as the mean OD 450 nm + SD.
Reproduced with permission from Thrombosis and Haemostasis 2016. 116(1): 87-95.
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SPR findings were further evaluated to assess VWF-MMRNL1 binding. Table 4
summarizes the binding kinetic estimations for the binding of VWF A1A2A3, Al, and A3

domains to MMRN1.

SPR analyses indicated that VWF Al, A3 and A1A2A3 binding to immobilized
MMRN1 was concentration-dependent (Figure 9A-C). The binding of VWF A1A2A3 and
the A1 domain to MMRN1 showed best fit (Chi2: 2.32 - 9.34) to a two-state, conformational
change binding model (A+L <> AL <> AL*), where A (analyte: A1A2A3 or Al) and L
(Ligand: MMRN1) form two stable complexes (AL and AL*). The binding of VWF A3
domain to MMRN1 showed best fit (Chi?: 1.07 — 3.19) to a simple 1:1 Langmuir binding

model (A+L <> AL).

VWF A1A2A3 had higher apparent affinity (represented by a lower Kp) for
MMRN1 (Kp: 2.0 + 0.4 x 10° M) than the VWF Al domain (Kp: 39.3 *+ 7.7 X
10°M, p < 0.01). VWF A1A2A3 (Kai: 2.6 + 0.9 x 106 M's%; kap: 4.2 + 0.3 x 10°3s?) and
VWF Al domain (Ka: 1.2 + 0.8 x 10°M™s™; ke: 1.0 + 0.5 x 102 s) had similar on-rates
for binding to MMRNL1 (respectively: p = 0.35 and 0.28). VWF A1A2A3 had a slower
initial off-rate (kg1: 2.7 = 0.3 x 102 s) than the VWF Al domain (kg1: 1.3 +0.2 x 10 s7,
p <0.01). A second slower phase of the dissociation was evident with both VWF A1A2A3
and the VWF A1 domain (respectively: Ka2: 1.1 + 0.5 x 102 s vs kgo: 3.2 £ 2.1 x 103 572,

p =0.31).
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Compared to VWF A1A2A3, the VWF A3 domain bound to MMRN1 with a
relatively low affinity (represented by a high Kp: 229 + 114 x 10° M), and with slow on-

rates (Ka: 8.8 + 2.1 x 10°Ms?) and slow off-rates (kq: 1.8 + 0.5 x 10 s).
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Figure 9: Real-time association and dissociation curves for VWF A domains binding
to MMRN1, evaluated by SPR. Panels A, B, and C show SPR sensorgrams for the real-
time binding of different analytes (tested at analyte concentrations: nM, top to bottom) to
MMRN1-coated sensor chips (data for chips with ~1000 RU immobilized MMRNL1 are
shown): A) VWF A1A2A3: 25, 18.8, 9.4, 4.7 and 3.1; B) VWF Al domain: 250, 125, 62.5,
31.3 and 15.6; and C) VWF A3 domain: 2000, 1000, 500 and 250. All data shown were
representative of 2-3 experiments. Reproduced with permission from Thrombosis and
Haemostasis 2016. 116(1): 87-95.
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Table 4: Binding Kkinetic estimations for the binding between VWF A1A2A3, Al, and
A3 binding to MMRNL1, as measured by SPR. Reproduced with permission from
Thrombosis and Haemostasis 2016. 116(1): 87-95.

VWF  Binding  Estimated Estimated _ Estimated
i association rate dissociation rate
Analyte model affinity
constant constant
Ka1: 2.6 £ 0.9 Kg1: 2.7 £ 0.3
Kp:2.0+0.4 x 105 M1s1 x 1021
AIA2A3  2-State X 10° M Ke: 4.2+ 0.3 Kep: 1.1+ 05
x 1031 x 1031
Ka1:1.2+0.8 Kg1: 1.3+0.2
Kp:39.3+7.7 x 105 M1s1 x 1011
Al 2-State x 10° M Kez: 1.0+ 0.5 Kp: 3.2 2.1
x 10251 x 1031
A3 1:1 Kp: 229 + 114 ka: 8.8+2.1 ke: 1.8+ 0.5
Langmuir x10°M x 103 M1st x 103 st
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3.2 EFFECT OF VWF A DOMAINS ON PLATELET ADHESION TO MMRN1, AT

HIGH SHEAR (1500 S?)

The ELISA and SPR findings led me to investigate the interactions between VWF
and MMRNL1 at high shear. MMRNL1 surfaces that were treated with WT-VWF supported
more adhesion of resting control platelets than MMRNL1 surfaces pre-treated with negative
control BSA (p < 0.001). This enhancing effect of WT-VWF on platelet adhesion to
MMRN1 was abrogated by an inhibitory antibody MCA4683, that blocks VWF A1-GPlba
binding (478, 479) (p < 0.001) (Figure 10); unlike mlgG (which was tested as a negative
control), MCA4683 reduced platelet adhesion down to the level seen with MMRN1

surfaces pre-treated with the negative control, BSA (Figure 10).
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Figure 10: Effect of inhibitory antibodies on the ability of VWF to support high shear
platelet adhesion to immobilized MMRNL1. The adhesion of platelets (expressed as mean
+ SEM for the percentage, %, area covered by platelets) in reconstituted blood (final:
platelets: 300 x 10%/ml; haematocrit: 45%) to immobilized MMRN1 was tested at a shear
rate of 1500 s™ after pre-treatment with: WT-VWF (40 nM, positive control); WT-VWF +
MCA4683 (20 pg/mL, inhibits VWF-GPlba binding); BSA (negative control); or WT-
VWF + mlgG (20 pg/mL, negative control). Reduced platelet adhesion to MMRNL1 is
indicated (*; p < 0.001, relative to MMRN1 pre-treated with WT-VWF alone). Data shown
were representative of 2-3 independent experiments. Reproduced with permission from
Thrombosis and Haemostasis 2016. 116(1): 87-95.
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My next set of experiments were designed to test if VWF A1A2A3 could enhance
platelet adhesion to MMRNL1, like WT-VWEF. This testing was done with platelets from
healthy controls and from an individual with VWD (lacking platelet and plasma VWF), as
platelet-released VWEF is known to aid platelet adhesion at high shear (309). MMRN1
surfaces that were pre-treated with equimolar (40 x 10° M) amounts of WT-VWF or VWF
A1A2A3 supported the adhesion of both control and type 3 VWD platelets, better than
MMRNL1 surfaces that were pretreated with BSA (p < 0.001, Figure 11). BSA-coated
surfaces that were similarly pre-treated with VWF A1A2A3, supported < 5 % of the platelet
adhesion observed with VWF A1A2A3-treated MMRNL1 surfaces, confirming that the

enhancing effects of VWF A1A2A3 on platelet adhesion reflected attachment to MMRNL1.
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Figure 11: Effect of VWF A1A2A3 on platelet adhesion to MMRNL1, under high shear
(1500s?1). The adhesion (expressed as mean + SEM for the percentage, %, area covered by
platelets) of control (CTL) and type 3 VWD reconstituted blood (platelets: 300 x 10%/ml;
haematocrit: 45%) to immobilized MMRN1, tested at a shear rate of 1500 s after pre-
treatment with: BSA (negative control); VWF A1A2A3 (40 nM); or WT-VWF (40 nM,;
positive control). A) Pre-treatments that increased platelet adhesion to MMRNL1 are
indicated (*; p < 0.001, relative to MMRNL1 pre-treated with BSA). B) Representative
microscope field images comparing the adhesion of control (CTL) and type 3 VWD
platelets (white) to MMRN1 and BSA-coated surfaces (black background) that were pre-
treated with BSA or VWF A1A2A3 (40 nM). Data shown were representative of 2-3
independent experiments. Reproduced with permission from Thrombosis and Haemostasis
2016. 116(1): 87-95.
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3.3  ANALYSES OF MULTIMERIN 1 DEFICIENT MICE

Deficiencies in the MMRNL1 gene and the pathogenic consequences on vascular
biology are largely uncharacterized (175, 525, 528). As a result, | further evaluated the
platelet adhesive functions of multimerin 1 by exploring the consequences of a selective

Mmrnl loss, in mice.

Genomic DNA analysis of Mmrn1”- and Mmrn1*- mice (Figure 12A-B) confirmed
the deletion of the exon 3 in the Mmrnl gene, which resulted in the desired null genotype
for the Mmrnl deficient mice (refer to Figure 5 in the Material and Methods Chapter).
Mmrn1” mice were viable and fertile, and Mmrn1*"- mice reproduced with expected
Mendelian frequency (p = 0.88). Mmrn1” and Mmrn1*"- mice also had normal blood cell
counts, compared to WT mice: platelets (values in 10%/ml: WT, 523 + 73; Mmrn1™", 617 +
66; Mmrn1*-, 684 + 79; p = 0.32; Figure 13A); white blood cells (values in 108/ml: WT,
7.0 = 1.0; Mmrn1™, 5.6 + 0.9; Mmrn1*", 4.4 + 0.8; p = 0.18; Figure 13B); and red blood
cells (values in 10%ml: WT, 7.8 £ 0.3; Mmrn1™”, 7.6 + 0.2; Mmrn1*", 8.7 + 0.3; p > 0.05;
Figure 13C). Mmnr1’ mice also did not show any overt morphological abnormalities or

phenotype.
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Figure 12: Generation of mice with a selective Mmrn1 deficiency. Mice with a selective
Mmrnl deficiency were generated that lacked the third exon (E3), which generates a
frameshift mutation that is predicted to yield a severely truncated gene product, possessing
only E1-2. Panel A shows primer pairs (P1 and P2) that were used to verify and distinguish
Mmrnl® and Mmrn1- alleles. Panel B shows resolved PCR fragments from genotyping
using P1 and P2 that verified genotypes for: wild type (WT, Mmrn1**; 1038 base pair (bp)
PCR product), Mmrn1” (336 bp PCR product), and Mmrn1*- (336 and 1038 bp PCR
products) mice.
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Figure 13: Blood cell counts of WT, Mmrn1”- and Mmrn1*- mice, assessed using an
automated veterinarian cell counter. Blood cell counts (mean depicted by a solid line)
were obtained for blood anticoagulated with sodium citrate (1:9, v/v) from WT (closed
circles), Mmrn1” (open circles), and Mmrn1*" (half-closed circles) mice (n = 8) for:
platelets (A); white blood cells (B); and red blood cells (C).
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3.3.1 Mouse plasma and platelet protein content

To confirm the loss of Mmrnl in mouse platelets, Western blot analysis of reduced
platelet lysate samples indicated that Mmrn1 subunits were detectable in platelets from WT
and Mmrn1*"-mice, but not Mmrn1”- mice (Figure 14). In WT and Mmrn1*" mice, reduced
Mmrnl migrated as two distinct bands, with reduced mobilities > 155 kD (Figure 15). Like
MMRNL1 in human platelets (33, 183, 507, 508), the reduced mobilities of Mmrn1 in mouse
platelets are likely suggestive of differential processing of polypeptide subunits (Figure

14).

Next, | investigated if the loss of platelet MMRNL alters the levels of VWF in
platelets and plasma. ELISA and Western blot analysis indicated that platelets from WT
and Mmrn1” mice contained similar amounts of Vwf (WT: 100 + 10% vs Mmrn1™: 103 +
16%; p = 0.89,) as did Mmrn1*" mice (106 + 15%, p = 0.74, relative to WT) (Figure 15C-
D). WT and Mmrn1” plasma also contained similar amounts of Vwf (WT: 100 + 7 % vs
Mmrnl”: 108 + 6 %; p = 0.41), as did Mmrn1*" mice (95 + 8 %, p = 0.67) (Figure 15A-

B).
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Figure 14: Western blot analysis of reduced Mmrnl in platelet lysates from WT,
Mmrnl”, and Mmrnl*- mice. A representative immunoblot is shown, comparing
proteins in 2.5 pl of platelet lysate, prepared at a concentration of 1 x 10'° platelets/ml).
The lower portion of the gel was probed for 3-actin to confirm sample loading.
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Figure 15: Vwf levels in plasma and platelet lysate samples from WT, Mmrn1” and
Mmrn1*- mice. Vwf levels were measured by ELISA (solid lines show means; results
shown as % of the corresponding WT sample) from: A) citrated plasma (1:9, v/v) samples
(n =10, per genotype); and C) platelet lysate (1 x 10%/ml) samples (n = 6 — 7, per genotype).
Symbols indicate: Mmr17: open circles; and Mmrn1*": half-closed circles; WT: closed
circles. Panels B and D show representative images of immunoblot detection of Vwf in
plasma (2.5 pl of citrated plasma, (B)) and platelet lysate (2.5 pl from 1 x 10%ml, (D))
samples from WT, Mmrn1™, and Mmrn1*- mice. Protein loading for platelet samples was
confirmed by Western blot analysis for f-actin (D).
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3.4 EFFECT OF MMRN1 DEFICIENCY ON BLEEDING TIMES

Bleeding times were evaluated to determine if Mmrnl deficiency altered either the
amount or duration of bleeding with tail transection. The proportion of WT and Mmrnl
deficient mice that bled for more than 600 sec, the typical time allotted for measuring
duration of bleeding in a mouse tail transection model (37, 144, 328), was not significantly
different (WT: 1 out of 22 (0.05 %); Mmrn1™: 6 out of 22 (~27 %); p = 0.09) (Figure 16A)
Moreover, complete loss of Mmrnl did not significantly prolong bleeding times after tail
transection compared to WT mice (values in sec: WT, 300, 60-900; Mmrn1”, 330, 90-900;
p =0.07, Figure 16A), nor did it increase total blood loss after tail transection (values in pl:
WT, 60, 0-570; Mmrn1”-, 65, 10-1120; p = 0.21, Figure 16B). Similar results were reported
for Mmrn1*"- mice, relative to WT mice (Mmrn1*": 6 out of 22 (~27 %), p = 0.09, Figure
16A; bleeding time in sec: Mmrn1*": 225, 60-900, p = 0.60, Figure 16A; total blood loss in

ul: Mmrn1*: 15, 0-500, p = 0.09, Figure 16B).
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Figure 16: Duration and total blood loss following tail transection for WT, Mmrn1”
and Mmrn1*- mice. Panels show data (medians depicted by solid lines) for WT (closed
circles), Mmrn1” (open circles), and Mmrn1*" (half-closed circles) mice (n = 22) for: (A)
bleeding times (sec); and (B) total blood loss (ul) following transection of the distal tip of
the tail.

115



Ph.D. Thesis — D.N. Parker; McMaster University — Medical Sciences.

3.5 IN VITRO PLATELET AGGREGATION RESPONSES OF WT AND MMRN1

DEFICIENT MICE

In the next set of experiments, | focused my investigations on determining the effect
of complete Mmrn1 loss on platelet adhesive properties, using WT mice as the comparison.
Heterozygous Mmrnl deficient mice were investigated when the homozygous null mice

showed altered platelet function (> 30% difference from WT).

| found that platelets from WT and Mmrnl deficient mice showed very similar
aggregation profiles in their aggregation response to TRAP (using PRP, Figure 18A),
thrombin (using GFP, 0.5 — 1.0 U/ml; Figure 17C and E), and ADP (using PRP, 10 — 20
MM; Figure 18A and C). Additionally, the maximal aggregation obtained with these
agonists was not significantly different for Mmrn1”- compared WT mice (TRAP: p = 0.65,
Figure 17B; 0.5 — 1.0 U/ml thrombin: p > 0.37, Figure 17D and F; 10-20 uM ADP: p >

0.13, Figure 18B and D).
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Figure 17: Aggregation of WT and Mmrn1-- mouse platelets in response to TRAP and
thrombin stimulation. Aggregation responses (A, C, E show representative samples;
arrows indicate time of addition of agonist) compare findings for WT and Mmrn1 deficient
PRP (A) and GFP samples, (C and E) stimulated with 500 uM TRAP (A, B) or with 0.5
U/ml (C, D) or 1.0 U/ml thrombin (E, F). Black and gray lines in tracings respectively show
data for WT and Mmm1” mice. Panels on the right summarize percent maximal
aggregation (means depicted by solid lines) responses for WT (closed circles) and Mmrnl
" (open circles) mice for 5 independent experiments with PRP (B), and 4 independent
experiments with GFP (D, F), each using pooled samples from 2-3 mice.
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Figure 18: Aggregation of WT and Mmrn1’ mouse platelets in response to ADP.
Panels A and C show representative, PRP aggregation responses to the indicated
concentrations of ADP and the corresponding percent maximal aggregation data for each
concentration of ADP (means depicted by solid lines, n = 5 samples of each genotype, each
pooled from 2-3 mice) for WT (black lines; closed circles) and Mmrn1” (gray lines; open
circles) mice. Arrows indicate the addition of ADP.
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With collagen (5 — 20 pg/ml), GFP from WT and Mmrn1” mice showed similar
initial aggregation responses (Figure 19A, C), however, the maximal aggregation responses
were significantly lower (20 — 30 % reduction) for the Mmrn1l deficient GFP (p < 0.05)
relative to WT GFP for all concentrations of collagen tested; Figure 19B, D). This reduction
in maximal aggregation was not evident when collagen-induced aggregation was tested
with PRP and the same concentrations of collagen (p > 0.15, relative to WT PRP; Figure

19A-D).
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Figure 19: Aggregation of WT and Mmrn1” platelets in response to collagen. Panels
A and C show representative aggregation responses after addition (arrow) of 5 pg/ml Horm
collagen. Panels B and D show the percent maximal aggregation responses to the indicated
final concentrations of Horm collagen (5, 10, and 20 ug/ml; means depicted by solid lines).
Findings for WT (black line; closed circles) and Mmrn1” (gray lines; open circles) mice
are compared for GFP (panels A, B) and PRP (panels C, D). * indicate significantly less
percent maximal aggregation (p < 0.05) compared to WT platelets. Data are shown for 5
independent experiments for PRP and 4 independent experiments for GFP, each with
pooled samples from 2-3 mice per genotype.
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3.6 IN VITRO ANALYSIS OF MOUSE PLATELET ADHESION

Subsequent studies were used to further explore the effect of Mmrn1 loss on platelet
adhesion to collagen, under high shear conditions of flow using whole blood samples from
WT and Mmrn1 deficient mice. Mmrn17 platelets showed reduced adhesion to collagen (~
50% reduction) relative to WT platelets, as did Mmrn1*" platelets (values as percent surface
area covered, p values indicate comparisons with WT: WT: 37 + 3 %; Mmrn17: 18 + 2 %,
p < 0.001; Mmrn1*": 15 + 3 %, p < 0.001; Figure 20A). Both Mmrn1”- and Mmrn1*"
platelets also formed smaller aggregates on collagen than WT platelets (Figure 20B). There
were no significant differences in the amount of platelet adhesion to collagen for Mmrn1™-

and Mmrn1*" platelets.
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Figure 20: Comparison of WT and Mmrnl deficient platelet adhesion to Horm
collagen. Testing was performed at high shear (1500 s?) with fluorescently labeled
platelets that were reconstituted in whole blood. Panel A compares quantitative data on the
percentage of the collagen surface that was covered by platelets (means depicted as solid
lines) for WT (closed circles; n = 7), Mmrn1” (open circles; n = 7) and Mmrn1*~ (half-
closed circles; n = 4) samples. * indicate reduced platelet adhesion (p < 0.01) compared to
WT samples. Panel B images compare representative microscope fields images, illustrating
differences in the number of adherent platelets, and the size of platelet aggregates attached
to collagen, for WT compared to Mmrn1”- and Mmrn1*"samples.
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As platelet adhesion to collagen at high shear is dependent on VWF (74, 88, 100,
103-105, 121, 123) (ref to Table 2), | investigated if the loss of Mmrnl alters platelet
adhesion to VWF. In analyses of platelet adhesion to immobilised Vwf at high shear,
Mmrnl deficient platelets did not show significantly reduced adhesion (data as the
percentage of surface area covered by platelets: WT: 18.5 + 3.5 %; Mmrn1”: 11.0 + 1.6 %;
p=0.08; Figure 21A; data as the numbers of adherent platelets: WT: 1480, 1200 — 1910;

Mmrn1’: 1200, 900 — 1900; p=0.08; Figure 21B).
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Figure 21: Comparison of WT and Mmrn1 deficient platelet adhesion to Vwf at high
shear. Adhesion was assessed at high shear (1500 s), using whole blood samples from
WT (closed circles) and Mmrn1” (open circles) mice (n = 6). Endpoints evaluated
included: area covered by platelets (%, mean depicted as a solid line; A) and the number of
adherent platelets (median depicted as a solid line; B).
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3.7  SURFACE EXPRESSION OF PLATELET RECEPTORS

| also assessed the expression of receptors involved in VWF and collagen-
dependent platelet adhesion and aggregation on both resting and thrombin-activated
platelets from WT, Mmrn1”, and Mmrn1*- mice. The resting platelets from WT, Mmrn1”-
, and Mmrn1*" mice showed similar levels of GPIba, the cell surface receptor for VWF,
(CD42b, p = 0.33, Figure 22A), and of integrin receptors for collagen and fibrinogen
(respective p-values: B1, CD29, p = 0.16; and B3, CD61, p = 0.43, Figure 22B-C). Also,
prior to and after thrombin stimulation, the platelets from WT, Mmrn1”, and Mmrn1*"
mice showed similar increases in surface expression of the a-granule protein, P-selectin
with platelet activation (p = 0.14) (Figure 23A). With thrombin stimulation, the amount of
activated ouipPs detected on the platelet surface was greater for Mmrn1”- and Mmrn1*-mice

compared to WT mice (p < 0.01; Figure 23B).
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Figure 22: Surface expression of platelet receptors on washed resting platelets from
WT, Mmrnl”- and Mmrn1*- mice, assessed by flow cytometry. Resting platelets were
assessed for expression of: (A) GPIba (receptor for VWF, CD42b); (B-C) aunps (receptor
for fibrinogen, CD61) and a2f1 (integrin receptor for collagen, CD29). Relative median
fluorescent intensity (MFI; mean depicted by a solid line) are displayed, with MFI from
WT platelets arbitrarily defined as 100%.
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Figure 23: Surface expression of platelet receptors on washed thrombin-activated
platelets from WT, Mmrnl’ and Mmrnl*- mice, assessed by flow cytometry.
Thrombin-activated (0 — 96.4 mU/ml) washed platelets were assessed for expression of:
(A) a-granule release of P-selectin (CD62P); and B) activated ouinPBs (CD41/CD61).
Relative median fluorescent intensity (MFI; mean depicted by a solid line) + SEM are
displayed.
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3.8 IN VIVO PLATELET ADHESION AND THROMBUS FORMATION IN
RESPONSE TO FERRIC CHLORIDE INJURY

Intravital microscopy was performed to assess if Mmrn1 deficiency altered platelet-
rich thrombus formation, following ferric chloride-induced injury to mesenteric arterioles
in mice. These results were generated through a collaboration with Dr. Wang from the
research laboratory of Dr. Ni, as previous detailed in this thesis (refer to Section 2.2.16
Intravital microscopy — ferric chloride injury model). In these studies, in vivo
thrombogenesis was visualized in real-time, and representative microscopy images from
these experiments are depicted in Figure 24, with the quantitative analyses shown in Figure

25.

Compared to WT mice, Mmrn1” and Mmrn1*" mice showed a visible delay in the
thrombotic response to ferric chloride injury of mesenteric arterioles (Figure 24A-D).
While large platelet-rich intravascular thrombi were visible in mesenteric arteries of WT
mice by 8-10 min after ferric chloride injury (Figure 24A), only single platelets or small
platelet aggregates were visible in the arterioles of Mmrn1”- and Mmrn1*" mice, even by
20 min (Figure 24B-D). In WT mice, occlusive thrombi had formed by 15 min in almost
all mice (Figure 24A and 25A) whereas in the Mmrn1’- deficient mice, thrombi often
formed later (e.g., by ~28 min, Figure 24B) or not at all (Figure 24C). Injured vessels from

Mmrn1*" mice did not form occlusive thrombi (Figure 24D).
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Figure 24: In vivo, platelet adhesion and thrombus formation in WT and Mmrnl
deficient mice, following exposure of mesenteric arteries to ferric chloride.
Representative microscope field images show adherent platelets and platelet-rich thrombi
(white; blood flow is from right to left) in mesenteric arterioles of mice after ferric chloride
injury (time after injury, in min, is indicated on bottom right of images) for: WT (A),
Mmrn1” (B-C), and Mmrn1*" (D) mice.
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Compared to WT mice, both Mmrn17-and Mmrn1”* mice showed significantly less
initial platelet localization to the damaged vessel following ferric chloride injury (values,
as number of adherent platelets, 3-5 min after injury, p values indicate comparisons to WT:
WT: 82 + 4, Mmrn1™: 42 + 6; Mmrn1*": 28 + 7; p < 0.001; Figure 25A). There was no

significant difference in the initial localization of platelets for Mmrn1”- and Mmrn1*" mice.

In WT mice, stable platelet aggregates formed and typically a thrombus > 20 um
was evident by 10.1 £ 1.1 min after ferric chloride injury (Figure 25B). However, in both
Mmrn1” and Mmrn1*" mice, thrombi were much smaller and readily dissociated into
smaller platelet aggregates that were removed by flowing blood. When a > 20 pm thrombus
formed in the arterioles of Mmrn1 deficient mice, smaller platelet aggregates dissociated
from the apex of the developing thrombus, and flowed away from the site of injury, without
re-associating downstream from the injury. WT mice always formed a thrombus in
response to ferric chloride injury, and Mmrnl deficient mice often failed to form a
thrombus (number of injured arterioles that did not form a > 20 pm thrombus: Mmrn1”": 2
out of 9 (~22%); and Mmrn1*": 3 out of 7 (~43%)), but there was no significant difference
in the frequency of observed > 20 pm thrombus in WT and Mmrn1 deficient mice (p =
0.15). There was also a pronounced delay in the time to the appearance of the first > 20 um
thrombus in Mmrn1 deficient compared to WT mice (Mmrn1™: 27.4 + 3.7 min; Mmrn1*":
36.5 £ 1.4 min, p < 0.001, relative to WT; Figure 25B), but there was no significant

difference in the findings for Mmrn1”- and Mmrn1* mice.
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The thrombi that formed in WT arterioles after ferric chloride injury grew to
occlude the injured vessels rapidly (median 15 min, range: 10-35; Figure 25C), whereas in
Mmrnl deficient mice, the time to occlusion was slower (median, range, p value compared
to WT mice: Mmrn1”: 37, 22-40 min; Mmrn1*": 40, 40-40 min, p < 0.001; Figure 25C).
While occlusive thrombi always formed in the injured arterioles of WT mice, occlusive
thrombi did not consistently form in the injured arterioles of Mmrn1 deficient mice (number
of injured arterioles that did not form occlusive thrombi 40 min after exposure to ferric
chloride: Mmrn1”: 5 out of 11; Mmrn1*": 7 out of 7, p <0.01 relative to WT mice; Figure
25C). There was no significant difference in the occlusion times for Mmrn17- and Mmrn1*-
mice, although significantly more injured vessels in Mmrn1*" mice did not form occlusive

thrombi (100%, p < 0.05), when compared to injured vessels in Mmrn1”- mice (~45 %).
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Figure 25: In vivo, platelet adhesion and thrombus formation in WT and Mmrnl
deficient mice, following exposure of mesenteric arteries to ferric chloride.
Quantitative data (mean and median depicted as a solid line) of: (A) the number of
fluorescently labelled adherent platelets, 3-5 min after injury; (B) the time (in min) required
to form the first thrombus > 20 um; (C) vessel occlusion time (in min), defined as the
complete cessation of blood flow for at least 10 seconds. * indicates statistical significant
differences (p < 0.001) for Mmrn17 (open circles; n > 7) and Mmrn1*" (half-closed circles;
n > 5) mice, relative to WT (closed circles; n > 6) mice.
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CHAPTER 4: DISCUSSION

MMRNL is a platelet protein that supports and enhances VWF-dependent platelet
adhesion at high shear rates in vitro (38), and is implicated in modulating platelet adhesive,
haemostatic functions in vivo (37). This thesis aimed to extend the current knowledge on
the platelet adhesive functions of MMRN1 by addressing some unanswered questions
about: 1) the molecular mechanisms of MMRN1-VWF binding that support the in vitro
platelet adhesive properties of MMRN1 under arterial shear rates; and 2) the consequences
of a selective Mmrnl loss, in mice, on platelet adhesive, haemostatic functions in vitro and
in vivo. The first goal of this thesis was achieved and published (571), and investigated the
molecular basis of VWF-MMRNL1 binding that supports platelet adhesion to MMRNL1 at
high shear, in vitro. The second goal was to describe the contributions of Mmrn1 to in vitro
and in vivo platelet adhesive functions by evaluating the phenotype of mice with a selective

Mmrnl deficiency.

The main findings from studies of the mechanism of MMRN1-VWF binding were
that shear exposed (and ristocetin-treated) VWF binds to MMRN1 matrices, and that VWF
A1A2A3 region, specifically the structurally homologous VWF Al and A3 domains are
important for MMRN1 binding. VWF A1A2A3 binds to MMRN1 with a high binding
affinity (Kp: 2.0 + 0.4 x 10° M), and the individual Al (Kp: 39.3 + 7.7 x 10° M) and A3
(Kp: 229 + 114 x 10° M) domains of VWF supported lower affinity binding to MMRNL1.
VWF A1A2A3 tri-domain, like full-length WT-VWEF, also supported GPIba-dependent

platelet adhesion to MMRNL1 at an arterial shear rate. The selective loss of Mmrn1 in mice
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had modest yet not significant effects on tail bleeding times, but the loss of platelet Mmrnl
significantly impaired collagen-induced aggregation of washed platelets and high shear
adhesion of platelets (in whole blood) onto collagen surfaces, in vitro. The selective loss of
Mmrnl in mice was also associated with delayed platelet localization to the site of vascular
injury, and impaired and prolonged platelet-rich thrombus formation in vivo, in arterioles
treated with ferric chloride. Collectively, the findings in this thesis provide novel insights
on the involvement of the platelet and endothelial cell protein, MMRNL1, to support platelet

adhesive, haemostatic functions, especially under arterial flow conditions.

The following section discusses in detail these key findings and future work that
could be considered to address new questions that have been raised by the studies in this

thesis.

4.1 INSIGHTS INTO THE MOLECULAR MECHANISM OF VWF BINDING TO

MMRN1

The platelet adhesive functions of VWF have been extensively investigated
(detailed in Section 1.3 Overview of von Willebrand factor), and are influenced by
mechanisms that expose cryptic sites in VWF, including: VWF exposure to high shear (24,
30-32, 148, 279, 285, 457, 460, 469, 573) and to the non-physiological agonist ristocetin
(mimics effects of high shear (457)); and VWF immobilization onto the subendothelial

matrix or surfaces (e.g., microtiter plates) (30, 445, 447, 460, 461). My thesis studies
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determined that VWF binding to MMRNL1 is similarly enhanced by these mechanisms
(571), suggesting that MMRNL1 binds to cryptic regions in VWEF. The regulated exposure
of ligand binding sites controls the adhesive properties of VWF, and localizes its
functionality to areas of high fluid shear and denudation of the vascular endothelium, where
VWE is crucial for normal haemostasis (25, 98, 100, 123, 140, 150). The regulation of
MMRN1-VWF binding is likely also important for modulating the interaction between
these two massive, highly polymeric, platelet adhesive proteins, especially under
physiologic and pathological conditions that lead to platelet adhesion at the sites of vessel
injury (24, 25, 98, 100, 123, 140, 150, 477). The regulated exposure of the homologous,
shear-sensitive A domains of VWF controls its binding to several haemostatic ligands that
modulate the platelet-dependent adhesive functions of VWEF at arterial shear rates (29, 148,
279, 310, 483, 573). Ligands known to bind to the A domains of VWF include: the platelet
receptor, GPlba (28, 29, 148, 279); the VWF-cleaving metalloproteinase, ADAMTS13
(573-575); and an enhancer of high shear platelet adhesion, vimentin (310). | show that
MMRNL1 also interacts with the ALA2A3 domains of VWF to support the platelet adhesive
properties of VWEF, at a high shear rate (571). Removal of this region in full-length VWF
impairs MMRNL1 binding (571), further confirming that VWF A1A2A3 domains are
necessary to support binding to MMRNL1. Interestingly, | noted that the mutant protein
possessing only the ALA2A3 tri-domain of VWF binds to MMRNL1 independent of shear
or ristocetin, which are required for optimal MMRNL1 binding of full-length WT-VWF
(571). The absence of neighbouring N- and C-terminal regions in VWF influences the

conformation and exposure of cryptic sites in VWF A1A2A3 region (418, 423, 449, 482,
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576, 577), and likely attributed to the ability of VWF A1A2A3 tri-domain to bind MMRN1

without exposure to shear or ristocetin.

The roles of VWF A domains in MMRN1 binding were evaluated in a
complementary fashion, by using VWF mutant proteins (i.e. domain deleted and truncated
mutant proteins), and functional inhibitors (i.e. antibodies and collagen peptides) (571). |
found that VWF lacking the Al or A3 does not detectably bind to MMRN1 (571), which
suggests that both domains are critical for normal MMRNZ1 binding. As VWF lacking the
A2 domain binds to MMRNL1 similarly to WT-VWEF (571), this suggests that the A2 domain
in VWF does not significantly modulate MMRN1 binding. My investigations also
illustrated that MMRN1-VWF binding is only partially impaired (> 55% reduction) by
functional inhibitory antibodies and peptides that abolish GPIba and collagen binding to
the Al and A3 domains of VWEF, respectively (571). These additional findings suggest that
MMRNZ1 independently binds to the structurally homologous VWF Al and A3 domains,
and that both domains are needed for optimal MMRN1 binding. These findings also suggest
that the MMRNZ1 binding sites in VWF may overlap (at least partially) with the binding
region for GPIba in the Al domain of VWEF, and with the regions that binds to fibrillar
collagens in the VWF A3 domain. | provide evidence that monomeric VWF A1A2A3 tri-
domain enhances platelet adhesion to MMRNL1 at high shear, which requires VWF
A1A2A3 to bind MMRNL1 and the Al domain of VWEF to bind to GPIba (38, 571). Also,
VWEF Al1-GPlba binding is important for normal platelet adhesion to collagen at arterial
shear rates (30, 88, 100, 123), a process that is enhanced by MMRN1, likely due to VWF-
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MMRNL1 binding on collagen surfaces (38). Therefore, it is possible that overlap in
MMRNL1 binding to VWF A1-GPlba and VWF A3-collagen binding sites does not
negatively modulate the native, multivalent adhesive properties of polymeric VWF, in
circulation. It is also possible that the inhibitory antibodies and collagen peptides reduce
MMRN1-VWF binding by steric hindrance of MMRNL1 binding to sites that are near, but
distinct from the VWF A1-GPlba and VWF A3-collagen binding sites. Regardless, the
direct or indirect inhibition of MMRN1-VWF binding by antibodies and collagen peptides
confirms that MMRNL1 interacts with the Al and A3 domains of VWF (571). VWF A
domains regulate the exposure and conformation of neighbouring domains in VWF (423,
444, 447, 449, 482, 550), and this could explain why the lack of the A1 or A3 domains
drastically reduces the binding to MMRN1 to VWF constructs (571). My observations that
the exposure of VWF to shear (or ristocetin) enhanced VWF-MMRNL1 binding (571),
provides further evidence that the conformation of VWF controls its interactions with

MMRNL1.

| noted that the Al and A3 domains of VWF independently bound to MMRNL in
SPR experiments, unlike the homologous A2 domain of VWF that showed low or
undetectable MMRNL1 binding in these studies (571). These findings further suggest that
MMRNZ1 specifically and independently interacts with the structurally homologous Al and
A3 domains, but not with the A2 domain of VWF that shares a primary sequence identity
of > 20% with the homologous neighbouring Al and A3 domains (448, 573, 578). Similar

findings are reported for types | and 111 collagens (92, 423, 425, 427) and snake venom
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bitiscetin (426, 447, 579, 580) that interact with the A1 and A3 domains of VWF, but not
with the VWF A2 domain. It is possible that large polymeric (and hence multivalent)
proteins like collagen and MMRN1 simultaneously bind to the structurally homologous Al

and A3 domains of VWF because of the proximity of these sites (423, 576).

VWF Al1A2A3 tri-domain mutant protein binds to MMRN1 with high
physiologically relevant binding affinity (Kp: 2.0 + 0.4 x 10° M) (571), that is ~5% of the
normal plasma levels of VWF (40 x 10° M, based on ~ 250 kD subunits) (386, 387). This
finding suggests that MMRN1-VWF binding likely occurs in vivo at sites where MMRN1
is released from platelets and endothelium and encounters plasma VWF. It was interesting
that the individual A1 and A3 domains of VWF, but not the A2 domain, independently
supported lower affinity binding to MMRN1 (respective Kp: 39.3 + 7.7 x 10° M and 229
+114 x 10° M) (571). A two-step conformational change model best described the binding
of VWF A1A2A3 tri-domain and individual A1 domain to MMRNL1 (571), which raises
the possibility that VWF and/or MMRNL1 undergo a change in conformation after their
initial binding as reported for the interaction between FV and MMRNL1 (514). As multiple
domains within VWF contribute to MMRNL1 binding (571), and individual A domains
influence the conformation of the A1A2A3 region (423, 444, 447, 449, 482, 550), it is not
surprising that affinity estimations confirm that the entire A1A2A3 region of VWF is
needed for optimal, stable, high-affinity binding to MMRN1. Affinity estimations implicate
the Al domain of VWF as the key MMRNL1 binding region; however, the lower affinity

binding observed with the VWF A3 domain could be the result of an altered conformation
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due to the absence of the neighbouring structural regions (425). VWF A domain mutant
proteins are noted to underestimate the binding affinity of full-length, WT-VWF to other
haemostatic ligands by several orders of magnitude (425, 480, 481, 581), and it is similarly
possible that WT-VWF binds to MMRN1 with an even higher affinity than VWF A1A2A3
tri-domain. As the polymeric structure of WT-VWEF also enhances the binding of VWF to
other ligands (384, 425, 505, 582), it may further augment the binding of WT-VWF for

MMRNL1 by increasing the avidity.

These data on the mechanisms of VWF-MMRNL1 binding have implications for
when and how these proteins interact in vivo. At the site of vascular injury, MMRNL1 that
is released from platelets and EC (as perhaps also the exposure of MMRNL in the vascular
subendothelium) (33, 35, 183, 509) may serve to help localize platelet-reactive VWF in
order to promote platelet adhesion. This is similar to the action of other haemostatic
proteins, including TSP-1, FN, and subendothelial collagens (90-92, 94, 99, 124, 423-425,
447, 583). This hypothesis was tested by in vitro assays that were designed to quantify
platelet adhesion to MMRNL1 at an arterial shear rate. These studies revealed that MMRN1
requires pretreatment with physiological amounts of VWF A1A2A3 tri-domain (or full-
length WT-VWEF (38, 571)) to optimally support platelet adhesion at a high shear rate (571).
These observations, in conjunction with the stable, higher affinity binding of VWF
Al1A2A3 tri-domain to MMRN1 (571), suggest that the tri-A domain is sufficient and likely
the smallest region of VWEF that supports high shear platelet adhesion to MMRN1 under

physiological conditions. This is supported by my observation that the VWF A1A2A3 tri-
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domain even supports platelet adhesion to MMRNL in the absence of platelet-released
VWE (in experiments that | conducted using type 3 VWD platelets, (571)), which is known
to promote platelet adhesion at arterial shear rates (309). The observation that VWF
A1A2A3 tri-domain supports platelet adhesion to MMRNL is interesting, as this tri-domain
contains the binding site of GPIba, but not the C-terminal ouinB3 binding site in VWF (310,
449, 482). This finding is consistent with the prior observation that platelets adhere to
MMRNL1 by a VWF-dependent mechanism that involves GPIba, but is independent of 33
integrins (38). The finding that inhibition of VWF A1-GPIba binding abolished platelet
adhesion to MMRNL1 (571), and prior observations that MMRN1 does not bind GPIba. (38),
suggest that MMRN1 needs to bind VWF and does not independently support GPIba-
dependent platelet adhesion at high shear (38). It is possible that in damaged arteries,
MMRNL1 optimizes VWF localization via the shear-sensitive A domains of VWF, while
still allowing VWF to bind to the platelet receptor, GPIba. As MMRNI1 is normally
sequestered in storage granules, its release could be important to upregulate VWF-platelet

interactions at sites of vessel injury.

Polymeric VWF localizes to sites of vessel injury to support multivalent binding
with several hemostatic ligands (24, 75, 88, 384, 581, 582, 584). Overlap in the VWF Al
and A3 binding sites for MMRN1, GPIba, and collagen (which can also bind both VWF
and MMRN1) could work cooperatively to optimize the capture of multivalent VWF at
sites of vessel injury, as postulated for other haemostatic ligands of VWF (75, 88).

Importantly, VWF A1A2A3 tri-domain captured on MMRNL1 still supports VWF-GPIlba
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binding (571), despite the potential overlap between the MMRN1 and GPIba binding sites
in the Al domain of VWEF. | postulate that the site in the A1 domain of VWEF that binds to
MMRNI1 does not completely overlap with GPIba binding to the front and upper faces of
VWEF Al domain (96, 97). MMRNL1 likely binds to adjacent or distal sites or faces in VWF
Al domain, similar to ristocetin that binds to the upper face of the A1 domain of VWF (96),
or botrocetin (96, 585), heparin (96), and types IV and VI collagens (90, 91) that bind to
the right-hand face of VWF Al domain. Further insights might be gained by mapping of
the region in the A1 domain that binds MMRNL (refer to Section 4.3.1 Mapping MMRN1

binding to VWF Al and A3 domains).

Exposure to shear enhances VWF binding to MMRN1 (571), suggesting that the
mechanism of MMRNL1 binding to the A1 domain is under shear-regulation, similar to the
undefined binding of types I and 111 collagens to the A1 domain of VWF under fluid shear
(423). Types | and Il collagens primarily bind to the lower anterior surfaces of VWF A3
domain (425-427), which is a conserved ligand-binding region that may also support
MMRN1 binding. Additional insights would be obtained by mapping the faces of VWF Al
and A3 domains that directly support MMRNL1 binding (refer to Section 4.3.1 Mapping
MMRNZ1 binding to VWF Al and A3 domains), which may highlight similarities for VWF

binding to fibrillar collagens and MMRNL1.

VWEFE A2 domain contributes to the conformation of VWF A1A2A3 domains, and

binds to VWF Al domain to regulate its platelet adhesive properties (310, 363, 444, 474).
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The A2 domain of VWEF interacts with its neighbouring A1 domain by a mechanism
regulated by fluid shear (and ristocetin) (444), similar to what | describe for MMRN1
binding to VWF (571). VWF A2 domain interacts with the GPIba binding site in VWF Al
domain to impair platelet adhesion (310, 444), and likewise, the absence of VWF A2
domain supports enhanced VWF-GPIba binding (474). In this thesis, | show that VWF A2
domain does not significantly support MMRNL1 binding, nor does its absence significantly
modulate VWF-MMRNZ1 binding (571). These findings, taken together, suggest that
MMRNL1 interacts with VWEF at sites that are not regulated by the A2 domain of VWF,
such as the GPIba binding site in VWF Al (310, 444, 474). It is also interesting to note
that the absence of VWF A2 domain does not impair VWF interactions with heparin and
botrocetin (474), which are mapped to the upper and right-hand faces of the A1l domain
(96, 585). These findings complement my hypothesis that MMRN1 may bind to these

surfaces in VWF Al domain, at sites that are distinct from the GPIba binding site.

Ligand binding to VWF Al domain regulates the neighbouring A2 domain of VWF
and promotes ADAMTS13-mediated proteolysis of VWF A2 domain (550, 575).
Additionally, ADAMTS13 fragments VWF polymers to reduce its haemostatic properties,
including platelet adhesion and collagen-binding (384, 477, 586). It would be interesting to
assess whether ADAMTS13 also regulates VWF binding to MMRNL1, and if MMRN1

binding to VWF A1A2A3 region modulates the activity of ADAMTS13 on VWF polymers.
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My thesis study illustrates that MMRNL1 is a novel ligand for the shear-sensitive A
domains of VWF. Mutations in the A1A2A3 region of VWF occur in some forms of type
2 VWD that impair the platelet adhesive functions of VWF, including VWF Al domain
binding to GPIba (279, 481, 587, 588), and the collagen binding properties of VWF Al
and A3 domains (90, 91, 450, 451, 504, 505). Likewise, defective MMRNL1 binding to the
Al and A3 domains of VWF could abrogate or modulate the platelet adhesive functions of
VWE, specifically GPIba-dependent platelet adhesion at arterial shear rates. As detailed in
the introduction of my thesis, there are a few platelet disorders that are associated with
deficiencies in platelet MMRN1 (175, 525, 528), but conditions associated with mutations
in the MMRN1 gene, and the pathogenic consequences, are not yet described.
Consequently, | further evaluated multimerin 1 functions by exploring the implications of

a selective Mmrn1 loss in mice on platelet adhesive functions, in vitro and in vivo.

4.2 INSIGHTS INTO THE CONTRIBUTIONS OF MMRN1 TO PLATELET

ADHESIVE FUNCTIONS IN MICE

In humans and mice, the multimerin 1 and a-synuclein genes are adjacent and
encode proteins that modulate platelet functions, in vitro (37, 38, 312, 511, 540, 543). In
mice, spontaneous tandem loss of the Mmrnl and Snca genes impairs a number of platelet
adhesive, haemostatic functions (37), but the phenotypes of these mice are likely influenced
by the dual protein deficiency. The loss of the Snca gene could accelerate a-granule release

and augment platelet response to thrombin (37, 540), as observed in Mmrn1/Snca double
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deficient mice (37), which could result in a prothrombotic phenotype. Consequently,
studies of the dual deficient mice could have underestimated the importance of Mmrn1 to
platelet adhesive functions. To specifically explore the specific contributions of Mmrn1l to
platelet haemostatic functions, mice with a selective loss of the Mmrn1 gene were generated
and | worked to characterize several aspects of their platelet, adhesive haemostatic

functions, in vitro and in vivo (Table 5).
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Table 5: Platelet adhesive properties/functions of Mmrnl/Snca double deficient mice
(37), compared to the mice assessed in this thesis, with selective Mmrn1 deficiency.

Mmrnl/Snca -
: . Mmrnl deficient
Platelet function analyses double deficient N
- mice*f
mice
Tail bleeding phenotype NS NS
20% reduction in
URAL SLU maximal aggregation NS
Platelet ADP 10 uM NS NS
aggregation 20 uM NS NS
(with PRP) 5 ug/ml NT NS
Collagen 10 pg/ml NS NS
20 pg/ml NS NS
Thrombin 0.5 U/ml 25—5_0% reduction_ in NS
Platelet 1.0 U/ml maximal aggregation NS
aggregation 5 Hg/m| NT 20-30 % reduction in
(with GFP) CollEEr ;8 Eg;m: sg maximal aggregation
High shear Collagen ~30% reduced ~ 50% reduced
platelet platelet adhesion platelet adhesion
adhesion Vwf NT NS
Resting GPIba, CD42b;
platelets B, CD29; and NS NS
B3, CD61
Surface .
i o
?.];E;giglg P-selectin, (0.125-0:25 U/mL), NS
and granule Thrombin- CD62P but not higher (0.5 —
proteins activated 1.0 U/ml__)
platelets concentrations
Activated Slight increase in the
oubPs, NS overall detection of
CD41/CD61 L3
Ferr_ic InItIE;Ir]EIg;erLe;g:ggziJ;zs’zglon to Impaired Impaired
c_hlprlde Appearance of first large Delaved Delaved
mlgfjilr)(l)f (=20 pm) thrombus Y Y
- Prolonged, and Prolonged, and
arterial L. . . . -
e Vessel occlusion times (_)ccluswe thrombi occlusive thrombi did
did not always form not always form

NS indicates no significant differences between WT and deficient mice; Not tested (NT);
*Comparison to WT mice; +Mmrn1 deficient mice includes both Mmrn1”- and Mmrn1*"

mice
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Selective Mmrn1 deficiency, like Mmrnl/Snca double deficiency (37), resulted in
fertile, viable mice, with normal cell counts. The selective loss of Mmrn1 also did not result
in an overt bleeding phenotype (evaluated by distal tail transection), although there was a
trend suggesting that proportionally more Mmrn1”- mice bleed for longer than 10 min —
this difference was not statistically significant. The lack of an overt bleeding phenotype in
these mice resembles observations for mice with combined Mmrnl/Snca deficiency (37)
(Table 5), as well as mice deficient in TSP-1 and pFN that have significant defects in
platelet adhesive, haemostatic functions, despite normal bleeding times (37, 133, 307, 340).
This contrasts with the effects of a loss of Vwf (144, 309) and/or Fg (321, 322) that result
in a severe bleeding diathesis in mice, likely because these abundant plasma proteins have
crucial roles in supporting platelet aggregate formation during wound haemostasis (144,
193, 286, 309, 321, 322). It is important to note that the tail transection model does not
detect all deficits to platelet adhesive functions, especially those that are modulated by high
arterial shear conditions (133, 141, 307, 340, 341) or that are dependent on platelet adhesion
to collagen (115, 589, 590). Consequently, these findings do not preclude the possibility
that the loss of Mmrnl impairs platelet adhesion and platelet-rich thrombogenesis. For
subsequent studies on platelet function, 1 mainly focused on comparing Mmrn1” to WT
mice, due to the lack of an overt bleeding phenotype in mice deficient of Mmrnl. | also
assessed heterozygous (Mmrn1*") mice in experiments where homozygous (Mmrn17) null

mice had drastically (> 30%) altered platelet function.
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Bleeding models that incorporate arterial injury, as was chosen for analyzing mice
with selective Mmrn1l deficiency (Section 2.2.12 Mouse tail transect bleeding model), are
reportedly more responsive to mild alterations in oubPs-dependent platelet aggregation
(330). Aggregometry studies with ADP and thrombin also involve anpfz-dependent platelet
aggregation (193, 331), and showed normal responses for Mmrn1” platelets, coinciding
with the lack of an overt bleeding phenotype in Mmrn1”-mice. Interestingly, however, the
monoclonal antibody JON/A detected more functionally active a3 on thrombin-activated
platelets from Mmrnl deficient mice, although the increase in active ouinpz was small (~
10% more with maximal activation) relative to wild-type platelets. This raises the
possibility that Mmrnl loss modulates the activation of aupfs3, despite the normal ouinPs-
dependent platelet function of Mmrn1” mice. Alternatively, Mmrnl loss may merely
modulate the accessibility of this integrin to JON/A, as is reported for mouse platelets
deficient in GPIba (IL4R0o/GPIba-tg) (139). Thrombin-activated platelets release MMRN1
that binds to activated ounpBs (33, 38, 183, 312), and JON/A similarly binds to activated
anpPs (591). As MMRNL is a large homopolymer (33, 507), it is possible that Mmrnl
binding to activated aunps sterically hinders the binding of the equally large PE-labelled
JONV/A antibody (> 600 kD) (591). Mmrn1 loss in mice, likely does not significantly alter
platelet activation, as thrombin stimulation led to similar levels of platelet activation as
assessed by the expression of P-selection on Mmrn1”-and WT platelets. As resting platelets
lacking Mmrn1 had normal surface levels of ainfs, this excludes the possibility that Mmrnl
loss reduces the surface expression of this integrin receptor. | had not anticipated that

selective Mmrn1 deficiency would have an effect on the activation of auibB3, given that mice
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with combined Mmrn1/Snca loss had normal JON/A detection of activated aunnPz (37)

(Table 5).

In this thesis, | showed that GFP, but not PRP, from Mmrn1”’ mice had impaired
collagen-induced platelet aggregation, despite the normal aggregation responses to all other
agonists tested. It is possible that abundant plasma proteins, such as VWF and FG, limited
the contributions of platelet Mmrn1 to collagen-induced aggregation response of PRP from
Mmrn1” mice. Similarly, integrin azp1, which is important for supporting the adhesion of
washed platelets to collagen (156, 157), has a limited role in modulating platelet adhesion
and aggregation in the presence of plasma proteins that can indirectly support and enhance
the adhesive properties of collagen (121, 155, 156). These findings, taken together with my
other results, suggest that platelet Mmrnl has limited effects on platelet aggregation to
collagen, that are dependent on the presence of plasma proteins. While Mmrn1/Snca dual
deficient platelets (both PRP and GFP) have normal aggregation response to collagen (37)
(Table 5), it is possible that the presumed prothrombotic effects of Snca loss compensate

for the loss of platelet Mmrn1 in Mmnrl/Snca double deficient mice.

In mice, concomitant loss of Mmrnl and Snca alters platelet response to thrombin
by increasing a-granule release of P-selectin at low thrombin concentrations, and reducing
maximal platelet aggregation response to thrombin or TRAP, in vitro (37). However, |
show that the selective loss of Mmrnl did not increase thrombin-induced release of P-

selectin from platelet granules, nor did it reduce thrombin (or TRAP)-induced platelet
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aggregation (Table 5). These data suggest that a selective Mmrnl deficiency does not
modulate platelet granule release or platelet aggregation responses to thrombin. It is
possible and likely that the Snca loss alters thrombin-induced granule release and platelet
aggregation responses to thrombin and TRAP in mice with combined Mmrnl1/Snca
deficiency (37, 540), as a-synuclein modulates thrombin-stimulated platelet response, in
vitro (540). Mice with a selective Snca deficiency have not been assessed for defects in
platelet haemostatic functions (540, 592), which could clarify the effect of Snca loss on

platelet responses to thrombin in mice.

Combined Mmrnl and Snca loss reduces high shear platelet adhesion to collagen
(37), and the selective loss of Mmrnl similarly impaired platelet adhesion to collagen at
high shear in vitro (Table 5). These findings corroborate observations that MMRN1
supports platelet adhesion to types | and 111 collagens, in vitro (38), a process that is also
dependent on plasma and platelet VWF (38, 88, 100, 309, 593). I show that WT and
Mmrn1” mice had similar Vwf levels in plasma and platelets, and comparable membrane
expression of platelet receptors that participate in thrombogenesis (e.g., GPIba, a2f1, and
anpPs). These findings reduce the likelihood that changes to these aspects contributed to
platelets from Mmrnl”" mice having defective platelet-rich thrombus formation on
collagen. As a result, it is likely that the specific loss of Mmrn1 is responsible for impaired
platelet adhesion to collagen, and that in mice, Mmrn1 is necessary for the normal platelet
adhesive properties of collagen, specifically under arterial flow conditions. While it is still

unclear how MMRNL1 contributes to this adhesive process, Mmrn1 loss may reduce platelet
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adhesion to collagen directly due to loss of direct collagen-Mmrnl interactions, or

indirectly due to loss of Mmrn1 interactions with other platelet/plasma proteins (e.g., Vwf).

The loss of Mmrn1, in mice, did not significantly impair platelet adhesion to Vwf
matrices, under arterial flow conditions. This platelet adhesive process depends on the
platelet receptor, GPIba, that binds to captured/immobilized VWF to initiate a monolayer
of adhesive platelets (25, 88, 94, 96, 97). This finding suggests that the loss of platelet
Mmrnl does not significantly modulate GPIba-dependent platelet adhesion to Vwf, at
arterial shear rates. However, it is possible that unlike the highly thrombogenic nature of
fibrillar collagen that induces platelet activation and secretion of granule contents (93, 121,
570), GPIba-mediated platelet adhesion to VWF may not induce complete release of
soluble granule proteins (25, 162, 466, 570), like MMRNL1. Inadequate release of Mmrnl
from WT platelets would underestimate its contributions to platelet adhesion on Vwf.
Platelet adhesion to collagen at high shear (> 300 s™) is similarly dependent on both VWF
and GPIba (74, 88, 100, 103-105, 121, 123) (Table 2). MMRNL1 supports VWF-GPIba-
dependent platelet adhesion under arterial shear rates in vitro (38, 571), and also enhances
high shear, VWF-dependent platelet adhesion to collagen in vitro (38), likely through its
combined interactions with VWF and collagen (37, 38). Future studies are required to
assess if platelet released Mmrnl participates in Vwf-dependent platelet adhesive
functions, in mice (refer to Section 4.3.2 Contributions of Mmrnl to platelet aggregation

and thrombogenesis at arterial shear rates), and whether this interaction directly modulates
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platelet adhesion to collagen under similar haemodynamic conditions (refer to Section 4.3.3

Contributions of Mmrn1 to platelet adhesion on collagen).

Immunoblots demonstrated that Mmrnl and Vwf are stored in mouse platelets,
suggesting that like VWEF, there is a conserved role for MMNR1 in modulating platelet
function. MMRNL1 and VWEF co-localize to platelet a-granules in humans (183), but it is
unclear if this is preserved in mouse platelets. Future studies are needed to determine the
precise localization of intracellular Mmrnl in mouse platelets. It is anticipated that Mmrn1l
similarly sorts to mouse platelet a-granules, as there is conserved retention of other proteins
to mouse platelets, including P-selectin (9, 594), FV (595, 596), and TSP-1 (9, 307, 597).
Type 3 VWD (complete VWF deficiency (8, 386)) does not alter MMRNL1 levels in human
platelets (386), and in mice, | show that Mmrn1 loss did not reduce platelet (and plasma)
Vwf levels. | also show that shear is required to expose the ALA2A3 tri-domain of VWF
that supports MMRNL1 binding (571). These findings, taken together suggest that platelet
stores of VWF and MMRN1 do not interact (likely because VWF A1A2A3 are not
adequately exposed), and that MMRN1 and VWF are independently retained in platelets.
In platelets, MMRNL1 is the main binding protein for FV/Va (34, 513, 514, 524, 527), and
further studies are needed to determine if Mmrnl loss modulates levels of platelet FV in
mice. Platelet MMRNL1 is not shown to interact with other platelet and plasma proteins (38,
508); therefore, it is not anticipated that the loss of Mmrn1 would alter the levels of these

blood proteins.
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Platelet adhesive function, in vivo, is conventionally analyzed by the ferric chloride
arteriole injury model (37, 49, 72, 144, 145, 598). This model was used previously to
investigate Mmrn1/Snca double deficient mice, and this provided the first evidence that
Mmrnl contributes to platelet adhesive functions, in vivo (37) (Table 5). Hence, this injury
model was used to study mice with a selective Mmrn1 loss, as the concomitant Snca loss
in Mmrn1/Snca double deficient mice may have underestimated of the platelet adhesive
functions of Mmrnl (37, 540). Like Snca/Mmrnl double deficient mice (37), mice with
selective Mmrnl loss had impaired in vivo platelet adhesion and platelet-rich thrombus
formation in arterioles exposed to ferric chloride (Table 5). In Mmrn1 deficient mice, there
was delayed localization and recruitment of circulating platelets to the ferric chloride injury
site, as measured by the number of individual adherent platelets per minute, during the
interval 3 to 5 min after ferric chloride injury. This stage of the ferric chloride injury model
is also defective in mice with combined Mmrnl and Snca loss (37) (Table 5), and is
similarly impaired in mice with selective Vwf loss (72, 144), or combined loss of Vwf with
either Tsp-1 (145) or Fg (72). By comparison, the selective loss of another platelet protein,
Tsp-1 (145), or the abundant plasma protein, Fg (72), does not alter the platelet adhesive
functions during initial stage of the ferric chloride injury model. These findings, and the
findings in this thesis, suggest that like Vwf, Mmrnl has crucial roles in localizing and

recruiting circulating platelets to the ferric chloride injury site.

Mice with selective Mmrn1 loss had defective platelet aggregate formation in vivo,

resulting in the delayed appearance of the first intravascular thrombus. When a > 20 pm
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thrombus formed in Mmrnl deficient mice, there was dissociation of smaller platelet
aggregates from the top of developing platelet-rich thrombi. This observation is similar to
those reported for mice deficient in Vwf and Fn (72, 144, 308, 341), and Fgy45' mice
(form fibrin, but do not support FG-ainBs-mediated platelet aggregation) (305), that have
small aggregates disassociate from the apex of developing thrombi (72, 144, 305, 308, 341).
This observation is unlike mice deficient of Fg (and fibrin) that form large unstable thrombi
that readily dissociate from the injury site (72, 305). These findings, in conjunction with
my observations, suggest that Mmrn1 participates in platelet-rich aggregate formation and
growth in vivo, but has minor roles in stabilizing the attachment of platelet-rich thrombi to

the vessel wall, a process that requires fibrin generation (56, 72, 305).

Vessel occlusion times were significantly delayed in Mmrn1 deficient mice, and in
some cases, the loss of Mmrnl had deleterious effects on the formation of occlusive
thrombi during the 40-min observation period. These findings are similar to the defective
thrombogenesis that results in the delayed formation, or absence of intravascular occlusive
thrombi in mice with double deficiency of Mmrnl and Snca (37) (Table 5). Similar
observations are also reported in mice deficient of Vwf and Fg (72), or a selective loss of
Vwf (72) or pFn (308, 341). Mice with selective deficiencies of Fg (72, 305) or Tsp-1 (145)
have only prolonged occlusion times, and loss of these proteins do not abolish in vivo
thrombus formation in mice. These findings, taken together with my observations, suggests
that Mmrn1, like Vwf and Fn (69, 72, 144, 308, 341), is a crucial modulator of platelet-rich

thrombogenesis at arterial shear rates, in vivo.
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The precise mechanism underlying ferric chloride-induced thrombosis remains
controversial (69-71, 82, 83), despite its widespread use as an experimental model. Ferric
chloride was traditionally thought to denude the endothelium by iron-induced oxidative
stress in the arterial lumen (70, 71, 73) that exposes proteins in the subendothelial basal
lamina (69-72) or deeper within the vasculature (74). Circulating platelets were thought to
adhere and aggregate on the exposed subendothelium (69, 70, 74); however, current studies
suggest that ferric chloride induces the localization of platelets to the vessel walls by
complex, multifaceted mechanisms (69, 71, 82, 83). These mechanisms are mediated by
RBC hemolysis and oxidation of hemoglobin (71, 83), as well as colloidal chemistry,
whereby intravascular aggregate formation is dependent on the charge of cells and proteins
(69, 82). These mechanisms may also be independent of platelet adhesion mediated by
endothelial dysfunction (82, 83), but are similarly ameliorated by the haemostatic adhesive
functions of Vwf (72, 83, 144). As MMRN1 binds to VWF and supports platelet adhesion
in vitro (38, 571), in the mouse ferric chloride injury model, Mmrnl may similarly
modulate the platelet localization to damaged vessels by supporting the adhesive properties

of VWEF in vivo.

Ferric chloride may also initiate intravascular thrombogenesis by mechanisms that
may not depend on the haemostatic adhesive properties of vascular proteins (71). In fact,
ferric chloride may actually decrease the functionality of adhesive vascular proteins, like

collagen, VWF and FG at the injury site (69), thereby limiting the platelet adhesive
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properties of these proteins. These new insights raise questions about the validity of this
injury model to accurately recapitulate physiological platelet adhesive processes; thus,
future studies are needed to further assess the haemostatic, platelet adhesive functions of

Mmrnl in vivo (refer to Section 4.3.6 Other animal and injury models).

This thesis has focused on exploring the platelet adhesive properties of MMRNL1 at
arterial shear rates, which requires both VWF and GPIba (38, 312). However, studies are
still needed to fully describe the contributions of MMRNL1 to other aspects of platelet
adhesion that may involve VWF-MMRNL1 binding, such as shear-induced platelet
aggregation (31, 233, 285, 506) (refer to Section 4.3.2 Contributions of Mmrn1 to platelet
aggregation and thrombogenesis at arterial shear rates). MMRNL1 also supports platelet
function under venous shear rates by molecular mechanisms that involve B3 integrins and
GPIba, but not VWF (38, 312). Therefore, it is possible that the loss of Mmrn1 modulates
thrombogenesis in veins, like its effect on arterioles treated with ferric chloride. MMRN1
is also the main binding protein for FV in platelets (34, 513, 524, 526, 527), and its loss
could have impact on FV/Va localization and thrombin generation (514). Consequently,
further studies are needed to explore if the loss of Mmrn1, in mice, has impacts on other

aspects of haemostasis (refer to Section 4.3.6 Other animal and injury models).

It is worthwhile to consider the strategy used to generate Mmrnl deficient mice
when evaluating phenotypic findings. Mmrn1 deficient (Mmrn17- and Mmrn1*") mice are

generated by removing exon 3, which produces a frameshift mutation and a severely
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truncated gene product possessing only the first two exons (~20 % of full-length transcribed
MRNA: 942 out of 4636 base pairs). Translated, exons 1-2 in Mmrn1 would produce a
functionally null, aberrant protein that possesses ~20 % of preproMmrnl (232 out of 1210
residues), including < 60 % of the N-terminal, cysteine-rich EMI domain (38 out of 67-76
residues). | was unable to determine if Mmrn1”- mice store an N-terminal truncated form
of Mmrnl in their platelets, as there are currently no antibodies available that detect this
region of Mmrn1. Using an antibody that recognizes the C-terminus of Mmrn1, I confirmed
that Mmrn1 was detectable in platelet lysate samples from WT mice, as expected based on
MMRNL1 findings for humans (33, 183, 507). | also found that Mmrnl was reduced in
platelets of Mmrn1*- mice, based on Western blot analyses as there are presently no

immunoassays available to quantify Mmrnl.

Haplodeficiencies often results in milder phenotypes than complete deficiencies, as
one WT allele is present to compensate for the deficits due to the mutant/null allele (144,
331, 341, 589, 599). Surprisingly, the WT allele in Mmrn1*- mice did not rescue the
impaired platelet adhesion and thrombus formation of Mmrn1”- mice. Mmrn1*" mice had
the expected reduced level of Mmrnl in Western blots of platelet lysate samples, and it is
possible that the abnormal phenotype in Mmrn1*" mice could be the result of a reduction
in threshold levels of Mmrnl necessary for normal platelet function. This would suggest
that normal levels of Mmrnl (as in the WT mice) are need to support platelet adhesive,
haemostatic functions, like the importance of normal levels of VWF to properly modulate

haemostasis (8, 409, 497). It is also possible that the null allele leads to synthesis of a partial
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Mmrnl protein that inhibits the functionality of Mmrnl polymers in a dominant-negative
manner (599, 600). As MMRNL1 is assembled as polymers of its trimers (34, 304, 509, 510),
the integration of truncated Mmrn1 subunits could create a dysfibrinogenemia-like defect
(13), and explain the similar phenotypes for Mmrn1*- and Mmrn1” mice. In some forms
of type 2 VWD, synthesis of an abnormal subunit similarly antagonizes VWF
polymerization and function (420, 421). There was detectable WT-Mmrn1 in platelets from
Mmrn1*" mice, and there is no evidence that a null allele produces an aberrant protein that
causes degradation of WT-Mmrn1, as occurs in some forms of type 1 VWD (422). Future
studies are needed to determine if Mmrn1*" mice produce a truncated N-terminal protein
that compromises the integrity and functionality of Mmrn1 polymers (refer to Section 4.3.5

Studies of haploinsuffuciency in Mmrn1*-mice).

The addition of recombinant MMRNZ1 prior to ferric chloride-induced injury or to
in vitro perfusion studies, ameliorates the observed defects in platelet haemostatic functions
in mice with combined Mmrnl and Snca deficiency (37). This suggests that murine and
human multimerin 1 are functionally similar, despite the sequence differences (i.e., ~67%
sequence similarity) (37, 508). The data presented in this thesis demonstrates that, in mice,
Mmrnl significantly contributes to platelet adhesive, haemostatic functions, especially at
high shear rates. These findings, taken together, provides unique insights that may clarify
the potential consequences of MMRNL1 deficiency in humans. The data presented here
suggest that the loss of MMRN1 may cause platelet function defects and contribute to

abnormal arterial bleeds.
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The expression of MMRNL is restricted to megakaryocytes and platelets (33, 36,
183, 386, 507, 519) and the vascular endothelium and subendothelium (35, 509). MMRN1
is not detected in other blood cellular components (33), nor is it normally detected in plasma
(33). Mice with selective loss of Mmrnl likely have deficiencies of both platelet and the
EC-derived Mmrn1, and the resultant in vivo phenotype of Mmrn1’- mice was likely
attributed to combined deficiency of both sources of Mmrn1. It is unknown how platelet
vs. endothelial Mmrnl contribute differentially to haemostasis; therefore, future studies

could assess this (refer to Section 4.3.6 Other animal and injury models).

MMRN1 supports platelet adhesion irrespective of fluid shear (38, 312), and at low
shear (< 150 s'1) MMRN1 supports platelet adhesion via a mechanism dependent on the N-
terminal RGD-integrin binding motif of MMRN1 and platelet ps-integrins (38, 312).
Additional studies are also needed to assess the contributions of MMRNL1 to platelet
adhesive functions under these specific haemodynamic conditions, in vivo (refer to Section

4.3.6 Other animal and injury models).

The findings in this thesis describe the functional importance of multimerin 1 as a
unique, haemostatic adhesive protein that modulates platelet-rich thrombogenesis,
especially at shear rates typical of arteries. MMRNL1 likely exerts its effect on platelet
adhesive properties, under these flow conditions, by binding to VWF and supporting

GPlba-dependent platelet adhesion (571). Using the findings from this thesis, I constructed
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a schematic to illustrate the platelet adhesive functions of MMRN1 (Figure 26). | propose
that at the sites of arterial endothelium dysfunction, MMRNL1 released from platelets and
ECs (33, 35, 183, 507, 508) supports platelet adhesive functions by: 1) capturing the shear-
exposed VWF A domains to support GPIba-dependent platelet adhesion; 2) enhancing
VWEFE-dependent platelet adhesion to subendothelial collagens; and 3) promoting platelet-

rich aggregate formation (Figure 26).
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Figure 26: Schematic of MMRN1 supporting VWF-dependent platelet adhesive
functions at arterial shear rates. Released MMRNL1 binds to subendothelial collagen and
supports the binding of shear exposed VWF A1A2A3 domains. VWF captured on MMRN1
matrices supports GPIba-dependent platelet adhesion, that is important for the initial
localization of platelets to the exposed subendothelium under arterial flow conditions.
Platelets localized to the subendothelium are activated and release more MMRNL1 that
supports platelet recruitment to the injury site, as well as platelet-rich thrombogenesis.
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4.3  CONCLUSION AND FUTURE DIRECTIONS

In this thesis I provide complementary evidence demonstrating that multimerin 1
supports platelet adhesive functions at arterial shear rates in vitro and in vivo, likely through
its interactions with VWF (571). The results described in this thesis provide clear evidence
that MMRNL1 interacts with shear exposed VWF, and that the entire shear sensitive
A1A2A3 tri-domains in VWEF are crucial for MMRNL1 binding (571). VWF A1A2A3 tri-
domain, like WT-full, also supports GPIba-dependent, but B3 integrin-independent platelet
adhesion to MMRN1 matrices at an arterial shear rate (571). Collectively, these findings
demonstrate that the A1A2A3 of VWF is the minimum region required to support platelet

adhesion to MMRN1 under physiological conditions typical of arteries.

Human and murine multimerin 1 are conserved (37, 508) and have platelet adhesive
functions that are emerging to be similar, as evident from previous studies with
Mmrn1/Snca double deficient mice (37) and studies in this these with Mmrn1’ mice.
Deficiencies in Mmrn1 significantly impaired platelet adhesive processes, including VWF-
dependent platelet adhesion, aggregation, and thrombogenesis at arterial shear rates in vitro
and in vivo. Mmrnl loss also reduced collagen-induced platelet aggregation of washed
platelets in vitro and the adhesion of platelets (in whole blood) to collagen. Even partial
loss of Mmrn1, as observed in Mmrn1*-mice, resulted in haploinsufficiency that abrogated
platelet adhesive processes in vitro and in vivo. These studies, taken together, address the

functional importance of multimerin 1 as a unique, haemostatic adhesive protein that
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significantly contributes to normal platelet-rich thrombogenesis at arterial flow rates. This
information importantly contributes to the understanding of platelet adhesive, haemostatic
functions at arterial shear rates, and the roles of the vascular protein, multimerin 1, to
support these processes. This knowledge may also further our understanding of the
pathology of platelet-rich arterial thrombosis in coronary artery disease and thrombotic

strokes.

During these studies, new questions arose that require additional studies to further
explore the molecular mechanisms underlying the contributions of MMRN1 to normal
platelet adhesion and thrombogenesis. The following section summarizes some approaches

for future studies that will address these new questions.

4.3.1 Mapping MMRNL1 binding to VWF Al and A3 domains

The adjacent right-hand face of VWF Al domain is the main ligand binding site for
several modulators of VWF-GPIba binding (90, 91, 96, 585), including bitiscetin (579),
and is also implicated in binding to types | and I11 collagens after exposure of cryptic sites
(423). Similarly, MMRNL1 likely directly interacts with the right-hand face of the Al
domain of VWF, and may also interact with additional sites in the neighbouring front and
upper faces of VWF Al domain due to the large size of MMRN1 subunits (33, 507, 508,
510). This would be like the larger binding site of MMRN1 for the C1 and C2 domains in

FV/Va (513, 526). It is not anticipated that MMRN1 directly overlaps with ristocetin
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binding to the upper face of VWF Al domain (96), as ristocetin is needed to enhance
MMRN1-VWEF binding (571). The left-hand and back face of the A1 domain of VWF are
not implicated in ligand binding, nor is the bottom face of VWF A1 domain (96), suggesting
that these regions may not directly support MMRNL1 binding. In the A3 domain of VWF,
MMRNL1 likely binds to the conserved ligand binding region in the bottom and front
surfaces, which are also implicated in supporting binding to types I and Il collagens (425-

427).

Further insights on the mechanism of MMRN1-VWF binding could come from
mapping the residues in the Al and A3 domains of VWF that support MMRNL1 binding
using a panel of scanning mutagenesis protein mutants (Table 6). | anticipate that such
experiments might confirm my hypothesis that MMRNL1 interacts with the right-hand
surface of VWF Al domain (residues of pre-pro-VWEF: 1358 — 1431 (96)), as well as the
two lower anterior surfaces of VWF A3 domain (residues of pre-pro-VWF: 1725 — 1790
(426, 427)). Scanning mutagenesis of these regions does not disrupt the global structure of
VWEF (90, 91, 426, 427), and has proven useful in mapping the sites for type 1V collagen
binding to the Al domain of VWF (90) and for types | and 111 collagen binding to the A3
domain of VWF (426, 427). There are also naturally occurring type 2M VWD mutations
localized to the right-hand surface of the A1 domain of VWF and the lower anterior surface
of the A3 domain of VWEF, which impair VWF-collagen binding and indirectly impair
VWF binding to GPIba (summarized in Table 6). It would be interesting to see if these

mutants have defective VWF-MMRNL1 binding. Such experiments would help to further
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define the molecular contributions of MMRNU1 to support the normal haemostatic, adhesive

functions of VWF.
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Table 6: Common naturally occurring type 2M VWD mutations in VWF Al and A3
domains for defining the MMRNL1 binding site in VWF.

Type 2M
VWD mutants**

Functional defect

Citation(s)

S1358N Reduced binding to type IV collagen (90)
(type 2M VWD)
F1369I Reduced binding to GPIba; Normal binding to (97)
(type 2M VWD) collagen
S1387I Reduced binding to types I, Il and VI collagens (91, 450)
(type 2M VWD)
R1399H No detectable binding to types IV and VI (90, 91)
-% (type 1 VWD) collagens
g Q1402P No detectable binding to type IV collagen; (90, 91)
'S' (type 2M VWD) Reduced binding to type VI collagens
< 11416N/T Reduced binding to GPIba at > 600 s™; Normal (278)
Cll (type 2M VWD) binding to GPIba and type I and III collagen
E under static conditions
11425F Reduced binding to GPIba; Normal binding to (601)
collagen
11425F and Reduced binding to GPIba and type IV (90, 601)
R1399H collagen
(type 2M VWD)
A1392-1402 No detectable binding to types IV and VI (90, 91,
(type 2M) collagens; Defective binding to platelets 277)
L1696R* No detectable binding to types I and Il (452)
(type 2M) collagens; Reduced binding to GPIba and auinf3
S1731T Impaired binding to types I collagen (504, 602)
- (type 2M)
g W1745C No detectable binding to types I and Il (602)
g (type 2M) collagens
< S1783A No detectable binding to types I and 11 (602)
L (type 2M) collagens
% H1786D No detectable binding to types I and Il (423, 504,
(type 2M) collagens 602)
P1824H* No detectable binding to types I and 111 (452, 603)
(type 2M) collagens; Reduced binding to GPIba and ouips

*Located outside the collagen-binding surfaces of VWF A3 domain.
** VWF numbering with 1, the start of prepro-VWF and residue 2714 the C-terminal end.
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4.3.2 Contributions of Mmrn1 to platelet aggregation at arterial shear rates

MMRN1 may be an important mediator of the platelet adhesive functions of VWF
under high shear and future studies could evaluate the contributions of MMRNL1 to shear-
induced platelet aggregation (SIPA), using a cone-and-plate viscometer. SIPA is dependent
on plasma VWF (31, 233, 285), GPIba (31, 233, 285, 506) and ouibBs (233, 285, 506), but
not FG (233). SIPA may also involve platelet activation at > 75 dynes/cm? threshold shear
stress (31, 233). Platelet activation is necessary to release a-granule proteins, like MMRN1
that could contribute to this SIPA. Pathologically high flow conditions (> 10, 000 s, 400
dyn/cm?) do not significantly activate platelets (25, 27), and would likely underestimate the
contributions of platelet proteins (like MMRNL1) to platelet adhesive processes under

conditions reported in severely stenotic arteries (27, 604, 605).

Alternative to SIPA, the snake venom protein botrocetin induces the aggregation of
washed platelet by a biphasic mechanism that first depends on VWF-GPIba agglutination,
then VWF-aiip3 aggregation (192, 606). VWF-GPIba binding stimulated by botrocetin
activates platelets, resulting in the granule secretion of intracellular stores (192, 606), and
may similarly release intracellular MMRNI1 from platelet a-granules. However, it is
important to note that botrocetin promotes VWF-GPIba binding by a mechanism that is
distinct from ristocetin- and shear-induced platelet adhesion to VWF (146, 192, 457, 607),
and ristocetin and shear are needed to promote VWF-MMRNL1 binding (571). Ristocetin

mimics the effects of shear on VWF-dependent platelet aggregation (141, 459, 608) and
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mainly induces VWF-GPIba-dependent agglutination (162). Ristocetin-induced platelet
agglutination results in limited activation of washed platelets and may not significantly
promote secretion of granule proteins (162, 466), like MMRN1. Limited release of platelet
MMRN1 would underestimate its contributes to VWF-dependent platelet aggregation,

under these conditions.

4.3.3 Contributions of Mmrn1 to platelet adhesion on collagen at arterial shear

rates

It is still unclear how MMRN1 augments platelet adhesion to collagen under high
shear (38), and additional studies are required to assess theses molecular mechanism. High
shear perfusion studies could directly assess if impaired MMRN1-VWF binding abrogates
platelet adhesion to collagen. These studies could include the use of VWEF site-directed
mutagenesis protein mutants (detailed in Section 4.3.1 Mapping MMRNL1 binding to VWF
Al and A3 domains) that reduce VWF-MMRNL1 binding, without modulating VWF
interactions with collagen and GPIlba. However, the MMRN1 binding site in VWF may
functionally overlap with the collagen binding site in VWF A3 domain, which may make
it problematic to significantly reduce VWF binding to MMRN1 without also impairing
VWEF binding to collagen. This would be like the overlapped binding of MMRNL1 and PS
to the C1 and C2 domains of FV/Va (513, 526). Alternatively, MMRNL1 protein mutations
could prove useful, providing that collagen and VWF bind to distinct sites in MMRNL.

Functional inhibitory antibodies against GPIba would not be useful in these studies, as the
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loss and functional block of GPIba had deleterious effects on platelet adhesion and platelet-

rich thrombogenesis at arterial shear rates (100, 139).

4.3.5 Studies of haploinsuffuciency in Mmrn1*- mice

Mmrn1*" mice could have abnormal phenotypes due to haploinsufficiency caused
by a reduction in the amount of Mmrn1 protein biologically available to modulate platelet
functions; similar mechanisms are reported for mice haploinsufficient in VWF and pFN
(that is important for normal haemostasis) (341, 409). This assumption is supported by the
reduced detection of Mmrn1 in platelet lysate samples from Mmrn1*" mice, but needs to

be confirmed by quantifying ELISA.

Mmrn1”and Mmrn1*" mice possess severely truncated Mmrn1 gene product(s) that
includes the first two exons, which if translated produces a functionally null, aberrant
protein that is ~20 % of preproMmrn1. Polymers in Mmrn1*- mice with WT-Mmrn1 and
this truncated, aberrant protein could antagonize the functionality of Mmrn1 multimers in
a dominant-negative manner (600); thereby explain the abnormal phenotype of Mmrn1*"
mice. To test this hypothesis, studies will need to assess the presence of a truncated N-
terminal Mmrnl protein in platelet lysate samples of Mmrnl” and Mmrn1*" mice.
Multimers with the truncated N-terminal Mmrnl subunit would have modified
polymerization patterns, relative to WT mice, much like the defects in VWF that abrogate

multimerization (420, 421). If there is a difference in the multimerization between WT and
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Mmrn1” mice, then additional studies may also co-transfect specific cell lines with the WT
and this severely truncated Mmrn1 protein and assess: 1) Mmrnl multimerization patterns
(to confirm observations in Mmrn1*" mice); 2) intracellular storage/retention; 3) secretion
of Mmrnl; and 4) functionality of Mmrnl polymers (via protein binding and platelet
adhesion assays (38, 571)). These studies would use cell lines like HEK293 cells that are
shown to produce and store MMRNL1 like platelets, and generate functional active
recombinant MMRNL1 (37, 38, 304, 312, 513, 514). These studies would collectively assess

the various mechanisms that could describe the abnormal phenotype in Mmrn1* mice.

4.3.6 Other animal and injury models

There are two commonly used models that use intravital microscopy to study
arterial thrombosis: laser-induced injury to cremaster arterioles; and ferric chloride-induced
injury to mesenteric arterioles. These injury models cause in vivo arterial thrombosis that
are initiated by distinct processes, with varied dependency on endothelial dysfunction (69-
74, 82, 83, 609, 610). In this thesis, | analyzed ferric chloride induced arterial thrombosis,
which involves the adhesive functions of platelets, plasma and platelet proteins, as well as
RBCs (69-71, 82, 83). In this injury model, thrombosis is dependent on platelet receptors
and involves adhesive proteins that support platelet-rich occlusive thrombus formation to
the luminal side of the injured vessel (72, 74, 84, 85, 105, 133, 144, 145, 610-614),
regardless of the absence or extent of vascular endothelium dysfunction (74). The laser

injury model does not result in complete occlusion of the injured vessel, but leads to the
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development of multiple independent thrombi (105, 613-615). Additionally, laser injury is
primarily mediated by thrombin generation (TF—mediated pathway; (74, 85, 613)), and
involves (depending on the depth of the vascular injury (105, 613-615)) haemostatic
adhesive proteins or platelet receptors that interact on the luminal side of the injured vessel
(74, 85, 105, 613). MMRNL1 delays FV activation (513, 514), especially at thrombin levels
observed during the initiation stages of TF-mediated coagulation (514), and inhibits plasma
and platelet-FVa dependent thrombin generation in vitro (514). As a result, the loss of
Mmrnl, in mice, may modulate laser-induced injury response, in vivo, which may
demonstrate that MMRN1 modulates thrombin generation after its release from activated

platelets.

There are other vascular injury models that try to recapitulate human vascular
trauma or disease, such as arterial and venous thrombosis in response to: inflammation (e.g.
laser injury (74, 84, 85, 105, 610, 612-614)); atherosclerotic plaque rupture (e.g.
photochemical injury; (611, 614, 616-619)); or physical injury (e.g. mechanical injury (609,
620-626)). The injury models provide insight into various aspects of haemostasis, such as
mechanical injury that provides detailed information on vascular remodeling, including
neointimal hyperplasia (620, 621, 623-626). Each model has its advantages and
disadvantages, such as mechanical injury typically provides less information on the various
stages of thrombogenesis because of the limited analysis of the haemostatic adhesive
functions of platelets (620, 621, 623-626). Some injury models cannot employ the use of

fluorophores because the primary endpoint is death by systematic thrombosis (as is the case
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with intravenous bolus injection of epinephrine and collagen (589, 627)), which makes it
difficult to determine the precise location of developing intravascular thrombi. This
inability to monitor in vivo platelet function limits the real-time visualization and
simultaneous monitoring of the dynamics of thrombogenesis and describe the complexities
of the hemostatic system. Using complementary injury models (e.g. models that denude the
vascular endothelium, like ferric chloride and Rose Bengal), will provide critical in vivo
evidence of the contributions of vascular proteins, like MMRNL1, to haemostasis and the

pathological mechanisms of thrombosis.

The expression of MMRNL is restricted to megakaryocytes and the vasculature (33,
35, 509-512), and mice with selective loss of Mmrn1 likely have deficiencies of Mmrnlin
both platelets and the endothelium. Therefore, it is unclear whether platelet or EC-derived
Mmrnl differentially contribute to haemostasis. Future studies could assess platelet and
endothelial Mmrnl functions, using tissue-specific knockouts, to characterize the
functional importance of either form of MMRNL. This has been described for several other

animal models (49, 218, 308, 309, 340, 341, 628).
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