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Abstract

TheRACSpecificGEFDOCKd4ghas been identified as an essential component in the
Rho GTPassgnallingpathway, imperative for correct vascular patterning and lumenisation
during sprouting angiogenesia vitro. As RAClhas been previously implicated in the
signallingevents involvd in vascular regrowthwithin a hypoxic environmentit was
hypothesized that DOCK4 may be an important effector in the response to vascular injury
and oxygen deprivation. To test this hypothesidDOCK4 depleted endothelial-colture
assaywas carried at in both hypoxic and normoxic conditionBOCK4 driven activation of
RAChasbeen demonstrated under VEGF silljing, howeverFGF3ignalling pathways have
also been strongly implicated in vascular response to blood vessel injury and hypoxia
Therefore, co-culture assaywere carried out to assessprouting angiogenesisith DOCK4
knockdownin response td-GFZupplenentation. Further, aheterozygou9OCK4 depleted
murine modelin ischemia studies using a modellElwas employedogether with LDI
monitoring of vascular response and regrowttomparing the response of heterozygous
Dock4KOmice and theiWT littermate controls

DOCK4 intercts with the CDC42GEF DOCK9 but the molecular basis of the
interaction is unknownasis the role of GEF heterodemizationin cellsignalling This study
aims to further understand thefunction of DOCK4 within a pathological sprouting
angiogenesis while also investigating thiechanism of interaction between DOCK4 and
DOCKO.

The two preangiogenic growth facto’dEGFANndFGF2Irive different phenotypical
growth responses during sprouting angiogenasigtro. DOCK4 was demonstrated as being
an important component oFGFXtimulated angiogenesis under hypoxia, indicating DOCKA4

as important for mechanisms involvéd the angiogenic response to ischemia. The specific



site of DOCK9 which interacts with the SH3 domain of DOCK4 was not elucidated during this
study, however it was determined that DOCK?9 proline rich regions identified as BRR 2,
and 9 were unlikelyo be involved in the interaction. The small molecule inhib@&47 was
demonstrated to be a potent antingiogenic compound with VE&EBtimulated E€ being
particularly sensitive t@L-47. Howeverit is highly unlikely that the aningiogenic effects
are due to disruption of the DOCKXOCKS9 interaction, as tpeC628cysteine residue was
found to not be involved in DOCK4 SH3 domain interaction.

Understanding how Rho GTPasge regulated and mechanisms underpinning their
activity will progresshe understanding of eventghat drive blood vessel growtkvhile

gaining insight into dysregulation during angiogenic pathologies.
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Preface

The overarching aim of this thesis is to expand upon the understanding of the RhoG
pathway (Rho@®OCKRACDOCKIDC42) and its role in the process of angiogenesis.
DOCK4 and its interaction with DOCK9 are the central components of the pathway, as
together they drive some of the hallmarks of angiogenic growth, filopodia formation and

sprouting (Abraham et al., 2015)



1 Introduction

1.1 The mammalian vascular system

The mammalian vascular system serves as a multifunctioning network of tubes, or
hollow cords, which enables flow of blood for maintenance of cellular homeostasis,
distribution of essential nutrients and oxygen in concert with removal of metabolic waste
andcarbon dioxide. It also allows the trafficking of growth fac{@8&s)cytokines, hormones
and immune cells around the bodWacker and Gerhardt, 2011b)he vascular system is
essential inmaintenance of homeostasis of ionic concentration, physiological pH, body
temperature, and glucose concentratigwacker and Gerhardt, 2011b)

The cardiovascular system is an enclosed organ system composed of a contractile
four chambered muscular pump, the heart, and a complex network of multicellular tubes
organized into three subsystems based on structure and function; the arterial system,
venaus system, and the lymphatic systé@armeliet, 200Q)as is seen in figure 1.1

The arterial system delivers blood from the heart to the other organs, tissues, and
limbs of the body. Blood pumped from thight ventricle of the heart and flows through the
pulmonary artery, allowing for oxygenation of the blood in concert with removal of carbon
dioxide. Oxygenated blood then flows into the left atrium of the heart where it is pumped
into the left ventricle. Theleft ventricle contracts to force the blood to flow through the
aorta, the largest of the arteries. Blood flows at high pressure through the aorta into arteries,
arterioles, and capillaries of decreasing diameter to the other organs, brain, and tissues

the body(Udan et al., 2013)
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Diagram of the human circulatory system: theart, arteries, veins and capillari
Arteries possess three structural layers: the Tunica Adventitia, Tunica Media, and Tunic:
The Tunica Adventitia is the outer layer of arteries and consists of connective tissue, ¢
and elastic fibresThe middle layer, the Tunica Media, contains smooth muscle cells and
fibres. The Tunica Intima is the inner most layer of the arteries and is comprised of end
cells. There are three distinct types of arteries: elastic arteries, muscudaiesr, and arteriole:
Veins also have three layers; the Tunica Adventitia, Tunica Media, and the Tunica Inti
Tunica Media of veins possesses an irregular covering of vascular smaostie cells ar
pericytes. In the lumen of veins also lie valwgch act to prevent the backflow of blood throt
the less pressurized vascular structures. Capillaries are small, thin vessels comprised c
layer of flattened ECs with no muscular layer. There are three types of capillaries: coni

fenestrated, and discontinuous



The venous system allows blood to flow from the periphery, tissues, and organs
through vessels which increase in diameter from ventiteseins and then into the vena
cava, the largest of the veins. Through the vena cava blood flows back to the heart, entering
through the right atrium{Udan et al., 2013)

The lymphatic system serves as a system of vessels that provide passage for
interstitial fluid to flow from the organs and tissue to-eater circulation through the
subclavia vein(Udan et al., 2013)

The vessels forming the three subsystems possess unique corpadibwing for
their distinct function. Within humans and rodents the cardiovascular system is the first
organ formed during embryogenes{®dan et al., 2013)Formation of the precursor
structures of the cardiovascular system begins during the early stages of embryo
development through a process called vasculogenéSizlan Moya et al., 20090nce
formed the vascular structures may further specialize to adopt characteristics essential for
0KS @SaasStQa LIKeaAaAz2ft23IA0Ft FdzyOlAz2y S6AGKAY A

Dysregulation of endothelial cells (ECs) due to vascular injury or cellular dysfunction
can contribute towards many pathological conditions including vascular disorders:
atherosclerosis, peripheral artery disease, hypertension, and inflammatory disorders such as
sepsis and inflammatory syndromes to name a fé@®alley and Webster, 2004;

Vanlandewijck et al., 2018)

1.2 Blood vessels

Vascular structures may display some variability in functional characteristics to allow
for specialization within the context of their location. Despite these differenbaman
blood vessels retain the same histological organization of a single layer of ECs, with a luminal
abluminal polarity, located on the intima of all vessels. The laj&Gs form into hollow

cords with the abluminal side of the EC layer connected to vascular basement membrane



(Lammert and Axnick, 2012pd a layer mural cells, smooth muscle cells and pericytes, at
the external side of the basement membrafleammert ad Axnick, 2012)Once blood
vessels have fully formed arimood flow is established, ECs exhibit features of planar cell

polarity in response to blood flofLizama and Zovein, 2013)

1.2.1  The endothelium

The endothelium is a heterogeneous and midtictional disseminated organ which
not only forms vascular structure but is vital in maintenance of athommbogenicblood-
tissue interface responsible for regulating blood flow, vascular tone, thrombosis,
thrombolysis, and platelet adheren¢€ines et al., 1998ECsvhich form the endothelium
also function in secretory, synthetic, metabolic, and immunologic roles in addition to forming
a semipermeable barriefCines et al., 1998)
1.2.2  Growth of blood vessels

In the healthy adult, vasculature and ECs are largely quiescent with the exception of
during pregnancy, the menstrual cycle, and wound hedlixdams and Alitalo, 2007; Rizov
et al., 2017) ECs may remodel their morpholodg form new vesskeunder pahological
conditions,such as tissue ischemia, in order to meet the metabolic needs of the {Egaeni

et al., 2006)

1.2.2.1 Vasculogenesis

The vascular system first forms throughseulogenesjsa process initiated when
endothelial precursor cells differentiate from bld#te bipotential cells called angioblasts
(Carmelet, 2000) as depicted in figure 1.The ventral floor of the dorsal aortaves rise to
mesenchymal cellsThe pluripotent mesenchymal cells differentiate imtagioblasts that in
turn differentiate into ntermediae pre-EG; cells capable of differentiating into either a
committed haematopoietic cell line orECs ECs may also display plasticity to
transdifferentiate into mesenchymal cells and intimal smooth muscle cells. OnceGhe

phenotype has been acquired, ther specialisation may take place to adapt the cell to the



specific type and location of the vascular struct¢@hoi et al., 1998; Galley and Webster,
2004)

Forming vascular structures recruit smooth muscle expressing mural cells, such as
vascular smooth muscle c€USMC) angericytes. These cells form the smooth muscle layer
which envelopes vascular structures on the external surfaces of the baseneembrane at
the abluminal side of the endotheliufbrake et al., 1998; Hirschi and D'Amore, 1996
phenotypical features and organisation of mural cellsog$ated with a vascular structure

varies based on size and type of vascular structure.
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During embryogenesis the primitive capillary plexus is formed thr
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Image taken with permission from Adams & Alitalo (2007)



1.2.2.2 Mural cells

Mural cells provide scaffold to vascular structures and are responsible for
contraction anddilation of blood vessels. Mural cells directly conta® to coregulate
vascular function via paracrine signalling and direct physical contact. Direct physical contact
between mural cells an&G allow for mechanical signalling through contractile fere@a
junction complexes between the two cell types; whicbliude (but are not limited to) -
cateninbased adherent junctions, -Bhdherin, cetadhesion molecules, and extracellular
matrix (ECM) componen{&erhardt et al., 2003; Vanlandewijck et al., 2018)

VSMCdave been associated with larger vessels and have not been observed to
embed into the basement membrane of vascular structures, a characteristic of pericytes
(Gerhardt et al., 2003Arterioles are coated with a thick and continuous layer of VSMCs and
elastic and collagenous fibr¢€leaver and Melton, 2003; Vanlandewijck et al., 200h8)
control contraction and relaxation of artetes.

Pericytes form an intermittent single cell layer over capillaries and-gagsillary
venules, and anchor t&G through adhesion plaques. Unlike VSMC, pericytes embed into
the basement membrane of vascular structures, allowing direct contact betweeicytes
and the endothelium. Pericytes extend longitudinal cytoplasmic projections along the length
of blood vessels, to allow for integration of signalling along the vessel and may connect
multiple capllaries within the vasculaturéRucker et b, 2000) Pericytes may alsdevelop
contacts between discontinuities in the vessel basement membrane, througkameg

socket contact§Rucker et al., 2000; Vanlandewijck et al., 2018)

1.2.3 Vascular structures
There are a number of different types of vascular structures which form the
circulatory system, to allow for circulation of blood in tune to the beat of the heart. The

differences in structure of each vessel type aids in the particular function required fo



maintaining circulation of blood to and from the heart, regulation of blood pressure,

exchange of gases and substances, and movement of immune cells.

1.2.3.1 Arteries

Arteries are the largest of the vascular structures and are constructed of
concentrically arraged smoothmuscle cells, which form elastic vessel walls made to
withstand higher blood pressuréShepherd, 1983;akonson et al., 2012)Arteries possess
three structural layers: the Tunica Adventitia, Tunica Media, and the Tunica Intima. The
Tunica Adventitia is the outer layer of arteries and consists of connective tissues, collagen,
and elastic fibres. The midglayer, the Tunica Media, contains the smooth muscle cells and
elastic fibres, this layer regulates vascular contraction, relaxation, and vascular tone
(Shepherd, 1983; Aaronson et al., 20IP)e Tunica Intima is the inner most layer of the
arteries and is comprised &G. The Tunica Intima lies directly in contact with the arterial
blood flowing. A hollow lumends throughout the centre of the arteries, through which
blood flows(Shepherd, 1983; Aaronson et al., 201Phe Umen of arteries are typically
smaller than that of veins, a structural feature specialised to aid in the high pressure of blood
flow from the heart(Shepherd, 1983; Aaronson et al., 2012)

There are three distinct types of arteries: elastic arteries, muscular arteries, and
Arterioles. Elastic arteries, the aorta and pulmonary artery, have thin vessel walls wggh a hi
level of elastin to aid in expansion and recoil of the vessels in response to therbggured
flow of blood from the heart. Muscular arteries contain a smooth muscle rich wall capable
of modifying blood flow through the vessel via contraction an@xation of the muscular
layer. Arterioles are the smallest of the arterial vessels which contain concentric rings of
smooth muscle within the tunica media layer and connect blood flow from other arteries to

capillary bed¢Cleaver and Melton, 2003; Sandoo et al]1@0Aaronson et al., 2012)



1.2.3.2 Veins

Veins retin a similar structure to that of arteries with the same three layers; the
Tunica Adventitia, Tunica Media, and the Turitama (Shepherd, 1983; Aaronson et al.,
2012) However, the Tunica Media layer of veins is considerable thinner when compared to
arteries. The cellular structure of the Tunica Media also differs between the two vascular
sub-groups, with the intermediate layer of arteries primarily being formed hyiektlayer of
VSMCsand veins possessing an irregular covering®MCsand pericytes(Aaronson et al.,
2012)

Throughout the lumen of veins also lie valves which act to prevent the backflow of
blood through the less pressurised vascular struct@fesonson et al., 2012)
1.2.3.3 Capillaries

Capillaries are small, thin vessels comprised of a single layer of flatE&eudth no
muscular layer. There are three types of capillariemntinuous fenestrated, and
discontinuougShepherd, 1983; Aaronson et al., 2012; Bennett et al., 198Bijle capillaries
do not have an adventia layer, contimus capillaries possess intermittent pericytes.
Fenestrated capillaries possess fenestrations, or poreschwaid in movement of larger
molecules.Discontinuos capillaries are only found in the liver. The structure formed
between theEG and hepatocytes creates clefts through which macromolecules and blood
cells to pass througfGalley and Webster, 2004; Vanlandewijck et al., 2018)

Capillaries connect arterioles to venules and facilitate passive diffusion and
pinocytosis of nutrients and cellular wastes between the blood and the tissue cells. The
absence of the mscular layer, thinness of the capillary walls, and distribution of intercellular
junctions aid in movement of substances and white blood cells between circulation and

tissues(Galley and Webster, 200¥anlandewijck et al., 2018)
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1.2.3.4 Collateral arteries

Collateral arteries are narrow arterioles which provide circulation interconnections
between nearby arteries or arteriolgg\ntoniucci et al., 2002; Schaper, 2009; Faber et al.,
2014; Simons and Eichmann, 2Q18&tworks of native collateral arteries function to divert
blood flow in instances of arterial occlusion, allowing for continuation of circulation to the
affected tissue and orgafHeil et al., 2006; Schaper, 2009; Simons and Eichmann, 2015;
Ramo et al., 2016)0Once blood flow to the collateral circulation has been initiated, sheer
force of the blood flow drives arteriogenesis of the caial arteries to develop into efficient
conductance arterieRamo et al., 2016)The number and patterning of pexisting
collateral arteries prior to an occlusion greatly affects the adequadyeodliversion of blood

flow to the affected tissue/orgafRamo et al., 2016)

1.2.3.5 Lymphatic vessels

Lymphatic vessels make up the lymphatic component of the vascular systeameand
functionally and structrally unique from the blood vessel circulatory element of the vascular
system. They are structurally unique from blood vessels, with features which aide in their
function to uptake fluid, macromolecules, and cells. Lymphatic vessels are formed of a single
layer of attenuated, no#ienestrated, EG (SchmidSchoénbein, 1990; Aukland and Reed,
1993)

The lymphatic sstem serves to aid in multiple biological functions; primarily in
regulation of fluid and fluid pressure within the interstitium, movement of fluid and
macromolecules to and from blood circulation, as well as immunological functions involving
movement of mmune cells and antigensetween tissues and lymphodes (Pepper and

Skobe2003)
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1.3  Mechanisms of blood vessel growth

1.3.1 Sprouting angiogenesis

Expansion andremodelling of the vascular system beyond vasculogenesis is
propagated via angiogenesis; either through sprouts brancfasgeen in figure 1.3jom
pre-existing blood vessels (sprouting angiogenesis) or through splitting of existing vessels to
a larger number via intussogption(Adams and Alitalo, 200.1n adults, angiogenesis occurs
typically in response to nutrient and oxygen deprivation, tissamage, or in response to
aberrant cell signalling arising from pathological stinfEfjami et al., 200&2otente et al.,

2011) Parenchymal cells respond to hypoxia by secretingapgiogenicGF such as
vascular endotheliagrowth factorA (VEFA,; described in detail in section 1.3.6.1).

During sprouting angiogenesis, quiescent ECs lining blood vessels excrete protease
to degrade the basement membrane, break away from the vessel wall, and alter their
morphology while they rapidly proliferate dninvade the surrounding tissue to form new
sprouts(Blanco and Gerhardt, 2013)nder preangiogenic signallinds& coordinate in a
YAINI G2NE KASNI NOKeé 2F f SI RA yéhded tpoidocadSt £ a Q
chemotactic gradients and juxtacrine Notalignalling(Jakolsson et al., 2010)At the
angiogenic front this organization of cells is malleable, with tip cells and steirequently
changing positiorfJakobsson et al., 2010)

VEGFA stimulation of the VEE@Eeptor 2 on ECs induces a Déltatch signalling
response which prompts a tigellphenotype(Jakobsson et al., 2010; Hellstrom et al., 2007)
Within mammals the Notch signalling pathway regulates angiogenesis through multiple
Notch receptors (Notch#l) and their interactions with multiple membrane bound ligands:
Deltalike (DLL1, 3, 4) and Jagged {JagLawson et al., 2002; Irueksrispe, 2017)VEGFA
driven Notch receptofigand interaction drives proteolytic cleavage of tRetch receptor

and release of the intracellular domain which relocates to the nucleus to function as a
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transcription factor, binding to DNA and modulaigene expressiofLawson et al., 2002;
Iruela-Arispe, 2017)

Expression oDeltalike-4 (DIl4) stimulatesNotch receptos on neighbourindeG,
initiating neighbouring cells to adopt a stalk cell morphology through suppression of VEGF
receptor 2 production(Adair and Montani, 20105talk cells dplay a much higher level of
proliferation with lower migratory behaviour than that of tip cglisdair and Montani, 2010)

Tip-cells produce muiple filopodia at the distal end of theord (as depicted in figure
1.3) which probe the extracellular environment for growth cues aiding in organised and
guided growth through detection of a gradient of pro and agrbwth signallingcues
(Gerhardt et al., 208, Wacker and Gerhardt, 20114)pon the meeting of two EC sproyts
the growths connect and join to create an enclosed vessel in a process termed anastomosis
(Wacker and Gerhardt, 2011bECs wrap and form a polats luminatabluminal
organization which initiatecord hollowing and subsequent lumenisation of the newly

formed vesse{Wacker and Gerhardt, 2011b)


https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Delta-like/
https://www.ncbi.nlm.nih.gov/books/n/c00017isp009/glossary1/def-item/Notch/
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Figurel-3 Basic schematic diagram of sprouting angiogenesis

During sprouting angiogenesis quiesc&t within a blood vessel (1) respond to
binding of an extracellular ligand or cue to a transmembrane receptor (2). This initiates tip
cell selection and filopodia production at the leading edge of the tip cell (3). Intracellular
signallingevent within thetip cell convey a signal to adjacent cells, prompting a stalk
phenotype in the neighbouring cells (4). Stalk cells rapidly proliferate to establish an
elongatedcord of cells (5). Depletion oGF(6; or contact with other growingords) is
hypothesized toresults in extension ofateral filopodia (7. Luminalabluminal polarity is

established withirEG of the celtord, initiating lumenisation
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1.3.2 Endothelial cell filopodia

Filopodia are actimnich cytoplasmic protrusions foahon actively motile cells in 3D
spaces, they are also found and were initidy observed on tip cells. BEd®podia probe
the surrounding environment for chemical and mechanical signals and direct migration
towards chemotactic signals such as VEGF. The interaction between filgpodiae ECM
produces points of ceECM attachment allowing generation of tension necessary for
propulsion towards the direction of migratiofBlanco and Gerhardt, 2013nteractions
between fibpodia and chemotactic cues promote rapid extension and directional growth of
the vessel sprouts while guiding correct patterning of the newly forming ve@3eldsser,
2011)

Recently filopodia have been described at lateral gifdgaham et al., 2015yhich
develop along a tubule and give rise to lateral sprqtsLisser, 2011) ateral filopodia are
thus required for the dynamic remodelling of newly formingseds and correct patterning
prior to lumen formationDeLisser, 2011Pnce lateral junctions betwedi establish, ECs
may polarize and initiate lumen formatio The formation of filopodia requires changes of
the actin cytoskeleton with rapid-&ctin polymerisation proceeded by actin contraction
within the projectiongBlanco and Gerhardt, 2013)

While filopodiapromote sprouting bothin vivoand in 3Dtissue culture models
(DelLisser, 2011; Hetheridge et al., 2Q1lamellipodia havebeen shown to promoteEC
migration in a 2Bsubstratum. Interestingly when filopodia are inhibited, lamellipelika
structures may promote the growth of blood vessielsvivo(Gerhardt et al., 2003)

1.3.3 Lumen Formation

Once the blood vessels have expanded through the process of filoddden
sprout formation, the blood vessels have to form enclosed tubes to allow blood flow and
gain functionality.During angiogenic sprouting, ECs migratecaisis that form a hollow

interior, or lumen, as they grow through and invade the surrounding méimelaArispe
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and Davis, 2009 he process of lumen formation is complex and the cellular and molecular
mechanisms are only partially understood. Multiple mechanisms have been described,
includingcord hollowing, cell wrapping, cell hollowingudiding, and cavitatioffLammert

and Axnick, 2012)0f those mechanisms cell andrd hollowing are those that have been
investigated in greater detail. Cell hollowing entails formation of an intracellular vacuole
which expands through neighbourifg$ in acord, giving rise to the lumellLizama and
Zovein, 2013)Cord hollowing involves either the invagination of unicellular membranes; a
hollow centre forming between multicellulacords (IruelaArispe and Davis, 20Q9pr
formation of a lumen at sites of laterBiCcell adhesiongStrilic et al., 2009)

Before lumen formation may take place, ECs must acquire polarity through
recruitment of proteins tothe apical membrane. One such protein is the glycoprotein
podocalyxin, the accumulation of which at the apical domain marks initiation of the process
of lumen formation(Sigurbjornsdottir et al., 2014This establishment of luminabluminal
polarity results in acumulation of a negative charge in the apical surface and opening of the
lumen via electrostatic repulsiafBigurbjornsdottir et al., 2014; Debruin dt,2014; Gebala
et al., 2016) Cord hollowing has been more widely accepted as the process by which lumens
formin vivq although the latest studies in zebrafish show that within intgreental vessels
the apical membrane expands through both laterally adjacent, and single cells to form the

lumen(Gebala et al., 2016)

1.3.4 Blood vessel elongation

During angiogenesisgrowth of blood vessels proceeds not only through
proliferation of ECs and development of new sprouts but also through elongation of a
developing tubule that fusewith other growing or established blood vessel. Elongation may
take place at the single ddevel, or results from proliferation of cells arranged iecad
(Gebala et al., 2016)Cell elongation occurs through internally driven remodelling of the

cytoskeleton which allows cells to grow in a directional fashiGebala et al., 2016)
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Interestingly, brain microvascular cells resist cell elongation and minimize latergeltell
junctions in response to curvature and sheer stress, resulting in the characteristic radial
arrangenent of cells, as opposed to axial, within the brain micesselgMerks et al., 2006)
Therefore, the ability oEG to elongate can have profound effects on the structure and
function of blood vesselgdMerks et al., 2006) Little is known about th molecular
mechanisms underlying blood vessel elongation, at the single or-oalltilar level. Within
a 3D organotypic angiogenesis model tubules stimulated witlaH#éroblast growth factor
(FGK develop an elongated phenotype (Scarba unpublished data), however it is not
known whether this is due to cells becoming more elongated, or that cells proliferate more
at the axial orientation.However, other studies have described FGF as inducing both
proliferation of ECs and elongation iodividual cell{Lee and Kay, 2006; Ornitz and Itoh,
2015)
1.3.5 Arteriogenesis

Arteriogenesis describes a mechanism through which-eguisting collateral
arterioles (described in 1.2.3.4) remodel from narrow vesseis litile to no blood flow to
become large conducting arteries, in response to sheer stress following occlusion of a
secondary supply blood vesq@intoniucci et al., 2002;c8aper, 2009; Faber et al., 2014)
Unlike angiogenesis, arteriogenesis is initiated by mechanical forces and has thus far been
shown to occur without stimulation of hypoxic factqideil et al., 2006; Grant and Karsan,
2018) Sheer stress has been seen to drive monocyte recruitment to the collateral arteries,
leading to monocyte and endothelial secretiorG# cytokines and proteases; driving matrix
degradatian, proliferation of smooth muscle, and enlargement of the collatearteries
(Ramo et al., 2016)
1.3.6  Growth factor signalling

Chemical stimulation which drives the growth of blood vessels integrates the activity

of a diverse repertoire of proteins includiigfsignaling molecules, cell surface receptors,
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integrins, and prostaglandins, just to name a few of the many components driving the
complex process of blood vessel growthcuzian et al., 2010; Simons et al., 2018)eGF
signallingpathways, VEGF and FGF, are two pathways hhae been described to drive
angiogenesis in similar but unique ways. Canonical VEGHiaghals been well described

in the context of embryogenesis and development, iniidd to the vascular response to
hypoxia(Ucuzian et al., 2010; Simons et 2016) VEGIignallinghas been implicated in
driving tip/stalk cell selection. Canonical F8&nallinghas be& strongly implicated in
response to wound healing and drives a highly proliferative endothelial phen¢@pétz

and Itoh, 2015)This section will overview the twsignallingpathways in the context of

vascular biology and pathologies related to dystagon of the two pathways.
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Binding of a VEGF ligand leading to homodimerisatioWEGF receptors drivi
intracellular tyrosine kinase activity of the receptor. Activated VEGF receptor le

activation of signalling pathways Src, Erk, Rho GTPase, PI3K/AKT, and P38/MAPK
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1.3.6.1 Vascular endothelial growth factor

VEGF signalling is complex, with the potential to stimulate multiple cell surface
receptors and subsequent activation and integration of a vast number of cell signalling
pathways. For the aforementioned reasonenly VEGF characteristics and signalling
components relevant to this report and the primary VEGF signalling components shall be
discussed in detail within this introduction.

VEGFs are a suyfoup of the plateletderived GF family of cysteineknot GFs
(Ucuzian et al., 2010; Simons et al., 20MEGF is aBCmitogen that acts as a major
regulator of blood vessel formation through vasculogenesis, angiogenesis, and
arteriogenesis, in addition to maintenance and function of vascular strucilweszian et
al., 2010; Simons et al., 2016)

During sprouting angiogenesis VEGF binds to the VEGF receptor Btrend
controls directional vascular growth through a chemotactic gradientatek via VEGF
secreted by oxygen deprived cell&erhardt et al.,, 2003)Both VEGF and th€EGR
expression are upregulated within angiogenic sprout tip cells, with VEGF antibody imhibitio
leading to significant decrease in mieressel sproutingGerhardt et al., 2003; Brown et al.,
1996b)

There are several variants of VEGF, vertebrate VEGPs pdacentaGF (PIGF),
Parapoxvirus/EGE and snake venoMEGF. Each variant differs in their affinity for the
different VEGFeceptor subtype, of which there are 3, as well as their ability to bind co
receptors and initiate homodimerisation/heterodimerisation of receptor complex formation
(Simons et al., 2016 he type of VEGF molecule driving a signalling response dictates the
activity and complex formation of the target receptor, thus regulating the downstream
cellular response to binding of the VEGF ligéBidhons et al., 2016)

VEGFA is the classical VEGFR activating ligand, and is often referred to simply as

VEGFVEGFA has beestrongly characterised as a primary component in proliferation,
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survival, and migration oEG (Simons et al., 2016V\EGFA has multiple isoforms, each
resulting from alternative splicing of the same gene product. Each isoforieswartheir

ability to actvate the VEGF receptor, due to the differences in their affinity for binding co
receptors, such as neuropilin (NRP) family members NRP1 and NRP2 and to heparin sulfate
proteoglycans (HSPQ§imons et al., 2016)

VEGF receptors act as receptor tyrosine kisasel kinding of a VEGF ligand lesad
to homodimerisation of VEGF receptors driving intracellular tyrosine kinase activity of the
receptor (as is seen in figure 1.4\ctivated VEGF receptor leads to activation of signalling
pathways Src, Erk, Rho GTP&8K/AKT, and P38/MARIKuelaArispe, 2017)

Each subtype of theVEGR greatly differ in effect fowing ligand bindindlruela
Arispe, 2017) There are numerous VEGF receptor subtypes with VEGHEHIELR2and
VEGFRS3 being the best characteriséGRL is a negative regulator of angiogenesis which
is expressed by blood vascule®, macrophages, trophoblasts, tumour cells, atfueo cell
types(Wu etal., 2006; Tsuchida et al., 20@8)d can exist in a nmebrane bound or secreted
form. VEGFA, VEGFB, and PIGF are the known canonical ligands which bind to VEGFRL1.

VEGF binds to VEGFR1 with a higher affinity than to VEGB®R&er VEGFR1 has
not been seen to activate a downstream signalling response aneérisftire assumed to act
as a decoy receptor, potentially sequestering free VEGF mole@tiletsuka et al., 1998;
Iruela-Arispe, 2017)Constitutive knockout of VEGFR1 in a murine model is embryonic lethal
on day E9 due to excessiZ€overgrowth(Fong et al., 1995VEGFR2 éxpressed on biad
vasculaiEG and to a lesser degree on the surface of lymphatic vase@a(Simons et al.,
2016) VEGFR?2 is known as the primary endothelial receptor responsible for conferring the
mitogenic signal induced by VEGF. VEGFR2 is canonically adiw&tEGFA and processed
VEGFC and VEGFD. VEGFR2 may also-banwmically activated via multiple mechanisms:
Shear stress due to changes in blood flahe bone morphogenic protein antagonist

gremlins, which has been seen to bind VEGFR2 with a simitdtyadf VEGRNd is able to
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stimulate similar downstream activitfMitola et al., 2010Q) Galectiam ~ -dalactoside

binding protein, which prompts phosphorylation of VEGFR2 extending cell surface retention

of the receptor, with inhibition of galectit greatly reducing tumour ssociated
angiogenesis; Lactate has been observed to upregulate expression of VEGF and VEGFR2
(Kumar et al., 20073s well as upregulating the ligands which activate the Igf&ran and
Kazlauskas, 201;3)ow density lipoproteins (LDL) may negatively affect VEGFR2 activity, with
presence of LDL leading to a reddcendothelial response to VEGFA and a decrease in
VEGFR2 expression. Unlike VEGFR1, constitutive VEGFR2 deletion in a murine model is
embryonic lethal on day E9 due to insufficient EC lineage commit{@mins et al., 2016;
Sakurai et al., 2005; Takahashi et al., 2001)

1.3.6.2 VEGFR?2 functions and pathways activated

Of all receptors capable of binding VEGF, VEGFR2 has the second highest binding
affinity for VEGF, second only to VEGFR1. While VEGF binds to VEGFR1 with a significantly
higher affinity than to VEGFRZ2, the tyrosine kinase (TK) activity of VEGF bound igBEGFR2
fold stronger than the TK activity of VEGF stimulated VEGFR1. Activated VEGFR2 transduces
a strong positive angiogenic signal to th€(Shalaby et al., 199 dicating VEGNEGFR2
as the primary signal transducer of angiogenesis stimuld&tibuya, 2013)

Endothelial VEGFR2 activation stimulates a multitude of intracellular signalling
pathways, some of which have been better characterised than others. Activated VEGFR2
LINEFSNEBYyGAFfte aAadaylta (2 LIK2aLK2 {mtdgerdaS /' 6
activated protein kinases (MAP{Shibuya, 2013and is essential for vasculogenesis during
embryogenesigSakuraiet al., 2005)and ECproliferation (Xia et al., 1996; Takahashi and
Shibuya, 1997; Takahashi et al., 199%he VEGFR2ZLG -PKC pathway regulateEC
proliferation and migration through activation of the protein kinase D (F&dne
deacetylase 7 (HDAC7) pathw@yang et al., 2008)Sase et al. (2009) demonstrated that

differentiation of endothelial stem cells t&& strongly depends orhé VEGFRZPLG
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pathway, while zebrafish mutants of thBLE wgene results in lethal deficiency of
arteriogenesigSase et al., 2009; Lawson et al., 2002)

VEGFR2 activation controls vasotion, barrier function, and cell survival through
regulation of phosphatidylinosite3-kinase (PI3K)/Akt and mammalian target of rapamycin
(mTORXignallingpathways(Zhuang et al., 2013yhile also partaking in regulation of von
Willebrand factor (vWF) release frdats, an essential component of the coagulation system
(Xiong et al., 2009Activation of the VEGFR2 also mediates tip cell selection in initiation of
sprouting angiogenesis, leading to modulatiorNottch signallingand initiation of the stalk
cell phenotype of adjacenEG which proliferate along a newly forming sprout. This
regulation is a characteristic not described in an giGfallingcontext and demonstrates the
clear differences the twsignallingpathways drive during angiogenegi§ong et al., 2009)

Activated VEGFR2 has also been described to regsiztallingvia the Rho family
of small GTPases driving changes to the actin cytoskeleton; activity necessary for regulation
of cell shape, polarity, junction conformation, migration, and cellular growth in response to
growth signalling cueRodrigues and Granger, 201BJke Hoeppner &l (2015) described
how in vitro VEGFVEGFR2 driven activation for the small RhoGTPase RhoC promotes a
proliferating and a migratory phenotype. RhnéCA y Ra G2 |yR &Gl oAt AaSa
catenin; prompting an increase in expression of the cell cycle intermediate cyclin D.
However, RhoC was also describedniaibit migration in a MAPKs amdyosin light chain 2
dependent manner and downregulat&KtS t [ / ¢ @ éndotheld nitdc/ oide
synthase (eNOS) cascade, leading to decreased vascular perme@oigpner et al.,
2015)

During sprouting angiogenesis VEAFGFR2 driven activation of the small Rho
family GTPases raslated C3 botulinum toxin substrate (RAC) and cell division control
protein 42 homolog (BC42)rive directional migration and correct vascular patterning via

regulation of the actin polymerisation required for lateral filopodia production, aloogs
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of newly forming vascular sprouts, in addition to lumen formation of the newly forming
vessds (Abraham et al., 2015)

VEGFR2 has also been indicated in control of many other signalling pathways
including: Src, p38 MAPK, STATs and G protripled receptor (GPCRgpendent
signalling(Simons et al., 2016)

VEGFRS is highly expsed on the cell surface of Iytatic EG andblood vascular
EG (Simons et al., 2016YEGFR3 binds and transduces signals from the ligands VEGFC and
VEGFD. VEGFR3 mapak noncanonically activated by sheer strd&yzova et al., 2000;

West et al.,, 2012)VEGFR3 constitutive deletion within a murine model is embryonically

lethal at day E9.5 as a result of vascular remodelling de{8atsons et al., 2016)
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Figurel-5 Schematic diagram of canonical FGF signalling mechanisfa&in

Binding of a FGF ligand leading to homodimeti®on of FGF receptardrives
intracellular tyrosine kinase activity of the receptor. Activated FGF recegtioulates
activation ofsignallingpathways RAC/MAP kinase, PI3K/AKT, Rho GTPase RAC1 and CDC42,
t[/*ktY/Z YR {¢! ¢ MZoZInod



25

1.3.6.3 Fibroblast Growth Factor

The FGF family ofGFs and their receptors have been implicated in many
developmental and post devgdmental processes affecting multiple tissues and organs
throughout the body. During embryogenesis and developmé&@Fsignallingregulates
tissue patterning, organogenesisranching morphogenesis, and limb development. Within
the vascular systenGF acts as a potent endothelial mitog&ospodarowicz et al., 1977;
Maciag et al., 1981; Thornton et al., 198@hich is stored within the vascular basement
membrane and acts as an angiogenic dacturing vascular development and progression
(Ucuzian et al., 2ID; Javerzat et al., 2002)

There arefour FGF receptors (FGFR), with each subtype differing in kinase domain
and ligand binding affinitfTrueb et al., 2013; Beenken and Mohammadi, 2088 )depicted
in figure 1.5, nding of a FGF ligand leading to homodimexis FGF receptor molecules
drives intracellular TK activity of the receptor. Activated F&FStimulates activation of
signallingLd G Kgl&a w!/ka!t {(AYylFraSYs tLoYk! VYt wKz2
and STAT 1,3(@Beenken and Mohammadi, 2009; Dailey et al., 2005)

Stimulation of FGFRs primarily lsado intracellular regulation of two main
intracellular substrates; PL.Qu | YR CDCw & dBeénkeNJand $ohammadCw{ v T

2009). PR A LIK2NBf A2y 2F cbDcwa fSIR G2 t[/

QX

associates with a juxtamembrane region of FGFR to drive constitutive activation of the FRS2,
inducing activation of the Rasitogenactivated protein kinase (MAPK) and
phosphoinositie 3kinase Akt signalling pathway@®eenken and Mohammadi, 2009; Dailey
et al., 2005)

FGF ligands also signal through the -lffinity heparin silphate transmembrane
proteoglycan, syndecan(Kitamura et al., 2008F-GF stimul@n of S4 independently of FGF

receptors is due to the recept@ ability to activate PKEorowitz et al., 1999; Partovian et

L
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al., 2008) FGF activated S4 associates with a ubiquitous cytoplasmic protein, Sy(&ambin
et al., 2000)

The family of FGFs consists of 22 structurally similar signalling ligandsHSE23,
of which 18 eighteen (FGHIGF10 and FGRF&F22have been identified as ligands capable
of binding to FGF receptor tyrosine kinag&snallwood et al., 1996; Olsen et al., 2003)
Similarly to VEGF, FGF proteins also possgsain binding affinit{Shing et al., 1984pue
to the vast and varied activity of the FGF family of ligands and receptoig FGF
characteristics and signalling components relevant to this report and the primary FGF
signalling components shall be discussed in detail within this introatucti

The FGF ligandsGR and FGF2, regulate vascular tone and thus blood pressure
(Cuevas et al., 1998nd hare been implicated in regulatinglOSactivity (Cuevas et al.,
1996) Mice with FGF1 or FGF2 depletion are viable with no known defects and maintain
normal vascularizatiorfMiller et al., 2000)potentially dueto redundancy, oraction of
alternative angiogeniGFs in theirabsence.

FGR is capable of binding tollaFGFreceptor subtypes, a characteristic unique to
FGE. FGR is a potent angiogenic mitoggBlaber et al., 1996)inder the condition of
hypoxia, and is able to drive tl&SH proliferation and differentiation of the endothelial and
smooth muscle cells necessary for construction of an arterial véSsegmann, 1998;
Khurana and Simons, 2008)GR hasbeen implicatedn drivinga protective respnse in
cardiac ischemia, with higher levels of FGF1 found within pericardial fluid following an
ischemic cardiac evefitwakura et al., 2000FGF1 treatment within cardiovascular disorders
have also demonstrated FGF1 function in collateral artery groedbijllary proliferation
(Schumacher et al., 1998hd in improving perfusion within the lower extremities following
ischemia(Comerota et al., 2002; Nikol et al., 200B}5F1 has also been implicated in nerve

repair following injuriefCheng et al., 1996; Takahashi and Shibuya, 1997; Lin et al., 2005;
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Cheng et al., 2004In vitro, FGF1 induces microvascular branchingpwiculturedEG (Uriel
et al., 2006)

During wound healingGR andFGR stimulate tte proliferation of fibroblasts and
EG, necessary for angiogenesid developing granulation tissi@rnitz and Itoh, 2001)

FGF2 plays a role in a broad spectrum of processes, regulating multiple mitogenic
and cell survival activitie@rnitz and Itoh, 2001)FGR is a more potent stimulator of
angiogenesis than either VEGF or PDGF (buF@&) and promotes angiogenesis through
stimulating proliferation and physical organization of ECs into dikee structures(Ornitz
and Itoh, 2001)

FGF2 functiorhas been implicated in embryonic development, morphogenesis,
tissue repair, and functions in regulating migration and proliferatioE@f, mitogenesis of
smooth muscle cells and fibroblasts, aagoptatic responses, adipogenesis, and
inflammation (Ware and Simong,997; Yanagisawsliwa et al., 1992; Scholz et al., 2001;
Hutley et al., 2004; Keller et al., 2008)

In vivg FGF2 plays a role in migration and proliferatiore@® (Ware and Simons,
1997) and has been implicated in the development of large collateral vessels with adventitia
(Scholz et al.,, 2001)Jse of FGF2 as a treatment following cardiac ischemia has been
demonstrated to reduce the size of ischemic regions in theogaydium, reduce the
frequency of angingUnger et al., 2000; Laham et al., 1990)d has alsbeen established
to improves peripheral circulation of people suffering from claudication; pain within the
lower limbs due to obstruction of blood floLazarous et al., 2000FGF2 inhibition in
tumours has beemshavn to impede vascularisatioiVang and Becker, 199But does not
impact on microvessel density in tumoyRresta et al., 2005)

FGFland FGE induced vascular growttlevelogs features distinctly different when

compare to VEGF induced vascular growth; with a marked reduction in fenestrations, and
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thus permeability, of blood vessels produced under FGF driven vascular @adtet al.,

2004; Hori et al., 2017)

1.3.6.4 FGF dmulation of RhoG, RAC1, and €Dactivity

FGR binding tosyndecar drivesRAC1 activation in a RhoG dependent mechanism
(these Rho GTPases are described in detail inosettd), through initiating release of RhoG
from an inhibitory ternary protein complex &lynectigRhoGDIXa RhoGTPase inhibitory
protein described in section 1.4FGF stimulation of RhoG activation of RACL1 leads to the
activation of PK@ rat fat padeGs (Elfenbein et al., 2009)

FGR stimulated endothelial activation d?IX induces the reorganization of actin
cytoskeleton to the cortex, and stimulation of changes in cellghology, to induce and
elongated phenotype in a Rho GTPase dependent maueer and Kay, 2006)

Jeong Goo Leand EunDuck P. Ké2006) demonstrated thaEGR stimulation of
cultured corneaEG, a type of norvascular ECdfives formation of protrusive processes in
a CDC42/RAC1 dependent manner, in parallel with Rho inactivatioRGRIldriven Rho
GTPase regulation was observed to be blocked through administrati@n Rif 3kinase
inhibitor, LY294002.

RAC1 and CDC42 have also been demonstrated to be required for internalisation of
FGF2 in complex with syndecdron the surface of smooth muscle céflsvitro (Tkachenko
et al., 2004) FGF2 bound syndecahinteracts with dextran during endocytosis of the
complex.In vitrodominant negative RAC1 withsmooth muscle cells blocks internalisation
of FGF2 and syndecan Smooth muscle cells with dominamegative CDC42 blocked
endocytosis of FGF2, syndeefiand dextrar{Tkachenko et al., 2004)

With consideration to the literature it can thus be considered that BigRallingin
angiogenesis drive€C proliferation and elongation during wound healing. The FGF

stimulation of ECelongation occurs in a RAC1 and CDC42 specific context. As DOCK4 is an
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activator of RAC1, DOCK4 may serve as a potential component in conferring the cellular
response to FGF.
1.3.7 Peaipheral artery disease

Peripheral artery disease (PAD) describes a pathologically driven reduction in blood
flow to the lower extremities and, within the Western world, is a predominant cause of
mortality (Ferraro et al., 2010; Rissanen et al., 2001 severe case®AD may manifest as
critical limb ischemia (CLI), which often results in a requirement for limb amputation. Limb
ischemia has been attributed to insufficient neovascularisation following blood vessel
occlusionCarmeliet, 2003)While patients suffering from PAD may receive physical therapy
(Gardner and Poehliman, 1995; Robeer et al., 198&tment is aimed to reduce underlying
pathological instigators of PAD (i.e. atherosclerosis), or surgical procedures to introduce a
catheter or simulate revascularisationNorgren et al., 2007)Despite the use of these
interventions there is currently no effective treatments for (liles et al., 2003)

FGF signalling ligands and receptors have been indicated as critical for
neovascularisation following injury and have been indicated as poteth&mapeutics for
treating CL(Ferraro et al., 201@obek et al., 2006)

Sunday S. Oladipupo et al (2014) utilised both FGFR1 and FGFR2 deficient mice to
demonstrate that FGF signalling via either of the FGFR1 or FIB&ER2 not required for
embryonic vascular development or maintenanceva$cular integrity under homeostatic
conditions However, depletion of FGFR1/2d to impairment of neovascularisation
following injury to the skin or cornea. Analysis of pgtired murine skin samples indicated
a heightened level of FGF2, VEGF, Bt this finding was attributed to disruption of
feedback mechanisms regulating levels of gene expression. This finding indicates FGF
signalling through the FGFR1/2 primarily functions within neovascularisation during wound

healing.
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Bernadette Ferraro et la (2010) found electroporationmediated intradermal
delivery of plasmid~GR (pFGFE+) treatment of hind limb ischeittith1)in rats, following
occlusion of the femoral artery, was observed to significantly increase blood flow to the
affected hind limk(Ferraro et al., 2010)This study supported the earlier work of Fuijii, et al.
(2008) which demonstrated that intramuscular injection of B8R expressing plasmid
greatly enhanced hind limb perfusion to an ischemic limb via VEGF drivencemnfamt of
placental GF signalling(Fujii et al., 2008) Together these findings implicate FGF as an
important mediator ofthe vascular respong® tissue ischemiaFurther, understanding the
mechanisms involved in regulating downstream vascular signalling events activated by FGF
signalling may lend insight into potential therapeutic targets for treatment of pathological

peripheral ischemia.

1.4  The Rho family of small GTPases

The Ras homolog (Rho) family of low molecular weight proteins form a distinct group
of proteins within the large Ras superfamily of regulatory guaninghoisphate (GTP)
hydrolaseqSadok and Marshall, 2014h parallel with other GTPase proteins, each family
member possesses conserved 20kDa Ghbihding domain(Sadok and Marshall, 2014)
Activation of Rho GTPases arises throuljérmation in binding of GTP/GD(guanine di
phosphate) inducing switchlike control mechanism in activating or atgivating the Rho
GTPase respectivelgs is seen in figure 1(€herfils and Zeghouf, 201&)nce activatedRho
GTPases modulate multiple downstream targets that are involved in the organisation of the
actin cytoskleton and the microtubule network.

Guanine nucleotide exchange factors (GEFs) induce activation of GTPases through
release of GDP enabling binding of GTRerfils and Zeghouf, 2013)here are two distinct
groups ofRho GEE&oth of which have GDP exchange activities but no sequence homology.

Diffuse Bcell lymphoma (Dipfamily GEFs mediate nucleotide exchange through a Dbl



31

homologypleckstrin homology (DIRH) domair{Cherfils ad Zeghouf, 2013)The PH domain
can be auto inhibitory and also permits binding to phospholipids allowing for localisation at
the plasma membranéVeller et al., 2008; Sadok and Marshall, 2014)

The DOCK180 family make up the second group of Rho GEFs. DQkdiBs
possess DOCK homology region (DHR) 1 and 2 domains. The DHR2 domain controls
nucleotide exchange, while the DHR1 domain is thought to control plasma membrane
localisation(Cote and Vuori, 2007; Patel et al., 2QIMHhe majority of DCK180 proteins lack
a PH domain with the exception of three members: DOCK9, DOCK10, and Dkd€llet &t
al., 2008) DOCK1 proteins possess $H3 domair{SH3 domains are described in section
1.4.6.4)capable of binding adaptor proteins containing a proliitdh motifs such as ELMO

(Patel et al., 2011)GEF proteins will be describiedmore detail in section 1.4.6
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Racl activation
o
Racl inactivation

Inactive

Figurel-6 Schematic diagram of RACL1 activatiand inactivation

Alternation in binding ofhe Rho GTPase @TP/or GDP induces a switdike control
mechanism in activating or deactivating the Rho GTPase régplyctOnce activated Rho
GTPases modulate multiple downstream targets that are involvéle organisation of the
actin cytoskeleton and the microtubule netwoBEF$nduce activation of GTPases through
mediating release of GDP enablirthe binding of GTP. GARkive inactivation of Rho
GTPases via stimulation of GTP hydrolg#iPataly® the intrinsic GTPase activity of Rho
proteins that hydrolyses GTP to GDP thesling toinactivaton of theRhoprotein.
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GTPase activating proteins (GAPSs) drive inactivation ofdllRases via stimulation
of GTP hydrolysi{&adok and Marshall, 201/ho guanine nucleotide dissociation inhibitors
(GDIs) are also capable of regulating f&idPase activity through binding to thée@minal
prenyl group, and retaining the GTPas#hie cytoplasm(Sadok and Marshall, 2014; EtieAne
Manneville and Hall, 2002)nterestingly,the Rho GAPRhoGDI lacts as a chaperone to
multiple Rho proteins, acting to facilitate correct folding and prevent ubiquitination and
degradation(Etenne-Manneville and Hall, 2002)

It must also be noted that atypical Ri@&TIPase proteins remain continually bound
to a GTP molecule, effectivelgnderingthe protein permanently activated yet under the
control of alternative mechanisifbadok and Marshall, 2014)

The switcHike control mechanisms of the Ri@&T Pase jpteins enables integration
of afast actingand local stimulus. The existence of over 70 GEFs and 80 GAPs, which have
thus far been identifiedSadok and Marshall, 2014; Hall, 2Q12)Jows for diverse and
complex fine tuning of Rho GTPase protein activation and localisation. The extensive
repertoire of GEFs, GAPs, and GDIs lend to the Rho GTPase capacity to modulate and
integrate multiple signals and their involvement in nerous cellular responses.

adzf GALX S aA3aylfttAy3a GNIyaRdzOG ARmyly did G Kgl &
small GTPase) have been noted to regulate the dynamic plasticity (EmeManneville
and Hall, 2002)Of the many signalling molecules involygee Rho family of small GTPases
have been found to be integral in transmitting extracellular stimuli and converting them to
celular responses during angiogenegigienneManneville and Hall, 2002)n ECsRho
GTPases are ipnarily essential in regulating actin cytoskeletal dynamics thereby controlling
cell migration, adhesion to thECM and lumen formation. They are also important in cell
polarity, maintenance of endothelial barrier integrity, and may influence angiogenic
metabolism, transcription factor activity, and transportation pathways as reviewed in

EtienneManneville & Hall (2002).
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1.4.1 Actin cytoskeleton

The cytoskeleton of a cell is a network of fibrous elements found within the
cytoplasm which provides morphologicaliversity, cellular structure, and migratory
capabilities. The cytoskeleton is comprised of microtubules, actin microfilaments, and
intermediate filaments(Fletcher & Mullins, 2010)Networks of highly dynamic actin
filaments are typically found beneath tleell cortex anaonsist of globular proteins ¢gctin)
assembled into londouble helix filaments (&ctin; (Fletcher and Mullins, 201D)

Actin filament remodelling is dynamic and tightly regulated through complex
mechanisms. Growth of actin filaments occurs through addition-a€@ monomers onto
either the fast growing barbed end of thea€tin filaments, or the pointed slow growth end
of Factin flaments, via polymerizatiorfFletcher and Mullins, 2010Depolymerisation
occurs through cleaving of-&tin from either end of thd~actin filaments(Holmes et al.,
1990; Oda and Maéda, 201@xisting actin filaments are maintained in a caped state, with
uncapping and nucleation of the bartbend required for initiation of polymerisation. Three
major classes of actin nucleators have been identified: the Arp2/3 complex, formins, and
tandem actinbinding domain nucleator@Veston et al., 2012)

Nucleationpromoting factors (NPFs) of the WiskpMdrich syndrome protein
(WASP)/WASFRamily verprolinhomologous protein (WAVE) family activates and binds the
Factin bound Arp2/3 complex in conjunction with also bindingagBn monomers
(Chesarone and Goode, 200%his complex formation initiates creation of a nucleation core
promptingactin nucleation and polymerisation of a new actin filament frarpre-existing
actin filaments(Chesarone and Goode, 2009he Arp2/3 complex also catalyses the
production of branched-&ctin filaments via increasing the number of barbed endsulgh
binding to the side of filaments at the pointed end, forming the base of a new brdyile

et al., 2005)
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The Formin family of proteins also bind to the barbed ends of actin filaments to
prompt the formation of linear actin filamentéChesarone and Goode, 2009)

Cofilin is an actin binding protein capable of irihg actin nucleation via
depolymerisation of actin filaments. Cofilin cleaves actin monomers from actin filaments,
creating barbed ends aiding nealtion and actin polymerisatiofichetovkin et al., 2002;
Andrianantoandro et al.,, 2006)Gelsolin also drives depolymerisation ofdiin and
increases the number of free pointed ends, with a considerably higher lgradfinity than
that of cofilin(Ressad et al., 1998)

The actin binding capping protein blocks actin polymerisation, terminating filament
elongation,through birding to the Factin barbed end¢Caldwell et al., 1989; Cooper and
Pollard, 1985; Jo et al., 2015)

1.4.2 RhoARAC1, and CDC42

Of the 20 known Rho family members, member A (RhoA), RAC, and CDC42 have been
the most extensively studied, with these three considered to be hallmark family members
(Sadokand Marshall, 2014)These three proteins have been noted through numerous
studies to each regulate different aspects of cell shape changes through interactions with
the cytoskeleton(Sadok and Marshall, 2014FDC42 and RAC1 may regulate activation of
one another, dependent on the signalling context, whereas RAC1 and RhoA often act in
opposition(Machacek et al., 20097 he three canonical Rho GTPases RhoA, RAC1 and CDC42
act in ceordination with one another to regulate cytoskeleton dynamics.

Within fibroblaststhe three Rho GTPashkave been observed to fluctuate in activity
within subminute times of one another and at a mienoeter length scales apa(Martin et
al.,2016) RAC and/or C3Z influence migration in distinctly different ways despite sharing
some common GEF activators, indicating that RAC and CDC42 are activated within different
sub-cellular locations simultaneously while acting upon distinctly different downstream

targets(Cook et al., 2013'he mechanisms occurring downstream of each-@h&ase may
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differ greatly dependent on the proteins through which they interact and their localisation

within the cel (Cook et al., 2013)

1.4.2.1 RhoA

In the most basic sens®hoA drives bundling of actin filaments intontractile
stress fibers, increases cell contractility, and initiates assembly of focal adhesions. RhoA is
most commonly recognised as the RB3 Pase responsible for inducing contractility at the
trailing edge of a migrating cell ir2 motility. HoweverRhoA has also been implicated in
events occurring at the leading edge of migrating d®llacker and Gerhardt, 2011b)

There are multiple recognised mechanisms through which RhoA pronte@es
migration. RhoA activation of the downstream target ROCK is the most studiedyaativit
RhoA(Wacker and Gerhardt, 201153hoAROCK signalling enables actomyosin contractility
through phosphorylation of myaosin light chain in addition to phosphorylating and inhibiting
myosin phosphataséVNacker and Gerhardt, 2011HRhoA activation of the formimDia,
also initiates actomyosin contractility and force generati@uadok and Marshall, 2014)
During initiaton of cell migrationrecruitment of RhoA from cell junctions to the leading
edge of the cell, in a RalB8-dependent manner, allows for activation of RhoA induced by
iKS wk2D9C {@8E® ¢KS Lmmnh &dzodzyAld 2F tLovY
signdling (Wacker and Gerhardt, 2011a)

Reorganisation of the actin cytoskeleton may be further controlled through RhoA
ROCHksignallingvia ROCK phosphorylation of LKvhase, leading to phosphorylation of the
actinregulatory praein cofilin (a protein responsible for actin capping and
depolymerisation) thus reducing accumulationFeéctin (Arber et al., 1998; Olson et al.,
1995)

Rho signalling via ROCK has also been described in regulating EC protrusion and

branching. ROCK activation during sprouting through stiffer ECM results in enhanced
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directional gowth and reduced EC branchifgischer et al., 2009; Wacker and Gerhardt,
2011a)
1.4.2.2RAC1

RACL1 is ubiquitously expressed signal transducer which integrates signals from

numerous cell signalling pathwagsee figure 1.yfollowing stimulation of receptor kinases,

G proteircoupled receptors, or integrin®osco et al., 2009RAC1 has been implicated to

be fundamental in several delar functions and has been well described as a primary
regulator of actin cytoskeletal reorganisation, axonal guidance, as well as cell migration and
cell transformation. RAC1 has also been implicated in the induction of DNA synthesis and
superoxide prodction (Bosco et al., 2009)

RACL1 interacts with multiple proteins involved in various aspects of cytoskeletal
dynamics including cytoskeletaemodelling microtubde stability,and gene transcription
(Bosco et al., 2009Activated RAC1 binds a number of effector molecules sut® asotif
Containing GTPase Activating Prot&iflQGAR, IRSp53/WAVE, PAK, and miiadage
protein kinases 2 and 3(MLK2/Bosco et al., 2009VASP family of verprolihomologous
proteins and the formin fany of proteinspromote actinnucleatbn downstream of RAC1
(Galan Moya et al., 2009RAC1 may also activatefilin and gesolindriving actin capping
and depolymerisation. RAC1 control of spectrin activation drivaslonane-associated actin
binding (Galan Moya et al., 2009he described RAC1 targets may also cooperate in
exportation of proteins to expanding filamentsuh further promoting migration.

RAC1 effectors, protein family of p21 activating kinases (PAK), bind@®RALC1
potently stimulating PAK kinase activity and leading to cytoskeletal dynamics, adhesion, and
transcription(Frost et al., 1996; Brown et al., 1996&AC1 driven activation of PAK leads to
c-Jun Nterminal kinase (JNK) activatiGivestwick et al., 1998nd MLK2/3 driven activation
of the JNK pathwathrough RAC1 mediated nuclg@dagata et al., 1998; Teramoto et al.,

1996) RACL1 is alsinvolved in canonical JNK regulated Vgignalling to the TCF



38

transcription facton{Wu et al., 2008)Also, RAC1 leads to activationR#Ktransmembrane
guanylyl cyclase activity and the second messenger cGMP prod(Gtimnet al., 2007)

RAQ may also antagonis&khoA driven actomyosin contractility viignalling
through PAK. RAGATP activity may also drive stabilisation of-cell contacts through
targeting the scaffold protein Ras GTRastévatinglike protein (IQGAP). RAC1 bound
LvD!twm R Acatedinfro® xhy eadherircatenin cellular adhesion complex through
0 A Y R-tayedin(Noritake et al., 2005)

RAC1 accumulates at the leading edge of migrating cells and was initially identified
as driving cytoskeletal changes and formation of adtih lamellae at the leading edge of
fibroblasts in response to microtubule growth. RAC1 also promoted neurite extension
through prompting lamellipodia formation within the neural growth cofiébzma et al.,
1995) Ecadherin stimulated RAC1 activity is also fundamental in actin recruitment to
epithelial celicell adherens junction®/asioukhin et al., 2000; Ehrlich et al., 2062)\C1 also
drives actin polymerisation in stiulated blood platelets, lymphocytes, mast cells, &@&
(Hall, 1998hnd is also involved in endocytosis/trafficking, and pinocytosis within dendritic
cells(Nobes and Marsh, 2000)

RACL1 also prompts actin nucleation and polymerisatioaugh IRSp53 dependent
N-WASP activation of the Arp2/3 compl@iki et al., 2000)RAC1 signalling is crucial within
immunedefencevia its involvement in phagocytosis; RAC1 regulates polymerisation of actin
fibres at membrane sites of micimrganism and particleiptake (EtienneManneville and
Hall, 2002) RACL1 partakes in activation of NADPH oxidase witldgaatytic cells leading to
the superoxide ions production required to Kill bactetigokoch, 1995; Abo et al., 1992)
RACL1 regulates macrophage cell immunoglobdoeptor mediated phagadosis; RAC1
also activates MAPK and JNK pathways enabling an inflammatory reg@amea and Hall,

1998).
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RACL1 is also a prominent regulator of NARRBendent membrane oxidase (NOX),

a primary source of reactive oxygen species (ROS). Through ROS production RAC1 signalling
is also involved in senescence, p53 activity, and genomic staliktlyidda et al., 2006;
Joneson and BeBagi, 1998; Cheng et al. @)with double negative RAC1 fibroblasts unable

to generate RO@rani et al., 1997)

RACL1 signalling may also induce cellular changes in gene transcription through
activation of the activator proteiil (AP1) transcrifpon factors via activating nuclear factor
kappalight-chainenhancer of activated B cells (NFkB), JNK, and MAPK (Caron, E, 1998). This
modulation of transcription by RAC1 has been described to induce G1/S progression of the
cell cycle through upregulatingell cycle proteins such as cyclin D1 amdyc (Olson et al.,

1995; Chiariello et al., 2001RACL1 is essential for the growth of major blood vessels,
developmental angiogenesis and formation of lymphatic veg&mico et al., 2009; Tan

et al., 2008) functions which will be described in detail latsn within this introduction.
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Figurel-7 RAClsignal transduction

RACL1 transduces external stimulus transmitted througteptor kinases, G prote
cowled receptors, or integrins via GEFs. GTP bound RAC1 targets effector molecule:
IQGAP, IRSp53/WAVE, Pard MLK2/3, prompting intracellular activities suhcytoskeleto

remodelling, microtubule stability, and gene transcription.
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1.42.3CDC42

CDC42 possess similar featuoeRACL1 in that this small cyclic GTPaas many
downstream effectors yeis highlyspecific in activity, integrating signalsncerning specific
functionstransduced vialistinct pathways This is regulatethrough the diverse repertoire
of GEFs which drive CDC42 activatdownstream of surface receptarCDC42 signalling is
crucial for regulatng changes to cell morphology, as well as cell cycle progression, cell
migration, and endocytosi®arry et al., 2015)

CDC48 principal function is in conveying signals from the external environment
prompting modification of the actitcytoskeléon. CDC42 is also a predominant signalling
transducer in establishing correct cell polarity in response to external signalling cues
(EtienneManneville and Hall, 2002 DC4RQ ability to modulate the actin cytoskeleton is
directed via multiple downstream targets including; Pak2, Pak4; coftifA$P and Arp2/3
complex; IRSp53/Mena complex; Myosirhtighain kinase (MLCK); myotonic dystrophy
kinaserelated CDC42 binding kinase (MRCK); and 1QGaRek et al., 2005; Etienne
Manneville, 2004)

During migration CDC42 exerts much of its effects towards filopodia formation and
has typically been described as an upstream regulator of RiM@tam; with the exception
of RAC1 dependent CDC42 activation under the control of VEGF stimulated RhoG activity
within sprouting angiogenesf{gbraham et al., 2015 DCA42 function in regulating formatio
of filopodia has been attributed to its signalling vidAMASP and Pak2#hediated non
muscle myosin IIA heavy chain (NMIIAgnailing (EtienneManneville, 2004 CDC42
activates NWASP in an IRSp53/Mena complex dependent mechanism inducing Arp2/3
activation and subsequent actin nucleation and polymerisatiom et al., 2008)

CDC42 may also act to inhibit myosin light chain phosphatase (MYPT), an activity
more commonly associated with Rh&OCK signalling, via activation of MRZi#ao and

Manser,2015) Thus CDC42 activation can cooperate with RHRACK in instigating cell
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motility (Machacek et al., 2009; Zhao and Manser, 20Hg)wever, the ability for one
pathway to dominate control of MLC2 phosphorylation dictates the cell morphology
displayed by the cell during migration, with Rho signalling prompting a more esund
morphology and CDC42 signalling instilling the more elongated morph@Mtkinson et al.,
2005) as is seen iBCangiogenic migration.

In quiescent ECE€DCA42 activity has been observed to influence intercellular gaps
between adjacent cells and between eEICM(Zihni and Terry, 2015; Etienanneville,

2004) CDC42 may also impact EC polarity and EC lumenigatienneManneville, 2004)
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Figurel-8 CDC42 signal transduction pathways

CDC42 transduces external stimulus transmitted througtellTreceptor, tyrosine
kinase receptors, @rotein coupled receptors, integrins, Cadherins, and Necirss all
capable of transmitting extracellular stimulus inducing CDC42 activati@@BrGTP bound
CDC42 targets effector molecules such as IRSp53/Mena complex, WASP, PAKs, Par6/aPKC
and IQGAP prompting intracellular activities such as cytoskefetoodelling, microtubule

stahlity, and membrane trafficking.



44

1.4.2.4 RhoG

RhoG is a ubiquitously expressed member of the RAC1 subfamily of RhoGTPase and
has primarily been described to function within cell migration and regulation of
macropinocytosis and cawtar endocytosigEllerbroek et al., 2004; Prie®anchez et al.,
2006) RhoG stimulates eellular migratory morphology through activation of RACbte
and Vuori, 2007)DOCK180 activation of RhoG leads to binding of the adapteziprat MO
and subsequent activation of RAKatoh et al., 2006; Katoh and Negishi, 2003)

RhoG has beefound to be regulated by a number of GEFs. TRIO driven activation
of RhoG has been found to proma&~induced neurite outgrowth in PC12 ce(sstrach et
al., 2002) Within EG the RhoG specific GEF, SGEF (Src homology 3 dmmtdiming
guanine nucleotideexchangefactor), stimulates RhoGctivation of RAC1 in a VEGF
dependent signalling pathway. RhoG activation of RAC1 signals via the RAC1 specific GEF
DOCK4Cote and Vuori, 2007POCK4 driven RAC1 activation downstream of RhoG isitiate
CDC42 activation via DOCK®9 activation, leading to actin cytoskeleton rearrangement-and pro
growth and migratory endothelial phenotype during sprouting angiogerf@&igaham et al.,
2015). RhoG activation also induces macropinocytosis within fibrob{&tsrbroek et al.,
2004) and apical cup assembly BG. Dbs, ECT2, VAV2 and VAV3 GEFs have also been
implicated in RhoG activatiofWennerberg et al., 2002; Schuebel et al., 1998; Movilla and

Bustelo, 1999)

1.4.3 Rho GTPase signalling=itfilopodia formation

During the initision of migration stimulation of Rho GTPase signalling downstream
of pro-angiogenic factors is a pivotal stage in inducing the dynamic remodelling of cell shape
during angiogenic sproutinVacker and Gerhardt, 20114yilopodia are cytoplasmic rich
actin projections which extend out from the cell toojpe the extracellular space for growth

signalling cuegKrugmann, 2001 )ilopodia are present in abundance at the leading edge of
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tip cells but have also been observed tteaser degree along the elongating stalk of newly
developingcords of EG (Abraham et al., 2015)

During filopodia productionCDC42 inducd~actin bundles through activating actin
associated proteins, including fascin, formin (mDia2) and Ena/VA&Rtila and
Lappalaien, 2008; Chhabra and Higgs, 200ZPC42 also regulate filopodia in a RhoG
dependent mannel(Abraham et al., 2015)n vitro CDC42 instigates actin polymerisation
through cooperation with WASP and Pak2Mdiated NMlIAsignalling(Barry et al., 2015)
which results in etivation of Arp2/3 actin nucleation compléRohatgi et al., 1999)

RAC1 has also been found to be essemidlopodia formation through activation
of CDC42Abraham et al., 2015)Abraham, et al (2015) observed disruption of lateral
filopodia formation following RAC1 knockdown in a tissue cellarganotypic angiogenesis
assay. Suppression of lateral filopodia was also seen in ECs following knockdown of DOCKA4,
a known RAC1 GERbraham et al., 2015Reduction of lateral filopodia prevented lumen
formation within sprouting vessels, resulting in elongated unbranched sprouts. Knockdown
of either RAC1 or DOCK4 appeared to have little effect on tip filopodia, indi¢htihg
different control mechanismareinvolved inthe development of the two typesf filopodia.
Interestingly Phng LK et al. (2013) reported thativoinhibition of actin polymerisation with
latrunculin B reduced the presence of tip cell filopodia and speed of EC migration while

guidance was unaffectefPhng et al., 2013)

1.1 Rho GTPase signalling in blood vessel lumen formation

In addition to their role in protrusive activity and EC migration, CDC42 and RAC1 are
also necessary for lumen formatiqVacker and Gerhardt, 20118tudies performed in
tissue culture in B collagen matrices have shown that RAC1 and CDC42 are required for

changes inECpolarity during lumen formatiortaking place through the process of cell
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hollowing(Lizama and Zovein, 2018}hich entails formation an intr&tlular vacuole which
expands through other cells giving rise to the lumen.

RAC1 stimulation of PAK2, in addition to CDC42 activation of Pak2, Pak4, Par3, and
Par6 all influence lumen formation, potentially in a protein kinase C dependent médaoler
et al., 2008; Irueldrispe and Davis, 20Q9Koh etal (2008) also describe potential
interactions between CDC42, RAC1 and polarity protein complexes in driving lumen
formation during cell hollowing. CDQaa&bility to regulate vascular lumen formatiimvitro
has been linked to CDC#ar3Par4PKC atypal complex(Koh et al., 2008; Hoang et al.,
2011) the four proteins form a quaternary complex, with loss of any of the foorpmments
of the complex disrupting lumen formatiqioh et al., 2008)Knockdown of Pak2 and Pak3
disrupt formation lumengHoang et al., 2011; Barry et al., 2016PC42 may further promote
lumenisation through phosphorylation and inhibition of glycogen synthase kindse 6 D{ Y
o I (Hoang et al., 2011)

Barry et al (20%) found deletion of CDC4ih Tie2Cre driver linanouse model,
blocked angiogenic tubulogenesis while the deletion was lethal due to blood vessel defects.
Additionally, EC specific RAC1 knockout in Cre/Flox mice has been seen to disrupt correct
formation of major blood vessels and resulted in an absence of dinafiched vesselan
et al., 2008; D'Amico et al., 2009he EC RAC1 knockout is embryonic lethal agesthtion
(Sugihara et al., 1998)

Abraham et al (2015) described delineation of the f&1dPase pathway downstream
of VEGHEigrallingessential for lateral filopodia formation, a process potentially imperative
for lumenisation(as seen in figure 1)9VEGRBignallingesulting in activation of SGEF, a GEF
which targets and activates RhoG, initiating a pathway which results in &Aidtion (via
binding of an ELMO and DOCK4 complex) and CDC42 activation downstream of RAC1
(through binding of DOCK9 and potentialergctions with DOCK4) (figure. 1Abraham et

al., 2015)
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Figure1l-9 RhoG signalling in angiogenesis

Schematic diagram of intracellular signal transduction downstream of acti
VEGF and FGF. (A) VEGF stimulation induce filojpoatiation and sprouting angiogene:
The Rho GEF SGEF activates RhoG, which in turn activates Rac GEF DOCK4 allo\
of DOCK4 to ELM@OCK<4£ELMO then translocate to the plasma membrane to acti
Racl. Abraham et al. (2015) described formatainan ELME@OCKDOCK9 compli
capable of activating Cdc42 and stimulating filopodia formation. (B) Previous work
laboratory has shown theEGFZtimulation ofEG resultsin the activation of RhoG via tl
GEF Trio
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1.44 RhoGTPase ECelongation

Little is knownin regard toRho GTPase activity in driving EC elongation. However,
RAC1 has been implicated in driving EC elongation downstream of the GEFthraogh a
TNFh-medated re-arrangement of Factin (Cain et al., 2010)Recently Jiahui Cao et al.
(2017) described a RAC1 dependent mechanism which, in cooperation with microtubules,
drives cell elongation following VEGF stimulationEfk. This RAC1 dependent signal
transduction led to an increase in cell perimeter and decrease in junctional concentration of
VEcadherin. RAC1 activity stimulated formation of an adiiiven junctionrassociated
intermittent lamellipodia (JAIL) via regulai of the WASP/WAVE/ARP2/3 complex, thus
implicating RAC1 as a potential prominent component witB®elongation(Cao et al.,
2017)

SiRNA mediated knockdown oihgulinlike 1was found toimpair the elongated
phenotype via loss iTiam1 driven Racl activatiofChrifi et al., 2017)Marghe Scarcia
(Thesis 2013) found supplementing BECvitrowith FGR propagated EC elongation through
initiating Trio driverRhoG activation.

1.4.5 Guanine nucleotide exchange factors

GEFsas previously described in section 1c4n be grouped into two separate
categories due to their distinct functional domaidgypical DOCKrklated GEFss depicted
in figure 1.10 are characterised by their evolutionary conserved DOCK homology regionl
(DHR1); which has been described to bind phospholipids, and DOCK homology region 2
(DHR2), a domain which has been observed to bind target Rho GTPases and drive activation

(Cote and Vuori, 2007; Meller et al., 2005; Brugnera et al., 2002)
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Figurel-10 Schematic diagram of DOCK protein functadrmdomains

DOCKZXelated proteinsare classified by their domain organisation and seque
similarity into four subgroups: DOCK (DOCK1, DOCK2, and DOCBECEB (DOCK3, a
DOCK4)POCK (DOCK6, DOCK7, and DOCK®)DOCK (DOCK9, DOCK10, and DO(
DQOCKA subgroup each possess an SH3 domain, helical region, DHR1, DHR2, PBR, and
motif. DOCKB subgroup each possess an SH3 domain, DHR1, DHR2, and proline
DOCKC subgroup each contain only the DHR1 and DHR2 domains. DOCKD sulieooply
DOCK proteins to contain a PH domain in addition to DHR1 and DHR2 domains.
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1.4.5.1 The DOCK atypical GEF activity

The DOCK atypical GEFs bear a mechanism of Rho GTPase activation that is distinct
from the Dbl GERss described in section 1.4jheDHR2 domain of DOCK proteamtain
a conserved nucleotideessor region with an essentiahlne residue within an insert in the
h 10 helix othe DHR2 domain. The specifaline residue binds to its target GbBund Rho
GTPase and drives exclusion of\gr*ion from the nucleotide pocket. The nucleotide free
Rho GTPase can then bind a GTP molecule, in addition to activating the Rho GTPase this also
induces conformational changes to the DOCK GEF through displacement of the DOCK al0
helix insert resultingn the release of the activated GTPd¥&ang et al., 2009; Gadea and
Blangy, 2014)

DOCK180elated proteins can be further classified by their domain organisation and
sequence similarity into four sufroups(see figure :10); DOCK (DOCK1, DOCK2, and
DOCK5)POCB (DOCK3, and DR, DOCK (DOCK6, DOCK?7, and DOCKS8)patk
(DOCK9, DOCK10, and DOCHdte and Vuori, 2007; Laurin and C6té, 2014)

The DOCWK (DOCK1, DOCK2, and DOCK5) OCB (DOCK3 and DOCK4)
subfamilies both possess a SH3 domain, DHR1 domain, and DHR2 do®@@id. and
DOCR proteins also have a proline rich regi®RRat the carboxyl terminus, which binds
Crk proteingGadea and Blangy, 2014DOCH proteins also have a polybasic region (PBR)
and helicaregion. Both DOCKA and DOCKB have been identified as DOCK proteins able to
drive RAC1 activation.

The DOCK (DOCK6, DOCK7, and DOCKS),Déma@k (DOCK9, DOCK10, and
DOCK11) subfamilies lack both the SH3 domain and the pridimeegion but do have a
pleckstrin homology domain at the amiserminus. DOCK subgroup of DOCK180 family
proteins have been identified as CDC42 activating @GfifisnotoYamaki et al., 2010; Coté
and Vuori, 2002; C6té and Vuori, 200BDCK subgroup of GEFs have been descrilsed a

possessing dual specificity driving activation of both RAC1 and GB&42a et al., 2012;
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Kulkarni et al., 2011; Miyamoto et al., 2013; Watdbehida et al., 2006; Gadea and Blangy,
2014)
1.4.5.2 DOCK homology regionl

The DHR1 domain of DOCK GEFs is approximately 200 amino acid residues and has
been implicaed in protein complex localisation to the plasma membrane. @btagl. (2005)
described the DHR1 domain of DOCK1 as capable of interacting with Phosphatidylinositol
(3,4,5)trisphosphate within the plasma membrane, driving localisation of a protein complex
involved in RAC1 activation to the leading edge of migrataits.cDeletion of the DHR1
region of DOCK1 did not disrupt DHR2 domain RACL1 loading but prevented the localisation

of DOCK1 to the leading edge of the cell, impeding cell migr&fiété et al., 2005)

1.4.5.3 DOCK homology region2

The DHR2 domain of DOCK GEFs are approximately 500 amino acid residues that
bind in high specificity to either RAC1 or CDC42, driving Rho GTPase activation. Amino acid
residue variances of the DHR2ndains between the different subgroups of DOCK GEFs
facilitates the specificity in Rho GTPase targeting.

Crystal structural analysis of the DOGK@alkarni et al., 2011; Hanav@&uetsugu et
al., 2012; Ferrandez et al., 205E)d DOCK9 DHR2/GTPase complexes has demonstrated that
the DHR2 is a symmetrical dimer comprised of three lobes: lobes A, E,. aradbe A of the
DHR2 region was determined to be required for dimerisation of DOCK proteins. Lobe B and
lobe C were seen to form the catalytic pocket which interact with the GTPase nucleotide
sensing switch. Lobe B and C were determined to bear uniquwtidums in GTPase activation
with lobe B binding to and opening switch 1 of the GTPase nucleotide sensing switch. Lobe
C drives GDP dissociation by binding to switch 2 and inserting a nucleotide sensor loop into
the nucleotidebinding site(Kulkarni et al., 2011; Hanav&uetsugu et al., 2012; Ferrandez

et al., 2017; Yang et al., 2009)
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Kulkami et al. 2011 described explicit differences between the amino acid sequences
of RACEnd CDC42, which enable specific binding ofR@ECK2 DHR2 domand DOCK9
DHR2 domainrespectivelyA phenylalanine or tryptophan é&ho GTPasesidue 56 of the
i o &0 NI ydaaine brylyRine latyfesidue 2frives Rho GTPase interactiaithin a
region of the GEF DHR2 domain calkmitch 1 (Kulkarni et al. 2011) This finding
demonstrated that DOCK proteins bind to their target Rho GTPase in a highly specific manner

that is determined by the amino acid sequeraféheir DHR2 domain and target Rho GTPase

1.4.5.4 SH3 domain

The DOCKA and DOCKB subfamiliesgsssa SRC Homology 3 (SH3) domain at the
aminoterminus. SH3 domains have been identified in approximately 250 proteins and are
associated with aiding a large number of signalling pathw®&gdlard etal., 2016) SH3
domains are short peptide sequences, approximately 60 amino acids, which drive weak and
transient interactions with prolingich regions of interacting proteins. Aromatic residues
within the SH3 domain shallow grove bind polyprolineiosag of proteins which form left
handed type Il polyproline helicéBollard et al., 2016)

The SH3 domain of DOCK1 acts in an -autibitory mechanism through weak
AYGSNI OlA2y 6AGK GKS LINRPGOSAYQ&a 26y 51 wH R2)
overcome through binding of the adaptor molecule, ELMO (Engulfment and MdBiagea
and Blangy, 2014Yhe SH3 domain of DOCK1 has been described as a site cd g
the three isoforms of ELM(@5adea and Blangy, 20146LMO aat as an adaptor molecule

that couples RAC to specific downstream effec{é@toh et al., 2006)

1.4.5.5 Pleckstrichomology (PH) domains

Pleckstrinhomology (PH) domains are found in th®CK subgroup of DOCK GEFs
and also within Dbl GEFs, downstream of the DH domain. PH domains form weak interactions
with phosphoinositide of the plasma membrane. Within the context of Dbl GEFs, the binding

of PH domain to phosphoinositide of the plasma membrane has been suggested to facilitate
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allosteric changes within the @AH array instigating Rho GTPase nucleotide exchange.
However, it is also plausible that PH domaimosphoinositide binding may function to guide
precise subcellular localisation of Dbl proteins and engagement of memi@uned
GTPases. PH domains of D@CK group of GEFs may also function in localisati@E KB
proteins to the plasma membran®ossman et al., 2005)
1.4.5.6 Proline rich regions

Proline richregions describe amino acid sequences with multiple proline residues
within close proximity to one anothefYu et al., 1994; Alexandropoulos et al., 1995)
Members of the DCHK\ and B subfamilies possess a prolilmh region downstream of the
DHR2 domain. DOCK9 was also determined to possd3RRIwith 9 of the 11 containing
the typical PxxP or PxxxP motif which forms a continuous hydrophobic patuichw
preferentially binds to the amino acid sequence of SH3 domains.
1.45.7 PBR

A polybasic region (PBR) witiddCK1 and DOCKasinitially thought to bind PiP
but more recent data suggest that binds the signalling lipid phosphatidic acid (PA)
(Kobayashét al., 2001; Nishikimi et al., 2009; Sanematsu et al., 2013)
1.4.5.8 DOCK9

DOCKJ9 signalling has yeta® well characterised, but has thus far been identified as
a CDC42 specific GB¥eller et al., 2002) however a recent study characterising the
phenotype driven by over expression of DOCK9 in HelLa cells implicated DOCK?9 in inducing
RACL1 activation and membrane rufflifRuizLafuente et al., 2018POCK9 expression drives
filopodia production when expressed within cells. DOCK9 activity has been described as
necessary within neuronal developmefituramoto et al., 2009jangiogenesigAbraham et
al., 2015) and has been implicated in a number of diseases. DOCK9 is also expressed in
steadystate circulating human CD3+ T cells, although the function of this expression has not

yet been describe@RuizLafuente et al., 2018)
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Variants in the DOCK9 gene have been implicated -polar disorder(Detera
Wadleigh et al., 2007pOCK®ariant c.2262A>C has been associated in the development of
the ocular degenerative disease Keratocoffiiarolak et al., 2016]DOCK9 has also been
detected as a biomarker of tuberculogide Araujo et al., 2016During the late stages of
neuronal development DOCKJ is highly expressed in the hippocampus and cerebral cortex
and activates CDC42, through which DOCK9 acts as a prominent regulator of dendritic
growth in hippocampal neuron&uramoto et al., 2009PDOCK9 is abte homodimerise via
the DHR2 domaiftMeller et al., 2004and is also able to autimhibit through binding ofhe
DHR1 domain to the DHR2 domain, the mechanism through which DOCK9 overcomes auto
inhibition is not yet knowr(Meller et al., 2008)Within angiogenesis DOCK9 driven CDC42
activation is imperative for lateral filopodia of growing vascular spr¢atgaham et al.,

2015)
1.4.5.9 DOCK4

DOCK4 signalling is complex and has been described as an active component in
multiple different cell signalling pathways within various cell types. DOCGK4tyahas been
termed as both pro and antincogenic. DOCK4 has also been designated as required for
correct growth of neuronal an@&G, with mutations within DOCK4 being implicated in a
number of neurological diseases.

The preoncogenic potential of mtated DOCK4 was identified through a mouse
model genetic based screening stutfajnik et al., 2003pOCK4 mutation Pro1718Leu was
detected in prostate and ovarian cancers and led to DOCK4 being ineffective in activating
Rapl GTPase, howevergetRrol718Leumutation led to an increasen RAC1 and CDC42
activation (Yajrk et al., 2003) The change in Rho GTPase signalling prompted by DOCK4
mutation Pro1718Lepg & a4 SSy (2 RA & NHzLJcateDig tN&SRas off 2 OF £ A
adherens junctions and resulted in the disruption of formation of intercellular junctions,

leading to a loss of contact inhibition within cultured cé¥gjnik et al., 2003)n addition to
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disrupting the formation of intercellular junctions, the DOCK4 Pro1718Leu mutation drove
formation of filopodia protrusiongYajnik et al., 2003)Together the characteristics driven

by the DOCK4 mutation led to a tumour invasive phenotype which was also confirmed within
a nude mouse model. Through this stutlye tumour suppressoeffect of wild type WT)

DOCK4 was also demonstrated through the use of a cancer invasion mouse model assay,
during which cancer cells expressM DOCK4 were significantly less capable of invasion
and metastasis when compared to tumours established froell expressing DOCK4
Prol1718Leu mutantYajnik et al., 2003)

DOCK4 has also been described to have oncogenic potential within breast cancer,
leading to an increased invasive potential of breast cancer cells. Hiravastaki etl.,

(2010 established evidence describing a mechanisrough which RhoG activation within
breast cancer cells drives a complex formation at the tip of cortaatin protrusions
between ELMO2, DOCK4, and a member of the Eph receptor family, EphA2. The formation
of the ELMO2DOCK<EpPhA2 complex was seen talirce formation of protrusions within
breast cancer cell, increasing cell mobility in a RAC1 dependent métinamotoYamaki

et al., 2010)

Further evidence linking to the piangogenic activity of DOCK4 was described by
JiaRay Yu et al (2015) through investignof TGF  RNA @Sy w! / m | QU A QDI (A2
increase in DOCK4 expression. TGF AYAGAlF SR AYyONBI &S Ay 5h/
downstream of the Smad signalling pathway, prompting an increase in tumour cell
extravasation and metastasis. TGidued DOCK4 expression within lung
adenocarcinoma induces an epithelial to mesenchymal transition independent increase in
cell protrusion, motility, and invasidfyu et al., 2015)

Upadhyay et al have previously demonstrated vitro that pro-oncogenic Wnt
signalling may induce RACL1 activation via GSK3R NJcgténifi stabilization, through

interaction with and phosphorylation of DOCK4. Activity which led to DOCK4 driven
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stabilisation ofthe cellular levels ofi -catenin viaDOCK4A y G SNI Ol A 2cftenia A G K (1 K
degradation protein complex; Adenomatosis Polyposis Coli (APC)aAaiGSK8 LINB (1 SA y a
(Upadhyay et al., 2008)

While activation of Wnt signalling during cancer progression has been described as
driving a more aggressive phenotyfleolakis, 2000)DOCK4 involvement within the Wnt
signalling pathway was later established to have a tumour suppressor €ffajtik et al.,
2003.

Debruyne SiG | £ & RSY2 y-gateNd induées ah Kanfifoliferative
mechanism via a feed forward loop to increase and accumulate its own nuclear activity
through multiple mechanisms which regulate DOCK4 expregBebruyne et al., 2018)
GSK3 I Ol AyZR -datergnyfrankcriptional activity is required for DOCK4 mRNA and
protein expressiongDebruyne et al., 2018 -0l 4§ Sy Ay RANBOGE & o6AyRa
sequence of the DOCK4 gene, regulating transcriptional activity of DOCK4. DOCKA4 is also
required¥ 2 NJ SELINB&aA2y | yR ONIGGYAENE LI KemehiiO NBO ii A g
driven feedforward loop. Interaction of active GSK3 ¢ A 1 KX | yR LIK2 & LIK2 NB f |
A Y R dzOafeain stabilisation and nuclear accumulation, activity which is diyemiR302
(Debruyne et al., 2018) -catenin/DOCK4/mif302 regulatory circuitry has been described
as promoting a noiproliferative state with higher levels of DOCK4 expression leading to
repression of glioblastoma multiforrlGBM) proliferation stemnessnarkers. ThusGBM
patients with increased DOCK4 expression possess a better survival prq@eisisyne et
al., 2018)

TheDOCK4 isoform (DOCE#®#49)is expressed witin the brain, eye, and inner ear
Within the inner ear, this DOCK4 isoform has bémmd to regulate actin cytoskeleton
organisation in stereocilijavia a RA@OCK4BP harmoniactivated signalling pathway

(Yan et al., 2006)
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DOCK4 regulates essential processes during neural development and differentiation
(Ueda et al., 2013; Xiao et al., 201BYOCK4 driven RAQiaation has also been proven to
be imperative for the formation of dendritic spines within hippocampal neurons via DOCK4
interaction with the actirbinding protein cortactifUeda et al., 2013)

During neuron differentiationthe SH3 domain of DOCKA4, but not the profiinh C
terminus, drives modulation of actienriched protrusions on the neurites leading to
differentiation and extension and the establishment of the axtemdrite polarity and the
arborisation of dendrite¢Xiao et al., 2013)

Futher genetic based screening studies also identified DOCK4 as a candidate gene
with mutations within the DOCK4 gene being associated with several neurological disorders,
including autism(Pagnamenta et al., 2010)dyslexia(Pagnamenta et al., 201(3nd
schizophrenigAlkelai et al., 2012)Microdeletion DOCK4 mutants lacking the GEF domain
led to defective neuronal polarisation and rrég overgrowth, a phenotype which has been
linked to autism and dyslexi&iao et al., 2013)A maternally inherited mrodeletion
encompassed chr7:110,663,9181,257,682 leading to ROCK4MMP2Lfusion transcript
was identified within people with autism spectrum disord&agnamenta et al., 2010)
Alkelaiet al. (2012) identified a SNP (rs2074127) positioned withild@€K4ene (intron
6) to be frequently present in a study group which represented schizophrenic people from
within a Jewish population.

With the mounting evidence associated with DO@WaLtionality within multiple
cell types it is apparentthat DOCK4 serves as a mdilthctional protein important for
numerous cell signalling pathways. Howewstidence is still limited in the ability to decipher

how, when, and under what context is DKCexpressed, activated, and regulated.
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1.4.6 Role of DOCK4 in vascular patterning and interaction with D&d@igéneration of
DOCK9 mutants in prolimigh regions

The function of the RAC1 GEF DOCK4 wiibiology was investigated by Dr.
al GNA I Q AgrodadSTniS wadpblished within Nature Communicati¢hisraham et
al., 2015)outlined the requirement of DOCK4 functionality f'dEGFdriven sprouing
angiogenesis. Within an organotypic angiogenesis mdgediepletion of DOCK4 lead to a
loss in stalk cell filopodia along the lateral edgeeafiothelial cords, but not filopodia
extending from the tip cellduring VEGF stimulated angiogenesisis bss of lateral filopodia
was accompanied by a reduction in branching and thus less dynamic endothelial structures.
DOCKA4 depletion also reduced the abilityg@cordsto form a lumen(Abraham et al., 2015)
Together these results suggest a role for DOCK4 in correct vascular patterning and formation
of new functional vessels through sprouting angiogenesigler VEGF #wshulated
angiogenesi¢Abraham et al., 2015However, the role of DOCK4 activation of Racl within
FGF stimulated angiogenesis is unknown, as igahairement for DOCK4 activity within
vascular biologyn vivo.

In order to further explore the function of DOCK#®nallingwithin mammalian
biology thesignallingcontext through which DOCK4 functions, and the protein complexes
formed with DOCK4 while ¢hprotein is active, will allow for a deeper understanding into
the relevance of DOCK4 for vascular biology. Investigating the effect of DOCK4 depletion
within a murine model will also generate insight into the requirement for DOCK4 in
mammalian physiologyHowever, a complete ablation of DOCK4 results in embryonic
lethality. Thusa heterozygousleletion, resulting in a 50% reduction of DOCK4 expression,
would provide a robust model for exploring the biological effect of reduced DOCK4 bio
availability.

AsVEGRA and FGE signalling pathways are both capable of initiating angiogenesis,

yet both prompt growth of phenotypically different endothelial sprouts, and each control
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angiogenesis under differing signalling context (i.e. during development and in sEspmn
hypoxia(Ucuzian et al., 2010; Simons et al., 20463uring wound healin@rnitz and Itoh,
2015) respectivelyelucidating the control mechanisms which regulate B@@ctivity will
deepen the current knowledge of the mechanisms through witi€lsrespond to growth
cues, while also giving insight into the signalling context through which DOCK4 functions.
Abraham et al. (2015) also demonstrated a heterodimerisatiomwbeth DOCK4 and
the CDC42 specific GEF, DOCK9. The site of DOCK4 requirei$ foretaction was
determined to be the SH3 domain of DOCKA4, indicating that DOCK4 RRADOCKO,

however, thePRRegion of DOCKS9 involved in this interaction wasdesermined.
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A
23 4 5 9 { N pOCK9 domains :
O — T i — L L
PH L L] owra | | | | DHR2
PxxP regions selected
for further analysis
B

Predicted DOCK4-DOCK9
complex

DOCK®

Figurel-11ldentification of DOCK®RR

(A) The GEFDOCK?9 @ssess 11 proline PRRine PRR have the typical PxxP or F
motif. The small molecule 7 binds DOCK9 at the cysteine residue within PRB)3.he
predicted model of DOCK4 and DOCK®9 interaction. The GEF DOCK4 homodimerises thi
of the DHR2 domains. DOCK4 SH3 domain also interacts with the adaptor protein JERDEK
and DOCKQ9 interact via the SH3 domain of DOCK4 and an unknown region of DOCK9,

to be one of nine typical PRRs.
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1.5 Hypothesis

1. DOCK4 signalling is required F@2driven angiogenesis.
2. The SH3 domain of DOCK4 interacts witR&bf DOCKO.

3. DOCK4 expression is required for recovery fHinin a murine model.

1.6 Aims

The overarching aim of this thesis is to understand the function of DOCK4 within
pathological sprouting angiogenesis with consideration to the potential involvement of
DOCK4 withiFGF2signalling. This thesis also investigates the mechanism of interaction
between DOCK4 and DOCK? within the RhoG signalling pathway DRIOKKRACDOCK9
CDC42) and its role in angiogenesis
Aim 1.To investigate the role of DOCK4-BFZignalling using aim vitro co-culture model
Aim 2 To elucidate the molecular basi§ the DOCK4DOCKY interaction usingelP and
chromatography.

Aim 3. To investigate whether DOCK4 influences vascular response and recovery under

conditions of ischemia in a Dock4+Aurine model.
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2 Materials and methods

All materials used were purchased from Sighldrich or Thermo Scientific unless
indicated otherwise in the texCommon laboratory standard solutions can be foimdable
2-1 at the end of this chapter.

All experimental work presented within this thesigs carried out by Leander
Stewart, with the exception of the point mutagenesis generation of DA@BXBplasmids,
as described in section 2.4 carried out by Ms. Anne Sanford. Hind limb surgical procedures,

as described in section 2.28, were performed byNadira Yuldasheva.

2.1 Primary cells and cell lines

Human Umbilical Vein Endothelial Cells (HUVECSs) and Angaikil (AGK) Human
Dermal Fibroblasts (HDFs) were purchased from TCS cellworks. Human Embryonic Kidney

Cells 293T (HEK 293T) cells were puwetidrom Clontech Laboratories.

2.2  Coating of tissue culture plates

Collagen | coating for the culture of HEK 293T cells after thawing: Plastic bottomed
T-75cnt¥f I a1a 6SNBE O21 4G4SR ¢ A (-til (BDBjoscRrkesy 5my/Alk Y [
stock of Cdagen rat tail | was diluted in 0.02M glacial acetic acid. Coated plates were
incubated at room temperature for 1 hour, and then washed three times with PBS.

Fibronectin coating for the culture HEK 293T in immunoprecipitat{t®)
experiments: 100mm plastO LJ F §Sa 6SNB O2F SR gAGK nYf
1mg/ml stock human plasma Fibronectin (Sigfddrich) diluted in Phosphate Buffered
Saline solution (PBS). Dishes were incubated 5 33t 3 hours before excess solution was

removed and plags washed 3 times with PBS.
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2.3 Cell culture conditions

HEK 293T cells, stored in liquid nitrogen at passage 4 and passage 7, were thawed
and seeded onto collagen | coatedFcn? flasks. HEK 293T were maintained in high glucose
5dzf 6 SO02 Qa Y 2B (PMBEMRcorBdinAd 18¥%vYostal bovine serum (FB),
supplemented with 1%/v L-Glutamine, and 1%/v penicillinstreptomycin.

Media was changed every 48 hours. Upon reaching 80% confluence cells were
trypsinised, using 0.5%/v Trypsin/EDTA, and spht a ratio of 1:6 and seeded onto T
150cnf flasks.

HUVEC were purchased at passage 2 and useddulttwe assays until passage 5.

Cells were stored in liquid nitrogen and once thawed were seeded ofciit flasks and

maintained in Large Vessel Exidelial Medium (LVEM, TCS cellworks) supplemented with
MAan>3kY[ 2F LISYAOAtftAY YR SYyR20GKStAFT 3INBgI
every 48 hours. Upon reaching 80% confluence HUVEC were washed in PBS and trypsinised
using 0.5%/v Trypsin/EDTACells were split in a 1:5 ratio onte7bent flasks.

AGK HDF were cultured in high glucose DMEM auintail0% FBSupplemented
with 1%v/v L- Glutamine, and penicillistreptomycin.

All cell culture work was carried out using aseptic technigues witsterile HEPA
filtration NuAire CellGuard class Il biological safety cabinet and all cells were grown a

humidified chamber at 3C with 5% CO

24 Plasmids

All plasmids used within this thesis are described in Table 2.2. Plasmid maps of each
construct carbe found in Appendix 7.1.2.
PEF4AMyc-Flag;DOCR (Meller et al., 2008) was obtaindcom Professor Martin

Schwartz University of VirginiafUSApC3 EGFPOCK4 and pBABE puro HIHQCK4 were
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obtained from Dr Vijay Yanik, Harvard Medical Schidalssachusetts, US Plasmid £3
EGFDOCKMarboursa kanamycin resistance gene, for antibiotic selectiorbacterial
cultures. pEF4 Myc-FlagDOCK9and pBABE puro FlagOCK4harbour an ampicillin
resistance gene for antibiotic selectiombacterial cultues.

DOCK?9 point mutants (proliredanine) were previously developed in the laboratory
(by Ms. Anne Sanfojdusing the pEFMyc-Flag;DOCK9constuct by means of the
Stratagen®uickchange Il XL sitdirected mutagenesis Kit.

For expression of truncated D®E proteins (as described tal#2el) human DOCK4
complementary DNA fragments were isolated from a pBABE pureD)&EK4 plasmiand
cloned intothe pOPINF vector (Addgene) For the expression of full length or truncated
DOCKO9 proteinsa¢ described tabl@.1), fragments of the human DOCK9 complementary
DNA was isolated from a pEMyc-FlagDOCK®His plasmidand cloned into a pOP#N
vector. Vector @PINMarboursa Gterminal Hstag, resulting in all expressed peptidesing
tagged at theGterminal with the His tag Constructsbased on pOPHRharboran ampicillin
resistance gene for antibiotic selectiofhe OPINF constructs alsbarboraCMVenhancer
/ KA O17-Acyin promoter, T7 promoter/lac operatorand ORFs Le2603 and 162%or
expression whin mammalian cells, bacteriand insectcells. Primers used for sequencing
confirmation of PCR amplified gene fragments can be found in Appentiblés7.1 and

7.2.
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DOCK4 primers | Forward primer sequences Reverse primer sequences
pOPINvector sticky ends in lower cag pOPIN vector sticky ends in
text lower case text

SH3 1M72K p -@agttctgtttcagggtacc p -Gtggtctagaaagcttaat

AT=52C ATGTGGATACCTAGGG TTTGTTCTTTACACAGGL

SH3CC 1M S5@aagttctgtttcagggtacc p -©&Xggtctagaaagctat

174D ATGTGGATACCTAGGG GTCTTCCGGATCCACCAI

AT=52C Go Q

SH3CC 1M p -@agttctgtttcagggtacc p ©ggtctagaaagcttaat

196Q ATGTGGATACCTAGGG CCGGTTAGTCACTCTCTA

AT=48C 0 Q

DHR2 1169M p -@agttctgtttcagggtacc p -©ggtctagaaagcta

1594A ATGAAAATGGGAGAG® tAGCAGAGAACTCCTGTA

AT=56C Go Q

DOCK®rimers | Forward primer sequences Reverse primer sequences
pPOPIN vector sticky ends in lower cg pOPIN vector sticky ends in
text lower case text

FulHength p -Bagttctgtttcagggtacc p -©ggtctagaaagctt

AT=54C ATGGAGGAATTTGTGCC®@TGC AATCTGAGTATACACTGT

AACD Q
PHDHR1 p -@agttctgtttcagggtac p -©ggtctagaaagctt
AT=48C ATGGTTCCCAGAAGGGTGGE AATCTGAGTATACACTGT
AACD Q
PCIPDHR1 p -@agttctgtttcagggtac p -©ggtctagaaagctt
AT=59C ATGTCGCAGCCGCCGCTGOTRC( TCATCCCAGCTGCTCATG

Table2-1 Primers for nucleotideamplification for cloning of human DOCKand human
DOCK?9 gene sequencieso plasmid constructs for protein expressiodOCK4 and DOCK9
gene sequences isolated from pBABuro FlagpOCK4 and pEFMyc-FlagDOCK9

respectively AT=Annealing temperatusaised for each primer paduring PCR reaction
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Plasmid Gene Vector Antibiotic
selection gene
pC3 EGFPOCK4 | DOCK4 pC3 EGFP Kanamycin
pBABE puro Flag | DOCK4 pBABE puro Ampicillin
DOCK4
pEFAMyc-Flag DOCK9 pEF4 Ampicillin
DOCK9
pOPINF DOCK4 | DOCK4 SH3 doma| pOPINF HISBGPOI Ampicillin
SH3
pOPINF DOCK4 | DOCK4 DHR2 pOPINF HISBGPOI Ampicillin
DHR2 domain
pOPINM DOCK9 | DOCK9 pOPIN3SC HISBJMO Ampicillin
3GPOI
pOPINF PiRCIP DOCK9 PIBHR1 | pOPINF HISBGPOI Ampicillin
DOCK9 domain
pOPINF PGIPHR1 | DOCK9 DHR1 pOPINF HISBGPOI Ampicillin
DOCK9 domain
pGIPz Lentiviralpackaging plasmid Ampicillin
psPAX Lentiviral packaging plasmid Ampicillin
pMD2.G VSV G pMD2.G Ampicillin

Table2-2 List of plasmid construct used for experimental purposes
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15 PCR
DOCK4 and DOCK9 DNA fragments were PCR amplified from the p&AaB-lag
DOCK4 and pEMyc-FlagDOCK9respectively, with a Q5 higidelity DNA polymerase and
YIaGSN) YAE o6mME vp NBIOGA2Z2Yy ofifitf foNdBerasenlx >a Rb ¢
Q5 hghfidelity enhancer, <1ng plasmid DNA, nuclefise water). PCRs were carried using
|+ S NWeéllkTherntalcCycler. Conditions are as follows: 30 sec denaturatiod@f 38
cycles of 5 sec, 30 sec annealing with temperature optimised for each grairgisee table
2.1), elongation at 72 for 4mins for full length DOCK9 constructs and 30 sec for all other

constructs), 2 min final extension at 2

25 PCRcleanp

Mp>f 2F t/w LINRPRdzOG LISNJ NBFOGAZ2Y &1 & LIzNR

Kit in a&cordance with manufactuidprotocol.

2.6 Cloning

DOCK4 SH3 domaimplifiedfrom pBABE puro FIdgOCKADOCK9 PIRCIP domain
amplified from pEF4Myc-FlagDOCK9and DOCK®.PCIP62-630 domain amplified from
pEFAMyc-FlagDOCK®y PCR were subloned into amodified a pOPINF HIS&POI vector
which had been ligated by the restriction enzymes Ncol and.Nfsdl length DOCK9 was
sub-cloned into pOPIN3SC HISEMG3GPOI. Sukeloning was carried out using a NEB
builder HiFi DNA assembly I primers desébed within this section are listed within Table

21

2.7 Bacterial transformation and plasmid preparation

BL21 pLYsScoli02 YLISG Sy OStta o6SNB ljdAOlt& (KL g8

i 2 p Eeditheg ificubated on ice for 30 minutes. Cells wererttheat shocked at 42
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FT2NJ np a4S02yRa GKSy LXIFOSR 2y A0S F2NJ H YAY
super optimal broth and placed on a shaking incubator dC3fr 1 hour. The pERMyc-
Flag;DOCKlasmids contain an ampicillin selectable marklkus were streaked onto
feaz3asSye oONRUGUK o[.0 F3IFN LXFGSa LINBLI NBR ¢
transformed withpC3 EGFPOCKand pgC3EGFREV (empty vectoplasmids were cultured
2y [ . F3IFNI O2y Gl AyAy3 pn>3pordess hdkardMX gabset@.OA Yy T
Cultures were incubated overnight a7'C. After 18 hours of growth one colony per plate
was selected and inoculated into a 3ml aliquot of LB broth containing the antibiotics that
corresponds with the plasmids selectable marker. The 3ml cultures were incubatedGat 37
in a shaking incubator for Bours, following which the 3ml cultures were inoculated into
antibiotic containing 100mL of LB broth and returned to the shaking incubator'@tfav 18
hours.

DOCKO9 point mutation plasmids were extracted and purified using PureLink® HiPure
Plasmid MidiINB LI YAG OLY@AGNRISYO FOO2NRAy3I (2

concentrations were determined using Nanodrop spectrophotometry.

2.8  Production of pPOPINBOCK4 SH3, DOCKSHZHP, DOCK9 POIHR] and

pOPIN3SOOCKS plasmidskncoli.

Ecoia NI Ay 51 ph gSNBE GNIYaF2N¥YSRI |a LINBGA
described plasmid constructs pOPINBCK4 SH3, DOCKIREIP, DOCK9 POIRR] and
pPOPIN3SOOCKO. Cultures were streaked onto ampicillin agar plates and grown over 72
hours at 18C. Colonies were selected using blue white screening and inoculated into 10ml
of LB broth containing ampicillin and incubated overnight aiC3Plasmids were extracted

T NB Y cells psing the WizarslagneSI plasmid purification system.
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All constructs wre sequenced using Sanger sequencing, incorporatiotiiple
primers designed to complement the DNA sequence in 700 base pair increments. Sequencing

was carried ouby ThermoFisher.

2.9  Production and purification of Plasmids for mammalian cell expression

Plasmids pE# MycEVFlag pEFAMyc-Flag;DOCK9, angEFAMyc-Flag;DOCK®RR
mut2, pEFAMyc-Flag;.DOCKPRR mut3pEFMyc-Flag;DOCKPRR mutdpEF4IMyc-Flag;
DOCK®PRR mutSpEFAMyc-Flag;DOCKPRR mut@vere cultured from glycerol stocks and
inoculated in BL21 (DES) competent céls Yy @A G NRPISyux /| NIiniol R
accordance with manufacturers protocol.

Transformed competent cells were cultured on agar plates in the presence of either
ampicillin pER MycEVFlag pEFAMyc-Flag;DOCK?9, angEFAMyc-Flag;DOCK9 PRR mut2,
pEFAMyc-Flag;.DOCKPRR mut3pEFAMyc-Flag;DOCKPRR mutdpEFAMyc-Flag;DOCK9
PRR mut5)EFMyc-Flag;DOCK®PRR mutPor kanamycin (pC3 EGBP®CK4 and pC3 EGFP
EV) and cultured ovemight at 3?C. Individual coloniewas inoculated intal5ml of LB
supplemented witlthe appropriateantibiotics, culturesgor 6 hoursin a shaking incubataat
37'C. 15ml start-up cultures were then inoculated into Bml of LB supplemented with
antibiotics and placed in a shaking incubator at'@®vernight. Bacterial cultures were
centrifuged at 5,000g for 15 minutes. Supatant was discarded and pellet retained.
Plasmids were extracted from bacterial pellets usifueeLink HiPure Plasmid Midiprkip

LY@AGNRIASY S [ I NinacoordRnEe with niadufa@ukels orbtocdl{ ! 0

2.10 Restriction Enzyme Digestion

Plasmids peEVFlagpnER MycEVFlagpEFAMyc-Flag;DOCK9, angEFAVyc-Flag;
DOCK9 PRR mui2EFAVlyc-Flag,DOCK®PRR mut3pEFAMyc-Flag;DOCK®PRR mut4pEF4

Myc-Flag;.DOCKPRR mutSpEFAMyc-Flag;DOCKPRR mut@vere digested with Notl and

/
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Kpnlin NEB buffer 2.1 (New England Biosciences) according to the manuf€ture LINB (i 2 O 2 f
Plasmids £3 EGFPOCK4 and@3EGFP were digested with BamHI irBN&uffer 3.1 in
I OO2NRIyOS gAGK GKS YIydzZFl OGdz2NBEQa LINR(G202f @

agarose gel using agarose gel electrophoresis.

2.11 Transformation of competent cells for protein expression

Optimal competent cells were selected throughesmning of a panel of competent
cells (BL21 (DES), BL21 pLYsS (DES), BL21 (DES) RP, BL21 (DES), RlLcatipesint
cells produced ifhouse at the Protein Production Facility (Faculty of Biological Science,
University of Leeds Transformations of @PINF and pOPIN3SC constructs were carried out
as previously described. Transformed competent cells were streaked onto lysogeny broth
O[ .0 F3IFNJ LIXIFGSa LINBLIFNBR gAlGK aStSoOdlrotsS |
NiCo21.Ampicillin plus chlorammnicol 34>g/ml: BL21 pLYsS (DES), BL21 (DES) RP, BL21
(DES) RILGultures were incubated overnight at 7. Individual colonies were selected and
inoculated into 1ml of LB supplemented with antibiotics and incubated overnight '&.37
Hn>t 27F @S W nailaied idtdz2ml of LB plus antibiotic. Cultures were
incubated in a shaking incubator at"8until reaching an optical density (OD) 600 of 0.6nm
(measured using spectrophotometer). Once cultures reach 0.6nm cultures were treated with
0.2mM of L a 2 LdNIRhidgafactopyranoside (IPTG). Culturesre grown overnight at
18'C.

For large scale cultures 1 colony was selected per agar plate. Each colony was
inoculated into 100ml of LB supplemented with antibiotics, cultures were grown overnight
at 37'C. 100ml starup culture was inoculated into 900ml of LB supplemented with
antibiotics and placed in a shaking incubator al@7ntil reaching an optical densiay

600nm(ODB00) of 0.6 (measured usingpectrophotometry. Once cultures reaed OD600

0.6 cultures were treated with 0.2mM of IPTG. Cultures grown overnight .18
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2.12 Bacterial culture lysis

Bacterial cultures treated with IPTG were centrifuged at 5,000g for 15 minutes.
Supernatant was discarded and pellet retained anduspendedri a His wash buffer (20mM
Imidazole, 150mM NaCl, 20mM Tris ph7.6). Cultures were lysed by sonication with 10x 10
second sonication pulses with 30 second pausdseitween the pulses. All cultures were
kept on ice during lysis protocols. Lysed cell culturere then centrifuged at 17,0009 for 35

minutes. Supernatants were retained and pellets discarded.

2.13 Transfection of plasmid DNA

Plasmid DNA was transfected into HEK 293T cells using Lipofectamine 2000
OLYGAGNRIASY O Ay | 002 NRI Iy3€18 HEKRIRK cels wefalpfatedd i dzNI N
onto fibronectin coated 100mm plates in 10ml of DMEM supplemented with\iQ%BS, 1.

Glutamine, and antibiotics. Cells were cultured overnight a€3atter which time the DMEM
medium was removed and cells were washedwith antibioticfree DMEM with 10%/v
FBS and-Glutamine and 10ml antibiotifree medium was left on each plate.
C2NJ SFOK mMnanYY LXFGS wn>[ 2F [ALRTFSOOI YAy

serum OpMEMYSRA dzY® p>3 2F LJX I & YA ] sedum OptdENLA LISY RS |

[atN

YSRAdzY G2 | 201t @2t dzyS 2 T200pcomainingbaliqudisk &4 Y A R
were combined, vortexed for 15 seconds, then incubated at room temperature for 30
minutes. The combined solution was then added dropwise onto the cedlasiected cells

were incubated at 37C + 5% CGor 48 hours without medium change.

2.14 Affinity chromatography

Histagged proteins were purified from bacterial lysates using a nickel column on an

AKTA pure system (GE healthcare). Thecbliamn was washed ith 70%v/v ethanol then
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equilibrated with a His wash buffer (20mM Imidazole, 150mM NaCl, 20mM Tris ph7.6). The
sample was loaded onto the column at a rate of Iml/min. The protein loaded column was
then washed with His wash. Sample was eluted from themonlthrough application of an
elution buffer (50mM Tris pH 7.6, 300mM NaCl, 300mM imidazole, 5% v/v glycerol, 0.075%
vlv i -mercaptoethanol) that was diluted with His wash buffer at increasing concentrations
until reaching 100% elution buffer. DOC8A3 domim and DOCK9 PCIMHR1 proteins
purified through using affinity chromatography were stored in 20mM Tris pH7.6, 150mM

NaCl, and 1mM DTT.

2.15 Size exclusion chromatography

Affinity chromatographyof purified peptidesDOCK4EH3 domain and DOCREZIP
DHR1 were cddSy i N} G SR dzAAy3 | oY a2/h tASNDSx t
concentrating DOCKgl o YR wmMnY a2/ h tASNIBSBES foNR G SAY
concentrating DOCKRBCIFDHR 1 prior to size exclusion chromatograp(SEC)
Protein samples were purified accorditgsize using a Superdex® 75 Gel filtration
column (GE Healthcare). In order to td3OCK-SH3 and DOCKBCIFDHR1 domain
interaction, approximately 1ml of 1mg/ml DOCISH3 was loaded onto the Superdex® 75
Gel filtration column using a 2.5ml loop. Immedeigtafterwards, approximately 1ml of
1mg/ml DOCK&EH3 was loaded onto the Superdex® 75 Gel filtration column using a 2.5ml
loop. Equal concdmations of DOCKk&H3 and DOCKRCIFDHR1 were combined then
loaded onto the Superdex® 75 Gel filtration colummgs 2.5ml loop. All samples were

collected and analysed using SDS PAGE gel separatidb@ndsie staining.
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2.16 Lentiviral BRNA particle generation

In order to knocldown DOCK4 proteim HUVEQCwo different DOCK4 shRN&d a
non-silencingpGIPZonstruct(Thermo Scientific, Open Biosystem&re used:
DOCK4 shRNA 3 mature antisen€8 CAGTATTTGCAGATATA
DOCK4 shRNAmature antisense CGCAAGGTCTCTCAGTTAT
NonsilencingpGIPZ ATCTCGCTTGGGCGAGAGTAAG

HEK 293T celgere seeded onto pohL-lysinecoated 100mm dishes at a density of
3x1@. Cellswere washed with 5ml of OpMEM and maintained in 7ml of OgYEM per
plate prior totransfecion. Cells were transfected with lentiviral packaging plasmids pMD2.G
(3 pg) and psPAX2 (7 pgnd DOCK4 shRNAM A k30 A G K nn>f 2 ¥
Lipofectamine 2000 per tissue culture plate. DNA and Lipofectamine were prepared
aSLI NI GSt e -MBM tpenocombined?vbrtexetl,Jankl added dropwise to confluent
HEK 293T cells. Cells were incubated a€3¥ith 5% CgJor 4 hours after which OptMEM
media was replaced with high glucose DMEM containing W0%BS, supplemented with
1%v/v L- Glutamine. Cells were maintained at"8with 5% CO

Media was removed and replaced with fresh DMEM 24 hours tpassfection and
returned to the incubation cabinet at 3¢ with 5% CO

Viral rich medium was removed and replaced with fresh media after 48 hohes.
collected sipernatant was centrifugigéat 3000 x g for 20 mins then filtered through a 0.45
UM syringe iiter and stored at 4C for use within 7 days following particle production.

All cell culture work was carried out using aseptic technigues within a sterile HEPA
filtration NuAire CellGuard class Il biological safety cabinet and all cells were grown a

humidified chamber at 3%C with 5% CO

G NJ
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2.17 Lentivirakransduction

HUVEC were seeded onto 6 well flat bottom plastic culture plates at a density of
1.5x10 cells per well, using cell culture conditions described in section 1.3. Approximately
24 hours post seedg cells were treated with sShRNA viral supernatant diluted in large vessel

media in a 2:3 ratio.

2.18 Cell lysis foEoimmunoprecipitation (GdP)

Cells growing in 6 well plates or 100mm plates were washed with PBS and then lysed
Ay pn>ft 2N nisbuffef (S00R TRS pM!7.4, 1GMGHycerol, 1% /v NP40,
5mM MgCI2, 100mM NaCl, 5X Complete Protease Inhibitor EDEA(R®che Applied
Science), ImM ithiothreitol (DTT)) respectively. Lysates were cleared by centrifugation at

13,00@ on a benchop centrifuge for 30 minutes.

2.19 Coimmunoprecipitation ass&y

GFPDOCK4 protein  was extracted from total cell Ilysate through
immunoprecipitation using GRPap (Chromotek) beads. GHERp beads were prepared
I OO2NRAY3 (2 YIydeFl S0 tizZNEBRE ( BINR 6 S 0B trapRRS R
slurry and incubated with rotation at'@ for 1 hour.

Samples were then centrifuged for 2 minutes at 12,00@he supernatants were
removed and the beads were resuspended in RAC wash buffer (TBS,MQ@I®, 5x EDTA

free Complete Protease Inhibitor, 1ImM DTT) and washed twice. After the final wash the

0 2

LISt t SGSR 0SIRa @gAGK 02dzy R LINRBGSAY @SNB NBadz

0{5{0 &l YLXS 0dzZFFSNJ 6Ly DA (i NP 3 8tidn ddnafured at dp > [

95'C for 10 minutes.

2
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2.20 SDS polyacrylamide gel electrophoresis

3-8%v/v 12 well TrisAcetate NUPAGE Novex®-Rast Gel (Invitrogen) was used for
the electrophoretic separation of proteins in an XCell4 SureLockTMQ@itelectrophoresi
tank (Invitrogen). 1 litre of 1x NuPAGE® MES SDS running buffer (Invitrogen) was used to fill

GKS dlyl1s +tt2y3a 6AGK ncp>t 2F bdzt! D9t FydAz2l

(p))
Pl

A YLX S 61 & dza LISNJ 6 St f ™A giosr Star@lafds (BB OA 4 A 2

wlkRO 61 &8 RAALISYaSR Ayild2 GKS wmn>[ 6Stfa LINROIA

separation of proteins was carried out at 150V for 120 minutes.

2.21 Western blotting

Proteins were transferred onto an Immobilon® polyvinylidiifeidride membrane
(PVDF) (Sigmaldrich) in a TE42 Standard Transfer Tank (Hoefer) submerged in 6L of 1x
Towbin buffer (25nM Tris, 193mM Glycine, pH 8.3, 20%methanol). The tank was
positioned in a 4C coldroom and protein transfer was performed farhours at 1A.

Target proteins were probed using HRP labelled antibddiss figure?.3) diluted in
TBS+0.1% (v/iv) Twe@® (TBST) in accordance with manufacturers recommendations. An

ECL detection kit (Amersham) was used to visualise target proteins.

2.22 (olorimetric quantification o€olPproteins

Western blots analysis of the GEBp ColP of EGFPOCK4 and-lagDOCK9
proteins(WT:; Proline rich region2, 3, 4, 5, and 9) were quantified using ImageJrouketric
analysis software. GRRgged protein legls were detected through anGFP primary
antibody and an appropriate HR#&belled secondary antibody probing of the Western blots,
followed by ECL detection, blot exposure and imaging. The concentrati@Ftagged

proteins was determined by the ratiof signal through ImageJ colorimetric analysis.
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Quantification of GFHPOCK4 was used as a control to depict the levelPgbrotein
concentration. Quantification ofFlagtagged proteins was determined through afiiag
primary antibody and an appropriate RRlabelled secondary antibody probing of the
Western blots, followed by ECL detection and blot exposure andiimy. The concentration

of GFRagged proteins was determined through ImageJ colorimetric analysis and then
normalised to the GFRaggedDOCK4ancentration. Ratio of signal analyses was performed

using GraphPad Prism 7.0a.

2.23 Stripping and blocking

PVDF membranes were washedth dHO for 10 minutes on a rocker at RT.
Membranes were the submerged in 50ml of 0.5M NaOH and returned to the rocked @or
minutes at RT. The washing step in@Hvas then repeated. PVDF membranes were then

blocked in TBST containing 8% skimmed milk powder for 1 hour at RT.
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conjugated anti

mouselgG1

No. | Primary antibody | Dilution Reactivity Cat No./ Source
1 Rabbit antiCD31 1:30 Mouse, Ab28364/ ABCAM
Human, Pig
2 Mouse antiCD31 1:20 Human M0823/ DAKO
3 Mouse antiCD31 1:400 Human KC1004/ Caltag medical systel
4 Rabbit aniDOCK4 | 1:100 Human, A302263A/ Bethyl
Mouse Laboratories
5 | Rabbitanti-DOCK9 | 1:1000 Human A300530A/ BethyLaboratories
6 | Mouse anti FlagM2 | 1:1000 Human F1804/Sigma Aldrich
7 Rabbit anti-GFP 1:1000 Human s¢8334/ Santaruz
8 Mouse antiRFP Ab| 1:1000 Mouse GTX82561/ GeneTex
No. | Secondary antibody| Dilution Reactivity Cat No./Source
1 LYYt w9 { {1 1:1000 Rabbit MP-7401/ Vector lab
Anti-Rabbit 1IgG
2 LYYt w9 { {3 1:1000 Mouse MP-7402/ Vector lab
Anti-mouse 1gG
3 | Alkaline phosphatas¢ 1:500 Goat KC1005 Caltag medical syster

Table2-3 List of primary andsecondaryantibodies.
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2.24 Organotypic angiogenesis assay

Human dermal fibroblast¢CaltagMedsystenm) were seeded onto 24 well plastic
tissue culture plates at a density of 2%1@lls per well. Fibrobfds cells were maintained in
DMEM, as described in secti@r8. Fibroblasts were incubated at €7 +5% Cdor 7 days.
After 7 days of fibroblasts growth the medium was removed. 1¥lOVEC were seeded on
top of confluent fibroblasts per well. Where requirecells were stimulated with either
10ng/mLFGF2Peprotech) or 25ng/mL of recombinant human VEGFA (Siddrch) on
days 4 and 6 post HUVEC seeding. On daly media was remowkfrom cultures and cells

werefixed in 70 % ice cold ethanol for later analysis.

2.25 Angiogenesis eoulture treatment with small molecule &Iz

QL:=47 inhibitor reconstituted in DMSO, to a concentration of 20mM, was gifted from
the Nathanael Gray Lab (Daralfer Institute, USA). @17 was used to treat HUVEC within
an organotypic angiogenesis assay. HUVEC and Hidtur@s were treated with QU7 at
a concentration of 5 a, or with DMSO at a-1000 dilution on days 4 and 6. €ultures were
also treated wih 10ng/mIFGF225ng/mL of recombinant human VEGFA, or cultured without
supplementation of additiosFs. On day 7 media was removed from cultures and cells fixed

for later analysis.

2.26 Hypoxic angiogenesis-calture assay

Hypoxic angiogenesis olture asays were carried out in accordance with the
organotypic ceculture assay previously described, with modification to @Gietreatment
protocol. Cecultures were supplemented with 10ng/nMiGF24 days following HUVEC
seeding and immediately placed into a by incubator at 1% £and 5% C@ Cultures were

removed from the hypoxic incubator on day 6 and supplemented with 10ndg/@E2
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Cultures were returned back to the hypoxic incubator for a further 24 hours. After the
remaining 24 hourscultures were remoed from the incubator and immediately fixed in

70% ice cold ethanol for 30 minutes at RT.

2.27 Angiogenesis eoulture fixation and immunbistochemical staining

24 well plated fibroblasts and HUVECocettures were washed once using PBS then
fixed in 70% iceold ethanol for 30 minutes at RT. Cells were stained using a commercially
available CD31 tubule staining kit supplied by TCS cell works (Caltag Med systems). Tubules
were permanently stained through binding of a@D31 primary antibody coupled to an
alkaline phosphatase conjugated secondary 496G antibody. Insoluble chromogenic
substrates nitreblue tetrazolium (NBT) and- Bromo-4-chloro-3-indolyphosphate (BCIP)

were used for colourmetric detection of CD31 expressif®y

2.28 In vivomousemodels

All In vivoexperiments were conducted in accordance with theimal (Scientific
Procedures) Act 198&\mended Regulations 2012 (ASPA 204831 NCRI Guidelines
approved bythe University of Leeds Animal Welfare and Ethical Review Committez.
Dock4 conditionbknockoutline was generatednd verifiedby Ozgene, Australia and the
iIVECCre; Rosa2édTomatoline waskindly provided by Dr Karen BlytBgatson Institute,
Glasgow. The two lines were maintained and intercrossed under Project license
(PFE6DC8OB) atthe{ G WIF YSaQa . A2f23A0Ff {SNWAOSa of{.

The projectand personalicenses used to carry out all animal research described
within this thesis are as follows:

Project License: Stephen WheatcrBft44DD0D6
Personal License: Leandstewart I91EAEBOC

Personal License: Nadira Yuldasheva ICB059380
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2.29 Mouse line breeding

For global heterozygous Dock4 deletitveterozygous Dock4 mice (Abraham et al
2015) lacking exons 3, 4 and 5 were used (C57BL/6J background) as homozygous deletion is
embryonic lethal (Abraham et al 2015). The line was maintained and experimental cohorts
were generated through intercrosgywith C57BL/6J méc(Appendix 3, Figure 7.13

For conditional Dock4 deletigthe mouse line Dock4f/f (Dock4 exon 6 flanked by
LoxPsites for recognition by Cre recombinase, depicted in Appendix GreFig19 was
intercrossed with the mouse line iVETe; mice. Rosa26tdTomato double transgenic line for
Cre recombinase expressed under the control of the endothelial specificadiern
promoter (Wang et al., 2010¥or tamoxifen inducible Cre expression and Cre deletion of the
loxP site flanked exorand the tdTomato Cre reptar protein designed to have laxR
flanked STOP cassette preventing transcription of a CAG promoten red fluorescent
protein (RFPyariant (tdTomato), all inserted into thet(ROSA)26Stcus (originally from
The Jackson Laboratoryhe LoxP siteffank exon 6 of the 8clkd gene Appendix 3, Fige
7.15, activation of Cre expression results in expression of an unstable truncateld D
peptide. Dock4 and tdTomato immunofluorescent staining of the hind limb tissues was used
to confirm knockdown of Bckd expression (Figure 5.1 nockout of the Dckd4 gene
expression wasurther confirmedthrough tdTomato immunofluorescent staining of brain
sections of VEGCre; Rosaa@Tomato mice (Teklu Egnuni, Thesis 2018).

All pups produced for each mouse line wezar biopsied at 3 weeks old and
genotyping was carried out by Transnetyx (TN, USAJ. type littermates were used as an
experimental control model. Both male and female mice were used during all experiments,
as no difference in result was detected bewvethe two genders. All mice were 21 weeks of
age at the point of femoral artery ligation.

Primers used for conditional mouse model genotypind@ nsnetyTN, USA):
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2.30 In vivaischemia model

Qurgical procedureswere carried out by Dr Nadira Yuldashewa hours prior to
surgery the lower abdomen, groin, and legs of each mouse were depilated with hair removal
cream (VeetReckitt Benckister UKMice were anaesthetised by inhalation of isoflurauest
(Merial Animal Health LidEssex, UKinitiallyisoflurane gas was delivered within a Perspex
containment unit, then maintained via a nose cone mask. Each mouse was placed on a
heating plane (VettechUR in the supine position with the upper paws fixed on the mask
and lower extremities abducted and extded. The surface area on and around the hind
limbs were cleaned with providoAedine 0.75% w/w (Vetaseptnimal care, York, UK

The left femoral artery extending from the region under the inguinal ligament to the
saphenous artery was exposed and the adipose pad with epigastric artery was cauterised.
Theiliac artery was encircled with 8.0 Vicryl suture (EthicBe]giun) then disseted. The
femoral artery proximally at the inguinal ligament and distally at the bifurcation to
saphenous and popliteal vessglgas separated from the vein, encirculated with 8.0 Vicryl
sutures, and the intervening arterial segment was excised.

Following surgery the mice were maintained at ¥8 within a warm chamber
(Thermal cage; VettcRJK until regaining consciousness and motility. The operation was
performed with the assistance of the surgical microscopes&Zi®@PMI 1C) under the

appropriate magrfication (x7.2x30).

2.31 Tamoxifen treatment

iIVECcre+ve; Rosa2BHdTomato; Dock4 f/f mice (n=9) and i\VEi@-ve; Rosa26sl-
tdTomato; Dock4 f/f mice (n=8) underwent daily intraperitoneal injections of a 2mg dose of
tamoxifen for 5 consecutive days. Seveysl following the final tamoxifen dose all mice

underwent aHLloperation to surgically ligate and transect the left femoral artery.
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2.32 Laser Doppler Imaging techniques

Approximately one hour following surgerguperficial blood flow within the hind
limbs wasanalysed using a moorLBHR Laser Doppler imager (Moor Instruments LTD).
Mice were anaesthetised by inhalation of isofluraret (Merial Animal Health Ltd);
delivered within a Perspex containment unit. Taeaestheticwas then maintained via a
mask. Daa readings of vascular perfusion were obtained via dynamic light scattering analysis
of which is converted to a signal proportional to the tissue perfusion. From this data a color
coded perfusion image is generated by the moorLDI V6 PC Software (Moonlests LTD)
which then generates a numerical value to represent the level of tissue perfaosibath
hind legs The region of hindlimb from the ankle to the foot was selected for comparative
analysis, as this region of limb is the area most affected leyféimoral artery ligation
(Hellingman et al., 2010Theratio of perfusion in the ischemic to naachemic limbwas
calculated to normalise the blood flow of the ischemic limb to that of the-isghemic limb.
Laser Doppleimaging (LDljeadings were taken 7, 14, and 21 dafter surgical femoral

artery ligation.

2.33 Muscle harvest and fixation

Approximately 2 hours after generating the final LDI reading mice were
anaesthetised by inhalation of isofluraivet (Merial Animal Health Ltd); tieered within a
Perspex containment unit. Mice were placed on a surgical table in a supine position on a
heating plane (Vettech) with the upper paws fixed on the mask and lower extremities
abducted and extendednaesthetiavas then maintained via a noseask.

Each mouse was exsanguinated via caudal vena cava transection and whole body
perfused. Abdominal cavity and pericardial cavity were exposed through a lower abdominal

longitudinal incision, approximately 2 cm long, and a 3cm ventral midline incideCaudal
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vena cava was dissected free of surrounding fascia and cut. Whole body vasculature was
flushed through with injection of 10ml of 109 PBS into the cardiac left ventricle. Muscle
was fixed via injection of 10ml of 4%y paraformaldehyde ird the cardiac left ventricle.

All skin and fascia were removed from the lower extremities and the gastrocnemius
and soleus muscles were surgically removed from both legs and placed together within a
tissue storage cassette. All tissue samples were subsaeirg4%v/v PFA for 24 hours then
transferred to 70%v/v ethanol for approximately one week. Muscles were embedded in

paraffin wax in a longitudinal orientation.

2.34 Muscle sectioning

Longitudinally orientated gastrocnemius and soleus embedded in paraffinsee
& SO0 A2y S Rmthiok floatingssactongmper block using a microtome (Leica Biosystem,
2 8G1T £t NE DSNXYI ym sechiond of adhinhusclesvblock erevremeved and

discarded prior to selecting sections for mounting on 4fiarsted glassslides (Thermo

Scientific).

2.35 Immunohistochemistry

2.35.1 Dewaxing and rehydration

Optimalslides were selected for immurastochemica{lHCstaining, with one slide
selected after approximately every 10th slide. Slides were placed on a hotplatéGtaio
20 minutes then transferred to 24lide baskets. Slides were dewaxed in four separate
consecutive Xylene containers for 5 minutes increments. Slides were then rehydrated in
consecutive separate containers: absolute ethanol for 2x2 minutes,V@@%ithanol for2
minutes, and 70%/v for 2minutes. Slides were then thoroughly rinsed in running tap water

for 1 minute.
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2.35.2 Antigen retrieval antHCstaining

Slides were submerged and incubated in Antigen Unmasking SolutiofBabes
(Vector Laboratory) within a pressucooker reaching 178, then removed from Antigen
Unmasking Solution and submerged in running water for 1 minute. Tissue section region was
SYyOANDt SR dza Ay 3 -4000) hiydvophdtcp&m(Vettdd Yaboeatory). Slides
were submerged in Tris buffed saline for 1 minute. Endogenous antibodies of tissue
sections were incubated in BLOXALL Endogenous Peroxidase and Alkaline Phosphatase
Blocking (Vector Laboratory) for 15 minutes followed by a 5 minute incubation imWé&&h.
Tissue proteins were theblocked in 1/10 Casein Solution (Vector Laboratory) for 20
minutes. Antibodies prepared in Antibody Diluent (ThermoFisher) to their optimised
concentration (see table2.3) then dispensed onto slides and incubated at ambient
temperature for 1 hour followedy 2x 5 minute washes in TB%een. Slides were incubated
in the appropriate secondary antibody (see taBI8) for 30 minutes, then washed for 2x 5
minute washed in TBS. Slides were stained in ImmPACT DAB Peroxidase (HRP) (Vector
Laboratory) prepared imimPACT DAB solution (Vector Laboratory).

/| Sttt ydzOt SA gSNBE O2dzy i SNARAGFAYSR gAGK al &S
08 | gl aK dzyRSNJ NHzyyAy3 6l GSNI YR ™M YAydzi$
placed in lithium carbonate for 2 minuteseh rinsed in running water then placed in Xylene.
2.35.3 Dehydration, clearing and mounting

IHCstained slides were dehydrated and cleared through submersion in 3 consecutive
20 second absolute ethanol washes. Slides were air dried for 5 minutes and cleared in 4

consecutive changes of Xylert&ass slides were mounted onto slides with DEPEX (Sigma).

2.35.4 IHCguantitative image analysis
CD31IHCstained tissue sections weseanned using Apeiro AT Virtual Slide scanner
(Leica Biosystems, Wetzlar Germay) areh for amlysis selectedsing Apeiro ImageScope

software (Leica Biosystems, Wetzlar Germalgight randomly selected0®>m x 500>m
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boxes were placed over each section image. ImageJ software (National Institutes of Health)
was utilised for quantification of all vide CD31 stained vasculature within tB80>m x

500>m boxes.TVLand branch points within the defined areas were quantified within each
box. RFP and DOCK4 IHC stained tissue sectionsimaged at 20x using Hikon light

microscopgNikon Instruments IndEdgewood NY)

2.36 Statistical analysis

All data within this thesis was collected and analysed by Leander Stewart. Data
acquisition and analysis of organotypicadtures was blinded throughout. The genotypes
of all mice to undergéiLisurgery wereblindedfrom the outset and throughout the surgical
procedure.However, genotypes of the miagtilisedfor the HLIwas known durindg.Dldata
acquisition, and data analysis.
2.36.1 Organotypic angiogenesis assays

Organotypicangiogenesis assay cultures were imaged using an Olympus CKX41 light
microscope with 9 images taken per well. Images were analysed manually using ImageJ
software generating a measurement of total vessel len¢INVL) average vessel length, and
branch pont index(BPI)for each image.

Quantification of angiogenesis parameters (number of branches, tubules and tubule
length) were performed as previously described (Hetheridge et al., 20h&)mean average
of each data output was generated pexperimentfor each of the organotypic eculture
conditonsb DI dza&AlyY RAAGNRAOdziA2Y 27F -4Dlréa@dizf I (G SR
organotypic cecultures and DOCK4 shRNA knockout cultures were verified using Levene's
and Bartlett's test and a Kruska@Vallis oneway analysis of variance or Oneay ANOVA
analysis of variance were performed were appropriate u€rigin 2015 softwar€OriginLab

Corp., Northampton, MAto assess significance.
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2.36.2 Laser Doppler Imaging

Numerical values representing blood flow of tissues imalggedhe Laser Doppler
LYF3ISNIS5FGF gSNB O f Odz I (véhen conparing3hie ischamica G | y R |
limbs between experimental groupthe ratio of blood flow between the ischemic limb and
non-ischemic limb was calculated, then theS gy & (i I d¢gvitionld&tio of blood flow of
each experimental group was generated to compare hind limb perfusion between the
different experimental groupssing aOneg I € ! b h x! gAUGK ¢dzl SeQa Ydz
For analysis of noischemic limbyY S|y 5 ddviatignfltiéJabsolute value of the
non-injured limbs were calculated and compared usibgeg | € ! b h ! gAGK ¢d
multiple comparisonsStatistical analysis waeerformed with GraphPad Prism 7.0a.

Area under the curve was also measured usbigphPadPrism 7.0athe software
uses the trapezoidal rule algorithm for area under the curve calculations, values were
compared between experimental groups using emgy ANOVAs, with LSD pbosic analyses
where appropriate. Statistical analysis vesformed wih GraphPad Prism 7.0a.

Linear regression and slope intersects of the blood flow recovery over time of each
experimental group were also analysed usiBgaphPad Prism 7.0&tatistical analysis
comparing linear regression and slope intersects were perfdrmgingGraphPad Prism
7.0a.
2.36.3 Histological analysis

TVLof all CD31 stained vasculature within the defined areas were guantified and
used to generate a mean value DV Lfor each section. All branch points of all CD31 stained
vasculature within the definedreas were quantified and used to generatBRI(defined as
total branch pointsfVL).. The mean value of tot@Plof each box was used to calculate a
meanBPF 2 NJ S| OK Ydza Ot S aSOdGA2y® DI dzaaAly RA&GNR
verified usirg Levene's and Bartlett's test and a @Gmay ANOVA analysis of variance was

performed using GraphPad Prism 5 to assess significance.
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Sr.No. Solution Recipes or Cat. No
1 PBS 500ml dHO + 2 PBS tablets (Cat.No. P4117, Sigma) + 1 PE
tablet (Ca.NoBR0014G, OXOID)
2 Lysis Buffer 100 mM Tris (pH 8.5), 5 mM EDTA, OVA¥EDS, 200 mM
(PCR) NaCl
3 Lysis buffer 50mM TRIS pH7.4, 10# Glycerol, 1%/v NP40, 5mM Mgl
(WB) 100mM NacCl
4 RAC Lysis 50mM TRIS pH 7.4, 16% Glycerol, 1%/v NP40, 5mM
buffer MgCh, 100mM NacCl, 25x Complete Inhibitor (no EDTA) an
1mM DTT
5 10xTBS 100ml 1M TriBase pH 7.5 + 200ml 5M NacCl
(900ml dHO + 24 gm Tris Base + 88 gm NaCl)
6 1XTBS 900mI dH0 + 100ml 10xTBS
7 TBST 1XTBS + 0.1% v/v Twe2f
(900 ml dHO + 200ml 10TBS + 1ml Twe2d)
8 Running 50ml 20xT.A + 950 ml dM
Buffer
9 Transfer 70% dHO, 20%v/v methanol and 10%/v of 10XTBS
Buffer
10 4% PFA 500 ml PBS + 20RF-A powder + 200 ul 1M NaOH
11 5X DMEM 100ml dHO + 6.74 g DMEM + 409 or 1.85 @@7g NaHCO
12 Lysogeny 20g LB powder in 1 litre dBl
Broth (LB)
medium
13 LB agar 159 agarose powder in 1 litre LB medium
14 TriseEDTA (TE) 5ml 1M Tris (pH8), 1ml 0.5M BEDTA
buffer (PCR)
15 Access Antigen Retrieval (Cat. NMP-607-X500, MenaPath)
Revelation
(10x)
16 TBS (20x) Washing buffer (Cat. No. M®15-X500, MenaPath)

Table2-4 Common laboratory standard solutions
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3  Results chapter In vitroinvestigation of DOCK4 signalling

during sprouting angiogenesis

3.1 Introduction

Healthy vascular growth capable of adequately providing the precise blood flow to
the organs and tissues depends strongly upon the correct vascular patterning. Developing
vasculdure with adequate, but not excessive branching, along with the correct level of
Gdzodzf S St2y3rdAz2y A& AYLISNI GAGS F2NJ KSIfdKe
tissues(Eilken and Adams, 2010)

The precise cellular mechanisms which underlie the coherent processes of vascular
pattering during sprouting angiogenesis rely strongly upon an intricate repertoire of
interplayingGFs. Stimulation oEG by eachGFpotentially prompts differing intracellular
events which induce different cellular responses. BieFDOCK4has been described as
required for thesignallingevents downstream oV EGFAIriven angiogenesis, with depletion
of DOCKA4 leading to a loss in lateral filopodia and vascular branching; inducing growth of
long thin but unbranched tubule@braham et al., 2015Asmuch of post developmental
angiogenesis occurs in response to oxygen deprivaitois important to consider this
signallingmechanism within the context of hypoxia, while also considering the potential
interplay of BDCK4 in the cellular response to grow factors other than VEGF. To further
understand the functionality of DOCK4 within thegnalling pathways which drive
angiogenesign vitro techniques were conducted with inhibition of DOCK4, and the DOCK4
interactionpartner DOCKO9, through shRNA induced inhibition and small molecule inhibition,
respectively; with consideration of hypoxic conditions. BG&F2has previously been
described ashe predominant regulator of peripheral sprouting angiogenesis in response to
ischemia (Ferraro et al., 2010)in vitro assays were carried out und&EGFAor FGF2

stimulation.
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In order to study thesesignallingmechanismsn vitro, an organotypic ceulture
model was employedfigure 3.1) The ceculture model creats a ® culture environment
with HDFgrown to produce an extracellular matrix, through which BE@ may form dynamic
cords; which more closely resemble physiological vasculatuentbther 3D angiogenesis
models(Hetheridye et al., 2011)

QL47, a DOCK9 binding small molecule inhibitor, was utilised as a tool for expanding
upon the understanding of the DOCRDCK?9 signalling mechanism within angiogenesis. QL
47 is capable of covalently bindingpdC628 within the DHR1 domaifithe DOCK?9 protein
(unpublished data Gray, N. Appendix 2); a cysteine residue which lies within a {pichine

region of DOCKJ identified as a potential interaction site of the DOCK4 SH3 domain.
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Seed Day 4 & 6: Day 7:Fix
Fibroblasts 7 Day 0: Seed Treat with and stain ce
days prior to HUVEC growth culture

HUVEC factor

Tubule formation and remodelling Formation of mature tubes

| with lumens
_____________________________________________________ | ||
Clusters
Cynamic remodelling
Sprouting Sprouting
Establishment
Seeding HUVEC Lurnen formation
onto CFs
] 2 4 f ] 10 12 14
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Figure3-1 Schematic diagram of organotypic angiogenesisattture assay

An organotypic caulture model was used to investigate sprouting angiogenesis \
a 3Din vitro model. HDF cells were grown to form a confluent monolayer, forming a r
through which ECs can sprout and develop into vascular structures. HUVEC were seed:
of HDF, 7 days post HDF seeding. Where it was required, cells were stimulated vet
10ng/mL FGF2 or 25ng/mL of recombinant human VEGFA on days 4 and 6 post HUVE
The time point of ceculture fixation is adaptable according to the phenotypical reado
results required. Gaultures described within this thesis were culturedtibday 7, post HUVI
seeding, allowing for dynamic remodelled of cords of EC to form into more established t
CFs=Confluent fibroblasts.

Image adapted from Abraham et al (2015), with author permission.
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3.2 Results

3.2.1 Effect ofFGF&timulation onECsprouting and elongation during tubule formation in
the coculture assay

The organotypic angiogenesis -coltures were carried out to investigate the
phenotypical difference in sprouting angiogenesis stimulated by B& VEGR when
compared to theGFFGFZAfigure 3.2) Caculture assays wersupplemented with VEGE
FGF2or noGFon days 4 and 6 following HUVEC seeding onto a HDF monolayer. Following
7 days of endothelial growth within the elture mode] cultures were fixed in ice cold 70%
ethanol andiHC stained using an atCD31 antibody. Each -ooilture condition vasgrown
in duplicate (with two wells per condition) and each organotypic assay was repeated three
times, as such n=6 per -wulture condition.Nine images per caulture well at random
locations wereobtained using an inverted light microscofexample images given in figure
3.2). Of the nine images, five were randomly selected. All visible tubules within the field of
view were quantified, with tubules measuring bel@@> YbeingexcludedlmageJ software
was employed taanalysea number of quantifiable characteristics of the formed tubules
indicative of the total amount of tubule formation, tubule elongation and branching: number
of tubules total tubule length meantubule length Jongesttubule length branch pointsand
BPI Quantified data sets were analysed comparing data of each culture condition using a

Oneway analysis of variance (ANOMBata presented in figure 3.3.
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(B)VEGRA (C)FGR

Figure3-2 Growth factor stimulation of blood tubule growth within an organotypic angiogene

co-culture assay

HUVECsvere seeded ont@ confluent monolayer oHDFsCo-cultures wereeither (A)not
treated with GF, (Bgtimulated withVEGR (25ng/ml)or (C)FGR (10ng/ml) on days 4 and st
HUVEC seedin@ocultures were fixed on day With 70% ethanol and stained by IHC with

antibody against CD31mages were taken under a light microscgge objective)
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3.2.1.1 Mean tubule length
Mean tubule length values represents the average length of all tubules measured

within each individual imagerepresentative images given in figure 3Mean value from
each image wre combined to generate thenean values for each condition (figuge3).
Analysis of the mean tubule length demonstrated that addition of VA FGF2o culture
media led to an increase in mean tubule lengtthen compared to the control (neGF
supplemented). The mean tubule length of VBGEpplemented cultures increased fro
118> Y the mean measurement of the control cultures, to $4¥ this difference was not
found to be statistically significanCultures supplemented witRGF2developed an even
larger increase in mean tubule length, to 193.Y with a significant differece 0.00005

when compared to the control.

3.2.1.2 Total tubule length

Total tubule length readings depict the overall growth of endothelial tubules,
without consideration of the number of tubules or ind@iual tubule length (figure3.3).
Representative images givemfigure 3.2

In cultures supplemented with VE&Hotal tubule length (10292 Y wasincreased,
but the increase was not found to be statisticadignificant when compared to cultures
without additional GFsupplement (6863 Y, figure 3.3). FGFZXupplemented cultures also
developed a greater total tubule length (8985f when compared to contrphowever, this

was also not found to be statistically significant

3.2.1.3 Number of tubules

The number of tubules reading depicts how many tubules (definech adamgated
cord of CD31 positive cells) were detected within eackcatiure image, with mean values
for each condition used for statistical comparison (figBr@. Representative images given

in figure 3.2
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The number of tubules detected in the VEGS&uUplemented culture (75.25)
increased when compared to the control (59.62his increase wa not statistically
significant FGFXSupplemented cultures had a slight reduction in the number of detected
tubules, although this difference was not significant emhcompared to the control.
However, statistical comparison between the number of tubules/EGFAreated co
cultures to FGF2treated cultures found tht VEGFAtreated cultureshad develop a

statistically significant increase in the number of detectedulals(p=0.01009.

3.2.1.4 Longest tubule length

AsFGF&timulation of cecultures led to an observed increase in tubule lengths, the
longest detected tubule from each @milture image were used to generate a mean value of
longest tubule length for eaato-culture condition (figure8.3). Representative images given
in figure 3.2

The measure of the longest detected tubules (average of 6 wells, with 5 images per
well) of FGFZupplemented cultures (548=8Y) was significantly higher compared to control
cultures (28.4> Y, with a p value greater than 0.00(BGFZupplemented cultures showed
a significant increase in the longest detected tubules (548Bwhen compared t&/EGFA
supplemented cultures (436:8Yf in respect to control (2194 Y with a p value of 018B.
VEGFAupplemented cultures also developed an increase in length of the longest detected

tubule with a p valuef 0.000L.3 when compared to the control cultures.

3.2.1.5 Branch points

Branchpoints were counted within each ezulture imageand a mean per well was
generated. Mean values were thecompared between the threeGF conditions to
demonstrate how branched endothelial tubules were within theccdtures (figure3.3).
Representative images given in figure.3.2

Supplementation of ctilire media withVEGFAed to a significant increase in the

number of detected branch pais (51.86) when compared tihe control (31.93)ut not
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FGF2supplemented cells (33.38FGF2supplemented cultures had a level of branching
similar tothe control culures (figure3.3).
3.2.1.6 Branch point index

Calculation of theBPI(number of branch points/total tubule length) for each-co
culture imagedepicts the ratio of branch points tdVL(figure 3.3). With representative
images of ceculture given in figure 3.2. Coramative analysis of the BPI of-caltures under
no-GF, VEGFA, &iGF2reatment demonstrates how branched tubules are between the
different coculture conditions (neéGF=0.0045; VEGFA=0.0057F=GF20.M0369).
Supplementing culture media witkGF2ed to a decrease m BPI, while this wasnot found
to be significanty different betveen the ceculture conditions the trend of reduced BPI of
FGF2supplemented culturesndicaes a reduction in the number of branches &GF2
supplemented cultures in comparison to the outgrowth of tubules; a measurement which
reflects the observed phenotype BfsFZupplemented cultures as longer and less branched
in comparison to the control andEGFAupplemented cultures.

To summarie the data accumulated through comparison 6iGF2to VEGFA
stimulation, sprouting angiogenesis within the organotypiccatiure model shows a
different phenotype dependent on the angiogen@&f used to supplement the growth
medium. FGF2stimulation induces an @rease in endotheliatord elongation with less
branching and a trend for reduced number of tubules when comparedvVEGFA

supplemented cultures.
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Figure3-3 Comparative quantification of VE@Fvs FGF2stimulated endothelial tubule

growth within an organotypic angiogenesis anllture assay
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cultures were stimulated with VEGE25ng/ml),FGFZ10ng/ml), or naGF On day 7 cultures
were fixed with 70% ethanol and staineing IHC with an antibody against CD3N=
number of wells analysedrive images were taken per well under a light microsgoyth 3
independentexperiments and 2 wells per condition, per experiment (nJ@jtal tubule
length, mean tubule length,number of tubules, and umber of branch pointswere
measured manuallper image usingmageJ softwareCalculated values of eachdige were
used to generate mean values and standard deviation p&uttoire with readouts for: raan
tubule length; total tubule lengthlongest detected continous tubule; number of branch
points; andBPI(branch pointéTVL). Mean values of each ezulturewellwereanalysed using

a oneway analysis of variance (ANOVA) thro@glgin 2015 Software (OriginLaB)ror bars
signify standard deviation. Significant differences indicated by asterisks: *=P value equal to
or lower than 0.05; **=P value equal to or lower than 0.01; **=P value equal to or lower
than 0.001; ***=P value equal to or lower than 0.0Q0T** *=P value equal to or lower
than 0.00@1.
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3.2.2 The impact oFGF2stimulation on tubules with shRNA mediated DOCK4 depletion
within anorganotypicangiogenesiso-culture assay

A DOCK4 Karganotypic ceculture assay was utilised to investigate whether DOCK4
expression is required duringGF2stimulated angiogenesisninormoxia and hypoxia
(representative images ifigure 3.4and data analysis in figu@5).

DOCK4 expression was attenuated in HUVEC by a method previously validated in Dr
a I @ NJdor@téary via transduction of a lentivirus harbouring a shRNA oligontidéeo
targeting DOCK4 (figurg.4A). Two DOCK4 shRNA levwitiuses were selected to induce
DOCK4 Kd in HUVEC, the two shRNAs were selected on the basis of previous optimisation
(GaryGrant, Thesis 2016p5uccessful shRNA Kd of DOCK4 within HUVECs was determined
through western blot (figure 3.4 A). The DOCK4 specific ShRNA labelled shRNA 4 was found
to proficiently deplete DOCK4 expression, the shRNA labelled shRNA 3 was not found to
successfully deplete DOCK4 expression. Therefore cells transduced with the DOCK4 shRNA 4
were used for the DOCK knockdownadture assays.

HUVEC transduced withe DOCK4 shRNA and control relencing(NS)shRNA
lentiviruses were seeded on a monolayafrHDF and caultured for a duration of 4 days at
20% Q with GFsupplementation of eitheFGF210ng/ml), or in the absence of additional
GF, after which time cultures were placed in a hypoxic incubator in 29400 day 6 post
HUVEC seedingultures wee briefly removed from the hypoxic incubator and the media
and FGFXupplement were changed before being returned to the hypoxic incubator for a
further 24 hours. Caultures were fixedand stained for CD31For each well5 selected
regions were imagd usng brightfield microscopyfor each of the following conditions:
HUVEC with DOCK4 shRNAcontrol NSshRNA supplemented with 10ng/mFGF2and
cultured in hypoxic conditions; HUVEC with DOCK4 sh&Nodntrol NSshRNAwithout
FGFXupplementand cultured in hypoxic conditions; HUVE@h DOCK4 shRN#&r control

NSshRNAsupplemented with 10ng/mFGF2and cultured in normoxic conditions; HUVEC
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with DOCK4 shRN#&r controlNSshRNAwithout additionalFGFZupplement and cultured
within normoxicconditions The impact ofFGF2stimulation of sShRNA mediated DOCK4
knockdown onangiogenesisin the organotypicco-culture assaywas assessed under
hypoxic conditions and compared to hormoxic conditiohs.this ceculture assay contains
only 2 wells fo each condition froma singleexperiment statistical analysisould not be
performed However trends detected in this assay gave preliminary data which indicate a
potential role for DOCK4 function during angiogenesis within a hypoxic environkright.
microscope images of the CD31 staineecaltures b images X wells per condition) were
analysed usingmageJ softwaréo characterisea number of quatifiable read outs mean
tubule length; total tubule length; number of tubules; longest tubule lengtianich points;

andBPI
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(A) DOCK4250kDg s «

I -actin 37kD4_~

(B)Normoxia

NS ontrol

DOCK4hRNA

Figure3-4 FGF&timulation of DOCKdepleted ECsvithin an organotypic angiogenesis €

culture assay

(A) Anti-DOCK4 Western blot analysistJVECs transduced witkither a (i) NS
ShRNA expressing lentivirusr (i) DOCK4 targeting sShRNA lentivirus & (iii) or DOCK4
targeting shRNA lentivirus. 4Successful DOCK4 shRNA driven DO@Eekdownwas
determined throughabsence of a detectable band at 250k[E2) DOCK4 shRNAdépleted
HUVECand NonsilencingshRNA HUVE@ach co-cultured with HDF,were grown in a
humidified chamber at 3 with 20% ©and 5% C& On days 4 and 6 post HUVEC seeding
cultures were stimulated withFGF2(10ng/ml), or noGE Immediately followingFGF2
supplementation, thecellculture plate with bothFGF2treated cocultures and norGF
treated cellsvasplacedback into thehumidified chamber at 3TC with20% Q and 5% C©
On day 7 cultures were fixed with 70% ethanol and stained by IHC with an antibody against

CD3L1. Five images per well weéa&en under a light microscope.
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NS ontrol

DOCK4&hRNA

Figure3-5 FGFXtimulation of DOCK4epleted ECaunder hypoxia within an organotyp

angiogenesis ceulture assay

DOCK4 shRNA 4 depleted HUMEE@ seeded onto confluent monolayer BDF
Nontargeting shRNA HUVEC were also seeded onto a confluent monolayer of
produce control cecultures as a point of compariso@o-cultures were initially grown in
humidified chamber at 3TC with 209, and 5% C©OOn days 4 and fost HUVEC seetj,
cultures were stimulated witfFGFZ10ng/ml), or no growth factor. Immediately followi
FGFXupplementation one cell culture plate with boBGF2areated cocultures and nos
growth factor treated cellgvasplaced within a hypoxic humidified chaertet 37°C with19
O; and 5% C©OOnN day 7 cultures were fixed with 70% ethanol and stained by IHC v

antibody against CD31. Five images per well wagken under a light microscope.
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3.2.2.1 Mean tubule length
The mean tubw length analysis demonstratékat the averagdength ofmeasured
tubules withinNSco-cultures, under all 4 condition, were similar in messnentsNSnon-
KELREAO y2 DBSDOMPoXiCRGREWHT OGP NBSEYLTZ EA O y2 DCI MHY .
NShypoxicFGFZ m p o & digure 3¥473.5 and3.6), with FGF2reatment of cultures grown
in hypoxia leading to an increase in average tube length.
DOCK4 depleted erultures demonstrated a reduction in mean tubule length
(DOCK4 noK @ LR EAO y2 DCT MH rhgoyicFEHE M6 h P a > W2 Yy5h/ Y
hypoxic no GF=tm T > YT 5 h/ PGP MK d I)yHiAe®¥duction in mean tubule
length of DOCK4 depleted tubules, when compareN$ubules, was most pronounced in
hypoxic conditions withoutGF2reatment. Within norhypoxic conditions-GF2reatment
lead to a strog increase in average tubule length. While fi@&tment of hypoxic DOCK4
depleted coecultures grew tubules of a similar average lengtiN&co-cultures withoutGF
treatment in hypoxia, and witkGF2reatment of normoxic cultures.
To summariseFGF2reatment appears to lead to an increase in average tubule
length in hypoxia. DOCK4 depletiorE@deads to a slight reduction in mean tubule length
that becomes more pronounced under hypoXt&F2reatment overcamehis reductionof
mean tubule length of DCK4 deficient tubuled both normoxia and hypoxia, withRGF2
treatment of DOCK4 depleted cultures in normoxia leading to a strong increase in average

tube length.

3.2.2.2 Total tubule length

The total tubule length oNSco-cultures were found to develop a sitar level of
overall tubule growth within notGFtreated culturesgrown in both hypoxia and normoxia,
as well as~GFsupplemented cecultures grown in hypoxia. HoweveétSco-cultures treated

with FGEbut grown in normoxiahad a near Zold increase iriotal tubule length NSnon-
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KeLREAO y2 D §F oaptypovio FGFY T ¢ H M ® NS >hypdxic no
DCT o nH pNshypoxidFGFZ o ¢ n o ®o T 38.X,3.5amdB8.8)dzNB

In contrast, DOCK4 depleted cultures had an overall decrease in total tubule length
across all conditions (DOCK4 @ LR EA O vy 2 DCI MHY chypoxic > Y T 5F
FGF pTHO DYy c>YT 5h/ Yn K@LRZEAO yRGFDCA MR HHHDT S Y d
FGF2reatment of DOCK4 depleted erultures grown in hypoxiahad a strong decrease in
total tubule length.

To summariseFGF2reatment greatly increase overall tubule length in normoxic
conditions but does not impact on total tubule length under oxygen deprivaticCK4
depletion leads to a reduction in total tubule length. This reduction in total tubule length is
over-come by treatment witi-FGF2within normoxic conditions. THeGF2iriven increase in
total tubule length is strongly diminished in DOCK4 depleteducast grown in hypoxic
conditions. This result suggests DOCK4 signalling wiBiR2driven angiogenesis differs
depending onoxygen availability. The total tubule length analysis demonstrated high
variation in the overall growth of sprouting HUVEC when ganimg the 8 different culture
conditions (figure8.5and 3.6).
3.2.2.3 Mean number of tubules

Analysis of the number of detected tubules withHi& co-cultures found a slight
decrease in number of tubules undeGFatimulation NSnon-hypoxic no GRB0.2 NSnon-
hypoxicFGF223.4;NShypoxic no GF=30.}ShypoxicFGF223.2;figure 34, 3.5and 3.6),
normoxic and hypoxiblSco-culture were found to have a similar number of tubules.

In DOCK4 depleted aultures, nonGFtreatment led to a 3old decrease in the
number of tubules of cultures grown in normoxia, and an almosfdl@ decrease in the
number of detected tubules in cultures grown under hypoxia. WittBF2Zupplemented
cultures, the number of tubules increased when compared toNiseultures. This increse

in tubule numbers was strongly decreased under hypoxia, with almost half the average
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number of tubules detected in thEGF2areated DOCK4 deficient altures grown within
hypoxia (DOCK4 newypoxic no GFED.5> YT 5 h/ Mypoxio/FEK235.7 DOCKA4
hypoxic no GR3:9; DOCK4 hypoxieGF212.5> ).

To summariseFGF2reatment appeared to have little impact on the number of
tubules which develop during sprouting angiogenesis. In the absence of DOCK4, the number
of tubules were greatly decreased, a phéyye that was rescued HyGF2reatment. Under
hypoxic condition&GF2reatment was seen to be less effective in prompting the growth of
new sprouts.
3.2.2.4 Longest tubule length

Longest tubule length measurements were used to detect the difference in tubule
lengths betweenGFtreatment conditions (figure3.4, 3.5and 3.6) asFGF2reated cultures
were observed to have obviously longer tubules than the-Gdireated cultures. All tubules
were measured and the longest tubule per image was selected, the longagetlengths
from each image were averaged per well. The numbers given are the mean average longest
tubule length per well.

Analysis of the longest tubule length NfSco-cultures demonstrated that tubule
length was increased in the presenceBF2 ard was further increased within hypoxic
conditions NNSnon-hypoxic no GF=c n @ y NSrovirhypoxicFGF2401,36 Y NShypoxic
no GF=336.32 Y NShypoxicFGF2603.48 Y, figure 3.5and 3.6).

DOCK4 Kigd to a slight reduction in the longest tubule length of HBRtreated co
cultures under normoxia. This decrease was overcome WwiHkF2treatment of DOCK4
depleted cultures, resulting in an increase in the average lengths of longest tubules
compared tathe NSco-cultures. DOCK4 depleted-caltures grown with hypoxia developed
shorter vessels, witkFGFareated DOCK4 Kd cultures developing the tubules with a similar

length to the nonGF treated NS cultures from in hypoxia (DOCK4 Hoypoxic no
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GF=247.44m; DOCK4 nohypoxicFGF2519.9> YT 5h/ Yn KaulB@Eddn yeT

DOCK4 hypoxiEGF2339.10> V.

To summariseFGF2reatment appeared to have little impact on the number of
tubules which develop during sprouting angiogenesis. In the absence of DOCiidmiher
of tubules were decreased, a phenotype that wasersedby FGF2treatment. Under
hypoxic condition&GF2reatment was seen to be less effective in prompting the growth of

new sprouts.

3.2.2.5 Branch points

Mean values of all branch points within eachadture image (figure 3.and 3.6)
determined thatFGF2reatment of cecultures prompted a strong increase in branching.
This increase was greatly reduced under the conditions of hypoxia, witlyroavth factor
treated cocultures developing slightly lessanch points, and=GF2treated cocultures
developing a Jold decrease in the number of branch point§Shon-hypoxic no GF=9. NS
non-hypoxicFGF233.9;NShypoxic no GF=7.XShypoxicFGF29.1;figure 3.5and 3.6).

DOCK4 depletion led to a decrease in overall branching detected Hgnorih
factor supplemented andFGF2supplemented cecultures grown in normoxia; with nen
growth factor supplemented coultures showing a much higher reduction in branchirtge
growth of DOCK4 depleted exultures supplemented witk-GF2under hypoxic conditions
led to a decrease in detected branch points similar to that of the DOCK4 depletdeGieh
supplemented cecultures grown in both normoxia and hypoxiddOCK4 nohypoxic no
GF4.5; DOCK4 nchypoxic FGF213.7, DOCK4 hypoxic no GF=0.3; DOCK4 hypoxic
FGF22.5. DOCK4 depleted erultures supplemented withFGF2and grown within
normoxia develop a level of branch points similar to the number of branch points seen in in
NSFGFZupplanentedand nongrowth factorsupplemented cecultures grown in hypoxia,

and nongrowth factor supplementedSco-cultures grown in normoxia

D
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To summariseFGF2treatment induces a higher number of branch points. This
increase in branch point numbers grBatreduced by DOCK4 depletion and is almost
diminished by culture of DOCK4 depleted cells in hypoxia.
3.2.2.6 Branch point index

Calculation of théBPIfor each ceculture image(figure 3.5and 3.6) demonstrated
that supplementing culture media withGF2n normaxic conditions led toraincrease irBPI
when compared to the no GFhus reflecting the increase in the number of branclires
comparison to total tubule length of FGF2 supplemented co-cultures; a result in
contradiction with the previous findings withihis chapter (3.2.1.6All otherNSco-culture
conditions were found to have very similar BPI, indicating no difference in the number of
branch points per vessel length under hypaxtzen compared to normoxi@NSnon-hypoxic
no GFH.0024 NS non-hypoxic FGF20.005 NS hypoxic no GHR%0021 NS hypoxic
FGF20.0025figure 3.5and 3.6).

The BPI was slightly reduced in DOCK4 depleted, no GF treatetlypmoxic ce
cultures. However, the BPI was unaffected in the hypoxic equivalent; suggesting a lower level
of branching in the cells grown in normoxia. Within hypoxia this result was reversed, with no
GF treated cecultures having the same ratio of branch points to tubule length ad\tBeo-
culture. However, DOCK depleted hypoxiecatiured treated withFGF2had a marked
decrease in BPI, indicating much fewer branches per vessel length (DOCHypogrit no
GF$.0012 DOCK4 nehypoxicFGF20.002 DOCK4 hypoxic no GF=0.0023; DOCK4 hypoxic
FGF20.00085.

In summary, the comparison BGF&timulation in normoxi@and hypoxic conditions
showed that under normoxic conditiongithin this assay sprouting angiogenesisvas
enhanced withFGFZtimulation leading to an increase in the overall length of tubaled

number of branch pointsHowever, cultureunder hypoxic caditions abolished thisGF2
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driven stimulation with the exception of average tubule length which was higher in the
presence oFGF2n hypoxic conditions.

DOCK4 depletion had little impact &i6GFXtimulated cultures when grown under
normoxia leading to an increase in the length of the longest detected tubules while reducing
the number of branch points; suggesting DOCK4 depletion had induced the phenotype
described by Abraham et al. (2015) whereby DOCK4 depletion drove growth of endothelial
cordsthat were elongating yet less branched.

FGF2stimulated DOCK4 depleteHG grown under hypoxic conditions showed
impairment in both tubule elongation and branching, with profoundly fewer tubules, total

tubule length, and number of branch points.
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Figure3-6 Comparative analysis of DOCK4 depleted HUVEC within a hypoxic organ

angiogenesis c@ulture assay

DOCK4 Kd or DOCK4 N3VECsvere seeded onto confluent monolayer biDFS.

Caocultures wee initially grown with in a humidified chamber at°8with 20% @and 5%
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CQ. On days 4 and 6 poBtUVEC seedetliltures were stimulated witffGFZ10ng/ml), or

no GE Immediately following=GFZXupplementation one cell culture plate with boBFGF2
treated cocultures and norGFreated cells placed within a pgxic humidified chamber at
37°C with1% Q and 5% C¢ a second caulture plate also possessifitsF2reated co
cultures and norGFtreated cocultures were placed whitin a humidified chambeat 37C
with 20% Qand 5% C©On day 7 cultures were fixed with 70% ethanol and stained by IHC
with a CD31 targeting antibodiN= number of wells analysefive images per well were
taken under a light microscope, with 2-caltures per conditior{n=2) Total tubule length,
mean tubule lengthnumber of tubules, and umber of branch pointswere measured
manuallyper image usindgmageJ softwareCalculated values of each image were used to
generate mean values and standard deviation pecuiture withreadouts for: mean tubule
lengh; total tubule length longest detected continues tubule; number of branch poirdad
BPI(branch pointsTVL). Graphs representing the mean values of eackcudture were

generatedthrough Origin 2015 Software (OriginLaByror bars signify standard deviation.
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3.2.3 The effect of Q47 treatment on bloodvesseltubule growth in an organotypic
angiogenesis eoulture assay

QL-47 is a small molecule inhibitor which has been demonstrated to inhibit Cd42
activation (Appendix 2RL=47 binds DOCK9 ptC628 a cysteine residuef DOCKO9. horder
to test whether Q47 has antangiogenic potentiglan organotypic angiogenesis-calture
assay was carried as previously described with incorporation €f/Qteatment at a 5 a
concentation, or DMSO as a treatment control, on dadysand 6 post seeding, control-co
cultures were treat with DMSO in place of-@L Working concentrations of @47 used
within this study were based on previously determined concentrations (Wu et al., 2014).
must be noted that Q47 was found to aggregate once added to media and cell culture. This
became apparent through observation@f-47 treated cell cultures using light microscopy;
where QE47 was easily observeddthin cell culture platesin order toproperly dissolve the
compound QL-47 was diluted in warm media and vortexed for approx. 5 mswcessful
solubilisation of the compound was confirmed through loswieible aggregates on cells
within tissue culture.On day 7 post seeding -@ultures vere fixed in 70% ethanol and
staining using CD31 tubule staining kit. Cultures were imaged using light microscopy.

In cocultures treated with a combinatiort5aQL:-47 andvVEGF£endothelid growth
was ablated (figure.7). The ablation oEG was not obseed within cocultures treated
with 5> aQL=47 in the absence of addition&Fsupplementationor in cultures treated with
5> aQL-47 and supplemented witkGFZfigure 3.8). Treatment of ceculture with 5 aof
QL-47 led to a reduction in overall sprouting angiogenesis. Ircatiures without additional
GFor FGFXtimulation, Q47 treatment also inducing a slight tortuous phenotype of the

observed vasculasords, with tubules displaying a me curved appearance (figuBe8).
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3.2.4 The effect of Q47 treatment on sprouting angiogenesis within an organotypic
angiogenesis eoulture assay followindEGFAr FGF&timulation

To further understand the effect of @7 on sprouting angiogenesis, the-calture
model was carried ounithe presence of Q&7 with supplementation of eitheVEGFAr
FGR, to determine if the small molecule elicited @F signalling specific effectThe
organotypic angiogenesis -@ultures treated with either DMSO or €&lZ and supplemented
with VEGR, FGF2or no GFwere imaged using light microscopy. ImageJ software was
employed toanalysea number of quantifiable characteristics which represent sprouting
angiogenesis: mean tubule length; total tubule length; number of tubules; longest tubule
length; branchpoints; andBPI Quantified data were analysed using a amay test of

variance (Anova) test comparing data sets between each culture condition.



112

No Growth factor + DMSO VEGFA + DMSO

7% s

No Growth factor+ 5uM QL-47 VEGR +5uM QL-47

Figure 3-7 Comparative quantification of VE@Fvs no growth factor supplementedC

treated with the small moleculeQL-47 within an organotypic angiogenesis emulture assay

HUVECswvere seeded ontoa confluent monokyer of HDFs Caocultures wers
stimulated with VEGK(25ng/ml) on daysl, and 6post HUVEC seeding. Cells were tre
with QL=47 at concentrations of GM on days 4 and post HUVEC seeding.-@dtures wer:
fixed on day7 with 70% ethanol and staéd by IHC with a CD31 targeting antibody. Im

were taken under a light microscoéx magnification)
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No Growth factor + DMSO FGF2 + DMSO

No Growth factor+5uM QL-47  FGF2 5M QL:47

Figure3-8 The effect ofQL-47 treatment on EC tubulegrowth in an organotypic angiogenesis +

culture assay following=GFZXtimulation

HUVEE were seeded onto confluent monolayertdDFs Cocultures were stimulated wi
FGF2 (10ng/mion days 4 and post HUVEC seeding. Cells were treated @it47 at concentratio
of 5uM on days 4nd6 post HUVEC seeding.-@dtures were fixed on dagwith 70% ethanol ar

stained by IHC with a CD31 targeting antibody. Images were taken undbt microscope.
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3.2.4.1 Mean tubule length

Mean tubule length values represents the average length of all tubules measured
within each individual image. Mean value from each image was then used to calculate mean
values for each condition (figu®9).

Analysis of the mean tubule length in untreated controloedtures followed the
trend seen in previously described-caltures, with no significant increase in mean tubule
length of VEGFAupplemented cecultures (over all mean=149Yf when compared tmon-
GFsupplemented control cultures (over all mean=140.9. FGFZupplemented untreated
control cocultures developed a statistically significant increase in mean tubule length
(overall mean=196:9 Yf when compared to both neGFand VEGFAupplemented caotrol
co-cultures.

Cocultures treated with Q47 saw an overall reduction in mean tubule length in all
three GF conditions (No GF=133:7Y VEGE=17.4% Y FGF2107.5 Y, with VEGFA
experience the most significant reduction in mean tubule length follovpkg 7 treatment

due to ablation othe majority of ECs within th¢ EGFAand QLE47 treated cecultures.

3.2.4.2 Total tubule length

Total tubule length readings depicted the overall growth of endothetiads of cells,
without consideration of the number of tulbess or length of individual tubules (figuge9).

In control cultures, nomQL-47 treated cultures supplemented withEGFAotal
tubule length (12822 Y was significantly increased when compared to cultures without
additional GF supplement (8529 Y with a p value of <0.001 (figure3.9). In FGF2
supplemented control cultures there wadso asignificant increase in total tubule length
(10720 Y, p<0.0).

Treatment of cultures with the small molecule-@L lead to significant decrease in
total tubule length wthin all three GF conditions (neGFE3843> Y VEGBE=42.28 Y

FGF21678 Y], with the nonGFtreated cultures total length being the least reduced of the
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three conditions an&/EGFAaving the largest decrease in total tubule length; with a p value
of <0.001 wlen compared to the noiGF supplemented Q47 treated cultures.FGF2
supplemented Q47 treated cultures also had a significantly lower total tubule length when
compared to the norGFtreated cocultures (0.0025p<0.0).
3.2.4.3 Mean number of tubules

Mean number of tubuledengths were measured within each individual image
(figure 3.9). Mean value from each image was then used to calculate mean values for each
condition

Within control coecultures VEGFAtimulation lead to a highly significant incesain
the number of tubules (89.95), with a p valg@.01L when compared to the nofGFtreated
cultures (64.9)and a p value of <00 when compared t&GF2reated cultures (56.06). QL
47 treatment of cecultures significantly reduced the number of tubsiteithin all threeGF
conditions (no GF=26.68; VEGB.625; FGF212.94). Cultures stimulated witWEGFA
experienced a near totdbss of sprouted ECs (figuser andfigure 3.9). While both norGF
cultures and=GFZupplemented cultures experienced a retioo in the number of tubules
(figures 3.8 and 3.9}he trend between the twasFconditions reflected that of the control
co-cultured cellgwith p<0.01) with a slight decrease in the number of tubules grown when

stimulated withFGF2

3.2.4.4 Longest tubule lertg measurements

Longest tubule length measurements were used to detect the difference in tubule
lengths betweenGFtreatment conditions (figure3.9). Mean value from each image were
then used to calculate mean values for e@cimdition

Coculture experinents with culture media supplemented with eith&EGF/Aor
FGF2demonstrated how the twoGFs impact differently upon tubule length, witRGF2
stimulation inducing growth of longer tubules with a p value of <0.0001 when compared to

non-GFstimulated culturesand p<0.01when compared t&/EGFAtimulated cultures.
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Treatment of cecultures with Q47 lead to a marked decrease in branch points
within VEGFAupplemented cultures, primarily due to an almost complete loss of sprouting
ECs. QU7 treatment led toa significant decrease in branch points in ARGk treated
compared toFGF2reated culturegp<0.01)
3.2.4.5 Mean branch point number

The mean branch point number were measured (figdi® to reflect how branched
and dynamic the ceulture endothelial tubules beveen GFtreatment conditions. Mean
value from each image was then used to calculate mean values foiceadition

In control cecultures supplementation of culture media wittVEGFAed to a
significant increase in the number of branch points (\eGB15), when compared to the
control nonGFco-culture (NoGFE=34.75; §0.01; figure3.9). This trend was not observed in
FGF2reated cells FGF247.5), howeveFGF2reated cultures did have a slight increase in
the number of branch points when compared teetnonGFsupplemented cultures. Within
QL-47 treated cecultures the overall trend for a reduction in the number of observed
branch points was seen across all thr&F conditions (No GFE14.95; VEG¥0.00
FGF26.889). NorGFsupplemented cultures branchomt numbers were the least affected
by QL47. The almost total ablation of ECs within the-4JLtreated VEGFAstimulated
cultures led to no detectable branch points within any of thecatture wells FGF2and QL
47 treated cultures experienced a substahtreduction in the presence of branch points.
3.2.4.6 Branch point index

TheBPIlwere measured to reflect how many branches tubules produce within the
angiogenic cecultures (figure3.9) and thus how dynamic the emulture endothelial tubules
betweenGRreatment conditions BPIdefined as the number of branch points peraature
image divided by the total tubule length per image. Mean value from each image was then

used to calculate mean values for each condition.



117

Within the VEGFAupplemented control culturetotal tubule length measurements
and number of branch points were increased when compared to the@Bstimulated
control cultures, leading to an increase in tBPlof the VEGFAtimulated control cultures
(BP1=0.007774; figurg.9) when compared to th nonGFcontrols (BPI= 0.00391) with a p
value of <0.01FGFZXupplemented control cultures also saw a slight increaseBiREBPI=
0.005408) when compared to the ndreated cultures, however this was not statistically
significant.

Treatment of cultures with QU7 saw aslight reduction irBPldetected within the
non-GFsupplemented culture images, with a mean of 0.00254VES&FAupplemented
cultures grew little to no EC sprouthie BPlof these cultures was 0, yielding a sigmifit
difference of <0.8 when compared to the notHreated cultures. Th&EGFZupplemented
QL47 treated cultures had a reduction BPIfollowing QE47 treatment (BP1=0.00254),
however there was no significant difference in the mé&tiwhen compared tahe nonGF
supplemented cultures

To summarize the overall effect of QI treatment on sprouting angiogenesis
vitro; the small molecule inhibitor led to an angiogenic impairment, reducing the number of
endothelial cords formed, and the elongation othese endothelialkcords, while driving a
more tortuous phenotype. Reduction in tubule growth resulting in fewer sites of tubule
branching however, this reduction was relative to the reduction in the amount of overall
tubule growth within norGF stimulated cultures (figure 3.7and figure 3.8). The anti
angiogenic effect of QL7 was greatly amplified in the presence of the angiog&WYEGF;
fSFRAY3 (2 Fy lfyzad O02YLX SGS | 7% Endothelist 2F 9/
cultures supplemented wlit FGF2were less affected by @17 treatment thanVEGFA
supplemented cultures. However, in comparison to the 1@fFsupplemented cultures the

FGF2supplemented cultures experienced a greater loss of endothetied elongation, a
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reduction in average tuballength, and, unlike the ne@Fsupplemented cells, a reduction

in the relative number of branch points in relation to the overall level of tubule growth.
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Figure3-9 Comparative quantification of VE@F/s FGFXupplementedEG treated witr

QL-47 within an organotypic angiogenesis @ulture assay.

HUVECS®ere seeded onto confluent monolayer BIDFs Cocultures were grown

within a humidified chamber at 3Zwith 5% C@ Co-cultures werecultured witheither non
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GFsupplemented or stimulad with FGFZ10ng/ml) on days 4 and 6 postUVEC seeding.
Cells were treated with QL7 at concentrations of 5pMn days4 and6 post HUVEC seeding.
Cocultures were fixed on daywith 70% ethanol and stained by IHC with a CD31 targeting
antibody. N= number of wells analysed. 2 independent experiments were carried out, with
3 wells per conditionb images per caulture well were taken under a light microscope
(n=6) Total tubule &€ngth, number of tubules, andumber of branch pointavere measured
manuallyper image usindgmageJ softwareCalculated values of each image were used to
generate mean values and standard deviation pecuatbure, with readouts for: mean tubule
length; total tubule length longest detected continues tubule; number of branch paijiatisd
BPI(branch points/TVL Mean values of each alture wereanalysed using a ongay
analysis of variance (ANOVA) throughigin 2015 Software (OriginLal®tror bars sigify
standard deviation. Significant differences indicated by asterisks: *=P value equal to or lower
than 0.05; **=P value equal to or lower than 0.01; ***=P value equal to or lower than 0.001;

****=pP yalue equal to or lower than 0.0001*** *=P value equab or lower than 0.0001.
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3.3 Discussion

To expand upon the understanding of DOCK4 function within sprouting angiogenesis
DOCK4ignalling was investigated undeGFZtimulation.In order to adequately establish
the distinct characteristics betweeRGF2Xriven angiogenesis compared YEGFAIriven
angiogenesisan organotypic angiogenesis-calture model wagmployed and assays were
set up with either FGF2or VEGFAstimulation (figure 3.2) This investigationrshowed
differences in sprouting angiogenesis phenotypes between the G (figure 3.3)and
served as a model for investigating any differences in DOCK4 signalling under the stimulation
conditions.

Lentiviral DOCKA4 targetirahRNA transduceBG were incorporated into the co
culture assay under bothormoxicandhypoxic conditiongfigure 3.43.6). DOCK4 wa®und
to not be required for sprouting angiogenesiaderFGFZtimulationin normoxia However,
the preliminary resultdndicated DOCK4 may be required 6GF2driven angiogenesis
within a hypoxic environment.
3.3.1 Comparison 0fEGFAsFGFatimulated sprouting angiogenesisvitro

To further understand the downstream mechanism$@&FXignalling withinEG,
an organotypicco-culture assays was employedhe organotypic angiogenesis assay
adapted to incorporatdFGR2 within the growth culture mediademonstrated howFGF2
stimulation of sprouting angiogenesis induces growtfeafer number of tubuleshowever,
the cords of EG produced were more elongated and less branched than E&SFA
stimulated counterpartgfigure 3.6) Thus implying thaFEGFXignalling either directlyor
indirectly, induces an intracellular response within t&#3 which stimulates signalling to
drive cordelongation or cell proliferation of the forming cord

The accumulated data within this study was unable to distinguish whether
elongation of the endotheliadordswere due to elongation of the individual cells within the

tubules or due to an incres in cell proliferation of growing tubules. Distinguishing between
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the two potential characteristicswould leal to insight into theECresponse toFGF2
stimulation. The potential oFGFZsignalling to impact on both cell proliferation and cell
elongationhas been demonstrated in previous stud{®gare and Simons, 1997; Ornitz and
Itoh, 2001) It has been established th&GF2promotes ECproliferation, migration and
physical organisation &G into tubelike structures(Ware and Simons, 1997; Ornitz and
Itoh, 2001) FGF&timulated endothelial activation of PH&nase induces the reorganization
of actin cytoskeleton to the cortex and stimulates changes in cell morphology to induce an
elongated phenotype in a Rho GTPase dependent maieerand Kay, 20Q6lhus lending
evidence to the concept that the observE&F2iriven phenotype has potential to be driven
by an incrase inECproliferation and recruitment to elongating vasculeords, as well as
elongation of the individual cells within eacrdof cells This does not however explain the
loss of branching observed within ti&FXtimulated culturegfigure 3.6) Interestingly, it
could suggest thatFGF2signallingacts to inhibit VEG#riven branching. It would be
interesting to test thé hypothesis in future studies. It would also be interesting to analyse
the number of nuclei, and individual cell length and orientation, of growing cords within the
organotypic ceculture during FGF2 stimulatioto determine whether the FGF driven
phenotype is due to cell proliferation or elongation

It must also be noted that the DOCK4 Kd organtotypic angiogenesis assays found a
slight increase in the branching of tubules un8&Fatimulation, when compared to no GF,
which directly contradicts the findg ofthe VEGFA vs FGF2adture result (figure 3.3.3
and 3.43.6). Further repeats of both assays would be required to deterniinless of
branching is a true characteristic BGFZtimulated angiogenesis.

While a difference in the characteristicé sprouting angiogenesis was observed
when comparing-GF2o VEGFA stimulated phenotype, the limitations of the experimental
model need to be taken into consideration when attributing the observed results to

physiological function. When comparing the twaF conditions it must be noted that
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experiments were conducteth vitro, within an environment without the presence of the
physiological variables found vivqg such as: inflammatory factors, immune cell influence of
angiogenesis, tissue specific signallithe presence of prexisting vasculature, and other
signalling molecules within the tissue environmgBishop et al., 1999; Stryket al., 2019;
Vailhé et al., 2001)Anotherlimitation of the coculture model lies withirthe lack of theGF
gradient which would exignh vivo (Hetheridge et aJ.2011) Growthfactor gradients that
induce angiogenesis drive polarisatior&@sand guide directional growth of newly forming
sprouts(Hetheridge et al., 2011)t mustalso be noted that all experiments were conducted
using a single batch of commercially purchased angiogenesis tested HDF and a single batch
of pooled HUVEC;-order to reduce variability and maintain reproducibility. To confirm the
robustness of the obseed result, in demonstrating a physiological difference between
angiogenesis stimulation between VEGFA an®2F@Ese results should be replicated in
HDF and HUVEC from other sources, to demonstrate that the observedsrasulhot
specific to the batclof cells(Abo et al., 1992)

In order to fully evaluate the findings of this stydlyis also necessary to consider
potential elements of the culture conditions which may confound the resAltgnitation of
this assay is therpsence of different angiogenic factors in th&EM, which makes the
delineation of GF specific effects challenging, as it is not possible to eliminate other GFs in
the system as such factors are required for EC surfkiatala et al., 2015)

The growth serum present in theVEMand additionaFBSused to supplement the
Dulbecco's Maodified Eagle Mediumnithin all coculture studiespossess a composition of
proteins and hormones required for culture of both the HU\ARAG HDF, respectiveliffhe
exact composition of proteins and hormones are unknownhawebeen equally maintained
in all coculture experiments irorder to establish a basal level of growth from which the
growth characteristicsprompted by the twoGFs, were investigated It is however known

that the media used contain a very small concentratiofrGF2Further to this,it must be
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considered thatVyEGFAs produced by thedDFs in the assalevels of which may not be
equal across each experimgiMavria et al., 2006 However, each assay was treated equally
to reduce variability, and as suphoduced quantifiable results that served as a baseline from
which an indepth analysis was carried out.

FGF2Xas been demostrated, in part, taact on E€ssociated fibroblasts and prompt
fibroblasts to secrete VEGF; which in turn stimulates an angiogenic response E&@hin
leading to an increase in gimgenesis However the results of this study demonstrate
stimulation of amiogenesis by the twdsF induce different growth characteristics of
sprouting angiogenesishus suggesting a role f6iGFXignalling in angiogenesis which acts
independently from VEGFA signallingdriving a unique phenotype. Further dissection of
eachgrowth factor pathways involved in angiogenesis will expand our understanding of the
complex mechanisms which drive the growth of new vasculature and offer insight in to
potential therapeutic targets for manipulatingpwthe new vasculature grosand devéops.

3.3.2 DOCKA4 function within sprouting angiogenesis

The small RhoGTPaRACXkerves as an important component in the intracelld&
response td-GF2inducing changes to the actin cytoskeleton required for the elongation of
the individual cells. DOCK4 i&S&FRnvolved in endotheliaRACIactivation downstream of
VEGFAAbraham et h, 2015)but has not yet been described as a component in Ei@GF2
angiogenic response. DOCKA4 depletion within an organotypic angiogenesibure model
indicatedthat loss of endothelial DOCK4 expression leadsltsa in lateral branch points
and less branchingvithout impacting endotheliatord elongation(Abraham et al., 2015a
phenotype similar to that bthe FGFZXtimulated sproting. Thus is possible to hypothesis
that DOCK4 may act RACHctivation withina FGF2iriven sprouting angiogenesis context.

To investigate whether DOCK4 was involved RG@F2 stimulated sprouting
angiogenesisa preliminary ceculture was conducted incorporating lentiviral DOCK4

targeting shRNA transduced HUVEC into the organotypic angiogenesigtiure mode)
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with FGF&timulation, along with lentivirdlSshRNA transduced HUVEC to serve as a control
(figures 3.43.6). The results of thisingleexperimentindicatedthat DOCK4 depletion led to
a reduction in overall tubule growth when growth medium had no additiG@fdupplement,
resulting in loss in total tubule length, the number of tubule, and the nundddoranch
points. Supplementing growth medium withGF2rescued the loss in total tubule length,
increasing mean tubule length, and inducing growth of the number of tubuleB&tiohck
to the level of norGFstimulated control culturegfigure 3.5 and 3.6 This finding indicates
that in the absence of DOCKAGFXstimulation of sprouting angiogenesis may overcome
growth deficiencies prompted by lossDOCK4 expressiofmhus indicating that DOCK4 may
not be required fol-FGF2riven sprouting angiogenesis

It must be noted, as previously mentioned, that within this experiment FGF2
treatment led to an increase in BRfigure 3.6) a result which contradicts previous
experiments. Further repeats of the experiment would be required to determine if this
finding was an anomaly of this singular experiment. It should be considered that the
variables, introduced by the conditions involved in treating cells withNIBshRNA, may
have impacted upon branchingnd would require further investigation to confirm tiNS
shRNA control cultures reflect the growth of ssansduced cecultures

Also, further investigation would be required to attributiee observed phenotype
to loss of DOCK4 driven RACL1 activatiomler FGF2signalling It would be necessary to
measure chnges in RAC1 activity within the oddr assayto attribute the changes in
phenotype to changes in RAC1 regulatidfeasuring changes to RAC1 activation within the
DOCK4 depleted exultures may prove challengings RAC1 may be involved in AIDOCK4
related activity withinthe sameECsuring FGF2riven sprouting angiogeneg{Shin et al.,
2004) Investigating changdsetweenDOCK4 depleted WScontrol ECghroughobserving

any differences betweethe level of RAC1 activation, changes to RAC1 localisation within
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the ECsand changes to activation of RAC1 targetay offer insight into DOCHKa@volvement
in RAC1 regulation durifgGFZ/sVEGFAIriven sprouting angiogenesis.
3.3.3 DOCK4 signalling in sprouting angiogenesis within hypoxia

FGF2as been strongly linked to the gimgenic response within ischen{idnger et
al., 2000; Laham et al., 1999; Comerota et al., 2002; Nikol et al.,.2808)ne expression
and cellular response within a hypoxic environment can differ greatly to a normoxic
environment it was imperative to also investigate the effect of DOCK4 functionality within
FGFXignalling under hypoxic conditiorfsor this purposgthe previously described culture
was also conducted with ecultures incubated in a hypoxic incubator (1% following GF
stimulation 4 days following HUVEC seeding to the HDF monolayer.

The culture ofFGFXtimulated NSHUVEQCwithin a hypoxic environmented to a
sprouting response similar to that of the n@Fsupplemented cells grown in normoxia
(figures 3.43.6), with only theFGFAriven increase in mean length being maintained and
longest tubule increasing. Thus indicatithat FGFXtimulation maintains the proliferative
phenotype ofEG when experiencing oxygen deprivation. Conversely this phenotype was
reversed when DOCK4 expression was depleteecuores of DOCKdepleted HUVEC
produced significantly fewer sproytsesulting in loss in overall tubule length and fewer
branch points than theNSFGFXtimulated coecultures also grown within hypoxidigures
3.4-3.6). This result indicates a potential requirement for DOCK4 expression within FGF2
induced angiogenesis uadoxygendeprivation.

While this experiment demonstrates a distinct response, a number of elements need
to be evaluated when interpreting the results, and for use in optimising future investigations.
It must be noted that the hypoxic environment will lealseen disrupted during the opening
and closing of the incubator, and during additio&treatments. Thus leading to some
intermittent hypoxia during the sprouting angiogenedilsing a hypoxia chamber, such the

Modular Incubator Chamber manufactured BjlupsRothenberg, InqSan Diego, C4SA)
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would reduce instances of intermittendxygenexposureand potentially provide more
reproducible experimental resultélso, further confirmation must be carried out to ensure
no off-target effect have been inbduced by theNSshRNA or conditions which occur during
treatment of the HUVECSs with the shRNA lentiviral particles.

While this experiment was purely a preliminary tésith only 2replicates within a
single assay)o evaluate whether DOCK4 is relevdnt FGF2stimulation of sprouting
angiogenesis, the outcome of the hypoxic DO@G&gletedco-cultures indicats a potential
role of DOCK4 withiRGFriven sprouting angiogenesis within hypoxia. Implicating DOCK4
is required for the proliferation and branching of tubules within these conditions.

3.3.4 QLA47 treatment of organotypic angiogenesisottdtures

It has been established that DOCK4 is required for development of functional
vascular structures through sproutinqigiogenesis. The interaction of DOCK4 with the
CDCA4ZEF DOCKY has also been implicated in conferring the angiogenic respgbsaRA
stimulation. To further understand the functionality of the SGEEBGDOCKARKRACIDOCK9
CDC4signalling modulethe interaction between DOCK4 and DOCK9 was investigated.
Previous evaluation by Abraham et al. (2015) confirmed that the SH3 domain of DOCK4 is
required for interaction with DOCK9, implicatind?BRRof DOCK9 as important for DOCK4
DOCKOQ interaction. Evaluationtbe amino acid sequence of DOCK9 detected 11 potential
PRR of DOCK®9, with 8 possessing the typical PxxP or PxxxP m&RBLauring the course
of this study a DOCK?9 binding small molecule inhibifis47, was gifted to the Mavria
researchgroupby Prf @ bl G KIF yA St DND eFaber Qakcdr Sistitg®, KA 3 NP dzLJ
USA).

QL-47 had been demonstrated to specifically bind paC628, a cysteine located
within the 4" identified PRRof DOCK9. While the specific site of DOCK9 which binds DOCK4
had not keen establishedQL-47 offered the opportunity to utilise the compound to

investigate whetherthe PRR of DOCK9vas a DOCK4 binding site. Before utilising the
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compound to investigate DOCKMDCKS9 interaction it was imperative to establish whether

QL-47 possessed the ability to impact on angiogenesis.

3.3.4.1 The effect of Q47 on sprouting angiogenesis

The organotypic caulture model was adapted to include the covalently binding
small molecule Q#7. As it had been established that angiogenic responséBGFANnd
FGFXtimulation differed and that DOCK4 function mapffer between VEGFA arfelGF2
stimulated sprouting angiogenesiBor this reasono-cultures were carried out either in the
absence of additionaGFor under eitherVEGFAor FGF2stimulation. This eperiment
strongly validated thaQL-47induced an antangiogenic effect under all thregFconditions,
reducing both the number of endothelialcords formed and the elongation of these
endothelialcords, while alsodriving a more tortuous phenotypigures 3.73.9). Redwtion
in tubule growth resultedn fewer sites of tubule branchingnowever this reduction was
relative to the reduction in the amount of overall tubule growth within r@Rstimulated
cultures(figure 3.9) QL-47 induced a much mar profound antiangiogenic response when
cultures were also supplemented with VEEGWwith an almost complete ablation of tHeG.
Caocultures grown without additionalGF stimulation experienced a less profound anti
angiogenic affectfigures 3.7 and 3.9)The small molecule inhibitor led to an angiogenic
impairment in allGFculture conditions.

Endothelial cultures supplemented wiHGF2vere less affected b@L-47 treatment
than VEGFAupplemented cultures, howeveEGFZupplemented cultures experienced a
greater loss of endotheli@lordelongation, a reduction in average tubule length, and, unlike
the nonGFsupplemented cells, a reduction in the relative number of branch points in
relation to the overall level of tubule growth.

Within nonGFsupplemental cultures the mean tubule length was not impacted,
but did result in a reduction in total tubule length and the number of tubules, potentially

indicating thatthat the inhibitor does not affect the outgrowth of endotheliebrds but
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impacts the overall pliferation of EG and number o€ords developed(figure 3.9) Branch
point index was also unaffected, indicating that, while there m@seduction in the number
of branchpoints tubules developeth comparisn to overall length of tubuleffigure 3.9)

The accumulated data investigatinQl-47 indicate that the small molecule
stimulates an apoptotic response und®fEGFAsignalling mechanismand also impairs
correctFGF2nduced angiogenesis. While the DOCK9 binding molecule activity reflects the
DOCK4depleted cultureswithin VEGFAdriven sprouting angiogenesiand, to a lesser
degree,DOCK4 withifFGF2riven sprouting angiogenesihiese results can only indicate a
correlation but not causation. Investigation of the RB®OCK9 binding activity @L-47
within EG would be required to validate the arangiogenic phenotype as being a DOCK9
specific responselt would also be imperativeo validate whetherQL-47 disrupts DOCK4
interaction with DOCK% subject which will be discussed in results chapter 2

QL47 was originally developed as an inhibitor of the weneptor tyrosine kinase
BTK (Bruton's tyrosine kinase). BTK is not expressed \idtinhowever, the BTK Family
Tyrosine Kinase BMXdne marrow tyrosine kinase gene on chromosome X) is exguless
within endothelia ands targeted by QU47; with Q47 binding inducing a reduction in the
tyrosine kinase activity of BMENu et al., 2014)BMX is a cytoplasmic tyrosine kinase
expressed within endocardium and in arterial endothelia and has been indicated as required
for angiogenes under inflammatory conditions not physiological angiogen@d#set al.,

2006; Luo et al., 2010BMX is not expressed within capillaries and in not required for
angiogenesis during development; with BMX null mice developing normal health vasculature
(He et al., 2006; Luo et al., 20185 the organotypiangiogenesis coulture model is not
designed to reflect the conditions of pathological angiogenesis it is unlikely BMX would be
expressed within the experiment&& used within the organotypic angiogenesiscaidture

system employed within this study.
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However, gpression of BMX should be determined within the organotypie co
culture model, irorder to eliminate this protein as the @17 target driving the observed
phenotype. Future eperiments should also bearried out to confirm the obseed
phenotypeis not due to BMX inhibition, through repeating-@L treatment of cecultures
with added BMX inhibition.

The findings of these studies establish the phenotypical differences in sprouting
angiogenesisetween VEGFAand FGF2driven angiogenesiin vitro. DOCK4 has been
implicated as a potential component FGFXignallingunder hypoxic conditions, and to a
much lesser degree under normoxic conditions. The small molecule inh@Ld7 is a
potent antiangiogenic compoundvith VEGFAtimulatedEG beingparticularly sensitized
to QL47, however it cannot be concluded that the aatgiogenic effects are due to

inhibition of theCDC4ZEF DOCKO or disruption of the DODRCKY interaction.
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4 Results chapter ilElucidating the site of DOGEdecific

binding to DOCK9

41 Introduction

The VEGESGERhoGDOCKARACIDOCKIDC4Xsignalling module is required
for correct vascular patterning and lumenisation during sprouting angioge(fsiaham et
al., 2015) As part of this signalling modylddDOCK4 has been demonstrated to
heterodimerise with DOCKAnNd is the first time a DOCKB subfamily protein has been seen
to interactwith a DOCKD subfamibyotein (Abraham et al., 2015Abraham et al. (2015)
found the DOCK4 SH3 domain was the site of DOCK9 interaction. SH3 domains are short
peptide semiences with aromatic residues that drive weak and transient interactions via
their shallow groovewith PRRf interacting proteins to form left handed type Il polyproline
helices(Pollard et al., 2016)A PRRis a sequence of amino acids with multiple proline
residues within close proximity of one anoth{®u et al., 1994Alexandropoulos et al., 1995)
DOCKS9 possessesRRR with 50f them containing the typical PxxP or PxxxP motifs which
form a continuous hydrophobic patch that preferentially binds to the amino acid sequence
of SH3 domains.

In order to examine further the site of interaction between DOCK4 and D@i@9
DOCK9N-terminal Flagtaggedmutants had been cloned previously in the kapMs. Anne
Sanford each with a single point mutation within one of the five typical PRR re(figuse
4.1). DOCK9 mutant expression vectors wergrensfected together with ariN-terminal
GFPtaggedDOCK4 expression vector into HEK 293T cell€alldlassays were carried out
analysing the DOCHKAOCK®9 interaction in the presence of the DOCK9 PRR mutations. A
DOCK?9 binding small molecule compound4@Lwtlich binds within one of the PRBgions

(figure 4.1)was used to determine whether it was capable of disrupting the DEEEH@K9
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interaction. SEQvas also utilised to investigate the direct interaction between the DOCK4

SH3 domain and the DOCK9 DHR1 domain.
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further analysis
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Figure4-1 Identification of DOCK®RRsnd site ofQL-47 binding

TheGERDOCK?9 posse 11 PRR. FiRR have the typical PxxP or PxxxP nidté
small molecule Q@7 binds DOCK9 at the cysteine residue p.C628 within PRR 3.
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(A) pEFMyc-FlagDOCK9  (B) pC3 EGFP DOCK4 (C) pC3 EGFBV
Notl + Konl -+ BamHI -+ BamHI -+
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(D) pEFMyc-FlagDOCK9 PRR mutants

PRRmut2 PRRmut3 PRRmut4 PRRmut5S PRRmut9
Notl + Kpnl - + - + - + - + - .

Figure4-2 DNA plasmid preparation and restriction enzyme digestion.

(A) DNA plasmigpEF4 Myd-lagDOCK9non-digested (12.3kbp)and digested witl
restriction enzymes Notl and Kpreutting out the FlagDOCKS9nsert (6.4kip) from the pEF
mycvector (5.9kip). (B)DNA plasmidpC3EGFP DOCK®.4kbp) (C) anpC3EGFFEV (4.7kby
were linearized using restriction enzyme BamH). Ehzymes Notl and Kprwere used ti
separateFlagDOCK9nsert (6.4kb) from the pEFvector (5.9kb) of tb mutation variants ¢
pEF4 Myd-lagDOCK9 (mutants 2, 3, 4, 5, and 9). &iized plasmid fragments were resol\

on a 0.7% agarose gel containing ethwid bromide.Kbp= Kilo base pairs. PRR= Proline

region.
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4.2.1 Plasmid preparation angerification of DOCK9 mutant plasmids

DNA plasmids to be used for overexpressiorEGFFDOCK4pC3 EGFPOCK4),
FlagDOCK?9 proteingpEF4AMyc-FlagDOCKQ)EGFFEYV (pC3 EGFPand five FlagDOCK9
constructs withmutated PRR, 3, 4, 5, and oEF4AVlyc-FlagDOCK9 PRR mut 2, pBfd-
FlagDOCK9 PRR mut 3, pBit-FlagDOCK9 PRR mutpEFAVlyc-FlagDOCK9 PRR mut 5,
pEF4Myc-FlagDOCK9 PRR mut ®yere purified from E. colicultures (as described in
methods2.9). Confirmation of extraction of the correct ptagl was determined through
restriction enzyme digestion.

Each construct was confirmed based on kilobpa# size.FlagDOCK%®lasmids
(includingall five FlagDOCK9 mutants) werdigested with restriction enzymes Notl and
Kpri, cutting out the DOCKBIag insert (6.4kt) from the pEF vector (5.9ph EGFP DOCK4
(12.4&bp)and EGFHEV(4.7kpb)were linearized using restriction enzyme BamHlI. &nised
plasmid fragments were resolved on a 0.7% agarose gel containing ethidium bromide
Agarose gel electrophoresis demonstrated that digestion of the plasmidth the
appropriate enzymesyielded the expected DNA fragment sizes (figud).Non-digested
constructs were determined to be supercoiled and thus detected as having a lowetutaol

weight than the linearized counterparts.
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4.2.2 Confirming the presence of a complex between RACOGEF DOCK4 a@iDC4ZGEF

DOCK?9 in HEK 293T.

The ability for DOCK4 and DOCKO to interact and form a comgagxéviously been
demonstrated(Abraham et al., 2015This interaction was successfully reproduced through
ColP of overexpresed DOCK4 and DOCI#oteins, purified fromHEK 293T celysates
(figure 4.3) This condition formed the baselinerfinteraction between DOCK4 and DOCK9
in-order to investigate the loss of interaction through point mutation of prolines within
identified PRR of DOCKO.

HEK 293T cells were transfected vigBFPDOCK4 and FIdgOCK9. Immunoblotting
of total cell lysatewas used for confirmation of successful expression of -expressed
proteins (figure 4.3 48 hoursfter transfection, cells were lysed under mild conditions and
GFPDOCK4 and FIdgOCK9 were precipitated in complex frohk using a GFRRap
(Chromotek).IP andCalP proteinswere resolved by Western blot, and presencefFtdg
tagged and GFRgged proteins was determined using H&fjugated antEGFP and anti

Flag antibodies and ECL detection as described in Materials and Methods (section 2).
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Ab MW in kDa

Flag 250 kD@ s

EGFP250 kDa- (P IP
EGFP 25 kDa e

Flag 250 kDa‘
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EGFP250 kDa. 1

Figure4-3 EGFADOCK4 overexpression and interaction with FRQCK9

EGFADOCK4, pEHaOCK9, and EGEN expression vectoksere cotransfected intc
confluent HEK 293T. 48 hrs post transfection cells wessllunder mild lysis condition&FF
tagged proteins and interacting proteinmere precipitated out of Tlusing a GFRap
(Chromotek).TL and CdP products were resolved using Western blot and the ECL s
Representative Western blots depicts pretaped EGFDOCK4, FlagOCK9, EGHY/, and 1
FlagDOCK9 and EGE®CK4
Ab=Antibody; MW=Molecular weight; kDa= kilodalton; IP=Immunoprecipitated; TL=Tota
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4.2.3 Investigation of the DOCK4 interaction site of DOCK9

Once the ability for DOCKHIOCKO to form a complex was established, the regions
of DOCK®9 required for the interaction were investigated. Previous work in the labofayory
Ms. Anne Sanfordunpublished)had led to selection of 5 prolirech regions of DOCK9 as
potential candidates as the site of DOCK4 binding. piaFeiMyc-FlagDOCK®lasmids had
then been generated using a Stratagene Quickchange Il Xdistted mutgenesis kifby
Ms. Anne Sanforg)each with a mutation of proline to alanine within each of the five
identified PRR. Each of the DOCK9 mutants wasxkpressed together witeFPDOCK4 in
HEK 293T (figure4t4.6), andprecipitatedfrom whole cell lysate using a GFP Trap.

Immunoblottingof ColP proteinswas used to identify potential disruption of the
DOCKDOCKI complethiswas determined through the presence or absence of the DOCK9
mutant protein following antiFlagprobing.

CaolP of DOCK4 and DOCK9 mutant 2 consistsimtiyed that a mutation within the
2nd PRRhad no obvious effect on the complex, as can be seen by the presence of a strong
band inthe representative blot imagine figure 44 and colourimeteric analysis igtire 4.7.

This results indicates that this point mutation does not disrupt binding between
overexpressed DOCK4 and DOCKO.

In initial experiments with samples derived from cells @sgsing DOCK9 mutant 3
anti-Flagprobed Western blot bands yielded a muekaker, if not absent, signal than that
of the positive control, suggesting this PRR may be necessary for DOCK4 binding. However,
probing for GFP showed that this could be due to IEs8fEGFADOCK4Repeats of this
experiment yielded conflicting resultavith DOCK9 mutant 3 successfully precipitatéth
GFPDOCK(4giving a signal equal to the positive control in Western blot ana(figise 4.4)

This variability has been demonstrated through combinelbrimetric analysigfigure 4.7.

Analysis ofysates derived from DOCK9 mutant 4 initially yielded a weaker Western

blot sigha] when compared to the positive control in two out of four repeat experiments,
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with the latter two repeat experiments showing a DOCK4 interaction with DOCK9 mutant 4
which was equivalent to that ofhe control(figure4.4,4.5, 4.7). DOCK#nutant 4 consistently

had a lower level of detectable protein withii.samples, something not seen with the other
four DOCK9 mutant expression vectors, which further supported the coneltiséd the
reduction in the DOCK9 mutant@oIP product was likely due to a lower level of protein
expression Interaction of DOCK4 was also detected with DOCK9 mutant 5 (fiduaad!.

4.7).

In initial experimentsDOCK9nutant 5 also appeared to havess interaction with
DOCKA4, as the Western blot signaCaflP productwere less pronounced than the positive
control. However, this result was not reproducible B out of 4repeat experimentswhich
all yieldedresults which indicated that the interaom between DOCK4 and DOGHK®tant
5 wasequal to that of DOCK4 withhTDOCKYfigure 4.5and 4.6), and thus an unlikely site
of direct DOCKDOCKSY interactian

CaolP product ofDOCK9nutant 9, with GFPDOCK4 consistentlyyielded results
equal to that of WT DOCK{figure 4.6and 4.7). The results suggest that DOCK9 PRR 9 is
unlikely to be involved in a direct interaction with DOCKA4.

DOCK9 mtant 2 (figure 4) and mutant 9 (figure &) both consistentlygave a
strong signalwhich was comparable to the pitise control, indicating the interaction
between DOCK4 and DOCK9 was maintained in the presence of mutation within these PPR
regions. DOCK9 mutant 8clPresults were less consistent, but as 3 o@dlPexperiments
led to a strong level of DOCK9 mut&npull down, the DOCK9 PRR 5 may not be required
for direct interaction.Thus, it could béypothesisedhat the PRR regions mutated in these
experiments arainlikely to be requiredor the directinteraction of DOCK4 with DOCKO.

TheColPresults obtaird through analysis of DOCK4 interaction ill@CK®RR
3 and 4were nonconclusive. While initial experimesindicate apotential loss of DOCK4

interaction, the loss ofthese points ofnteraction between DOCK4 and DOCK9 PRR mutants
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3 and4 in theseColP experimentswere not reproducible and thus a conclusion cannot be
drawn from these experiments

The conflicting results obtained in these assays suggesbDid&K9 PRR 3 and 4 may
be involved in interaction between DOCK4 and DOCK9, howevef;alie model used
within this chaptermay not bea proficient method to elucidatdf the selected PRR are

involved in thenteractionbetween theDOCK4 SH3 domaand DOCKO.
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Figure4-4 ColPEGFHDOCK4 and FIagOCK9 mutants 2 and 3

Analysis of DOCKBRRthrough CcIP of proteins overexpressed in HEK 2

cells. EGFIDOCK4vas over expressed with orfdagDOCK3nutant 2 (green box) ¢

mutant 3 (red box), mutant 4 also depictellagDOCKQvasalso oveexpressed wit

EGFFEV. 48 hrs post transfection cells were lysed under mild lysis conditions:

tagged proteinavere precipitatedout of total cell lysates using a GERp (Chromotek

ColPandTLwere resolved through Western blot and peege ofFlagtagged and GF

tagged proteins were determined through targeted HRP conjugated antibody b

and ECL detection analysis.

Ab=Antibody; MW=Molecular Weight; kDa= kilodalton; IP=Immunoprecipitatior
Total lysate; D4=DOCK4; D9=DOCK9; E\tyEaytor.
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Ab MW

Flag 250 kDa+t
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EGFP 25 kDa-
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Figure4-5 ColP of EGFFDOCK4 and FlAdgOCK9 mutants 4 and 5

TL

Analysis of DOCKERRhrough ColP of proteins overexpressed in HEK 293T «
EGFHDOCKA4vas over expressed with orfdagDOCK9nutant 4 (green box)or mutant £
(red box) FlagDOCK%vas also ovexxpressed with EGHPV. 48 hrs post transfection ce
were lysed under mild lysis conditions. @RBged proteinsvere precipitatedout of total
cel lysates using a GRRp (Chromotek).ColPand TLwere resolved through Western b
and presence oFlagtagged and GFRagged proteins were determined through targe
HRP conjugated antibody binding and ECL detection analysis.

Ab=Antibody; MW=Moledar Weight; kDa= kilodalton; IP=Immunoprecipitation; TL="
lysate; D4=DOCK4; D9=DOCKY9; EV=Empty vector.
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Figure4-6 ColPEGFHDOCK4 and FlagOCK9 mutant 9

Analysis of DOCKIRRhroughColPof proteins overexpressed in HEK 293T c&GFF
DOCK4 was ovexpressed with either FlagOCK9, or FIdgOCK9%nutant 9. FlagDOCK%vas
also oveexpressed with EGHP\V 48 hrs post transfection cells were lysed under mild
conditions GFRagged proteinsvere precipitatedout of TLusing a GFRap (Chromotek).Co
IP and TLwere resolved through Western blot and presenceHtdgtagged and GFRggec
proteins were determined through targeted HRP conjugated antibody binding and ECtiah
analysis.

Ab=Antibody; MW=Molecular Weight; kDa= kilodalton; IP=Immunoprecipitation; TL=
lysate; D4=DOCK4; D9=DOCK9; EV=Empty vector.
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Figure4-7 Quantitative colorimetric analysis of DOCK4 interaction with DOCK9 PRR mutant

during ColP

Western blots of GFRap ColP experiments following ctransfection of EGFP
DOCK4 and FldgOCK®roteins (WT or mutant PRRs 2, 3, 4, 5 and 9) were quantified fro
independent repeats of the experiments shown in figues(n=3 for each RRmutant co
culture) using Image J software. The values of each column represents the mean+SD of the
ratio of Western blot signal when compared to a positive-WagDOCK9 Westar blot
signal, which was given a value of 1. Western blot band signal representing a mutant PPR
DOCK9 complex with GEROCK4. Data graph generated using GraphPad Prism 7.0a
software. WT=FlagdOCK9 expressed with EGFPCK4; Neg ct=EGEW negative control
expressed withFlagDOCK4; mut2=FIdgOCK9 mutant 2 expressed with EGRFCK4;
mut3=FlagDOCK9 mutant 3 expressed with EEFEFCK4; mut4=FIdgOCK9 mutant 4
expressed with EGHPOCK4; mut5=FIdgOCK9 mutant 5 expressed with EGRFCKA4;
mut9=FlagDOCK9 mutard expressed with EGRPOCKA4.
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4.2.4 Effect of the DOCK9 binding small molecule inhibite¥Qin disruption of the DOCK4

DOCK9 complex

QL-47 is a small molecule inhibitor which has been demonstrated to inhibit Cd42
activation and disrupVEGFAdriven angiogenesis (appendix 2, figu7.10). Q47 binds
DOCK9 ap.C628 a cysteine residue which lies within PRR.PCIB27-630) of DOCK9
(figure 4.1). When considering DOE@B@CK9 PRR mutantGIP experimental results,
which indicated a potential role foPRR 3 in disrupting DOCB@CKY interaction, @17
served as a potential tool for investigating whether this region serves as the site of DPOCK4
DOCKO9 binding (figure 4.1).

Immunoprecipitation experiments of over expressed GRFCK4 and FldgOCK9
from cell lysates of HEK 293T were carried out following treatment of 293T for 24 uiblirs
5> aof QL-47; a previously determined concentratigiWu et al., 20143}hat was found to
also disrupt angiogenesis in an organotypic angiogenesisuftare model (Chapter 3.
figures 37-3.9).

Westernblot analysis off Lsof QL:47 treated cells showed an initial mild disruption
of DOCKDOCKQ interaction (figure8), however this could not be demonstrated through
repeat experiments. Review of literature describing use o#Qln cell culture treatment
(Wu et al., 2014indicated Q47 was unable to infiltrate cells to successfully bind the target
protein (Wu et al., 2014)The lack of solubility of @7 had been apparent during use of the
compound within the ceculture assaysGhapter 3figures 37-3.9), this was overcome by
adding Qk47 to warm medh and vortexing for approx. 5 minutes. While this approach
overcame the solubility issues within the-colture, proper entry into the cell could not be
determined within the trasfected HEK 293T cells. Wu et al (2014) addressed this issue by
treating cel lysates as opposed to cultured cells, theref@ie47 treatment was carried out

onTLsand cultured cellin order to overcome any issues of uptake by the cells. Western blot
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analysisof ColP proteins treated with Q47 established that Q47 was unableo disrupt

the DOCKDOCKY interaction igither pretreated cells or cellysateexperiments
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Figure4-8 CclP of overexpressed EGHPOCK4 and FIAgOCK9 following treatment of HI

293T cells with the compoun@®L-47

Analysis of the effect oQL-47 treatment on the DOCKBOCKY interaction throu
ColPof proteins overexpresseah iHEK 293T cells. EGEY and FlapOCK9, oEGFFDOCK
and FlagbOCKO9expression vectorsvere cotransfected into HEK 293%lls 24 hours pos
transfecion cells were treated with pM QL-47. @lls were lyse@4 hrspost QL47 treatment
ColP of protein complexes from TL was perfornusthg a GFRrap (Chromotek). Precipitat:
proteins and proteins of Lwere resolved througiWestern blot and presence éflagtaggec
and GFRagged proteins were determined through targeted HRP conjugated antiboding
and ECL detection analysis.

Ab=Antibaly; MW=Molecular Weight; kDa= kilodalton; IP=Immunoprecipitation; TL=
lysate; D4=DOCK4; D9=DOCK9; EV=Empty vector.
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425 Size exclusion analysis of DOCK4 SH3 domain and DOGEKHHRECI@omain

interaction

The SH3 domain of DOCK4 has already been established as the domain which drives
DOCK4 interaction with DOC¢hraham et al., 2015CcIP analysis of DOCK9 PRR mutants
indicated PRR $(PCIP62630), which lies just upstream of the DHR1 domain, and PRR 4,
which lies within the DHR1 domain (figure 4.1) may be involved in the DDORK9
binding. Hence, a DOCK9 construct was generated to include a nucleotide sequence which
encompasses thp.PCIP62630residuesand the DHR1 domain

Nucleotide sequences forBCK4 SH3 domain and DOCK9-PEIRL domain were
cloned into pOPINF expression vectors witinclusion of a Hisag (figure 7.4; figure .B).
DOCK4 SH3is(figure 4.9)Jand DOCK9 PCIMR1His peptidegfigure 4.10were produced
in BL21 (DE3) competent ksehind purified using &hity chromatographythen both further
purified using SEC (figure 4.18Il protein lysates were concentrated to approximately
Man>akYf ® t dzZNR Ftag§epefdites were difutedain al1A &tio with elution
buffer and diquoted into 2ml fractions. Diluted peptides were further purified and separated
according to size usirfgeC (figure 4.)2

The concentration of peptide particles within each 1ml fractions were determined
by UV light spectroscopy (mAU), generating a timaph which indicates concentration of
each fraction, with peaks indicating the UV absorbance and therefore hydrodynamic volume
of the molecules. Fractions represented by the large peak in figur2 4.1 were then
resolved using a SDS PAGE gel and owediras DOCK4 SH3 moieties through Coemmas
blue staining of the gel based on the molecular weight of the detectable band by comparison
to a BieRad molecular weight ladder (Figurel2.B, well 1). Purified DOCK9 ROIPR1
peptides were then further purified and separated according to size using the same

methodology as the DOCK4 SH3 domain peptides. Fraatigmesented by the large peak
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in figure 412 A.2 were then resolved using a SBISGE gel and confirmed as DOCK9-PCIP

DHR1 through Coomsie blue staining of the gel (Figurd 2B, well 2).



150

A B UV 1_280
s Cond

s CONC B

3745

800 &
650
500 M
300
200
100

11kDa—»

8 1 2
' . ..EP.' 11kDa—> T—

Figure4-9 Expression vectors of DOCK4 truncated peptide regions of interest.
POPINF DOCISH3HIS construct was cloned to express DOSKA3 peptidesHistagged

DOCK4HS3 peptides expressed in BL21 (DE3) competent cells were purified using affinity
chromatographyanda His Trap HP columconnected to an AKTA pure protein purification
system (GE Lifescience@) PCR agarose gel of DOCK4 SH3 genedragaolated from a

pBabe puro DOCKHéagexpression vectgrand amplified through PCR amplification. DOCK4
SH3 domain nucleotide sequence (216 bp,) confirmed through Sanger sequencing
(ThermoFisher), was cloned into a pORHNE vector using cloning NEBar® HiFi DNA
Assembly Cloning Kit. Correct gene insert was determined by agarose gel DNA separation.

(B) Graph depicting an affinity chromatography elution profile of DOCK4 SH3 domain
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peptides.DOCK4 SH3 domapeptide purification from a BL21 (DES) coetgnt cell lysate.
mAU= Milli absorbance units; niHlilitre of eluted sample, collected in 1ml aliquots on a

96 well collection plate; UV1_280= UV absorbance at 280 nm and represents protein
concentration within lysate samples as they are eluted from thiscolumn; Cond=
Conductivity monitor used to follow column equilibration; Cond B= Conductivity monitor
used to monitor salt gradient formatior(C) Coomasie stained SD8Bage gel of affinity
chromatography purified DOCK9 POIRR1 domain peptide. pOPINFOCK4£LHIHIs
plasmid wagransformed into BL21 (DE3) competent cells, grown in 1l cultures, lysed, and
purified using affinity chromatography. C.1= Whole bacterial culture sample. C.2= Bacterial
pellet sample. C.38ample of initial elution of the Hlumn wash of DOCK3H3 domain
peptide containing lysate, during affinity chromatograpl@.4=Second sample of elution of

the Hiscolumn wash of DOCK3H3 domain peptide containing lysate, during affinity
chromatogrghy. C.511=Samples of affinity chromatography eluents corresponding to the
eluted purified proteins irml samples 63%8ml of the given chromatography elution peak.

(D) Anti-HisWesternblot of DOCK4 SHS3 proteins purified through affinity chromatography.
Western blot lane 43 correspond tdanes labelled 8and 9 ofthe Coomase stained SDS
Page gel (C)respectively AB=Antibody; BP=Base pair;, MW=Molecular Weight; kDa=

Kilodalton
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Figure4-10 Expression vectors of DOCK9 truncated peptide regions of interest.

pOPINF DOCKZHMDHRHisconstruct was cloned to express DOCK9 BEIR1
peptides.Histagged DOCK9 PAIMR1 peptides expressed in BL21 (DE3) competent cells
were purified using through affinity chromatography usingising a His Trap HP column
connected to an AKTA pure protein purification system (GE Lifescieff)d®]R agarose gel
of DOCK9 @IRDHR1 gene fragment (well 2; BP 663) was isolated fraragDOCK9
expression vector and amplified through PCR amplification. DOCKEDHAR1 domain
nucleotide sequence was cloned into a pOPHIE vector using cloning NEBuilder® HiFi DNA
Asembly Cloning Kit. Correct gene insert was determined by agarose gel DNA separation.
(B) Affinity chromatography peak ddOCK9 PCGIPHR1domainpeptide purification from a
BL21 (DES) competent cell lysaAU= Milli absorbance unit; m\4llilitre of eluted sample,
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collected in 1ml aliquots on a 96 well collection plate; UV1_280= UV absorbance at 280 nm
represents concentration of protein within lysate samples as they are eluted from the His
column  Cond=<onductivity monitor used to follow column equilibrestn; Cond
B=Conductivity monitor used to monitor salt gradient formati¢@)Coomasie stained SDS
Page gel of affinity chromatographynified DOCK9 PCIPHR1 domain peptidepOPINF
DOCK?9 PCIPHRHis construct wagansformed into BL21 (DE3) compet@atls, grown in

1l cultures, lysed, and purified using affinity chromatograpgbyl.=Sample of initial elution

of the Hiscolumn wash of DOCK9 PLIAR1 domain peptide containing lysate, during
affinity chromatography. C4=Bacterial pellet sample.C.610=Saples of affinity
chromatography eluents corresponding to the ml of eluted purified proteins in samples 118
122ml of the given chromatography elution peak. (D) Adis Western blot of DOCK9 PCIP
DHRL1 proteins purified through affinity chromatograpiyesern blot lanesl-3 represent
affinity chromatography elutions detectezh the Coomase stained SDBage ge(C)lanes

6-8, respectively AB=Antibody; BP=Base pair; MW=Molecular Weight; kDa= Kilodalton
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Figure4-11 SECuyrification of DOCK4&H3 and DOCK9 PMPIR1 peptides
HistaggedDOCK4H3 peptides and DOCK9 POHR1 peptidesxpressed in BL21
(DE3) competent cells were purified from bacterial lysates using affinity chromatography and
further purifiedthrough SEQising a Superdex® 75 10/300 GL column connected to ah AKT
pure protein purification system (GE Lifescienc€a)l) DOCK4&H3 peptide SEQuéon
peaksand (B1)DOCK9 PCIPHR1 peptide SEC elution peak®iU= Milli absorbance unit;
mli=Millilitre of eluted sample, collected in 1ml aliquots on a 96 well collecptate;
UV1l 280= UV absorbance at 280 nm represents concentration of protein within lysate
samples as they are eluted from the Hd@umn; Cond= Conductivity monitor used to follow
column equilibration; Cond B= Conductivity monitor used to monitor sadtigné formation.
(A2) Coomasie stained SDBage gel of affinity chromatography purified DOGKB
domain peptide andB2)DOCK9 PGIPHR1 domain peptidéA2 and B2Peptides purified
using affinity chromatography were further purified using SBZ) SDSPAGE gel lanes
correspond to specific 1nDOCK4 SHIEC protein sampkduentsasfollows: A2 lanes1-2
correspond to sample collected from Al SEC peak2llanes & correspondto sample
collected from A1l SEC peak 2. A2 Igh8gorrespond to samle collected from Al SEC peak
3. (B2)SDS PAGE gel lanes correspond to specific 1ml SEC DOAIKIRPIOIRotein sample
eluents as follow82lanes 16 correspond to sample collected from A1 SEC pe&Rlanes
7-9 correspond to sampleollected from Al SHieak 2. B2 lane 10oesponds to sample
collected from Al SEC peak 3.
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To determine whether the DOCK4 SH3 domain binds directly to the DOCK9 PCIP
residues and/or the DHR1 domain,>5@of DOCK4 SH3is peptides were combined with
50> aof DOCK9 PCIP DHHi& peptides.

Combined peptides were diluted with naftenaturing elution buffer and
fractionated throughSEGnto aliquots based on size, with larger proteins being eluted first.
The concentration of peptide particles within each 1ml fractions was deterthbyUV light
spectroscopy (mAU), generating a line graph that indicates concentration of each fraction
with peaks signifying the UV absorbance and therefore hydrodynamic volume of the polymer
molecules. Should the proteins interact and have formed apierythe peak currently
indicated in figure 4.12 A3, would hasaifted to the left; indicating complex of the two
proteins resulting in a larger molecule, and an earlier elution of the protelitawvever, the
peaks generated by elution of the combingddtes indicate lack of interaction between the
two peptides, with each protein eluting separately with peaks that reflected the peaks
generated by SEC of the individual peptides. Proteins collected in fractions represented by
the two large peaks were reb@d on an SDS PAGE gel and visualised with Ceierbhse.
Peptides of the correct molecular weight for DOCK4-8ldZand DOCK9 PCIP Diftislwere
confirmed (figure 4.2B, wells 3 and 4). These results show lack of direct interaction between
the DOCK4 SHomain and the DOCKRPCIP62630residues encompassing PRR 3, nor the
DOCK9 DHR1 domain encompassing PPR 4. This result also nullifies the hypothesis that the
DOCK9 binding small molecule inhibitor-4JL disrupts the DOCK3OCK9 interaction

through birding to residugy.C628which lies within the PPR region 3 of DOCKO.
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Figure4-12 SEGnteraction analysis of DOCK4 SH3 and DOREPDHR Ipurified peptides
Analysis of DOCK4 SH3 and DOCKSMRR interaction usin§GECfollowed by

confirmation using SDS PAGE gel confirmafiapAffinity chromatography purified DOCK4

SH3 and DOCK9 POIRR1 peptides were separated by sla®mugh SECusing a Superdex®

75 10/300 GL column connected to an AKTA pure protein purification system (GE
Lifesciences)Blue ling 100> aof DOCK4 SH3 peptides in 1ml of lysate were loaded onto a

{ dZLISNRSEt Ttp wmnkonn D[ O2fdzYy GKNRBdAAKC!| pnn>
and detected based on size. (Orange )ii®0> aof DOCK9 PCIPHRL1 peptides in 1ml of
fealdsS 6SNB t21IRSR 2yi2 | {dz2ZSNRSET Tp mMAkor
were resolved through $Eand detected based on size. (Green)Ib@ aof DOCK4 SH3

and 50> aof DOCK9 PCIPHRL1 peptides were combined to a volume of 1ml of lysate then
f2FRSR 2yi2 | {dzZZSNRSEt Ttp mnkonn D[ O2f dzvy
through SEC and detected based on dright peak indicateBOCK4 SH3 domain peptides.

Left peak indicated DOCK9 DHR1 peptifi@sPeptides eluted by SEC were resolved on a

SDS PAGE gel followed by Coaiedslue. Peptides in eluents corresponding to SEC peaks

were confirmed as DOCK4 SH3 and DOCKIIMRR peptids based on molecular weight

DOCK4 SH3 domain peptides (11kDa; blue line) indicated on Gi®gelqdB) lane. DOCK9

DHR1 domain peptides (25kDa; orange line) indicated on Ca®ga (B) lane 2. DOCK4

SH3 domain peptides (right peak, green line)aattd on Coomase gel (B) lane POCK9

DHR1 domain peptides (left peak, green line) indicated on Casengel (B) lane 4.
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4.3 Discussion

The interaction analysis carried out within this study were unable to elucidate the
DOCKO9 residues which serve as lireding site ofthe DOCK9 interaction with thBOCK4
SH3 domaiiffigures 4.24.7). The DOCKS9 binding small moleculed@las unable to disrupt
the DOCKDOCKS9 interaction withi€colP assays, indicating that the p.C628 residue of
DOCK9 may not bavolvedin a directinteraction between the two proteingfigures 4.8)
Further to this, the truncated peptides DOCK4 SH3 and DOCKBRR1Pvere found to not
directly interact withinSEGnalysig4.12)

The signalling pathways that are activateddi@® duringangiogenesis are complex
and not entirely understood. The ability to dissect and gain further understanding of the
events that drive blood vessel growtWill give further insights into dysregulation of the
process during pathological angiogenesis and iewtify new therapeutic targets for those
pathologies.Thisstudy hasset out to further understand the RheBOCKARACIDOCKS9
CDC4zxsignalling pathway recently identifieghbraham et al., 2015)Previouswork had
demonstrated that the DOCKZOCK9 complex acts as an effector downstream of RhoG
signalling (Abraham et al.,, 2015)Rho GEF proteins can heidimerise as well as
homodimerise. The ability of these proteins to form such complexes indicates their potential
to act inconcert to finely tune Rho GTPase activityoughout the highly orgased and
dynamic cellular events that take place during spitng angiogenesis and lumen formation
(Abraham et al., 2015)Different GEFs may modulate activation and inactivation of Rho
proteins at key stagesfdlood vessel developmenivhile also regulating other protein
protein interactions and protein locaétion (Barlow and Cleaver, 2019)he function of
DOCK4 and DOCK®9 are required for the outgrowth of lateral filopodia along sprouting vessels
in 3D tissue culturéAbraham et al., 2015)This function has been stipulated as necessary
for lumenisation and therefore functionality of newly forminipbdd vessel$Abraham et al.,

2015) The ability for DOCK4 and DOCK9 to heterodimerise during angiogenesis may be
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required for signalling mechanisms involved in development of lateral filopodiad&iiung
how these two proteins interact will allow for further understanding of the signalling
mechanisms involved in angiogenesis.
43.1 DOCKDOCKSI interaction

Purified GSTagged DOCK4 SH3 domain has been demonstrated as capable of
pulling down endogenoud/TDOCK3rom HEK 293T cellular lysatgdraham et al., 2015)
Currently the specific DOCKO site that interacts with the DOCK4 SH3 domain has nehyet be
determined. Initial attempts in this study to utilise the commercially available-t@pPto
identify a putativePRRwithin DOCK9 that mediates the interaction with DOCi&&e been
convoluted. DOCK9 mutations within PRRs identified as DOCK9 PRRsdeamhstrated
little effect on DOCK®DOCK?9 interaction, leading to thgpothesishat these PRRs are not
required for the interactior(figures 4.4, 4.6, and 4./utations within the PRRs identified
as DOCK9 PRRs 3, 4, ameéEe found to yield somewhiaconflicting results via western blot
analysis of the GtP of DOCK4 and DOCKO protéiigsires 4.4, 4.5, and 4.7¢clP of EGFP
DOCK4 an#flagDOCK®PRR 3 and 4 mutants yielding the most varied results with EGFP
DOCKA4 showing the least affinity for dilmg DOCK®PRR 4 when compared to the control
and the other DOCK9 PRR mutants, however this result was not statistically significant
through colorimetric analysi€figure 4.7) although it should be noted that the profoundly
strong GFP signal detected ttugh Western blot within th&Lsamples led to oversaturation
which may not present a true representation of the level of GFP expression within the GFP
TLsamples thus potentially confounding any differences in DOCK4 expression between
samplesThis may be corrected lgsting repeat blots of decreasing concentration of loaded
protein inorder to create a gradientand a more true representation of protein
concentration(Ghosh et al., 2014)

The variability of resultidicates that CalP may not be sensitive enough to detect

the loss of interaction between the two protein&.number of elements within this model
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should be considered and addresseshould this experiment be carried out for future
purposes Firstly non-spegcfic binding of theFlagtag of the DOCK9 proteins should be
investigated to determine if this epitope binds either the DOCK4 protein or GFP telggas

tags have been previously described to bind a number of proteinsspenifically(Free et

al., 2009) Consideration should also be given to the level of protein expressidioth

DOCK4 and DOCKOY, as both proteins are large proteins with similar sequence homology, and
both capable of homodimerisation, there is potential that cesipression mylead to non

specific interactionlt should be noted that the GFP tag was determined to not bind the
DOCKO9 protein neapecifically, as seen in ti&SFPEVsamples (figure 3.3, 3.4nd3.5).

As both DOCK4 and DOCKS9 proteins possess structural siesildsigth with the
ability to homodimerise, overexpression within HEK 293T cells may likely result in forced and
non-sensitive interactioSommeret al., 2014; Marcotte and Tsechansky, 200%jrough
optimization of theCalPexperimentsthe concentration of transfected plasmid was tittered
to reduce the level of protein expressign-order to overcome false interaction. However,
both the CMV promoter of th@C3 EGFPOCK4$lasmid andeEFm "promoter of thepEF4
Myc-FlagDOCK®lasmid boh induce a high level of expression which may maintain too high
a level protein expressiofXia et al., 2006t may therefore be necessary to use expressi
vectors with a weaker, or less active, promoter in order to better control the level of
expressionTheColPapproachalsolacks the ability to detect direct interactipwhich may
be overcome by purified fusion protepull down experiments oSEQf purified proteins
(Hall, 2005) Rurther to this, detection of interacting proteins via Western blot lacks
sensitivity and produce unreliable results that may not distinguish between genuine
interaction andnon-specific interactior{Zhu et al., 2017)

In an attempt to overcome the variability in resyltise initial protocolTLs were also
optimizedto reducedetection of nonspecific interaction. fie TLbuffer RACysis buffer)

was optimised with an increase in sodium chloride concentrations in an attempt to further
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disrupt any norspecific binding of proteins. These experiments ultimately showed
inconsistent resultswith little or no difference in the binding dlty of EGFIDOCK4 té-lag
DOCK9 PRFand Smutantswhen compared to the control, EGERDCK4 binding to WHag
DOCK¢figures 4.4, 4.5 and 4.7In regards to the DOCK9 PRR 4 mutant, analysis of lysates
from the optimised CdP experiment yielded resul&milar to the previous experiments,
with EGFRDOCK4 having a reduced affinity for binding DOCK9 PRR 4 mutant when compared
to the WT and other DOCK9 mutan{$igure 4.5 and 4.7)however this result was not
significant and it was also noted that DOCK® BPmutant appeared to express less total
protein when compared tdrLof HEK 293T transfected with the other 4 DOQ@kutant
constructs (figure 4.4 andigure 4.6). The variability within those results led to the
consideration that the experimental designagnnot be suitable for demonstrating loe$
DOCK4 and DOCK9 interaction, perhaps due to forced interaction of the two large
overexpressed proteins(Sommer et al.,, 2014; Marcotte and Tsechansky, 2009)
Furthermore, the ability for mutations within 3 separaRRR to show some level of
disruption of the DOCKBOCKS9 interactio may suggest that more than one PRR binding
site may be required for the interactioa concept which could be further explored through

inclusion of wider protein domains within interaction analysis

43.2 Theeffectof Q47 on the DOCKBOCKO interaction

Within the interim of the DOCKBOCK9 PRR mutant Foexperimentsa small

molecule compoungQL47, 6+ & ARSYUAFASR o0& bl OGKFYALFf DNI @

binding compoundQL:47 specifically binds to the cysteine residpg&628within the PRR 3
(p.PCIP62B30). Experiments reported within the previous results chapter of this thesis
(figure 38 and 3.9 established that Q&7 disrupts correct sprouting angiogenesis and
promotes an angiogenic phenotype. For the aforementioned regsowas consideed that

the phenotypic effect of QE7 may involve disruption of DOCK4 and DOCK?9 interaction.
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To test this hypothesis the EGB®CK4FlagDOCKS9co-expression and CiP
analysis was carried out in the presence of43l at a concentration of>5 a equal tothe
concentration required to induce a phenotypical effect on angiogeriesigiro. In separate
experiments cells were either treated with QI before transfection with the EGEROCK4
and FlagDOCK®S%expression vectors, or prior to cell lysis. Using -&ftagand antiGFP
Western blot analysig was not possible t@onclusively demonstrate any disruption to the
DOCKDOCKI9 complex (figure 4.8

The results of the DOCHIOCK9 PRR mutant-Boexperiments in combination with
the QL-47 supplemented DOCKAOCK9 G&P experiments substantiated that the @@
approach may not provide a reliable experimental model for investigating the interaction.
To remedy the influence of potential variables within the live cell culttarsexperimental
approach utilising oly purified DOCK4 and DOCK9 peptides was carried out.

4.3.3 SEGnalysis of DOCK4 SH3 domain interaction with the DOCK9 DHR1 domain

The previously mentioned experiments demonstrated that investigation of the wider
domains of DOCK9 may be required to elucidhie binding site for DOCK4n order to
investigatethis, SEQvas carried out using specific domains of DOCK4 and DOCK9. SEC
analysis of protein interactions is a robust and widely used technique for determining
whether two proteins interact directlyBloustine et al., 2003; Busch et al., 2017)

Constructs were generated with the gene sequence for expression of a truncated
DOCK9 protein, cloned into a pOPINF expression véolasmid maps can be found in
Appendix 7.1.2)A truncated portion of DOCK9 was cloned into the pORIkFession
vector, andincluded only the DHR1 region, which encompasses PRR4, and the PPR region
directly upstream of the DHR1 binding domain, identified as PRRRBCIP62630). The
DOCK4H3 domaimgene sequence was also cloned into a pOPINF expression vector. Both
the DOCK4H3 and DOCKECIRDHR1 construct incorporata histidine tags. Both the

DOCK4H3 and DOCKXZIRDHRL1 truncated proteins were successfully expressed in BL21
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(DES) competent dsl Bacterial cultures were lysed and proteins purifiesing affinity
chromatography (fures 49 and 410). Proteins were then further purified using SEC (figure
4.11)

To determine whether the SH3 domain of DOCK4 directly binds to either/or both of
the DOCK9 PRRs 3 and 4 equal concentrations (app®ekl) of purified protein samples
were resolved usin§EQunder norrdenaturing conditiongfigure 4.11)In-order to establish
a sizebased peak, 106M of each protein were first resolved individually, andhen
combined and resolved VviSEC under nondenaturing conditions. Proteins capable of
binding one another would be expected to remain bound du@i-however the results
demonstrated that the DOCK3H3 domain does not bind DOCRBRIDHR1 peptides
directly. SE@f DOCK4HH3 and DOCK9 PCOIRR1 was repeatedn-order to confirm the
absence of dect interaction (Figure 4.32The repeat experiment yielded the same result,
strongly suggestinthat the DOCK9 PRR3 and PRR4 are not involved in a direct interaction
between the DOCK8H3 domain and DOCK9. Furthermdtrés likely thatthe DOCK&H3
domain does not interact directly with the DHR1 domain of DOCK9.

While this experiment indicates & the DOCK4 SH3 domain residues do not bind
directly to residues within the DOCK9 DHR1 domain, it does not give consideration to the
requirement of secondary structures within the interaction, as the purified peptides may lack
the correct folding of the ative proteins.As the full structure of DOCK9 as not yet been
determined

In consideration of the overall outcome of these experimeittsan be concluded
that the experimental design for elucidating the site of DOCK9 which binds the DOCK4 SH3
domain woud need to befurther optimised inrorder to yield amore reliable result. The
acquired results indicatthat the DOCK&H3 domain does not directly bind to the DOCK9
DHR1 domain, and is unlikely to interact with the DOCK9 PRR& 3,and 9 however ths

cannot be considered a conclusive resliltanhoweversuggest thatt is likelythat the small
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molecule Q47 does not disrupt DOCK4 and DOCK?9 interaci®ihere was no apparent
binding of the DOCK4 SH3 domain to an individual residue of the DOC&ZB. erefore
the phenotypic effects of Q7 on sprouting angiogenesis vitro are unlikely to be due to
disruption of the interaction of DOCK4 with DOCK®9.

Additional experiments will be required-order to further understand the precise
nature of the DOCKDOCKY interaction. Generation of expression constructs which
encompass wider regions of DOCK9 would be ideadrfoapsulatingvhich wider region of
the protein truly binds DOCK4. Data of the DOCK4 and DOCK® interaction patamdifeed
through previous work in the laboratoncould help elucidate how these two proteins
interact potentially via an indirect mechaniggbraham et al., 2015Pefining true binding
partners of these two DOCK180 family members will afford a medefh understanding
of their function, while also potentially shed more light into the purposéhaf DOCK4

DOCK®eterodimerisation.
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5 Results chaptdil: Dock4 genetic detion impairs vascular

recovenyfollowing an ischemic eveint vivo

5.1 Introduction

The GEFDOCK4 is essential for correct vascular growth during sprouting
angiogenesis vitro(Abraham etal., 2015)Depletion oDOCHK expressiomesults in growth
of less dynamic vascular structunesvitro, and impaired lumenisatioboth in vitro andin
vivo(Abraham et al., 2015The DOCKA4 effector protelRAC1is a multifunctional dynamic
RhoGTPase which has been implicated as an essential component for blood vessel growth
during development and post developmental sprouting angioger{Bsimo et al., 2016; Cao
et al., 2017)RACMrives directional migration and correct vascular patterning via regulation
of the actin polynerisation required for lateral filopodia productipmuring sprouting
angiogenesi¢Abraham et al., 2015)Jnderstanding how blood vessels grow inp@sse to
oxygen deprivation is imperative for deciphering the mechanisms that underpin vascular
pathologies which result from inadequate angiogenic resporiBamo et al., 2016; Cao et
al., 2017)

To expand upon current knowledge of the function of DOCK4 in angiogeaesis
globalDock4 heerozygousknockoutC57BL/6J murine modélhich will be referred to as
Dock4het throughout this chapterjvas employedThisDock4 het mouse modelvercomes
embryonic lethality of homozygous Dock4 deletiamd was usedor analysis of Dock4
functionin viva The Dockhet murine model was previously demonstrated to express only
50% of the normal expression level of DOGKHBraham et al., 2015)An EC specific
conditional Dock knockout murine model, iVESZe+ve; Rosa2BlTomato; Dock4f/f mice,
was also employedo allow for inducble deletion of endothelial Dodk(which will be

referred to as EC Dock4 KO throughout this chapter)
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To investigate how DOCK4 functionality influences vascular response and recovery
under pathological conditions of ischemiavivq the global heterozygouBDOCK4 knockout
model, and ECDock4KOmodel, were both employed in &lLlassayin viva TheHLImodel
provides a model of arteriogenesis and angiogenesis within the hind limbicefand is a
widely performed and validated model ofcleemia(Hellingman et al., 2010All surgical
procedures carried out by Dr Nadira Yuldasheva.

LDIwas utilised to monitor vascular recovery and respqriskowing removal of a
portion of the femoral artery (figure. 5.1Jhe moorLDIHIR High Resdion Laser Doppler
Imager allowedor deep penetrative imaging of small blood vessels, ideal feraigty blood
flow within solid tissues.

Loss of blood flow through the femoral artery leads to redirection of blood flow via
the preexisting collateral arteries, and subsequent arteriogenesis and widening of the
collateral arterievan Royen et al., 2001; Limbourg et al., 200@hile blood flow through
the collateral arteries allows some citation to the lower appendagenadequate level of
blood perfusion induces a strong angiogenic response within the muscles ofatbellmb,
the gastrocnemius and soleykimbourg et al.,, 2009; Niiyama et al., 2Q08he strong
angiogenic response within the gastrocnemius makes the muscle ideal for histological
analysis of vasculariff.imbourg et al., 2009; Niiyama et alQ0®). Antibody staiing of the
endothelial specific surface protein, CD31, allows for visualisation of the blood vessels within
the gastrocnemius and thus provides a method of comparative analysis of vascularisation of
the gastrocnemius of the injured legompared to that 6the uninjuredleg (Hellingman et
al., 2010)

Gastrocnemius and soleus muscles of the mouse hind limbs were harvested,
embedded in paraffin wax, sectioned and stained for DQ@iedvascular specific nuker,

CD31 and RFP (for confirmation of the Td Tomato reporter for EC DOCK4 deletion in the

inducible DOCK4 KO mouskjC stained muscle sections were electronically scaiameid
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analysed using Imageih-order to quantify the vascularity of the tissue daianalyse key
features of the vascular structures.

Numerical data generated throughDIdetection of cell velocitywithin the hind
limbs of micewas statistically anasgd using a onavay analysis of variance (ANOW#ipod
flow area under the curve, ahlinear regression and slope intersect analysigjetermine
significant changes in vascular recovery.

Overall this chapter will provide evidence that tRACIGEFDOCKJis required for

normal vascular recovery from seveti.|
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Figure5-1 Schematic of theHLImodel

The HLI surgery removes portion ofthe left femoral artery The femoral artery
separated from theiliac vein, encircledwith 8.0 Vicryl sutures, anthe intervening arteric

segment is excised.
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5.2 Results

5.2.1 Dock4 hemice have lower gross body weight compared/ittermate control mice
Gross bog weight of each mouse was tracked and recorded threoghthe
duration of the HLIexperiment(table 5.1) Body weight was monitored to ensure each
mouse was healthy and thriving throughout the duration of all murine experimduath
male and female Dodkhet mice were found to haviypically lower body weightswhen
compared to theWT littermate mice at each time pointThe reason for the lower body

weight was not further investigated and has not yet been elucidated.

DOCK4 het WT littermates

ID |DayO |Day7 |Dayl4 |Day21| ID |DayO |Day7 | Dayl4 | Day21
608 169 179 18g 17g | 611 169 169 179 179
609 169 169 179 17g | 631 199 199 20g 20g
610 189 189 20g 20g | 632 179 189 199 199
630 179 179 179 179 | 641 20g 20g 20g 20g
638 169 169 169 16g | 642 199 199 20g 20g
645 15¢g 15¢g 15¢g 159 | 643 199 199 199 20g
614 229 23¢9 249 249 612 269 279 29¢g 28g
633 249 24qg 25¢g 26g | 613 229 23g 249 249
634 20g 21g 229 23g | 635 279 28g 299 299
636 20g 21g 229 229 | 637 25¢9 269 299 299
639 239 23¢9 23¢9 23g | 640 279 279 279 279
646 239 23¢9 249 249 647 269 269 269 269
Table5-1 Weight of each mousén grams

Tableof the weightof each mouse, in grams. Each mouse was weighed directly
before LDI was carried out. ID= Identification number of each mouse. Numbers highlighted

in pink are female mice. Numbers highlighted in blue are male mice.

5.2.2 Dock4het mice show reduced rate of hiisnb mobility recovery compared T
littermates
Response tdiLIwas studied in thédock4 hetmice, following surgical removal of a

portion of the femoral arteryHind limb mobility of each mouse was monitored following
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surgery, in order to determine ifrgy differences in loss of hind limb mobility and recovery
could be observed between the experimental groumsmediately following HLI both the
WT mice and Dockset mice demonstratedsubstantialloss in left hind limb mobility
(qualitative observationsOver 28 days posturgeryWT mice began to regain mobility of
the injured hind limbwhile Dock4 het mice were observed to have less mobility of the
injured limb by comparison to thé/T littermate controls. By day 23V Tmice regained full
mobility of ther hind limb, and no longer appeared to be physically impacted by loss of the
portion of the femoral artery. Dock4 het mice continued to experience loss of full leg
extension and flexibility, with the injured left hind limb being held in a retracted positio

with full manual extension of the hind limb not possible.

5.2.3 Dock4 hemice develop necrosis of the ischemic foot
Throughout the experiment all mice were monitored for any signs of necrosis of the

ischemic limbrepresentative images anall recordedresults are given in figure 5.9ut of
twelve Dock4 heinice, eleven experienced necrosis within the ischemic fedtich ranged
from mild necrosis (blackening of the toe tips) to profound necrosis (aaotputation d the
ischemic foof. ThreeDock4 hetmice experienced autamputation of toe tips and an
additional twoDock4 heimice experienced autamputation of toes. On®ock4 heimouse
experienced auteamputation of the affected foo{figure 5.2B) In summary, 5 out of 12

Dock4 hemmice experienced sne form of auteamputation. There was no aamputation

;

or evidence of necrosis observed in W littermate control mice.

mie
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5.2.4 Dock4het mouse hind limb blood flow is equal to the hind limb blood flowvaf
littermates under physiological conditions

The hindlimb blood flow of the uninjured leg of both experimental groups were
analysed through.D| to determine whether any differences imidlimb blood flow could be
detected between the two experimental grougfigure 5.3 and 5.4)Blood flowof the
uninjured limbs of botrexperimental groups falwed the same trend (figure. 5.3 and 5.4
with blood flow appearing higher immediately followisurgery, then decreasing each week
post operation Higher levels of posiperative blood flow were most likely due to mice being
maintained on a heated surface prior to LDI.

Comparative analysis of blood flaw the norinjured limbsof Dock4het mice ©
WT littermates determined therewas no significant difference between tm®rmal hind
limb circulation of the two experimental groups before ligation of the left femoral artery

(figure 5.3 and figure 5.4).
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Representative images &Dldetected mean/area of blood flow perfusion in the
hind limbs of Dockéet mice andWT littermates, in a supine position, over a 21 day time
period, followingHLIsurgery. Surgery to ligate and transect the left femoral artery was
carried out to occlude blood flow to the left hind limb. Blood flow was analysed uian
day 0(2 hours possurgery) 7, 14, 21, and 28 following surgical ligation of the left haug
femoral artery on day O(A) Experiment 1: WT mice (n=4) Dock4 het idi©e (n=4).(B)
Experiment 2WT mice (n=5)Dock4het KO mice (n=4)C)Experiment 3WT mice (n=3)
Dock4het KOmice (n=4).



173

1500+

1000+

Perfusion units (Mean/Area)

500=
== WT
-2 DOCKA4
Het
C | | | |
Q 4\ ,\,b‘ q/'\/
Day of LDI

Figure 5-4 Quantification of LDl of non-injured hind limbs of Dock4 het KO mice dur

ischemia recovery

Combined data of blood flow perfusion detected bRlin the hind limbs ofAVT mice
(n=12) versus Dock4 heterozygous mice (n=12) followdbbsurgery. A portion of the le
femoral artery of each mouse was removed on day 0. Blood flow to the lower extremi
both injured and norinjured limbs of each mouse was monitored usidgyl immediately
following surgery, then every 7 days for a 21 day duration. Values plotted are mean blo
perfusion divided by the area of each nmjured limb. Linear regression Dbck4 heimice wa
compared to the linear regression of tNgT mice b detect differences in recovery over tir
Onegl & ! bh+! gAlK ¢dzl Sevwscarnedzuiitd dalihfBre @eary hid
perfusion by area oDock4 hetmice to WT mice at each time point showed no signific

differences at any time point.
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5.2.5 Glokalheterozygousieletion of Dock4 resulted in a significant reduction in blood flow
recovery followingdLIsurgery.

Response to HLI was studied in the Dock4 het mice, following surgical removal of a
portion of the femoral artery. LDI was carried out taelenine velocity of motile cells, and
thus blood perfusion, in the dermal tissue of the mouse hind limbs. Three separate HLI
experiments were conducted to compare blood flow recovery of Dock4 het mice to the WT
littermate controls, with a combined N numbef 24 mice for each of the experimental
groups.

LDIdata was generated over 3 separai&lexperimentseach for a duration of a 21
day time period, following femoral artery ligation of the left hind liinborder to monitor
the recovery of blood flow flowing femoral artery ligatioffigure. 5.4, and figure. 55

LDlof blood flow to the left (injured) hind limbs of the 12 Dock4 het mice an&/I2
littermates immediately following hind limb surgery, on day 0, showed a loss of blood flow
to the left hind limb in all 12Dock4 hetmiceand 12 WTmice (figure. 5.3and figure. 5.5
There was no significant difference in blood flow to the injured limbs ofbek4 heimice
when compared to the WT littermatefidure. 5.3and figure 5.5 immediately following HLI
surgery.

LDI analysis ahjuredhind limbs on day 7 showed no significant difference in blood
flow between the two experimental grougigure. 5.4 and figure 5)5

However, by 14 days posperation, the global Dock4 hetice had a significantly
lower level of blood flow to the ligated limbs when compared to W& littermates
(P=0.0047]figure. 5.4 and figure 5)5The lower level of blood flow to the hind limksf
Dock4 hetmice when compared to th&VT, was also obseed on day 21, however the
difference was not statistically significant.

The overall blood flow recovery following femoral artery ligation was reduced in the

Dock4 hetmice when compared tOVT littermate controls.Analysis of the area under the
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curve demaistrates a significant difference <®005) between the WT data set and the
Dock4 hetdeletion data set, signifying a significant impact of redubedk4expression on
blood flow recovery following removal of a portion of the femoral artery.

Using linear égression analysithe slope of the lines of best fit of tH&/T data set
and the Dock4 hetleletion data sefre not significarly different, but only marginally not
significant (P=056). However, the intercept of these two lines are significantly differ
(P=0.016). This signifies that the trend of vascular recovery between the WT andHaock4
mice was similar, however the increase in blood perfusion over time was significantly higher
in the WT mice when compared to the Dodiet mice.

Overall the dataggenerated through LDI analysis indicate an impairment in recovery
from HLI surgery when global levels of Dock4 are reduced. This loss in Dock4 results in a delay

in the recovery of blood flow to the affected limb.
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Figure5-5 Quantification of LDIof injured hind limbs of Dock4 heKO mice during ischermr

recovery

Combined data oEDIdetection of blood flow perfusion in the hind limbs 8T mic
(n=12) versus Dock4 h&O mice (n=12) followingLI surgery. A portion of the left femoi
artery of each mouse was removed on day 0. Blood flow to the lower extremities of each
was monitored usingDlimmediately following surgery, then every 7 days for a 21 day dur:
Mean blood flow perfusionlivided by the area of each injured limb was normalized to the
injured limb, then calculated as a percentag®©neg | & ' bhzx! g A0K
comparisonsvere carried out to compare mean blood perfusion by are®otk4 hetmice tc
WTmice at eachime point. Significant differences indicated by asterisks=P value equald

or lower than 0.005.
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5.2.6 IHCanalysis of vasculature within the gastrocnemius tissDeci4 hetmice following
HLI

The hindlimb muscles of all experimental caiwere posthumously fixed and
harvested for the purpose dadnalysingand comparing the vasculature of the hind limb
tissues of each experimental groupne hour following the finalDIscan all mice were
exsanguinated through ligation of the major vena cava. Whole animal fixation of each mouse
was carried out through administration of 4% PFA through the left ventricle. The
gastrocnemius and soleus muscles were harvested from both fhesthand norinjured
hind-limbs of each mouse and placed in 4% PFA for 24 hours before being transferred to 70%
ethanol. Following fixation, gastrocnemius muscle tissue from both the injured and non
injured legs were imbedded in paraffin wax in a longitad orientation. The muscle was
then section into 50 x5 Ythick sections using a floating sectioning technique.

Every 10 section from each muscle block was selected itcstained with an anti
CD31 antibody. Slides were electronically scanned andeéthamagescope software was
utilised to randomly select 8/bn >xX¥n n >béxesper muscle section (figure. 5.8mageJ
analysis software was employed to quantify the length of every detectable CD31 stained
vesseland number of branch pointser 51 1 >X80n1 > Y | NB | . Ph& mdayaltied & A &
of TVLand BPI (number of branch points/TVL) were then calculated per muscle sfxtion
both the injured and nofinjured limbs of both Dock4 het mice and their WT littermates.
Data was analysed using a Qnay ANOVAW i K ¢ dzl SeQa YdzZ GALX S O02YLJ

The TVL ohorinjured gastrocnemius of thBock4 heimice were compared to the
mean values ofVLgenerated from the nofinjured gastrocnemius of the WT littermates
Statistical analysidemonstrded no significant differace between thel'vVLof CD31 stained
vasculature ofthe norinjured limbs of the Dock4 hehice when compared to &ir WT

littermates (figure. 5.4, 5.6, and 5.9
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Analysis of the gastrocnemius muscle sections from the injured legs of the two
experimental goups demonstrated a significant increaseliLwithin the muscle sections
from the Dock4 hetmice when compared tthe WT littermates (p=0.043) (figure 5.5, 5.7,
5.9).

When comparing the BPI of tlgastrocnemius sections from then-injured limbs
between the two experimental groupthere was asignificantdecrease irBPlof Dock4 het
CD31 stainedgastrocnemiussections compared to the WT littermategastrocnemius
sections(p=0.046) signifying a less branched vascular phenotype in the gastrocsenfiu
the nonrinjuredDock4 hemice(figure. 5.4, 5.6, and 5.JHowevern gastrocnemius of the
injured limbs,there was no significance in ti&Plbetween the two experimental groups
(figure.5.5,5.7, 5.10.

To summarise the findings: IHC analysis detected differences between the pre
existing vasculature of the Dock4 het mice and the yijuk littermates. While the
gastrocnemius of both experimental groups appeared to have a similarall level of
vasculaation, the reduction in branching of the Dock4 het experimental group indicates
patterning differences in the prexisting vasculature.

The vasculature within the gastrocnemius of the injured limbs also differed between
the two experimental groups. Howey, following hind limb ischemiherewasno significant
difference between theBPlof the Dock4 hetmice injured legs compared to the WT.
Differences did however occur in the overall level of vascularisation between the two
experimental groups, with th®ock4 hetmice developinga much greater increase iRvVL
following vascular injury than was seen iretiVT control group (figure. 5.7; figure. k.9
These resultsvere unexpected considering the reduction in blood flow to the injured hind

limbs of the Dock het mice.
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Wild Type Dock4 heKO

Hnn>Y Hnn>Y
Figure 5-6 CD31IHC staining of nonrinjured hind limb gastrocnemius muscle sectic

comparing DOCKHet versesWT littermates.

Representative images of gastrocnemius mubelerested from nofinjured hind limb
of Dock4 het KO and WT littermates, 21 days post HLI operation. Muscle from 24 Dock4
and 24 WT littermates were fixed in 4% paraformaldehyde, embedded in panafkin8 Dock
KSG YAOS YR y 2¢ tAGGSNYIGS YdzaOtS of 2
stained using an antibody against CD31. Slides were scanned udpgiam AT Virtual Slic
scannemndp n n>Y E pnAan>Y 02 E SdngtApeid linaféStopeisaftvares



180

Wild type Dock4 hetkO
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Figure5-7 CD31IHCstaining of injured hind limb gastrocnemius muscle sections compe

DOCK4 het KO mice versWsT littermates.

Effects of het DOCK4 depletion on angiogenesis within the gastrocnemius fo
ligation and transection of the left femoral artery of global DOCK4 het deleted mice a
littermates. Representative images of gastrocnemius musateestedrom injured hind limb
of Dock4 het mice and WT littermates 21 days post HLI operation. Muscle from 24 Dc
mice and 24 WT littermates were fixed in 4% paraformaldehyde, embedded in paraff
Muscle blocks of 8 Dock4 het mice and 8 WT littenat ¢ SNBE aSOGA2Yy
sections and IHC stained using an antibody against CD31. Slides were scannedAysiirg
AT Virtual Slide scannéry R p n n > Y arda fop analysidwere selectemsing Apeir

ImageScope software
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Figure5-8 Selectionfor analysis andjuantification of gastrocnemius section regions followi

anti-CD31HCstaining.

(A) Representationdiagram of anatomical location of gastrocnemius musdatethe
hindlimb of mice. (B) Representative image of selection of area for anabfsiklCanti-CD3:
immuno-stained 5> Ythick floating sectios of gastrocnemius muscle from injured and R
injured hind limbs oDock4 het miceand WT littermate controls Slides wee electronicall
scannedusing anApeiro AT Virtual Slide scanrend characterised using Apeiro ImageS«

softwarewas utilized to randomly select ®Ex500mm boxes per muscle section.
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Figure5-9 Quantification of CD31HCstaining of hind limb gastrocnemius muscle sectit

comparingTLof WTversus DOCK4 heessels detected itissues sections

Combined data of quantification of total vessel length measured from@DB81 staine
gastrocnemius muscle sections harvestednirthe injured and nofinjured limbs of glob:
DOCK4 heterozygote deleted mice and WT littermates 21 post HLI surgery. Gastro
musclefixed in 4% paraformaldehyde was harvested from-ngared and injured hind limbs
DOCK4 heterozygous and WT littaites, 21 days post HLI operation. Muscle was imbedc
LI N} FFAY 61 E FyR &aSOGA2Yy SR A ystaided psiny a G
antibody. IHC amCD31 sections were scanned usingAgeiro AT Virtual Slide scannenc
characterised usingpeiro ImageScope softwvate { AEGSSY pnn>Y E py
NI yR2Yf& aStSOGSR® ¢x[ 2F /5o0m aidl AySt
quantified using ImageJ analysis. Histogram shows total vessel length per Segfih N=
sections per mouse with 4 mice per condition.P£0.05; **P<0.01; **P<0.001 byone

way analysis of variance (ANOVA).
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Figure5-10 Quantification CD31IHCstaining of hind limb gastrochemius muscle secti

comparingBPlof WT versus DOCK4 hetouse.

Combined data of quantification of BPI (number of branch points/total vessel l¢
measured from antiCD31 stained gastrocnemius muscle sections harvdsted the injurec
and noninjured limbs of global DOCK4 heterozygote deleted mice and WT littermates :
HLI surgery. Gastrocnemius musfiled in 4% paraformaldehyde was harvested from -
injured and injured hind limbs of DOCK4 heterozygous and f#fmates, 21 days post
2LISNF GA2yd adzalOftS 61Fad AYOSRRSR Ay LI NI 1
IHC stained using a CD31 antibody. IHG@DB81 sections were scanned usingAgeiro A
Virtual Slide scanneand characterised usingpeiro ImageScope softwate { A E( S ¢
pnn>Y NBFa 2F lylfeaira oSNB NIyRz2yYfte a
GAGKAY GKS pnn>Y E pnn>Y NBla 6SNB | dz
shows BPI calculated as thember of total number of branches per section divided by the
tubule length® SEM. N=3 sections per mouse with 4 mice per conditi®a005;** P<0.01
** P<0.001 by onevayanalysis of variance (ANOVA). Graphs generated using Graj

software.
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5.2.7 Tamoifen inducedeCspecific Dock4 deletion does not impact on blood flow recovery
followingHLIsurgery.

In-order to analyse whether the reduction in blood flow recovery following femoral
artery ligation, detected in the Dock4 het mice, was due to redudtieendothelial specific
Dock4 expression, an EC Dock4 KO model was used within the HLI expdnmoeseparate
HLIexperiments were conducted usigC Dock4 K@ouse model irorder to study the
effect of an endothelial specific homozygote Dock4 deletinrthe recovery of blood flow
to the hind limb following femoral artery ligatioin-order to deplete Dock4 expression EC
Dock4 KO micén=9) and iVEGreve; Rosa2éslTomato; Dock4f/f migqwhich will be
referred to as @-negative micefrom this point forward) (n=8) underwent daily
intraperitoneal injections of a 2mg dose of tamoxifen for 5 consecutive.degsoxifen
induced Cre expression, leading to targeted deletion of the Dock4 gene, which was flanked
by the Cre targeted lox site®¢ck4"). Seven days following the final tamoxifen dpa#
mice underwent adLloperation to surgically ligate and transect the left femoral art&iyl
was carried out immediately following surgery, then 7, 14, and 21 days post hind limb
surgery. Comparative Ongay ANOVAnalysisof percentage of blood flow to the injured
hind limh normalised to the nofinjured limh was calculated for each weekly time point, in
addition to linear regression analysis, and area under the blood flow curve.

LDIdata was generatedver 2 separaté¢iLlexperimentseach for a duration of a 21
day time period following femoral artery ligation of the left hind limb. Each of the two
experiments demonstrated no significant difference in blood flow of the-imjured hind
limb of the 9 amlysedEC Dock4 KO misehen compared to the 8 €rnegative control
littermates figure. 512). Each of the two experiments also demonstrated no significant
difference in blood flow recovery of the injured hind limb of the 9 analys&Dock4 KO
micewhencompared to the 8 @ negativecontrol littermates (figure. 5.13at any of the 4

time points.
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From visual analysis of the linear regression of the rate of blood flow recovery
between the analyse&C Dock4 KO mice aitd 8 Ce negativecontrol littermates(figure.
5.13 it can be noted that the level of detected blood flow of the mice with an inducible
Dock4 deletion have a lower level of btbflow in comparison to the Cmeegative control
group. However, using linear regression analysis the slope dinde of best fit of the Cre
negative data set and th&€CDock4 KO micedata set were not significantly different
(p=0.155) The intercept of the two lines representing the different data sets were also not
significantly differen{p=0.093). This sigref thatwhilethe Cre neg control group appear to
recover marginally faster than the EC Dock4 KO experimental group, data adedsiot
detecta significantdifference between the ratgeof recoverof the two experimental groups.
Area under the blood dw curve analysis supported the linear regression analysis and found

no significant difference between the data sets of the two experimental gr¢up3.179)
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Figure5-11 Effect ofECspecific inducible Dock4 deletion on hind limb vascular reco

following surgically inducedHLlI

Representative images of Laser Doppler detected mean/arealadd flow
perfusion in the hind limbs of tamdgn Cre neg control anflC Dock4 Kifice, in a supin
position, over a 21 day time period, followitt)-Isurgery.EC Dock4 K@ice and cre
negativecontrol mice were treated with once daily intraperitoneajéctions of 2mg «
tamoxifen for 5 consecutive days. Surgery to ligate and transect the left femoral ar
9 mice was carried out 7 days prior to tamoxifen treatments to occlude blood flow
left hind limb. Blood flow within the hind limbs wasaysed usind.Dlon day 0, 7, 1.
and?21, following surgical ligation of the left hind leg femoral artery on d&r@ negativ

control (n=8)EC Dock4 Kiice (n=9).
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Figure5-12 Quantification ofLDlof EC Dock4 K@on-injured hind limbs during ischem

recovery

Combined data LDI detection of blood flow perfusion in the uninjured hind
of EC Dock4 K@ice (n=9) versus Creegative control littermates (n=8) following |
surgery. EC Dock4 Kice and Crenegative control mice were treated with once d
intraperitoneal injections of 2mg of tamoxifen for 5 consecutive days. Surgery to
and transect the left femoral artery of 9 mice was carried out 7 days prior to tam
treatments to oclude blood flow to the left hind limb.l&od flow within the hind limk
was analysed using L&n day 0, 7, 14and 21, following surgical ligation of the left hi
leg femoral artery on day.@Cre neg Cre negative control (n=8FKe po¥ EC Dock4 k

mice (n=9).



188

100=
c
© 80-
(7))
=
S 60-
©
()]
@ 40-
I=
(D)
o
o 207 -e- Cre neg
-=- Cre pos
C | | | | | | | |
Q A > >
Day of LDI

Figure5-13 Quantification ofLDlof EC Dock4 KO miagured hind limbs during ischem

recovery

Combined data of LDI detection of blood flow perfusion in the injured hind
of EC Dock&Omice (n=9) versus Gieegative control littermates (n=8) following |
surgery. EC Dock4 Kace and Cranegative control mice were treated with once d.
intraperitoneal injections of 2mg of tamoxifen for 5 consecutive days. Surgery to
and transect the left femoral artery of 9 mice was carried out 7 days following tamc
treatments to occlude blood flow to the left hind limbloBd flow within the hind limbk
was analysed using LDI on day 0, 7, 14, anébRawing surgical ligation of thett hind
leg femoral artery on day.@Cre neg Cre negative contrdittermates (n=38) Cre po¥E(
Dock4 K@nice(n=9).
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5.2.8 Tamoxifen treatment dEC Dock4 Ki@icesuccessfully depleted Dock4 expression

The hindlimbmuscles of all experimental mice were posthumously fixed and
harvested, for the purpose of analysing and comparing the vasculature of the hind limb
tissues of each experimental groupne hour following the finalDIscan all mice were
exsanguinated throgh ligation of the major vena cava. Whole animal fixation of each mouse
was carried ouby administration of 4% PFEAhrough the left ventricle. The gastrocnemius
and soleus muscles were harvested from both the injured andinjumed hindlimbs of each
mouse and placed in 4% PFA for 24 hqubefore being transferred to 70% ethanol.
Following fixation, gastrocnemius muscle tissue from both the injured andnjored legs
were imbedded in paraffin wax in a longitudinal orientatidime muscle was sectioned into
5> Ythick sections using a floating sectioning technique.

Muscle section slides were selected from each experimental group and Wé€re
stained with an antDOCK4 antibody to detect presence of absence of Dock4 exprassion
RFRo detect the Td Tomato reporter; indicating successful tamoxifen inddegdetion of
DOCK4 (figure 5.14Analysis of the aniRFP stained muscle sections indicated Td Tomato
expression within the \atulature of EC Dock4 Kdice, but not in Cre nedéve control
littermates (figure 5.14 Dock4 expression was detected in the Cre negative maude
DOCK4 stainedastrocnemius muscle sectigrisut was not detected in the Cre posi

muscle sections (figure 5.14
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Figure5-141HCstaining of hind limb gastrocnemius muscle sections detecting vascular sp

Anti-RFP

Anti-DOCK4

expression of DOCK4

Representative images of afRiFP and aniDOCK4 IHC stained gastrocnemius m
sectiors of the hind limbs of tamoxifen treatgd\) EC Dock4 Kice and(B) Cre negcontrol
littermates. Mice were treated with once daily intraperitoneal injections of 2mg of tamac
for 5 consecutive days. Muscles were fixed in 4% paraformaldehyde, embedded in para
ASOGA2YySR Ayid2 p>Y Tt 2! (An/adtibcySagdinat RyPZor DOy
Images were taken at 20x using a Nikon light microscope. White arrows indicate ve

interest.



191

5.3 Discussion

Understanding the complex cellular signalling mechanisms whiakerlay the
dynamic process of angiogenesis response to a hypoxic environmerng imperative for
furthering the knowledge of vascular pathologi@sat relate to the dysregulation of
angiogenesis, such as peripheral ischemia. The ability to identifgips essential for the
growth of fully functional, normal blood vessgis key for understanding how blood vessels
form and grow in response to oxygen deprivation and other extracellular cues. In addition to
expandingthe understandingof vascular celsignalling mechanismshe identification of
potential therapeutic targets may also lead to improvement in the approach to treating such
vascular pathologies.

In the current study, global Dock#t deletion severely impacted upon the vascular
response to e loss of blood flow in a model BIL| leading to inadequate vascular perfusion
when Dock4 expressiowas reducedfigure 5.5) Reduction oDock4 expressioaffected
the mobility of theischemiamurine hind limbs, leading to necrosis of the toes and loighe
foot, in 2 out of 12 Dockhet mice (figure 5.2) Thus, adequate levels of global Dock4
expression are important for functional blood vessel growth following an ischemic event.

Laser Doppler analysis of murine hind limbs following transection and removal of a
portion of the femoral artery, inducingL| demonstrated thatWTmice recovered from HLI
within 21 days post operatiorffigure 5.5) This is in agreement with previous skesl
describing the expected normal response to fHgllingman et al., 2010However, global
Dock4 hetepleted littermates did not adequately recover from ffigure 5.5) as assessed
by laseiDoppler analysis of perfusiomdicating thatunlike controls, blood flow in the Dock4
het mice had not recovered by day 21.

When a conditionaECDock4KOmodel was employed, a trend towards reduced

perfusion and vascular recovery from femoral artery ligation in response to HLI was
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observed, howevethe level of reduction was not statistically significéiigure 5.13) This
was unexpected as a complete ablation @bck4 expressiomn EG in the conditional
knockout modelhad beenhypothesisedto re-capitulate, or exaggerate, the impaired
recovery fom HLIobserved in the globdiet deletion model This unexpected result may
have been due to a number of different reasoAgotential inadequate knockdown &fock4
expression and the efficiency of theRFPreporter system, Td TomatoAlthough IHC
assessmentid indicate a successful depletion Biock4 expressioand expression of Td
Tomato, in theEC Dock4 KO modgél.14) Isolation and culturing odECdrom experimental
mice, for example pulmonargCscould be utilised for genetic confirmationDOCK4 KO via
analysis of the level of DOCK4 RNA within the (E€lsrenbach et al., 2009However
isolation of pulmonaryECgrom the DOCK4 het andonditional KO miceused within this
thesis had been attempted but foud to be unsuccessfulhis was likely due to the age of
the mice used within this thesis (24 weeks at the point of sacrifice). It has previously been
reported that isolated pulmonangCsharvested from adult mice have a reduced ability to
proliferate, withan increase in susceptibility for fibroblast overgrowehrenbach et al.,
2009)

Consideration also needs to be given to any compensatory cellular mechanisms
which occur in response toddok4 depletion. Cells may evokeatrscription and post
transcription mechanisms to overcome loss of an individual prdtiBrolosy and Stainier,
2017) When comparing genetic knockout and knockdown, of the same protein within a
mouse model, phenotypical differences can arBe Souza et al., 2006)he differences
observed between a knockout and a knockdowam beattributed, in part, to compensatory
mechanisms of the dein response to ablation of a protei(De Souza et al., 2006)
Considering such evidence in light of the conditioB&lspecific @ckd deletion, which
experiences a knockout ofddkd expression, there may be potential for an endothelial

compensatory mechanisms to overcontiee loss of Bckd expression within the adult
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mouse thus caution should be used when interpreting the findings of itHd resultsin
comparison to the Dockdet mouse.

Furthermore, global Dockidet deletion affected Dock4 expression throughout the
duration of development, unlike the conditional endothelial specific Dock4 delgtidbirch
deletes Dock4 in the adult following tamoxifen treatment. The significant reduction in the
vascular branching ohe gastrocnemius ofior+injured limbs of theDock4 hetmice (figure
5.10 supportsthis concept as this observatiogmdicatesthat 50% reduction imglobalDock4
expressionthroughout development and postevelopmental growthimpacts on vascular
patterning.

However, it should be noted that tHeC DOCK4 Kflcedid experience a reduction
in the rate of vascular recovery compared to the control littermatesvever, the difference
between the two experimental groups was not statistically significant r@igh.13.
Expanding this study to include larger number atenmay have been necessary for the
experiment to reach statistical significance.

The significant difference in body weight between the gldbatlkt depleted mice
in comparison to theikVWTlittermates indicates reduction iDock4 expressiohas a greater
over-all effect on the developing mousehich may go beyond the vascular response to
isckemia. This is also evident through many other studies which implicate DOCK4
dysregulation in a number of pathologies; suctmeaaral developmental furions of DOCK4
(Ueda et al., 2013; Xiao et al., 20tanhcern(Yajnik et al., 2003; Hiramot6amaki et al., 20t
Yu et al., 2015Band mental health related effects of DOCK4 mutatiiP@gnamenta et al.,
2010; Alkelai et al., 201Zyhusdemonstrating that DOCK4 depletion affects more biological
mechanisms than is currently understood.

It is also noteworthy thatthe heterozygousdeletion is also global, unlike the
conditional endothelial specific deletion. The potential involvement of -andothelial

Dock4 expressiom driving the phenotypical effects seen in the global Dock4 KO model, but
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not the ECDOCK4 KO mise, should also be considere@therrequiremensof DOCK4such
asfor stromal cell paracrine signalling to the endotheliwom for the correct recruitment of
perivascular cellsnay also be relevant when considering the differences in impact of global
versuseEC Dock4 K@owever such functions have not yet been explomedelation to
DOCK4hut may be of interest in fully understanding the function of DOCK4 in angiogenesis.
Within normal vascular models, ischemia prompts a significant increase in total
amount of vasculaturdHCCD31 staining of gastrochemius muscle harvested from the hind
limbs of globalDock4 hetdepleted mice andNT littermates, 21 days postLIsurgery,
indicated distinct difference in the vascular growth in both the injured andinpmed hind
limbs of theDock4 hedeleted mice and the WT littermatéBgures 5.25.7). Dock4 depleted
mice were found to have a normal amount of gristing vasulature in tissue harvested
from the noninjured limbs in comparison to the wildtype littermatesithough theremay
potentially be differences in patterningf the vasculéure in Dock4 hetmice,as they were
found to have aess branchedrasculaturephernotype (figures 5.6, 5.9. Angiogenesis in
response to ischemia was increased significantQoick4 depleted mice when compared to
the WT littermates, asDock4d het mice were found to have an increase TVL in the
gastrocnemius following Hid comparison tahe wildtype littermates(figures 5.7 and 5.9)
The findings indicate the DOCK4 depleted mice potentially experience differences in
vascular patterning during development and/or during post developmental growth
unrelated toHLI The differences detected Vrascular growth between the two experimental
groups show thabDock4 depletion drives an increase amgiogenesis within the lower limbs
This may be due to blood vessel elongation as opposed to lateral brantméntatter of
whichis reducedby DOCK4 dégtion in vitro(Abraham et al., 2015However BPIlwas nd
significantly impacted bipock4depletionfollowing loss of blood flowSimilar phenotypes
have been observed in othddlLl model studies, which have investigated disruption of

signalling mechanisms pticated in regulating angiogenedisat leadsto an increase in
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vascular structures but reduction in blood flow reperfusi@amo et al., 2016; Dor et al.,
2002; Clayton et al., 2008; Herold et al., 2017)

Roma et al. foundisruption of theMLKJINKsignallingpathway duringdevelopment
led to increased sputing angiogenesis in conjunction with an inadequate respondélLio
(Ramo et al., 2016)nterestingly, disruption of the signalling pathway in adult mice prior to
hind limb surgery resulted in no significant difference in the recovery of hind limb blood flow.
Impairment of hindlimb vascular of INK defitimice was only observed in mice which had
experienced JNK protein depletion throughout development. This affect was attributed to
the irregular growth of the collateral arteries during developmelgading to loss of
compensatory collateral blood flow response to femoral artery ligatigkatoh et al., 2006)
As the collateral arteries of either ti2ock4 heor EC Dock4 Kéxperimentaimice were not
analysedthe findings of this study cannot be attributed differences in vascular patterning
or arteriogenesis of the collateral arterieldowever, while this study investigates a ron
Dock4 related pathway, theitesults demonstrate how a genetic depletion can impact on
vascular recovery to hind limb ischemia, when the depletion is present throughout
development and adulthood, but for the same genetic depletion to have no impact on
vascular recovery when induced lgrduring adulthood. This finding offers potential insight
to the differences observed between the global Dock4 het mouse recovery to hind limb
ischemia when compared to the inducible EC Dock4 KO model. Further exploration into the
impact of Dock4 expressi on the hindlimb vasculature would be of great interest in
understanding the true role of Dock4 within vascular biology.

Data generated fronLDIland IHC analysis together suggest reduction Dock}
expression impacts upon functionality of thasculaturewhich growghrough angiogenesis
in the lower limbs or arteriogenesis in the upper limlmsresponse to loss of the femoral
artery. Despite the increase in angiogenesis within the gastrocnemius of the injured limbs,

the globalDock4 hedeleted mice appeared more physically impacted by the femoral artery
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ligation, resulting in limited mobility, differing levels of necrosis, and a reduced rate of blood
flow recovery to the injured limb when compared to the WT mice.

The observation of increase angiogenesis within the gastrocnemius, despite less
blood flow to the hind limbs of Dock4 het mice compared to WT, may potentially be due to
differences in the arteriogenesis within the collateral arteries. An investigation into the role
of exogenous fetor VII activating protein in vascular recovery, found application of
exogenous factor VIl activating protein inhibited arteriogenesis of the collateral arteries,
resulting in an impairment in blood flow to the hind limbs and a pronounced increase in
angbgenesis of thegastrocnemius This effect was determined to be due to sustained
hypoxia of the lower limbs due to a decrease in blood flow through the collateral arteries
(Herold et al., 2017)

Considering the wider imlations of the combinedock4 hetdeletion data it is
possible to speculate thaDockd depletion impacts upon the development of the pre
existing vasculaturef the hind limb. It is alspossibleto hypothesis that Dock4 depletion
may impact orthe abilityto form functional vasculature in responseiszhemialeading to
anovergrowth of less functional vasculaie structures, as DOCK4 depletiarvitro results
in loss of lumersation of EC cords during angiogenesis (Abrahams et al. 2015). Abraham et.al
(2015) demonstrated thabock4 expression was found to be required for lumenisation and
growth of functional vasculature. Abraham et.al described how Dock4 deletion within an
organotypic angiogenesis-@ulturein vitroresulted in long unbranchecbrds of EG unable
to form a lumen.

This current study therefore supporthe findings that DOCK4 is required for
formation of functional vasculature duringplood flow recovery following ischemia.
Investigation into Dock4 function during vasculogenesis and aegesys during

development would be of key interest to understand how DOCK4 impacts upon the growth
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of functional blood vessels. Further investigation into the patterningp@fcollateral arteries
may also add further insight into the role DOCK4unction.

The study demonstrates the requirement foro&4 signalling in growth and
formation of functional vasculature, with reduction in gloRaick4 expressioimpacting on

a functional angiogenic response to oxygen deprivation.
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6 OverallDiscussion

Sprouting angiogenesis describes the dynamic outgrowth of new blood vessels from
existing vasculature in response to external stimuli. Chemotactic initiated sprouting
angiogenesis integratesa dynamic repertoire of external stimuli, driving cohap
intracellular remodelling t@ermit growth of new vascular sprouts. TREGFAIriven small
Rho GTPase signalling module SBESGDOCKRACIDOCKIDC42 is an important
component for development of lateral filopodia and vessel lumenisatioritro, and thusis
likely to berequired for correct patterning and functionafliof newly sprouted vasculature
(Abrahams et al., 2019pepletion of the endothelial expression of RAC1 GEF, DOCKA4, results
in loss of filopodia along the lateral edge of newly formumgcular sprouts, leading to
deficiencies in tube formatioAbraham et al., 2015As dysregulation in vascular patterning
and tube formation impainent are characteristics of some pathological angiogenesis driven
disordersd a | (i dzO Oét ai./ 2819, M¢riofi et al., 2006; Maruotti et al., 2008; Cantatore
et al., 2017) expanding upon the understanding of DOCK4 function within angiogenesis
could lend insight into mechanisms affected during pathological angiogedsss study
strove to expand uporthe understanding of the DOCHMOCKSY interaction, while also
investigating whether DOCKA4 activity was required for pathological angiogenesis.

The small molecule inhibit@l-47was demonstrated to be a potent ardingiogenic
compound withVEGFAtimulatedECseing particularly sensitive 1QL-47 (figures 3.73.9).
However it is highly unlikely that the artingiogenic effects are due to disruption of a direct
DOCKDOCKY interaction at this site, as in this study no evideva® obtainedthat the
p.C628cysteine residue was found tond the DOCK4 SH3 doméifigure 4.12) It is largely
plausible that theQL-47 inhibitor disrupts DOCK9 through n@@OCK4 specific mechanism;
perhapsthrough disruption of localisatignor inhibition of interaction with otherDOCK9

binding partners. Abraham et al (2015) described an extensive list of proteins which
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specifically bind DOCK9. Repetition of the Abraham et al (208 with LCMS/MS
Orbitrap Elite mass spectrometer and MASCOT analysis of DOCK9 binding parthers i
presence ofQL-47 would potentially elucidate which DOCK9 interaction partners may be
disrupted by the small molecule inhibitor.

The specific site of DOCK9 which interacts with the SH3 domain of DOCK4 was not
elucidated during this studyhe resultssuggestedhat DOCK®RR identified as PRR 2,3,4,

5, and 9 were unlikely tserve assingular poins of direct interaction between the two
proteins (figures 4.24.12) Use of theCclIP overexpression system and SEC of truncated
peptides both present discrepancies which nfewe confound results. Forced interaction
between the two large GEFs within an overexpression system within HEK 293T cells may have
yielded nonspecific interaction ad a false positive pull down ¢lagDOCK9 due to nen
specific interaction of the peptide tagbree et al., 2009)xcessively high level of protein
expression due to overly active promotép§a et al., 2006)and also the lack of sensitivity of

the Western blotting technique whiclacks sensitivity, with the potential to produce
unreliable results that may not distinguish between genuine imtéon and norspecific
interaction(Zhu et al., 2017)

Detecting an interaction between two truncated peptides using SEC may also prove
difficult as the pgtides may not provide a true representation of the secondary structures
of the complete protein and thus they may lose the potential binding affinity between the
site of interaction(Wingfield, 2015)

Use of aMultiBaot system designed to eexpress both DOCK4 and DOCK®9, followed
by trypsin digest to expose crosslinking residues, and cryoEM analysis would allow for
detection of the interacting residues of the twarge proteins with cryoEM providing an
optimal tednique for structural analysis of two large proteins within a comg®erna,
2019) Such ampproach would offer a more highly sensitive approach for elucidating the

site of interaction between the two proteins.
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Through this studyDOCK4 was demonstrated as bemgotentialcomponent of
FGFXtimulated angiogenesis under hypoxmavitro, (figure 3.5 and 3.6hdicating DOCK4
as important for mechanisms involved in the angiogenic response to ischemia.

FGF2 has a protective effedtiring wound healing, andlhen used as a treatment
improves outcomes ofardiac ischemidUnger et al., 2000; Laham et al., 1998hdthe
peripheral circulation of pedp suffering from claudicatiofLazarous et al., 20005uch
effects of FGF2 signallingay be attributed to the GFs function BCproliferation and
elongationin angiogenesif response to vascular pathologigsvivo(Unger et al., 2000;
Laham et al., 1999)The protectivanechanisns of FGFhasbeen indicated tooccur in a
RAC1 and CDC4di2pendent mechanisnfLee and Kay, 2006As DOCK4 is an activator of
RAC1it can be considered th@OCK4 may serve as a poteht@mponent in conferring the
FGF2 protective response to pathological angiogenasisncept which has been supported
by the results presented throughout this thesis.

This finding was furthesupportedthroughin vivoanalysis of blood flow recovery in
the hind limbs ohet global DOCK4 deleted mice following femoral artery ligatiddi.of
injured mouse hind limbgemonstated a reduction in global Doékexpression results in
impairment of blood flow recovery (Figures 5.3 and %.9he reduction in bloodlow
recovery of theECDock4 KQnice was also seen toe impaired, but to a much lessend
non-significant degree (figures 5.11 and 5.33 This finding may potentially indicate
additional nonEC functions of DOCK4 during pathological angiogenesis. The data also
indicates that Dock may berequired for the growth and correct patterning of hind limb
vasculatwe during developmen(figure 5.4 and 5.10)with DocK deficiencies leading to
differencesn pre-existing vasculature in the mature micgndings whictare similar to other
proteins which are not required farormal vasculature but impact cam adequatevascular

response to hind limb ischem{&lerold et al., 201;7/Ramo et al., 2016)
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ThelHCanalysis of muscle tissue from the ischemic hind limbs of DOCK4 deficient
mice indicated DOCK4 depletionay impair vessel functionalityas an increase was
observed in the overall abundance of vascular structures despite atieduo blood flow
(Figures 5.4nd5.9). This finding was in line with vitro analysis of the impact of DOCK4
depletion on sprouting angiogenesgigith loss of DOCK4 resulting in growth of less dynamic
vascular structures with impaired tube formati¢gabraham et al., 2015)

In light of previous studies, which highlight the importanafecorrect vascular
patterning of the collateral arteries during development for a proficient response to HLI
(Ramo et al., 2016; Dor et al., 2002; Heroldlet2017) consideration should be given to the
effect of Dock4 depletioon the correct vascular patternirgf the collateral circulation. Pre
existing defects in the collateral vascufatterning, or arterogenesis response to ischemia,
have both been observed to induce a similar phenotype to the global Dock4 depletion, in
response to hind limb ischemia; with loss of blood flow recover to the hind limbs combined
with an increase in angignesis detected in the gastrocnemifi®gamo et al., 2016; Dor et
al., 2002; Herold et al., 2017Jhe detected difference in vascular recovery between the
Dock4 het mouse model and the EC Dock4 KO mouse model may potentially indicate Dock4
vascular signalling as being required for developmental blood vessel development, but not
adult angiognesisThus the collateral arteries of the Doattdficientmice shouldoe further
explored in future experiment® determine whether DOCK4 may be involved in collateral
artery development, patterning, and/or arteriogenesis

MicroCT imaging of hind limkasculature oboth the DOCK4 het and EC Dock4 KO
mouse line, following HL| would allow for analysis of intact whole leg vascular structures
including the collateral arteriesand would perhaps give insight into nbuminized
structures when comparing idro-fil perfusedvesseldo those detected through IHC analysis

(Schaad et al., 20L7Comparison of &ck4 het mousewhole legvasculature to that of non
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Dock4 depleted littermatesvhole leg vasculatureyould lend an interesting insight into how
vascular bck4 impairsrecovery of bloodlow following an ischemievent.

The accumulated results of this thesis have strongly indicated that DOCK4 is a critical
component of thevascularesponse ¢ ischemia driven angiogenesisirfher investigation
of DOCK4 functionduring development, formation of collateral arteriesorrect
lumenisation in vivg and within the context of pathological angiogenesis during peripheral
ischemiawould be required to determindow aberrant DOCK4 expression and regulation
may underlie angiogenesis driven patholog®sch as peripheral isemia.However, these
finding highlight the importance of DOCK4 in growth of healthy vasculature that is capable
of adequately responding to critical ischemia. Elucidating the vascular function of DOCK4
during development and within the response to ischammay further our understanding of
how blood vessels grow, and expand our understanding of how angiogenesis may differ

during development in comparison to a pathological context.
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7  Appendices

7.1 Appendix 1.Nucleotide sequences of primers for Sangeguencing and

Expression vector cloning

7.1.1 Primer design for Sanger sequencing

1 | pBABE FIaDOCK forward 1 | p-GTTCAGTGAATCAGAAC

2 | pBABE FlaQOCK forward 2 | p -GGATGAAGGACGTGARAG

3 | pBABE FlaQOCK forward 3 | p-OTTCTCATGGAGTAJCC

4 | pPBABH-lagDOCK forward 4 | p - BGTAAAGTTTCTGCAGG

5 | pBABE FlaDOCK forward 5 | p RAGGACCTGATCATGTG

6 | pBABE FlaDOCK forward 6 | p-QAGCCAGATCTTCGGAATG

7 | pBABE FlaBOCK forward 7 | p -QCAGCAACGTCTTGAAC

8 | pBABE FlaDOCK forward 8 | p RGCTGATGCTTGAGGBAG

9 | pBABE FlaDOCK forward 9 | p RGAACATGTCGGATAGTG

10 | pBABE FlaOCK forward 10| p - BGTTGCTGATCTAAAABGC

Table7-1 Primersequences foSanger sequencingf the pBabepuro FlagDOCK4 plasmid
constructdesigned for expression of human DOCK4

Human DOCK4 expression vector pBABE pure B@GK4; alasmid gifted by Dr
Vijay YanikHarvard Medical School, MassachusettsA)J\Mas sequenced using Sanger
sequencing by GATCA 2 (iK®i3tinz,cGermany).
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1 | pEFAVyc-FlagDOCK$%orward 1 p ACTATAGGGAGACCCAAGLCTG

2 | pEFAMyc-FlagDOCK%orward 2 p -QTGGCAAAGCCAAAGCTAATIGAG

3 | pEFAMyc-FlagDOCK%orward 3 p-QTTCCCTTACGATGACTTTEAGAC

4 | pEFAMyc-FlagDOCK%orward 4 p RAACCTATAACTCTGACTGGEATC

5 | pEFAMyc-FlagDOCK%orward 5 p BAAGTTCAGACTCTTCTAAGG TG

6 | pEFAMyc-FlagDOCK$%orward 6 p -QAAGGACATTGTTTAAGGATQC

7 | pEFAMyc-FlagDOCK%orward 7 p-GCTCAAGTTACTTGCAGACTOTCG

8 | pEF4AMyc-FlagDOCK$%orward 8 p RAACTCCCATCACGTTT@ARG

9 | pEFAMyc-FlagDOCK%orward 9 | p <GACCCAAAGACCCTCTTTGAATAC

10 | pEFAVyc-FlagDOCK%orward 10 | p-GGGCATGACTGTGAAGGEATG

Table 7-2 Primer sequences forSanger sequencingf the pEF4 Fla@OCK9 plasmid
constructdesigred for expression of human DOCKO.

Human DOCK®@xpressionvector pEF4Myc-Flag.DOCK9Meller et al., 2008); a
plasmid gifted by Professor Martin t&eartz University of VirginialJSA)was sequenced
using Sangeil SIj dzSy OA y 3 0 onfddnz, Germayg 1 SOK 6
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7.1.2 Plasmid maps

(12,542) End Start (0)
| BbvCI (416)

Fsel (1017)

(10,815) AsiSI
PspOMI (1927)
/- Apal (1931)

—— SaclI (1965)
__—RsrII (2140)

Pacl (2280)

(10,359) Swal

(9833) BspDI* - ClaI* —— BsiWI (2656)
(9750) Dralll -
(9726) Pmel —

(9625) PaeR7I - PspXI - TIiI - XhoI —
(9520) EcoRV

pOPINM-DOCK9
12,542 bp

/

\ — TspMI - Xmal (3548)
Smal (3550)

PfIFI - Tth111I (3764)

(8377) XemI

(7184) PIUTI
(7182) Sfol
(7181) Narl 2 EcoRI (5503)
(7180) KasI ‘ SexAI* (5559)

BstZ17I (5963)
PmII (5084)
Hpal (6165)

Figure7-1 Plasmid vector map of pOPINM DOCK9

Full length DOCK9 was scloned into pOPIN3SC HISBMG3CGPOI with ampicilli
resistance gene sequence. Full length DOCK9 gene inserted in recombinant plasmic
designed for expression of full length DOCK9 was PCR amplified from the template p&si
Myc-Flag;Dock9 (Meller et al., 2008) using the primer sequences described in Table 7.1.

map generated using Snapgene software.
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(243) Sall HincII (245)

Miul (399)
BbvCI - BpulOI (416)

y ed 6, N

» > S x 03 < 1
y R ) S

,o&\o lef?

(6266) BanI
‘ Eagl (1015)

/_- Fsel (1017)

(5891) PspFI
(5887) BseYI ——.

(5584) Peil —

[ 8
x
5440) AsiSI — )
( ) g pOPINF PH-PCIP-DOCK9
12| 7167°bp 58 PspOMI (1927)
Bl s g |~ Apal (1931)
\2| g < = Aval - BsoBI (1951)
@ £a BmeT110I (1952)
\8\ ol SacII (1965)
\8)\ i w
S \"%  RsrII (2140)
(4984) Swal 23 "/

~Pacl (2280)
Ncol (2331)

~ BgIII (2546)
Eco53kI (2634)
Sacl (2636)

(4655) BstAPI

(4458) BspDI* - ClaI*
(4385) Bsu36I

(4349) BstZ171

(4278) BspEI

(3945) SexAI*
(3925) AfIII
(3889) EcoRI

Figure7-2 Plasmid vector map of pOPINF BCIPDOCK9

DOCK9 PRCIPDHR1 domain PCR fragments were-slamed into a modified a
pOPINF HISBGPOI vectowith ampicillin resistance gene sequenB®©CK9 gene fragments
inserted in recombinant plasmid vectors designed for expression of full length DOCK9 was
PCRamplified from the template plasmid pER4yc-Flag;DOCKYMeller et al., 2008) using
the primer sequences described in Table ®lasmid map generated usirfgnapgene

software.
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(243) Sall HincII (245)
(5555) XmnI Mlul (399)

BbvCI - BpulOI (416)

s

5026) BpmI a7 ination regi
( ) Bp & /,/‘& . o combin gion (le
47 O, 2
D NS ‘
(4904) BanI 7 o

Eagl (1015)
<~ Fsel (1017)

pOPINF PCIP-DHR1-DOCK9
5805 bp

(4329) DrdI =

(4222) Pcil —

(4078) AsiSI
(4036) BmgBI ~

- PspOMI (1927)

.~ Apal (1931)

\ " Aval - BsoBI (1951)
\ BmeT110I (1952)
SaclI (1965)

RsrII (2140)
PpuMI (2208)

PacI (2280)
Ncol (2331)

(3622) Swal

(3366) SphI ——
(3293) BStAPI —

(3132) Bspi1————— )} \ . EcoRI (2527)
(3096) BspDI* - ClaI*— " _ ‘ AfIII (2563)
(3064) MscI® ' / SexAI* (2583)

(3023) Bsu36I / PstI (2622)
(2995) HindIII
(2987) Bstz171 BspEI (2916)

Figure7-3 pOPINF PCIBHR1DOCKO

DOCK9 PCIPHR1 domain PCR fragments were-sldmed into a modified a pOPI
HISB3GPOI vector with ampicillin resistance gene sequence. DOCK9 gene fragments
in recombinant plasmid vectors designed for expression of full length DOCK9 Rrasriplifiel
from the template plasmid pEF4 MydagDOCK9 (Meller et al., 2008) using the pri

sequences described in Table 7.1. Plasmid map generated using Snapgene software.



208

Sall (243)
(5170) anl‘ Accl (244)
HincII (245)

(5051) Scal
Miul (399)

- BbvCI - BpulOI (416)

(4719) NmeAIII

(4519) BanI

EaglI (1015)
~— Fsel (1017)

4 ua{)‘.\p
AWD

(4144) PspFI __
(4140) BseYI

l POPINF DOCK4-SH3
| 5420 bp
d

Jasueyu?d

I8jowo.d unoe-

(3944) DrdI —

(3693) AsiSI~ _
(3651) BmgBI
. PsSpOMI (1927)
T Apal (1931)

.\ Aval - BsoBI (1951)
| BmeT110I (1952)
SaclII (1965)

RsrII (2140)
PpuMI (2208)

PacI (2280)
Ncol (2331)

(3237) Swal O e E

(2981) SphI [ 1\
(2908) BstAPT [ HindIII (2610)
(2747) BspHI ‘ Bsu36I (2638)
(2711) BspDI* - ClaI* MscI (2679)

Figure7-4 pOPINF DOCKZH3

DOCK4 SH3 domain PCR fragments werelsumed into a modified a pOPINF HIS6
3GPOI vectomwith ampicillin resistance gene sequend2OCK4 gene fragments were PCR
amplified, using the described primer sequences, from the template plasmid pp&BE

Flag DOCK4; alpsmid gifted by Dr Vijay YaniKarvard Medical School, Massachusetts,

USA). Plasmid map generated usigmapgene software.
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(243) Sall Accl (244)

MiuI (399)

(6108) Scal BbvCI (416)

(5776) NmeAIIL
(5698) BpmI

// ;},/"/“ pination region “\\:»\ L
(5576) BanI . N“?,gecom (ler3,, Res, TSN
4 0\04\‘ ‘ 03 N EaglI (1015)
& lef — Fsel (1017)

(5201) PspFI
(5197) BseYI ——fj

(5001) DrdI

(4894) Pcil — pOPINF DOCK4-DHR2
6477 bp

(4750) AsiSI —
(4708) BmgBI —

PspOMI (1927)
- Apal (1931)
f// ~- Aval - BsoBI (1951)
\ BmeT110I (1952)
SacII (1965)

- T RsrII (2140)
(4294) Swa

"~ Pacl (2280)
Ncol (2331)
(4038) SphI
BsaBI* (2510)

3804) BspHI I
(3763)(351;())1‘ .pcmy J ] 1 \ Aarl - BfuAI - BspMI (2654)

(3736) Mscl
(3665) BlpI

BspEI (3084)
(3330) Pvull EcoRI (3178)

Figure7-5 pOPINF DOCKZHR?2

DOCK4 DHR2 domain PCR fragments werelsubd into a modified a pOPINF HIS6
3GPOI vectomwith ampicillin resistance gene sequend2OCK4 gene fragments were PCR
amplified, using the described primer sequences, from the template plasmid pBABE puro
Flag DOCK4; a psmid gifted by Dr Vijay Yanidgrvard Medical School, Massachusetts,

USA). Plasmid map generated using Snapgene software.
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SgrDI (11,368)

{11,251) SspI

(10,669) Fspl

MruT* (833)

(10,447) AhdI_ & _
‘ ) | SV40 poly(A) sigp =
mp“- Promoter

EcoMNI (1170}

BbvCI - BpulOI (1424)
P,
_Alel (1577)

_Kfll - PpuMI (1334)

Q. -
2
200
o
1 "
{9175) BStZ171 - o ) - Sgral (z500)
| = _—MauBI (2575)
: SFil (2621)
3- —— Xbal (z707)
e
pGIPZ gL
11,688 bp o
£/
g = —— SnaBI (3070)
31 L
5 \V4 T |CMY promoter
(82521 AsiSI

J/ T BIpI (3564)
(7915) Psh&l :

~ BsrGI (4039)
Motl (4100

shRNAmIF I

[ Lo
7

(6776) Pmel !

BsiWI (4749)

{53831 Bsu36l ‘ -

" Hpal (537¢)

\ PaeR7I - PspXI - Xhol (5391}
(5650) Mlul BamHI (5403)

Figure7-6 pGIPz lentviral plasmid for DOCK4 shRNA expression

Plasmid map of pGIPz lenti viral vector backbone with Dock4 SHRNA ai

silencing pGIPZ nucleotide sequence. Plasmid map generated using Snapgene softy
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(12z) SgrDI Nrul (332}

(11,518) Pwul |

PspOMI (1090)
/ Apal (1094}

! PasI (1225)
BbvCI (1379)

(11,148) nhdl__

AccB5I (1717}
P4 Kpnl (1721}

[CAP binding site)
C:-‘;D mlng:lte_ PFIFT - Tth111I (2024)
ac promoter ]

-

- BSPGI (2300)

(9354) SOral — g
(9276) BssHII - MauBI —— E
-2 0
(2111) Avrll — A 2n M8 pEF4 Flag-DOGCKY
11885 “ o 12,069 bp
o« 3

=Ly

"~ Xbal {3510}

(3062) Pmel " EcoRI (3763)
GxHis
Myc|—

(7991) BstBI /
(7901) BSEEIL

(79703 Notl /
(7780) EcoRY

(6946) ﬂfEI‘

(6637) Xcml

Figure7-7 pEF4FlagDOCK?9 plasmid map

PEF4Myc-FlagDOCR (Meller et al., 2008) was obtained from Professor Martin

SchwartZUniversity of Virgina, USAlasmid map generated using Snapgene software.
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Figure7-8 psPAX plasmid map

Plasmid psPAX plasmid map, generated by Snapgene software.
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Figure7-9 pMD2.G plasmid map

Plasmid map gbMD2.G plasmid magenerated using Snapgeseftware.
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7.2  Appendix 2. The small molecule-€Lbinds to c628 of DOCK9

A
o

Figure7-10 The small molecule inhibitoQL-47 and YKt04-126

Molecular structure of thgl/A) covalent small molecule inhibitd@l-47 and (B) a
tagged form of the covaler@L-47 inhibitor YKE04-126.QL-47 is a compound developed
t NEFP bl OGKFYyFSf DNI}I&Qa NBaSHNODK 3INERdz
Schoag), MA).
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Covalent Inhibitor Target-site Identification (ClTe-Id)

_—ns == == &

Lysis é;i‘t?@ ﬁ*?@ 9@3 9@@
Labeling: v v v v
e[QL47]
*[YKL-04-126]
v ¥ v v
Typsin g 0 oy 220
Digestion  #\%.— e o o
* 3 3 [ 3 ~a
d ' v v A
Avidin % * %, ¥ %, A
Pulldown %% o ¥y o*e o e
v ¥ ,],'* v
TRAQ 4%, e X By
Labeling %% . & *

LC-MS/MS || ||| ||||

Figure 7-11 Covalent inhibitor targetsite-identification and Liquid chromatographymas:

spectrometry ofQL-47 targeted proteins

Inhibitor competition assay between a tagged (WK1126) form of the covalent Q47
inhibitor and QE47. Thisassay screeth656 proteins for Q47 specific binding. Purified tagc
inhibitor peptides were identified viadiquid chromatographymass spectrometryLGMS/MS
to distinguish between true targets of €l and norspecific interactions. DOCK9 was dete
to have a very high degree of competitiveness fordQ@L QL47 was determined to bir
irreversibly to distinct cysteine residues on target proteins. For DOCKO this residue is
628. Assays carried out and diagram generated by Dr Christopher BrovAmf. Nathana
DN} 8Qa NBaSI NOK 3INEP dzLJHargatd Wiedical ScNdblIw / |y C
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QL-47 Site Level Competition Assay

1.2

m Control

m 370 nM

mluM
4 uM

DOCK9 ZAK VPS4ANT5DC1 HGD FAMBALLYRM7 SNX8 PFKFB2

Figure7-12 Proteins identified as targets oQL-47 through Covalent inhibitor targefsite-

identification and Liquid chromatographymass spectrometry

Purified tagged inhibitor peptides were identified via Liquid chromatogreptass
spectrometry (L&AS/MS) following an inhibitor competition assay between a tagged-(YKL
04-126) form of the covalenL-47 inhibitor andQL-47; to distinguish between true tgets
of QL-47 and nonspecific interactions. DOCK9 was detected to have a very high degree of
competitiveness foQL-47. Of 1656 proteins screened, 9 were found as specific targets of
QL47. QL-47 was determined to bind irreversibly to distinct cysteineitckies on DOCKO9.
Assays carried out byand histogram generated byDr.Chrisopher Browne of Prof.
bl dKFylFSf DNIé&Qa NBaSIkNOK 3INRdzZI 651yl CI
MA).

Nb S
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7.3  Appendix 3. DOCK4 murine line genetic background

Nsit Nsit
WT allele [=] [l
- Spull ] LI
43 Kb
Nsit1 Nsit
F3 LoxP LoxP | FRT
KO allele — {sAImssl B Gal Npex NeoNDocxth>N—H—

12.1 Kb

Figure7-13 Retroviruses used in the in vivo tumour dajection model and generation of

the Dock4het mouse line.

Schematicdiagram showing theWT and the targeted Kock4 alleles. In the
targeted allele, exons-8 were replaced by the targeting cassette for frameshift of the open
reading frame. Yellow boxes show exons, main black lines show homology regions, grey lines
show homology outside of the targeting vectorA & Splice Acceptor, IRES = Internal
Ribosomal Entry SlEe i DI £ ' . S .i(Black Bdxds lshovi gsitibrRof tie Southern
probe that detects bands shown upon Nsil digesfionthe purpose of genotypindrigure
provided by Dr. Georgia Mavria.
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Targeted allele Dockd Conditional Strategy

FRT LoxP FRTLoxP LoxF
&) 8> (o)
Flp

Conditional Allele ; ATLowP LaxP

E B — B (Docksn

Cre

Defeted Allele FRTLguP

—»

Figure7-14 Schematic showig the E@ock4KOalleles and excision site of Dock4 exon 6.

Diagram depicting the targeted strategy for t&€ Dock4 KO modgenerated by Ozgene.
Dock4" mice were crossed with VERdERTZreTd tomato gene carrying mice. FRT sites
flanking,SA ¢plice &ceptol), IRESifternal ribosomal entryite)> Gal Beta galactosidade
Expression of FLP recombinase enzymes targets FRT sites, deleting the internal
compartment. Cre recombinase expression, under the control of theQCd@Bherin reporter,
targets and deletes theoxP sites flank the Dock4 exgre@d also Lax he Td Tomato gene

lies downstream of a transcriptional/translatioridxed stop cassette, allowng for strong
expression of the Td Tomato gene in the presence of Cre recombinase exprébsionE
cadERTZreTd tomato mouse line was originally generated by the lab of Prof. Ralf Adams
(London Research Institutepnd is commercially available via pthiase fromTaconic
BiosciencegGermantown, NY USA).¢&IERTZreTd tomato mouse line carries a gene for
tamoxifen inducibleCre recombinase expression, under the eohiof the VECadherin
reporter. VEcadERTZreTd tomato alleles not depictesiithin this diagram Blackboxes

show exons, main black lines show homology regi@#s= Splice AcceptdRES = Internal
Rbosomal Entry Site; -B | { -gﬁlactdsidase; FR= FLP recombinaB&K: Neo=

Phosphoglycerine Kinaseeomycin resistance genEigure provied by Dr. Georgia Mavria.
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