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I AOOOAAOD
OMD and PRELP are proteoglycans belonging to the family of small leueiieh repeat
proteoglycans SLRPs), whose members have been shown to modulate a variety of
cellular processes, including migration, proliferation and differentiation. Abrogated
expression of SLRP members has been linked to a multitude of developmental,-agiated
and inflammatory diseases. Previous work from the Ohnuma lab has shown that OMD

and PRELP are strongly expressed in brain vasculature, and in this stutigim to extend

the understanding of OMD and PRELP in the context of vascular homeostasis.

The cellular localisation of OMD and PRELP was investigated draetermined that OMD

is weakly expressed in neurons, whereas PRELP is expressed in pericytes, vascular
smooth muscle cells, microglia and ependymal cellshave shown that there is vascular
dysfunction in PRELP- mice. There is increased blood vessel content in the brain,
accompanied by blood brain barrier (BBB) breakdown. Analysis of BBB components
indicates basement membrane components laminin and perlecan are dowrgulated in
addition to coverage by pericytes and astrocyte enfeet. PRELP- mice also exhibit
weakened adherens and tight-junctions between endothelial cells.| have determined

that OMD/- brain vasculature is comparable to that of wildtype.

| propose that PRELP haa role in maintaining vascular function. PRELP may modulate

the stability of the BBB by acting as a bridging molecule for basement membrane proteins.
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Chapter1 ' AT AOAT )1 00T AOGAOQEI
1.1 Preface

This PhD project investigates the role of extracellular proteoglycans OMD and PRELP in
brain vasculature. These proteins belong to the small leucirgch repeat proteoglycan
(SLRP) family, whose members are implicated in regulating a variety of cellularguesses,
including angiogenesis. While other members of the SLRP family have been extensively
studied, not much is known about OMD and PRELP, particularly regarding their role on
vascular homeostasis. Following a description of the extracellular matrix,will discuss
the vascular system, the bloo¢brain barrier, SLRPs, current findings regarding OMD and

PRELP and finally the aims of this project.
1.2 The extracellular matrix (ECM)

1.2.1The extracellular matrix (ECM)

The extracellular matrix (ECM) is the &dimensional structure that surrounds cells. It is a
network composed of a variety of macromolecules falling into two main classe$ibrous
proteins and proteoglycans(Alberts et al., 2002) providing not only structural support

for cells, but also creating a microenvironment conducive to tissue function.

Fibrous proteins, which include collagen, elastin and fibronectin have structural and
adhesive functions, and are embedded within the hydted polysaccharide
microenvironment of proteoglycans For example, collagens are abundant fibrous
proteins and are a critical component of the ECM. Three collagen polypeptides, known as
1 -chains, form a long and sturdy triplehelix structure. Collagen fbrils form scaffolding

for the binding of other proteins in addition to contributing to structures meant to resist

tensile forces(Alberts et al., 2002)

Proteoglycans are proteins modified with sugasidechains andconsist of a protein core
with covalently-bound glycosaminoglycan (GAG)chains. GAGs are long linear
polysaccharides consisting of a repeating disaccharide unit, containing an amino sugar
and a uronic acid or galactoséEskoet al., 209), illustrated in Figure1.1. As a result, GAGs
are highly polar and can bind water. Glycosylation of the ptein core occurs in the Golgi
apparatus, and the modified protein is subsequently inserted into the plasma membrane
or secreted into the ECMEsko et al., 2009) GAGs include hyaluronaiiHA), dermatan
sulphate (DS), keraan sulphate (KS), chondroitin sulphate (CS), heparin and heparan
sulphate (HS).
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Figure 1.1. Structure of GAG polymers. Figure modified from (Esko et al., 2009)

ECM composition dictates the physical properties of the tissue and the activity of cells. It
is a highly dynamic structure, and in addition to playing a structural role, it is an important
regulator of cell and tissue behaviour by modulating signalling events. The ECM influences
a variety of cellular processes, including differentiation, proliferation, survival, celtell
communication, adhesion and migration(Alberts et al., 2002; Luet al, 2011). Therefore,
changes in the structure and/orcomposition of the ECM could lead to deegulation of

these biological processes and affect tissue homeostasis.
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1.2.1.1Cell adhesion

Cells adhere to the ECM via cedurface adhesion receptors and these interactions are

mainly mediated by integrins. Integrins adA EAOAOT AEI AOK ABlpOnitsA A AU
which are both singlepass transmembrane proteins. They bind to ECM components, such

as collagens, laminins and fibronectins, or adjacent cells to promote cell adhesion,

migration over the ECM, differentiation awl proliferation (Alberts et al.,2002; Harburger

& Calderwood, 2009) Integrins are capable of BAE OAAQOET T Al OEGEWG I ET CN |
AT A OEDOOBEBA4EAU 1 AEA AiITTAAOGEITO O OEA AAOQEI]
AGOOAAAT T O1 AO 1T ECAT Ah Qibdnit ndsld severdl ibvladelularAT | AET T
AT AET O DPOI OAET-&tninard G (Bthkebusdh E Fasslen, 2003)These

outside-in signalling functions lead to clustering of integrin receptors to ECM components

to form nascent structures known as focal @mplexes(Nobes & Hall, 1995) These focal

complexes can then mature and form larger structureg focal adhesiongC. Wu, 2007)

In addition to mechanical functions, outsiden signalling relays information to the cells
regarding its environment, adhesive state and the composition of the ECM, and regulates
processes such as migration, differentiation and motility. Early observations indicated
that attachment to the ECM couldalso affect gene expression, even in the absence of
growth factors (Haskill et al, 1988; Leeet al, 1984). It is now known that integrin
signalling leads to mobilisation of actin and initiation of signallingcascades by activation
of a nonreceptor tyrosine kinase, focal adhesion kinase (FAK). Phosptt@\K in turn then
phosphorylates other proteins to activate a variety of signalling pathways, including the
Akt and MAPK pathways, as illustrated ifrigure 1.2 (Berrier & Yamada, 2007)
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Figure 1.2. Schematic of the signalling pathways activated by integrins. Cytoplasmic
components of integrin signalling recruit molecules to mediate other signalling pathways. Figure
from (Berrier & Yamada, 2007)

Of particular interest to this study is the ability of integrins to regulate angiogenesis. Early
studies of FAK signalling in endothelial cells demonstrated that there is an increase in the
activation of FAK in migrating endothelial cells in am vitro wound healing assayRomer

et al, 1994). FAK is strongly expressed in the vasculature during developme(Rolte et

al,, 1994), and FAK knockout mice diein utero due to cardiovascular complicationg 1 1 E ¢
et al., 1995) Evidence suggests that angiogenic growth factors regulate FAK; for example,
there is increased association of FAK with PI3K upon vaglar endothelial growth factor
(VEGF) signalling through its receptor (VEGFR2)Qi & ClaessorVelsh, 2001) and
angiopoetin-1 signalling also induces FAK phosphorylatio(Kim et al., 2000)

Integrins are therefore critical for the attachment of cells to theECM butcan also
modulate a variety of signalling pathways and processes, including embryonic

development, tissue repair and immunity.

1.2.2Basement membrane

The basement membrane (BM) is a specialised flexible sheet of ECM proteins which
separates cell monolayers, i.e. epithelia or endothelia, from surrounding connective
tissues. The vascular BM is mainly composed of crebsked laminin and type 1V collagen,
which are capable of selassembly(Yurchenco & Ruben, 1987; Yurchencet al, 1986).
These insoluble laminincollagen IV polymers are bound by nidogens (formerly known as

entactins), aiding the structural integrity of the BM Figure 1.3). Collagen IV triple helices
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and laminin heterotrimers are assembled in the Golgand transported to the ECM by

vesicular transport along with perlecan and nidoger{LeBleuet al., 2007).

This solid matrix prevents cells from traversing the basement membrane. In addition,
highly-hydrated proteoglycans such as perlecan and agrin, which contaiHS GAGs,
increase the volume of the BM and can attract and bind to growth factors. Other minor
components of the BM, including different types of collagens, SPARC/osteonectin and
agrin, confer its tissue specificity, however the core matrix composed @ rhinin, collagen

and nidogen remains the samé¢LeBleu et al., 2007)

xﬁj”' laminine @——~——__—— ©peVcollagen
5@% perlecan

o= entactin

Figure 1.3. Structure of the BM. The BM is composed of laminin and collagen IV linked by nidogen
(a.k.a. entactin)and perlecan. Image from theUniversité de Fribourg.

Initially thought to solely function as structural support, it is now known that the BM has

a variety of functions. During development, the BM aids in the organisation of cell
monolayers during tissue derelopment; indeed knockout mice for BM components often
exhibit embryonic haemorrhaging(Costell et al., 1999; Godl et al, 2005; Thyboll et al.,
2002). The BM can also sequester growth factors and store them until they are required;
for example, proteoglycans containing HS chains in the BM bind to these growth and
differentiation factors and create reservoirs(Bonnanset al, 2014). VEGF is a HBinding,
pro-angiogenic ligand which is stored in the BM of the vasculature and its bavailability
can be regulated by ECM proteases such as matrix metalloproteinases (MM@£e et al,,

2005). Other sequestered growth factors include epidermal growth facto (EGF),
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fibroblast growth factor (FGF),Wnts and transforming growth factor-r fr 4(Bo&nans

et al, 2014), which are involved in growth, adhesion, cell division and differentiation.

1.2.2.1Collagen

Collagen is the most abundant priin in mammals, making up 25% of all protein mass
(Alberts et al.,, 20028 ! O | AT OET 1 AA -chaks ddlvound &rduhdlegcA T
other to form a triple-helix structure. They can be classified as fibrillar, fibriassociated

and sheetforming collagens. Collagen IV, composed of twopAT A T khAinsyixthe

only sheetforming collagen and is unique to the basement membranglberts et al.,

2002)8 $AI AGEiT 1 & AiOE y1p ATA ;¢ AEAETI O EI |

until E9.5; in addition, the deposition of BM proteins, such as laminins and nidogensas
not perturbed. However, around E10.511.5, embryos died due to defects in the basement

membrane (Poschl et al., 2004)

While collagen IV $ieets are a major constituent of the BM, collagens XV and XVIII are
minor constituents (Amenta et al., 05; Halfter et al, 1998). Collagen XV is thought to
stabilise the BM; study ofCol15alknock-out mice indicated that although mice developed
and mated normally, they exhibited collapsed capillaries and endothelial cell
degeneration. In addition, exertse aggravated this phenotype to mimic early heart
disease (Eklund et al., 2001) Collagen XVIII isunusual as it contains HS sidehains
(Halfter et al., 1998) Analysis ofCol18alknock-out mice indicated that they developed
hydrocephalus and dilation of the brain ventricles, due to abnormal thickening of the
choroid plexus BM, indicating that collagen XVIII is important for the structural integrity
of the BM(Utriainen et al., 2004)

A variety of proteins, including SLRPs bind to collagen, and are discussed below in Section
1.5.1.

1.2.2.2Laminin

Laminins are major constituents of the BM. Aside from collagen IV, which makes up
approx. 50% of the BM, it is the most abundant protein in the BKLeBleu et al, 2007).

They provide structural rigidity due to crosslinking with collagen 1V, but also have roles

in a variety of processes including adhesion, differentiation and migration. They are large
EAOAOT OOEIi AOEA DOl OAET O Al i BdueA4; thes&Echans OA A
are joined together by hydrophobic interactions of their coiledcoil domains (Beck et al,

1993).

Each protein chain has distinct isoforms, creating a large diversity of laminin proteins.

Although the 12 mammalian chains can theoretically form 60 different trimeric proteins,
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only 16 distinct combinations have been identifiedin vivo (Domogatskayaet al,, 2012);

this is likely due to charged residues in the coile@oil region restricting the number of

possible heerotrimers., Al ET E1

chains; for example, laminiru p p

EAOAOI OOEI AOO AOA
EO Al i Pl OAA

subunits are mainly responsible for interactions with receptors and therefore can be

considered O |
function (Durbeej, 2010).

self assembly

Figure 1.4. Structure and assembly of laminin heterotrimers.
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1-chains (red) mediate most of

P Al AA AEOCA
I £ 710l A pOEM Ay

re

A

xEOE OAAADPOI OO0 AABAHIOE ACC-GA ATpd TAAIT AD
chains (blue) are mostly structural and aid in laminin seHassembly. Figure fromDurbeej, 2010).

Knock-out mouse models for different laminin subunits have shed light on the variety of

functions of laminins. For example, laminin v

EO OEA

iTo0 AAOT AAT O

deletion caused several developmental defects in the neural tube, kidnagd vasculature.

Knock-out mice for more tissuespecific subunits survive until birth, but reveal defects in

skeletal muscle, peripheral nerves, neuromuscular synapse and kidney glomerulus
(Miyagoe et al., 1997; Noakes et al., 1995; Noaketsal. 1995b; Wallquist et al., 2005) In

AA1T AGET 1

(=

I AT ET ET

Il1Th xEEAE EO

leads to defects in the microvasculature, notably leakage and disorganised vess&hen

investigated using the corneal angiogenesis modé€Thyboll et al., 2002) While the mice

were born with heavy haemorrhages seen in a variety of tissues, these defects

AEOAPDPAAOAA EI

OEA AAOI OO bi OOEAI U AOA Oi

Ai

authors performed a cornea angiogenesis assgfRogers et al, 2007), where a pellet

containing FGF2 was insetted in the normally avascular cornea and the formation of

29

A

/

E



blood vessels assessed. The resulting vasculature was extremely leaky, indicating that
IATETET 1t EAO A OI1T A ET OAOOAIT & OiF AGETT ATA
Tomy knowledge, there are three studies examining th effect of laminin isoform deletion

in the context of the bloodbrain barrier (BBB). One study examined knoclout of laminin

1 ¢ Lagna2’-), which would normally form the laminin-211 secreted by astrocytes and

pericytes in the BBB(Menezes et al., 2014)Lama2/- mice exhibit significant vascular

permeability, pericyte loss, loss ofistrocyte endfoot polarity and reduced tight junctions

between endothelial cells. Yao and colleagues created an astroegecific knockout of

1 AT ETET  r p hdmdzygh@ iflex€BEdngin g1 (F/F) mice with Nestin-Cre

transgenic mice The resulting aimals exhibit BBB dysfunction very similar toLama2/-

mice (Yaoet al, 2014). Finally, pericyteODAAEAZEA AAI AGETT 1T &£ 1 AT ETEI
BBB defects(Gautamet al.,2016), although the effects were notably more mild than in

OEA 1 Al ET Edut apdcastréchtdéO"oFA AE £AE A 1 A Foktl Thdse stugies ET | AE

strongly indicate that laminin is a critical component of the BBB.

1.2.2.3Nidogen

In vertebrates, the nidogen family consists of two proteins, nidogeft and nidogen2,
which are sulphated monomeric glycoproteins present in BMs. Nidogens have three
globular domains, denoted as GB, connected by linker regions; while the globular
domains of nidogenl and nidogen2 are quite similar, the differences occur in these
linker regions (Ho et al, 2008). They bind a variety of proteins in the ECM, including
collagen 1V, laminin and perlecan and stabilise the structure of the BNFor example,
nidogen and nidogenlaminin complexes have been shown to bind to collagen i vitro,
whereas laminin alone could notAumailley et al, 1989). Nidogen was also shown to be
able to bind to collagen IV, and together, nidogen was found to be required for the
formation of the ternary complex famed of collagen IV, laminin and nidogeifAumailley

et al., 1993)

1.2.2.4Perlecan

Perlecan is an extremely large secreted mutlomain HSproteoglycan (HSPG) found in

all BMs (lozzo, 1998). It is canposed of five connected domains with distinct folding
modules, and its overall structure has been likened to train carCabello et al., 2010)
(Figure 1.5). Domain | contains the three attachment sites for HS GAG chains and the sea
urchin sperm protein-enterokinase-agrin (SEA) module(Dolan et al, 1997). Domain Ilis
homologous to thelow-density lipoprotein (LDL) binding region of the LDLreceptor and

is capable of binding to calcium and LD[Costellet al,, 1996). Domain Il contains laminin
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B and EGF domainsvhich act as substrates to integrins to promote cell adhesion
(Chakravarti et al, 1995). Domain IV contains three immunoglobulin (Ig)like domains
(Hopf et al,, 1999); these domains are typically found in cell adhesion moleculé€rossin
& Krushel, 2000) Finally, domain V contains laminin an&EGFlike repeats. In addition, it
also has an alternate attachment site for a fourth HS GAGriedrich et al., 1999)
Proteolytic cleavage of perlecan domain V releases an aathgiogenic protein known as
endorepellin which was found to inhibit several aspects of angiogenesis, discussaelow
(Mongiat et al, 2003).

vevaran | | 1l \Y; V
sulfate
1 2 —— 21
@@ HS disaccharide . LDL receptor class || repeat O Laminin-like repeat
. SEA module 0 EGF-like repeats A, 1gG repeat

Figure 1.5. Perlecan is a multi -domain protein with HS chain covalently attached to Domain
I. Figure from (Douglasset al, 2015).

Perlecan has been shown to bind to various ECM proteins through its HS chains and core
protein, where a few examples are outlined ifTable 1.1. Binding of perlecan & BM
proteins laminin, nidogen and collagen IV has been shown to provide stabilising
interactions. As explained above, since the BM is formed of two lattices formed by collagen
IV and laminin which are brought together by nidogens, perlecan binds to all rjua BM
constituents and stabilises the overall structure. Perlecan knoeut mice diein uteroand
perinatally due to defects in the BMCostell et al., 1999) While the majority of BMs are
relatively normal in knock-outs, tissues which incur mechanical teess, such as the
myocardium, are strongly affected and embryos or neonates die of haemorrhaging. More
recent studies involved the rescue of perlecan knoekut mice by restoring cartilage
perlecan to circumvent embryonic and perinatal lethality. One studjound that perlecan

is essential for the vascularisation of endochondral bon@shijima et al., 2012) while
others have found that the depletion of perlecan resulted in decreased levels of nitric
oxide synthase leading to reduced endothelial relaxation in the aortéNonaka et al.,
2015).
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Perlecan has liree to four HS chains and has been shown to bind to growth factors such
as bFGF and VEGFE65 (Table 1.1). HSPGs are also capable of binding growth factors at
low affinity and presenting them to highaffinity cell-surface receptors (Klagsbrun &
Bairdt, 1991), essentially acting as a coeceptor. This interaction was found to be vital, as
removing or blocking HS proteoglycans ablated FGF signalling, despite the presence of
high-affinity FGF receptors(Rapraegeret al, 1991; Yayonet al, 1991). Therefore, in
addition to having a structural role to stabilise the BM, perlecan can also bind to growth

factors and influence cellular processes.

Domain Binding partner Reference

I (HS) Laminin (Ettner et al, 1998)

I (HS) PRELP (Bengtsoon et al., 2002)

I (HS) VEGFA165 (Zoeller et al, 2009)

| (HS) bFGF (Whitelock et al., 1999)
v Collagen IV (Hopf etal, 1999

Whitelock et al., 1999)

v Laminin (Hopf et al., 1999)
v Nidogen1 (Hopf et al., 1999)
v Nidogen2 (Hopf et al. 1999)
v Fibronectin (Hopf et al., 1999)
Y, Lcrp ETOA{ (Bix et al., 2004)
\Y furp ET OA{ (Nystrom etal., 2009)

Table 1.1. Examples of perlecan binding partners.

Due to its multi-domain structure, perlecan has a multitude of roles, including cell
adhesion and migration, lipid metabolsm, cartilage homeostasis and angiogenesis
(Douglass et al., 2015)In the context of angiogenesis, perlecan has two opposing roles.
The complete perlecan protein is capable of binding to growth factors and modulating
signalling. For example, perlean was shown to regulate developmental angiogenesis via
the VEGFA/VEGFR?2 signalling ax{goeller et al., 2009) In addition, perlecan was able to
stimulate angiogenesis by itself in theabbit ear model for angiogenesis via bFGAviezer

et al., 1994) As alluded to above, perlecan also has aatihngiogenic ability; cleavage of
domain V byCathepsin L(Cailhier et al., 2008¥esults in the release of endorepellin which
has been shown to have strong inhibitory effects on angiogenesis. Since endorepellin is

derived from perlecan, itsdistribution is similar to that of perlecan.

Studies indicate that endorepellin acts to destabilise focal adhesions by binding to the

collagen receptory ¢ 1 p E Tre€ufli®nEsiistained activation of FAK and ultimately
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the disassembly of actin stress ffires and focal adhesiongBix et al., 2004). Endorepellin

can also bind to VEGFR1 and VEGFR2 in a discrete location separate from the VEGFA

binding site (Goyal et al., 2011, 2012)As a result, endorepellin exerts regulatory effects

on the Akt and JNK pathways. Finally, endorepellin has been shown to be gngiogenic

after ischaemic stroke due to the lack of ath T CET CAT EA jJ¢rp ET OACOET Al
of pro-AT CET CATEA jJurp ET OACOET BAkADAD2011)I 1T AT AT ¢

highlighting the complex role of perlecan and endorepellin in maodlating angiogenesis.
1.3 The vascular system

1.3.1Structure and function of blood vessels

The vascular system is a continuous network composed of blood vessels of differing sizes
and structure depending on their function with the aim of transporting oxygen and
nutrients in blood throughout the body (Figure 1.6). Arteries carry blood away from the
heart, whereas veins carry blood back to the heart. Smaller arteries and veiage called
arterioles and venules respectively, which then become capillaries enat the exchange

of nutrients and oxygen from the blood to tissues.

Endothelial cells under the BM form the inner lining of the vessel, and are surrounded by
a type of munal cell; vascular smooth muscle cellfvSMCs)or pericytes (Ozerdemet al,
2001). Endothelial cells and mural cells secrete proteins which form the Bi@rachvogel
et al., 2007; Gospodarowiczt al, 1981; Yousifet al, 2013). In addition to providing
rigidity and structur e to the vasculature, the BM also provides a platform onto which

other cells can attach(Yurchenco, 2011)

Arteries and veins are the largest vessels; here, the endothelial cells are surrounded by
vSMCs which form multiple concentric layerg§Gaengelet al, 2009). There are additional
layers of ECM depositions, the intima, separating endothelial cells and vSMCs. vSMCs
regulate the vascular tone and contraction bthese larger vessels, ultimately affecting

blood flow.

In contrast, smaller vessels, capillaries, are composed solely of endothelial cells,
surrounded by pericytes embedded within the basement membran¢€Ozerdem et al.,
2001). Pericytes are activelysignalling mural cells. They have roles in angiogenesis,
maintenance of the bloodbrain barrier, endothelial cell regulation, vessel stabilization

and clearance of toxic productgArmulik et al, 2011).
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Figure 1.6. The vascular network is composed of larger arteries and veins and smaller
arterioles, venules and capillaries. Arteries and arterioles contain oxygenated blood, whereas
veins and venules carry deoxygenated blood back to the heart. Capillaries providea®d nutrients
to tissues.

1.3.1.1Pericytes

Pericytes are mural cells associated with capillaries. Pericytes are embedded within the
AT AT OEAT EAT AAT 1068 "- AT A EAOA A AEOOET AOGEOA |
accompanying round nucleus and they also ke processes which envelop blood vessels
(Figure 1.7). Pericytes and endothelial cells are mostly separated by the shared BM,
however there are discrete pegsocket type contacts(Armulik et al, 2011)which contain
both gap (Cuevas et al., 1984and N-cadherin-rich adherens junctions(Gerhardt et al,
2000). A single pericyte often contacts several endothelial cells through its cell processes.
Pericytes not only provide structural support and reguate blood flow but also regulate
angiogenesis, vessel permeability and maturatiofArmulik et al., 2011; Bergers & Song,
2005).
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