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Abstract

Integrin a7B1 plays an important role in maintaining adult skal muscle
integrity and like dystrophin, provides anchoragel aidirectional signaling as a
laminin receptor. The expression @71 integrin was upregulated upon dystrophin
deficiency arguing for the molecular compensationl shus considered as potential
candidate for treatment of Duchenne Muscular Dystyoq DMD).

The existence of developmentally regulated altéraeaplice variants makes the
a7l integrin a complex integrin to study its functionskeletal muscle. In this study
we show that increased levels of the adult exthaleelvariant X2 interfere with muscle
integrity, while the presence of embryonic integtihextracellular variant X1 results in
normal skeletal muscle architecture. Furthermomgaitbd analysis omdx"9 mice
suggests that overexpression of integwin made no difference on the dystrophic

phenotype, in faandx*’*2mice show a more severe phenotype compareutianice.

Our study also shed light on the importance of gnte a5 during the
development of the skeletal muscle by means ofrgéing conditional knockout (cKO)
mice using HSA-Cre and Pax3-Cre promoter systenus.fiddings show no obvious
difference in the Itga5 cKO when the HSA promoteves Cre recombinase, however

conditional loss under the control of the Pax3 prytenleads perinatal lethality.

In addition we investigate the dosage effect okegnn o5 in integrin o7
knockout (KO) mice to understand the cross talkvben these two integrins and to co-
relate with previous data suggesting a gain of tioncphenotype by that existence of
integrin a5 at the myotendinious junction (MTJ) a¥KO muscle (Nawrotzki et al.,
2003)

From our data we know that gene therapy with integy is a challenge and is
not a suitable alternative to cure dystrophy, asteot inmdxmice, we therefore switch
our focus on looking into cell based therapiesDMD by investigating the potential
role of perivascular cells (PVCs) using transplaata experiments in mice by

artificially inducing muscle damage.
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Chapter 1

1. Introduction
1.1 Skeletal Muscle:

Muscle is a specialised tissue that has both thieyaio contract and to conduct
electric impulses. There are three types of mussdele - skeletal, cardiac and smooth
muscle. Skeletal muscle moves the body with the leél muscle fibre contraction,
which is a result of the force generated by ATPscmomption. The contractile force
generated in the muscle must be passed throughmtieele cell membrane, the
sarcolemma, to the muscle surrounding basement nametbefore being transferred
through the tendon to the bone allowing for a jombvement. The complexity of
muscle function requires a high degree of speaitiis and organisation of muscle cell
components, but this also leaves muscle susceptitiee effect of mutations. This is
exemplified by the muscular dystrophies, of whicany are caused by the disruption of
the muscle cell anchorage between inside and @utdithe cell.

Skeletal muscle integrity and its function are neiimed by the interaction of the
muscle cell with the surrounding extracellular matCell adhesion molecules, like
integrin a7p1 and the Dystrophin Glyoprotein Complex (DGC) litle muscle cell to
the surrounding basement membrane and thus plagportant role in transferring
signals between inside and outside of the musdle Itdhas been shown that in the
absence of either of these cell-adhesion molecuolescle integrity is compromised
leading to muscle wasting disease and myopathiesordler to develop potential
therapies for the diseases it is important to wtdad the role cell-matrix interaction
plays in normal development and maintenance oathudt muscle cell.

1.2 Muscle fibre development, structure and functn

The first sign of commitment to the myogenic lineag the mouse is seen
around 8 days post coitum ( Ott et al., 1991) wtenprecursor cells in the paraxial
mesoderm (those adjacent to the notochord and Inéuba) start to express the
myogenic regulatory factors (MRFs). The promotemnednts that control the specific
temporo-spatial expression of the MRFs coordinatmgpgenesis have yet to be fully
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elucidated, though it is known that the transooiptof muscle specific proteins is a
complex network of feedback loops and cascadesviatpthe precise control of the
differentiation state.

Once committed to muscle cell lineage, myoblastsisgie cell precursors)
migrate to regions of muscle formation and starpitoliferate. Some align with each
other, withdraw from the cell cycle and fuse tonfiamulti-nucleated primary myotubes.
Subsequent migrating myoblasts then fuse to thimgry structure and this process is
termed secondary myogenesis. The fusion of myablmsform myotubes is termed
terminal differentiation. The secondary myotubestitme to grow and elongate by cell

fusion before eventually separating and maturing adult muscle fibres (Fig. 1.1).

Terminal Differentiation
Myoblast Myotube - Adult

Primary Secondary
myogenesis myogenesis

Figure 1.1: Schematic representation of myogenedizoblasts withdraw from the cell cycle
and fuse to form primary myotubes. Further myoliasion is termed secondary myogenesis

Over the course of this process, structural pretamd enzymes are synthesised
and assembled into structural components or secteteontribute to the specialised
extracellular matrix surrounding muscle.

Secondary myotubes grow as a result of cell fuaiwh eventually separate and
mature into adult skeletal muscle fibre. They areltimucleated and cylindrical in
shape. A single myofibre contains bundles of myd&b which are divided into a
serially arranged contractile apparatus calledosaers. Each myofibre is surrounded

by a plasma membrane called sarcolemma (Figure 1.2)
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Perimysium
Epimysium
Endomysium

Myofilaments
(contractile
° })‘/ apparatus)

R Nucleus

Sarcolemma
Basement Membrane
Tendon

Fasiculus Nucleus

Figure 1.2: Adult skeletal muscle structureThe myofilament proteins constituting the
contractile apparatus are found within each indivadl myofibril. Myofibrils are bundled within
the muscle fibre and encased by the sarcolemmanttiexle fibre plasma membrane) and a
specialised extracellular matrix (ECM), the basetmerembrane, to form muscle fibres. The
nuclei of each fibre lie just under the surfacetld sarcolemma. Between muscle fibres is an
interstital connective tissue termed the endomysinbundle of muscle fibres termed the
fasiculus, is encased by the perimysium and folmasntuscle unit. (Taken from Rogers and
Mayer, 2006)

Myofibres are attached to the sarcolemma at Z-disk$ocal adhesion points
called costameres. The muscle fibre is linked &dgkeleton via the fibrous connective
tissue called tendon. The site where the tendontsmée muscle fibre is called
myotendinious junction (MTJ). At the MTJ the sasmoima forms digit-like extensions
into the tendon to increase the surface area d¥ith& and thus transferring tension into
shear stress.

Myofibres are further classified into fibre typesidative/slow (type I) and
glycolytic/fast (type Il) fibres, depending uponeih morphology, metabolic and
physiological properties. Glycolytic fibres are ther divided in the mouse, into
subtypes lla, llb and lld. Each fibre type diffénsthe expression of the myosin heavy
chain, structure and biochemistry (Payne et alfb181oss et al., 1991). Adult skeletal
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muscle has its own population of stem cells caliatellite cells found between the
muscle fibre sarcolemma and the basement membBiskoff, 1994). They mediate
repair of the adult muscle, being mitotically quest they are activated to re-enter the
cell cycle in response to stress, induced for exanyy injury (Grounds, 1991) or
diseases such as muscular dystrophies (Webstdsland1990).

The main function of muscle fibres is to contrastl @s a result produce body
movement. The contractile unit of the muscle isnent the sarcomere and is defined as

the unit between two Z-lines (Figure 1.3).

Sarcomere

H-Zone |-Band

N

)

Overlap M-Line

A-Band

Actin
Z-Line Myosin

Figure 1.3: The contractile unit of muscle. Muscligbres are striated due to the structure of
the contractile unit. The alignment of actin and myosin gives skeletedabe its characteristic
striations. Myosin fibres are thick and constittite dark A-band, in the centre of which is the
lighter H-Zone. Adjacent to the A-band is the legght-Band, this also contains the darker Z-
line. The portion between two Z-lines is a singtmtractile unit, termed the sarcomere.
Stimulation by a nerve impulse causes the globiaéad of myosin to bind actin. Once bound,
ATP consumption results in movement of this hegmbme which pulls the actin into the centre
of the sarcomere. The myosin head then releaseactie filament and the cycle is repeated.
The sliding of myofilament components over eackrotfa the consumption of ATP reduces
muscle length by 70%. (Taken from Rogers and M&@£5)

Skeletal muscle function integrity and the transmis of chemical and
mechanical signals are maintained by the interactd the muscle cell with the
surrounding extracellular matrix. As muscle cellnttaction generates the force
required for movement, muscle cell attachmentdaitrrounding matrix at the sites of

force transmission is vital. In addition to the om@ance of force transmission,
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interaction of muscle fibres with their surroundintatrix is also significant in the
regulation of cell survival, proliferation and difentiation (Hynes, 2002). The correct
attachment to a normal basement membrane is therai®important to muscle fibre

function as the integrity of the muscle fibre ifq€&ligure 1.4).

Basement membrane
components eg. laminin

Transmembrane
complexes eg. Integrins

Sarcolemma

\‘.
\ \\\
NN
Costamere *
f @ IMuscIefibre

Z-line

Myofibril

Figure 1.4: Anchorage of the contractile apparatus adult skeletal muscleContraction of
muscle results when the myosin and actin filamehthe myofilaments slide over each other.
The Z-line is the point at which the actin filangeate anchored. Myosin also has a base plate
to which it is anchored, termed the M-line. Thern&land to a lesser extent the M-line are the
points at which the contractile unit attaches te tharcolemma and therefore the basement
membrane. These linkage points are termed the meses (Pardo, Siliciano and Craig, 1983)
and are rich in proteins such as vinculissactinin, talin and the transmembrane adhesion
receptors, the integrins. (Taken from Rogers angévla2006).

Cell-matrix contact is predominantly maintainedotigh the interaction of
muscle cell transmembrane receptors and cell agdhgsoteins found in the basement

membranes.
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1.3 Basement membrane
Basement membranes (BM) are a highly specialisethesit of extracellular

matrix structure, which surrounds the skeletal reubre and play an important role in
muscle fibre regeneration. It was first described 840 by the histologist and surgeon
Sir William Bowman (Bowman, 1940). In his publicati Bowman described what is
known as a BM to be highly delicate, transparentl aastic sheath encircling
individual muscle fibres. Analysis at the levelactron microscopy revealed that the
basement membrane is made up of two layers. Tkt lging a sheet-like structure
directly linked to the sarcolemma, called basaliter(Figure 1.5) and the second an
underlying fibrillar reticular lamina. The basalmaa consists of members of the
laminin family, members of the type IV collagen im the heparan sulphate
proteoglycan perlecan, nidogen and additional nuddscsuch as growth factors and

agrin (Timple and Brown, 1996).

; Nidogen
=__ Perlecan
U—%"" Integrin a7p1
4 ————\ @ CollagenIV
ﬂ Laminin

Plasma membrane

Figure 1.5: The basal laminaA) Scanning electron micrograph of the basal lzartiaken from
the cornea of the chick embryo, where the epitheldls have been removed to reveal the
sheet-like structure. B) The networks of collaggpetlV and laminin connected through
nidogen and perlecan. Integritvl and DGC (not shown in here) connect the basaifarto
the plasma membrane in skeletal muscle. (Adapbed Alberts, 2002).

Within the ECM protein family, laminin has been smoto have a significant
effect on cell behaviour. Laminin induces changesniyoblast cell shape, enhances
migration and stimulate proliferation (Ocalan et d988; Timpl and Brown 1996).
Laminin is a trimer, composed aof § andy chains. Laminins-2, -4, -8, -9, -10 and -11,
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containing theo2, a4 anda5 chains, respectively, are those predominant elesi
muscle basement membranes during development.elmadult, laminina4 and a5
chains become confined to the neuromuscular jumgttMJ) and blood vessels, while
the a2 chain containing laminins (laminins-211 and -2®Ecome the predominant
forms (reviewed in Gullberg et al., 1999; Sane§30

Basement membranes are important for cell polaisan the embryo and
adult, for cell migration during development and &Il migration and adhesion in
wound healing (Yurchenco et al., 1993). The changexpression pattern of basement
membrane components reflects the degree of spsatialn of the muscle ECM to
muscle cell development and function. For exampégminal differentiation is
characterised in part by a switch from a fibronectth ECM to a laminin-rich
basement membrane (Kuhl et al., 1986).

Fibronectin has pronounced effects on cell behavilbus implicated in many
processes in the developing embryo such as gastrylanigration of neural crest cells
and germ cells, somitogenesis and the developnietiteoheart and vasculature. Its
importance is reflected by the embryonic lethatityunctional null mutant mice. These
mice have mesodermal defects and fail to develdpchords or somites (Georges-
Labouesse et al.,, 1996). Fibronectin is first pmesat the blastocyst stage of
development in mouse embryos and is abundanteat gitactive cell migration (Hynes
and Yamada, 1982). Within the adult, fibronectiningolved in processes such as
wound healing and pathological processes suchrambosis, fibrosis and neoplastic
transformation (George et al., 1993). In muscleroinectin is down regulated in the
basement membrane surrounding newly formed musdbresf at terminal
differentiation, though its expression remainshi@ éndomysium between them.

The effects of various BM components on cell fumtsi are mediated via cell
surface receptors, like integrins and dystroglyamckson and Couchman, 2000).
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1.4 Transmembrane receptors:

Transmembrane receptors are necessary to inducatioig differentiation and
fusion of myogenic cells as well as provide impotteellular interactions between the
actin cytoskeleton and the extracellular matriadult skeletal muscle. The two major
transmembrane receptors expressed in skeletal equatiich link laminin of the
basement membrane to the actin cytoskeleton are Diysrophin-Glycoprotein-
Complex (DGC) and integria7p1.

1.4.1 Dystrophin-Glycoprotein-Complex (DGC):

The DGC is a multi-functional protein complex made of membrane
associated proteins and plays an important rolena@intaining the integrity of the
skeletal muscle fibre. This multi-subunit proteimnglex is comprised of structurally
organised 3 distinct sub-complexes namely, theadeltular proteins, dystrophin,
syntrophins, the sarcolemmal localispdlystroglycan, sarcoglycans, (B, y andd),
sarcospan and the extracellulardystroglycan. Dystroglycan is a ubiquitously
expressed large glycoprotein, which is distribuaethe cell surface. It is a product of a
single gene and the protein is further processaal tiwo non- covalently linked sub-
units calleda -and B- dystroglycan.a- dystroglycan acts as a receptor for ECM
components on the extacellular side, whefedgstroglycan is inserted into the plasma
membrane where it binds to dystrophin inside tHe Early studies demonstrate that
dystroglycan plays an important role in BM formatiof embryoid body; thus mice
deficient for dystroglycan die early in developmernibr to gastrulation (Williamson et
al., 1997).

Dystrophin binds to the actin cytoskeleton with M-terminal end and with its
C-terminal end tg3-dystroglycan, which then links to the extraceltuhaatrix by o-
dystroglycan and laminin interaction (Durbeej arair@bell, 2002) thereby providing a

link between the extracellular matrix and the aciytoskeleton (Figure 1.6).
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Dystroglycan complex

Laminin 2

\ —
Sarcoglycan complex

Sarcospan +«— Dystrophin

Filamin 7

a- Dystrobrevin

Calmodulin

™

Syntrophins F-actin

Figurel.6: The Dystrophin-Associated Protein ComplédDAPC). This simplified cartoon
represents the major components of the DGC, theaaedtular laminin 211 ligand and
intracellular binding partners. The DGC is made @iptwo subunit$x andf. a-DG is located
on the extracellular side of the membrane, wherebihds to laminin-211 and the
transmembrane -boun@;DG. B-DG then binds intracellularly to dystrophin, limg DG toy-
actin. Associated with DG is the sarcoglycan complehich is composed of multiple subunits.
Other components include sarcospan, dystrobreyimygphin, n-NOS and calmodulin.

The DGC is critical in maintaining skeletal muscMutations in the genes
encoding components of DGC and the lamiath chain cause a class of hereditary
myopathies, known as muscular dystrophy, charast@érby muscle degeneration and
regeneration, which is typically progressive andniiests in different severities

depending upon the gene mutation.
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1.4.2 Integrins:

Integrins constitute a large family of glycosylategterodimeric transmembrane
adhesion receptors mediating cell-cell, cell-matand cell-pathogen interactions. The
name “integrin” comes from the “integrating” natwkthese adhesions (Tamkun et al.,
1986) as they integrate the cell's exterior (ECMjhe cell’s interior (cytoskeleton). All
integrins areufy heterodimers. There are 8 knoWrsubunits and 18 knowe subunits
that can associate to form 24 different integriGaillberg, and Lundgren-Akerlund,
2002). Thefl subunit is associated with at least 12 differersubunits to form the
largest sub family of integrin (figure 1.7). Thengplexity is increased by the existence

of several isoforms with alternatively spliced gjesmic domains (Altruda et al.,
1990).

ICoIlagen receptorsJ Leukocyte-specific

@ | receptors

2 obe
AP O @@@@

Figure 1.7: The integrin family Integrins consist of two subunitsandf. Together they form a
heterodimer. 24 heterodimers are known to existdrtebrates. Each heterodimer interacts
with specific ligand. (Taken from Hynes, 2002)
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There are two intracellular splice variants known the integrinB1l subunits in
the mouse, namelyLA andpB1D. They are also the most abundant fornfbintegrins
in human (Baudoin et al., 1998). Th2A variant is ubiquitously present, while theD
is restricted to skeletal and cardiac muscle (vanHier et al., 1995; Zhidkova et al.,
1995). TheB1A subunit is expressed during primary myogenasis;then replaced by

B1D during secondary myogenesis (Brancaccio e1998).

1.4.2. 1 Integrin structure: the extracellular donvas

The integrina andp subunits show no homology to each other. &rsaibunits
are 130-180 kD in size arfiisubunits are approximately 90 kD. Both subunitsiar
contact with each other via their N-terminal donsawvhich form globular head. This is
the region at which the subunits interact with eaitter and with their ligands (Nermut,
et al., 1988; Weisel et al., 1992) (Figure 1.8).

o Subunit [ Subunit

Figure 1.8: A Schematic and simplified portrayal ahtegrin ¢ and g subunit domain
structures.Domains of thex subunit include, thg-propeller, threef-sandwich domains that
make a ‘thigh’ domain and two similar domains fanmithe ‘calf’ module (Xiong et al., 2001).
Within the # subunit there is a PSI domain, so termed becatise present in_plexins,
semaphorins and integrins (Bork et al., 1999), fepidermal growth factor domains andfa
tail domain.
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The globular head domain of the integrin is a regat which the subunits
interact with each other and with their ligandsvigeved in Humphries, 2000). Ligand
binding is complicated and requires an understandih subunit structure. Ligand
binding of integrins requires the presence of dimalcations. The way in which the
subunits contribute to the co-ordination of theiaxad divides them into two groups.
This classification depends on the presence ofdomniain (Inserted domain) (Lee et al.,
1995; Michishita and Arnaout, 1993)

The o subunits are structurally divided into two diffetgroups, those with and

those without an inserted “I” domain (Lee et 41995). The domain is also referred to
as the A-domain as it is homologous to the vanaliihnd factor A domain (Arnaout et
al., 1988; Corbi et al., 1987; Larson et al., 198®)similar domain constitutes the
globular head in th@ subunit. The globular head of both typesi@&ubunits is made up
of seven repeated structures, which fold to forseeen-bladed@-propeller (Springer,
1997; Xiong et al., 2001), which is connected tohgh and the calf-1 and calf-2
domains. Some of thg-propeller repeats assembles EF-hand liké&" ®@anding sites
(Leitinger et al., 2000) (repeats 4-7 in non | domachains and repeats 5-7 in | domain
a chains). A typical EF-hand repeat contains 12 amacid residues, with oxygen
containing residues at positions 1, 3, 5, 9 andri®these provide coordination sites for
divalent cations (Strynadka and James, 1989). Hewelie EF-hand-like repeats in all
integrina subunits lack the coordination site at positiondi# still appear to be able to
coordinate a cation (Gulino et al., 1992; D’Soutzale 1991). The specific role of these
sites has proven difficult to study as their matatoften leads to a lack of cell surface
expression (Wilcox et al., 1995; Masumotp and Henl893). However, it has been
shown that coordination at these sites may nohbelved in the ability to bind ligand,
but rather in the regulation of cell adhesion itigand binding-independent manner
(Pujades et al., 1997). The Tainding to these sites allosterically affects ligand
binding (Humphries et al., 2003; Oxving and Sprind998). Half of the 18 known
integrin o subunits have an inserted | domain. Tdle 02 010 andall subunits
associate witl1 subunit and form ECM-binding integrin. Tl®, aM, oL, aX (B2
associated) andE (37 associated) mediate cell binding in cells ofithenune system.
The crystal structure of | domain froaM, oL, al anda2 revealed that the centr
sheet is surrounded by sewehelices to form a Rossman fold (Emsley et al.,719®e

et al., 1995; Nolte et al., 1999; Qu and Leahy,51%ch et al., 1999).
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The extracellular domain of tiesubunit consists of an | domaifl{ domain)
linked by a hybrid domain to the stalk region. THderminal also forms a separate
domain called plexin-sempahorin-integrin (PSI) domavhich folds back from thél
domain to hybrid domain (Bork et al., 1999). Tpledomain is involved in ligand
binding. It consists of an Mg coordinating MIDAS and a site adjacent to MIDAS
(ADMIDAS) binding and inhibitory C& ion. pl domain is also involved in the folding
of a-chain B-propeller. Bl domain is responsible for the conformational aem by
binding to the Mn2+ ion (Humphries et al., 2003heTB-chain cytoplasmic tail is
longer than that of the chain and is involved in the anchorage to cytastosl. Theo
subunits lacking an A domain lack the MIDAS, soadiernative method of metal ion
co-ordination must be achieved. This is viafth@opeller domain and an I-like domain
found in thep integrin subunit, as exemplified by tl&/f3 integrin crystal structure
(Xiong et al., 2001). It seems that aromatic ressdwithin thep-propeller of theaV
interact with thef§ subunit to form an interface for cation co-ordioatand therefore
ligand binding (Xiong et al., 2001).

The two different groups of integron subunit (I-domain containing or not) also
differ in that those not containing an I-domaar8( a5, a6, a7, av andallb) also have
an endogenous proteolytic cleavage site, closén¢ottansmembrane domain. These
integrins exist as an N-terminal heavy chain an2Dé€80kDa C-terminal light chain,
held together by a disulfide bridge. Proteolytieaslage is vital for the functional
activation of cell surface receptors, adhesion gwdés and extracellular matrix proteins
(Seidah et al., 1998; Seidah and Chretien, 1997).

Limited investigation into the function of protetty cleavage in integrira
subunits has been carried out. Integxh was expressed in the LoVo cell line, which
expresses a mutated, non-functional form of theepigtic cleavage enzyme Furin
(Lehmann et al., 1996). The un-cleavabk integrin was able to associate with fhe
subunit and the attachment of these cells to lawinvas indistinguishable to cell lines
expressing the cleaved form of integai@.

Similarly, mutation of the cleavage site of integallb33 did not affect cell
surface expression or adhesion on fibrinogen (Kakgcet al., 1991). In fact, the role of
integrin a subunit cleavage has as yet, remained elusivieadthowever been shown

that disruption to the cleavage site of integné affected its inside-out signalling in
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terms of affinity modulation by phorbol 12-myristat 3-acetate (Diamond and Springer
1994).

Integrins are major carriers df-glycans and it is well known that cell surface
carbohydrates contribute greatly to the interacbhetween a cell and its extracellular
environment. This includes processes such as eklcommunication, cell signalling,
protein folding and stability. Both the and 3 subunits of integrins are glycosylated.
The a5B1 integrin is one of the best characterised integrt has been shown thst
glycans are a requirement faf3 dimerisation, proper integrin-matrix associati@msl
probably lateral association of integrins with meama associated proteins and
glycolipids (Gu and Taniguchi 2004; Bellis 2004; edy and Hakomori 1994).
Abnormal changes to N-glycosylation of integring caodulate biological functions
such as cell spreading and migration, which makesntof particular importance in
disease, processes such as cancer (Dennis ed@2,, Zasiulionis et al., 1996; Miyoshi
et al., 1999).

The ligands thaBl integrins interact with are mostly componentsha® ECM
and counter receptors on other cells. Integrineraat with defined recognition sites
within their ligands. The first to be elucidated svArg-Gly-Asp (RGD), present in
fibronectin and vitronectin and recognisedd®pl, allbf3 andaVp3 integrins (Charo
et al., 1990; D'Souza et al., 1988). RGD-reactivegrins are quite closely related and
all contain o subunits that are without an I-domain and whick proteolytically
cleaved. Within the group of laminin-recognisingeigrins two groups seem to have
independently evolved. One recognises the E8 fragrentaining the long arm of
laminin (Gehlson et al., 1989) and is recognisegioyeolytically processed subunits,
a3pl, a6Bl anda7pl. The other group recognises part of the shortarthea chain in
laminins, they have uncleavedsubunits with | domains and includé¢pl anda2p1
(Hall et al., 1990).

1.4.2.2 Integrin: intracellular domains

Ligand binding conveys a signal to the cell intertbrough the membrane
spanning region and cytoplasmic portion of eachrchathin the dimer. Cytoplasmic
tails are short in length and there is high segeanmuilarity between the differentand
B cytoplasmic tails. The conveyance of an integredrated signal involves the

coordination of components of the cell cytoskeletwrassociated signal transduction
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molecules. The main difference between integrirg @ther adhesion receptors is their
ability to regulate their signalling from the insiéind the outside. Integrin modulation
from within allows the cell to have some controkothe ECM that surrounds it. The
interaction of intracellular proteins with the cgtasmic domains of the integrin dimer
can regulate integrin function (Liu, Calderwood daithisburg, 2000). This could be by
‘activating’ them to increase their affinity foghnd (Schwartz, Schaller and Ginsberg,
1995).The interaction of the andp cytoplasmic domains can also alter the affinity of
the receptor (Lu, Takagi and Springer, 2001). & bhaen suggested that the receptors
may be kept in a default low-affinity state, whiamay help to protect cells from
opportunistic pathogens able to utilise the reasp{blauck, 2002). It was suggested
that the activation state of the integiWp3 may be controlled by its extracellular
conformation that a ‘bent’ inactive state may exwghere the globular head folds over
to lie close to the cell membrane (Xiong et alQ20Beglova et al., 2002).

Ligand binding to integrins is associated with thestering of integrins and the
recruitment of actin filaments and signalling pmose(Hynes, 2002). The specialised
complexes formed at the membrane are termed falla#ssons. The structures are
dynamic and can dissociate and reform at differgtés and this phenomenon is
involved in processes such as wound healing arldndgtation (Grose et al., 2002;
Ballestrem et al., 2001). This provides an affinitgependent mechanism of regulation
through changes to integrin clustering and theuditin rate of integrins within the
membrane (Kim et al., 2004).

The correct localisation of integrins also requigesonnection to the actin
cytoskeleton via the integripl cytoplasmic domain. This connection can be active
in-direct association of intermediary proteins utihg vinculin, talin,a-actinin, tensin
and paxillin (reviewed in Brakebusch and Fassle03). Mutations to the cytoplasmic
domain of integrinB1, prevent the localisation of the heterodimerdoaf adhesions,
cause reduced ligand binding and impaired actimatocd downstream signalling
molecules (Marcantonio et al., 1990; Hayashi etl®190; Solowska et al., 1989).

As integrin cytoplasmic domains have no detectebleymatic activity, as well
as providing an achor to the actin cytoskeletontgins binding the integrifd tails also

regulate the bi-directional signalling mediateditggrins.
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1.4.3: Bidirectional signalling of integrins

Integrins are bidirectional signalling molecule.taxellular stimuli can induce
intracellular signalling cascades (outside-in sliigmg) and intracellular stimuli can
regulate extracellular changes (inside-out signg@)li These will be discussed in detail

below.

1.4.3 | Inside-out signalling

Integrins are expressed on the cell membrane i lwdctive and active
conformations. The active conformation of integrnissontrolled by pathways that act
on the interactions between the cytoplasmic tditheo andp subunits (Constantin et
al., 2000; Dustin and Springer, 1989; Lollo et 4893). In the absence of intracellular
stimuli the cytoplasmic tails of theandp subunits are bound together constraining the
integrin in an inactive conformation. In this lowfimity state the integrin assumes a
bent conformation (Figure 1.9A) (Takagi et al., 2D0OBinding of talin to the
cytoplasmic tail of thgd subunit leads to the separation of éhandp cytoplasmic tails
(Tadokoro et al., 2003). This causes a separafitimedransmembrane domains and the
membrane proximal extracellular domain. This comf@tional change destabilises the
interface between the headpiece and the tailpiécetegrins inducing a switch-blade
like opening of the integrin into an extended,\aetonformation (Figure 1.9B) (Takagi
et al., 2002). In the extended conformation integhave a high- affinity towards their
extracellular matrix ligands (Takagi et al., 2002k tive ligand-bound integrins then
cluster on the cell membrane and, together witlhouarcytoplasmic adaptor proteins,
form complexes known as focal adhesions. Folloviiregformation of focal adhesions,

integrins modulate a vast array of intracellulaaroges.
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Figure 1.9: Inactive and extended integrin conforrtians. Electron micrographs and ribbon

diagrams of (A) bent/inactive and (B) extendedivacintegrin conformations. Bending occurs
at the junction between the tailpiece and the haswp in the extracellular domains,

corresponding tar position between the thigh and calf-1 domain efahsubunit and between
I-EGF domains 1 and 2 in th@subunit (Modified from Takagi et al., 2002).
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1.4.3.11 Outside-in signalling:

Approximately 150 different molecules have beenwshado interact with
integrins at focal adhesions, including growth dageceptors, kinases phosphatases, G
protein regulators, proteases, actin modulatorsnamitiple adaptor proteins (Zamir and
Geiger, 2001). Integrin-mediated signalling is #iere a complex event, which is
required to modulate a diverse array of cellulanawsours such as cell proliferation,
cell survival, cell shape, cell polarity, cell madgjon, gene expression and
differentiation. It is well established that sigha pathways rely on a cascade of
phosphorylation events, however integrins do naitaia any intrinsic kinase activity
and therefore depend on kinases associated withayteplasmic tails. The two main
kinases, which associate with the cytoplasmic il the B subunit and elicit
downstream signalling effects are focal adhesiam$e (FAK) and integrin linked
kinase (ILK). The importance of FAK and ILK has beestablished. Both are critical
for development and their absence leads to emhryethality (llic at al., 1995; Sakai
et al., 2003). There are many additional bindingtgins and downstream signalling
pathways including membrane extension by the imegediated dissociation of GTP-
bound Rho-GTPases (Del Pozo et al.,, 2002) or thivaéion of Src-like kinases
involved in pathways regulating microtubular reamgpation (Etienne-Manneville and
Hall, 2001). Mitogenic signalling proteins can als®recruited including growth factor
receptors (Miyamoto et al., 1996; Plopper et &93), mitogen-activated protein kinase
(MAPK), lipid second messengers and protein phasysieas (Miyaamoto et al 1995).

Most integrin heterodimers are expressed on a wateety of cell types and
most cells express several integrins. The wideetsarof integrins and their ligands
mean a cell can modulate its adhesiveness by aigntfie pattern of integrin
expression. In addition, cells can even modulagehimding properties of the specific
integrins they express (Elices and Hemler, 198%ch{iofer et al., 1990; Staatz et al.,
1989).
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1.5 Integrins during skeletal muscle development

Within adult mammalian skeletal muscle, memberghefi1 family of integrins
are expressed at areas important to muscle funclibese include the costameres,
neuromuscular junction (NMJ) (where the nerve méssmyofibre), the MTJ and the
sarcolemma. Though their expression patterns & efthese sites vary depending on
the stage of development. As described previousiyggenesis involves the migration
of myoblasts to areas of muscle formation follovisdtheir differentiation into adult
muscle fibres. Regulation of this is controlleddyyokines, cell adhesion receptors and
ECM components.

During and following the development of skeletalstle the expression pattern
of integrin subunits and their splice variants aghtly regulated (Figure 1.10). The
predominant integrin subunits expressed in skeletacle arexd, o5, a6, a7, av and
B1. The integrin subunit7 is alternatively spliced in both the cytoplasru@A and
a7B) and the extracellulan{X1 anda7X2) domains (Collo et al., 1993; Song et al.,
1993; Zober et al., 1993). Splicing of integpih gives rise to two variants expressed in
muscleB1A andB1D (van der Flier et al., 1995). Tigd integrins have been shown to
be important at the specific step of plasma meniareakdown and subsequent to
this, in the assembly of the muscle fibre cytoskelgSchwander et al., 2003). By the
time secondary myotubes have formed the integftid cytoplasmic splice variant has
replaced integrirB1A. Integrin 1A staining has disappeared from the sarcolemma of
adult muscle fibres (Belkin et al., 1996). TRED variant is specifically restricted to
skeletal and cardiac muscle (van der Flier et1#195; Zhidkova, Belkin and Mayne,
1995) where it is enriched at sites of force tragsmn (Belkin et al., 1996; van der
Flier et al., 1995). It is thought to provide acsiger connection at this site than the
integrin B1A variant, and this has been exemplifigd vitro by the improved
cytoskeleton-ECM connection of non-muscle cellsndfacted with integrin31D
(Belkin et al., 1997).
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Embryonic (E12-E20) HPostnatal (PO-PIO)H Adult H

Primary myogenesis, Secondary myogenesis |

B1D

B1A

Figure 1.10: Integrin and extracellular matrix pragin expression during myogenesiBuring
primary myogenesis the integriil splice variantsf1A is predomintantly expressed while
during the secondary myogenesis it was replacenhtegrin f1D and remains predominantly
expressed in adult skeletal muscle. Integids o5, a6 andav are mainly expressed during
primary myogenesis. Integrim/ is expressed during primary myogenesis and iregplated at
the onset of secondary myogenesis. @B variant is expressed both during primary and
secondary myogenesis wherea8A expression is induced at secondary myogenetis. T
extracellular variant X1 and X2 are expressed dgrprimary myogenesis. In the secondary
myogenesis the expressionn@X1 decreases and is no longer seen in the adiribng Rogers
and Mayer, 2006)

Despite the specific enrichment of integBhD at the myotendinous junction,
the muscle specific knockout of integrpilD, and replacement with integriplA
showed no defect at this site, only a mild cargpaenotype was seen. Yet, the two
integrin 1 variants are clearly not functionally equivalastthe ubiquitous expression

of integrin31D resulted in embryonic lethality (Baudoin et 4B98).

Crossing the integrinB1D knock-in mouse into a less penetrant genetic
background attenuated the embryonic lethality awbaled low muscle mass at birth

caused by impaired primary myogensis. Inte@l® has subsequently been shown to
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interfere with cell migration and proliferation, darthis is in line with its onset of
expression and the effect seen in the knock-in enensdel (Belkin and Retta, 1998;
Gimond, Baudoin and Sonnenberg, 2000).

From the time of terminal differentiation and ornoiradult skeletal muscle, the
level of a5 anda6 integrins has dropped significantly (Blaschuk awolland, 1994;
Boettiger et al.,, 1995; Bronner-Frase et al., 1992)e integrina7 is restricted to
skeletal and cardiac muscle and is strongly up ladgd from terminal differentiation
onwards (Song et al 1993; Yao et al., 1996). @A&LD integrin is the only integrin
expressed at the sarcolemma and MTJ, but at thesNMJo7; o3 andaV integrin

subunits are expressed (Figure 1.11)

primary myogenesis secondary myogenesis adult

myoblasts

=
O™
T D

Figure 1.11: Schematic representation of integrirodation during muscle development.
During the primary myogenesis integriad, a5, 06, a7, av and are expresseflA are present
in the myoblast, which are then retained at the Miuling the secondary myogenesis.
However, in the adult skeletal muscle only integfi1D is predominatly expressed at MTJ as
well as at sarcolemmaof the muscle fibre. Integamanda3 expression can be seen at NMJ
along with expression of integra¥ (Taken from Mayer, 2003)

The changes in integrin expression occurring atridwesition into adult muscle
described above are numerous. It is therefore unpirising that the expression of their
ligands also changes at this time. As describetiegathere is a switch from a
fibronectin- rich ECM to a laminin-rich basementmi@ane during myogenesis. The
expression pattern of integrin therefore fits withs pattern of ligand expression,
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whereby integrina5B1 dominates when fibronectin is present in the E@M the
switch to the laminin-rich basement membrane cdexiwith the increase of integrin
a7pB1.

It is unknown whether the changes to integrin esgicn cause the switch in
ligand or vice versa, but it does however appeat the two are linked. Mice
homozygous null for the laminip2 chain express reduced amounu@B at the MTJ
and NMJ and in patients, while mice lacking theilama2 chain the presence of the
a7Bl receptor at MTJs, NMJs and sarcolemma is alsocestl (Vachon et al., 1997;
Hodges et al., 1997).

1.5.1 Integrin a7 in skeletal muscle

a7Bl integrin is the most highly expressed integrinantult skeletal muscle,
where it localises at the sarcolemma, the NMJ and) NBao et al., 1993). This
localisation implies its function in providing therminal and peripheral cohesion that
plays a role in muscle integrity, neuromuscular ramivity and force transmission.
Integrin a7 is involved in many processes throughout the ldgweent of limb
musculature including migration, proliferation amide connection of primary and
secondary myotubes with the ECM (Yao et al., 19@&wley et al., 1997; Echtermeyer
et al., 1996; Foster, Thompson and Kaufman 198ufridan and Foster 1988) The role
of integrin a7 seems more prominent in the adult as its exmessi up-regulated at
terminal differentiation and levels remain elevatetbughout adulthood (Song et al.,
1993; Yao et al., 1996).

Integrin a7p1 is functionally a diverse integrin because of fresence of
different splice variants whose expression are teally and spatially controlled. The
a7 subunit has two major intracellular and two magrtracellular splice variants. The
intracellular variants are7A anda7B (Figure 1.12) and they both differ in sequence,

size and their phosphorylation (Collo et al., 1993)
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Figure 1.12: Alternative splicing of the integrima7 intracellular domain. The A variant is
generated by splicing of exons XXV,XXVI and XXWie stop codon is located at base pair
position 3536in exon XXVII. In the B variant exXXV is followed by XXVII with skipping of
exon XXVI, the reading frame shift now locatesgtop codon to base pair position 3706 of
exon XXVII.

Integrin a7B is expressed in proliferating myoblasts andhi@ adult, whereas
the A variant is induced specifically in skeletalisnle, upon terminal differentiation
(Collo, Starr and Quaranta 1993; Ziober et al.,7A98lowever, the B variant remains
the predominantly expressed variant. Both assoeidte the integrinB1D subunit in
adult skeletal muscle (Belkin et al., 1996). Theegnin a7B variant localises to the
muscle fibore membrane and the MTJ, and stainingHerintegrina7A variant is also
seen at the MTJ (Hayashi et al., 1998; Vellingl ¢t1®96; Cohn et al., 1999).

The o7B variant includes a serine/threonine protein gnaomology region, a
putative actin-binding site and a receptor-liketpno tyrosine phosphatase homology
region (Song et al., 1993). But despite the appaddferences between the A and B
variants, no functional differences have as yetnbentified (Yao et al.,, 1996;
Echtermeyer et al., 1996). A third cytoplasmic @plvariant has also been identified
namely thea7C variant. It is rat specific and exclusive vatiém be expressed at rat
sarcolemmal (Song et al., 1993).

There are two major extracellular variants desciiltbe X1 and X2 (Figure
1.13) though other minor variants have also beestridwed (Hodges and Kaufman
1996; Ziober et al., 1993).
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Figure 1.13: Alternative splicing within the extraglular domain. The X1 variant contains
exon 1V, V and VIl with exon VI skipped. The XZJardrcontains exons IV, VI and VII with
exon V skipped.

In contrast to the cytoplasmic splice variantsydhk a7X2 variant is found in
adult skeletal muscle (Hodges and Kauffman 1996b&i, et al., 1993). The expression
of these splice variants is also developmentaliylaed (Figure 1.10). Both th& X1
and a7X2 are expressed during primary myogenesis. lrorssry myogenesis the
expression ofi7X1 decreases and is no longer seen in the adult.

The X1 and X2 variants are functionally distincthel X2 variant has been
shown to have a preference towards binding to lemfihl whereas the X1 variant
prefers to interact with laminin-411 (von der Magk al., 2002) and it requirgl
activating monoclonal antibody to make X1 variamtbtnd laminin-111 (Ziober et al.,
1997). However both X1 and X2 variants show eqtfality towards laminin-211.

Distinct functions within adult muscle fibres haveen described for integruy
splice variants. Integrin7 expression at the lateral surfaces of muscledilimcreases
when adult muscle regenerates (Kaariainen et @0D0R The expression of splice
variants is regulated during this time so thatanyeregeneration the X1 and A variants
are expressed whereas as the fibre is repaireZhand B variants again become
predominant (Kaariainen et al., 2002).

Though it is seen that the7Bl integrin plays an important and diverse role in
muscle development, myogenesis occurs normallysiabsence. This could be due to
redundancy or overlap in function as usiiy inhibiting antibodies does disrupt the
formation of myotubes in vitro (Menko and Boettigg®87) and mice lackingl
integrin specifically in muscle die immediately aftbirth having poorly developed

muscle fibres (Schwander et al., 2003).
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These findings highlight a fundamental differenedween thex andf3 integrin
subunit functions in the development of skeletakabelL It appears that tlee subunits
are able to functionally compensate for each otberalternatively, have some
redundancy in their functions. In contrast the gnite 31 subunit is vital to the
development of muscle.

That is not to say that the absence of integrihhas no effect on skeletal
muscle, as mice lacking the functional integri@ subunit develop a progressive
muscular dystrophy (Mayer et al., 1997). Mice showgpical dystrophic symptoms in
the soleus muscle such as variable muscle fibee @zl centrally located nuclei. Also
the MTJ wherea7 integrin is normally concentrated was severelsrugpited in the
gastrocnemius (GC) and tibialis anterior (TA) mas¢clwhere a high level of fibre
necrosis was seen (Mayer et al., 1997). Whereasormal MTJ the muscle fibre folds
to form interdigitations covered by a thin basemmeimbrane, in the7 null muscles
this folding was greatly reduced and the normat@aere structure was disrupted.

At later stages the interdigitations of the muditiee were not visible at all and
myofilaments had retracted from the sarcolemma.tMbshese changes were specific
to the a7 integrin absence as imdx mice, in which dystrophin is lacking, the
interdigitations remain and myofilaments do notaet from the sarcolemma. Also the
basement membrane at the MTJ was doubled in thsskimeintegrina7 null mice and
its components were not localised normally (Miosgeal., 1999). In the wildtype
controls nidogen-1, collagen type IV and the lamix2 chain were only present in the
basement membrane at the MTJs, yet inofheéull MTJs nidogen-1 was found in the
basement membrane but also in the muscle fibreplagm and within the tendon. Both
nidogen-1 and collagen type IV were increased aa & immunogold labelling. The
laminin a2 chain had become undetectable in the basemenbraemand was found
instead in the neighbouring matrix of the tenddrselems that the integritv is not a
prerequisite of basement membrane assembly at Tk &% all the correct components
were present, but that it is important to its manatnce

In Duchenne Muscular Dystrophy (DMD) patients amdhdxmice it was found
that the expression @f7B1 integrin is up regulated (Cohn et al., 1999)adidition, the
overexpression ob7B1l integrin in mdxutr  double mutant mice that lack both

dystrophin and its analogue utrophin leads to emee life span (Burkin et al., 2001).
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This finding suggests that the integrin can phygmally compensate for the absence
of the DGC and could be a potential therapeutigetiafor DMD.

1.5.2 Integrin a5 in skeletal muscle

ab5B1l integrin goes through specific changes in distidm, activation and
expression during myogenesis (Blaschuk et al., 198431 and a6p1 are widely
expressed during myogenesis and then down-regukfted myotube formation, but
they are ligand opposing receptors, integnbinds to fibronectin whlile integria6 is
a laminin receptor and the reason they co-exisingumyogenesis is not yet known.
a5B1 has been shown to promote proliferation, whi81 has been shown to induce
differentiation (Sastry et al., 1996).

Integrin a5p1 is a receptor for fibronectin which binds to tR&D region of
fibronectin (Pytela et al., 1985). Studies carmed using various cell culture systems
suggest the role of integrim51 in many cellular processes. Integubpl is also
important during embryonic development and itsaeficy leads to embryonic lethality
(Yang and Hynes, 1993). The effects seen are masatlemost prominently in the
posterior region of the embryo, which is truncatedks a notochord and somites and
has severely kinked neural tube. Integufm knockout (KO) mice die before muscle
differentiation begins; therefore the KO model does shed any light on the role on
integrina5p1 in this process.

To study the function of integrim5 by avoiding the embryonic lethality,
chimeric mice were derived from integid -/- embryonic stem (ES) cell. Integid -

/- ES cells were injected into wild type (WT) blasysts to obtaim5 -/-, +/+ chimeric
animals (Taverna et al., 1998 vitro, neithera5-null ES cells now5-null myoblast
showed any deficit in myogenesis and in chimericenmuscle with high proportion of
a5- null cell could form (Taverna et al., 1998). $kwould initially suggest that integrin
a5 is not required for primary or secondary myogenddowever, further analysis of
these mice revealed characteristics of muscularajylsy with onset at late embryonic
stages (Taverna et al., 1998). This could be exgthby the fact that the muscle fibres
are able to survive im5-null chimeric mice by the fusion of -/- cells witWT
myoblasts, which able to convey survival or antatptic signals and thus masking the

absolute function od5 integrin.
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In the chimeric mice the expression @ integrin was shown to be greatly
reduced, yet the expression of fibronectin remaimechanged in comparison with the
wildtype muscles. Integrim5 null cells assembled a fibronectin-rich matrigrnied
focal contacts on fibronectin and even migratedibronectin-coated surfaces (Yang,
Rayburn and Hynes, 1993). This implies that theerakdy of the fibronectin-rich
matrix, was achieved by compensation via othegims. It has been shown that in the
absence of integrin5p1 bothaVp3 (Wennerberg et al.,, 1996; Wu et al., 1996) and
activated integrirullbp3 (Wu et al., 1995; Hughes et al., 1996) can difdcbnectin
matrix assembly. Though it remains unclear as t@thdr such integrins would be
expressed in muscle. It would therefore have bat@rdsting to see if changes to the
expression pattern of other integrin subunits waserved in muscle of the chimeric
mice.

The reason for the degenerative changes observéiteimuscle deficient in
integrin a5 remains unclear and much more work in this fisldrequired to fully
understand the molecular defects behind it. Knagkint integrina5 is embryonically
lethal and conclusions drawn from th® -/- chimeric mice were limited. An ideal tool
in the investigation of the role of integri’d during muscle development would be to
generate a conditional knock out of integeh where the deletion of integrimb is

achieved by a muscle-specific promoter.

1.5.3 Association between integring7 and a5 during skeletal muscle development

In wildtype muscle integring5 anda7 are co-expressed at the MTJ up until
postnatal day 5 and by postnatal dayd®jntegrin expression is no longer seen at this
site. In the absence of integr7 in the knock-out model, integrfpilD persists at the
MTJ in the adult and is found to specifically cadtise with integrina5 at this site.
Integrina5, was also the onky subunit to co-precipitate with tifd.D integrin in then7
deficient muscle (Nawrotzki et al., 2003).

The o5 integrin was shown to localise in placeodfin thea7 lacking muscle.
This data suggest that initial expression of @plD anda7p1D integrins is followed
by the down-regulation af5p1D at the MTJ and the preservationo@1D. When the
a7 subunit is absent in mutant muscles the downkagiga of thea531D integrin is not
seen.

There is no transcriptional up-regulation of integu5 in the integrina7

deficient muscle, in fact integria5 mMRNA decreases by 3 weeks after birth in both

39



Chapter 1

wildtype anda7-deficient muscle. The absence of integfinis the cause of the integrin
a5 persistence, as in MTJs widx musclesa5 integrin is not present and does not co-
localise with integrirB1D (Nawrotzki et al., 2003). As the decrease iegnina5 at the
MTJs of normal muscle does not appear to be trgotgmrally controlled, it is likely
that the integrira 7 mediated displacement of integob will be complex.

The o581 integrin is a fibronectin receptor and its paesise at the MTJs of7
integrin null muscles results in the depositiorilbfonectin in the basement membranes
of adult muscle fibres. It is thought that W 1-fibronectin link is inferior to the7p1-
laminin connection and results in muscle wastingnsen a7-deficient muscle
(Nawrotzki et al., 2003). If this were the casee thlisruption to the integrim5-
fibronectin link by integrima7 and the setting up of tler-laminin connection are vital
to the integrity of wildtype adult muscle.

A negative co-cooperativity between integd and a5 subunits has been
described, whereby7p1 integrin is able to functionally inactivate thB31 integrin by
the reduction of its surface expression and bindifiigity (Tomatis et al., 1999). The
binding affinity was defined as the ability of CH®@lIs to bind to a fibronectin matrix
when a7 was overexpressed. This could be due to a simgepetition betweem
subunits for integrinl binding, resulting in more:7fl receptors tham5p1 and
therefore lower fibronectin binding affinity.

The suggestion that the interaction «831 anda7fl is simply competitive
could explain why thex5 subunit binds t@1D in the absence of integru/ in the
knock out muscle. But, what it does not explaiwiy it is specifically thex5 integrin
that co-localises with th@1D subunit at the MTJ. This is an especially ind&ng
question when one considers that integréhis also present in the muscle at this time.
Integrin a6 is highly homologous to integrim7 and its pairing with integrif1l would
create a laminin receptor.

The fact that integriff1D is retained at the MTJ of integm7 deficient muscles
further underlines its importance at this site. esthe integrinn subunit that partners
it, integrin31D remains at the MTJ.

Perhaps the switch from integird to integrina7 involves components binding
the a or B cytoplasmic domains able to regulate activity onfamation in a subunit
specific manner. Proteins able to bind integrinoplasmic domains and regulate

integrina5B1 anda7B1 receptor function in muscle fibres could be eéiast.
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To investigate the relation between these bothetlaegrins, it is important to
design a tool by which the function and importaméeintegrin a7 is elucidated in

integrina5 deficient mice.

1.6 Muscular Dystrophies

As mentioned earlier, the high degree of musdbeef specialisation and
organisation makes muscle susceptible to the effectutations that lead to diseases of
muscle wasting, termed the muscular dystrophiesgMD

Muscular Dystrophies (MD) are a group of inheritbslorders with clinical and
molecular heterogeneity resulting in progressivesecteiwasting (Cohn and Campbell,
2000). The highly organised and specialised stractf the muscle fibre makes it
susceptible to the effects of mutations leadingcémgenital defects or late onset
progressive muscle weakness. A previous study sigdgleat inherited or spontaneous
mutations in approximately 100 different genes daubtentially leads to MD. So far
more than 40 genes have been identified causingugamyopathies in both human and
mice (Spence et al., 2002). The primary defect$ tiaaise the various myopathies
identified in both man and mice highlight the imjamrce of the myofibril-sarcolemma-
basement membrane connection to muscle function.

As discussed before, the most important genes &@set encoding
transmembrane proteins such as dystrophin andrinse@Koenig et al., 1987; Mayer et
al., 1997). Disruption of the link between the sleleton and extracellular matrix
makes the sarcolemma to lose its stability, whichturn renders the muscle fibres
susceptible to necrosis (Cohn and Campbell, 208@)ilar to transmembrane protein
mutation in their ligands also cause muscle-relakiedrders, for example mutation in
the laminina2 chain leads to congenital muscular dystrophy M®CIA) (Helbling-
Leclerc et al.,, 1995). Less obvious candidates agst, including cytoplasmic
proteases, cytoplasmic proteins associated witlan@iies and sarcomeres and even
nuclear membrane proteins, all of which are linkedliseases of muscle wasting (for
reviews see Rando 2001; Spence et al., 2002).

The varying phenotypes and severities of differanscular dystrophies imply
that some components of the anchorage link are mgoertant than others, or perhaps
that some can be compensated for more easily thiharso The dual role of

transmembrane proteins in mechanical linkage agdakitransduction suggest they
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would be very important to muscle fibre functiordantegrity, and this is confirmed by
the severe muscular dystrophies occurring upon tioagin their genes.

The functional importance of the DGC in skeletalsela is demonstrated by
mutation of the human dystrophin gene as seen ioh&wne Muscular Dystrophy
(DMD) and Becker muscular dystrophies (BMD) (Colma £ampbell, 2000; Mayer et
al., 1997). Mutations of the associated sarcoglyeanily are observed in some limb-

girdle muscular dystrophies (Bushby, 1999).

1.6.1 Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is an X-linkedgeleerative muscle
disorder affecting about 1 in 3500 males. DMD &used by mutations in the
dystrophin gene (Kapsa et al., 2003). Dystropbia 427 kDa cytoskeleton protein
which localises to the sarcolemma contributing 5%ascolemmal protein. In DMD the
mutation of dystrophin leads to loss of functiopabtein thus leading to sarcolemmal
instability and disruption of the DGC. In patietite clinical symptoms are not obvious
until the age of 3-5 years when proximal muscle kmeas is first observed leading to
constant loss of muscle.

Clinical progression of the disease is confirmed HKye onset of
pseudohypertrophy of calf muscle and proximal limbscle weakness, resulting in
wheel-chair dependence by the age of 12. DMD patiesuffer from respiratory
complications due to weakness of intercostal mgse#hich leads to premature death at
early twenties. In some cases death may also bsedaby cardiac dysfunction
(Hoffman et al., 1987; Blake et al., 2002).

Normal skeletal muscle fibre is multinucleated witluclei located at the
periphery of the fibre. In diseased condition thasole fibre undergoes cycles of
degeneration and regeneration, which results megitwith centrally located myonuclei.
When the regenerative capacity of muscle is nofjaake to the rate of damage then the
muscle fibre is replaced by adipose and connectiv&sue resulting in

pseudohypertrophy, which ultimately leads to musasting.
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1.6.2 Complexity of the disease phenotype

Certain characteristic pathological changes to etékl muscle allow the
categorisation of a muscular dystrophy, and thesepeaesent in DMD and thedx
mouse. The primary consequence of the genetic disféegeneration of muscle fibres,
but the extent of this varies between muscles, éatwmuscle fibre types within
muscles, at different ages and between speciesadtition, various secondary
consequences add to the disease phenotype suchifaenmatory cell response and
chronic degeneration of tissue (characterised leyréplacement of muscle tissue by
adipose and connective tissues). To further comf@imatters, it is difficult to separate
some responses from a direct result of the prirdafgct and a secondary consequence
of its effect. For example, fibre hypertrophy canadirect consequence of the primary
defect (Hardiman, 1994) or it can be a secondaspamse of one fibre to the
degeneration of its neighbour.

Muscular dystrophy disease processes can be igehkifstologically in muscle
cross sections. Degenerating fibres are ofteniit@has a high concentration of nuclei
or gaps in the tissue. Centrally located nucleiN¢mark a fibre, which has undergone
repair, by the fusion of satellite cells (skeletalscle stem cell) to the site of damage. In
mice, once a fibre has been repaired the nucleairesmat the centre of the fibre. The
percentage of fibres with centrally located nuddherefore an accumulative indication
of the amount of damage and repair that has oatumrthe muscle. However, it should
be noted that every day wear and tear of musclétseis approximately 2% of normal

muscle fibres having CLN.

1.6.3 Animal models available for study DMD:

Crucial to the study of DMD has been thlx mouse, a naturally occurring
genetic and biochemical model of the human disé¢iseiman et al., 1991; Petrof et al.,
1993). A point mutation in exon 23 of the dystroplgene results in the disruption of
the reading frame and therefore the absence ofifunat protein (Sicinski et al., 1989).
The mdx mouse model has provided both insight into thealis pathology of DMD
and a basis on which potential therapies can ledeblowever, although both DMD
patients and thendx mouse have the same primary defect,nfix mouse has a much
less severe phenotype, with a later onset than se®MD and a normal life span.

Histological analysis irmdx mice has shown similar features of muscle regé¢ioara
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such as centrally placed nuclei, necrosis, inflatona loss of muscle fibre and
accumulation of adipose tissue (Stedman et al.1)198 the diaphragm the muscle
fibre loss and collagen deposition is significantl dahe severity of the phenotype is
comparable to human. Elsewhere, it appears thaveacegeneration is able to
compensate for the repeated cycles of muscle degjeare A phenotype more closely
resembling that of the human one can be generatedide lacking a combination of
both utrophin (a dystrophin orthologue) and dystrogGrady et al., 1997) or integrin
a7 and dystrophin (Guo et al 2006). The reasongherspecies- specific differences
remain unknown.

Overall themdxmouse model is a very good tool for the studieBMdD. Other
thanmdx there is a dog model available to study the DMBe golden retriever dog
model shows the closest similarity in phenotyp®kéD patients and has a reduced life
span. Keeping in mind the ease factor of maintemathemdx mouse remains the most

popular mouse model.

1.7 Therapeutic strategies for DMD

Treatments able to slow the progression of DMD iamgiove quality of life do
exist (van Deutekom and Ommen, 2003; Kapsa, KomaedgByrne, 2003; Voisin and
de la Porte, 2004; Tidball and Wehling-Henrick€02, Chakkalakal et al., 2005), but
there is no cure. Routes that are currently bemgpstigated can be classified into
genetic, cell based and pharmacological. In peste DMD, corticossteroid (steroid)
medication has been shown to improve muscle stnesgd function for six months to
two years and slow down the process of muscle weageln addition, recent research
has also shown that a creatine suppliments canitmgdmve muscle strength in some
people with MD.

The severity and prevalence of the disease meatent@d cures are being
heavily investigated, but delivery methods and f@ais with immunogenicity have so
far prevented the application of some of the masinising therapies (for recent

review see Deconinck and Dan, 2007; Zhou et ab628ngvall and Wewer, 2003).
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1.7.1 Gene based therapy

If an alternative receptor, which is able to peridhe same function as the DGC
could be identified, many of the therapeutic sdtbamuld be avoided. Increasing levels
of an endogenous alternative would avoid the probleof the large size of the
dystrophin gene, the immunogenicity issues and/eefimethods.

Utrophin is a member of the dystrophin-related @rofamily and an autosomal
homologue of dystrophin, sharing both sequencefanctional motif similarities with
dystrophin (Tinsley et al., 1992; Pearce et al93)91t is speculated to be the foetal
form of dystrophin, as its expression declinesyagrdphin is up-regulated around birth
(Clerk et al., 1993). There also appears to betfomal redundancy in the adult between
the two homologues. This is exemplified by the camfively mild phenotypes of the
mdx and utrophin-null mice as compared to the seveuscoiar dystrophy of the
utrophin nullmdxdouble knockout (DKO) mouse (Deconinck et al., )99he DKO
mouse has progressive muscle weakness, contrackyploscoliosis and lethality
within weeks of birth, in other words, a phenotypech more reminiscent of the human
DMD disease, where there may be non-muscle eftertibuting towards the adverse
phenotype.

Further confirming its potential as an alternatigedystrophin are observations
made inmdx mice, endogenous utrophin is redistributed to taecdemma and is
expressed at high levels in regenerating musctedifiKhurana et al., 1991).

Indeed, the adenoviral delivery of utrophin did noye the mdx phenotype
(Gilbert et al., 1999). It restored the histocheahgtaining pattern of the DGC, reduced
the number of fibres with centrally located nuc®id made muscle fibre membranes
impermeable to Evan’s blue dye, indicative for ioy@d muscle fibre membrane
integrity. Similarly, in DKO mice, a marked decreas CLN (from 80 to 12%) and
fibre necrosis was seen on delivery of utrophin Kéfield et al., 2000).

Transcriptional up-regulation of utrophin expressiby glucocorticoids has
been investigated with some success (Courdier-fetulal., 2002) and the search
continues for small molecule pharmacological conmaisuthat may also increase
transcription.

Utrophin has shown potential as a candidate fotrégetment of DMD. But the
more candidates investigated, the higher the chahé@ding a successful treatment.
With this in mind, it is worth considering protejnehich may indirectly be able to

improve dystrophic phenotypes. For example, Myoste&g a negative regulator of
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muscle development and crossing myostatin null mvidggh mdx mice resulted in
increased muscle mass and strength, with improegeneration in the diaphragm
(Wagner et al., 2002).

In terms of DMD, an additional candidate to be cdeed could be the integrin
a7B1 receptor. Although the role of integrins in measé@linction and development is
less well documented, recent findings are revealivem as essential to the correct
development and maintenance of adult muscle fumc#s mentioned before, like the
DGC, integrin receptors are capable of formingapeHular - cytoskeletal connections
through adaptor molecules that link their cytoplesitails to actin filaments (Liu,
Calderwood and Ginsberg, 2000). Integuipfl has been identified as a cellular
receptor for laminin-111 (Kramer et al., 1991; wiber Mark et al., 1991) and th&
subunit is mainly expressed in skeletal and cardiascle (Song et al., 1992). In fact,
its importance to skeletal muscle integrity is epéfied in mice with a targeted
deletion of integrimu7, which develop a progressive muscular dystrophgyer et al.,
1997). Subsequently, human patients with previousiglassified myopathies were
shown to have mutations in the integuihi gene (Hayashi et al., 1998).

These findings show the important role of integrifhin muscle fibre integrity,
but of interest in this context are the changes$ ttaur to integrina7pB1 levels in
various muscular dystrophies. For example, in DMilignts and in the corresponding
mdx model the level of integrim7 is elevated (Vachon et al., 1997; Hodges et al.,
1997). Also in dystroglycan-depleted chimeric migereased amounts of integrrvy
have been observed (Cote, Moukhles and Carbor2&f2).

These natural elevations in the disease state nrdakgrin a7 an obvious
therapeutic target for further investigation anthecstudies have addressed this. In mice
lacking dystrophin and its paralogue utrophin, $ganic overexpression of the integrin
a7X2B splice variant increased life span and mop{Burkin et al., 2005; Burkin et al
2001). Though, a seemingly contradictory outcometto$ study showed no real
improvement in the level of muscle degenerationrkBuet al., 2005; Burkin et al
2001).

Encouraging results also came from a study invgl¥iansgenic overexpression
of the ADAM12 metalloproteinase in mice. This resdlin elevated levels of integrin
a7, and when it was overexpressed onniixbackground it resulted in an amelioration
of the phenotype (Kronqgvist et al., 2002; Moghaddsh et al., 2003).
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These studies are by no means proof that integtinould provide a therapeutic
alternative to dystrophin, but they certainly hight a promising avenue for further
study. In this study | am exploring the idea of @xg@ressing integri7 in mdxmice,
to demonstrate the capacity of integaid splice variants to ameliorate the phenotype

seen in these mice.

1.7.2 Cell based therapies

As discussed above, available therapies may imptbeequality of life of
patients, however, there is no definitive cure atedVarious stem cell-based strategies
have been tested with no long-term success, bwntigcmuscle-resident pericytes
attracted attention for their potential to conttéoto muscle regeneration.

Translational studies in the late 1970s and ea®80% first showed that donor
myogenic cells can contribute to muscle regenerafiwatt et al.,, 1982; Blau et al.,
1983; Morgan et al., 1988). It was not until thee14980s that myoblast transplant was
first used as a treatment in mdx mice (Partridgad.et1989). After several more positive
studies using both mouse and human myoblast, ristecfinical trials were attempted to
alleviate DMD in humans through cell transplantatiNegromi et al., 2006).
Unfortunately, these efforts were largly ineffeetivOn the whole, there was a low level
of donor cell incorporation, generally attributedpoor survival of transplanted cells or
lack of dispersion from the injected site. As auleshere was only minimal
improvement in the recipients (Partridge et al98%eault et al., 2007). Although the
cell based therapy approach has some limitatidvesetis still lot of potential which
needs to be explored and thus we need to studsténe cell population not only from
skeletal muscle but also from other sources whichy ncontribute to muscle
regeneration.

Canadian scientists McCulloch and Till first diseoad the potential of stem
cells by injecting bone marrow cells into the spled irradiated mice. They observed
nodules arising from single bone marrow cells, Wwhitey speculated were stem cells
(Siminovitch, McCulloch and Till, 1963). Stem cedlee characterised by their ability to
self-renew through cell division after being in aiescent state. They also exhibit the
capacity to differentiate into other lineages undertain physiological conditions and
thus become tissue or organ- specific cells witbcgd functions (Morrison et al
1997,Weissman 2000; Till and McCulloch 1961).
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There are two categories of stem cells, embryotgémscells and adult stem
cells. Embryonic stem cells are present as therinak mass in blastocysts, at very
early embryonic development. They are pluripotertt ean form all the cell types from
the three germ layers, endoderm, ectodem and meso@s the other hand adult stem
cells are active post nataly and are multipoteher@ are adult stem cells unique for
almost all tissues Relevant to my study here agtipulation of stem cells residing in

skeletal muscle and the blood vessels surrountiegnuscle fibre.

1.7.2.1 The Satellite Cell: the principal skeletaluscle stem cell

In the early 19 century it was claimed that multinucleated myadibmay be
formed by the fusion of multiple mononucleated selfhe proof of which came in
1960s by a pair of scientists Bintliff and Walk&hey performed a simple experiment
on the mouse hind limb and demonstrated that faigva muscle injury to the muscle,
a pool of mononucleated cells assemble at theo$itejury and these fuse together to
form myofibres (Bintliff and Walker 1960). In 196based on observations of frog
muscles under the electron microscope, Alexandarrprovided the first description
of the satellite cell (Mauro, 1961). He describeckl that, due to its small cytoplasmic
volume, appeared indistinguishable from myonuckeiept for the unique position that
it occupied, ‘wedged’ between the plasma membramtethe basement membrane of
the muscle fibre. These findings were verified Impther paper of the same year that
observed such a cell within muscle spindles (Kb@61).

Vertebrate skeletal muscle has a remarkable cgpfacitegeneration, following
repeated or complete destruction of the tissue fanthis reason, it is the best-studied
tissue in regenerative medicine in recent yeary@al-Morel et al., 2009). The stem
cells that establish the muscle prenatally alse gise to a distinct lineage of quiescent
muscle stem cells perinatally; these are the gateklls (SC), which are now accepted
as the principal regenerative cell type respondilMiehe post-natal growth, repair and
regeneration of skeletal muscle (Gayraud-Morel let 2009). Muscle Satellite cells
(MSCs) are a distinct, small population of myogepiecursor cells (MPCs) found in
adult skeletal muscle. The primary role of theses 8Crepair of a damaged myofibre
upon injury (Relaix and Zammit, 2012). This smapplation of MPCs only contribute
2-7% of the total muscle nuclei and resides ingiaected niche environment beneath
the basal lamina but outside of sarcolemma of @ssat muscle fibres (Relaix et al.,

2005). Stem cells give rise to myogenic precurssisdn adult muscle, which then
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contribute to postnatal tissue growth and repasagdira, 2003; Seale, Asakura and
Rudnicki , 2001). Stem cells reside in a highlyciaised niche, in close contact to
the sarcolemma and beneath the BM, which surrothedmuscle fibre (Figure 1.14).

B ficine (2).pdf (SECURED) - Ad

Figure 1.14: Satellite cell location and nich&atellite cells occupy a sub-laminar position in
adult skeletal muscle. In the uninjured musclerfitlee satellite cell is quiescent and rests in an
indentation in the adult muscle fiber. The sateliells can be distinguished from the myonuclei
by a surrounding basal lamina. (Taken from Gayr&Wiokel et al, 2009)

The key protein determining the presence and myog#etermination of the
SCs is the transcription factor Pax7, which app&atse crucial for maintenance of the
SC population in the post-natal life (Seale et 2000). Further studies revealed that
muscle ofPax7" mice contained a reduced number of SCs and extilitgaired
muscle regeneration, confirming its essential nolenyogenesis (Oustanina et al., 2004)
(Figure 1.15). Although Pax7 null mice die postatigt they do not show severe
skeletal muscle pathology. This is likely due te flunctional redundancy that Pax7
shares with its paralogue Pax3 (Relaix et al., 2004x3 is expressed in the embryonic
precursors of satellite cells. Accordingly, Pax3/Palouble-mutant mice die mid-
gestation with no muscle development (Relaix et28105).
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Figure 1.15: The Satellite cell nicheAn isolated EDL myofibre from a wildtype Pax7-Fesh
transgenic mouse, immunostained with Pax7 (RedJetatify SCs (Top row) which colocalise
with Zs-green (fluorescent protein derived from @bas Sp. reef coral 1) (green) of the
transgene driven by the Pax7 promoter Zs-greentipesECs are also readily identifiable in
muscle sections of the GC muscle (bottom row) wimédegen staining (red) marks the
basement membrane defining the exact location &f i8Ghe muscle fibre (Divekar D. and
Mayer, U, unpublished results).

MRFs are basic helix loop helix transcription fastoMyf5 is the first MRF
expressed in the embryo and is critical for mustdéermination (Ott et al., 1991;
Buckingham, 1992). Upon entrance into the cell eyatiult satellite cells express a
second MRF, MyoD (Beauchamp et al., 2000). MyoDexpressed throughout the
proliferative phase before being down regulatednupdferentiation (Figure 1.16)
(Tajbakhsh & Buckingham, 2000).

Satellite cell
Myoblast Myocyte

Quiescent Activated
S y \‘\ “\.

Myotube

Pax7* Pax7* Pax7* MyoD* Desmin*
Myf5* Myf5* Myogenin® MyH*
MyoD MyoD* a-actinin’

Figure 1.16: Satellite cell differentiation duringnyogenesisUpon muscle fibre injury,
satellite cells undergo differentiation and protd&on cycle. During this time they express
myogenic differentiation markers like Myf5, MyoDdaviyogenin. Pax7 expression begins
during activation and then down regulated in lastmges of differentiation. (Taken from
McCullagh and Perlingeiro, 2014).
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Although Myf5 acts upstream of MyoD they share a@rde of redundancy
(Kassar- Duchossoy et al., 2004; Rudnicki et &93) as individual deficiency did not
result in impaired skeletal muscle formation, wiNgf5/MyoD double knockout mice
lack skeletal muscle completely and die soon dfieh (Rudnicki et al., 1993). Myf5
and MyoD are critical determinants of the myogdimieage and are indispensable for
satellite cell specification and differentiation. y®D null mice show a severe
regeneration deficiency due to an inability of geellite cells to differentiate and a
failure of these cells to exit the cell cycle (Magg et al., 1996; Sabourin et al., 1999;
Yablonka-Reuveni et al., 1999). The majority ofedldge cells down regulate MyoD and
up-regulate the muscle specific transcription fgc@and marker of differentiation
Myogenin. Crucially however, a small minority ofllsedown-regulate MyoD, thus exit
from the cell cycle, but re-express Pax7 returnm@ quiescent, undifferentiated state.
This is a good evidence to suggest that satelétls @are able to undergo self-renewal
and maintain their own numbers (Zammit et al., 2004 mature muscle, SCs are in
guiescent state. However, in response to certaitubt such as myofibre necrosis as a
result of trauma or damage, surviving SCs get atgity and enter the cell cycle to
proliferate. They generate new myoblasts, whicliferate, migrate to the site of injury
and fuse with damaged myofibre, forming regeneraaed functional myofibres.
Following their activation in the first stage oighregeneration process, a subset of SC
progeny return to the quiescent state in the psogself-renewal (Dahwan and Rando,
2005) (Figurel.17).

51



Chapter 1

resting myofiber
myonuclei - b é@
‘ A @

self-renewal

. £
%o . progenitor cell activation
"tagannnt® and proliferation

GC=— =0

regenerated myofiber with @
central nuclei .

chemotaxns to m;ured hber

fus:on to damaged myofiber
(hypertrophy)

fusion to produce new myofibers
(hyperplasia)

Figure 1.17: Satellite cell response to myotrauntdpon injury, satellite cells become activated
and proliferate. Some of these satellite cellsstdglish a quiescent cell pool through a process
of self-renewal while others migrate to the sitelamage and, depending on the severity of the
injury, fuse to the existing myofiber or align afuge to produce a new myofiber. (Taken from
Hawke and Garry, 2001)

Representing the principle endogenous cells withemerative function in
skeletal muscle and their great capacity for regaiman outlines satellite cells as the
prime cell for therapies. Yet, by nature they ékha number of characteristics that
limit their effectiveness. The number of possiblésSnyoblast division is limited. In
humans, adult myoblast divide only 25-30 times,uaber that has shown to decline
with age and some diseases such as DMD. While # srimeority of SCs is thought to
withstand the aging process and retain the intrinapacity for regeneration (Collins et
al.,, 2007), aged muscle displays a notable reducitio number and regenerative
capacity of SCs. SCs also lack the ability to crdss muscle endothelium when
delivered systemically. Even so intramuscular itijets of SCs (110 injections per €¢m
of muscle surface) had some success (Skuk et @F)2€he problem remains that the
majority of injected cells are lost within the fiday. Furthermoran vitro expansion of
SCs for transplantation has been shown to redusie plotency for differentiatiomn
vivo (Dellavalle et al., 2007). Trials of myoblast trpletation in DMD patients
enabled delivery of dystrophin and improved musttength, but the approach is still
plagued by immune rejection, poor cell survivalesaand limited spread of injected

cells (Farini et al., 2009; Huard et al., 2003)r these reasons there has been a growing
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interest in the field of developing alternative, nmcefficient cell-based therapies for

conditions such as DMD.

1.7.3 Other resident skeletal muscle stem cells

It is established that the satellite cells arewa@® of myoblasts, but this does not
answer whether satellite cells are the solely st pne of many sources for muscle
myoblasts. Additionally, the source of the satelliells themselves was until recently
largely a mystery. There is evidence to suggestsizllite cells are not bona fide stem
cells but rather muscle precursor cells themselvesewed from another stem cell
source.

Further evidence describes population of cells #rat able to contribute to
muscle regeneration. Ferrari et al. suggested B8 t@at bone marrow derived and
skeletal muscle stem cells are of the same linebgé&ansplantation experiments in
immunocompromised mice, they demonstrated that topatlg marked bone marrow
derived cells migrated into degenerating areasemmeht myogenic differentiation and
participated in the repair of the damaged fibers.

This data further suggested a potential role ofegeally modified, bone
marrow-derived myogenic progenitors to target thewdic genes to muscle tissue, thus
providing an alternative strategy for treatmenthraiscular dystrophies (Ferrari et al.,
1998).
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Figure 1.18: Other stem cell populations associatedth skeletal muscle Skeletal muscle

contains several types of cells with myogenic gi@knincluding satellite cells, myogenic

precursor cells, pericytes, mesoangioblasts (MAB)scle-derived stem cells (MDSC), side
population (SP) cells, muscle interstitial cellsI@), fibro-adipogenic progenitor cells (FAP),

Pwl+ interstitial cells (PIC) and hematopoietic kselln addition, other non-muscle tissue-
derived stem cells, including mesenchymal stems céMSC), hematopoietic stem
cells/hematopoietic progenitor celsl (HSC/ HPC),beyonic stem cells/induced pluripotent
stem cells (ESC/iPSC), AC133+, adipose-derived st&lla (ASC) and amnion fluid stem cells
(AFSC) have been shown to be able to differentigte myogenic cells, and thus these cells
may be utilized for therapeutic stem cell transpdéion (taken from Biressi and Asakura, 2012)

In addition, experiments performed in 1999 undaeste remarkable capacity
of adult skeletal muscle-derived cells. When imgdctinto irradiated mice they
contributed to all major blood lineages (Jacksom,akd Goodell, 1999). Similar data
were obtained by Gussoni et al. 1999, which inéidathat intravenous injection of
either normal haematopoietic stem cells or a npegulation of muscle-derived stem
cells into irradiated animals resulted in the restution of the haematopoietic
compartment of the transplanted recipients. In tawdi it also revealed the
incorporation of donor-derived nuclei into muscknd the partial restoration of
dystrophin expression imdx muscle. These outcomes suggest that transplamtatio
stem cell populations, might provide an unanti@datvenue for treating muscular

dystrophy as well as other diseases (Gussoni,et949).
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Apart from the bone marrow-derived cell populatiother cells of various
origin, like dermal fibroblasts, mesangioblasts] aeural tube derived cells, have been
a focus of investigation in the late 1990s. Theasenscell-like populations have been
shown to convert to the myogenic lineage after rroddn culture and to contribute to
muscle regeneration in the dystrophic mouse (Giletoal., 1995; Saito et al., 1995;
Tajbakhsh et al., 1994). More recently, it has bgleown that a variety of circulating
cells, including AC133-expressing cells and bloogissel-derived pericytes, when
transplanted can contribute to muscle regenerationdx mice (Torrente et al., 2004,
Sampaolesi et al., 2003, Dellavalle et al., 200Hese blood vessel associated cells
attracted a lot of attention, due to evidence thaggests that they have mesenchymal
stem cell-like properties and as such could beaay accessible reserve cell population
in the body. However, a detailed understandinghefitientity and regulation of these
progenitor cells as well as the final fate of thescendants is a crucial prerequisite for
using and manipulating these cells in medical apfibns. There are many technical
and practical challenges, which need to be overdoehere they can be used to combat
disease. For example, the method of cell extragiarucially important to avoid any
contaminating cells, which would make the resuitonclusive. Furthermore, it is also
vital to avoid any rejection from the donor cellorfi the host immune system. To

overcome this obstacle most studies use the matenouse as a host model system.

1.7.3.1 Mesenchymal Stem Cells (MSCs)

Mesenchymal stem cells (MSCs) were first discovemelD68 by the pioneering
studies of Friedenstein. During vitro culturing of hematopoatic stem cells (HSCs) it
was discovered that there was a different type edfs an the bone marrow with a
fibroblastic morphology. These cells could formaroes on the culture plate and were
named as colony forming unit fibroblasts, CFU-FLayotte et al in 1981. Furthermore,
they had the ability to generate cartilage, bongsate, tendon, ligament and fat (figure
1.19).
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Figure 1.19: Mesenchymal Stem cells (MSCs) and thenultilineage differentiation
potential. MSCs are capable of differentiating in multipledages displayed in the picture.
Dependent on the stimuli provided in the mediuny theaintain the same differentiation
capacity in vitro (taken from Bonfield and Capl&010).

Owen described them in 1988 as stromal cells dueh#ir fibroblastic
phenotype in 1988, but finally they were named M8¢<€aplan in 1991. Pittenger et
al. performed the first experiments with MSCs fromman bone marrow aspirates in
1999, and showed that they expressed CD29, CD9X1Céand CD106 but were
negative for CD45, CD14 and CD3K¥ASCs were also isolated from many other sources
such as adipose tissue, umbilical cord blood, plkacand even from the dental pulp.
However, MSCs from these sources differed in t&@&rmarker expression. In 2006 the
International Society for Cellular Therapy publidree position paper by Dominici et al.
and set the following features for MSCs. MSCs stidod positive for CD73, CD90 and
CD105, but be negative for CD19, CD34, CD45, CDadd HLA-DR.
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MSCs, chemokines and cytokines and their surfaoepters were also shown to
be important during inflammation and injury (da V@il Meirelles et al 2008).
Inflammation at the injury site triggers a gradientcytokines and chemokines, which
mediates migration of MSCs to the injured site ¢8abnd Thiermann 2010). Especially
CD44 was found to be important in homing of bothus®and human MSCs (Herrera
et al., 2004; Sackstein et al., 2008). In additibmvas shown that CXCR4 and CD106
play an important role in the migration of MSCs @8es et al., 2006; Shi et al., 2007;
Hung et al., 2007).

MSCs are considered for cellular therapies forowggireasons. Firstly, they can
be isolated as a pure population due to the defimadkers they express. Secondly, they
can easily be cultureah vitro to obtain high numbers without loosing their pnties.
MSCs can migrate to the injured sitevivo and thus became a popular candidate in
regenerative medicine and cellular therapies. @tigreMSCs are being investigated
extensively in clinical trials, mostly in the Unit&tates, Europe and East Asia studying
their use in neurological, liver, bone, heart, gradrsus host and some autoimmune

diseases like diabetes and Crohn'’s disease.

1.7.3.2 Pericytes

Following their initial description by Charles Raigin late 14 century,
perivascular cells found in close association vadpillaries were first referred to as
‘Rouget cells’ (Rouget 1873). They have since bgigan a variety of names including
mural or vascular smooth muscle cells. The ternicper (peri; around,cyte cell) was
introduced by Zimmerman in 1923 and remains theelyigreferred idiom to denote
these now extensively studied cells (Bergers ami)S2005).

Pericytes (perivascular cells/ PVCs), microvascularal cells, were originally
identified for their primary function in angiogemesFormation of new blood vessels
requires the mutual interaction of two cell typesgothelial cells which constitute the
internal lining, and PVCs. They can be classified microvasculature, or vascular
smooth muscle cells in larger blood vessels; aljhatis distinction is not absolute and
there appears to be a continuum of pericyte-likenpltypes depending on morphology
and location (Armulik, Abramsson and Betsholtz, 20Brachvogel et al., 2005).
Capillaries and microvessels are enclosed by pescyThe endothelial cells and

pericytes associated in this way both synthesideshare the same basement membrane
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within the microvasculature (Mandarino et al., 1P98lthough different in location,
pericytes reside in a distinct anatomical niche Imiike satellite cells (SC) (Figure

1.20).

A
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Peg-socket junctional

e Blood
Endothelial junctional complex

Figure 1.20: Interaction of Pericytes and endothali cells in microvessels(A) Cartoon
representing pericytes surrounded by a basementbmama establish direct contact with
endothelial cells (taken from Armulik, Abramssond aBetsholtz, 2005), (B) Electron
micrograph showing the close interaction betweepesicyte and an endothelial cell (EC).
Cytoplasmic foot processes (fp) surround and epvéhe EC establishing intimate physical
relationship between the Pericyte and EC allowiog drosstalk (Taken from Hayden et al.,
2008).

The reciprocal communication and interaction betwe two is dependent on
signaling through soluble factors such as platéégived growth factor (PDGF) and
transforming growth factof (TGF4), in addition to physical contact mediated by
adhesion plaques, integrin and peg/socket and gagtigns (Hirschi and D’Amore,
1996; Armulik et al., 2005).

Traditionally, perivascular cells are thought ta agerely as scaffolding to
stabilise blood vessels; but are now recognizechdoe an active role in vessel
formation. They may sense the presence of angiogstimuli in the tissue,
communicate via paracrine signaling to induce fedtion and differentiation of
endothelial cells, deposit or degrade extracelluleatrix and regulate blood vessel
contractibility (Armulik, Abramsson and Betshol2)05; Bergers and Song, 2005).

Despite extensive research the complex ontogenypéasdicity of pericytes is
still incompletely understood and molecular markersain controversial (Bergers and
Song, 2005). Pericytes are thought to perform warifunctions throughout the body
during different stages of development and a difiee in morphology and distribution
among vascular beds indicates adaptations foretispecific function. Furthermore,

there is increasing evidence to suggest that gescgre precursors for a number of
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different cell types. They have been shown to eifdiate into osteogenic,
chondrogenic, adipogenic and myogenic lineaigesitro (Caplan, 2007; Farrington-
Rock et al., 2004). A landmark publication by Cnisgt al in 2008 denoted their close
similarity to human mesenchymal stem cells (MSOR)is led to the provocative
speculation that pericytes represents a populaidiSCs and can contribute to tissue
regeneration (Doherty et al., 1998; Caplan e2&l08; 2011). Caplan et al. in 2008 even
hypothesized that all MSCs are pericytes. This Wwather supported by studies
showing that skin pericytes have MSC-like propert{®aquet-Fifield et al., 2009)
Finally, Dellavelle et al showed in 2007 that pesgular cells from the
microvasculature of human skeletal muscle are tbtkfferentiate with high efficiency
into myofibresin vivo, suggesting a potential option for DMD treatment.

Unfortunately, there is not a specific molecularkea with which pericytes can
be defined without ambiguity and the lack of higkfpecific genetic tools for pericyte
labeling limits the interpretation of FACS data date mapping (Armulik et al., 2011).
There are a handful of markers that are commondy dsr detection of pericytes, but
they are not exclusive for them. Markers include ititracellular protein alpha smooth
muscle actin (SMA), NG2 proteoglycan, PDGHR desmin and the regulator of G
protein signaling-5 (RGS-5) (Bergers and Song, 200% addition, several mouse
models have been generated in order to study astifig pericyte-like cells (Table
1.1).

Table 1.1: Available mouse models to study thecpti

Name M ouse model Locus Reference

Xlacz4 Transgenic Unknown Tidhar et al., 2001
AP-Cre/LacZ Knock-In Alkaline Phosphatase Cossal.e2001
Anxab-LacZ Knock-In Anxa5-KIl Brachvogel et al., 20
PDGFR3-Cre/LacZ Knock-In PDGFR Betsholtz et al., 2007

Of interest is the discovery that annexin A5 haendly been identified as a

novel marker for pericytes (Brachvogel et al., 2@003; 2005).
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1.8 Annexins

Annexins represent a large family of calcium-dememdohospholipid-binding
proteins, characterised by a unique architectus #ilows their peripheral and
reversible docking onto membranes. This family ofucturally related proteins
comprises over 500 different gene products expdessmost species. In vertebrates 12
annexin subfamilies have been identified (Al- Alid &13) (Rescher and Gerke,
2004).

Annexin V (Anxa5) presents the prototype and hawgul fundamental in the
investigation and analysis of other members offémeily (Liemann and Huber, 1997).
First purified from chondrocytes as a potentiakgor for collage type 1l (Mollenhauer
and von der Mark, 1983), further studies demorestirdts ability to attach membranes
through calcium-dependent binding of phospholididsber et al., 1990; Rojas et al.,
1990), what is also the hallmark for its ability detect apoptotic cells, which present
phosphatidylserine on their surface (Koopman etl&94). Anxa5 has been implicated
in the mineralisation process during endochondsalification (Kirsch et al., 2000;
Brachvogel et al., 2001), and in membrane rep&rat8na et al., 2008).

Most functions of Anxa5 have only been identifiedvitro. However in 2003,
an Anxab-deficient mouse model has been generatbith showed that Anxa5 is
specifically expressed in pericytes in developmamd the adult. (Brachvogel et al,
2003).
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1.9 Aims

In order to develop successful strategies to amséomuscle wasting diseases
and delay muscle loss with ageing, it is (1) caitito understand the function of all
major skeletal muscle proteins and (2) potential tieerapies need to be extensively
tested. Although loss of integrieyp1 has been shown to result in a congenital muscular
dystrophy in mice and human, the function of integin skeletal muscle development
and the adult is not well understood. Particuléiny role of integriru5f1, whose loss in
chimeric mice led to dystrophic symptoms, andetationship to integrim7p1 remains

elusive.

Objectives addressed in chapter 3: Integrina5pl in development and adult

skeletal muscle

1. To investigate the role of integrio5 in skeletal muscle
Knocking out integrina5 is embryonically lethal and conclusions drawmfro
the a5 -/- chimeric mice were limited and therefore wenao KO integrin a5

conditionally using Pax3 and HSA promoter drivingpeession of Cre recombinase.

2. To investigate the relationship between integaf and a7 in skeletal muscle.
Integrina7 displaces integria5 at the MTJ of developing muscle, suggesting a
crosstalk between these two receptors exists. Téehamism for which is unknown.
Revealing this mechanism will provide insight ih@ role and relationship of integrin
a subunits in skeletal muscle development. To urtdedsthe relationship between

integrina5 anda7, we aim to study the double knockout (DKO) mice.

Objectives addressed in chapter 4: Could integrimx7B1 be a therapeutic target for
DMD?

3. Could integrina7 play a role in the ameliorating of dystrophic phetype?
There is still not a successful therapy availablarheliorate myopathies.
It is therefore necessary to continue researchdentifying new therapeutic
strategies or to improve current strategies. Imegrfl has been suggested as
potential therapeutic target for DMD as it is uprieded in DMD patients and in

mdx mice.
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This raises the following question, which we aim @oswer by generating

transgenic mice overexpressing integrihintra and extra cellular splice variants.

* Is it possible to increase the levels of integin while maintaining the correct
processing, localisation and function?
» Could the different integrim7 splice variants have different abilities in imyiragy

the muscle phenotype seen in DMD?

Objectives addressed in chapter 5. Do pericytes ctoibute to skeletal muscle
regeneration?

In recent years, pericytes attracted a lot of &tiendue to their mesenchymal
stem cell-like properties and, more specificalhgit potential to participate in muscle
regeneration. Pericytes are a poorly defined agblupation, and it is not clear whether
these cells commit to the myogenic lineage wheoointact with regenerating muscle,
or whether there is a mutual relationship betweancptes and satellite cells, in which
both cell types can adopt both phenotypes when sdgoo stimuli provided by the
environment. Understanding contribution of endogsnand exogenous pericytes to
muscle regeneration is therefore pivotal in furtirdefining pericytes and their

relationship with satellite cells and to do so wa a

4. to generate the pericyte reporter mouse strandell lineage tracing

5. to transplant of labeled pericytes to follow tteeir fate in regenerating muscle
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Chapter 2 Materials and Methods

2.1 Mouse lines

During this study we used different mouse modelsvestigate the role played
by integrins and pericytes during the skeletal neusegeneration. Some of the mouse
stains were generated in the laboratory, whilerstivere obtained from collaborators.

2.1.1 Integrin a7 overexpressing transgenic mouse line

Integrin a7 overexpressing strains were generated in ourdédmy before the
start of this study. In brief, integrin subunit cDNAs had been generated in the
laboratory from murine myoblast RNA by RT-PCR. THieman Skeletad-actin (HSA)
promoter element was added 5’ to the integiincDNAs. After linearisation the DNA
was injected into pronuclei of fertilised mouse eyals, these were transferred into the
oviduct of pseudopregnant fosters mothers. Micebdwing the transgene were
detected by PCR using a sense primer (table 2)idiging with the HSA promoter
and antisense primers hybridising within theubunit coding sequence and also cDNA
specific primer pairs (table 2.6). The mice borHiolwing oocyte injection that were
positive for the transgene were termed ‘FoundecenkEach Founder was backcrossed
into the 129Sv wildtype strain. One positive offagr from this F1 generation was
picked and crossed again with the 129Sv wildtygee $train was then maintained by
the crossing of subsequent generations with th&t28ldtype. Within a strain all mice
are therefore heterozygous for the transgene, @y enember is derived from a single
‘F1 deriver’ mouse. For each overexperssing integplice variant more than one stain
were analysed according to the expression levetheintegrin overexpressed (Table
2.1) These transgenic mice were studied for thecefif overexpression of integrin on

skeletal muscle and are discussed in chapter 4.
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Table 2.1: Summary of Integria7 Splice Variant Overexpressing Transgenic Straifech
construct corresponds extracellular splice variamtd intracellular splice variant as shown.
The various strains derived for each construct maened after the Founder mouse. An average
relative level of overexpression/expression as @vagpto the wildtype is shown, the standard
deviation for these values is found in Appendi$ttains crossed out in grey are those which
were terminated as they did not overexpress theesponding integrina7 splice variant

protein.

1. 2. 3. 4. 5. 6.

Promoter | Integrin a7 Integrin a7 | Strain Integrin Integrin
Extracellular | Intracellular | (Founder) | a7 B1

Variant Variant Level Level

Susie 31.7 80.7

Construct 1| HSA X2 A Chris 33.2 80.7
Fina 0 -

Lydia 53.4 6.5

Construct 3| HSA X1 A Maria 1649 199
Judith 10.4 1.9

Elke 19.0 1.6

Construct 5| HSA X1 B xaver 204 >3
Karin 24.3 10.5

Max 14.4 22.3

Moritz 1.7 0.3

Construct 7| HSA X2 B Fritz 28.7 5.7
Hans 0 -

Babette 21.7 3.2

2.1.2 Integrin a7 overexpressing transgeniendx mouse line

To investigate the role of integrin in muscle wagtdisease like DMD, integrin

a7 overexpressing mice were crossed with dystropkiicient mdx mice. The F2

generation was nameudX?. The four integrina7 splice variant combinations were

studied and documented in result chapter 4.
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2.1.3 Integrin a5 conditional knockout mouse line

Integrin a5 conditional mice were a kind gift of Prof R.O Hy(MIT, USA).
The principal behind the homologous recombinatior alesign of the targeting
construct is included in chapter 3 (Figure 3.1).stiady the role of integrin5 during
muscle development, heterozygous integBrmice were crossed with mice, expressing
Cre recombinase under the control of the HSA orRa&3 promoter. The breeding
strategy is explained in detail in chapter 3 (Fey®.2). The outcome from these
experiments is discussed in chapter 3.

2.1.4 Integrin a5/ a7 double knockout mouse line

In order to study the combined contribution diegrin a5 anda7 to muscle
development Itga7 +/- mice were crossed with Itga5""® mice to generate ltga7+/- //
ltga5 +/<" M Males from the F1 generation were then crossed lWga7+/-// Itgas
FL/FL or Itga7 -/-// Itga5 FL/FL females to obtaltya7 -/-// Itga5 FLE"™ mice for

analysis.

2.1.5 Anaxa5 -Cre —KI mouse line

To investigate the role played by pericytes in neisegeneration, we generated
the Anxa5-Cre-KI mouse strain. Based on the preshogenerated Anxa5-LacZ fusion
strain (Brachvogel 2001), the targeting construet Homologous recombination was
designed in a way that activity of Cre- recombinase controlled by the endogenous

Anxa5 promoter.

2.1.6 Reporter mouse lines

For lineage tracing of pericytes, Anxa5-Cre-KI mieere crossed with
ROSA26-EYFP and ROSA26-LacZ mice. ROSA-26-td-Tonmatoe were used fan
vitro labeling of pericytes using Adeno-Cre viral indant

2.2 Molecular biology techniques

The general molecular biology methods used for &schia Coli (E. Coli)
culture and preparation of competent cells, agargelss and DNA extraction,
precipitation, electrophoresis and digestion wdrael@ne according to Maniatis et al.
(1982). Concentration of DNA was measured usingdaap. For preparation of large
amounts/high quality plasmid DNA, the Quiafilter maj midi- and maxiprep kits

(Qiagen) were used according to the manufactupegcols.
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2.2.1 Bacterial growth

The competent E. coli strain Dk5vas used to propagate plasmids. E. Coli
were grown on sterile Luria and Bertani minimal mued (LB medium, Roth). All
cultures were grown overnight at 37°C, either didsoedium or shaken at 200rpm in
liquid cultures. Selection for transformed bactevis carried out in the presence of 100

pnag/mlAmpicillin (Roche) unless otherwise stated.

2.2.2 Preparation of competent cells

For preparation of competent cells DiH&vere plated on antibiotic free LB-agar
plates and grown at 37°C overnight. A single colamg picked with a sterile toothpick
and transferred to 2 ml LB media containing 0,023 and 0,01M KCI in 15 ml
polystyrene round bottom test tube (BD Falcone) iandbated in a shaker (200rpm) at
37°C overnight. The overnight culture was usedrnoculate 100 ml of LB media
containing 0,02M MgS® and 0,01M KCI (1:100 dilution) in a 1000ml conical
Erlenmeyer flask and left shaking at 37°C till atvavelength of 600 nm an O.D. of
approximately 0.3-0.55 was reached. The flask wlh ice with gentle shaking from
time to time to prevent precipitation of the baehe cells were then transferred to
pre-cooled centrifugation bottles and were cengefiiat 6000 rpm for 10 min at 4°C in
a pre-cooled centrifuge. The pellet was then re@eaunded carefully in 50 ml of TFB-I
(table 2.2) buffer taking care not to produce amybabbles and was then centrifuged
again same as above. The cells were then re-suspegain this time in 4 ml TFB-II
(table 2.2) buffer and 100 ul aliquots were on ature of dry ice and acetone. The
cells were then stored at -80°C and checked forpedemcy at a later date. In general
competency of 10to 1 was achieved. When using these cells for transftioms,
each tube was split in two and transformations wkmee using 50 pl of competent

cells.
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Table 2.2: Composition of buffers used for preparatof competent cells. All solutions are
made up in dH20 unless otherwise stated.

Reagent Composition

TFB | buffer 30 M K acetate, 50 tM Mn2Cl, 100
mM RbCI, 10 mM CacCl2, 15 % (v/v)
Glycerine (pH 5.8), filter sterile

TFB Il buffer 10 MM MOPRS/NaOH (pH 7.0), 75 nM
CaCl2, 10 mM RDbCI, 15 % (v/v)
Glycerine, filter sterile

2.2.3 Transformation of Plasmid DNA

Chemical competent DHSE. Coli cells were thawed gently on ice. 50 pl was
taken and transferred to a new tube to which 0.6fydlasmid DNA was added. The
sample was then mixed by hand before incubating@fior 30 minutes. Bacteria were
then heat-shocked for 45 seconds 42°C. Bacteria then grown in 900 pl of LB broth
without ampicillin for one hour at 37°C with shaffiand then plated onto an LB plate
with ampicillin (100 pg/ml) and grown overnight 37°C. Single ampicillin resistant
colonies were then picked using a sterile toothpic#t incubated in 2 ml LB broth with
ampicillin at 37°C for 6-8 hours. For long term geevation of bacteria DMSO stocks
were made by adding 20% DMSO to bacterial overnightures, snap frozen on dry ice
and then stored at -80°C. When appropriate, bluévgelection was performed at this
stage by adding 40 pl of XGal (2% in DMF) and 40 qfl Isopropyl p-D-1-
thiogalactopyranoside (IPTG) (100 mM) to the plaigsr to plating.

2.2.4 Isolation of plasmid DNA by alkaline lysis

For isolation of plasmids, 2 ml LB media in a 15 Rdlystyrene round bottom
test tube was inoculated after picking a singleowglfrom an LB-agar plate and
incubated overnight at 37°C in a shaker (200 rprhe bacterial suspension was then
transferred to a 1.5 ml eppendorf tube and cegedugently at 3000 rpm. Most of the
media was removed and the remaining pellet wasispended in the residual media.
TENS buffer (Table 2.3) was added at a volume @ @0followed by 150 ul of 3M

Na-acetate/pH 5.2 and then mixed by inverting thees$ several times. The tubes were
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then centrifuged at full speed (14,000 rpm) for i and the supernatant was

transferred to a new tube. Next, 900 pl of 100%mth was added and the tubes were
stored at -20°C for 20 min followed by centrifugetifor 20 min at full speed. The
supernatant was discarded and the pellet was wagkie@0% ethanol, air dried and re-
suspended in 100 ul of TE buffer containing 0.1nmdANase.

Table 2.3: Composition of buffers used for plasisolation. All solutions are made up in
dH>O unless otherwise stated.

Reagent Composition

TE buffer 10 M Tris/HCI (pH 8.5), 1 nM EDTA
(pH 8.0)

TENS buffer 10 M Tris/HCI (pH 8.5), 1 nM EDTA
(pH 8.0) ,1 M NaOH, 10 % SDS

2.2.5 Plasmid purification by Qiagen kit

A Qiagen plasmid purification midi kit was used fpurification of plasmid
DNA. Bacterial cultures were grown under the caodg stated above until reaching
stationary growth phase, typically after 16 houffsimcubation. Cells were then
harvested by centrifugation (4000 rpm for 15 misuae 4°C in a Beckman centrifuge
with the rotor JA-25-50). The supernatant was ddead and the cell pellet carefully re-
suspended in 4ml re-suspension buffer (P1). 10thugf RNase A was added to the
buffer P1 prior to the re-suspension to prevent Ri¢Atamination of purified plasmid
DNA. 4 ml of lysis buffer (P2) was then added te tiell suspension, which was mixed
gently to avoid the bacterial DNA contamination atiten incubated at room
temperature for 5 minutes. Following lysis, 4mlpoé cooled neutralisation buffer was
added (P3), which was then gently mixed and in@dan ice for 20 minutes. Next, the
solution was centrifuged (15000 RPM for 30minuteg@C in a Beckman centrifuge
with the rotor JA 16-25), the supernatant was nethiand the pellet discarded. The
solution was then filtered through a damp tissueetmove any particulate material
before passing over a Qiagen column, previouslyliecated with 4ml of buffer QBT.
The plasmid DNA bound to the column was then wagshace with 10ml of medium
salt buffer (QC). The plasmid DNA was then elutathve ml of high salt buffer (QF)
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and then precipitated by adding 3.5 ml of isoprapbaDNA was then recovered by

centrifugation (at 15000 RPM for 30 minutes at 40n(Beckman centrifuge with a

rotor JA-16-25), which was then washed with 2 nfleréthanol. The solution was then
centrifuged (at 15000 RPM for 10 minutes at 40 @actkman centrifuge with a rotor
JA-16-25) and supernatant was carefully decantedrbe DNA pellet was allowed to

dry before being dissolved in 200ul of filter sised TE buffer (Table 2.3).

2.2.6 DNA digestion by restriction enzymes

Digestions were made using Roche restriction enzymgh corresponding
Roche buffers. For every 1 ug of DNA to be digesfetnit of restriction enzyme was
used. The ratio of enzyme to buffer was kept bel®#o (v/v). All restriction digests

were carried out at 37°C unless otherwise stated.

2.2.7 Agarose gel electrophoresis

DNA samples were mixed with 5x Orange G neutratliog dye (Table 2.4) and
loaded onto a 0.6% agarose gel (made by dilutirayasg in 1 X TAE buffer (Table
2.4). The gel was then run for approximately 40utes at a constant voltage of 150V.
The DNA gel was then stained with 0.5-pgétthidium bromide for 30 minutes and
visualised using a UV trans-illuminator (UVP BioDbSystems)

Table 2.4: Composition of buffers used for DNA tetgahoresis.

Reagent Composition

50 X TAE buffer 40 M Tris Acetate, 2 ™M EDTA
(pH 8.5)

DNA gel loeding dye 50% (vv) Glycerol, 1X TAE buffer,
0.5% (w/v) Orange G powder
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2.2.8 Isolation of DNA fragment from agarose gels

For isolating DNA from agarose gel, the gel was ain100 volts for ideal
separation of restricted DNA fragments or PCR potsluDNA was purified from
agarose gel using the Gene-clean kit (MP-BiochelsjicAfter the gel was stained in
Ethidium bromide, the desired size DNA was visulisinder the UV hand lamp and
cut out using a scalpel. It was then transferred pre-weighed eppendorf tube. Next,
the amount of Nal was calculated according to tlealt of the gel and was added to
the eppendorf tube, which was then incubated imeamo mixer at 5% for 5-10
minutes until the gel was completely dissolved. &fdlass beads were added to the gel
solution, mixed and incubated on ice for 5 minwméth mixing regularly ensuring the
glass beads stayed suspended. The solution wasctmnfuged at 14000 rpm 10
seconds to recover the DNA bound to glass beads.stlipernatant was decanted and
the pellet was washed with 500ul of New wash busigoplied with the kit. After re-
suspension the solution was centrifuged at 140060 fpr 10 seconds and the
supernatant was discarded. The washing steps weeated three times. The DNA
pellet was dissolved in 10u! of ddH20 and incubate8¥C for 4 minutes to elute the
DNA. The solution was then centrifuged at 14000 f@nseconds to recover the DNA
in the supernatant. The process was repeated oretim@ by adding 10ul of ddi.

The concentration of DNA was then measured witraadDrop.

2.2.9 Quantification of DNA
DNA concentration gel was measured by spectrophetignusing a NanoDrop.
Briefly 1ul of TE buffer was used to create a zeatue before DNA concentration and

quality (ODysd/OD2goratio) was determined for each sample.

2.2.10 Ligation of DNA fragment

For ligations, the Ready-To-Go kit (Amersham) waed) equal ratios of vector
to insert (250-500 ng) were used in a final voluoh&€0 pl, with sticky-end ligations
left for 30 minutes and blunt-end ligations for dinutes in a 16°C water bath which
was maintained at constant temperature in the romoh. The ligated product was then
used straight for transformation in competent B.Cdli50 (2.2.3) or was frozen at -
20°C for later use.
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2.2.11 Phenol-chloroform extraction and ethanol preipitation of plasmid DNA

Equal volumes of phenol- chloroform were addecheoglasmid DNA, vortexed
and centrifuged at 14000 RPM for 2 minutes at rdemperature (RT)). The upper
layer (aqueous phase) was then collected intosh feppendorf before adding an equal
volume of phenol and the centrifugation process igpsated. The upper layer was then
transferred to a fresh eppendorf before an equa® of chloroform was added and
centrifuged. The upper aqueous layer was theregleaith 1/10 volume of 3M sodium
acetate and 2.5 volumes of absolute®-@0ethanol and incubated at °20 for 20
minutes. The precipitated DNA was pelleted by dtmgation, washed with 70%

ethanol and dissolved in an appropriate amount&obiffer.

2.2.12 Cloning of PCR fragment into pUC18/19 vector

PCR products were cloned into pUC18 or pUC19 vectsing the Sure clone
kit (Amersham). The PCR fragments were bluntedgi&ilenow enzyme (Roche). This
was achieved by adding 1 pl of Klenow fragment (680ml) to the DNA diluted in 1x
blunt/kinase buffer and left at 37°C for 30 minuégter which the DNA was extracted
by phenol-chloroform extractionThe PCR productseméren separated on an agarose
gel, cut and purified as described (2.2.7). The DM then cloned into linerarised and
dephosporylated puUC18/19

2.2.13 Sequencing

Sequencing reactions were performed at TGAC at Jbien Innes Centre,
Norwich. For plasmids <5kb in length 200ng and 5@0of DNA for >5kb in length
was sent for sequencing. Sequences were verifiddagned using the online tools
Chromas and BLAST (NCBI).
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2.3 Polymerase Chain Reaction (PCR)

2.3.1 Amplification of plasmid DNA fragment by PCR
700ng of plasmid DNA was amplified using the higtefity Taqg polymerase
(Roche) in total volume of 200 The reaction mixture was then divided in 4 tubes

containing 5Qul each and subjected to the following PCR condgion

Denaturation at 94°C for 2 min

94°C for 45sec
Annealing at 55°C for 1 min } 35 cycles
Extension  at72°C for 1min/1kb + 3 seconds eacie

72°C forl0 min

4°C for 15 min

PCR products were then separated on an agaroaedjplurified with Gene Clean.

2.3.2 Genotyping of mouse tissue by PCR
Mouse ear biopsies were lysed (table 2.5) overragh6°C and 1:10 diluted for

the PCR reaction according to table 2.6.

Table 2.5: Composition of lysis buffer used for seotail/ear biopsies.

Reagent Composition

Proteinese K lysis buffer 0.1 M Tris/HCI, 0.2M NaCl, 0.2 %
(w/iv) SDS, 5 mM EDTA, 0.1 mg/ml
Proteinase K
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Table 2.6: Master mix for genotyping by PCR.

Reagents Concentr ation Volume per reaction
Forward end Reverse 20 pM per primer 1ul
primer mix
10x Buffer with detergent | 200nM tris-HCL(pH 8.8 5ul

at 25°C), 500 mM KC]
0.8% (v/v) Nonidet
P40,15mM MgCJ*

dNTPs 25uM 0.5ul
TOD 1:10 dluted Unknown 2ul
Sterile H,O (Fisher) N/A 38.5ul
Mouse DNA 1:10 diluted Unknown 3 ul
Finel Volume - 50l

The standard touchdown programme used for genajymndetailed below,

followed by modifcations for itga5 mutant mice andx mice

a) Touchdown programme

Denaturation at 95°C for 5 min

95°C for 1 min
Annealing at 65°C for 1 min /minus one degraehecycle} 10cycles

Extension at72°C for 1 min

95°C for 1 min
55°C for 2 min } 30 o3sl

72°C for 1 min

72°C forl0 min
4°C forl5 min
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b) Itga5-specific programme

Denaturation at 95°C for 5 min

95°C for 45sec
Annealing at 60°C for 45 sec

Extension at72°C for 1:30 min

} 30 cycles

72°C forl0 min
4°C for 15 min

c) mdx-specific programme

Denaturation at 95°C for 3 min

95°C for 45sec
Annealing at 56°C for 45 sec
Extension at72°C for 1:30 min

} 40 cycles

72°C forl0 min
4°C for 15 min
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Table 2.7: Oligonucleotides used for genotyping

Primer | Description Sequenc
Number
1 A7 - 981.rev CCA GAA TCG ATG GAG AAACC
5 A7 - 3588.rev GAT CGT CGA CTC TAG AAG ATG TTA GGRGT GGC TGG
6 A7 3206.seq CTC AGA GAT GCA TCC ACA GTG
7 A7 - 719.seq TTC TGT GAG GGG CGC CCC CAG
12 HSA.seq GCA CTA CCG AGG GGAACCTG
13 MCK.seq TCA CAC CCT GTAGGC TCC TC
43 A7.39.seq GAG GGG TGC TGA GGT GAA AG
44 A7.264.rev GCC GGT GGT AAG AAC AGT CC
64 Cre UM15B.rev GAC GGA AAT CCA TCG CTC GAC CAG
65 Cre UM19B.seq GAC ATG TTC AGG GAT CGC CAG GCG
95 HTO030-dwn GCAGGATTT TAC TCT GTG GGC
96 HTO031-wt/flox-up TCC TCT GGC GTC CGG CCA A
97 HT032-ko-up GAG GTT CTT CCA CTG CCT CCT A
98 HT038-neodwn ACC GCTTCCTCG TGCTTT AC
82 AM p9427.seq AAC TCA TCA AAT ATG CGT GTT AGT G
83 AM p260e.rev GTC ACT CAG ATA GTT GAA GCC ATT TAG
84 AM p259e.rev GTC ACT CAG ATA GTT GAA GCC ATT TAA
134 Anxab-Int2.seq TGG GGA GAG ACT TAG CCA AC
158 Anxab-Int Ex3.rev AATTAAACGTTACCCAAGCC
159 Anxab5-LacZ.rev TGCGGGCCTCTTCGCTATTACG
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Table 2.8: Oligonucleotides used for cloning

Primer | Description Sequence
Number

124 AnxA5-Cre-fus.rev ATC AAT CGA TGA GTT GCT TC

125 | AnxA5-Cre-fus.rev GCT TGA TAT CGG TTA CAG TGT GAA TAG TAC TAC CCT
TCC TTT CAC AGG CTA CGA TGC CCA AGA AGA AGA GGA

126 | AnxAb5-Ex6.rev ?gG CAC TGA GTT CTT CAG GTG

127 | AnaxA5-Int5.Seq CGT GAT GAT CGCGTTT ATT GGC

131 | Anxe5-int6.<€q: AGT TCT TAG AGG AGG CTT CAG GA
132 [ Anxe5-int6.rev CTT GAT GCA CTG TGA AAT GGT TA
133 | Anxeb-Ex3.rev GAA GTC AGT CAC AGT GCC TC

134 | Anxeb-Int2.<eq TGG GGA GAGACTTAGCCAAC

135 Cre-A5Kl.rev CAT GTC CAT CAG GTT CTT GC

142 | Anxe5-intégFCR.rev | TGT CTC TTC TCT ATG CCT GCT TC
143 | Anxe5KI-neopA.ceq | GAG GAT TGG GAA GAC AAT AGC AG

2.4 Embryonic stem cells

After preparing 100 pg of high quality plasmid feach construct they were
linearised using Notl and sent for transfectiorewfbryonic stem cells at the transgenic
core facility at Dresden, Germany. Mouse ES cellsctv were transfected with the
targeting vector and selected on Neomycin wereiveden 96 well plates on dry ice
and kept at 80°C. JIM8N4 and 129Sv-derived R1 EIS wadre used

2.5 DNA extraction and screening of targeted clones

For isolation of DNA the transfected ES cells wesenoved from -80°C and
were thawed at 37°C for about 10 mins and trarefeto 24 well plates containing
feeder cells over night at 37°C, growth media waanged the following day. When
confluent, cells were lysed with 500 pl PK lysisffbu and kept overnight at 37°C
followed by addition of 500 ul isopropanol and pktwere then left at 4°C for 4-6
hours for formation of the DNA precipitate. Thesible precipitated DNA was
transferred to 1.5 ml eppendorf tubes containin@ 10sterile TE buffer (pH 8.0) using
a sealed glass pipette and left at 55°C for 24ddissolve.
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2.6 Southern blot analysis

2.6.1 DNA gel treatment and membrane transfer

Approximately 10pg of genomic DNA in TE buffer wasgested overnight
using the appropriate restriction enzyme in digestouffer. The digested DNA was
then separated on a 0.6% agarose gel, stainecethiium bromide and viewed using
UV light. The gels were then submerged in depuidmabuffer (Table 2.9) for 10
minutes. The solution was replaced with the deaéitun buffer (Table 2.9). After 20
minutes fresh buffer was added for a further 20ut@s. The same was repeated with
the neutralisation buffer (Table 2.9). The gelsevéétren placed over 20xSSC saturated
filter paper placed in solution and the DNA wassf@rred onto a nylon membrane
(Hybond XL, GE healthcare) by vertical diffusion thie 20xSSC buffer through paper
towels overnight. The DNA was then fixed to the nbeames using freshly prepared
0.4N NaOH by placing them on saturated Whatman rpagib the bound DNA facing
upwards for 10 min. The membranes were then néédhby transferring to 20xSSC
(Table 2.9) for a further 10 min. For the membrattebe ready to use for radioactive
labeling, they were heated at 55°C for 1-2 houdskaept at 4°C until use.

Table 2.9: Reagents used in southern blot analysis

Reagents Compositions

Depuringtion buffer 0.25 M HCI

Deneturetion buffer 0.5 M NaOH, 1 M NaCl
Neutralisation buffer 3 M NaCl, 0.5 M Tris/HCI (pH 7.4
20X SSC 3 M NaCl, 0.3 M Na Citrate (pH 7.0

2.6.2 Preparation of DNA probes

For screening of Anxa5-KI-Cre transfected ES cd@IsDNA probes were
generated. Probe 1, (3' probe, Figure 5.4) wasifietbby PCR with primers #126 and
#127 (table 2.8) using plasmid pX1-E2-7. The 700gw probe (Neomycin-specific)
was obtained by restriction of plasmid pGem-NédtcoRI plasmid with Pst I. The 870
bp probe 2 (5' probe, Figure 5.4) was obtaineddsyriction of plasmid pX3-EN-8-4
(#197) with BamH.
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2.6.3 Radioactive random labelling of DNA probes

50 ng of DNA fragment was labelled with 50 wGidCTP32 using the “Prime it
II” kit (Stratagene) according to the supplier'stpcol, followed by purification using
lllustra NICKTM columns (GE healthcare). The specdctivity of 4 ul of the 400 pl
elute was determined using a liquid scintillatiooucter (HIDEX). 2-3.16 cpm of
labelled probe was denatured for 5 minutes at 968€Cbefore hybridization and kept

on ice for 2 minutes

2.6.4. Hybridisation using radio-labeled probes

Nylon membranes containing DNA were placed intoyhrigisation tube with
the hybridised DNA facing inwards and prehybridised4-6 hrs at 42°C with 12.5 ml
of pre-warmed hybridisation solution (Table 2.1@) which 100 pg/ml denatured
salmon sperm DNA was added. The denatured radweaptobe was added with fresh
hybridisation solution and incubated overnight @G The next day the membranes
were washed at RT with washing solution (Table Rfb® 10 min. A more stringent
wash with pre-heated washing solution was carriatl ai 50°C depending on the
radioactive signals picked up by a hand monitor exgosed to a BioMax MS-1 film
(Kodak) together with an intensifying screen (Kogttk amplification of the signal at -
80°C

Table 2.10: Compositions of pre-hybridisation- hglwation and washing buffer

Reagents Compositions
20x SSPE buffer 3M NaCl, 0.2M NaH,PC, x H,0, 25mM
NaEDTA, 65mM NaOH, ddHD (pH

7.4). sterilised by autoclaving

20 x £EC 3M Nacl, 0.3 V Na Citrate, H20, pH 7.C

Wacshing tuffer 2 X SSCin 0.1% DS

Formamid kuffer Formamid (Sigma), 20x SSPE buffer,
10% SDS, 100 X Denhardt solution,
ddH,0
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2.7 Generation of chimeric mice from targeted ES dis
ES cells, which were identified as positive for l@ogous recombination were
injected into host blastocysts and implanted irgeyalo-pregnant foster mothers at the

Transgenic Core Facility, Dresden, Germany.

2.8 Cardiotoxin (CTX) injection
Injury was performed by injecting 50ul of 10 uM CTE¥ong the whole length

of the TA muscle under general anaesthesia wiftus@ne.

2.9 Dissection of mice

Mice were sacrificed by a schedule-1 method acogrdo the Home office
license guidelines. An incision was made over timelllmbs (HL) to carefully remove
the skin and expose the muscles of interest. Eatle was individually isolated with
the tendon and stretched on parafilm and securéd dissecting needles. It was then
processed for post fixation in PFA or frozen fominute in liquid nitrogen cooled
isopentane.

For isolation of embryos, the pregnant female vaasificed and embryos were
separated and washed in PBS solution. The hindsliofbthe embryos were either
processed for cryo sectioning or for paraffin entdmeg. The diaphragms of the
embryos were care fully dissected and processedtiole mount immunostaining.

2.10 Histology

2.10.1 Post fixation of tissue for cryo sectioning
Muscles were incubated in 2% PFA solution for 4 reoat 4C. The PFA

solution was replaced by PBS (Table 2.11), and bated overnight with regular
changes. The next day PBS was replaced by 5% sugrd3BS solution for 2-4 hours
with regular changes and then replaced by 20% sacsolution in PBS over night
before freezing for cryo sectioning.

Table 2.11: Composition of Phosphate bufferedn®ali
Reagent Composition

Phosphete buffered Saline 10x pk 7.4 1.37M NaCl, 27nM KCI, 100nM
NaHPO,, 18mM KHPO,, 5mM
MgCl,-6H,0
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2.10.2 Cryosectioning

Frozen tissues from mice were mounted with OCThedpecimen holder. The
temperature of the sample was maintained at -24ewthe blade temperature was
maintained at -26 and 10um thick sections wereectdtd on TESPA (3'aminopropyl-
triethoxy silane) coated slides. Every fifth sestas collected onto an independent

slide, which was used to obtain an overall repriegem of the muscle.

2.10.3 Preparation of Diaphragm for paraffin embeddhg

After isolating the diaphragms from Itga5cKO andhtrol mice at post natal day
3 (P3), they were washed with PBS and were dehsdrabrough the series of
increasing concentrations of ethanol at RT. At theginning, the samples were
immersed in 30% ethanol for 1-2 hours changing G& Sethanol and finally to 70%
ethanol. The diaphragms were stored in 70% ethantl processed for paraffin
embedding.

2.10.4 Paraffin embedding of diaphragms
Diaphragm which were stored in 70% ethanol wera thlaced in the plastic

cassettes and set up in a tissue preparation nea¢bEICA TP1020) on the pre set

program.
90% ethanol 1 hr
95% ethanol 1 hr
100% ethanol 1/2 hr
100% ethanol 1/2 hour
100% ethanol 1/2 hour

Diaphragms were then cleared of any remaining eth&éy immersing in
histoclear (Fisher) solution for 30 minutes andeamg it for 3 times before adding it
to molten paraffin. Samples were then rotated o8 metal containers containing
molten paraffin at 6%. Once this process is over the diaphragms wetsedded on
embedding station (Microm EC350-2). All cassetteseaplaced in a wax bath in the
embedding station and removed from their cassatidisidually before placing into
wax blocks. A mold was half filled with hot wax atfte tissue was orientated within
the wax and the base mould is placed on the calte @b set. Paraffin blocks were

stored at 4C before sectioning on microtome (Microm HM355S).

80



Chapter 2

2.10.5 Microtome sectioning

To set up the microtome the machine is filled vatirO to warm to 48C small
amount of “STA-ON”, a tissue section adhesive frBargipath was added to improve
the tissue collection on the precoated slides.ffatdock was placed on the pre cooled
tissue holder before sectioning at 10-um thickreesSéde was left to air dry before
storing them at room temperature. Samples were staned with Hematoxylin and

Eosin dyes.

2.10.6 TESPA (3'aminopropyl-triethoxy silane) coang of the slides
Slides were pre-coated with the adhesive TESPA{8)cas described in Table
2.12. Slides were then dried at’65and stored at RT until used.

Table 2.12: TESPA coating solutions

Reagents Incubation period
Acetone 30 <ec

2% TESPA in ecetone 1min

Acetone Quick immersion
Acetone Quick immersion
ddH,O Quick immersion

2.10.7 Hematoxylin and Eosin staining
Eosin Y (Sigma-Aldrich) was freshly prepared by imgka 0.1% solution in

distilled water and adding a few drops of glaciaktec acid; Mayer's hematoxylin
(Merck) was 1:1 diluted with ddi®D. Sections were submerged in freshly filtered
hematoxylin for 3 minutes. The sections were thashwed with cold running tap water
for 10 minutes before they were submerged intchfyesiltered eosin for 30 seconds to
1 minute before dehydration with increasing ethaimricentration. Samples were then
treated twice in histoclear for 7 to 10 minutes andunted using DPX (Fisher),

protected with a cover slip and left to air dry &y to 20 minutes.
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2.10.8 Oil Red O staining

Oil Red O staining was performed to confirm thea#tion of adipose tissue in
and around the muscle tissue. The stock solut@as prepared by dissolving 300mg of
Oil red O powder in 100mls of 60% isopropanol ovght. The stock solution is stable
for up to one year and sored 4C4until to be used for staining. The working sajuti
was made by mixing 3 parts of Oil Red O stock sotutvith 2 parts of ddkD, which
was then incubated at RT for 10 min. Working solotivas then filtered through a
0.2um filter before using it for staining. 10pmrthuscle sections were immersed in
working solution of Oil Red O and incubated for I®minutes at 61T before washing
under the running tap water for 10 min. The slidesre then rinsed with

60%isopropanol and mounted using Galvatol mountiegium.

2.10.9 X-gal staining for detection of LacZ

X-gal staining forp-galactosidase activity was used to detect expessi the
LacZ fusion gene. X-gal staining was carried out ranscle sections of various
thickness (10m -2Qum). Muscle sections were fixed for 30 minutesixation buffer (
Table 2.13) before washing them in wash buffer [@&hl13) for 15 minutes for 3 times.
Fresh X-gal staining solution was prepared fromeckrgal buffer (Table 2.13) by
addition of X-gal stock solution at the concentratiof 50mg/ml. the solution was
filtered before use on the sections. Muscle sestivare then incubated at%7 untill
the LacZ staining was visible. Staining was stoppgdvashing the sections in wash

buffer, before mounting with them with Gelvetol nmbimg medium.
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Table 2.13: Reagents for X-gal staining

Reagents

Compositons

0.1 M FPhospheéte buffer

NaH2PC4, Na,H PC4, dd|-20

Fixation tuffer

5mM  EGTA, 2mM MqgCl,, 0.2%
glutaraldehyde, 0.1M phosphate buffer

Wash Buffer

2mM MgCl,, 0.1M phosphete buffer

X-Gal core solution

2mM MgCly; 5mM K4Fe (CN) 6-3H.,0,
5mM K3Fe (CN) 6-3H0O, 0.1M
phosphate buffer

X-gel Stock solution

500mnrg X-gel, 10 rrl dimethylformamide

2.10.10 Immunohistochemistry

Sections were rehydrated in PBS for 10 minutes rbefixing with 1%

paraformaldehyde (PFA) (Sigma) in PBS for 10 miau& room temperature in a
humid chamber. Three washes of PBS with 0.1% Tva8e(PBS-T) for 5 minutes were

performed after the PFA fixation. Slides were tipenmeabilised in methanol at 20

for 8 minutes and then washed three times in PB®fT5 minutes. Non-specific
binding was blocked using 5% Normal Goat Serum (NGE&itrogen) diluted in PBS-

T for 90 minutes at 3T in a humid chamber. Primary and secondary antisod
(Tables 2.14 (a) and (b)) were prepared and dilut@do NGS in PBS-T.
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Table 2.14(a): Primary antibodies used for immustichemistry

Protein of interest | Primary antibody | Dilution (in 2% NGS) | Manufacturer
Nidogen U13+ (enti-rabbit) 1:200( In house
Laminin a2 LNa?2 1:2C Sorokin
Integrin a 7B U12+ (enti-rabbit) 1:40C In house
Integrin 0.7B U31+ (anti-rabbit) 1:40C In house
Integrin g1 U49+(anti-rabbit) 1:40C

Integrin 1D U30+(anti-rabbit) 1:40C In house
Integrin 0.6 GOH: 1:1C In house
Integrin a5 CD49¢ 2.5 g/ml Fhermingen
Integrin av CD51 Sug/mi Fhermingen
Lectin FITC 1:50C Sigma

Table 2.14(b) Secondary antibodies and nucleandtaid for immunohistochemistry

indolecarbamidine
dihydrochloride (DAPI)

Secondary antibody Dilution (in 2% NGYS) Manufacturer
Goet anti-rabbit Cyz 1:20C Jackons

alphe SMA- mouse mAb-Cy3 1:40C Sigma

Goet enti-rabbit Cyz 1:80C Jacksons

Goet anti-rat 647 1:20C Jackons
Nuclear Stain Dilution (2% NGS) Manufacturer

4- (Amidinophenyl-6- 1:500 (14g/ul) Sigme
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2.10.11 Preparation of Gelvatol mounting medium

10ml solution of 0.1M KH2P0O4.H20 was adjusted t® By addition of 0.1M
NaoHPQi.H20. The resulting solution was then diluted 1:10make a 0.01M solution
to which 20gms of Polyvinyl alcohol (Gelvatol, Type cold water soluble, Sigma P-
1836) and 0.65gm of NaCl (0.14M) were added. Thetumé was left on the stirrer to
mix over night before adding 40ml of Glycerin (SgmNext day the mixture was
transferred in two 50ml falcons and centrifuged 12000rpm for 15 minutes.
Supernatant was collected and anti-bleaching ag&®BCO (Sigma) was added at the
concentration of 2bg/ml. Syringes were filled with the Gelvetol avaidithe formation

of air bubbles and were stored at?Q@ntil used for mounting.

2.11 Microscopy

Immunostained cryosections were analysed with asZepright fluorescent
microscope. Images were captured with a monochrcangera (Axiocam HR). H&E
stained images were captured using the colour @nidxioCam HRc, Zeiss)

usingAxiovision software version 4.8.2.

2.12 Western blot analysis

2.12.1 Preparation of Muscle Lysates

GC (Gastrocnemius), TA (Tibialis Anterior), Sol (8es) and EDL (extensor
Digitorum longous) muscles were dissected and dragen in liquid nitrogen and
stored in -80 °C. For preparation of muscle lysatestissue was immersed in 2ml pre-
cooled RIPA buffer (Table 2.15) and homogenised ioa. Tissue lysates were
centrifuged for 5 minutes at 14000rpm. The suparmtawas centrifuged for a further 60
minutes at 35,000 rpm at@. The protein concentration was quantified usirgRierce
BCA Protein Assay kitusing bovine serum albumin as a standard accordinte
supplier’s protocol. The samples were then stote8G°C.
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Table 2.15: Reagents used for western blotting

Reagent Components

Tris buffer saline (TBS) 10x pH | 50nmM Tris-Cl, 150nM NaCl

7.6

RIPA buffer 5x 100rrM Tris (pH 7.4), 750M NaCl, 5% NP40,

0.25% Triton-X 100 and 2.5% Na-
Deoxycholate

Sample buffer 5x pk 6.€ 5% SDS, 25% glycerine (v/v), 200NNV Tris
(v/v), and bromophenol blue
Runnng buffer 10x 1.92VM glycine, 0.25M Tris, and 1% SDS

diluted in ELGA water
Transfer buffer stock 10x pF 9.z 29.9gglycine, 589 Tris, and 3.7gSDS dissolved
in ELGA water

2.12.2 Immunoblotting

20ug muscle lysates in 1x sample buffer were denataté@5C for 5 minutes.
SDS-PAGE 5-15% or 8-18% gradient gels were usegparate samples at 200V under
non-reducing, or reducing (8-18%) conditions by tleldition of 5% pB-
mercapterethanol. Biorad broad range moleculareangrker was used as standard.
Transfer onto PVDF membranes was carried out inMGuadium borate overnight at
200mA at 4°C. Protein marker was identified by ¢&au S (2.5% Ponceau S in 5%
Trichloroacetic Acid) staining. After blocking ink1Sigma blocking Buffer B6429 (for
quantification) or 2% NGS in PBS-T (all other), tlappropriate affinity-purified
polyclonal primary antibodies were applied at 1A @iution in 1x Sigma block or 2%
NGS PBS-T and incubated 1 hour at room temperakdembranes were then washed
three times in PBS-and then incubated with IR-dye conjugated (for difiaation
blots) or goat anti-rabbit secondary antibodiesjwgated to horseradish peroxidase
(HRP) together with actin antibody as a loadingta@nMembranes were then washed
two times with PBS-Bnd once in PBS. Protein bands were visualised Eth using a
CCD camera (LAS 1000, Fujifilms) or using the OdyssLi-Cor scanner (for

quantification).
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Table: 2.16: Composition of gradient gels used niginivestern blotting

Separating Gel Separating Gel
Components Source 5% (ml) | 15% (ml) | 8% (ml) 18%
(ml)
ELGA water Water polisher | 16.€ 6.C 13.¢ 3.
30% ccryl-bisacrylamide | BIO-RAD 5 15 8 18
Seperating bufer 4x In house 7.t 7.t 7.t 7.t
1.5M Tris, 0.4% SDS
pH8.8
10% Ammonium Melford 0.0¢ 0.0t 0.0¢ 0.0t
persulfate
TEMED Ficher 0.011 0.011 0.011 0.011
Scientific
Stacking gel
Components Source 3% (ml) 4.5% (ml)
ELGA water Water polisher | 13 12
30% ecryl-bisacrylamide BIO-RAD 2 3
Stacking buffer 4x In house 5 5
0.5 M Tris, 0.4% SDS pH 6.8
10% Ammonium persulfate Melford 0.0t 0.0t
TEMED Ficher 0.01(C 0.01c
Scientific

2.12.3 Quantification of Immunoblot

Quantification of integrina7, 1 and actin expression was calculated from
immunoblots, using the Odyssey System. Two infrdtadrescent channels can be
detected, meaning two target proteins can be detesimultaneously, in the same
immunoblot. Actin was used in all cases as a Igadiontrol. For each sample, the
fluorescence intensity of both the integai/31D and actin bands was measured by
manually outlining the immunoblot band. The backmw was automatically subtracted
from this measurement. All parameters were constantall immunoblot band
measurements. The integrm7/31D value was then divided by that of actin, to
normalise any loading discrepancies. When quantifyioverexpression for the
transgenic strains, all (normalised) values foegnin a7/31D were then divided by the
(normalised) value of the wild type. This gave tn&dtype value an assigned value of
1, and all overexpressing strains a fold increasm fthis value. Immunoblots samples
were run for two mice from each strain and each ngpeated at least three times and

the average values were calculated.
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2.12.4 Immunoprecipitation of muscle lysates

1mg of total protein extract was pre-cleared fandurs with 5@ of Protein
Sepharose A (GE-Healthcare). The supernatant wasl digr precipitation with
5uL/500uL of the appropriate affinity purified rabbit polgnal antibody in a total
volume of 50@0 1X RIPA lysis buffer and left to rotate overnighiOul of Protein
Sepharose A was added and incubated on a rotatweglvior 2 hours. Samples were
briefly spun down and the supernatant discardesl,spharose pellet was washed 3
times in 50@l 1X RIPA buffer and briefly centrifuged. After fah washing the
supernatant was removed using a Hamilton syringkthe antigen was eluted with
10Qul freshly made treatment buffer. Samples were tHenatured at 9& for 5
minutes and @ of sample was run on 5-15% or 8-18% SDS-PAGE igrdadgels.
Remaining samples were then stored at -20 °C @ifiek freezing on dry ice.

2.13 Animal maintenance
Mice were handled in accordance with Home offiggutations. All mouse lines

were kept under specific pathogen-free conditiensdividually-ventilated cages and
were routinely screened for common mouse pathodéite were weaned and genders
were separated around 3 to 4 weeks of age. Asthge, they were ear tagged, and ear
biopsies were used for genotyping. Mice that wereneeded where humanely culled
by a schedule 1 method. For genotyping embryognamg female mice were sacrificed
by schedule 1 method and the embryos were remawd@@alysed for phenotype. The

tail tissue from embryos was taken for genotypigdPCR.

2.14 Isolation of pericytes from mouse tissue

This technique was performed in collaboration vidlthZhou. ROSA-td Tomato
mice were dissected under dissecting microscope tesslles from muscle and
peritoneum were carefully isolated and washed widtile PBS several times. Tissue
samples were then sliced in to small pieces bafarebating in to Collagenase (Col
type 1l, 3mg/ml) for 20 minutes. The tubes contagntissue were gently agitated after
every 5 minutes to facilitate complete dissociatibthe tissue by Col type Il. Samples
were mixed by passing through 5ml pipette beforiliating for further 20 minutes.

After this process, disintegrated tissues were gghssrough 40m cell strainer and
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centrifuged at 1600 rpm for 20 minutes. Supernataad discarded and cell pellet was
suspended in DMEM 10% FCS medium before culturiregt on gelatin-coated plates

overnight. Next morning cells were washed by PB3etnove the loose cells before
changing medium and incubated further until 100%floence. Medium was changed

on daily basis.

2.15 Fluorescence Activated Cell Sorting (FACS)

This technique was performed in collaboration vibthZhou. Cells were grown
on gelatin-coated plates until they reach confleer@@ell were then detached from the
plates using 5mM EDTA before splitting them in t&® ml falcons, one will serve as
control for FACS staining. Cells were centrifuget 2000 rpm for 4 minutes,
supernatant was discarded and cells were resugpendeml| PBS with 5%FCS for
further centrifugation. Cell pellet were then rgsersded in 100 PBS with 5%FCS. At
this stage one set of cells were stained with dadell surface markers (CD140b,
CD31, CD45) conjugated with different fluorochromghile second set was labeled
with relevant IgG antibody to serve as a negatwetrol. Cells were incubated for 45
min on ice with intermittent mixing before washitwgce with 5ml of 5% FCS in PBS.
Cells were resuspended in 5% FCS in PBS beforengdiitem on FACS machine (BD
FACS Aria ll).
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Integrin a5B1 in development and adult Skeletal Muscle

Integrin a5B1 deficiency leads to embryonic lethality before scia
development begins, due to mesodermal defects, pnostinent in the posterior region
of the embryo (Yang and Hynes, 1993). To studyftimetion of integrina5 in skeletal
muscle we made use of conditional knockout (cK@@gnn a5 fl/fl and heterozygous
integrin a5 +/- knockout mice in combination with Cre recomdse driven by the

muscle specific promoters, HumafSmooth muscle actin (HSA) and Pax3.

3.1 Generation of integrina5 conditional knockout in skeletal muscle.
Integrin a5 mutant mice were a kind gift of Prof R.O HynesITMBoston,
USA), which were generated in his laboratory with gene targeting strategy described

in figure 3.1.

To generate integrin5 fl/fl (Itgab), the targeting vector was designeduch a
way that exon 1 was flanked by two LoxP sites, ahihe neomycin cassette was
flanked by two frt sites. After homologous recondiian in ES cells mice heterozygous
for the targeted allele were generated and thessertbwith Flp deleter mice to excise
the Neo cassette. Theab fl/fl animals are normal and used for cross birggavith
mice in which Cre is driven by a tissue specifiorpoter. In addition we obtained mice,

which carried a null allele for integrub (Itga5 +/-).
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Figure 3.1: Design of the targeting vector for hoogous recombination in integrire5 mice.Genomic organisation of the integra’d knockout
(Itga5¢®) and Wildtype (Itga%") alleles is shown in the first two constructs (teo). The targeting construct for the conditioiatkegrin o5 knockout
allele (middle) and the resulting targeted alleliéea homologous recombination (upper bottom) isvalmoMating with Flp recombinase transgenic
mice removes the neomycin selection cassette hdmwveen frt sites (lower bottom). Breeding witle @&combinase expressing mice will excise
exon 1 which is flanked by two loxP sites, resgltinconditional loss of integrin5 (Itga$°"4 X9 (bottom last).
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3.1.1 Breeding strategies to generate integri5 conditional null mice

In order to understand the role of integef in skeletal muscle, we decided to
delete integrinu5 specifically in skeletal muscle. To obtain thesgemals we crossed
heterozygous Itgd5 mice with animals expressing Cre recombinase utigecontrol
of HSA promoter (figure 3.2 A), which becomes aetat embryonic day 9.5 (Asante,
E.A., et al., 1993) and predominantly active irfeténtiating skeletal muscle (Miniou,
P., et al., 1999). This created Itg&5'S*“"®mice, which were then crossed with ltga5

fl/fl females to obtain Itgas fl>A"®mice (figure 3.2 B).
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Itga5+/- [tga5+/+ HSACre Itgab +/-HSA-Cre Itga5 FI/FI
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?
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[tgab+/+ HSA-Cre Itgab FI /+ HSACre

L
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Itga5+/- Itga5 Fl/-

L
L

Itga5+/+ Itga5 Fl/+

Figure 3.2: The breeding strategy applied to olstdiga5 cKO mice.(A) ltga5+/- mice were

crossed with mice expressing Cre recombinase utitercontrol of the HSA promoter to
generate Itga5+/1>*C®mice, which were then crossed (B) with Itga5 fifice to generate

Itga5 fl/-"S*#C*mice in which the expression of integefi is knocked out in skeletal muscle.

92



Chapter 3

3.1.2 Genotyping by PCR analysis of integrim5 cKO mice

Tail biopsies of the experimental mice were proedsfor preparing DNA
lysates which were then used for genotyping by pehase chain reaction (PCR) using
primers HT030-dwn, HT031-wt/flox up, HT032-KO-up,TBI38-Neo dwn (Table 2.7)
and Figure 3.1). The primer combination HT032 aA®88 gave a 1KB band specific
for the Itga%®© allele. The combination of HT030 and HT031 primeesulted in a
550bp band for the WT allele in integi® heterozygous animals but detected also the
presence of the floxed allele (fl) by the appeagawica 700bp band. Finally, excision of
exon 1 by Cre- recombinase was confirmed by thegmee of a 500bp band, which was
the product of the primer pair HTO30 and HT032 (feg 3.3). Cre-specific primers

were used to confirm the presence of HSA-Cre.
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Figure 3.3: Genotyping of Itga%° mice. Genotyping was carried out by touchdown PCR
programme using primers HT030, HT031, HT032 and 38TOFI" = Floxed allele (exon 1 of
Itga5 flanked by 2 loxP sites), while “WT” = wilgpe allele, M= marker (1KB ladder). After
Cre-mediated recombination, exon 1 was excised hwhias visualised as 500bp band in

samples 9-11.

We observed a 500bp band corresponding to excitsld, avhich is likely due
to small amounts of muscle tissue present in théi@psies. We therefore decided to
perform the PCR on the DNA samples obtained frodividual muscle like GC, TA;
Sol and EDL (figure 3.4). This allowed us to vigsalthe amount of excised Fl allele in

individual muscles.
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GC Sol TA M e
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Figure 3.4: Representative PCR results from DNAls®d from individual muscleDNA was
isolated from GA, TA and Sol muscle isolated frega3fl/-**<"mice and PCR was carried
out using the specific primer combinations. The &l@le was identified as a 1000bp band
while the floxed allele (FL) was observed at 700Dpe wild type allele (WT) gave a 550bp
band while the excised allele showed at 500bp.

The amount of excision was quantified by calculatime ratio of the intensity of
the floxed and excised allele by Image J analysibvare. There was almost 50%
excision observed in all the muscle in Itga5"fi~C" mice. The representative table
with the actual values obtained from Image J amalys documented in table
1(Appendix 1)

3.1.3 Histological analysis of adult integriru5 HSA-C® mice

ltga5 fl/HSAC™® mice were born at the Mendelian ratio, and wemblei and
fertile. There was no apparent abnormality. It waerefore crucial to determine the
effects of integriru5 deficiency in muscle. To answer this questionetké muscle of
integrin a5 cKO and control mice were analysed by histoloy.controls we choose
the following genotypes, Iltga5 fIH5AC |tga5 fl/fl and Itga5 WT. Experimental mice
were sacrificed at four weeks, three months andyeae of age. Whole hind limbs (HL)
were dissected and frozen for cryosectioning asrdesd in materials and methods.
Cryosections of 10um of thickness were taken amdlyaad by Hematoxylin and Eosin
(H&E) staining to visualise any signs of muscle dge In addition we also analysed
the diaphragm to observe any changes in phenotype.

Often early signs of muscle degeneration are \asil four weeks of age.
However, muscle sections of 4-week-old Itga8f-C"® mice had no obvious signs of

muscle damage when compared with Itga5fti<'e littermate controls (Figure 3.5). At
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the age of three months the muscle phenotype didhamge and the morphology of the

muscles was comparable to that of controls. Thex® no obvious difference in muscle
fibre diameter observed. However, we observed scamérally located nuclei (CLN)
particularly in the GC muscle and therefore we dedito quantify the number of fibres
with CLN in both ItgaS‘® and control mice. These experiments were repdatetiree
different sets of mice at four weeks and three mm®wof age to eliminate any biological
differences between individual mice.

J/-B8A-Cre F1/+HSA-Cre

4 weeks

3 Months

Figure 3.5: Representative images comparing mussktions of Itga5™© and littermate
controls: H&E staining of 10um cryosections of GC muscleslesy no major signs of muscle
damage in Itga5 fl'SA“®mice at 4 weeks and 3 months of age (BvB3n compared with age
matched Itga5 fl/#5***mice (A, C). Bar, 5am.

The numbers of CLN were counted from sections, Wwhiere 100um apart
from each other. The mean of two values was thkeentfor statistical analysis. In GC
muscle we observed a slight increase (0.8%) okéilzontaining CLN compared to

control mice (0.6%). However, there was no stastsignificant difference between
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both genotypes. In the TA and Sol muscles the narfibees with CLN (0.5%) was

consistent in both sets of mice (Figure 3.6).

1.0q
1 Fl/+ HSA-Cre

0.8 Fl/-CreHSA-Cre

0.6+ T

% CLN
)

't

0.2+

0.0 T T a—

Figure 3.6: Graphical representations of fibres WiCLN in Itga5®™© and control mice Graph
shows the percentage of fibres with CLN in GC, Tl 8ol muscles of Itga5 fi*°" and
fl/+HSAC"®mice. n=3 and p=0.9451

As there were nophenotypic abnormalities obseraegbung mice, we decided
to analyse another cohort of integriffSA®mice at 12 months of age. Surprisingly
ltga5fl/-HSACe mice showed some signs of muscle degeneration. Bt&ming of the
muscle cryosections of 12-month-old Itga5tAC"™® mice displayed centrally located
nuclei and smaller fibre diameter when compared waije matched Itga5 fiA$A-cre
(Figure 3.7 A-F). Presence of calcification andrdds around the fibres was also
prominent in muscle sections of some ltga3'#-"® mice (Figure 3.7 C). However,
these histological changes were prominent onlylataised area of the GC muscle and

not apparent in any other HL muscles.
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Figure 3.7: Representative images comparing musséetions of Itga5 cKO and littermate controlsl&E staining of 10pum cryosections of
GC muscles revealed signs of the muscle regeperatiltga5 fl/-HSA-Cre mice at 12months of ageX)Awhen compared with age matched
Itga5 fl/+HSA-Cre mice (D-F). Bar,b.
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3.2 Investigating the conditional loss of integrina5 at early stage of

muscle development

The results in adult mice can be due to eitheretherindeed no major muscle
phenotype when integrin5 is deleted when muscle differentiation occurs,itois
inefficiently deleted by Cre driven by the HSA proter. Since integrir5 is down-
regulated after birth, between day5 and 10 podtpatalaschuk and Holland, 1994,
Boettiger et al.,, 1995; Bronner-Fraser et al., J99@t strongly present before, we
decided to determine whether integeib is efficiently deleted by Cre recombinase at

early postnatal stages.

3.2.1 Histological analysis of newborn integriw5 fl/- SA-Cre mice

In order to evaluate the phenotype in newborn mieggenerated postnatal day
3 (P3) mice through time mating. Plugged femalesevgeparated, monitored until they
gave birth and pups were genotyped by PCR as tescbefore. The HLs were frozen
for cryosectioning and H&E staining was performedtigsue sections and analysed by

microscopy.

|:|/_HSA-Cre ¥

AL L A r ]
BN FL

|:|/+HSA-Cre' ! v <

Figure 3.8: Representative images comparing musskstions of ItgaS© and littermate
controls: H&E staining of 10um cryosections of HL musclegesed no signs of muscle
damage in Itga5 flIf'>*“"mice at postnatal day 3(P3)(A-Gyhen compared with age matched
Itgas fl/+"S4C"mice (D-F). Pictures were taken at x40 magnifioati
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As expected, there were no signs of muscle degemera P3 ltgas fl/HSACre

mice, due to the loss of integrid. The structure of all the muscles including G@, T
and Sol was normal and there were no gross abnitiesabbserved when compared
with littermate controls. (Figure 3.8, A-F). To dom the absence of integria5 in
these mice we performed immunostaining on cryosaestifrom Itgas‘® and control
mice (Figures 3.9-3.12).

By double-immunofluorescence analysis we stained ifttegrin a5 in
combination with integrim7B (Figure 3.9)av (Figure 3.10)31D (Figure 3.11) and6
(figure 3.12) to observe if there was any changehim expression pattern of these
integrin, because of the absence of integfn All immunostainings were performed
with secondary controls to avoid false positive ulss (data not shown).
Immunostaining with integriru5-specific antibodies on muscle sections of 18§35
mice confirmed the absence of integeh, whereas we observed a strong staining for
integrina5 at the MTJ of control mice (Figure 3.9), indiogtithat integrira5 had been
efficiently deleted. Integrim7B is strongly expressed at the MTJ but the exprass
level was not elevated in absence of integiy when compared to control sections
(Figure 3.9). Sections were also stained with integv to analyse if there is any
compensatory mechanism in place in the absencetefyrin a5. However, it was
difficult to draw a conclusion from these resulssaatibodies raised against murine
are notoriously bad in immunostaining (Figure 3.18jrong expression of integifid D
was also observed at MTJ on both the Itga5 cKOcamtrol mice (Figure 3.12).
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Figure 3.9: Representative images of immunostainiagainst integrinsa7B and a5 in muscle sections of ltga5cKO and control mice.
Immunostaining of 10um cryosections of HL musobedirmed absence of integritd expression in Itga5 fl/-HSA-Cre mice (top rowP&,
while integrina5 is strongly evident at MTJs (white arrow) in I5g&l/+HSA-Cre mice (bottom row). The expressiomtggrin «7B remained
unchanged. Bars, 20um.
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Figure 3.10: Representative images of immunostaigiagainst integrinsav anda5 in muscle sections of Itga5cKO and control mice.
Immunostaining of 10um cryosections of HL musabedimned integrinn5 expression in Itga5 FIA**C"®mice (bottom row) at P3, while
there was no evidence of expression of integfimt MTJs (white arrow) in Itga5 FI7?A"®mice (top row). The sections were co-stained
with integrinav. There was no difference in the staining pattegtween the two genotypes. Bars, 20pum.

101



Merged

HSA-Cre

Fl/-

HSA-Cre

Fl/+

Figure 3.11: Representative images of immunostaigiagainst integring#1D anda5 in muscle sections of Itga5¢cKO and Itga5 control
mice. Immunostaining of 16n sections of HL muscles confirmed presence ofrinte5 in ltga5 Fl/+SAC"® mice along with the strong
expression of integriglD at MTJs (white arrow). The expression of integilD was also strongly present at MTJs(white arrowltga5
FI/-HSACre  mice. Bars, 26m.
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Figure 3.12: Representative images of immunostaigiagainst integrinse6 and 1D in muscle sections of Itga5cKO and control mice.
Immunostaining of 1n sections of HL muscles confirmed the presenagexrin o6 at capillaries angg1D at MtJs in ltga5 FI/HSACre
mice at MTJs, which was not different to cKO migars, 2Qum.
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Integrin a6 is expressed in proliferating myoblasts duringletal muscle

development, but then down-regulated after myofiolbeation and completely lost in
mice by P10 (Blaschuk and Holland, 1994; Nawrogtkal., 2003). To visualise if there
IS any increase in expression of integréin integrina5 cKO mice, we stained sections
with antibodies against6 and p1D (Figure 3.13). However, we did not see any
difference in the expression of eithd in the absence of integrib.

This data suggests that there was no compensatxiyganism by other integrins
observed in the absence of integrih

3.2.2 Histological analysis of adult diaphragm ofritegrin a5 "SA-C® mice

In chimeric analysis of integrin5-/- ES cells it was shown that the diaphragm
was affected (Taverna et al., 1998). We therefoi@yased the diaphragm from adult
mice to look for any abnormalities. Diaphragms frtita adult mice were processed for
paraffin embedding and sectioning. 10um thick sestiwere then subjected to H&E
staining (figure 3.13).

|:|/_ HSA-Cre :

F|/+ HSA-Cre

Figure 3.13: Histological analysis of diaphragms @tga5™° and control mice H&E staining
of diaphragms from Itga5fl72*¢"™ mice (A-C) showed no obvious phenotypic changeswh
compared with Itga5fl/%*“"*mice (D-F). Bars, 2&m and 10um for the inserts.
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This showed that there were no phenotypic abnotieslin the diaphragm of

Itga5k® when compared with control mice. Fibres appeaahal and of similar size
and nuclei were located at the edge of the fibFegufe 3.13).

Results so far in to the analysis of integrihconditional KO mice suggests that
there was no obvious difference in the muscle ptygpeowhen samples were compared
at 4 weeks, 3 months and 6 months of age, but d dyktrophic phenotype was
observed at 12 months of age in the GC muscle. iade us think that there is a
possibility that these mice when aged were unablegenerate the muscle upon stress,

suggesting a deficit in the function of regeneratio

3.3 Histological analysis of cardiotoxin (CTX) injeted integrin

To examine the possibility of delayed regeneratioh2 months old integrin5
conditional KO mice we decided to induce musclesregation using myotoxic agent.
TA muscle of Itga5 fIFSA#C" mice, and age matched littermate controls werectep
with the myotoxic agent cardiotoxin (CTX) and reggation capacity was analysed

after cryosections were stained for H&E staining(iFe 3.14).
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Groupl %

DO D30 D30 D33 D36
Group2 % P w

15t -I- 2M CTX -I-
Group3 % C1Xx % %

Figure 3.14: Schematic representation of the scherf@lowed for cardiotoxin (CTX)
injections To identify the defect in regeneration It§&5and Itga5 control mice, CTX was
injected at day 0 (DO) to mice in group 1, 2 andThe muscle was left to recover for 30days.
mice from group 1 were dissected and injured amuinfured muscles were isolated. The mice
from group 2 and 3 were further injected with seta@ose of CTX and dissected at day 33
(D33), day 36(D36).

The muscle was left to recover for 30 days. Thst faet of Itga5 cKO and
control mice were dissected at this stage and TAsadeu was isolated for
cryosectioning. The remaining sets of mice weredtgd a second time with CTX. The
mice were then sacrificed at day 33 and 36 and thevas isolated for cryosectioning.
Cryosections from Itga5 fff*ACand Itgas fl/4HSAC"® TA muscle from day 30-36 were

analysed by H&E staining (Figure 3.15).
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Figure 3.15: H&E staining of double injured Itga5 KO and control TA musclesd&E staining of 10pum transverse sections of TAakess
injured with CTX revealed signs of muscle regenenain ltga5 FI/f'SAC (A-C) and Itga5 FI/+HSAC (D-F) mice. Day30 represents the
time point afterthe first dosage of CTX while Day33 and Day@&present day 3 and 6 after the second CTX adtratien. Bar, 50im
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30 days (Day 30) after CTX injection the TA musofeltga5fl/SAC®mouse

showed signs of regeneration with centrally locatadlei (CLN) (Figure 3.15 A) and
was not significantly different to Itga5fi*#*C*®injured TA muscle (Figure 3.15 D).
The TA muscles of both Itg&% and control mice displayed signs of dystrophyhsas
fibrosis and smaller fibre diameter (Figure 3.1%C&,F), but overall, there was no
difference between the genotypes. However, we gbdethat there was possibly more
fat deposited in cKO mice 30 days after the fir§XGnjection as compared to controls
(Figure 3.15 A,D). These H&E results conclude #natn there was a subtle difference
between Itga5 cKO and control mice at day 30; tleais no obvious difference in the
phenotype of the muscle at day 33 and day36 whaheciged twice with CTX injury.
Data shown here is a representative from comparedd@ns from three injured
muscles from both ltga5fi7#*C"and Itga5 fl/+5A“"®mice and thus we conclude that

there was no obvious difference.

Replacement of myofibre by fat is a classical ssgrmuscular dystrophy. To
confirm increased presence of fat we performedeailO staining. The muscle sections
from bothltgas fl/+HSA€ and Itga5 fl/+5AC*mice showed comparable staining for Oil red
O three and six days after the second CTX injectiigure 3.16 B,C,E,F), while, as
seen before by H&E staining, increased fat depmsitvas apparent in cKO sections
(Figure 3.16 A,D).

Consistent with the H&E results, the Oil red O mitag) also conclude that there

is no obvious difference in regeneration betweenltia5 cKCGand control mice.
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Figure 3.16: Oil Red O staining of muscle section$ Itga5 cKO and littermate controlsOil red O staining on 10um cryosections of TA rfassc
injured twice show fat deposits in both genoty@®€ (E,F) Day 30 after the first CTX injection cK@cson (A) shower increased fat deposits as
compared to controls (D). Bar, pt.
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Histological analysis of Itga5cKO mice so far sugigethat the loss of integrin
a5 under the HSA promoter is not a useful modetwdysthe importance of integrirb
in muscle development. It may be the case thathéyime HSA promoter is expressed,
the expression of integrb is already down regulated and very low amounhi&grin
a5 is present, which, after excision has no effectaber stages of muscle development.
It is therefore necessary to knock down the exprass integrina5 at very early stages
of muscle development. This led us to consider tthascription factors, which are

expressed at early embryonic stages of mouse davelat.

3.4 Conditional knockout of integrin a5 through the action of Pax3-Cre

promoter

In mice, Pax3 expression initiates at E~8.5 (Gagdit al., 1991). Therefore we
decided to cross breed Itga5 +/- mice with P&x8ice, in which Cre had been inserted
into Pax3 locus (Engleka, K.A., et al., 2005). Bgal- P*3C"®males were mated with
Itga5 fl/fl females to obtain Itga5 fiR3-Cemice.

Genotyping of the F2 generation at weaning resuttedther fl/+, fl/- or fl/+F&3-
€® mice, but no conditional KO. In total we genotyp@8 mice at 3 weeks of age,
without obtaining Itga5 fIF*3C®mice. We then suspected that the conditional édss
integrin a5 under Pax3-Cre expression is either embryonipastnatal leathal. To

investigate this further we decided to analyse gwdfrom time-mated females.

3.4.1 Isolation and visual observation of integriru5 P23-Cr¢ embryos

In order to determine the reason behind the premateath of integrims P2
“"mice, we analysed E18.5 embryos. The visual observaf these embryos showed
a striking difference between the littermates. Ggpiog confirmed a correlation
between Itga5 fl/-FP&3C® genotype and posterior abnormalities. Itga5 fiR3-Cre
embryos had a smaller (Figure 3.17 D) and curlddctempared to littermate controls
(Figure 3.17 A, B). In addition the vertebral pastof embryos was strikingly different
to controls (Figure 3.17 C).
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f| /_ Pax3-Cre
f|/+ Pax3-Cre
‘ ﬂ /_ Pax3-Cre

f| /_ Pax3-Cre

Figure 3.17: Representative images comparing E1@mbryos of Itga5 cKO and control.
Embryos from ltga5 flf®3<"® and ltga5 fl/+*>C® were analysed for any abnormalities at

E18.5. A) Itga5 flF**"display a defect at the posterior end of the emiotyaracterised by a
curled tail. B) Itga5 fl/+>3c™ embryos have stretched HLs C) Itga5"#~A“" embryos are
considerably smaller and deformed. D) Variationtaif length, in Itga5 FI£®3C" embryos
E) Blood-filled yolk sac in mutant embryos F) Samgant embryos had exencephaly.
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We also observed that yolk sacs of Itga5"fEC embryo were filled with
blood (Figure 3.17 E), which could suggest a hehage. We also noticed one embryo
with exencephaly (Figure 3.17 F). Closer observatioalso revealed slight
abnormalities with the limb structure. The Hind imbintegrina5fl/- P¥3-C®mice were
similar in size and curved inwards while in corgrthey were well stretched (Figure
3.17 B). This observation corresponds with the ighleld work of integrime5KO mice
(Yang and Hynes, 1993), where it has been shownh ttteae were defects at the
posterior trunk of the embryos between E8-10.5.@hesegrina5 KO mice die at
E10.5, unlike our conditional null integritd mice, which survive until P2. To examine
the reason behind the premature death of these wecdecided to isolate both hind
limb and forelimb along with internal organs likednt, lung and diaphragm. Hind limb
and forelimb were processed for cryosectioningJevheart, lung and diaphragms were

processed for paraffin embedding.

3.4.2 Statistical analysis of of integriru5 P3¢ embryos
Statistical analysis for the Mendelian ratio frofi4lembryos from crossing
Itga5 +/F&3-Crewith Itga5 fl/fl mice between E18.5 and P2 showleat pubs are born at

normal Mendelian ratio but none survived beyond P2.

Table 3.1: Statistical analysis of genotypes fer bheeding pair Itga5 +F23C*X Itga5 FI/FI.

Genotype Expected % Observed %

E18. E19. P1 P2
Fl/- 25% 10 (15.625%) 4 (25%) 0 (0%) 5(27.77%)
Flj-Fece 25% 15(23.4375%) 5(31.25%) 3(50%) 4(22.22%)
Fli+ 25% 18(28.125%) 3(18.75%) 1(16.66%) | 6(33.33%)
FI/+ T 25% 21(32.8125%) 4(25%) 2(33.33%) | 3(16.66%)
Total 100% 64 (100%) 16(100%) 6(100%) 18(100%)
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3.4.3 Histological analysis of integriru5 "23-€¢ embryos

Cryosections from HLs and FLs from both Itga5 cK@daontrols at E18.5
were analysed by H&E staining. The morphology of kiuscles TA, EDL and GC
were similar to that of controls. There were ndeld#nces observed in FL muscles
either. There was no direct evidence of any devetogal defect in muscle sections of

the cKO compared to control mice (Figure 3.18).

Hindlim Forelimb

|:| /_ Pax3-Cre

F|/+Pax3-Cre

Figure 3.18: H&E staining of muscle sections of l&p cKO and control embryosH&E
staining of 10um cryosections from hindlimb anceionb of Itga5 FI/£23<" (A B) and ltga5
Fl/+Pa3Cre (C D) at E 18.5,embryos shows no striking diffeeeim muscle morphology.. Bar,

50um

This data indicate that there is no specific mugtienotype in the HL and FL
muscles of integrim5FI/-"¥3C®embryos. At this stage we are unable to understaad
reason behind the early death in conditional KQinbégrin a5°¢" As mentioned
earlier, this project was a collaborative projedghwhe team at MIT USA and we were
limited to analyse the muscle phenotype as a plesséural crest phenotype was in the

interest of our collaboration partner.
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We then switched our focus of research on integbfu7 double knockout

(DKO) mice.

3.5 Generating integrinab/a7 double knockout (DKO) mice

We first wanted to analyse whether half dosagetafgrina5 on a homozygous

null background of integrim7 worsened the phenotype. To do this we crossestdiet

or homozygous Itga7 mice with heterozygous ItgaZemwhich were heterozygous for

Itgab (Figure 3.19).

Itga7+-//ltgas *"-

o

ltga7 *//ltga5**

L

Itga7+*//ltga5 *

L
L

Iltga7+*//ltgas **

®
B

b Itga7*-//ltga’ */*

®
®

Itga7+-//itgas **

®
?

L Itga7*"//ltga5 *-

B

Itga7+-//ltgas *-

Itga7-*//ltgas **

Itga7--//ltgas *-

Itga7-*//ltgas **

Itga7-//ltgas *

Figure 3.19: Breeding strategies to obtau-/-/a5+/- mice.Hetero- or homozygous integrin
a7 mice were bred with females heterozygous forifiegrin a7 and integrine5. Resulting
genotype combinations with the expected frequenslgawn on the right.
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In figure 3.19 the expected genotypes are showh atiteast 12.5%.7-/-/a5+/-
mice. However, genotyping of more tha®0 offspring failed to obtain any surviving

adult mouse with ltga7Itga5” genotype.

At the same time we started to generate a conditi®t© of integrina5 in
combination with thex7 null allele. Therefore we designed another bregditrategy
where ltga7+/-//ltga5+SAC"® mice were crossed with hetero- or homozygous Itga7

mice, homozygous floxed for Itga5 (figure 3.20).

4 X 6.25%

2X12.25%

Itga7 */Nitgas "M

4 X 6.25%
M X

|tga7+/-//|tg ab */-HSA-Cre

@ 4 X 12.50%

Itga7 *//litgas /i

4 X 12.50%

Figure 3.20: Breeding strategy to obtaia5/a7 DKO. Integrin a7//a5 heterozygous mice
carrying Cre recombinase gene were bred with integ heterozygous or homozygous females
both floxed for the integrim5 allele. Resulting combinations of genotypes \lith expected
frequency are shown on the right.
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Figure 3.20 displays all the possible combinatiand the percentages of the
expected genotypes. The most interesting genotyps liga7-/-//itga5 flSACre
However, as described above, we never obtainedvingumouse with this genotype,

clearly indicating that half dosage of integuif on an integriru7 knockout results in
embryonic lethality. We therefore decided to stdldgse mice at very early stages of

development.
In order to do so, we set up time matings and Isdeembryos at E10.5. using

the breeding strategy shown in figure 3.19. We tified embryos with the genotype
Itga7-/-/lltga5+/-. These embryos were smaller thhitermates and all had

haemorrhages in the heads, along the spine anddarsomatic vessels. Some of these

embryos were pale with very little blood visible.

3.5.1 Statistical analysis of the genotype from nmecat embryonic day 10.5 (E10.5)

We genotyped 358 embryos to calculate percentagemgieement with the
Mendelian ratio (Table 3.2) and the Chi squareyammbetween the last two groups (-/-
II+1- Vs -I-[[+/+) shows significant difference leten the percentages of embryos with

p<0.01.

Table 3.2: Statistical analysis of genotypes far theeding pair Itga’//Itga5" X Itga7’ or
ltga7” //ltga5"*.

Genotype Number of | Percentage expected | Percentage observed
(Itga7//1tgab) embryos

+/-I ++ 95 25% 26.53%
++[+]- 60 12.5% 16.76%
+/-11+/- 11C 25% 30.72%
+HH+1+ 39 12.5% 10.89%
-[-1]+]- 19 12.5% 5.30%
-[-1]+/+ 35 12.5% 9.77%

Total 35¢ 100% 100%
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The analysis in table 3.2 suggests that therdasdrequency for embryos with
null alleles for integrint7 and only one allele for integritb, suggesting the importance
of both integrins during developmental stages efrtlice. According to the data shown
in table 3.2, the highest percentage of embryosah#ehst one functional allele for both
integrins, while only 19 out of 358 embryos werentified as Itga7-/-//ltga5+/-. This is
still significantly lower than integrim7 deficiency, for which it is known that 50% of
the mutants die between E10.5-12.5, indicating @hatore severe phenotype manifests

when there is only half dosage of integuin present.
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3.6 Discussion

In this study we investigated the potential rolendégrinab in skeletal muscle.
Integrina5 is known to be important during embryonic devetept and its deficiency
causes death of the embryos at E10.5 due to defettie development of mesodermal
structures, mostly in the posterior part of the yp¢dang et al., 1993). To study the
function of integrina5 in adulthood chimeric mice were derived from gnte o5 -/-
embryonic stem (ES) cells (Taverna et al., 1998esE results. highlight the fact that
the muscle fibres survive iw5-null chimeric mice by the fusion of -/- cells WiWWT
myoblasts, suggesting that there is dosage effecttegrin o5, which is required for
embryonic viability. In addition, their study indites that'5 integrin is not essential for
muscle development but necessary to maintain musdxie integrity (Taverna et al.,
1998).

This is the only knownn vivo study, which focused on the function @b
integrin in skeletal muscle. However, the reasarttie degenerative changes observed
in the muscle deficient in integrin5 remains unclear. To further investigate the
involvement of integrina5 in skeletal muscle development and maintenance we

generated a muscle-specific KO of integrin

3.6.1 Evaluating the outcome of integrira5 conditional deletion in adult mice

The data suggests that loss of integfnunder the control of the HSA promoter
had no adverse effect on the muscle phenotype.niibe at different developmental
stages (4 weeks, 3 months and 6 months) displagedah muscle fibre size and no
phenotypic abnormalities when compared to age redtclbntrol mice. However, when
we analysed older mice at the age of over 12 momtassaw signs of dystrophy in the
HL muscle of Itga5 FIfSAC™® mice. We observed this phenotype in the GC muscle
while other HL muscles showed normal muscle archite. This could only be
explained by the facts that firstly, integrib is not efficiently deleted under the control
of HSA-Cre system or secondly, there is a defitithie regeneration process of ltga5
cKO mice.

To further investigate the first theory we decidedtudy Itga5 cKO and control
mice at P3. Integrim5 is highly expressed during the muscle developnasak its
expression is down regulated after birth, betweaybdand 10 post-natally (Blaschuk
and Holland, 1994; Boettiger et al., 1995; Bronkaaser et al., 1992). Under the
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control of the HSA promoter the deletion of intege5 was efficient as integrin5

immunostaining was absent in the cKO but preseroimtrols (figure 3.10, 3.11 and
3.12). It is also important to bear in mind that Ad$romoter becomes active at
embryonic day 9.5 (Asante, E.A., et al., 1993) aadpredominantly active in
differentiating skeletal muscle (Miniou, P., et, d999). It may be the case that by the
time the HSA promoter becomes active, the exprassiantegrina5 is already down
regulated and very low amount of integn is present, which, after excision has no
effect on later stages of muscle development. Thaild also explain normal
regeneration seen after CTX injection, as Cre wailly be expressed at differentiation
during the regeneration cycle, while activated Iseecells and proliferating myoblasts
will be positive for the integrin subunit. At thgoint we decided to divert our attention
to a different promoter, which will allow the omiss of integrina5 at early stages of

development.

3.6.2 Analysing the effects of loss of integrira5 at early stages of muscle
development

The Pax family of transcription factors plays anportant role in the
development of several organ systems. Pax3 wasomeclof promoter as Pax3 is
expressed in mice from E8 onwards (Goulding etl&191). Skeletal muscle arise from
myogenic progenitor cells present in the somitethefembryo. Pax3 is also expressed
in somites. The expression of Pax3 coincides withdarliest stages of somitogenesis,
expressed in the dorsal region of new somite. Adt#ferentiation into sclerotome and
dermomyotome, Pax3 expression is restricted todd@nomyotome that will then
contribute to the formation of limb muscles and ywall (Epstein, 2000).

Pax3-Cre mice (Engleka, et al., 2005) were breth Wga5 heterozygous mice
and the resulting F1 generation males (ltga5+/-3Farse) were mated with Itga5 fl/fl
females. Analysis of genotyping of the F2 generatibweaning resulted in fl/+, fl/- or
fl/+P23-Cegenotype, but no conditional KO. This indicatedttthe conditional loss of

integrina5 under the control of the Pax3 promoter is emhig/onpostnatal lethal.

To further investigate our findings we harvestedogras at E18.5, where we

identified surviving embryos with conditional logd integrin a5. We observed a
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striking difference between the littermates. Itgd8 embryos were smaller and with

posterior defects resulting in a curved spine amaftsor curled tails. Some embryos
exhibited exencephaly, a defect in which the brainompletely exposed or protrudes
through a defect in the cranial vault. As Pax3nsolved in neural crest specification
during development (Monsoro-Burg et al., 1996)is tthata indicates that integrirb

has been deleted in the neural crest and the ddsbetiferences were the result of

neural crest defects.

To conclude, our observations correspond with thieliphed work of integrin
a5KO mice (Yang and Hynes, 1993), where it has [sbewn that these were defects at
the posterior trunk of the embryos between E8-1Di& only difference was that some
of our Itga5cKO mice were able to survive till RRwill be interesting to study these
mice to understand underlying defects. Our work ag®int collaboration between
Hynes lab at MIT, USA. As a possible neural créstrtype was in the interest of our
collaborator, we did not further analyse the canfsthe perinatal death of these mice
and concentrated on the muscle phenotype in théitocamal integrina5 null mice.

In order to investigate if these Itga5cKO embryghkileit a muscle phenotype,
we analysed HL or FL muscle from these embryos. H&&ning of HL muscles
revealed no obvious abnormalities between Itga5 ¥ "®and Itga5 fl/f>3-C"muscles

(Figure 3.18), suggesting that there is no skefatacle phenotype.

3.6.3 Studying skeletal muscle regeneration in ItgackKO and control mice

To test if there is a possible deficit in musclgemeration in ltga5cKO mice, we
induced artificial muscle regeneration by admimittm of CTX. Upon first CTX
injection, the TA muscles from both Itga5 cKO anohittol mice revealed active
regenerating fibres with CLN (Figure 3.15 A,D) whanalysed 30 days post injury.
However, there was some deposition of adiposedisdiserved in Iltga5 cKO muscle
compared to controls (Figure 3.16 A,D). The musehs given a second dose of CTX
after 30 days of recovery and TA was analysed dfigr33, and day 36. As expected at
the peak of degeneration, TA muscle from both Itgg® and control mice displayed

massive infiltration of polymorphonuclear leukoetét day 36 TA muscle from Itgab
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fli-HSACand Itgas fl/+SAC® mice were regenerating muscle with some fat déposi
(Figure 3.16).
Adipose tissue is necessary for muscle regeneranonappearance of it solely

does not conclude the adverse phenotype. Due t® tastrictions, we were able to
analyse only one set of data and to draw the ceimiufrom this would not be
appropriate. These experiments will need repetitiormore sets of mice and it will be
interesting to see what phenotype will be 15 ddtes ghe second CTX injection (Day
45).

3.6.4 Investigating the role of integrina5 and a7 in skeletal muscle

From previous studies important insights have lggened into the pathological
changes and molecular abnormalities associated iwidgrin a7-deficiency in mice
(Mayer et al., 1997; Nawrotzki et al., 2003). Tleéationship between integrind and
a7 may be more specific than a simple competitigrdaspite the presence of integrin
a6 anda3 in integrina?7 knockout muscle, only the integrab co-precipitated with
integrin 1D (Nawrotzki et al., 2003). Evidence suggests thatretention of integrin
a5B1 and its ligand fibronectin at the MTJ precedesdhset of muscle wasting. It has
been proposed that tles1/fibronectin link is inferior to that of tha7B1/laminin 2
link. This is potentially due to modifications inomponents of the junctional
cytoskeleton, modulating signalling pathways doweeh of integrins. By identifying
signalling pathways active in myoblasts one willdig#e to study the role of integrin-

mediated signalling (Figure 3.21).
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Figure 3.21 Schematic representation of integria7f1l and a5f1 interactions Diagram
showing integina7/1l and a561 connecting their respective ligands to the acttoskeleton.
Exactly how they connect to the actin cytoskelatmhwhich intacellular signalling events they
induce are unclear as is the cross talk mechanighich occurs between the two receptors in
skeletal muscle. (Modifided from Mayer 2003).

The fact that the increase in integ® does not appear proportional to the
decrease in integrin7 would further confirm the notion that the relasbip between
integrinsa5 anda7 is more complex than a simple competition. Toausthnd what
drives the cross talk between these two transmeamlpeoteins, we decided to generate

a double-knockout of both integrins in skeletal oles
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3.6.5 Analysing the effect of DKO of integrima7 and a5 on skeletal muscle.

As described in figure 3.19 we mated Itga7 miceéntigga5 heterozygous mice.
The outcome of the F1 generation was somewhat isuingrto our study. We were
unable to see any surviving mice with the genotypkga7’ Itga5". As described by
Mayer et al in 1997, 50% of integron/ KO mice die during embryonic development,
so this indicated a dosage effect of the integinfor survival. At the same time we
were working on generating a conditional KO of grie a5 on an integrino7 null
background (refer to figure 3.20 for breeding teig). Again, we did not obtain any
viable pups with the genotype of Itga7-/-//ltga%-t4-C"® This supported our previous
notion of a dosage effect of integrab, and that integrira5 is a requirement for
embryonic survival of integrina7-deficient mice. To identify what had caused
embryonic lethality with full penetrance we analyssmbryos at E10.5 from the parents
of the combinations of genotypes described in 8g#:19. Genotyping by PCR
confirmed that the Itga7 Itga5” indeed is embryonically lethal. Many of these
embryos were resorbed, but haemorrhages in mdbesé embryos indicate that death
is caused by a defective vasculature.

During these experiments we also experienced aniehproblem with the
animal facility, because of which we had a very Isuccess rate of females getting
plugged. 50% of females, which were plugged, becamer pregnant, and we also
observed that a high number of wildtype embryosewesorbed. Due to all these
technical difficulties and restricted time fame, weecided to discontinue the
experiments related to investigating the phenotyfpthese Double Knock Out (DKO)

embryos.
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Chapter 4

Could integrin a7l be a potential therapeutic target for
DMD?

4.1 Characterisation of transgenic mice overexpressy integrin o7

splice variants

Integrina7 plays an important role in muscle developmentfandtion (Song et
al., 1993). The absence of integuid leads to progressive muscular dystrophy, which
was first described in mice as causing mild myopatiainly in the Soleus muscle and
affecting the MTJ (Mayer et al., 1997pterest in integrir7 has also arisen from its
speculated potential to rescue the phenotype of DMiBegrin a7l has been put
forward as a promising candidate to treat DMD bseeatifulfills many of the functions
of DGC, for example signal transduction, mechangtability, it is a laminin receptor
and it is naturally elevated in DMD. In additionylgfished data indicated prolonged
lifespan of dystrophin/utrophin double mutant mveken the level of integrim7 was
increased (Burkin et al., 2005).

Integrina7 is alternatively spliced in its intra- and extellular domains and
the expression of these splice variants is devedopally regulated. However, very
little is known about the function of these diffietesplice variants during skeletal
muscle development or in their suitability to amoedie the muscle phenotype seen in
dystrophin deficientmdx mice. To investigate the function of these spMegiants,
transgenic mice were generated overexpressingallifitegrina7 splice variants in all
their intra- and extracellular combinations. Theyl work as a tool to investigate the
role of eachu7 integrin splice variants in ameliorating the DNdBenotype by crossing

each overexpressing transgenic mouse straimdidoackground.
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4.1.1 Generation of integrina7 splice variant overexpressing mice

Mice overexpressing integrie/ were already generated in the Mayer lab using
the strategy mentioned below.

Plasmid corresponding to the four possiblé intracellular and extracellular
splice variant combinations had already been g&seraConstructs were prepared
expressing each integrinsubunit under the control of Human Skeletactin (HSA)

promoter (Figure 4.1).

lal

!

Transcription start site

HSA Promote Integrina subunits pA

Intron

Figure 4.1: Integrin & subunit constructs under the control of HSA pronest Integrin a
subunits were cloned into a cassette following H8A (2239kB) promoter. Arrow marks the
transcription start site. In addition the HSA cawmst contains an enhancer element (CAP) as
well as a 5" UTR and a part of the first HSA intrtmenhance expression. At the 3’ end the
PolyA sequence of bovine growth hormone is added

The HSA promoter activity starts at embryonic day and is predominately
active in skeletal muscle (Chamberlain et al., 1988ante et al., 1992). Terminal
differentiation is the end point of muscle devel@mn during which stage many
changes occur in integrin expression. The HSA ptemig active prior to this process
when cells terminally differentiate and thus théegrin expression induced via HSA

promoter may have a significant effect on muschletigment.

The various constructs were digested from theitorse purified and injected
into the pronuclei of fertilised oocytes. Oocyteser&v then implanted into
pseudopregnant females. DNA was extracted fromath&ps of the offspring born and
PCR amplification was carried out using primerscepefor the HSA promoter region

and the integrit subunit cDNA. This identified offspring positiverfthe transgene.

Approximately 10% of the pups born after pronuahgection were positive for
the transgene. Each positive offspring is a sedalounder Mouse, and each Founder
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Mouse was named for ease of recognition. Becauskipfeucopies of the DNA

construct can integrate at random places withinggx@ome after injection, the strains
were established from a single mouse of the Flrgéna. The Founder was therefore
crossed with a wildtype mouse and one mouse fram shbsequent F1 generation
positive for the transgene was chosen to estatiistentire strain. In this way, all mice
within an established strain are heterozygous lier ttansgene and were originally
derived from the same mouse and so, should haveathe expression level. The whole
strain was named after the Founder mouse for dicgdion.

4.1.2 Identifying protein overexpression in transgeic strains

In order to establish the founder strain the pupsnbafter the pronuclei
injections were identified for the presence oftitamsgene. The tail biopsies were taken
and processed for genotyping by PCR. The offsptogn were checked for the
transgene using primers specific for HSA promoggiian, as well as integria subunit
cDNA. The PCR result confirmed the presence of ttaeasgene for each positive

offspring.

The number of strains established for each cornsuareed. This is because the
number of positive offspring born from each injeativaried, and some of the positive
strains were terminated because they did not opeesg the protein. The integrary

splice variant overexpressing strains that weregdad are summarised in Table 4.1.
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Table 4.1. Summary of integria7 splice variant overexpressing transgenic straiBsach
construct corresponds to a combination of extradetl and intracellular splice variant as
shown. The various strains derived for each corstare named after the Founder mouse.

1. Fromoter 2. 3. 4,
Integrin a7 Integrin a7 Strain
Extracellular Intracellular (Founder)
Variant Variant
Construct 1 HSA X2 A Susl.e
Chris
Lydia
Maria
Construct 3 HSA X1 A Judith
Elke
Construct 5 HSA X1 B Xav_er
Karin
Max
Moritz
Construct 7 HSA X2 B -
Fritz
Babette

4.1.3 Identifying protein overexpression in transgeic strains

The integration of the transgene into the genomes dmwt guarantee that the
protein will be overexpressed; therefore not akipee offspring will overexpress the
protein. To identify and quantify the integiorY splice variant overexpression, the mice
were sacrificed and Gastrocnemius (GC) muscle wakated. Protein extracts were
prepared and separated by SDS-PAGE. After trangfePVDF membranes the
overexpression of the integriw7 splice variants was compared to the wildtype by
immunoblotting with antibodies specific for theratellular A or B splice variants.

The GC muscle lysates from th&X1A (Judith, Lydia, Maria and Elke) and
a7X2A (Susie and Chris) were separated under thereducing condition on 5-15%
gradient SDS-PAGE gels. The PVDF membranes weobepr with a7A (U12+)
antibody raised in rabbit. Immunoblots in figure2 4tepresents all strains that
overexpress the integrim7A intracellular splice variant and were furtheb<livided

into a7X1A overexpressing ax7X2A overexpressing strains.
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Integrin  HSA-a.7X2A HSA-a7X1A
Strain WT WT
' 200kD . 20CkD
o7 - —— - 118KD - —— . 118KkC
= 97kD - - = 97kD
-
=263kD — T
AC'[II’] o i % - --m-._'-..--—-_-_
L 45kD

Figure 4.2: Integrin a7 levels in mice overexpressing integrin7A splice variants.
Immunoblotting of GC muscle lysates identified ieBaverexpressing the integraY A under
the control of HSA promoter. Strains were namedefage of recognition as shown. Two mice
from each strain were analysed. 200f total protein from GC muscle lysate were runter
non-reducing conditions by SDS-PAGE on 5-15% delsibodies specific for intracellulat7A
variant and actin were used for immunoblotting.

The expression of integria7A was increased in all the overexpressing stains
compared to wild type (Figure 4.2)he expression of the integraY A was difficult to
visualise in wildtype muscle, as the level of theva&iant was low in wildtype muscle.
The level of overexpression varied between straweexpressing.7X1A (Figure 4.2
right immunoblot) andx7X2A (Figure 4.2 left immunoblot). Variation in tHevel of
overexpression was also apparent between straipsessing exactly the same
construct. To take Lydia and Maria as an examp#) bverexpressing ther X1A, yet

Maria overexpresses less protein compared to Lydia.

Similarly, the GC muscle lysates from the&X1B (Karin and Xaver) and7X2B
(Max, Moritz, Fritz and Babette) were separatedenride non-reducing condition on 5-
15% gradient SDS-PAGE gels. Immunoblots were probgd integrina7B (U31+)
specific antibody raised in rabbit (Figure 4.3)eTjrotein levels of integria7B were

elevated in all the stains overexpressing the nimiegpmpared to the wild type.

128



Chapter 4

Integrin HSA-07X1B HSA-a7X2B
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Figure 4.3: Integrin a7 levels in mice overexpressing integrin7B splice variants.
Immunoblotting of GC muscle lysates of 3 monthsrote overexpressing twd X1B and four
a7X2B overexpressing strains. Strains were nameadse of recognition as shown..g0of
total protein was run under non-reducing conditioos 5-15% gradient SDS-PAGE gels.
Antibodies specific for the intracellular integrin7B variants and actin were used for
immunoblotting.

The level of overexpression was found to be sintlatween Xavero/X1B)
and Karin (¢7X1B) (Figure 4.3 left immunoblot), but variationaw observed between
strains overexpressing X2B. Max, Fritz and Babette were strongly expnegsi7 X2B

compared to Moritz (Figure 4.3 right immunoblot).

It should be noted here that antibodies specifihéointegrin extracellular splice
variant X1 and X2 were not available and thus, dhk blots with intracellular splice

variants were feasible to do.

To conclude, integriu7 splice variant overexpression was achieved irthall
strains, but some variation was observed betweenrémsgenic strains expressing the
same integrin variant. For further study only otraie per mouse was selected with a
similar expression pattern. Accordingly, Susie/X2A) and Lydia ¢7X1A) were
chosen froma7A overexpressing mice, while Xaveu7(X1B) and BabetteafX2B)
were selected from7B overexpressing group. The fold expression wastjfied for

each strain.
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4.1.4 Quantification of protein overexpression inntegrin a7 transgenic strains

Integrin overexpression was quantified from immuotdb of muscle extracts
probed with specific antibodies. However, when imhiotting, instead of using ECL
conjugated secondary antibodies, secondary anébamtinjugated to an Infra-Red Dye
were used. The fluorescence generated from eachimoipiot band was then quantified
by a specialised scanner (Li-Cor Odysseganner). Differences in immunoblot band
intensity are often generated by experimental ertioerefore it was necessary to
normalise integrin expression to a protein rem@raanstant in all sampleActin is a
house keeping gene which was used to normalisprtitein values obtained when the
spice variants were over expressed compared taywvédprotein expression (Figure
4.3). The value assigned to each transgenic steginesents the fold increase in
expression of the splice variant where the wildtga@ression has been assigned the

value of 1.

30 q B «7A

- 07B
25 T

20 A

15 A
10 A
5 -
0 . . . .
X1B X2B

WT X1A X2A

Fold expression

Integrina7 overexpressing strains

Figure 4.4: Quantification of integrina?7 splice variant overexpressioiThe optical density of
integrin a7 bands was determined using Odyssey sofware Téieveeexpression level to the
wildtype was calculated after normalisation to acti

The integrina7A variants are overexpressed to a greater exktemt thea7B
variants compared to the respective intracellupdice variant in the wildtype (Figure
4.4). This could be due to the natural high levielerpression of the integrin7B
variant while the endogenou3A variant expression is low within adult musclewhs
essential to confirm that the sub-strain chosen dach strain has similar protein
expression in each hindlimb muscles. Thereforetégsavere prepared from GC, TA,

Soleus(Sol) andExtensor Digitorum Longu$EDL) musclesand separated by SDS-
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PAGE. After transfer to PVDF membrane the expressibintegrina7 was compared

to wildtype by immunoblotting (Figure 4.5)

GC SOL TA EDL
WI X1 X2 Wil X1 X2 Wil X1 X2 Wil X1 X2
ﬂ| r- QJ a7A
_——] — — — | ——— ACtin
-~ -S| = -=P -
- - —-— - - — —— - - - Actin

Figure 4.5: Integrin a7 levels in different muscles of transgenic mid&roteins were extracted
from gastrocnemius (Gc), soleus (Sol), extensor digitotangus (EDL) and tibialis anterior
(TA) muscles of the 4 representative strains oyeessing o7A and a7B integrins.
Immunoblots were probed with specific antibodiesefach overexpressing integrin. Actin was
used as a loading control. Top/X1A ant7X2A; Bottoma7X1B andx7X2B. It is evident that
the integrin level is increased at least 10foldcaspared to WT and similar in all the muscles

of each strain.

The integrin level is increased at least 10fold both a7A and o7B

overexpressing mice as compared to wildtype asdngar in all four muscles analysed

(Figure 4.5).

From the above results it is clear that the integ#i splice variant expression is

elevated in the respective mice but it was impdrt@n see where in muscle the

expression of these proteins is localized. To &rrttonfirm the localization ai7A and

a7B immunofluorescence staining were performed ati@es of the hindlimb (HL).

Mice were sacrificed at 3 months and HLs were digskand cryo-embedded.

Sections were cut at futh and stained with antibodies raised against ttradallular

variants of integrira7 (A or B) (Figure 4.6)
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Figure 4.6: Localisation of integrina7 splice variants in transgenic overexpressing mice
Representative muscle sections taken from WT,rinte@ X1A, a7X2A, a7X1B anda7X2B
transgenic mice were immunostained for integif\ anda7B. Integrina7A is restricted to the
MTJ in WT whereas it is additionally expressed e sarcolemma and the sarcoplasm in
integrin a7A transgenic mice. The inset (top row, middle &gtit) shows the expression of
protein at MTJs in botlx7A expressing strains. In W&7B is strongly expressed at the MTJ
and a patchy staining of the sarcolemma is seenntegrin 7B transgenic miceg7B is
strongly increased at the sarcolemma and is alsadian the sarcoplasm. Bar, 50um.

In wild type muscle integria7A is expressed at the MTJ and can barely be seen
at the sarcolemma. In the transgenic strain LydiX1A and Susiex7X2A, very
strong overexpression of the’ A intracellular variant is seen at the sarcolenamd in
the sarcoplasm. In addition, the MTJs also displalygh level of expression of the
protein. In the wild type, integria7B is also expressed at the MTJ but in contratitéo
a7A intracellular variant is additionally expresssdhe sarcolemma. In XavaizX1B
and Babettex7X2B overexpression is also confirmed and integrifB expression is

increased at the sarcolemma as well as in the [@asso.
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4.1.5 The effect of integrin overexpression on iagrin 1

Integrins function as(3 heterodimers, so any increase in an integinsplice
variant will only be relevant if there is a concoamt increase in the functional
heterodimer. To assess whether total inte@finincreases whea7 is overexpressed,
immunoblotting was repeated on the transgenic GGclaulysates, with an antibody

raised against the extracellular domain of inte@fir(Figure 4.7 A-D).

Integrin  HSA-07X2A HSA-07X1A
Strain  ___._______WT B WT
® 20CkD = 20CkD
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Figure 4.7 Integrin Bl expressions in integrina7 splice variant overexpressing mouse
strains. 20 g of total protein from GC muscle lysates were s&ieal under non-reducing
conditions on 5-15% gels. Antibodies raised agatinstextracellular domain of integril and
GAPDH were used for immunoblotting.

The level off31 varied widely between different strains. The leMentegrin f1
increased slightly in transgenic mice compared tlol wiype controls. As shown in
figure 4.7, Susie(7X2A) and Chris @7X2A) both display increased expressiorn3af
compared to Lydiao7X1A), Elke @7X1A), Maria @7X1A) and Judithd7X1A). The
same is true for the strains expressing integviB. Xaver and Karind(7X1B) appeared
to have lower expression of integfdfl compared to Max, Moritz, Fritz and Babette

(a7X2B).
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The increased integrill levels seen in strains overexpressing integrirsplice

variants would infer that the amount of functiorg® integrin heterodimer is also
increased. If this can be established then anycteffEoverexpression seen on muscle
can be attributed to an increase in integrié1 function, rather than a non-specific
effect of protein overexpression. As fhiED variant is the predominant splice variant in
adult skeletal muscle, heterodimer formation wagstigated by immunoprecipitation
of integrin 31D followed by immunoblotting for the overexpressategrina7 splice
variant. This was carried out on a selection afggenic strains (Figure 4.8). Polyclonal
antibodies raised in the lab against the cytoplagtoimains of both integria7A and B
and integrinB1D were used for precipitation. 1 mg of total pnoteras used from GC

muscle lysates in all cases.

Figure 4.8: Analysis of integrin heterodimer formain in integrin a7 overexpressing
strains. Immunoprecipitation experiments were carried osing GC muscle lysates
and 1mg of protein per strain. Strains were sulsbdi in to those expressimyA and
a7B integrin. (A) Strains overexpressimgA variant. Integrina7A was precipitated
and samples were separated by SDS-PAGE under reglwonditions followed by
immunoblottin for the precipitated integrio7A (i) as a positive control. Reverse
immunoprecipation with integrigglD antibodies followed by immunoblotting {68tD
(i) or a7A (iii). An increase inaf heterodimer formation is only seen avX2A
overexpressing strains. (B) Strains overexpresdimg integrin a7B intracellular
variant. i. andii. Immunoblotting for eithen7B (i) or S1D (ii) was conducted in the
strains overexpressing the&7B intracellular variant as a positive control for
precipitation. Thef1D precipitates were separated by SDS-PAGE andtdalofor
integrin a7B to determine the extent of heterodimerisatiaif. (An increase inaf
heterodimer formation is only seenafiX2B overexpressing strains

134



Chapter 4

As a positive control for this experiment, the gria a7 splice variant being

overexpressed was precipitated, separated by SOE=Pénder reducing conditions
and then immunoblotting for the precipitated varriamas performed (Figure 4.8 Ai. and
Bi.). Integrins were cleaved into their respectngavy and light chains on the blots by
the reducing conditions as shown. As théA and a7B antibodies are both raised
against the respective cytoplasmic domains, orgyibegrina7 light chain (30kD) is
recognised. Most of the overexpressed integrihis correctly processed, however
unprocessed integrin running at 120kD can alsoelke sn these blots. This is probably
a result of the high level of integrmm7 overexpression exceeding the cells capabilities
to process all of the integrin correctly, leavirmgre without a proteolytic cleavage site.
These integrinB1D control blots confirm successful precipitationdathe pattern of
integrina7 overexpression seen previously by direct immuottibly.

The precipitation was repeated, this time usingbadies raised against the
adult, muscle specific variant of integrdl, integrinB1D (Figure 4.8 Aii. and Bii.).
Samples were again run under reducing conditiorts iarmunoblotting for integrin
B1D was performed to confirm precipitatigpME reduction induces separation of the
150kDa IgG band into its heavy and light chainschhprevents the integrigl bands
from being obscured. However, this has the unfateineffect that the peptide
antibodies raised againBtLA and 31D have a reduced affinity to their epitopes, the
reason for which is unknown. This means that thdsts confirm successful integri
immunoprecipitation, but the subsequent integinimmunoblotting of the reduced
samples should not be relied on for comparisorth@fievel of integrif3BlD between
strains.

For this reason, integrim7B1D heterodimerisation was investigated in the
transgenic strains by blotting for the overexprdsagegrina7 splice variant on integrin
B1D precipitates (Figure 4.8 Aiii. and Biii.), asetintegrina7 epitope is unaffected by
reduction.

In the integrina7A overexpressing strains (Figure 4.8 Aiii), integB1D
precipitates were blotted using an antibody raesgainst integrira7A. An increase in
the amount ot 7AB1D in all strains overexpressing th@X2A variant was seen as
compared to the wildtype. However, no increaseafAB1lD was seen in strains

overexpressing the7X1A variant.
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Similarly, in strains overexpressing tle&’B intracellular variant (Figure 4.8

Biii), an increase ina7BB1D was seen compared to the wildtype in tnéX2
overexpressing strains. Yet, the strains, whichrexm@ess thet7X1, again show no
increase in the level of integran7 X131D as compared to the wildtype. This increase in
dimerisation of integrim7X2 with integrinB1D appears completely independent of the
intracellular variant expressed or the level oégrina7 overexpression. As even when
very high overexpression of th& X1 variant is achieved, as seen in for LydiaX1A)

no increase im7B1D heterodimerisation is seen.

4.1.6 Analysis of integrinp1D expression

Overexpression of integrin7 splice variants resulted in an increase in total
integrin B1 which is relative to the extent of integrartV¥ overexpression. Yet, only
overexpression of the integrim7X2 extracellular variant resulted in increased
association with integri31D, the isoform of integrifBl present in adult skeletal
muscle. The levels of integrfilD present in the muscle could not be reliably dedu
from the immunoprecipitation experiments. Therefooeinvestigate any changes to the
levels of integriB1D expression, GC muscle lysates were immunoblatiexttly with
antibodies specific to the integfddD intracellular variant (Figure 4.9).

Immunoblotting showed an increase in integfdfiD levels in strains
overexpressing the integrai/ X2 extracellular variant in combination with eitltae A
(Figure 4.9 A,B) or B intracellular variant (Figude9 C,D). In stark contrast, strains
overexpressing the integrai/ X1 extracellular variant either in combination lwihe A
(Figure 4.9 B) or the B intracellular variant (Figu4.9 C) showed no increase in
integrin31D.

Overexpression of tha7X2 extracellular splice variant resulted in anrgase
of the total level of integrifdl and an increase in integrlD expression. As one
would expect, this results in increased heterodinfi@mation. Although the
overexpression of the X1 extracellular variantrd@kegrina7 resulted in an increase in

the total amount of integrifl, it did not result in increased levels of intedsiLD.
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Figure 4.9: Analysis of integrin S1D expression in integrina7 overexpressing mice.
Immunoblotting of GC muscle lysates were separatater non-reducing conditions by SDS-
PAGE on 5-15% gels. Antibodies raised against theacellular D variant of integringl and
actin were used for immunoblotting.

The apparent lack of integrilD heterodimerisation with integrim7X1 could
be logically explained if this integrin7 splice variant instead specifically dimerised
with an alternative integrifdl splice variant. IntegriBlA is expressed in muscle
during myogenesis, but is replaced by the D var@anterminal differentiation. It is
therefore not present at detectable levels in athelietal muscle. However, as tnéX1
is also predominantly expressed during myogenesss feasible that it may dimerise
with integrin31A.

To investigate this possibility, direct immunobiog of the same GC lysates

was carried out using a polyclonal antibody raiggdinst integrif81A. (Figure 4.10)
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Figure 4.10: Analysis of integrinBLA expression in integrina7 overexpressing mice.
Immunoblotting of GC muscle lysates were run umder-reducing conditions by SDS-PAGE

on 5-15% gels. Antibodies raised against the irghatar A variant of integrin8l and actin
were used for immunoblotting.

Overexpression of integria7 splice variants resulted in a slight increase in
integrin B1A in the strains expressing X1 extracellular imtegariant when compared
to wildtype controls. From the data it also seehs the mice overexpressing integrin

a7X2 variant also display higher levels of expressabintegrin1A.

4.1.7In vivo analysis of integrinB1D expression and effect of dimerisation

Heterodimer formation is a pre-requisite of celiface expression. To further
investigate integrira 71D heterodimer formation, immunostaining of muss#etions
was performed. Mice were sacrificed at 3 months laimdllimbs were dissected and

cryo-embedded. Sections were cut aurh0and stained with antibodies raised against

the extracellular part of integrpil or integrinB1D.
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WT a7X2A a7X1A a7X1B a7X2B

Figure 4.11: Expression offl subunit in transgenic muscleéMuscle sections taken from WT,
integrin a7X1A, X2A, X1B and X2B variant mice were stainedrfiegrin 1 (CD29, clone
9EG?7, Pharmingen, and polyclonal antibody agaimgt éxtracellular domain and recognises
activated form of integrirfl) and 1D (rabbit polyclonal) in comparable regions of t&C
muscle. Bar, 100um

Integrin 1D is expressed at the MTJ of wildtype muscle aad @lso be seen,
although weakly, at the sarcolemma (Figure 4.11obotrow). In all four transgenic
strains the staining pattern fBAD is similar to that seen in the wildtype. In aast,
Blstaining is more intense and concentrated atdhmlemma when the X2 variant is
overexpressed, while the overexpression ofdAX1 variant results in an integrisil

staining pattern similar to the wildtype.

In summary, only an increase in integdi@ X2 resulted in an increase in the
amount of integrif31D present (immunoblotting and staining) and in fibrenation of
a7B1D integrin dimerisation (Figure4.7 and 4.8). When integrimt7X1 is
overexpressed, it is however localized to the MNTd a&arcolemma (Figurd.11)
suggesting it is able to heterodimerise with inte@l. Yet, immunoprecipitation and
immunoblotting would suggest this is not with iniegB1D. It may indicate that
integrin B1A could be an alternative dimerisation partnerd@X1, but the mechanism

behind their binding remains to be elucidated.
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To conclude, increased expression of integffiX2 variant appears to cause

increased31 integrin expression, which could result in redlsarcolemmal stability
and therefore contribute to the phenotype obsemedtie a7X2 overexpressing mice
(see below).

4.1.8 Muscle histology of transgenic strains overpkessing integrina7

The role of integrira7 splice variants in adult skeletal muscle is dieentricate
and complex. It is seen that association with imted@lD is dependent on the
extracellular splice variant expressed, and thatalipation and competition are
dependent on the intracellular variant overexpikssef particular interest when
considering this is whether these factors haveedi®gct on the muscle itself. As one of
the reasons these mice were generated was toigatestne potential of integria7 in

rescuing thend¥DMD phenotype.

To investigate the role of integrin/pl in skeletal muscle and its potential to
rescue the phenotype mdx mice, we first needed to understand muscle higjoluf
the transgenic overexpressing strains. It is ingydrtto determine whether the
overexpression of the individual splice variant infegrin a7 in vivo caused any
phenotypic changes to the muscle tissue. To irgagstithe muscle histology, the mice
were sacrificed at four weeks, three months anargirths of age. The hindlimbs were
dissected and cryo-embeded. 10 um sections weraralitslides were stained for
Haematoxylin and Eosin (H&E) staining. Four musctepresenting a variation of
muscle fiber types were studied for each straimeig GC TA, EDL and Sol (Figure
4.12
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Figure 4.12: Histological analysis of integrim7 overexpressing micdrepresentative muscle
sections from wildtype and integrai7 X2A (Susie)g7X1A (Lydia),a7X1B (Xaver), and.7X2B
(Babette) overexpressing mice at three months ef &gctions were stained with haematoxylin
and eosin. Centrally located nuclei are marked withasterisk. The soleus muscle is spared in
all transgenic strains (lower panel). Bar, 20pm.

In the wild type all muscle fibres are of similaawcheter and all the nuclei are
located at the edge of the fibre, close to theaanema. In the muscle sections of the
mice overexpressing integrin7X1A and a7X1B (Lydia and Xaver), the muscle
histology is almost similar to that of the wild g/gontrol. Muscle fibers are of similar
diameter and all the nuclei are located at the edfethe fiber. A similar
phenotype/genotype correlation was seen at fourksvesnd six months of age.
Interestingly, H&E staining of transverse cryosees of mice overexpressing integrin
a7X2A and a7X2B showed a myopathic phenotype. Large numbemuos$cle fibers
showed centrally located nuclei indicating that thescle has undergone regeneration
following degeneration. This suggests that overesging these two splice variants has
actually caused damage to the muscle. Intriguintlg,soleus was protected in all the
strains (figure 4.12). It seems that the Soleusahggecific protection with no centrally
located nuclei present as seen in the GC, TA antl &Deither integrina’7X2A or

a7X2B overexpressing strains.
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4.1.9 Quantification of centrally located nuclei (CN) in transgenic mice

H&E staining data indicated a clear phenotypiceatéhce between the strains
overexpressing the integrin7X1 and X2 extracellular splice variants. To furthe
investigate these differences, the number of ckytlacated nuclei (CLN) was
quantified and this was carried out for three défé age groups of mice in order to
follow the progression of the disease phenotypeingunuscle regeneration following
the muscle injury, satellite cells of the muscladi become activated and enter the cell
cycle. In order to repair the damaged muscle filrese SCs fuse with the muscle fibre
and their nuclei can be seen at the centre ofikine.fThe percentage of muscle fibres

with CLN is used as an indicator of muscle damage.

Muscle sections at four weeks (fully developed ne)schree months (early-
mid adult stage), and six months (adult stage) avedysed and compared to wildtype
muscle at all ages. The number of muscle fibres aoamted for CLN using the H&E
images in IMAGE J software and the percentage obabeufiber with CLN was
calculated (Figure 4.13).

B cc
50 7 *kk L] TA

Sol
[] eoL

% of Fibres with CLN (mean + SEM)

WT X1A X2A X1B X2B

Figure 4.13 Quantification of CLN in integrine7 transgenic miceThe degree of de- and

regeneration was assessed in H&E stained transveestions of six-month-old Wildtype and
transgenic mice. Data are expressed as % of filwate centrally located nuclei. One-way

ANOVA statistical analysis was performed in StatV®efor Windows. Data are expressed in
mean = SE, *p<0.05; *p<0.01, ***p<0.001, ****p<0.0001.
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Wildtype muscle usually has approximately 2% ofdgwith centrally located

nuclei. In all strains analysed, the GC, TA and E&lLhad a very similar severity of
phenotype. In strains overexpressing the integfik1A (Lydia) anda7X1B (Xaver)

the muscle phenotype did not differ from the wipmky (Figure 4.13). Muscle
overexpressing the integria7X2A (Susie) anda7X2B (Babette), however, had an

increase in the percentage of muscle fibres wittirally located nuclei.

Quantification of the percentage of muscle fibraghwentrally located nuclei
(CLN) of the GC, TA, EDL and Sol muscle confirmsethlifference in phenotype
between the X1 and X2 overexpressing strains. Ay @ 4 weeks of age, strains
overexpressing the X2 variant had between 5 and dfééntrally located nuclei (data
not shown). This phenotype gets progressively wasiie age, whereby at 6 months of
age approximately 35-40% of muscle fibres werecadie (Figure 4.13). The percentage
shown is an average from all mice analysed (fowenfiom each strain).

By 6 months of age an increase in muscle degenaratid regeneration can be
seen in muscle overexpressing the integidX2A subunit (Susie) and7X2B subunit
(Babette). In contrast, and as seen previowsl¥1 overexpressing strains showed less
than 5% of muscle fibres with centrally located leuand are thus very similar to the
histology observed in wildtype muscles.

Surprisingly, the Soleus muscle appeared to beegted and there was only a
slight increase in centrally located nuclei for theegrin a7X2 overexpressing strains
and this was true at all ages analysed (Figure dnti3data not shown). The percentage
of CLN in the soleus muscle did not increase ati%e

144



Chapter 4

4.1.10 Summary of integrina7 splice variant overexpressing strains
Strains were generated to overexpress integinsplice variants. A large
number of strains successfully overexpressed theesyariants and the HSA promoter

provided substantial protein overexpression.

The overexpression of integrai/ splice variants in transgenic mice models has
revealed many significant differences between thdémtegrin 31D preferentially
heterodimerises with integrm7X2 and not integrim7X1. Increasing levels of integrin
a7X2 in association with either intracellular splicariant resulted in increased integrin
a7X2B1D and this caused a dystrophic phenotype. Theapist phenotype resulted
in a considerable increase in muscle fibres wittNCliith the specific protection at the
MTJ (data not shown) and soleus muscle. In contre@mpletely normal muscle
histology was seen on overexpression of &¥eX1 extracellular splice variant. The
phenotypic effect of integri7 splice variant overexpression was independenhef

intracellular slice variant present
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4.2 Investigating the effects of integrina7 overexpression onmadx

phenotype

To determine the contribution of integria7 splice variants in rescuing
dystrophin deficiency, integrin7 overexpressing mice were crossed with dystrophin-
deficient mdx mice. Tail biopsies were taken from offspring smlate the DNA for

genotyping. PCR was performed using primers spefufithe transgene and fiordx.

4.2.1 Integrin a7 splice variant’s overexpression irmdx mice

To identify and quantify integrin expression rimdx transgenic (1) mice we
sacrificed the mice and hindlimb muscles were tsolaProtein extracts were prepared
from the largest muscle, GC and separated by SDSEPAFigure 4.12). The
immunoblots were probed with rabbit polyclonal boties specific for the integrin
a7A, integrina7B and integrirfB1D. GAPDH was used as a loading control.

WT mdx mXAmX2A mX1B mX2B

— -— — a7A

W S S D — — GAPDH

S a— a7B

& &= = == s« == | GAPDH

A 1D

c—-— B GAPDH

Figure 4.14: Integrin a7 splice variant expression in mdx micenmunoblots of lysates from
Gc muscle of mice overexpressing integoinX1A, a7X2A, a7X1B, a7X2B on the mdx
background and WT muscle as control. At least 3rper splice variant were lysed in RIPA
buffer and submitted to immunoblotting with rabpdlyclonal integrin antibodies. GAPDH
detection was used as loading control.

146



Chapter 4

Integrin o7 splice variant overexpression was achievehifSusie (dx’*?4),
m9-Lydia (mdx"*'4), m9-Xaver mdx"*'B) and m%Babette (dx"*?). Immunoblot

clearly shows overexpression of integA in m9%Susie Mdx"*?4) and m%-Lydia

(mdx"™ %) (Figure 4.14 top row) when compared to the wipdtyandmdx littermate.
Similarly in m9-Xaver (ndx'*18) andm/9-Babette fndx'*?8) the expression of integrin
a7B was shown to have increased (Figure 4.14 midig noticeably when compared
against the controls. At the same time the heterediformation was analysed by
probing the immunoblots with the antibody raisediagtp1D. The presence of tidD
protein in all themdx? strains was confirmed by the appearance of a 1564l in all

the analysed samples.

4.2.2 Protein quantification of alternative splicevariants in mdx®"9 mice

An effect of the transgene on the endogenous altiem splice variant in
transgenic mice was analysed by quantifying théepmdevels ofa7A in mdx¥’®and of
a7B in mdx¥' mice by Western blotting and immunostaining. Thembenes were

probed with rabbit polyclonal antibodies specific integrina7A, a7B andp1D.

EM%Q%L%

mX1A mX2A mX1B mX28

m g7A
7 o./B
= p1D

fold integrin levels

Figure 4.15: Quantification of integrina7 splice variant overexpressionin mdx micé&€he
optical density of integrim7 bands was determined using ImageJ software. Ehaive
expression level to the wildtype and mdx was catedlafter normalisation to GAPDH.
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It was observed that the levelsafA, 7B andB1D were increased by 1.5, 2.5

and 3 fold respectively imdxmice, but were not significantly different from ldtype
mice.As expected imdx"" mice, integrin levels were increased by ~5foldd@A and
~8- ~16fold fora7B as compared to wildtype mice (Figure 4.15). &#nht to the
transgenic lines, the level @fiD was high in all transgenes and not only regttidb

thea7X2 splice variants.

4.2.3 Muscle histology oimdx transgenic (ndx9) mice overexpressing integrina7

splice variants

H&E staining of integrina7 splice variant overexpressing mice suggested that
mice expressing the extracellular X2 splice variaate a myopathic phenotype. It is
therefore important to investigate the effecti@fsplice variant overexpression ormx
micein vivo. In order to do this, mice were sacrificed at faugeks, three months and
six months. The hind limbs were dissected and emredded. 10pum sections were cut
and slides were stained for H&E staining. The GGCschal frommdx mice showed a
typical dystrophic phenotype with fibrosis and mafilgres containing CLN. The
morphology of muscle sections fromdx'% mice is somewhat similar tmdx mice
with many fibers undergone a degeneration-regeneratcle. Interestinglymdxmice
expressing the7X2 variant seemed to have larger areas of museteage compared to

mdx"*! mice in GC muscle. (Figure 4.16)
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Figure 4.16: Histological analysis of integrim7 overexpressing mdx micél&E staining of

10 um thick cryosections of GC muscle from WT (D) malk gnd integrin md¥*?* (C),
mdx™A(B), md£*8 (E), and md¥**® (F) overexpressing mice at three months of ageaiev
signs of muscle regeneration in mdx as well &smnite. Appearance of CLN was pronounced in
mdx"*?® and md%** muscle compared to mdx and WT mice. Bar 50um
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Figure 4.17: Quanification of fibres with CLN in mg? mice. Percentage of fibers with
centrally located nuclei in GC muscles of mdx ardki¥ mice. Areas of degeneration were
excluded. Overall, the percentage of fibres withtiadly located nuclei in GC muscle is not
significantly modified by the overexpression of amggrina7 splice variant in mdx mice.
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It was therefore important to count the percentajébers with CLN in GC

muscle of mdx and mdx¥"9 mice. Surprisingly, the overall percentage of dibr
containing CLN inmdx"*? was not significantly different comparedrtmix”** andmdx
mice. These results demonstrate timakx mice expressing integrin7 variants are not

histologically different thamdxcontrol mice (Figure 4.17).

In addition, immunostaining of muscle sections fromiX? mice for integrino7
intracellular splice variant and the lamini@ was performed. As shown in figure 4.18,
this showed a strong staining of the respectiveeoymessed splice variant in muscle

sections ofmdx% mice at the sarcolemma (Figure 4.18 Bi, Ci, Di &iid

Closer inspection of the sections revealed theesteng finding that some of the
muscle fibres overexpressing integrieY were actually protected against muscle
damage. There were no CLN in most of the fibresesging integrirn7X1A (Figure
4.18 Biii) anda7X1B (Figure 4.18 Diii). However, im7X2A (Figure 4.18 Ciii) and
a7X2B (figure 4.18 Eiii) muscle sections the ratibaverexpressing fibres with CLN
was higher compared t X1A, a7X1B.
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Integrin

mdxz7X1A

madxe7X2A

Figure 4.18: Investigating expression and localigan of integrin a7 splice variants in md%
mice. Representative muscle sections taken from madxfHthndx ™4, mdx"**® and mdx™?®
mice were immunostained for intega@A anda7B. Integrina7A is restricted to the MTJs in
mdx mice whereas it is additionally expressed & $rcolemma and the sarcoplasm in
transgenic mice. Integrim7B is found at the sarcolemma and the sarcoplasnmix’®
transgenic mice. Laminia2 (LN a2 in yellow) stained the BM and DAPI was used tokntiae

nuclei (white). Pictures were taken at x20 magatfan. Bar 50 um
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4.2.4 Analysis of membrane damage imdx*"9 mice using Evan'’s blue dye

After the H&E staining results it was clear thhe tmuscles ofmdx"*? mice
showed a more severe dystrophic phenotype comparadxandmdx’*! mice. Inmdx
mice one of the dystrophic features is membraneada@nwhich can be detected with
the help of Evans Blue Dye (EBD).

In order to evaluate the protection offered by emathgrin a7 splice variant,
mdx mdx? anda7 transgenic mice were injected with EBD six hqunisr to dissection.
Mice were sacrificed and hindlimbs and diaphragresewsolated. Evans blue positive
fibers were visualized and scanned at low magriéoausing the Odyssey machine

(Li-Cor) (Figure 4.19) and at higher magnificatiosing Zeiss Axioplan fluorescent

microscope (data not shown).

Figure 4.19: Membrane damage in m&% mice using Evan’s blue dyaviembrane damage
was assessed by injection of Evan’s Blue Dye. Hiridl were harvested from mdx and fiix
mice, 6 hours post-injection and cryosections veeanned at 700nm using the Odyssey Imager
(Li-Cor). Scanned images of the EBD injected hmds show membrane damage in all
muscles. md%**®sections show increased uptake of the dye.
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The a7 transgenic mice did not show any EBD uptake, avhil mdx""9 mice

displayed signs of membrane damage. Some musclesspared and in some muscles
the morphology was improved compared malx muscles, most often in Peroneus.
However, this result was variable between individud the same genotype. In order to
evaluate if thex7 splice variants really improve the dystrophic mitgpe ofmdxmice,
we analysed the most affected muscle, the GC. Thaned images of the hindlimb
sections revealed that there is no difference il EBorporation inmdxand mdx*"®
mice (Figure 4.19). In facindx a7X2, especiallymdx’*?® mice had more areas of
membrane damage compared rtmix and mdx’*! transgenic mice. We therefore
compared the diapharagmsmatix*”*?A with mdxanda7X2A transgenic mice (Figure
4.20).

mcv®TIA mdv aTX2A

Figure 4.20: Membrane damage in diaphragms of nfd% mice using Evan’'s blue dye.
Membrane damage in diaphragmsa@X2A, mdx and mdX*mice 6 hours post-injection with
EBD. Fibres in the diaphragm of nfd@** mice have more uptake of EBD compared to that
dissected from mdx armdX2A transgenic mice.

It clearly shows that the fibres in the diaphragima¥’*?A mice has more
uptake of EBD compared to the diaphragmmiéix mice. a7X2A transgenic mice did
not show any signs of membrane damage. Togethsrd&ta argue that overexpression
of a7X2 variants worsen the phenotypenadixmice. However, more work is need into
analysis of the effect af7X1 variants on muscle stability mdxmice.
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4.3 Discussion

Integrins play an important role during skeletal secla development. The
integrin a7B1 is the onlypl integrin present throughout the muscle developraed
adulthood, and deficiency af7 leads to congenital myopathies in mice and human
(Mayer, 1997, Hayashi et al, 1998). Integuih share a similar function as the DGC by
connecting the cytoskeleton to the extracellulatrimaTransgenic expression of the
adult isoforms of integrimi7fl has shown improvement of the phenotype in mice
deficient in dystrophin and its analogue utroptBarkin et al, 2001). This data suggests
that integrina7B1 could play a role in ameliorating the phenotymeised by the
dystrophin deficiency. However, integria¥ expression is developmentally regulated
and the complexity has increased with the exisemtdntra- and extracellular splice
variants. In order to evaluate the importance ektiomental splice variants of integrin
a7, we generated transgenic mice overexpressirigualipossible combinations of these
splice variants. These mice were then crossedtiveldystrophin deficienhdxmice to
analyse the importance of integuid@ overexpression.

4.3.1 Integrin a7 overexpression and its effect on muscle phenotype

Transgenic mice overexpressing integoid splice variants were generated to
provide insight into the possibility and efficien@f increasing integrima7 splice
variant protein expressidn vivo. In addition, the mice were generated to compage th
roles of the different integrim7 splice variants. Offspring positive for each bét

integrina? splice variant transgenes were born healthy sadae:

The expression of the transgene was controllecheyHSA promoter and thus
expression will be specifically in skeletal muscléariation in the level of protein
overexpression in the different transgenic strarie be expected, as there is no control
on where the transgene will integrate into the gemon addition, although a measured
amount of DNA is injected, the copy number of thansgene will vary between
injections and therefore strains.

Protein overexpression was verified by immunohbbgttand immunofluorence
and then quantified. Integrin7A and B transgenic mice showed a strong 10 fold
increase imu7 expression and immunostaining results showeditat@n of the protein
at MTJ and at the sarcolemma. There was also apiegbresence of integrin in the
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sarcoplasm, suggesting that the protein is produread larger mount than the cell is

capable to translocate it to the sarcolemma.

4.3.2 Integrin 1D association with the integrina7X2 variant

An increase in integri7 is only relevant if there is a concomitant inGean
the integrina7B1 heterodimer. Changes to integai@ andpl splice variant expression
in skeletal muscle have been documented (Song, di9%812;Belkin et al., 1996; van der
Flier et al., 1995; Song et al., 1993; Hodges amdftthan, 1996; Collo , Starr and
Quaranta, 1993; Ziober et al., 1993; Velling ef #B96; von der Mark et al., 2002;
Ziober, Chen and Kramer, 1997; Kaariainen et @02} , but there has been no
evidence to suggest that either of {BiE cytoplasmic splice variants has a specific
preference for any of the7 integrin isoforms in terms of heterodimer forroatilt was
therefore surprising to find that enhanced dimemttion with integrif31D was only
observed when the7X2 splice variants were overexpressed. In additibe total
amount of integrin31D present only increased when the’X2 variant was
overexpressed. In contrast, integBibD does not increase when integninX1 variants
are overexpressed.

This is even more surprising, when one considesttte integrira7X2 specific
association with integrif3lD is completely independent of whether the A or B
intracellular variant is present. That is to sag éxtracellular domain of integran7 has

a specificity for an intracellular domain of integf1.

The a7X2B1D splice variant-specific pairing is in line witithe expression
pattern of these two splice variants. Integai@X2 and integrinB1D are both the

predominantly expressed isoforms of these two mmegubunits in adult skeletal
muscle, so it makes sense that they would prefetyfiorm a heterodimer.

The role of integrira7X1 in adult muscle is less straightforward. Insiag the
amount of the integrim7X1 variant did not result in an increase in héxX131D
heterodimer, even though it is known that theX1 and 31D integrins can form a
heterodimer (Yeh et al., 2003). Overexpressinginkegrin a7X1 variant did result in

an increase in the total amount of integ@inpresent. It was hypothesised that this could
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be because the integrm7X1 variant was forming an association with intagsiLA.

Yet, levels of integrifB1A remained undetectable in the integniiX1 overexpressing
muscle as for the wildtype. Possible explanatiohthis discrepancy include that the
increase in integrinBlA was too slight to be detected by immunoblottiray,
alternatively, the integrifd1A specific antibody is not as efficient as thesgrin 31D
antibody. A further reason to suggest that the latkntegrin B1A detection is a
problem of the technique is the fact that integritX1 is localised to the sarcolemma of
transgenic muscle, and surface expression of imegequiresa3 heterodimerisation.
In other words, integria7X1 must be associated with integfith to be expressed at the
sarcolemma, and as shown by the immunoprecipitaigeriments this was not the
integrin B1D variant. This phenomenon does require furthgestigation, perhaps if
antibodies were unable to identify integ@hA, in situ hybridisation could be employed
to verify the presence or absence offié subunit.

The splice variant specific pairing of integrim/7 and 1 is a significant
indication that the integria7 splice variants clearly play very different roleskeletal

muscle. This may have implications for their poi@nise in the treatment of DMD.

4.3.3 Integrin a7 extracellular splice variants and their effect onadult muscle
integrity

The integrina7 transgenic mice were developed mainly to investigthe
potential of integrina7 to treat Duchenne Muscular Dystrophy. In the iahit
characterisation of the overexpressing mice, matgresting and unexpected findings
were made, that even expressing these construasioldtype background gave much
insight into the functional differences of thes@ integrin splice variants. However,
these findings may be different when the spliceavas are expressed in the context of

a muscular dystrophy, be it in th& integrin knock-out or thendxmouse.

The most surprising finding was that the overexgms of the integrimi7X2
splice variant caused a muscular dystrophy, yebtlegexpression of the7X1 variant
did not. Ina7X2 integrin overexpressing mice, a progressiveeiase in the number of
fibres with centrally located nuclei was seen, heag up to 40% at 6 months of age. In
stark contrast, the overexpression of the integifiX1 variant appeared to have no
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detrimental effect on adult muscle integrity. Thdéfedence in phenotypes when

extracellular variants are overexpressed is sungrias the integrira7X2 variant is
naturally the predominantly expressed isoform inliaskeletal muscle. The phenotype

was also completely independent of the intracellaaiant present.

It has previously been suggested that integnin®2 andf31D provide a strong
connection to the ECM required in adult muscle kBelnd Retta. 1998; Kaariainen et
al., 1998). In contrast, integrins/ X1 and1A are transiently co-expressed at the early
stages of muscle regeneration following injury (Kaiaen et al., 2002). It may
therefore be postulated that these integrins Fudfiecific requirements of regenerating
muscle by providing a weaker and more dynamic cctiore to the ECM. The fact that
the integrina7X1 and integri3B1D do not form a heterodimer in adult skeletal nheisc
makes sense when one considers the requiremerdsdptan the ECM-cytoskeletal
connection in adult muscle. An increase in thi& ould therefore result in a stiffened
muscle, which is more susceptible to mechanicaltluced damage. Even though we
observed an increase in the fibres with CLN in eéhmeonths ol 7X2 overexpressing
mice, no fibres appeared positive for membrane demahen analyzed for EBD
uptake. Also there was no sign of fibrosis, cateifion or fat deposition in the analyzed
muscle sections. These results point to the feat e phenotype observed aid X2

overexpressing mice is a result of contractionugedi damage.

Integrin a7 expression increases in regenerating muscle @aan et al.,
2002). The proliferation and fusion of satellitdle€muscle stem cells) is a feature of
muscle regeneration. Therefore, a simple explanatighe increase in centrally located
nuclei seen would be that integu@X2B anda7X2A had specifically activated muscle
proliferation. This does not seem to be the caseaumse if satellite cells were
continuously proliferating and fusing to existinguscle fibres, they would become
hypertrophic and this was not observed. It theeefpears that the overexpression of
integrin a7X2B and a7X2A has actually caused damage to the muscle tieguh
degeneration, which was then followed by regenemafifhe question is therefore why
increasing the expression of the integninX2 damages adult skeletal muscle whereas

thea7X1 splice variant does not.
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This question is complicated as the Soleus musuie MTJs were protected

from ana7X2 induced dystrophic phenotype. In the integxin knockout mouse the
only affected muscle was the Soleus muscle ane twes also a severe phenotype at
the MTJs (Mayer et al, 1997). The findings of tthesis therefore support this previous
conclusion that these are the two sites at whitdgima7 is localised and concentrated
and plays a vital and unique role. Therefore, peshtae protection of these two sites is

simply because they are in some way adapted tateléVevels of integria7.

There is further evidence to suggest that the stfdthe Soleus muscle in
particular may provide important clues as to hotegnin a7X2 expression could still
have a potential role in a gene therapy treatménDMD. The Soleus muscle is
primarily made up of the oxidative slow-twitch typand fast-twitch type Ila fibres and
it has been known for many years that these fipped are affected the least by the
degenerative effects of Duchenne Muscular Dystrqplaypati, Carpenter and Prescott,
1988; Webster et al., 1988). In support of thisamtthe increase in the proportion of
‘slower’ type IIA fibres seen in the ADRwx double mutant mice resulted in the
improvement of muscle fibre integrity amddx disease phenotype (Heimann et al.,
1998; Kramer et al., 1998). It seems more thanatdamtal that there is a high level of
integrin a7 in the Soleus muscle and that this muscle iniquéatr is protected from
DMD.

One could hypothesise that the integnif31 complex and the DGC play very
similar roles in skeletal muscle but at complimeyntsites. The integrimm731 would
reside at the sarcolemma of the soleus and all Mihdsthe DGC at the sarcolemma of
all other muscles. Transgenic overexpression ofitiegrin a7 at the sarcolemma
would then cause a disruption to the DGC-laminik Icausing a muscular dystrophy.
In contrast as the integron7B1-laminin link is predominant at the MTJ and perh#pe
sarcolemma of the Soleus, there is no disruptiotheoDGC and therefore no disease
phenotype. However, this would still suggest tha tntegrina7p1-laminin link is
inferior to the DGC-laminin link as when it actsits place a dystrophic phenotype is
caused. In order to provide an insight into the&fbf integrina7B1-laminin link in the
mdx mouse, when DGC function is lacking, we crossedititegrina?7 splice variant

overexpressors wittndxmice.
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4.3.4 Effect of integrina7 overexpression on dystrophin deficient muscle

Dystrophin deficient mice were crossed wiififl overexpressing strains to
study the potential of its splice variants in resguthe dystrophic phenotype.
Morphological analysis oimdX¥? mice revealed a more severe muscle phenotype
compared withmdx mice when the X2 extracellular splice variant vpassent, which
was pronounced in the GC muscle Similarly, EBD dtge muscle sections showed
more membrane damagenmixX’*? mice compared to controls. GC was the muscle then
chosen to calculate the fibres positive for theopldsmica7 splice variants with or
without the CLN. The overall proportion of CLN inG3was similar irmdx and mdx?
muscle. Overexpression af7 integrin splice variant made no difference in the

proportion of the fibres with CLN and thus offers protection against the disease.

In the previous study omdxutr - double mutant mice, it was shown that
overexpression of integri7X2B rescued the phenotype observed (Burkin ep@d]).
This is conflicting with the results observed imstbtudy. A possible explanation is that
the mdxutr double mutant mice display a more severe plypeo compared to
dystrophin deficiency alondt is also interesting to note that in tihedXutr double
mutant study the overexpression @fX2B was controlled by the MCK promoter,
which is activated during the differentiation frotime myoblast to myotubes, and in
mice only becomes active around birth. In the airstudy protein overexpression was
driven by HSA promoter, which is active at a simgéage in muscle differentiation but
already expressed at early stages of skeletal muassielopment (Sassoon, Garner and
Buckingham, 1998).

In our study, overexpression @f7X2 variant modified the structure of the
muscles, but theaseus which was protected in all W&7 transgenic strains. An
opposite effect has previously been observed/it mice in which the loss of integrin
a7 causes myopathic changes mainly in the soleuga@ta et al., 1998 ;Mayer et al.,
1997; Miosge et al.,, 1999). We have evidence tia integrin a7 subunit is
predominantly expressed in type | and lla, modéyraite Ild but not detectable by
immunostaining in type llb fibers (unpublished datdhe slow-twitch soleus is
naturally extremely rich in integrin7. Increased amount of integrin does not perturb
the integrity of the muscle; however its absence Heamatic consequences. Also
overexpression a7 showed no beneficial effect of integtid trangenic expression in

mdx mice soleus This result differ from previous studies showitigit integrina7B
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transgenic ADRhdxmice induce a fibre-type switch from integaiB-non-expressing

type lIb fibres into integrira7B-expressing type lla fibres, inducing an ametiorain

the phenotype of these mice that exhibited lessrsegtystrophic symptoms thamdx
mice (Heimann et al., 1998 ;Kramer et al..199B)is suggests that the absence of
protection of the soleus in mdx in our study coblel explained by the fact that
transgenic expression of7/ did not cause any fibre-type switch. In transgemice
overexpressing7B (WT background), most of the fibres overexprdsbe transgene.
Fewer fibres are overexpressing tté\ transgene but there was no correlation between
fibre-type and fibres which preferentially express& transgene. Although there was
no obvious change in fibre type in most muscle$y tre EDL occasionally expressed
MHCI. In md*¢, no switch in fibre-type had been observed eithewever, while 90%

of the fibres are positive far7B, a7A overexpression is restricted to type lla/d feéore
(Webster et al., 1988).
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4.4 Future work

The initial characterisation of the transgenic isBaaised so many interesting
findings that within this study there was not enougne to cross the transgenic
overexpressing mice into the integar? knockout mice. This next step will no doubt

shed further light on whether the integai@aX1 can improve the dystrophic phenotype.

The study of splice variant expression in the integ7 knockout mice will also
be of interest, particularly for the study of tidéeigrina7X1 and A variants, whose role
and function was difficult to define on the wildg/packground. Perhaps this was due to
the endogenous expression of integninX2 and B, which masked the more subtle
effects, the X1 and A variants likely have. It valso be of interest to see if there is any
difference between the integria7 splice variants in their ability to rescue the

MTJ/Soleus specific phenotype.

One aspect of integrin function that has receivdtle | attention is the
mechanism by which splicing is controlled. Perhape very significant area of future
study may lie in elucidating what factors contrbk tspatial and temporal specific
splicing of integrina7 and 1 isoforms. It is for example known that extrackitu
signals can play a significant role in this (Wegaies et al., 2001;Xie and Black, 2001;
Matter, Herrlich and Konig, 2002; Konig, Ponta aHerrlich, 1998). Ras, Protein
Kinase C and C4/ calmodulin-dependent pathways have all beenigatgd showing
that splicing could indeed be controlled by exthata signals and in response to
changing physiologic conditions. Such elucidatiomymalso bypass the need to
overexpress protein; perhaps all that is requiset ishift the balance of splice variants
present. The foetal pattern of integrin expressibiat is clearly specialised to the
proliferative, regenerative and dynamic connectiand signalling pathways that may
be able to repair the damaged muscle. Furthermbrthe pathways specifically
controlling integrin splicing could be elucidatesinall molecule inhibitors/activators of
the pathways could be used transiently and easdgrding to need and so avoiding the

complications associated with a gene therapy treatm
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Chapter 5

Do pericytes contribute to skeletal muscle regenetian?

In recent years, several markers have been ideshtifiat define subpopulations
of pericytes, like desmin, smooth-muscle-actifFSMA), NG2-proteoglycan (Ozerdem
et al., 2001), PDGFR- or the GTPase-activating protein RGS5 (Gerhardl an
Betsholtz, 2003). It became also clear that peggwgnd vascular smooth muscle cells
are subsets of a continuum of vascular cells witenptypic plasticity (Nehls and
Drenckhahn, 1993). The lack of specific markerstioh the analysis of pericytes, as
pure cell populations could not easily be purifiesin tissues. In most studies, authentic
pericytes had to be isolated from larger speciesht@in sufficient cell numbers, by
methods that used selective adhesiveness of celislistrates (Hirschi and D'Amore,
1996).

Until recently, no adequate method was availableutdfy pericytes from mouse
tissues, a prerequisite for using modern mousergemsoand proteomics. Therefore, we
used a mouse model (Anxa5-LacZz), which will helpidentify these cells through

Anxab driven LacZ expression.
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5.1 Analysis of Anxa5-LacZ reporter mouse

Anxab5-LacZ mice were generated in the laboratoripioPoschl by homologous
recombination resulting in deletion of exon 4 andidn of LacZ in frame with exon 3
(Figure 5.1) (Brachvogel et al., 2003). Deficienmiythis protein causes no obvious
phenotypes, likely due to compensation by other be¥sy of the protein family
(Brachvogel et al., 2001; Brachvogel et al., 2003).

The Anxa5-LacZ gene was found to be intimately eisdéed with the
developing vasculature in the yolk sac and meningm adult mice, but detailed
analysis showed that the vascular Anxa5-LacZ espasis restricted to perivascular
cells/pericytes in development and in the aduljFe 5.2) (Brachvogel et al., 2005).
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Figure 5.1: Strategy for the generation of Anxa5-tZ reportermice The top picture shows
the structure of the WT allele of Anxa5 gene in1B8SvJ (E14) genome with the integrated
MUERYV element (Rodriguez-Garcia et al., 1999). e bottom picture shows the targeting
construct. The mutated allele containing the Laeparter fused to exon 3 together with a
neomycin resistance cassette, resulting in deletibmtron 3 and exon 4 after homologous
recombination in ES cells is shown in the middiee Bottom shows the Anxa5 locus in C57BI6
mice. Probe and resulting bands after Southerntibigtare indicated in grey and exons are
indicated by numbers. (Modified from Brachvogedlet2001)
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Anxa5** | Anxa5*iacz

oG FOG

Figure 5.2: Characterisation of Anxa5-LacZ-positivperivascular cells.(A) Anxa5-LacZ-
positive pericytes are detected in meningi of AsmacZ mice. (B,C) Cell sorting of cells from
brain meningi of wild-type (Anx&%) and Anx&“ mice after staining with the vital LacZ

substrate FDG and PI. Vital FD®I™ cells are shown in the square. (D-F) Isolated Ah%&E5
perivascular cells expresg-smooth muscle actin (SMA), NG2 proteoglycan (N®2}, not
endothelial- specific PECAM. (Brachvogel et al.02p

This result was further confirmed by the co-expassof pericyte-specific
markers (NG2 proteoglycan, PDGHRer a-SMA). The presence of the Anxa5-LacZ
reporter enabled them to isolate pericytes fromouar mouse tissues by fluorescence-
activated cell sorting (FACS) by detectifiggalactosidase activity with fluorescent
substrates in vital cells (Figure 5.2) (Brachvogehl., 2005). Using this method they
were able to characterise mouse pericytewitro for differentiation behaviour and
molecular signature (Brachvogel et al., 2007). Bvagel et al (2003) also showed that
the Anxa5-LacZ fusion gene is highly restrictecpivascular cells in embryonic and
adult tissues. More importantly, isolated perivd@cuAnxa5-LacZ-positive cells
express pericyte and stem cell-specific markeréferéntiate into chondrogenic,
osteogenic and adipogenic lineages and can beredlfor extended periods without
undergoing senescence. In addition, in other s$udisolated pericytes were
successfully used to ameliorate the muscular dystrophenotype in the golden
retriever. Together, these results strongly sugtpedtpericytes could represent a novel
source of mesenchymal stem cells and may contriboutepair processes in a variety of

diseases.
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5.2 Analysing the role of pericytes during skeletamnuscle regeneration

Pericytes isolated from human muscle biopsy sampkse recently shown to
efficiently participate in muscle regeneration aftgra-arterial injection into immuno-
tolerant SCID-mdx mice, an animal model for humamcilenne muscular dystrophy
(DMD) in which the dystrophin gene is mutated (Re#lle et al., 2007). This has
opened a promising area of stem cell-based therdpie DMD patients. However,
although the differentiation potential of theselsdias been well documented, the
guestion still remains as to the fate of endogemmrgcytes in the muscle tissue and
whether or not they contribute to muscle regenemnatin order to address this question
we crossed the Anxab-LacZ reporter mice with dystrodeficient mdx mice, and
compared staining for LacZ in muscle after the brm$emuscle degeneration (Figure
5.3).

0.5 mm

Figure 5.3: Localisation of Annexin V expressing kgin the diaphragm. A-B), Whole mount
LacZ staining of the diaphragm highlights the vdacbed in wild-type-Anxa5-LacZ mice (A),
and the stripe- like staining along the muscled#in mdx-Anxa5-LacZ mice (B). (C) Eosin-
counterstained longitudinal section of LacZ-staimadx-Anxa5-LacZ diaphragm showing the
fibre-like dimension of the LacZ-positive cells),(Deased muscles fibres of LacZ-stained mdx-
Anxab5-LacZ diaphragm showing a blue-stained fibrel gositively labelled cells that are
closely associated with unstained muscle fibres.
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Whole mount staining of the diaphragm marked th@espread vascular bed in

the diaphragm of wild-type mice, heterozygous for Anxa5 mutation. In contrast, a
strong stripe-like staining parallel to the musfilwes was observed in mdx-Anxa5-
LacZ mice, which was more prominent than the blo@$sel-associated staining
(Figure 5.3 A and B). Sectioning of diaphragm mesdurther confirmed these results,
but it remained unclear whether or not LacZ-positstaining associated with muscles
fibres (Figure 5.3 C). We therefore analysed enzyaldy and mechanically teased
muscle fibres. Some blue-stained fibres were olsvimext to unlabeled muscle fibres,
suggesting that endogenous pericytes participatenuiscle regeneration. However,
some cells that closely associated with the muflofes were also LacZ positive, yet,
their identity still remains elusive (Figure 5.3.D)

To further investigate the process of regenerattinmuscle sections were also
analysed by immunofluorescence, using antibodieainag nidogen-1,a-Smooth
Muscle Acitn (-SMA) and DAPI (Figure 5.4).
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mdx// AnxaBg-acZ/Lacz
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Figure 5.4: Immunofluorescence staining of muscleaions from mdx/Anxa5-Lacz micéiL
sections of mdx-Anx&57-*“mice display varied staining pattern @fSMA at affected region
of the HL muscle. Pictures A and B were taken 8tmagnification while C and D were taken
at x20 magnification showing a closer view of tliteced and non affected regions of HL
muscle.

Immunofluorescence results from the HL muscle ofxAdxa32%-2Z mice
confirm the extent of regeneration that has occumesome regions of HL muscles.
Affected regions of the muscle shows a strong stgiof a-SMA within the fibres
particularly the smallest, still growing fibres ¢gkire 5.4 B and D), suggesting the
likelyhood for this protein in muscle regeneratibkely for the fusion of myoblasts and
formation of early myotube structure and organ@sat{Springer, Ozawa and Blau,
2002). Nidogen-1 labeled the basement membrands WAPI marked the nuclei.

Although these results from LacZ staining are vietyiguing, we may have in
addition missed cell populations into which pergsyfpotentially differentiated as the
Anxa5 promoter could have been turned off in thedks.

This preliminary data suggested a potential rolepeficytes during muscle

regeneration. But the Anxa5-LacZ mouse model hasedanitations such as the LacZ
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staining can only be done by histological analysig thus prevent some information

about the role of pericytes in tissue remodellifrg.addition LacZ activity is only
expressed when Anxa5 promoter is active and thexefdhen Anxa5 promoter is
repressed in pericyte descendants, we may missdéwification cells into which

pericytes differentiate and thus cannot lineageettae descendants.

To address these concerns we generated a mousé witate Cre recombinase
gene is fused in frame with the Anxa5 promoterhia thouse genome. This mouse
strain will allow us to activate the expressioraoly reporter gene in pericytes and any
descendants can then be identified thereafter.eh@mte the pericyte reporter mouse,
we first designed the strategy to engineer the ArRee targeting vector. After
homologous recombination in ES cells the mousdnstias established and crossed
with the ROSA-26 reporter mouse strain to addrbeesoverarching aim of the project,

which is to define the cell fate of pericytes isstie regeneration.
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5.3 Generation of targeting vector for Anxa5-Cre kimck-in mouse

To generate Anxa5-Cre-Knock-in mice we first deemjra targeting vector to
create a knock-in allele in which Cre recombinasevity will be controlled by the
endogenous Anxa5 promoter (Figure 5.5). Severalrédbries had tried to generate an
Anxa5 mutant mouse strain but failed due to thesterce of a murine endogenous
retrovector (MUERYV) in intron 4 of the Anxa5 gene the 129Sv strain, which is
commonly used for homologous recombination in erbiy stem (ES) cells but absent
in the C57BL/6 genome (Figure 5.1) (Brachvogellgt2003 and Rodriguez-Garcia et
al., 1999). We therefore used existing plasmidsckvivere previously used to generate
the Anxa5-LacZ strain (Brachvogel et al., 2003). Wsed part of Anax5 intron 2 and
exon 3 with the sequence for Cre recombinase, dimodu a nuclear localisation
sequence (Cre-NLS) (Appendix II) by designing speqrimers 124 and 125 (table
2.7). This PCR fragment was then cloned into An&85EV/BHI plasmid cut with Clal
and EcoRV (Appendix II) in order to combine thetret exon 3 of the Anax5 gene
(Figure 5.5). Exon 5 and thghosphoglycerate kinaseomycin (PGK-Neo) resistance
cassette were then cloned into the Sal | / Kprsirietion sites. The PGK-Neo cassette
was flanked by two Frt sites and was inserted dowas of the Cre recombinase
cassette (Figure 5.5). The selection cassette @rasved from heterozygous mice by
breeding with mice expressing Flp recombinase (fidu5). By this way we avoided
the negative impact of the PGK promoter on the leggun of the Anxa5 promoter

driving Cre recombinase activity.
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Figure 5.5: Strategy for the Anxa5-Cre knock-in tgeting vector Partial genomic
organisation of the Anxa5 gene in the C57BL/6 genamd the targeting vector (middle) and
the resulting targeted allele after homologous mabmation is shown. Mating with hACTB-
FIpO transgenic mice removes the neomycin selectissette located between frt sites (lower
bottom). The 5'- probe (Probe 1 in blue), Neo pr¢BGeecen) and 3' probe (Probe 2 in Orange)
were used for Southern blotting (explained in fegbr5). Main restriction sites are indicated by
symbols, Neo:PGK-neomycin cassette.

5.3.1 Embryonic stem cell transfection

100 pg of the targeting vector was linearised i restriction enzyme Not |
and purified by phenol/chloroform and ethanol ppéation. The precipitated DNA was
washed once more with 70% ethanol and dissolvetEruffer. Transfection of ES
cells was then performed at the transgenic coriéitfamn Dresden, Germany and the
positive clones were picked, expanded and sentstdouisolate genomic DNA. To
identify the clones in which the homologous recamation has occurred, Southern

blotting after Eco RV restriction was performed.

5.3.2 Screening of the targeted allele by Southefiot
Homologous recombination occurs between identieguences of the targeting
vector and genomic DNA. To screen for homologowsmgination we designed three

DNA probes for Southern blotting after restrictidigestion (Figure 5.6).
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Figure 5.6: Relative positions of the probes desgnfor Southern blotting5' probe (Probe 1 in blue) was designed outsigeaims of

homology and will generate 11.7kb or 6.6 kb banthexWT or mutated alleles, respectively, afterl¢@nd Xbal digestion. The Neo Probe
(indicated in green) was designed to span the regssociated with the Neo cassette, and genera®2ké band in the mutated allele only
after EcoRI restriction. The 3' probe (Probe 2, mga), also designed to bind outside the arms ofdhagy generates a 8.63kb or 9.2kb band

in the WT or mutated alleles, respectively, afteoEl restriction
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The 3’-probe (Probe 1 in blue, Figure 5.6) was giesil to hybridise outside of

the targeting vector to distinguish between homaolsgrecombination and random

insertion. When genomic DNA is digested with EcoRpYgbe 1 will hybridise to a 6.6

kb band in C57 BL/6 genomic DNA when homologousombination has taken place,
whereas in the non-targeted allele it hybridisea 812 kb fragment (Figure 5.6). This
initial screening identified 16 ES cell clones foeomologous recombination. These
selective ES cell clones were further tested withbE 1 after restriction digestion with
Xbal and resulted in a 11.7kb fragment in the WTileviin the targeted allele the
fragment was reduced to 6.6kb (Figure 5.7). Towdeladditional random insertion of
the targeting vector, neomycin was used as intepnatbe (Neo probe) for Southern
blotting after EcoRI digestion and resulted inragie band of 9.2kb. A 5’ probe (probe
2, Figure 5.7), was also designed to prove colmeatologous recombination on either
side of the targeting vector. This probe hybridisgmbtream of the inserted EcoRI
restriction site for detection of homologous recamabon on the long arm of homology
resulting in a 9.2 kb fragment after EcoRI digestaf genomic DNA, representing

homologous recombination and a 8.6kb fragment én"WHI allele. The design and by
which method the probes were prepared and checked53 BL/6 genomic DNA is

discussed in materials and methods.
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Figure 5.7: Southern blot analysis of the ES celboes.A) and B) represents the blots hybridised with3hprobe (Probe 1-indicated
in blue in figure 5.5) after restriction digestiamth EcoRV or Xbal, respectively. After EcCORV diges6.6Kb fragment and 6.2Kb
fragments were obtained representing Kl and WTlall8imilarly restriction with Xbal resulted in &6 fragment for Kl allele while
11.7 Kb for WT allele. C) Represents the blot hdibed with the 5' probe (Probe 2- indicated in agann figure 5.5resulting in 9.2 Kb
fragment for Kl allele and 8.6 Kb fragment for Wileke. while D) represents the blot hybridised witle Probe Neo (indicated in green

in figure 5.5).
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5.3.3 Screening the targeted allele by PCR

After the initial screening of ES cells by Southéybridisation, 12 clones were
selected and analysed by PCR using primers designanhplify the regions were Cre
recombinase had been inserted. Two different dgisimer combinations were used to
test these clones for the presence of the neomgassette and for homologous
recombination (Figure 5.8). The primer combinatidd2/143 was to screen for
homologous recombination with primer 142 being tedaoutside the targeting vector,
while 143 being specific for neomycin. The primembination 133/134/135 was to
amplify fragments located within the targeting wecand which differentiate between
the mutated and the WT alleles, resulting in a 45&fd a 344 bp band for the mutated
and WT allele, respectively (Figure 5.8 C). Primembination 142/143 resulted in the
identification of 3 clones from C57 BL/6 ES celghich were previously recognised as
being positive by Southern blotting.
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Figure 5.8: PCR analysis of ES cell cloned) Represents the WT construct (top), targeting
vector (middle) and targeted construct (bottomhwitie relative position of primers 142, 143
(blue), 133, 134 and 135 (indicated in purple). B¢presents the DNA gel after the PCR
amplification with primer combination 142x143, régg in 1.8kb fragment in the targeted
allele. Plasmid DNA of the targeting vector was cugmsitive control resulting in a 300bp
fragment, while genomic DNA from 129Sv and C57Bhit® did not produce any fragment. C)
Represents the DNA gel after PCR amplification wathmers 133x134x135 resulting in a
453bp fragment for the targeted allele and a 344tgmment for the WT allele. Only the
positive ES cell clones are labelled as well asad®NA and 1kb ladder.

5.3.4 Generation of the Anxa5-Cre-knock-in mouse Istin

The heterozygous C57 BL/6 ES cell clones were iageinto albino C57BL/6
blastocysts. The resulting male chimeras were dnaiéh C57 BL/6 females, which
were transgenic for recently generated Flpo recoadd (Flpo) (Kranz et al., 2010).
With this crossing we combined germline transmisbthe Anax5-Cre knock-in and
germline excision of the neomycin cassette locaieveen two Frt sites. The correct
genotypes were confirmed by PCR analysis with prémspecific for the individual
allele (Figure 5.8). Anxa5-KI-Cre mice were thenimt@ned as a breeding pair for

further experiments
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5.4 Investigating the fate of pericytes during skeltal muscle

regeneration

As discussed previously there are limitations ahgighe Anxa5-LacZ mouse
model to study muscle regeneration and thus toctiéte potential fate of pericytes in
muscle regeneration a marker is needed, whichdisp@ndent of muscle specific down-
regulation. To resolve this issue, we decided twm$oon two main strategies by which it

is possible to study the progeny of pericytes dunruscle regeneration.

1) Use of ROSA26 reporter strain: In this approach thexa5-mediated
expression of Cre recombinase mediated activatidRQSA26 reporter gene
expression.

2) Use of isolated pericytes: Using muscle regenara® a model, we isolated

pericytes from skeletal muscle and the peritonemomf homozygous
ROSA26-tdTomato reporter strain to compare thegnaiure and their
potential to contribute to muscle regeneration. @bevation of tomato gene
expression was achieved by vitro transduction via an Adeno virus
expressing Cre recombinase. Pericytes isolated ftloese mice induced
angiogenic differentiation of endothelial cellstlalso retained stem cell-like

propertiesn vitro.
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5.4.1 Analysis of the Anxa5-Cre-KIl: ROSA26-LacZ mose strain

To generate mice in which the expression of Laczbisditionally regulated, we
crossed the Anxa5-Cre-KI mice with the ROSA26-Laegorter strain. In these mice
Cre recombinase leads to excision of the stop ttasfianked by two LoxP sites

preceeding the LacZ reporter gene (Figure 5.9).

Reporter construct
Rosa26

Rosa26 locus

foxP loxP

Reporter expressionupon Cre recombinationin all progeny

Rosa26 locus ::.%_ a B-galactosidase
promoter

loxP

Figure 5.9: Schematic representation of ROSA26-Lac2porter cassette for lineage tracing

In the ROSA26-LacZ reporter mouse, a stop casflattked by loxP sites was inserted just
downstream of the transcription start site at thaquitously expressed ROSA26 locus, but
before the reporter gene. When intact, this casgattvents expression pf-galactosidasef

gal) from the downstream LacZ coding sequence stdqe cassette is excised upon exposure to
Cre recombinase, which mediates recombination bamiwdne LoxP sites, thus permitting
expression of the lacZ reporter. All progeny detdivieom these parent cells will carry this
mutation and be marked hfrgal expression that can be detected by microsdoptyssue
sections. (Modified from Kretzschmemnd Watt, 2012).

This will allow the ROSA26 promoter to drive thepeassion of the LacZ
reporter gene. The expression Bfal will be present in cells, in which the Anxa5
promoter is active and all their decendants, alhgwis to lineage trace Anxa5 positive

pericytes.

To analyse the-gal activity in the muscle tissue in AnX48¥/ROSA-LacZ
mice, three months old mice were sacrificed andniu#scle was isolated and processed
for cryosectioning. 20m sections of TA muscle were then fixed with glatdehyde
and processed for X-gal staining. AnX&5-2°Z mice were used as a control and TA

muscle sections from these mice were stained witalXin parallel (Figure 5.10).
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Anxab LacZ/LacZ

Anxa5*CRE[[Rosa-LacZ

Figure 5.10: Representative images of muscle sewtiorom Anxa5-Cre//ROSA-LacZ and Anxa5-LacZ mic20 um sections of TA muscle from
both Anxa%°"®//ROSA-LacZ (A-C) and AnX&5”/-2°(D-E) were fixed with glutaraldehyde and staindgthvX-gal substrate. All LacZ positive cells
are associated with blood vessels, which are irtditavith small triangles in figure A, D and E. Wemobserved entire myofibres staining blue (D

and F indicated by arrowheads). Bars, Lé0
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Anxa5"C"¥/ROSA-Lacz mice displayed strong X-gal stainingotighout the

muscle section (Figure 5.10 D-E). All the blood seds around the fibres were stained
blue and some fibres showed intense staining o&l{fggure 5.10 D and F). However,
the TA muscle sections of the control AnX&5-2°“ mice showed only certain areas of
X-gal positive blood vessels (Figure 5.10 A-C). Thiensity of the X-gal staining was
also weak compared to the conditional Kl strainisTihay be because in Anxa5-LacZ
mice Anxab promoter drives the expression of Laedey whose expression varies in
development. On the other hand, LacZ expressiorcosditionally activated in
Anxa5"C"¥/ROSA-LacZ mice thereby labelling all pericytesdaheir decendants with

the LacZ marker.

In addition, whole mount staining of the diaphragr#nxa5’“"¥/ROSA-LacZ
and Anxa5-LacZ mice was performed. Similarly to T muscle, LacZ activity was
found in blood vessels of the diaphragm of botheniout the intensity of the stain
varied. Anxa5-LacZ mice displayed weaker X-galrstaampared to Anxd%'%/ROSA-
LacZ mice (data not shown). In addition in conditily activated Anxa%°"¥/ROSA-

LacZ mice, some of the fibres close to the blocgbess stained positive for X-gal.

This data suggests that the conditional activatinthe LacZ gene was
successful and was able to mark pericytes, thualdaito trace their fate. In order to
verify that these pericytes contribute to musclgereeration we decided to induce
muscle regeneration in Anx89%/ROSA-LacZ and Anxa%2°?'3°Z mice. This was
done by intramuscular injections of the mytotoxgeat cardiotoxin (CTX). TA muscles
from three-month-old Anxd%'¥/ROSA-LacZ and Anxa%®*#2°Z mice were injected
with 50ul of 10uM CTX and left to recover for 10 days before disgec The

contralateral non-injected muscle served as negatwtrol (Figure-5.11).
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Figure 5.11: Representative images of muscle sewidrom Anxa5’°"¥/ROSA-LacZ and
Anxa5 “2°ZaZ mice. Cryosections from TA muscle of An¥88/ROSA-LacZ and Anxa5
LaczllacZmice were stained with LacZ and nuclear red. A-@ @nl represents the non-injected
TA while D-F and J-L represents CTX injected sidenf Anxa%°"®//ROSA-LacZ and Anxa5
Laczllaczmice, respectively. The intensity of the LacZ s&largely evident in Anxa%™//ROSA-
LacZ muscle tissue when comaped with Ari&5*°“4issue. 40x magnification.

10 days after the injury, muscles were dissected gmocessed for
cryosectioning which were then analysed for Lacingtg. Nuclear red staining was
used to mark the nuclei (Figure 5.11 A-L).

From figure 5.11 it was clear that there was aedéfiice between the LacZ
staining of the muscle sections from An¥&%/ROSA-LacZ and Anxab2°?-2Zmice.
As seen before (Figure 5.10), in the non-injuredsciai from Anxa%“'¥/ROSA-LacZ
mice many fibres were seen with cells at the p&gidgcation marked with LacZ
(Figure 5.11 A-C). The same was true in Anx¥5'-%““mice but the LacZ staining was
much weaker in some areas (Figure 5.11G). In AHX&BROSA-LacZ mice we also
observed many fibres stained for LacZ and mosteit were at the periphery of the
muscle section. On the other hand control micendidshow any signs of LacZ stain
inside the myofibre (Figure 5.11 G-I).

The CTX injected muscle sections from An¥&%/ROSA-LacZ displayed
regenerating fibres with CLN marked by nuclear mtdin. These myofibres were
strongly stained with LacZ, indicating a possibilesibn of pericytes with the fibre
during muscle repair. In contrast in Anxs%572°Z muscle sections weak patchy blue
staining was evident inside the regenerating fibilesme LacZ staining was also
observed around the blood vessels of non-injuresciaisections.

In addition to the LacZ staining we also stainegl 20pum of CTX injected TA
muscle with PECAM 1,a-SMA and Nidogen (figure 5.12). PECAM 1 stainins
endothelial cells thus identifing the location @fpdlaries [ ]Affected regions of the
muscle shows strong staining@f SMA within the fibres. Nidogen antibody was used

to highlight the basementmembrane thus identifirggfiores.
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Figure 5.12: Representative images of muscle sewifrom Anxa5-Cre//ROSA-LacZ
mice: 20 um sections of TA muscle from AnX8%5/ROSA-LacZ were fixed with
glutaraldehyde and stained with X-gal substratea(® D). All LacZ positive cells are
associated with blood vessels, which are indicateth white arrow in A and D,
Additionally the LacZ staining was observed at eaclposition in fibres with CLN (A
and D , yellow arrow).The sections were furthenrstéd by PECAM 1 and-SMA (B
and E ) to locate the capillaries and the CTX iersites respectively. The basement
membrane was stained by nidogen (Nd1) antibodyn(CF. Dapi was used as nuclear
stain (B, C, E and F). Pictures were taken at x4&@nification.

To conclude the data from LacZ staining from ArXa8/ROSA-LacZ and
Anxa5 “a¢ZlacZ mice suggests that there is a difference in theZLatining. To
overcome the limitations from LacZ staining andrice pericytes using a fluorescent
marker, we made use of other reporter stains. \&ietbre crossed Anxa5-Cre-KI mice
with ROSA26-EYFP and ROSA26-tdTomato reporter sgai

5.4.2 Analysis of the Anxa5-Cre-Kl: ROSA26-EYFP mose strain

To expand our possibilities to lineage trace peéesywe made use of the
ROSA26-EYFP strain (Shrinivas et al., 2001), madailable by Dr S.Shrinivas from
the University of Oxford. The mouse strain was gatezl using homologous

recombination using a targeting vector into ROSAdtfiis.

This strain has been successfully used in many-pighle publications for
lineage tracing of precursor cells and long-teracking of their progeny and shown to
be useful for localisation of YFP in tissues andiased isolation of cells through
FACS analysis (Schwarz et al., 2Q0@8vers et al., 2008; Kuang et al.,, 2007; Geoffroy
and Raineteau, 2007;Clayton et al., 200V then crossed Rosa26-EYFP mice with
Anxab5-Cre mice to generate Anxa5-Cre-EYFP mice,ctvhshould express YFP in

Anxa5 positive pericytes and its descendants.

First, we isolated pericytes from muscle and pegton tissue and sorted them
by FACS analysis (figure 5.13) to enrich the CD1¥M-P+/CD31- pericyte
population. CD140b, also known as PD@F&hd is expressed by pericytes as a surface

marker, while CD31 is a cell surface marker exprddsy endothelial cells.
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Figure 5.13: FACS sorting of pericytes isolated fromuscle and peritoneum of ROSA26-
EYFP mice.Cells from muscle and peritoneum were labeled @id140b and CD31 before

loaded into sorting machine. P1 indicates vitall gelpulation from debris. P2 shows CD140b
positive population of P1, which was further enddhoy P4 gating (Cd31-/YFP+) to isolate the
final pericyte population P3 (CD140+/YFP+/CD31-)

The isolated YFP+ pericytes could be easily iderdifin FACS analysis and
maintained the marker for more than 10 passagesisbtated PVCs from peritoneum
and muscle were co-cultured with HUVEC (Human Vé#mcindothelial Cells) and
showed pro-angiogenic effects compared to HUVEC oneaolture in a 3D tube
formation assay in collagen gel (Data from Dr Zhowt shown). These EYFP+
pericytes stained positive for several tested PV&kers but the YFP signal was too
weak to be detected by epifluorescence. We theraieed the much stronger tandem
dimer tomato ROSA26, which expresses a strongluedefscent signal (Madisen et al,
2010).
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5.4.3 Analysis of Anxa5-Cre-KI- ROSA26-td-Tomato mase strain

We crossed the Anxa5-Cre-KI mice with ROSA26-tdTtmeice. Offspring
showed a very strong expression of td-Tomato aadpiecificity of the expression was
hard to define. The entire mouse appeared red andere unable to use these mice for
any experiments to elucidate the role of pericytesiuscle regeneration. We therefore
focused our attention on inverse strategy, in whwvehisolated pericytes from ROSA26-
tdTomato silent mice and activated expression efftbmato gene by vitro induction

of Cre recombinase via viral delivery.

5.4.4 Approach 2: Transplantation study

5.4.4.1 Efficiency of pericytes in skeletal muscégeneration

In order to study the role played by pericytes usnole regeneration, we decided
to transplant Tomato-positive pericytes isolatednfrmuscle and peritoneum. The
expected outcome from these experiments is sumedaris figure 5.14. These
experiments were carried out in collaboration vidth E. Poschl and Dr. Z. Zhou

For the isolation of pericytes they used a sile®iSA-td-Tomato mice in which
the expression of Tomato gene is inactive. Uponirthétro induction of Adeno-Cre

virus, these cells were expressing the fluorescemker.
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Figure 5.14: Schematic representation of the expattoutcome from transplantation
experiments. SilenROSA-td-Tomato mice were injected with cells exgimgstd-tomato after
being transduced with Adeno-Cre virus. The celldda@ontribute to muscle regeneration and
find their niche in the blood vessels. Upon theda@oxin (CTX) induced muscle regeneration,
it is expected to see the recruitment of thesecpks to regenerated fibres.

Before these cells can be injected in to the mdurs@limb muscles, FACS was
used to isolate a pure pericyte population (Figau®d A-C). These cells were then

varified for expression of specific markers.

5.4.4.2 FACS analysis of PVC isolated from muscledgeritoneum tissue

Pericytes were isolated from muscle and peritonefiROSA26-tdTomato -/-
mouse. The cells were then cultured as describedeithods and maintained in 100%
confluence. These cells were then sorted using FALSCD140B+, CD45-, CD31-
(Figure 5.15). The P1 population was gated to mistish between the real cell
population and debris (Figure 5.15 A) which wagHer gated against CD140B, CD45
and CD31 as shown in the histograms (Figure 5.1RR)ear peak of the cells positive
for CD140B was evident in the histograms in bothsoher and peritoneum cell
population. P3 population was gated against CD1@Id31, suggesting this is a pure
pericyte population expressing pddr-
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Figure 5.15: FACS sorting for pericyte population®ericytes (CD140b+/CD31-/CD45-) were
isolated from muscle and peritoneum from ROSA-taio mice. A) Shows the gating strategy
(P1) to distinguish between the cell population detbris. B) Shows the histogram for the cells
stained for CD140b (top row), CD45 (middle row) adB31 (bottom row). P2, CD45 negative
population was gated for further sorting. C) P3, BIDb+ and CD31- population were isolated
from both muscle and peritoneum. (In collaboratigith Dr Zhou and Dr Poschl.)
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To avoid immune rejection red-labeled pericyteseniaiected in the hindlimb
TA muscle of congenic ROSA26tdTomato mice. To elate the role played by

pericytes in muscle regeneration, we injected caodin (CTX) into the TA muscle 20

days after cells had been transplanted. This timetgad been determined in initial
experiments to be best for obtaining Tomato-pasipericytes in capillaries. The non-
injected TA muscle from the contralateral side wasd as a control. The scheme of the

experiment is detailed in figure 5.16.

ROSA-td-Tomato D20 D35

@ —

Cell iniection CTX injection
1‘ Ad-Cre
SCAI, CD44, CD146, CD105, CD73, AP, ALPL

A A i | b3
CTX NOCTX
FACS

CD140b, CD45, CD3t
A Cryosectioning

FACS

Muscle and Peritonium

Figure 5.16: Transplantation scheme for injectingetis in silent ROSA-td-Tomato mice:
Cells were isolated from muscle and peritoneum@ER-td-Tomato mice and FACS sorted for
various pericyte-specific markers. These cells viben transduced with Adeno-Cre (Ad-Cre)
virus before injecting in the TA muscle. Muscleiipjby CTX was carried out on day 20 post
transplantation and mice were sacrificed on day BA. muscle from injured and non-injured
side was isolated and processed for cryosectiosimgwing pericytes labeled by td-Tomato
(indicated by while triangles).
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15 days post CTX injection, TA muscles were dissgcand 10m thick

cryosections were stained with Lectin to highligindothelial cells, and DAPI (Figure
5.17).

Tomato-labeled muscle fibres were present in sestimjected with muscle
(Figure 5.17-Ai, Aiii and Bi, Biii) and peritoneumerived (Figure 5.17-Ci, Ciii Di,
Diii) pericytes both in non-injured and injured TrAuscle. Even though the injection
site is not visible after 35 days, one could seestiiread of these tomato-labeled muscle
pericytes is along the path of injection (Figur&7/Ai). The same was true on the
injured side (Figure 5.17-Bi). In addition, theseripytes were found to be located in
blood vessels and capillaries as evidenced bynletéiining (Figure 5.17 Aii and Bii).
In the injured side some fibres had CLN (Figure75Hiv) but none of them was
strongly positive for Tomato. On the other hand¢he&ere few tomato positive fibres
with CLN visible in the injured side when peritohéarived pericytes were injected
(Figure 5.17 Div). The distribution of tomato-paggt fibres in the non-injured side was
similar when compared with section from TA musclansplanted with muscle
pericytes (Figure 5.17 Ci). Co-localisation witletie staining was also evident in both
injured and non-injured muscles injected with mer#tal pericytes, indicating their
presence in capillaries (Figure 5.17 Di).

This data indicate that both muscle- and peritondenved pericytes can
contribute to muscle regeneration. However, thess still the possibility that the

pericyte populations still contained other myogeratis.
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Figure 5.17: Localisation of transplantated tomatabelled pericytes in the TA muscle of
ROSA-tdTomato miceTA muscles of ROSA26-tdTomato mice were injectdd tamato-
labelled pericytes isolated from either muscle @i+ and Bi- B iv) or peritoneum (Ci-Civ and
Di-Div). In each mouse one TA was injured with CWXjle the other TA served as a non-
injured control. Tomato-labelled pericytes are blsiin red, Lectin BS1 staining in green marks
the pericyte location in capillaries, while DAPII@ie) marks the nuclei. Scale bars, 100um (A-
Di), 20um (Aii-Div).

Previously, Dellavalle et al. (2011) described thhé tissue non-specific
alkaline phosphatase ALPL is specifically expresbgda subset of vessel-associated
cells in skeletal muscle, but not in myogenic celtgl myofibres. They generated an
inducible Alkaline Phosphatase CreERT2 mouse swiimwhich they could show that
these ALPL-positive pericytes are distinct from ethetlial and satellite cells. In
addition, they showed evidence that these ALPLtp@gpericytes contribute to muscle
regenerating. We therefore decided to FACS sortnouscle- and peritoneum-derived
pericytes with ALPL, to exclude a possible contaation of our initial cell population

with myogenic cells.
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Figure 5.18: ALPL FACS sorting of pericytes isolate from muscle and
peritoneumCD140b+/CD45-/CD31- pericytes were isolated as kefoThese cells then
labelled with ALPL and sorted according to gatetB3eparate the ALPL-positive population.
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FACS sorting demonstrated that around 10-20% of maricyte populations

were positive for ALPL (Figure 5.18). These cellsrev then injected intramuscularly
into the TA muscle of ROSA26-tdTomatmice as described in figure 5.16.
Cryosections from the isolated muscles were immitamosd with Lectin BS1 and DAPI

while tomato positive fibres were visualised in thd channel (Figure 5.19).

The immunostaining data from the muscle sectionROS5A26-td Tomato -/-
mice transplanted with muscle or peritoneum PVCditahally sorted for ALPL
(Figure 5.19) gave a similar result as before seh the non-ALPL-sorted pericyte
populations (Figure 5.17). Sections from the imju@nd non-injured side showed
Tomato-positive fibres with varying intensity. Inéstingly, most fibres that were
positive for tomato also showed co-localisationTaimato with lectin BS1-positive
endothelial cells in capillaries, though this iffidult to see due to the intensity of the
signal inside the muscle fibres (Figure 5.19 Aii#Diln some cases a spider web-like
structure of Tomato-positive blood vessels wasblasi(Figure 5.19 Ciii, Diii). In
sections from the injured sides Tomato-positiverefbthat had CLN were visible,
indicating that pericytes had fused with the regetieg fibre (Figure 5.19 Biv)
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Figure 5.19: Localisation of transplanted ALPL-satl tomato-labelled pericytes in the TA
muscle of ROSA-tdTomato micdlA muscles of ROSA26-tdTomato mice were injectédd w
ALPL-positive tomato-labelled pericytes isolatednfr either muscle (Ai- Aiv and Bi- B iv) or
peritoneum (Ci-Civ and Di-Div). In each mouse orfe Was injured with CTX and the other
served as a non-injured control. Tomato-labellediges are in red, lectin BS1 staining in
green marks the pericyte location in capillariesile DAPI (blue) marks the nuclei. Scale bars,
100um (A-Di), 28m (Aii-Div).
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5.5 Discussion

Pericytes are essential constituents of blood \&saed act as important
regulators of vessel development, stabilisation emtractility. It has been suggested
that pericytes and vascular smooth muscle cellM§ are phenotypic subtypes of a
continuous perivascular cell (PVC) population timaty have the capacity to give rise to
each other (Brachvogel et al.,, 2005). It has beemahstrated that these PVCs
constitute a population of mesenchymal stem cellkS@s) associated with the
vasculature (Brachvogel et al., 2005) and with #imlity to differentiate in to
chondrocytes, osteoblasts and adipocytes. Additignaericytes show myogenic
potential distinct from satellite cells (Dellavake al., 2007), however, the contribution
of PVCs to tissue and repair in situ remains uraeriVith an increased interest in the
field of these PVCs, the process of studying andewstanding the complexity of this

versatile and intriguing cell types has just begun.

5.5.1 Perivascular cells and mesenchymal stem cells

As there has been a remarkable increase in knowledthe field of stem cell
biology in the past decade, much effort has beemtdd to understand the molecular
mechanisms that regulate adult stem cells, ortdra sell/progenitor cells derived from
adult bone marrow (BMSCs), and developing ways xplat their potential for
therapies. The notion that PVCs are recruited fatramal cells (where MSCs were
originally isolated from) by mutual contacts withd®thelial cells has been indicated in
several studies (Caplan et al., 2008; 2011; Cretaal., 2008). In this study we tried to

answer some of the basic questions regarding teefahese PVCs.

5.5.2 Anxa5-based reporter mouse models to identifyerivascular cells

While there are still many unanswered questionsuapericytes today, several
techniques were developed and additional cellularkers identified that now allow
isolation of PVCs anth vivo studies in mice. Markers like SMA, NG2 proteoglycan,
desmin and pdgfp-are now regularly used to identify populationgefivascular cells
in vitro and in vivo(Bergers and Song, 2005), but the most significérall appears to
be that of the annexin A5 protein that has provewtpl in increasing the detection,
isolation and characterisation of these cells (Bvagel et al., 2003; 2005; 2007). In

this study, we provide additional support that higgtts this protein as a distinct marker
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of pericytes. Through use of the Anxa5-LacZ mousel@hdeveloped by Brachvogel et

al., 2005, we have been able to visualise and wbstre distribution of pericytes

through detection of LacZ expression. The mouseahbds proved fundamental in

identifying the distribution of pericyte-like celiong and in close association with the
microvasculature of postnatal tissue. In our stwagy made use of the Anxa5-LacZ
mouse model to study the role of pericytes duringete regeneration by crossing them
with mdx mice, a mouse model for DMD. Our data clearly sh@aclose relationship

between regenerating fibres and the PVC populatidnch are wrapped around the
blood vessels close to the fibre (Figure 5.3 C@phd

The Anxa5-LacZ model has been instrumental in @mireg our knowledge of
pericytes. A large body of evidence further indésathat all mesenchymal stem cells
(MSCs) are pericytes (Caplan, 2008). Adult mammaliane marrow has been shown
to harbor not one but two discrete adult stem lga#ls. While the hematopoietic stem
cells generated in the bone marrow responsiblen@intaining life long production of
blood cells are certainly well characterised, the@dgical characteristics and properties
of the second bone marrow resident population erhstell are much less understood.
This lack of understanding has been compounded| retatively recently, by the
shortage of specific antibody reagents to facditide isolation and enrichment of these
mesenchymal stem cells (Short et al., 2004). I32Ba&ddoo et al., used a combination
of plastic adherence amal vitro culture to establish a bone marrow stromal cdtlice.
They then removed any contaminating hematopoidils ®y negative selection using
antibodies to a number of hematopoietic-specifitgans. The remaining stromal cells
were shown to exibit osteogenic, adipogenic, arahdhogenic differentiation potential
in vitro and expressed no markers of hematopoietic or las@ndothelial cells
(Baddoo et al., 2003). They did however, expresA’5QOnuch like a candidate
osteoprogenitor population in mouse bone marrodeasonstrated by Falla et al., back
in 1993 (Falla et al., 1993). Most recently in 20Bvachvogel et al., demonstrated that
a population of Anxab5-LacZ PVC isolated from mouse meningeal vasculature
expressed SCAL- and it is now a common marker fsedhe characterisation and

purification of mesenchymal stem cells.
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For many in the field it is still remains to be gonévocally proven that all MSCs

are in fact pericytes. Certainly, all pericytes ao¢ MSCs; it has been documented that,
while pericytes do not differentiate into hematabai or neural cell in adults, the
vasculature/perivascular location of hematopoiatid neural stem cells in early foetal
tissue implies that other stem cells too inhabé gerivascular niche (Caplan, 2008;
Hirschi and D’amore, 1996). But unfortunately, wehilhere still remains much to
discover about the complex ontogeny and functiompericytes, the proposal that all
pericytes are MSCs will continue to be a somewlp&noguestion rather than a proven
statement. Nonetheless, advances such as the Ama¥s-and the Anxab-
Cre//[ROSA26-LacZ models give hope that we may e tbprovide a definite answer
to this question in the future.

5.5.3 Role of pericytes as myogenic precursors

In regards to in situ functions of pericytes selvdiaubts still remain. The most
topical enquiring is into the potential contributiof these cells to tissue repair and
regeneration, through their differentiation intgigas lineages (Caplan, 2008; Crisan et
al., 2008). Our study had in mind the specific rolgericytes as myogenic precursors,
and aimed to uncover any intimation towards theolvement of these perivascular
cells giving rise to the muscle lineages in skéletaiscle regeneration. Our data
suggests that there is a direct involvement ofcyees in myofibre regeneration. In
mdx/Anxa5-LacZ muscle sections theSMA positive cells were evident inside the
regenerating fibres indicating the location of pgies. But this piece of data alone does
not support that pericytes are a stem cell pomratwhich can contribute to muscle
repair. To support our findings we generated thea®Cre-KI mouse model, which
provided us a tool to follow the fate of these pges during muscle regeneration in
combination with various reporter strains such @3SR26-LacZ and ROSA26-td-
Tomato. Preliminary data from our experiments ox@iROSA26-LacZ mice (Figure
5.9 and 5.10) suggests that LacZ-positive pericytespericyte-like cells have
contributed to muscle regeneration, which was etidy strong LacZ staining inside
fibres with CLN. To further investigate these fings it was necessary to lineage trace
this stem cell like population. This led us to dwpothesis described in figure 5.19,
where we propose the possibility of these cellglifferentiate into a different lineage

even after committed to one cell lineage due tar thieenotypic plasticity. A feature
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that distinguishes the MSC from that of the hemaieic stem cell lineage is that
differentiation pathways are not strictly delinehtesince even apparently fully

differentiated cells from a given lineage have fiwential to convert into another

lineage.
Differentiation STROMA
roamnartmant T (VSMC)
P Anxa5-ROSA-LacZ PVCs [——> Muscle ??
MSC
compartm

AT

Pericytes :

» mesenchymal stem cell compartment
» restricted differentiation capacity

» phenotypic plasticity

—_— )
{} \} BONE

Collll

CARTILAGE

Figure 5.20: The mesenchymal stem cell systdractors shown at the exit of the MSC
compartment are those used in (osteogenic, chordiiogand adipogenic) or compatible with
(VSMC differentiation) culture conditions. Doubler@vs indicate plasticity. The potential
sequence of events occurring in the MSC compartriseshown.(Modified from Dennis &
Charbord ,2002)

Potential sequence of events occurring in the M&@partment is shown in Abbreviations: MSC = mesgmeth stem cell; TGES

= transforming growth factorg; PDGF = platelet derived growth factor; ASMA =[Ismooth muscle actin; TSR =
thrombospondin1; EDa FN = fibronectin comprising the EDa domain; 1E1Zmooth musclel actinin recognized by the 1E12
monoclonal antibody; h1Calp = hicalponin; hCald = hicaldesmon; mV = metavinculin; SM1 = SM myosin hezhain of 204
kDa; Des = desmin; Dex = dexamethasone; IBMX = igghnethylxanthine; IM = indomethacinefligp = beta!
glycerophosphate; aP = ascorbat@ phosphate; NRO = Nile red O stain; vK = von Kostars Coll = collagen |

At the same time we also realised the limitationusing the Anxa5-Cre-Ki
mouse model. One major drawback of this modelas, @hifter somatic differentiation all
decendants will be labeled with the reporter gdmeavoid this dilemma we have tried
to develop an inducible Cre mouse model, Anxa5€Rd2. In order to do so we
designed the targeting construct and transfectedel& Unfortunately, we failed to get
any homologous recombination in ES cells twice.ibgithe same time Dellavalle et
al., used the ALPL-Cre-ERT2 mouse model (Dellavateal., 2011). Their data
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suggested that ALPL-positive pericytes, but notathelial cells, fuse with developing

myofibres and enter the satellite cell compartmdating unperturbed postnatal
development. This contribution increased signiftgarduring acute injury or in
chronically regenerating dystrophic muscle. Thitadadicates that pericytes, resident
in small vessels of skeletal muscle, contributentescle growth and regeneration during
postnatal life.

To further investigate the involvement of pericyéssa stem cell we decided to
follow an inverse approach. Instead of using thduaible Cre systenin vivo, we
isolated and purified perivascular cells from tdEt reporter mice and induced

reporter expressioin vitro by viral delivery of Cre recombinase.

5.5.4 Investigating the contribution of pericytes m regenerating muscle by

transplantation experiments

To investigate the potential of pericytes as a steth population we isolated
and purified pericytes from ROSA-td-Tomato miceahich the expression of Tomato
is silent and induced reporter expressionitro by transduction with Adeno-Cre virus.
Our data indicates that the isolated pericytes [adjom from muscle and peritonium
contributed to muscle regeneration. After intranulescinjection of these pericytes in
ROSA26-tdTomatacongenic mice we observed many fibres in regemayatireas
expressing td-Tomato indicating the possible fusibmpericytes with the regenerating
fibre. The intensity of the expression varied bewébres. This can be explained by a
possible dilution effect when pericytes fuse with-pxisting fibres, as the reporter has a
cytoplasmic location. Surprisingly in non-injureduscle we found more Tomato-
positive fibres. This can be explained by sevedsibilites. Firstly, there are more
pericytes surviving in the un-injured situationdaas there is still constant homeostasis
in skeletal muscle up to six months of age (G. Kargersonal communication) more
pericytes could be recruited to the muscle fibscondly, there could have been a
possible carry over of the virus. To address tssi@ we injected these pericytes in WT
C57/BL6 mice (Figure 5.21). If there was an isstdiecarrying the virus over then
muscle cells, which became infected should turnimeitte ROSA26 reporter stain, but
not in C57/BL6 mice.
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Figure 5.21: Transplantation of Tomato-labelled peytes into TA muscle of C57BL/6 mice.

TA muscles of C57BL/6 mice were injected with Torlabelled pericytes isolated from either
muscle (Ai- Aiv) or peritoneum (Bi-Biv). Tomato eegsion is in red, endothelial cells marked
with lectin BS1 in green, DAPI in blue to mark miclmages were taken at x20 magnification.

From these immunostaining results it was evideat Ttomato-positive pericytes
from both muscle and peritoneum were in fact abléuse with muscle fibres (Figure
5.21 Aii and Bii). Tomato-positive spider web-lilstructures along the blood vessels
were again visible, identical to the results whenwged the ROSA26-tdTomato mouse
strain. Some fibres were positive for Tomato and htso CLN (Figure 5.21 Biii).
These regenerating fibres were not due to inducgoly, but normal wear and tear of
the muscle. Together, our data showed unequiwotadlt the presence of red fibres

was not due to viral contamination of our pericytes

These findings support the hypothesis that inarse to focal injury pericytes
are activated and released from their positionheviascular tube to migrate/proliferate
to the site of injury and contribute to the regatien process. Support for this
hypothesis is the fact that degradation productsxtfacellular matrix (ECM) proteins
are chemotactic for progenitor cells, and pericylesw strong migration towards both
papain and pepsin digested ECM (Crisan et al., 2Ré#g et al., 2008).
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Figure 5.22: Schematic representation of proposegpbthesis:A) Indicates the involvement of
satellite cells (pink) in muscle regeneration upastivation. The pericytes are shown in blue
wrapped arround the blood vessels surrounding tlyefiore. B) Demonstrates the proposed

role of pericytes (blue) to become activated angefwith the muscle fibre, leading to
regeneration.

Based on the results shown in this study we proplsevorking hypothesis,
which is displayed in figure 5.22. The schematipresentation of a well-known
standard model of muscle regeneration can be seigure 5.22, where the role of the
satellite cells in regeneration is shown. Alterwally, the model (Figure 5.22 B) shows
the involvement of pericytes in myofibre regenenatiAs therapy by isolated myoblasts
is considered to be insufficient to rescue damagecle (Tedesco et al., 2010),

isolated pericytes may become a potential therapyniiscle disease.

In our study we have shown that annexin A5 is &rdisand significant marker
for pericyte cells resident in the vasculaturehdts been clearly demonstrated that
pericyte-like stem cells can differentiate into rggaic lineages (Dellavalle et al.,
2007), and our results further support that notignshowing that not only pericytes
isolated from skeletal muscle but also from thetpeeum can contribute to skeletal
muscle repair. Whether pericytes from all tissuessamilar in their molecular signature

and their contribution to muscle regeneration remapen.
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Chapter 6 Summary

Major players in maintaining the muscle integrityridg development and in adult
skeletal muscle are integrins. Presented in thesishis the initial characterisation and
investigation of the use of transgenic mice overesging integrirn7 splice variants and
the conditional KO of integrit5 in muscle. These mice were generated with thateaé
aim to increase the knowledge and understandinth@frole of integrins in adult and
developing muscle and their potential role in insgla wasting disease.

The loss of integrins from skeletal muscle has bgleown to result in muscle
wasting diseases, but for the first time it hasnbpeesented that an increase in integrin
subunits can also cause a dystrophic phenotypeluit akeletal muscle. The onset and
progression of this phenotype varies between differlocations within muscle and
correlates with the level of the integren subunit expression and the specific alternative
splice variant of the subunit.

Increasing the levels of integran7 results in an increase in the level of intedin
and integrina7 splice variants can compete with each otherrfeagrin31 association to a
certain extent, but there are controls in placersure that the specific localisation and
therefore function of certain receptor combinatiars preserved.

To elucidate the function of integro in skeletal muscle, it is important to knock
down the expression of Itga5 gene. Knocking owtgrih o5 is embryonically lethal and
conclusions drawn from the5 -/- chimeric mice were limited. An ideal tool the
investigation of the role of integrieb during muscle development would be to generate a
conditional knock out of integrin5 where, the expression of Cre is driven by a naiscl
specific promoter. Here we have shown that knockiogn integrina5 conditionally by
the HSA-Cre promoter does not lead to a musculatrdghy, however, loss of integrith
during development using Pax3-Cre system, doesecposterior defect in the embryo at
E18.5.
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Integrina5 is vital to skeletal muscle development and halese relationship with
integrin a7 (Yao et al., 1996; Taverna et al., 1998; Nawro#&tkal in 2003). In normal
postnatal muscle integriebf1 expression is detected at MTJs, which is therched by
presence of integrim7pl two weeks after birth. However, the observatiomsde by
Nawrotzki et al in 2003, suggests that in integrifideficient muscles, the expression of
integrin a5B1D persists into adulthood. This leads to the aedation of fibronectin in
place of laminin at the junctional basement memdrah the muscle fibre. This link
betweena5p1D/fibronectin is inferior to the7p1D/ laminin link at the normal MTJ, and
this possible gain-of-function phenotype could é&ding to the onset of muscle wasting in
a7-deficient mice.

Here we have shown the effect of loss of both tikegrins by breeding integrin/
heterozygous or homozygous mice with integinheterozygous mice to generate integrin
a7KO mice carrying only one allele of integri'b. To our surprise none of these mice
survived the postnatal stage and analysis of ensbagoE10.5 suggests that these is an
dosage effect of integrin5 which is needed in order to compensate the effetdss of
integrina7 at early stages of development and there is siljesole of these integrins in
vascular development.

Apart from gene therapy the stem cell based thesapie getting more interest in
the field of regenerative medicine. For muscleteslaliseases, the potential candidates are
stem cell population from muscle itself called,efige cells (SCs), yet by nature they
exhibit a number of characteristics that limit theffectiveness as discussed before. In
2007, Dallavalle et al demonstrated other cell sypwhich behave like stem cell
populations and have the capacity to differentiate skeletal muscle. One such stem cell
population included in this study is the cells assted with the microvasculature of
skeletal muscle.

Of particular relevance as a promising candidatefdture cell therapy, pericytes
may represent as embryonic mesangioblst preseet bitth, but by disparity do not
express the endothelial markers found in theses.ckll addition, they have a number of
unequivocal characteristics that distinguish theromf SCs, including a different
anatomical niche and growth requirements. Unlikes,Sfiey do not express mitogenic
factors such as Pax7, Myf5 and MyoD (Kassar-Duabyss al., 2004; 2005) until terminal
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differentiation, but instead express a number dfeotmarkers. In recent years, several
markers have been identified that define subpojaunstof pericytes, like desmin, smooth-
muscle-actin -SMA), NG2-proteoglycan (Ozerdem et al., 2001), B3 or the
GTPase-activating protein RGS5 (Gerhardt and Béish®003) and non tissue-specific
alkaline phosphatase (ALPL). By this it became attear that pericytes and vascular
smooth muscle cells are subsets of a continuunasgwar cells with phenotypic plasticity
(Nehls and Drenckhahn, 1993). The lack of speaifiarkers limited the analysis of
pericytes, as pure cell populations could not gdsl purified from tissues. Until recently,
no adequate method was available to purify pericfram mouse tissues, a prerequisite for
using modern mouse genomics and proteomics. Therefse used a mouse model
(Anxa5-Lacz), which helped us to identify thesds&lith the help of Anxa5 driven LacZ
expression. Anxa5-LacZ fusion reporter mice haventhown to be a valuable tool for the
identification, isolation and characterisation drigascular cells/pericytes from tissues
(Brachvogel et al., 2003; 2005; 2007). However, 4 a&taining can only be done by
traditional static histological analysis, and there lacks any information about the
dynamics of pericytes in tissue remodelling. Adihally, it is very likely that the Anxa5
promoter is not active in pericyte descendants smave may miss the identification of
cells into which pericytes differentiate. In thismidy we demonstrate the potential fate of
the pericytes in muscle regeneration by generatmmglitional KI mice (Anxa5-Cre-KI).
Dallavalle et al proposed these pericyte-derivetlscas a second myogenic
precursor present within postnatal skeletal mustiltinct from SCs yet similar myogenic
potency (Dallavalle et al., 2007). In this studg demonstrate the potential fate of the
pericytes in muscle regeneration by transplantlngréscently labeled pericytes into the
TA muscle of congenic mice. Upon muscle injury werevable to trace the lineage of these
transplanted cell and have shown here that thdsda@eontribute towards new myofibre

formation by fusing with the regenerating fibres.
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Figure 6.1 Therapeutic possibilities for Duchenne udcular Dystrophy.(A) Intramuscular
injection of fluorescently labeled pericytes, idgethfrom muscle or peritoneum in order to follow
the fate of these cells during muscle regenerati®) A schematic representation of the
dystrophin/glycoprotein complex and the integrimiain-mediated attachment of muscle cells to
the surrounding extracellular matrix. Upregulatioof integrin a7 may compensate for the
functional loss of dystrophin (Modified from Sealeakura and Rudnicki, 2001)

Over all in this study we tried to evaluate possithlerapies for DMD. As explained
above the integrim7p1l would be a candidate for gene therapy (Figurg, Gt as
discussed in the results chapter it might not becéfe as seen in mdx mice. While on the

other hand pericytes could be a potential optiorcétl-based therapy (figure 6.1).
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